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Abstract

Biogenic iron oxyhydroxides (BIOS) are minerals that (1) scavenge various trace
elements onto their surfaces and (2) work as an electron donor for microbial activities. This
thesis aims to understand the cycles of iron, carbon, and trace elements within BIOS-rich
sediment, from their precipitation to long-term diagenesis. Topics are divided into six
chapters. Geochemical and microbiological importance of iron oxyhydroxides and
microorganisms involved in BIOS precipitation-dissolution are summarized in Chapter 1.
Chapter 2 describes mineral species of natural BIOS collected from a variety of location with
different environmental condition. Chapter 3 describes molecular-level mineral structures of
BIOS by analyzing BIOS collected from newly-designed cultivation method of
Fe(Il)-oxidizing bacteria. Chapter 4 1is dedicated to anion and cation adsorption
characteristics of BIOS focusing on physicochemical factors causing the adsorption features.
Chapter 5 deals with the change of iron mineral species and organic content during BIOS
sedimentation. Chapter 6 is a summary of this thesis. Following is a brief abstract of each

chapter.

Chapter 1. Background and aim of this thesis

Biogenic iron oxyhydroxides (BIOS) are minerals that are precipitated by the activities
of Fe(Il)-oxidizing bacteria. BIOS is commonly intermixed with bacterial-induced organic
materials and are widely distributed at surface environment. Since inorganic iron
oxyhydroxides work as (A) scavengers for trace elements and (B) electron donors for
microorganisms, one of the iron oxyhydroxides in nature (BIOS) is also suggested to have
physicochemical properties similar to inorganic iron oxyhydroxides. However, there are
many uncharacterized features of BIOS that may show environmental roles different from
inorganic iron oxyhydroxides. This thesis identifies (i) iron mineral species, (ii) trace element
adsorption characteristics, and (iii) iron and carbon bioavailability of BIOS to reveal

contribution of BIOS to iron, carbon, and trace element cycles in natural environment.

Chapter 2. Mineral species and local structures of natural biogenic iron oxyhydroxides

Mineral species of BIOS are most fundamental information to characterize



physicochemical feature of BIOS. This study identified mineral species of BIOS using X-ray
absorption fine structure. Microbial communities of natural BIOS are also identified to reveal
ecological similarities or differences between BIOS at different sampling site. Samples are
collected from various environmental conditions including hydrothermal vents, groundwater
discharge points, and hot springs (total 9 samples). X-ray diffraction patters of BIOS show
two broad peaks, similar to standard two-line ferrihydrite. However, extended X-ray
absorption fine structure analysis showed that mineral species of natural BIOS are consisting
of amorphous iron oxyhydroxides that are less ordered than standard two-line ferrihydrite.
The similar mineral species among BIOS regardless of sampling site may suggest similar

geochemical and ecological roles of BIOS in natural environment.

Chapter 3. Establishment of new cultivation method for Fe(ll)-oxidizing bacteria and

characterization of in vitro biogenic iron oxyhydroxides (BIOS)

To study the formation and mineralogical characteristics of BIOS which has less initial
adsorption and co-precipitation of trace elements, a new culture method for microaerophilic
Fe(Il)-oxidizing bacteria is designed. An Fe(Il)-oxidizing bacterium, Mariprofundus
ferrooxydans PV-1" (ATCC, BAA—1020), was cultured by a set of diffusion chambers to
prepare broad anoxic—oxic interface, in which BIOS formation is typically observed in
natural environments. Iron oxide precipitates were generated during bacterial growth.
Scanning electron microscopy analysis indicated that the morphological features of iron
oxide precipitates in the medium (in vitro BIOS) were similar to those of the BIOS collected
from natural deep-sea hydrothermal environments in the Northwest Eifuku Seamount field in
northern Mariana Arc (in situ BIOS). Further chemical speciation of both in vitro and in situ
BIOS using XAFS showed that both BIOS minerals were composed mainly of ferrihydrite
and oligomeric stages of amorphous iron oxides with edge-sharing octahedral linkages.
Cultivation of M. ferrooxydans at various phosphate concentrations and at various incubation
periods showed variability in mineral species, suggesting strong dependence of iron mineral
species by water chemistry. Thus, inorganic ions such as silica and phosphate present in
natural BIOS are suggested to be an important role for the preservation of amorphous iron

oxyhydroxides in BIOS.



Chapter 4. Decrease of arsenate adsorption onto biogenic ferrihydrite: Effect of specific

surface area and surface charge

Biogenic iron oxyhydroxides (BIOS) possess multiple sorption sites for trace elements
and they show different adsorption behavior to that of synthetic ferrihydrite. Here I compared
adsorption behavior of arsenate (As(V)) onto (i) BIOS collected from a hydrothermal vent (in
situ BIOS), (ii) BIOS collected by the incubation of Fe(Il)-oxidizing bacteria, Mariprofundus
ferrooxydans (in vitro BIOS), and (iii) synthetic ferrihydrite, to identify adsorptive
characteristics of BIOS. Batch adsorption experiments under seawater condition revealed that
adsorption of As(V) onto both in situ and in vitro BIOS were ca. 20 to 30% lower than that of
synthetic ferrihydrite between pH 4 to 10. Arsenic K-edge extended EXAFS analysis showed
that local structure of As(V) adsorbed onto each adsorbent was nearly identical, forming
inner-sphere complexes. However, isoelectrostatic point of in situ and in vitro BIOS showed
4.5 and 5.5 respectively, which is less than synthetic ferrihydrite (8.0). Moreover, BET
specific surface area (SSA) of both in situ and in vitro BIOS showed reduced value than
synthetic ferrihydrite, in spite of their fine mineral particles similar to synthetic ferrihydrite.
My results suggest that reduced As(V) adsorption onto BIOS is caused mainly by phosphate
and organic carbons which are commonly present in both in situ and in vitro BIOS. These
ions (i) reduce active surface sites by directly masking the adsorption site, (ii) promote
aggregation of particulate iron oxyhydroxides, and (iii) change surface charge of BIOS more
negative to induce repulsion between ferrihydrite and As(V). Further adsorption experiment
using yttrium and cerium as adsorbate showed lesser amount of adsorption for in situ BIOS,
but higher amount of adsorption for in vitro BIOS compared to that for synthetic ferrihydrite.
The different cation adsorption behavior among in situ and in vitro BIOS imply initial
masking of surface site for in situ BIOS. These results suggest that trace element adsorption
onto BIOS also depends on the availability of adsorption site even though physicochemical
properties show similar results. These adsorption characteristics of BIOS will expand our

understanding of trace element cycles occurring in natural environment.

Chapter 5. Biogeochemical cycles of iron and carbon during the sedimentation of biogenic




iron oxyhydroxides

Iron and carbon bioavailability in biogenic iron minerals controls the microbial
community development, which affects the formation of secondary iron mineral species. In
this chapter, freshwater biogenic iron-rich sediment was analyzed to investigate iron and
carbon cycles in biogenic iron minerals. Microelectrode measurements revealed that redox
state changed from oxic to anoxic environment at an interval of 3 cm in the sediment. The
dominance of ferrihydrite in the surface sediment (depths of 0 cm to 2 cm) was replaced by
goethite and siderite in deeper sediment zone (depths of 2 cm to 5 cm); this dominance was
quantitatively characterized by XAFS. However, abundant ferrihydrite was preserved even in
the reduced sediment. Transmission electron microscope observations revealed that siderite
and goethite precipitated on the surface areas of stalks and sheaths, suggesting that the
encrustation of secondary minerals around ferrihydrite may decrease ferrihydrite
bioavailability. Stable isotope analysis results of methane indicated that potential microbial
aceticlastic and/or methylotrophic methane significantly increased as iron reduction
decreased (depth of 6 cm). 16S rRNA gene analysis results revealed the predominance of
iron-oxidizing chemolithoautotrophic bacteria, particularly Gallionellaceae at surface
sediment (depths from 0 cm to 2 cm). By contrast, 16S rRNA gene phylotype composition
indicated the presence of iron-reducing bacteria (Geobacteraceae) and fermenting bacteria
(Syntrophaceae) at a depth of 4 cm; uncultured Deltaproteobacteria and methanogenic
archaea were observed at a depth of 10 cm. My results suggest that iron-reducing bacteria are
implicated in organic carbon decomposition and siderite precipitation within a limited
subsurface area of the sediment. Microorganisms that decompose organic carbon are replaced
by methanogenic archaea in deeper sediment layers. Limited reduction of iron oxyhydroxides
and continuous oxidation of organic carbon in biogenic iron-rich sediment may provide
further insights into iron phase transformation and carbon cycles in modern and ancient iron

deposits.

Geochemical and microbiological implication of biogenic iron oxyvhydroxides from this

thesis

Through this thesis, following conclusions are suggested.



(1) Biogenic iron oxyhydroxides (BIOS) consist of less poorly-ordered iron
oxyhydroxides than 2-line ferrihydrite which is the mineral that have been used to mimic
BIOS in previous studies. In spite of their amorphous and fine mineral particle, BIOS show
smaller adsorption capacities to trace elements, especially As(V), compared to synthetic
ferrihydrite.

(2) Most of the amorphous iron oxyhydroxides present in BIOS are preserved without
being reduced, whereas organic materials co-exist with BIOS are gradually decomposed
during the sedimentation.

These results provide better understanding of trace element cycles controlled by BIOS.
Moreover, these results can be extended to microbial ecosystems and mineralogical
transformation in ancient environment. For example, banded iron formations (BIFs) are
common Precambrian sedimentary succession wherer biogenic iron oxyhydroxides are
suggested to be initial mineral species. Since many hypotheses have been proposed for the
formation of BIFs (e.g. microbial activities, iron phase transformation, and trace element
cycles), there is still lack of information such as how microbial activities and iron phase
transformation interact with each other. This study not only confirmed close relationship
between trace element adsorption, iron phase transformation, and microbial activities, but
also identified their physicochemical factors and processes to control the reaction, which can

have implications to ancient environment.
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Chapter 1. Introduction

1.1. Geochemical and ecological importance of iron oxyhydroxides

Iron is fourth abundant element in the earth’s crust. Iron is involved in many reactions
occurring at atmosphere, biosphere, hydrosphere, and lithosphere (Cornell and Schwertmann,
2000). The oxidation state of iron ranges from —II to +VI, but iron is mainly present as +II
[ferrous iron: Fe(IT)] or +III [ferric iron: Fe(Ill)] in most of natural conditions. The changes
of these two oxidation states affect not only physicochemical properties of iron itself but also
a large number of element cycles such as sulfur and carbon (Roden et al., 2004).

Iron is mainly present as mineral or dissolved iron in the environment. The distribution
of iron depends on the redox potential (Eh), pH, and presence or absence of inorganic and
organic ions that are strongly bound to Fe(II) and Fe(IIl) (Kendall et al., 2012). Each mineral
has its own solubility and dissolution-precipitation processes of these iron minerals drive
global cycle of iron. Under anoxic but not sulfidic condition, dissolved Fe(Il) is
thermodynamically stable. Concentration of dissolved Fe(II) under such condition is
relatively high (up to mM range) such as in hydrothermal vents (Emerson and Moyer, 1997;
Holden and Adams, 2003), groundwater discharge points (Duckworth et al., 2009; Gault et al.,
2010; Kato et al., 2012), and acid mine drainages (Ferris et al., 1989; Edwards et al., 2000).
Under oxygen saturated condition, however, Fe(Ill) is thermodynamically favored and Fe(II)
ions are oxidized rapidly under neutral pH. The Fe(IIl) ions are then immediately hydrolyzed
to form iron oxyhydroxides precipitates because of their low solubility (Stumm and Morgan,
1981). Concentration of dissolved Fe(III) hardly exceeds 10° M level (Kappler and Straub,
2005) except for colloidal formation or complexation by organic compounds (Cornell and
Schwertmann, 2003).

A role of iron oxyhydroxides in environment is their high adsorption capacity to trace
elements (Jambor and Dutrizac, 1998). Iron oxyhydroxides possess surface hydroxyl
functional groups on their mineral surface. This fact induces electrostatic interaction between
trace elements and iron oxyhydroxides (Balistrieri and Chao, 1990; Langley et al., 2009). In
addition, various trace elements are adsorbed via surface complexes by ligand exchange

(Waychunas et al., 1993; Sun and Doner, 1996; Rrivedi et al., 2003; Chitrakar et al., 2006).



Toxic elements such arsenic, selenium, uranium, and cadmium have been studied all over the
world, which have motivated various studies such as a matter of environmental
contaminations (e.g. Pierce and Moore, 1982; Balistrieri and Chao, 1990; Waychunas et al.,
1993; Waite et al., 1994; Raven et al., 1998; Moyes et al., 2000; Spadini et al., 2003; Mustafa
et al., 2004; Das et al., 2013). Their high adsorptive properties toward trace elements have
been used as iron-based technologies to reduce the risks of contamination in water (Cundy et
al., 2008).

Another role of iron oxyhydroxides in environment is that they work as electron donors
for Fe(Ill)-reducing bacteria (Lovley, 1991). Various types of Fe(Ill)-reducing bacteria have
been detected and isolated from natural sediments (Weiss et al., 2003; Nevin et al., 2005;
Zavarzina et al., 2006; Blothe and Roden, 2009; Emerson, 2009; Langley et al., 2009;
Weelink et al., 2009). Microbial Fe(Ill) reduction occurs with (1) organic carbon
decomposition (Lovley, 1991), (2) sulfate reduction (Afonso and Stumm, 1992), and/or
possibly (3) methane oxidation (Beal et al., 2009; Egger et al., 2015). Moreover, trace
elements initially adsorbed onto iron oxyhydroxides desorbed from solid phase or change
their host phases during microbial Fe(Ill) reduction, suggesting that reduction of iron
oxyhydroxides impacts cycles of trace elements (Parmar et al., 2001; Zachara et al., 2001;
Muehe et al., 2013a, 2013b). The utilization of iron oxyhydroxides depends on the mineral
species of iron oxyhydroxides, surface area, and particle size (Roden et al., 1996; Amstaetter

et al., 2012; Lentini et al., 2012).

1.2. Bacteriogenic iron oxides

The word “bacteriogenic iron oxides (BIOS)” is initially proposed by Ferris et al (1999)
when they characterize natural iron oxyhydroxides that coexist with typical organic materials
produced by Fe(Il)-oxidizing bacteria. BIOS represent minerals that are precipitated by the
activities of Fe(I)-oxidizing bacteria. There are other words such as biogenic iron minerals
(Hansel et al., 2004; Kleinert et al., 2011), biogenic iron (oxyhydr)oxides (Langley et al.,
2009; Toner et al., 2009), biogenically produced Fe(IIl) (oxyhydr)oxides (Klueglein et al.,
2014; Omoregie et al., 2014), and microbial iron-mat (Emerson, 2009; Kato et al., 2012;

Toner et al., 2012; Fleming et al., 2013b) that represent similar meaning as BIOS. There can



be two end member of BIOS depending on how microorganisms are involved in the BIOS
formation (Konhauser, 1997; Konhauser and Ridwing, 2012). One is “biologically controlled
BIOS” where bacterial activities themselves regulate iron precipitation. Since this process
occurs within microenvironment which is isolated from the external environment, mineral
precipitation occurs even under a condition that is not preferred under bulk environment
(Konhauser, 1997). The other endmember of BIOS is “biologically induced mineralization”
which causes BIOS precipitation as secondary events from interactions between the activities
of microorganisms and their surrounding environment. This process is common among
natural BIOS (Konhauser et al., 1997). A fundamental question about how we can distinguish
BIOS from inorganic iron oxyhydroxides in natural sample is difficult to answer. Previous
laboratory-based studies suggested that iron oxyhydroxides present within BIOS are
relatively smaller in size compared to abiotic iron oxyhydroxides (Larese-Casanova et al.,
2010). However, we cannot adapt the results to natural samples since particle size depends on
water chemistry (Voegelin et al., 2010; Mikutta et al., 2008). Moreover, BIOS always contain
certain amount of inorganic iron oxyhydroxides which is precipitated by autocatalytic Fe(Il)
oxidation (James and Ferris, 2004; Rentz et al., 2007; Druschel et al., 2008). Thus, our
common recognitions about BIOS are (1) known Fe(Il)-oxidizing bacteria are detected within
iron oxyhydroxides by DNA analysis and/or (2) organic materials characteristics for
Fe(II)-oxidizing bacteria are distributed within iron oxyhydroxides.

Common difference between BIOS and abiotic iron oxyhydroxides is that BIOS are
intermixed with bacterial-induced organic materials (Chan et al., 2009; Klueglein and
Kappler, 2012; Wu et al, 2014). This fact have great implications to characterize
physicochemical properties of BIOS, since organic materials coexisting with iron
oxyhydroxides change (1) mineral species, (2) adsorption behavior of trace elements, and (3)
iron bioavailability compared to abiotic iron oxyhydroxides (Bauer and Blodau, 2006; Wang
and Mulligan, 2006; Mikutta et al., 2008, Mikutta and Kretzschmar, 2008; Sharma et al.,
2010; Amstaetter et al., 2012; Toner et al., 2012; Shimizu et al., 2013; Braunschweig et al.,
2014; Karlsson and Persson, 2012; Lalonde et al., 2013). Although various studies have
examined interconnection between organic materials and iron oxyhydroxides, only a few

studies have confirmed whether the results are valid for natural BIOS (Langley et al., 2009;



Kennedy et al., 2011).

1.3. Neutrophilic Fe(Il)-oxidizing bacteria involve in BIOS precipitation
Formation of BIOS occur both anoxic and oxic conditions at neutral pH. When Fe(Il) is
provided in the presence of oxygen and/or other oxidants, Fe(Il) is oxidized into Fe(IIl). The

kinetics of Fe(II) oxidation can be expressed by

—d[Fe(ID)]
dt

= k[Fe(ID][(OH)]? pO, €]

where k = (8 £2.5) x 103 min" atm™ mol? liter? (Emerson et al., 2000). Therefore,
oxidation of Fe(Il) is strongly dependent on the concentration of dissolved oxygen and pH.
Iron oxidation is accelerated under more oxygenated and higher pH condition which means
that Fe(Il)-oxidizing bacteria living under neutral pH have to compete with rapid inorganic
oxidation of dissolved Fe(Il). Up to now, three types of aerobic and anaerobic
Fe(Il)-oxidizing bacteria are suggested to produce BIOS at neutral pH: (1)microaerophilic
neutrophilic Fe(IT)-oxidizing bacteria, (2)anaerobic nitrate-reducing, Fe(Il)-oxidizing bacteria,

and (3)anaerobic photoferrotrophic Fe(Il)-oxidizing bacteria (Weber et al., 2006; Emerson et
al., 2010; Melton et al., 2014).

1.3.1. Microaerophilic Fe(I)-oxidizing bacterium
Microaerophilic Fe(Il)-oxidizing bacteria utilize Fe(Il) as electron donor and oxygen as
electron acceptor. The chemical reaction of this process is explained by the following

equation (Emerson et al., 2010),
Fe’" +0.250,+H — Fe’" + 1/2 H,0 Q)

Most challenging thing for aerobic Fe(Il)-oxidizing bacteria living at neutral pH is that they
have to compete with inorganic Fe(Il) oxidation. As a consequence, they found their niche at
microaerophilic conditions (dissolved oxygen concentration < 50 uM) where abiotic Fe(II)
oxidation is kinetically slow (Emerson and Moyer, 1997; Druschel et al., 2008). Most of
microaerophilic Fe(Il)-oxidizing bacteria that have been recognized so far are within a
member of Proteobacteria and their isolates have been obtained from wetlands, hydrothermal

vents, groundwater, and rhizosphere (Emerson and Moyer, 1997; Weber et al., 2006;
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Emerson et al., 2007; Singer et al., 2011; Krepski et al., 2012; Woyke et al., 2013). They are
within Gallionellales (G. ferruginea, G. capsiferriformans, and Sideroxydans lithotrophicus)
in Betaproteobacteria, Burkholderiales (Leptothrix ochracea) in Betaproteobacteria (Woyke
et al., 2013), and Mariprofundales (Mariprofundus ferrooxydans) in Zetaprotebocateria.
Most of these species grow at near neutral (normally pH 6.0-6.5) and microaerobic condition
in the environment (Emerson and Moyer, 1997; Weber et al., 2006; Singer et al., 2011;
Krepski et al., 2012; Woyke et al., 2013). However, there are some exceptions for the
habitation of Gallionellaceae under acidic (pH = 4.4) and fully oxic condition (de Vet et al.,
2011; Fabisch et al., 2013). Phylotypes of Gallionellales and Mariprofundales are
lithoautotrophic bacteria and they fix all their carbon from aqueous CO, (Emerson and Moyer,
1997; Singer et al., 2011; Krepski et al., 2012). The physiology and ecology of Leptothrix
ochracea are understood to a lesser extent compared to other microaerophilic Fe(Il)-oxidizng
bacteria, for which both chemolithoautotrophic and heterotrophic growth are suggested
(Emerson et al., 2010).

One characteristic metabolism for aerobic Fe(Il)-oxidizing bacteria is that they produce
unique twisted or tubular organic materials during their growth (Chan et al., 2011; Singer et
al., 2011; Krepski et al., 2012). These organic materials can be a biosignature and indicator of
local oxygen concentration at the time of iron precipitation (Krepski et al., 2013). Inclusion
of stalks are observed at ancient rocks such as hydrothermal Fe-Si deposit (Krepski et al.,
2013), cherts (Little et al., 2004), and stromatolites (Crosby et al., 2014), suggesting common
presence of microaerophilic Fe(Il)-oxidizing bacteria in the ancient environment. Metabolic
role of the organic materials produced by the bacteria is suggested to be that the stalk works
as a template where iron minerals precipitate (Chan et al., 2004). Simultaneously, selective
precipitation of iron minerals onto stalks protect encrustation of the cell by the iron minerals
(Chan et al., 2011). Another possibility of the role of stalk is that it works as a positioning
apparatus to stay at their optimum environment (Emerson et al., 2010). However,
stalk-forming Fe(Il)-oxidizing bacteria does not always produce stalks (Hallbeck and
Pedersen, 1990; Krepski et al., 2013) which may suggest that stalk is a byproduct of specific
environmental condition. The stalks mainly consist of carboxyl-rich polysaccharides (Chan et

al., 2011).
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1.3.2. Anaerobic Nitrate-reducing Fe(II)-oxidizing bacteria
A few kinds of Fe(Il)-oxidizing bacteria successfully oxidize Fe(II) ion anoxically with
the coupling of nitrate reduction. The metabolism is expressed by the following equation

(Straub et al., 1996):
10Fe*" + 2NO; + 24H,0 — 10Fe(OH); + N, +18H" 3)

They are recognized as nitrate-reducing Fe(Il)-oxidizing bacteria which was firstly isolated
by Straub et al. in 1996. Up to now, isolates have been obtained from freshwater, brackish
environments and they are within the members of Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria, and Deltaproteobacteria (Straub et al., 2004; Kappler et al., 2005;
Benzine et al, 2013). Most of nitrate-reducing Fe(Il)-oxidizing bacteria grow
mixotrophically which they need some organic materials such as acetate as carbon sources.
One exception is lithoautotrophic nitrate-reducing Fe(Il)-oxidizing bacterium,
Pseudogulbenkiania sp. strains 2002 (Weber et al., 2006). Some species of nitrate-reducing
Fe(Il)-oxidizing bacteria are capable of utilizing Fe(II) from Fe(Il) minerals such as siderite,
biotite, and reduced smectite (Benzine et al., 2013).

One of the important physiological differences between nitrate-reducing Fe(Il)-oxidizing
bacteria and microaerophilic bacteria is that nitrate-reducing Fe(II)-oxidizing bacteria do not
produce any solid organic minerals such as stalks and sheaths (Schidler et al., 2009). Instead,
it is reported that they produce dissolved extracellular polysaccharides (EPS; Klueglein et al.,
2014). Although iron precipitation is inhibited within the local areas of EPS, encrustation of
iron minerals at cell walls and within periplasm are commonly observed in nitrate-reducing
Fe(Il)-oxidizing bacteria under laboratory conditions (Miot et al., 2011; Klueglein et al.,
2014). However, heavy cell encrustation is only observed at high concentration of organic
substrate in culture medium, suggesting successful habitances of nitrate-reducing
Fe(Il)-oxidizing bacteria under environmentally relevant concentration of organic substrate

(Chakraborty et al., 2011).
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1.3.2. Anaerobic phototrophic Fe(Il)-oxidizing bacteria
In anoxic and light penetrated environments, oxidation of Fe(II) ion occurs biotically as

shown by the following reaction (Ehrenreich and Widdel, 1994),
4Fe*" + HCO;5 + 10H,0 + hv — 4Fe(OH); + (CH,0) + 7H" 4)

Light penetrates only about 2-3 mm in modern sediment, suggesting phototrophic Fe(II)
oxidizing bacteria have to find very restricted and specialized environment within sediment
(Konhauser et al., 2011). Instead, light can penetrate up to one hundred meters in water
column (Kappler et al., 2005). Thus, phototrophic Fe(Il)-oxidizing bacteria are considered to
play an important role in ancient anoxic and ferruginous ocean, especially when Precambrian
banded iron formations were formed (Crowe et al., 2008).

Bacterial species of Fe(Il)-oxidizing bacteria includes green sulfur bacterium, purple
sulfur bacterium, and purple non-sulfur bacterium in a group of Proteobacteria (Melton et al.,
2014). None of the isolated phototrophic Fe(Il)-oxidizing bacteria produce stalk or sheath,
but they produce EPS during their growth (Wu et al., 2014). They precipitate ferrihydrite

which gradually transformed into goethite and lepidocrocite (Kappler and Newman, 2004).

1.4. Objective of this thesis

As overviewed above, iron oxyhydroxides are important scavengers for various trace
elements and work as electron donors for microorganisms. Iron oxyhydroxides in natural
environment (BIOS) can be produced by various kinds of Fe(Il)-oxidizing bacteria at neutral
pH and they have possibilities to scavenge various trace elements and stimulate microbial
Fe(IIl) reduction under anoxic condition. In spite of their importance, environmental and
microbiological roles of BIOS are still not clear. Especially, previous studies used inorganic
ferrihydrite to mimic BIOS without fully confirming the similarities or differences of their (i)
mineralogy, (ii) adsorptive characteristics, and (ii) iron and carbon bioavailability.

In the present thesis, I attempted on to reveal cycles of iron, carbon, and trace elements
controlled by BIOS, from their precipitation to diagenesis, especially focusing on (1) initial
iron mineral species, (2) trace elements adsorption characteristics, and (3) iron and carbon

transformation/decomposition during sedimentation of BIOS.
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In Chapter 2, I firstly identified mineral species and local structures of BIOS using X-ray
absorption fine structures (XAFS) to get basic mineralogical information of BIOS. I collected
samples in various environmental setting such as hydrothermal vents, groundwater discharge
points, and hot springs. A part of this chapter is collaborated with Dr. Hiroko Makita and Dr.
Satoshi Mitsunobu which was published in Environmental Science & Technology, 46, 3304—
3311 (Published as S Mitsunobu, F Shiraishi, H Makita, BN Orcutt, S Kikuchi, BB Jorgensen,
Y Takahashi, Bacteriogenic Fe(III) (oxyhydr)oxides characterized by synchrotron microprobe
coupled with spatially resolved phylogenetic analysis).

Chapter 3 deals with local structure of BIOS collected from newly-designed cultivation
method of Fe(Il)-oxidizing bacteria (Mariprofunds ferrooxydans). Successful establishment
of new liquid cultivation method of M. ferrooxydans enables to understand local structure of
BIOS that have less initial adsorption and co-precipitation of trace elements. I also identified
mineral species of BIOS at different phosphate concentration and different incubation period.
Some parts of this chapter were published in Chemistry Letters 40, 680—681 [Published as S
Kikuchi, H Makita, S Mitxunobu, Y Terada, N Yamaguchi, K Takai, Y Takahashi, Application
of synchrotron p-XRF-XAFS to the speciation of Fe on a single stalk in bacteriogenic iron
oxides (BIOS)] and Geobiology 12, 133—-145 (Published as S Kikuchi, H Makita, K Takai, N
Yamaguchi, Y Takahashi, Characterization of biogenic iron oxides collected by the newly
designed liquid culture method using diffusion chambers).

Chapter 4 describes adsorptive characteristics of BIOS using oxyanion (arsenate) and
cation (yttrium and cerium) as adsorbates. I also investigated physicochemical factors to
characterize different adsorptive properties between BIOS and synthetic ferrihydrite, by
analyzing specific surface area, surface charge, and local adsorption structure of arsenate.

Chapter 5 describes iron phase transformation and carbon decomposition during
sedimentation of BIOS, based on the analysis of BIOS-rich sediment in freshwater
environment. I used XAFS for the change of iron mineral species, transmission electron
microscope for identification of mineral species, and 16S rRNA gene analysis to reveal
microbial community during sedimentation of BIOS. Main part of this chapter was submitted
to Geobology (in revision as S Kikuchi, H Makita, U Konno, F Shiraishi, K Takai, M Maeda,

Y Takahashi, Biogeochemical cycles of iron and carbon in biogenic iron-rich sediment in a
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freshwater pond).

Chapter 6 summarizes conclusions obtained throughout this thesis.
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Chapter 2. Mineral species and local structures of natural biogenic iron

oxyhydroxides

2.1. Introduction

Iron is present as various kinds of mineral forms including sulfides, oxides, hydroxides,
carbonates, phosphates, and silicates at earth’s surface (Jambor and Dutrizac, 1998; Taylor
and Konhauser, 2011). Each mineral species possesses its physical and chemical properties
and their characteristics show different environmental influences on natural environment. For
instance, one of the iron oxyhydroxides, ferrihydrite has large surface area (up to 600 m*/g;
Jambor and Dutrizac, 1998) compared to other iron minerals (e.g. goethite and hematite) and
ferrihydrite shows high adsorption capacity to trace elements (Schwertmann and Cornell,
1991). Microorganisms use ferrihydrite more effectively than the other iron oxyhydroxides
which also cause cycles of trace elements during microbial reduction of ferrihydrite (Blothe
& Roden, 2009; Langley et al., 2009; Emerson et al., 2009).

Since various field- and laboratory-based studies have been updating our knowledge
about geochemical, microbiological, and industrial implications of iron minerals, successful
isolation of Fe(Il)-oxidizing bacteria and the development of analytical techniques for
microbial samples in recent decades greatly expand our knowledge about the role of biogenic
iron oxides (BIOS) in natural environment (Chan et al., 2004, 2009; Singer et al., 2011;
Woyke et al., 2013). Finding of Fe(Il)-oxidizing bacteria that can successfully gain energy
under anoxic to microaerophilic condition have changed our previous speculation that most
of Fe(I) oxidation occurring in natural environment is abiotic. Further studies about the trace
element adsorptive characteristics of BIOS and metabolisms of Fe(Il)-oxidizing bacteria
suggest that (1) BIOS adsorb various trace elements onto their surface (Ferris et al., 2000;
Martinez et al., 2003; Rentz et al., 2009; Langley et al., 2009; Kennedy et al., 2011), (2)
BIOS can be readily reduced by microorganisms (Langley et al., 2009), and (3)
Fe(Il)-oxidizing bacteria produce solid and liquid form of organic materials when they
oxidize Fe(Il) (Chan et al., 2011; Klueglein et al., 2014; Wu et al., 2014). Thus, BIOS have
great implications on microbial activities and trace element cycles, and their mineralogical

characteristic might be able to apply to various research fields such as bioremediation (Rentz
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et al., 2009).

Mineral species are most fundamental information to characterize physicochemical
feature of BIOS. One of the most standard analytical techniques to identify mineral species of
natural sample is X-ray diffraction (XRD) analysis. The XRD patterns of BIOS collected
from natural environments show poorly ordered iron oxyhydroxides, indicative of 2-line
ferrihydrite (Kasama and Murakami, 2001; Kennedy et al., 2003). More detailed and
spatially-resolved analytical techniques such as X-ray absorption fine structure (XAFS),
X-ray photoelectron emission spectroscopy (X-PEEM), and Mossbauer spectroscopy
revealed that BIOS contain goethite, lepidocrocite, akaganeite, and poorly ordered iron
oxyhydroxides which is less ordered than synthetic ferrihydrite (Chan et al., 2004, 2009,
2011; Toner et al., 2009; Edwards et al., 2011). These previous studies have suggested that
BIOS basically consisted of amorphous iron oxyhydroxides with some amount of crystalline
iron (oxyhydr)oxides. However, detailed fractions of each mineral species and environmental
functions involved in BIOS mineralogy are still not clear. It has been suggested that there is
an active Fe(Il) oxidation and reduction within BIOS and their activities might affect iron
mineralogy. There may be some common environmental background (e.g. pH, dissolved ions,
water temperature, and concentration of dissolved Fe®") at the site of BIOS precipitation.

In this study, I aimed to understand mineral species of BIOS at various sampling site
(hydrothermal vents, groundwater discharged points, and hot spring). I used XRD analysis as
well as XAFS to understand the details of the mineral composition and local structure of

BIOS.

2.2. Materials and Methods
2.2.1. Natural sample collection

Natural samples used in this study were collected from hydrothermal vent (5 samples),
groundwater discharge area (3 samples), and hot spring (1 sample). Details for the location
are summarized in Table 2—1. BIOS from hydrothermal vent were collected using a remotely
operated vehicle (ROV), Hyper-Dolphin, owned by the Japan Agency for Marine-Earth
Science and Technology. BIOS from groundwater discharge points and hot springs were

collected into S0 mL of centrifuge tube. All samples were stored at —80 C before analysis.

17



2.2.2. X-ray diffraction analysis

Mineralogical properties of samples were examined by X-ray diffraction (XRD). Prior to
measurements, samples were washed with MQ water and then freeze-dried. Samples were
then ground into powder. Measurements were performed using M18XHF with Cu Ka

radiation.

2.2.3. X-ray absorption fine structure analysis

XAFS measurements were conducted at BLO1B1 in SPring-8 (Hyogo, Japan) or BL12C
in KEK photon factory (Tsukuba, Japan). For measurement, wet paste samples were mounted
on mixed cellulose membrane (pore size, 0.2 um; Advantec). Standard samples were mixed

with boron nitrate and formed them into pellets.

2.3. Results
2.3.1. Composition and morphologies of natural biogenic iron minerals

BIOS examined in this study ranged in color from orange to brown (Fig. 2—1A to F). At
NW Eifuku and Tarama site, BIOS were precipitated at diffusing zone of hydrothermal vent
where low-temperature hydrothermal water comes from sea floor. At Urashima and Snail site,
BIOS covered blackish or whitish chimney mound. There was a difference in BIOS mineral
colors at few cm range within BIOS at Urashima site: one was white and the other was
orange in color (named as Urashima-1 and Urshima-2, respectively). At groundwater
discharge points and hot spring (Budo-pond, Mizugami, Sakuragaoka, and Sambe), samples
spread near the water source over the range of few meters. All the samples showed fluffy
textures which were easily suspended and dispersed in water. Physicochemical conditions of
natural biogenic iron minerals are displayed in Table 2—1. Water temperature ranges from 2.7
to 55 °C. The pH of the water was slightly acidic (6.0) to neutral. Concentrations of Fe*" were
0.01 to 0.29 mM.

Iron was most abundant element in most of the samples which ranged from 44 to 75 wt%
(calculated as Fe,O3). One exception is observed at Snail site where the content of silicate (50

wt%) exceeded the abundance of iron (30 wt%). Second abundant element among the BIOS
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was silica which was ranging from 12 to 50 wt%. Phosphate was also abundant among the

BIOS which ranging from 0.3 to 3.7 wt%.

2.3.2. X-ray diffraction patterns of BIOS

Bulk mineral species of natural samples were firstly examined by most standard
analytical technique for mineralogy: power XRD (Fig. 2-2). Most of the samples show only
broad peaks, typical for amorphous minerals. Snail site shows exceptional result compared
with the other samples in that it had prominent peaks at 31.8°, 45.5°, and 56.5° 20 with a
broad peak at ca. 22°. These peaks were attributed to the presence of crystalline silica mineral
and amorphous silica, consistent with the abundant composition (50 wt%) of SiO, obtained
from XRF analysis. XRD patterns of Budo-pond, Sakuragaoka, Mizukgami showed two
broad peaks which were similar to standard 2-line ferrihydrite. However, peaks were much
more broadened than standard ferrihydrite. Sambe, NW Eifuku, and Urashima-2 also showed
two broad peaks although the strongest peak positions shifted to smaller angles compared to
standard ferrihydrite. Thus, XRD analyses of BIOS samples indicate that BIOS were mainly

consisted of amorphous phase of iron oxyhydroxides.

2.3.3. X-ray absorption structure of BIOS

Samples were examined by iron K-edge XAFS to obtain quantitative mineral
composition (Figs. 2-3 and 2-4). Peak of X-ray absorption near edge structure (XANES)
were within the areas of ferric iron, suggesting that ferric minerals dominate iron mineral
species of BIOS (Fig. 2-3A). All natural BIOS showed similar XANES spectra in each other,
but different from spectra obtained from standard iron oxyhydroxides such as goethite and
2-line ferrihydrite. There is XANES peak at 7128 eV and broad shoulder at ca. 7134 eV. This
feature showed a similarity to XANES spectra obtained from iron-carboxylate (co-precipitate
of organic material and ferric iron) and iron phosphate. The similarities of spectra between
BIOS samples and iron phosphate were also recognized by first derivative of normalized
absorption (Fig. 2-3B). There is no prominent peak at 7134 eV in ferrihydrite whereas there
is small peak at 7134 eV for iron phosphate. Derivative of normalized absorption in BIOS

have broad shoulder around 7134 eV, suggesting more similar structures to iron phosphate
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than to ferrihydrite.

Iron extended X-ray absorption fine structure (EXAFS) is displayed in Fig. 2—4. EXAFS
spectra showed similar structures among the samples despite that their sampling sites were
different. However, none of the EXAFS spectra for natural BIOS were identical to standard
minerals that we measured. This result suggests that BIOS are a mixture of two or more
minerals. Since XANES spectra have limitations in determining the fraction of minerals,
linear combination fitting of EXAFS spectra was conducted. We selected 2-line ferrihydrite
and iron-phosphate as reference minerals. Iron phosphate represents small iron oligomers
whereas 2-line ferrihydrite represents iron oxyhydroxide that have been considered as most
possible mineral for BIOS (Kikuchi et al., 2014). Goodness of the fitting was calculated by

the following equation,

— Z(Isample(E)_Icalc (E))z
leample(E)z

R (1

where lample and I are the normalized absorption of samples and calculated spectra. The
fitting result suggests that BIOS contain 31 to 53% of ferrihydrite in addition to the inclusion
of 47 to 69% of iron oligomers.

To understand local structures of BIOS that characterize the inclusion of iron oligomers,
shell-by-shell fitting of iron K-edge EXAFS spectra was conducted for natural BIOS. In
addition, results were compared with local structures of standard ferrihydrite. The radial
structure functions (RSFs) of BIOS are shown in Figure 2—-5 and the shell-by-shell fittings are
shown in Table 2-3. The RSFs exhibited one prominent shell at distance of 1.95 A, which
was attributed to Fe-O atom pairs (Toner et al., 2009). There were another shells at radial
distance of 3.06 A and 3.42 A. They are attributed to edge- and corner-sharing linkages of
octahedral iron, respectively (Mikkuta et al., 2008; Toner et al., 2009). Although edge- and
corner-sharing linkages can be fitted in every natural BIOS, coordination number of

corner-sharing linkages were reduced in BIOS compared to standard ferrihydrite.
2.4. Discussion

In this study, mineral species and local structures of BIOS collected from groundwater

discharge points, hydrothermal vents, and hot springs were identified. The XRD and XAFS
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analysis of BIOS showed similar results regardless of the sampling sites. However, mineral
species of BIOS were not identical to standard 2-line ferrihydrite which is one of the minerals
that have been used to mimic natural iron oxyhydroxides (Roden et al, 1998; Jambor et al.,
1998). Characteristic features of natural BIOS which are different from standard ferrihydrite
are (1) shift of XRD peak to smaller angle and/or decrease of intensity of XRD peak and (2)
inclusion of oligomeric stages of iron oxyhydroxides which is characterized by reduced
corner-sharing Fe—Og linkages. The results are consistent with previous XAFS measurement
of BIOS collected from hydrothermal vent (Toner et al., 2009; 2012). Given that water
chemistry and physicochemical properties (e.g. pH, temperature, and Eh) significantly
control mineral species of iron in the environment (Yee, 2006; Dyer et al., 2010; Voegelin et
al., 2010; Cismasu et al., 2011), similar mineral species of BIOS regardless of sampling sites
may reveal the importance of geochemical setting where BIOS precipitation occurs.

There are some common features of BIOS among those collected from the different
sampling sites. One is abundant inclusion of silica which ranging from 12 to 50wt%
(calculated as Si0,). Silica contained in natural BIOS likely originates from hydrothermal
water or groundwater which contains high concentration of silicic acid (DeMaster et al.,
1995). Amorphous and crystalline silica (e.g. quartz and opal) were not identified by XRD
analysis except at Snail site, indicating that silicic acid is adsorbed and/or co-precipitated
with BIOS at most of the sampling sites, where concentration of silicic acid ranged from 0.2
to 0.6 mM. On the contrary, high concentration of silicic acid (2.9 mM) at Snail site
promoted precipitation of the silica minerals. The other common feature of BIOS is the
inclusion of phosphate which ranged from 0.3 to 3.7 wt%. Phosphate has a high affinity for
iron oxyhydroxides (Thibault et al., 2009), suggesting common accumulation of phosphate
by natural iron oxyhydroxides (Perret et al., 2000; Rose et al., 1997). Oligomeric stages of
iron oxyhydroxides which is characterized by the reduced corner-sharing linkages of iron
have been reported in the presence of silicate (Voegelin et al., 2010), phosphate (Rose et al.,
1997), and organic carbons (Mikutta et al., 2008), suggesting the effect of inorganic and
organic ions on the formation of less-ordered iron oxyhydroxides than 2-line ferrihydrite
within BIOS (Toner et al., 2012).

To identify most possible ligands to induce oligomeric stages of iron oxyhydroxides
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within BIOS, I further examined correlations between mineral fractions and the concentration
of three inorganic and organic ions that inhibit polymerization of iron as discussed above:
silicate, phosphate, and organic carbon (OC). Since OC and phosphate did not show any
prominent correlation to ferrihydrite fraction (data not shown), a correlation has been
identified in the case of silica (Fig. 2—6). Strong negative correlation (R* = 0.998) have been
obtained when Si/Fe molar ratio is less than 1.0, whereas correlation between Si/Fe and
ferrihydrite fraction seems to reach equilibrium at Si/Fe molar ratios larger than 1.0. These
trends are characteristic feature when SiO4 ligands involved into the growth of iron species
(Doelsch et al., 2003). At Si/Fe ratio less than 1.0, increasing silica concentration leads to a
gradual increase of inhibition of iron polymerization, which means that the effect gradually
reduces ferrihydrite fraction within BIOS. In contrast, inhibition effect of iron polymerization
did not increase further at Si/Fe molar ratio larger than 1.0. I thus suggest that silica contained
in natural BIOS shows the most prominent role to induce oligomeric stages of iron

oxyhydroxides.
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Figures and Tables

Table 2—-1. Description and water chemistry of natural BIOS.

Depth
Area sample name Sg(r:}grle Location alti(;a de Tem(;zz";i ture pH (l:r?;:[) (mSl\l/I) (rrIfM) (2;1) (I\I/In %:;) Al(knz:;?)]ty
m
NW Eifuku Orange 21°15.0°N, 144°00.0’E -1(67)6 2.7 7.4 NA NA NA NA NA ND
Tarama Orange 25°05.2113N,124°32.0322E -1532 NA 6.4 0.240 1.04 NA NA NA 6.84
hydrothermal vent Urashima-1 White 12°55.264°N,143°38.863’E -2899 5.6 6.0 0.150 0550 9.80 442 53.7 2.30
Urashima-2 Orange  12°55.264°N,143°38.863’E -2899 5.6 6.0 0.150 0550 9.80 442 53.7 2.30
Snail Orange  12°57.151°N, 143°37.128'E  -2868 55.1 6.2 0.01 2.923 12.9 428 44.0 2.00
Budo-pond Brown 34°24.04°N, 132°42.47T'E +211 17 6.8 0.290 0.06 0.0593 0482 0.0896 1.91
Groundwater discharge point Mizugami Brown 35°35.44°N,139°43.59°E +3 NA NA NA NA NA NA NA ND
Sakuragaoka Brown 35°38.08°N,139°27.44°E +100 NA NA NA NA NA NA NA ND
Hot spring Sambe Orange 35°06.54°N,132°37.46°E +478 41 6.4 0.05 ND 1.5 20.9 2.53 ND
Table 2-2. Elemental composition of natural BIOS.
Area sample name Fe,0, MnO MgO Ca0O  Na,O K,O TiO, P,O. Si0O, Al,O; Organic carbon
NW Eifuku 75 0.28 0.73 1.9 1.61 0.34 0.005 1.6 15 0.54 1.58
Tarama 56 0.16 0.63 1.3 0.69 0.27 0.026 3.7 14 0.83 NA
hydrothermal vent Urashima-1 44 0.59 1.14 0.4 0.92 0.33 <0.001 0.3 42 0.04 0.70
Urashima-2 44 0.59 1.14 0.4 0.92 0.33 <0.001 0.3 42 0.04 0.70
Snail 30 0.44 0.47 0.6 0.61 0.26 0.003 1.6 50 0.12 0.31
Budo-pond 60 NA NA NA NA NA NA NA NA NA 3.05
Groundwater discharge point Mizugami NA NA NA NA NA NA NA NA NA NA NA
Sakuragaoka 76 5.41 0.23 3.5 NA 0.15 0.05 0.8 12 0.85 NA
Hot spring Sambe 67 1.72 0.18 2.9 0.43 0.42 NA 3.6 19 0.13 0.90
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Table 2-3. Results of EXAFS fitting. Ferrihydrite and iron phosphate are used as standard mineral. Ferrihydrite
represents amorphous iron oxyhydroxides with edge- and corner-sharing linkage of octahedral iron(Il) and iron

phosphate represents small iron oligomers.

Area sample name Ferrithydrite Iron-phosphate R
NW Eifuku 53(2) 47(2) 0.007
Tarama 40(2) 60(2) 0.008
hydrothermal vent Urashima-1 27(3) 73(1) 0.063
Urashima-2 26(3) 74(3) 0.021
Snail 27(3) 73(3) 0.021
Budo-pond 69(2) 31(2) 0.008
Groundwater discharge point  Mizugami 45(2) 55(2) 0.008
Sakuragaoka 62(2) 38(2) 0.007
Hot spring Sambe 31(2) 69(2) 0.007
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Table 2—4. Results from shell-by-shell fitting of Fe K-edge EXAFS spectra. Fits are performed in k-space from
2.5t0 12 A.

sample Atom CNe R(A)P o2(A2)e AE
Fe-O 43+04 1.95+0.01 0.110

synFH¢ Fe-Fe 3.2+06 3.06 £0.02 0.020 -3.6
Fe-Fe 1.5+£0.6 342 +0.02 0.011
Fe-O 52+04 1.97 £0.01 0.012

NW Eifuku® Fe-Fe 33+06 3.09+0.02 0.020 -4.9
Fe-Fe 0.8+0.6 3.40+0.02 0.011
Fe-O 49+04 1.97 £0.01 0.011

Tarama Fe-Fe 35407 3.10 £0.02 0.021 -4.8
Fe-Fe 09+04 342 +0.03 0.011
Fe-O 52+04 1.98 £0.01 0.011

Urashima-1 Fe-Fe 47+13 3.12+£0.03 0.029 -4.7
Fe-Fe 04+02 347 +0.03 0.001
Fe-O 47+04 1.97 £0.01 0.009

Urashima-2 Fe-Fe 3.1+09 3.10+0.03 0.023 -3.9
Fe-Fe 03+£0.1 344 +£0.04 0.001
Fe-O 51+04 1.98 £0.01 0.010

Snail Fe-Fe 3.0+ 0.6 3.11+0.02 0.017 -4.3
Fe-Fe 04+02 342 +0.04 0.004
Fe-O 48+04 1.96 £0.01 0.038

Budo-pond Fe-Fe 32407 3.07 £0.02 0.020 -6.7
Fe-Fe 09+03 3.424+0.02 0.006
Fe-O 49+04 1.97 £0.01 0.011

Mizugami Fe-Fe 3.5+£06 3.09+0.02 0.020 -6.6
Fe-Fe 1.5+£06 341 4+0.03 0.016
Fe-O 48+04 1.96 +0.01 0.011

Sakuragaoka Fe-Fe 3.5+0.7 3.07+0.02 0.018 -6.5
Fe-Fe 19+04 3414+0.03 0.015
Fe-O 51+04 1.97 £0.01 0.010

sambe Fe-Fe 3.8+09 3.10+0.02 0.024 -4.7
Fe-Fe 0.7+£0.3 343 +£0.04 0.009

2 Coordination number

b Radial distance

¢ Debye Waller parameter

4 Energy shift

¢ Data from Kikuchi et al. (2014)
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Fig. 2—1.Photographs of sampling locations at (A)NW Eifuku, (B) Tarama, (C) Urashima, (D) Snail,
(E) Budo-pond, (F) Sambe, (G) Sakuragaoka, and (H) Mizugami site. Biogenic iron oxyhydroxides
show fluffy texture at all sampling site which color are yellowish or orangish.
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Fig. 2-2. Powder XRD spectra of natural BIOS samples and two-line ferrihydrite. Most of BIOS samples show
broad two peaks similar to 2-line ferrihydrite except for Snail site.
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Fig. 2-3. XANES and derivative of normalized absorption of BIOS samples and standard materials. All BIOS

samples show similar XANES and derivative of normalized absorption spectra regardless of sampling site.

Dashed line represent characteristic features of BIOS that are not similar to that of ferrihydrite. Green, red, and

blue spectra indicate hot spring, groundwater discharged points, and hydrothermal vents, respectively.
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Fig. 2—4. k’-waithted EXAFS spectra of raw data (circles) and linear-combination fit (solid line) for BIOS

collected from various area. Two-line ferrihydrite and iron phosphate are shown as standard material.
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Fig. 2-5. Radial structure function of Fe K-edge EXAFS spectra. Dotted line represents shell-by-shell fitting

results.
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Fig. 2—6. Correlation between ferrihydrite fraction of natural BIOS obtained from EXAFS fittings (Table 2-3)
and Si/Fe molar ratio. Strong correlation can be obtained at Si/Fe molar ratio less than 1.0 whereas no

correlation at Si/Fe molar ratio larger than 1.0.
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Chapter 3. Establishment of new cultivation method for Fe(II)-oxidizing

bacteria and characterization of in vitro biogenic iron oxyhydroxides

3.1. Introduction

Biogenic iron oxides (BIOS) are one of the abundant precipitates occurring in natural
environments. They are observed at submarine hydrothermal vents (Emerson et al., 2002;
Kennedy et al., 2003a, 2003b; Kato et al., 2009; Langley et al., 2009a), groundwater
discharge points (Emerson and Revsbech, 1994; Chan et al., 2004, 2009; Duckworth et al.,
2009; Gault et al., 2011; Kato et al., 2012), wetlands (Emerson and Weiss, 2004), hot springs
(Pierson and Parenteau, 2000; Lalonde et al., 2007; Mitsunobu et al., 2012), and acid mine
drainages (Ferris et al., 1989; Clarke et al., 1997; Bruneel et al., 2005). BIOS are complex
aggregates of organic material, bacterial cells, and iron (oxyhydr)oxides, in which bacteria
play important roles by either biologically controlling or inducing mineral formation (see
Konhauser, 1998; Fortin and Langley, 2005 for reviews). Various kinds of acidophilic and
neutrophilic iron-oxidizing bacteria have been detected in biologically controlled BIOS, in
which the metabolic activities of the bacteria are directly involved in BIOS formation (e.g.,
nitrate-dependent and photosynthetic iron-oxidizing bacteria; see Weber et al., 2006; Hedrich
et al, 2011 for reviews). Gallionella ferruginea and Mariprofundus ferrooxydans are
chemolithoautotrophic iron-oxidizing bacteria that are commonly observed within BIOS
under neutrophilic conditions (Emerson et al., 2002; Hallbeck and Pedersen, 2005;
Duckworth et al., 2009; Gault et al., 2011; Kato et al., 2012). Both bacteria use ferrous iron
(Fe™) as the sole electron donor and produce unique twisted appendages called “stalks”
(Hallbeck et al., 1993; Emerson et al., 2007). The distinctive structure of the Gallionella and
Mariprofundus stalks has been investigated, as well as the organisms’ biogeographic
distributions, energy and carbon metabolism, and possible ecological roles in the global iron
cycle (Vatter and Wolfe, 1956; Emerson et al., 2002, 2007; Edwards et al., 2004; McBeth et
al., 2011; Singer et al., 2011; Comolli et al., 2011; Saini and Chan, 2013).

BIOS have been also been studied in environmental chemistry, particularly in terms of
their mineral species and the adsorptive nature of various ions. The mineral species of BIOS

at neutral pH are reported to include ferrihydrite, nano-goethite, nano-lepidocrocite, and
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akaganeite (Emerson et al., 2002; Kennedy et al., 2003a, 2003b; Chan et al., 2004, 2009,
2010; Duckworth et al., 2009; Gault et al., 2011), and their amorphous and particulate iron
(oxyhydr)oxides are known to have large surface areas (Suzuki et al., 2011b). Thus, the iron
(oxyhydr)oxides combined in BIOS can act as adsorbents for various trace elements during or
after BIOS formation, and this phenomenon plays an important role in controlling global
trace element cycles and the retention of various elements (Kennedy et al., 2003b; Duckworth
et al., 2009). Previous studies have also suggested that trace elements, such as cesium, copper,
and lanthanides, are effectively adsorbed by the organic components of BIOS (Ferris et al.,
2000; Anderson and Pedersen, 2003; Martinez et al., 2003). Thus, an understanding of the
adsorption mechanisms of BIOS, especially the detailed functions of their organic materials
and iron (oxyhydr)oxides, is crucial to clarifying the distribution and behavior of various
elements in natural environments.

Most studies of BIOS at neutral pH have been performed in the field or in the laboratory
using BIOS collected from natural environments (Martinez et al., 2003, 2004; Katsoyiannis et
al., 2006; Langley et al., 2009b; Rentz et al., 2009; Kennedy et al., 2011). Because natural
BIOS usually contain large amounts of inorganic and organic materials (e.g., silica and other
ions adsorbed onto the BIOS; Kennedy et al., 2003b; Lalonde et al., 2007), these experiments
often encounter difficulties in clearly estimating the contributions of biotic and abiotic factors
to the observed results. For example, Katsoyiannis et al. (2006) noted that the reduced
adsorption of uranium to BIOS was predominantly caused by the electrostatic repulsion
between the negatively charged BIOS and anionic uranium(VI) carbonate species. However,
the surface charges of iron (oxyhydr)oxides are readily altered during their adsorption to
and/or coprecipitation with various materials, including organic materials (Mikutta et al.,
2008), inorganic ions such as phosphate and silicate (Arai and Sparks, 2001; Dyer et al.,
2010), and bacteria themselves (Kulczycki et al., 2005). Therefore, BIOS that are
experimentally synthesized in the laboratory could be ideal materials for adsorption studies.
However, no experimentally synthesized BIOS, especially those formed by Gallionella and
Mariprofundus species, have yet been successfully produced in laboratory cultures because of
difficulty in establishing the narrow anoxic—oxic interface required for the growth of these

organisms. Emerson and Moyer (1997) developed a culture technique called the “gradient
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method”, in which certain anoxic—oxic gradients were prepared in an agar-solidified medium.
Modified from the original report of Kucera and Wolfe (1957), the gradient method is
applicable to many microbiological investigations. However, the quantities of BIOS produced
in small- scale agar-solidified medium and the incorporation of agar into the BIOS makes this
method inappropriate for the detailed chemical characterization of BIOS.

In this study, I established a new culture method for neutrophilic iron-oxidizing bacteria
in a liquid medium using diffusion chambers. I used M. ferrooxydans PV-1, which is known
to play an essential role in iron and carbon cycles in ocean environments (Emerson et al.,
2002; Edwards et al., 2004), as a test microorganism for the newly designed culture method.
The mineral species of BIOS produced during the growth of M. ferrooxydans PV-1
(designated “in vitro BIOS”) with this method were determined with both bulk and micro
X-ray absorption fine structure (XAFS) analyses. I also compared the amounts of BIOS
produced with the culture method developed in this study and with previous culture methods.
Finally, I compared the mineralogical and morphological characteristics of the in vitro BIOS
with those of BIOS samples obtained from deep-sea hydrothermal environments (“in situ

BIOS”)

3.2. Materials and Methods
3.2.1. Culture of iron-oxidizing bacteria by gel-stabilized gradient and batch liquid
methods

A chemolithoautotrophic iron-oxidizing bacterium, M. ferrooxydans PV-1, was obtained
from the American Type Culture Collection (BAA—-1020). This strain was precultured in
liquid medium (hereafter referred to as the “batch liquid method”) or with the agar-stabilized
gradient method (Emerson and Floyd, 2005) to draw quantitative comparisons of the
formation of in vitro BIOS. The artificial seawater (ASW) medium used in this study
contained 1.0 mL of trace minerals and 1.0 mL of vitamin supplement per liter of ASW and
was buffered with 5 mM sodium bicarbonate (Emerson and Moyer, 2002). Ferrous sulfide
(FeS) was also synthesized according to Emerson and Floyd (2005). Both the gel-stabilized
gradient medium and batch liquid medium were prepared in a 100 mL glass bottle with a

rubber cap. In the gradient medium, 10 mL of FeS with 1.5% agar was first pipetted to the
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bottom of the glass bottle and then ASW containing 0.1% agar, which had been bubbled with
filter-sterilized (pore size, 0.2 um; Advantec, Tokyo, Japan) N,—CO; gas (80:20), was added
on top of it. The gel-stabilized gradient medium was inoculated with the bacteria using a
syringe.

For the batch liquid medium, 100 mL of ASW was dispensed into a 100 mL glass bottle
and bubbled with N,—CO, gas (80:20). Filter-sterilized air was added to the headspace to
supply O, after the lid was closed. A final concentration of 1.8 mM filter-sterilized FeCl, was
added to the glass bottle as the Fe*" source. The bottle was inoculated with the bacteria and
Fe" was then added. No additional Fe*” or O, was supplied during incubation. The initial cell

densities were the same as those used in the diffusion-chamber method described below.

2.2. Culture of neutrophilic iron-oxidizing bacteria and BIOS precipitation with a
diffusion-chamber device

Mariprofundus ferrooxydans PV-1 was cultured with concomitant BIOS synthesis (in
vitro BIOS), using a diffusion-chamber device containing two chambers separated by a
membrane filter (Fig. 3—1). Each chamber was cubic, with 5 cm edges, and the membrane
area between the chambers was 7.07 cm? (circle with radius 1.5 cm) with a shallow concavity
around the hole of the membrane area to set an O-ring. The diffusion chambers were washed
with acid and sterilized with UV light (253.7 nm) for about 12 h on a clean bench. A
polycarbonate or mixed cellulose membrane filter (pore size, 0.2 um; Advantec) was then set
between the diffusion chambers and tightly closed with screws.

The diffusion chamber was designed to produce a broad anoxic—oxic gradient under
conditions of low partial oxygen pressure (pO,) and high Fe’" concentrations. Before
incubation, 10 mL of FeS was mixed with ASW (total volume, 100 mL) and dispensed into
one of the cubic chambers (the “anoxic chamber”). Another 100 mL of ASW was added in
the other chamber (the “oxic chamber”). Cells were also added to the oxic chamber (final
concentration, 8.0 x 10° cell/mL) from the early stationary phase of M. ferrooxydans
precultured in batch liquid medium. The liquid in both chambers was purged with
filter-sterilized (pore size, 0.2 um; Advantec) N,—CO; gas (80:20) for about 2 min after the

addition of ASW, FeS, and bacteria. Each diffusion chamber was then tightly capped with a
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silicon plug. Incubations were conducted at 25 °C for a maximum of nine days. During
inoculation, the anoxic chamber was constantly mixed with a magnetic stirrer. Two sets of
diffusion chambers were removed from the incubator each day to measure the pH and
dissolved oxygen (DO). The pH was measured with a pH meter (SS054, Horiba, Kyoto,
Japan) and DO was measured with a DO meter (HQ30, Hach, Loveland, CO, USA), which
was calibrated with water-saturated air. The medium was then gently mixed and subsampled
for Fe** measurements and cell counts. The Fe?" concentration was measured with a 1,
10-phenanthroline assay (Harvey et al., 1955).

The microbial cell density was evaluated with direct bacterial counts under an optical
fluorescence microscope (ECLIPSE 80i, Nikon, Tokyo, Japan). The iron particles in the
BIOS were dissolved with a drop of 3.0 M HCI and the BIOS then passed through a
membrane filter (pore size, 0.2 um; Millipore, Billerica, MA, USA). The samples were then
washed with Milli-Q water and stained with SYTO 13 (Molecular Probes, Invitrogen,
Carlsbad, CA, USA). No disruption of cells was observed during this procedure.

Control experiments for the present method were also conducted in two experimental
systems: (i) a cell-free control; and (ii) an azide-treated cell control (dead cells). In the
azide-treated controls, a final concentration of 2.0 mM sodium azide was added to the ASW

before the addition of the bacteria to the oxic chamber.

2.3. Collection of BIOS

Difterent procedures were used to collect the BIOS from different culture systems. For
the gel-stabilized gradient method, the gradient medium was collected in a glass bottle, which
was placed in a hot water bath (approximately 90 °C) to dissolve the agar in the BIOS. The
BIOS were collected onto a preweighted membrane. The sample was washed five times with
additional hot Mill-Q water and then dried at room temperature (RT). For the batch liquid and
diffusion-chamber methods, the precipitates were collected onto preweighed membranes and

then washed five times with Mill-Q water. All the samples were dried at RT.

2.4. Natural BIOS collection

Natural BIOS (in situ BIOS) were collected from the Northwest Eifuku Seamount in the
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northern Mariana Arc (29.223"' N, 144°02.567' E) at a water depth of 1545 m, using a
remotely operated vehicle (ROV), Hyper-Dolphin (dive #1167), owned by the Japan Agency
for Marine-Earth Science and Technology, on August 2, 2010. The yellow—orange BIOS had
a fluffy texture and extensively covered the seafloor at the summit of the Northwest Eifuku
Seamount. The distribution and features of the BIOS were consistent with previous a report
by Davis and Moyer (2008). The BIOS samples were collected with a sediment sampler.
Immediately after the ROV was recovered onboard, the BIOS samples were processed for
each analysis. The portion of the in situ BIOS samples intended for XAFS analysis was
washed with ultrapure Milli-Q water and then stored at —20 °C to avoid further reaction or
transformation. Another portion was fixed with formaldehyde (final concentration, 3.7%) and

then stored at 4 °C for observation with scanning electron microscope (SEM).

2.5. SEM observation

The morphological characteristics of the in vitro and in situ BIOS were examined with
SEM. Approximately 0.5 mL of BIOS was transferred to a 1.5 mL plastic tube and
centrifuged for about 30 s. The suspension sample was then dehydrated with a graded series
of ethanol (30%, 50%, 70%, 80%, 90%, and 100% [v/v] diluted with Mill-Q water). After
drying, the sample was mounted on carbon tape on a slide glass and coated with gold. SEM
images were obtained with a JEOL JSM-6390 microscope (Tokyo, Japan) at an accelerating

voltage of 15 keV.

2.6. Bulk and micro iron K-edge XAFS spectroscopy
2.6.1. Reference materials

Two-line ferrihydrite was synthesized as described by Schwertmann and Cornell (1991).
For the synthesis, 1.0 M KOH was added rapidly to a solution containing 0.20 M Fe
(NO3)3-9H,0. Iron phosphate was also synthesized by mixing FeCls;-6H,O with K,HPO4
solution in the same molar ratio. The pH of the FeCl; solution that contained K;HPO, was
increased to 6.5 by the addition of 3.0 M KOH. The synthetic samples were rinsed with

Milli-Q water to remove any excess KOH before analysis and were then freeze-dried.
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2.6.2. Bulk Fe K-edge XAFS measurement

Iron K-edge XAFS spectra were collected at beamline BLOIB1 in SPring-8 (Hyogo,
Japan). The reference materials were mixed with boron nitride to reduce the iron
concentration to 1-5 wt%. Each mixture was then pressed into a pellet. All BIOS samples
were measured in the form of a wet paste, which was converted from the frozen sample at
4 °C. The measurements were made with a fully tuned Si(111) double-crystal monochromator.
An rhodiumh-coated Si mirror was also set at an incidence angle of 5.5 mrad to reject
higher-order harmonics. The beam size at the sample position was approximately 1 x 0.8
mm”. The energy was calibrated by setting pre-edge peak maximum of hematite to 7111 eV.
The XAFS data for all samples were recorded using ion chambers at RT in transmission
mode. The BIOS samples were scanned twice. Photodegradation by incident X-rays during
measurement could be ignored because the two spectra were identical. The XAFS data were
analyzed using the REX2000 software (Rigaku Co., Ltd.) or the Athena XAFS analysis

software package (Ravel and Newville, 2005).

2.6.3. Micro Fe K-edge XAFS measurement

Micro-XRF and Fe K-edge n-XANES spectra were collected at BL37XU in SPring-8, Japan.
The beamline consists of Si(111) double crystal monochromator with Kirkpatric-Baez mirror
to obtain X-ray beam with 1.5 x 1.6 um? size at the sample. Spectra of BIOS samples were
collected in fluorescence mode using silicon drift detector. Reference spectra were collected
in transmission mode measured either at BL37XU or at BLO1B1. The Fe XANES collected at
both beamlines suggested that the energy resolutions of the spectra were identical between
the two beamlines, showing that we can compare the spectra. Measurements in BL37XU
were conducted with an energy step 0.5 eV; exposure time 2 or 5 sec. Mapping of Fe by
u-XRF was carried out at irradiation energy at 8 keV. The step size was set to be 1 um both in

x- and y- directions. The measurement time of each pixel was 0.1 s.

3.3. Results and Discussion

3.3.1. Culture of neutrophilic Fe(II)-oxidizing bacteria and BIOS production with a
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diffusion-chamber device

Neutrophilic iron-oxidizing bacterium M. ferrooxydans PV-1 was cultured with concomitant
BIOS production (in vitro BIOS) in liquid medium using a newly designed diffusion-chamber
device (Fig. 3—1). With this culture method, two different environments were established in
each cubic container, designed the “anoxic” and “oxic” chambers. Low levels of DO (DO <
11 uM) were maintained during incubation in the anoxic chamber (Fig. 3-2A). The
concentration of Fe*" in the anoxic chamber decreased with time, reflecting the diffusion of
Fe”" from the anoxic chamber to the oxic chamber (Fig. 3-2B). On the contrary, the DO level
in the oxic chamber was higher than that in the anoxic chamber, with less Fe*". There was
also an oxygen gradient in the oxic chamber. The lowest DO level occurred near the
membrane and the highest near the surface of the medium, and the gradient ranged from 11 to
24 uM. The pH in both diffusion chambers showed a normal stable value ranging from 6.1 to
6.8, with a slight increase in pH in the anoxic chamber and a slight reduction in the oxic
chamber during incubation. These results suggest that Fe*" diffused from the anoxic chamber
into the oxic chamber via the membrane, but each chamber was more or less under
pseudoequilibrium conditions. It is also likely that the diffusion of Fe*" was mainly supported
by the initial input of FeS solution containing Fe’" (ca. 1.8 mM; Fig. 3-2B) to the anoxic
chamber, and the production of Fe*" from FeS was a minor process. We observed no clogging
of the membrane during the nine days of the experiment.

Mariprofundus ferrooxydans was successfully cultured with the diffusion-chamber
device. The cell density increased from 8.0 x 10° cell/mL to 4.1 x 10* cell/mL during five
days of incubation (Fig. 3-3). As the incubation time increased, brownish iron oxides were
precipitated at the bottom of the diffusion chamber (Fig. 3—4). The shapes of the stalks found
in the oxic chamber were observed by SEM, and had a helical or filamentous structure,
ranging in length from a few micrometers to a few dozen micrometers (Fig. 3—5A). These
distinctive stalk morphologies were also observed in the batch liquid cultures (Fig. 3-5B) and
in BIOS previously produced with the gradient method (Emerson et al., 2007; Singer et al.,
2011). However, an SEM analysis showed that the amount of stalks produced was not
necessarily associated with the cellular growth of M. ferrooxydans PV-1. The stalks were

highly encrusted with iron oxides, which could have been produced by both biotic and abiotic
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processes. Previous studies have suggested that the stalks are not always biomarkers of
biological Fe*" oxidation by stalk-forming iron-oxidizing bacteria (Hallbeck and Pedersen,
2005; Krepski et al., 2012). Moreover, other studies have reported that the chemical oxidation
of Fe** was enhanced by the presence of bacterial cells and stalks, which exerted
autocatalytic effects, even when the bacterial cells were sterilized (Kasama et al., 2001;
James and Ferris, 2004; Rentz et al., 2007; Druschel et al., 2008).

SEM observation of one of the abiotic controls (cell-free control) revealed 1-2 um
spherical aggregates of iron (oxyhydr)oxides (Fig. 3—5C), which differed in their bulk
morphologies from the in vitro BIOS (Fig. 3-5A). These aggregates were also seen in the in
vitro BIOS, although they were smaller. Differences in the size of the iron aggregates in
abiotic and biotic systems are commonly observed (Vollrath et al., 2013). It has been reported
that iron that is bound to organic materials (i.e., extracellular polysaccharides and stalks) and
bacterial cell walls (i.e., carboxylate and phosphate group) inhibits mineral aggregation and
crystal growth (Banfield et al., 2000; Kennedy et al., 2004; Chan et al., 2009). Especially in
the case of M. ferrooxydans, organic materials may play a principal role in defining aggregate
size, because the characteristic surface charge and stalk production of the bacterium inhibit
surface encrustation (Chan et al., 2010; Saini and Chan, 2013). Because it is difficult to
determine whether a precipitate is biotic or abiotic based on its morphology under SEM, we
suggest that the in vitro BIOS produced during the growth of M. ferrooxydans PV-1 in the
diffusion-chamber device consisted of iron oxides that were all produced by bacterial energy
metabolism, autocatalysis, and chemical oxidation, in addition to the bacterial cells, stalks,

and other dissolved organic compounds.

3.3.2. Quantitative estimation of in vitro BIOS produced with the diffusion-chamber
method and a comparison with previous culture methods

Iron (oxyhydr)oxides production with the diffusion-chamber method was estimated
quantitatively under abiotic (cell-free and azide-treated controls) and biotic (in vitro BIOS)
conditions. The yields of iron (oxyhydr)oxides in the cell-free and azide-treated controls
increased gradually with time, exhibiting maximum weight after nine days (Fig. 3—6A). The

difference between the cell-free and azide-treated controls was the absence or presence of an
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initial autocatalytic effect, respectively (James and Ferris, 2004), and the effect of the
different initial production rate in each experiment. The slopes of the Fe*" oxidation rate as a
function of incubation time in the two control systems were almost parallel, except during the
early incubation period (~2 days), suggesting that the Fe*" oxidation rate as a function of
incubation time was similar in the two controls. In contrast to the controls, in vitro BIOS
production in the diffusion-chamber device increased significantly between day 1 and day 3,
and was then stable between days 4 and 9, which seems to correspond to the pattern of the
bacterial growth curve (Figs 3-3, 3—6A). Thus, comparison of the production behavior of the
in vitro BIOS and the control systems indicates the possible involvement of bacterial Fe*"
oxidation in the production of in vitro BIOS. Considering that biotic iron oxides are simply
defined as Wi, yino Blos — Wazide-treated control (Where W is the amount of iron oxides), the
bacterial function accounted for 45% of production during the initial three days of incubation.
These ratios are within the range of reported values calculated from the Fe*" oxidation rate
using neutrophilic iron-oxidizing bacteria (18%—-53% by Neubauer et al., 2002; 4%—-88% at
various DO concentrations by Druschel et al., 2008).

Although the abiotic and biotic ratios in BIOS are controlled by multiple effects and
factors, including DO, Fe?* concentration, pH, and the cellular functions of the bacteria
(Neubauer et al., 2002; Druschel et al., 2008), the most notable parameter that affected BIOS
production under abiotic and biotic conditions was cell growth as a function of the incubation
period in these experiments. The biotic effects were significant during the first 3—4 days of
incubation, which corresponded to the early stationary phase of M. ferrooxydans. In contrast,
the abiotic effects probably dominated in the early exponential and late stationary phases of
the bacterium.

I also compared the BIOS production in the diffusion chamber with that in previously
used culture methods, such as the gel-stabilized gradient method (Emerson and Moyer, 1997)
and batch liquid method (Emerson et al., 2002). I confirmed the cell growth for both previous
culture methods (Fig. 3—3). However, with the gradient method, only one datum was covered
in both BIOS production and cell concentration because no rusty iron band was clearly
visualized during the nine-day incubation period. The initial concentration of Fe*" in the

batch liquid method was adjusted to 1.8 mM, which was similar to the Fe*" concentration in
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the anoxic chamber in the diffusion-chamber method. Of the three methods I examined, the
diffusion-chamber device provided the largest mass of in vitro BIOS (Fig. 3—6A, 3—6B). The
daily production of in vitro BIOS in the batch liquid culture also paralleled the pattern to cell
growth (Figs 3-3, 3—6B), but the amount of BIOS recovered was less than that obtained with
the diffusion-chamber method. The smallest amount of BIOS was collected with the gradient
method.

Although the biotic fractions of BIOS produced with the batch liquid and gradient
methods were not estimated quantitatively in this study, I infer that the greater contribution of
biotic effects may have led to a greater yield of in vitro BIOS with the diffusion-chamber
method. The DO and pH values were almost identical or slightly lower in the batch liquid
method than the diffusion-chamber method (data not shown). However, the Fe*'
concentration in the diffusion-chamber method was lower than in the batch liquid. The yield
of in vitro BIOS per cell was greatest with the batch liquid method (1.08 + 0.23 x 10'° g iron
[oxyhydr]oxides per cell, including both abiotic and biotic precipitates) compared with the
diffusion-chamber method (0.65 + 0.19 x 107'° g per cell) and the gradient method (0.45 +
0.03 x 10'%g per cell). These observations suggest that the more BIOS produced by single
cells in batch liquid culture can be attributed to the larger abiotic function than was present in
the diffusion-chamber culture. The SEM observations of stalks collected from the batch
liquid method support this inference because the stalks were more heavily encrusted with iron
oxyhydroxides than were those from the diffusion-chamber culture (Fig. 3-5A, 3-5B).
Another possible explanation for the lower yields of BIOS from the batch and gradient
cultures is the lower cell numbers involved. The growth rate was higher (7 h) in the
diffusion-chamber culture than in batch liquid culture (10 h) or the gradient culture (12 h,
from Emerson et al., 2007). Therefore, it seems likely that the diffusion-chamber method
provided not only a better growth rate and yield of M. ferrooxydans, but also more efficient
production of BIOS enriched with biotic iron (oxyhydr)oxides.

There are two principal advantages in the newly developed diffusion chamber method:
the large size of the anoxic—oxic interface and the appropriate supply of Fe*™ in the medium.
Iron-oxidizing bacteria grow in a relatively narrow range of anoxic—oxic interface

environments, in which they can obtain energy from the redox gradient (Emerson and
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Revsbech, 1994). The diffusion-chamber method provides a relatively large space of
metabolically available anoxic—oxic gradient for both bacterial growth and concomitant in
vitro BIOS production, whereas only a narrow range is present in the batch liquid and
gradient cultures. Furthermore, because Fe*" is the sole energy source for the growth of M.
ferrooxydans, a continuous supply of the appropriate concentration of Fe?* in the medium
significantly affects bacterial growth and in vitro BIOS production. The Fe?" supply was
almost constant throughout the incubation period in the diffusion chamber. However, the Fe*"
concentration in the batch liquid showed a continuous decline with time (decreasing from 1.8
to 0.3 mM over nine days). A previous study also reported the variability in the Fe*'
concentration during bacterial growth in gradient culture (Emerson and Moyer, 1997). It is
likely that varying concentrations of Fe*" limit the bacterial oxidation of Fe*" and in turn,
accelerate abiotic Fe”" oxidation (Neubauer et al., 2002). It has also been remarked that the
formation of a diffusion barrier between the bacteria and Fe** source inhibits bacterial growth
in gradient culture (McBeth et al., 2011). The diffusion-chamber method provides both a
large space and a continuous supply of sufficient electron donor for the better growth of M.

ferrooxydans and its in vitro BIOS production.

3.3.3. Morphological observation of in situ BIOS

The morphological characteristics of natural (in situ) BIOS were compared with those of
in vitro BIOS. Figure 3-5D shows an SEM image of in situ BIOS collected from the
Northwest Eifuku Seamount hydrothermal field. Twisted or filamentous structures observed
in the sample are similar to the characteristic twisted stalk structures produced by
iron-oxidizing bacteria such as M. ferrooxydans and G. ferruginea (Kucera and Wolfe, 1957,
Emerson et al., 2007). Iron (oxyhydr)oxide minerals are localized around the stalk-like
structures, and some of these structures are largely masked by the iron (oxyhydr)oxides. Few
stalk-like structures lacking iron were identified by SEM. These results indicate that the in
situ BIOS reflect different stages of iron mineralization and stalk formation along the growth
of iron-oxidizing microorganisms as previously demonstrated (Kennedy et al., 2003b; Chan
et al., 2004, 2009). Moreover, the morphological characteristics of the in situ BIOS are quite

similar to those of the in vitro BIOS produced by M. ferrooxydans PV-1 in the
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diffusion-chamber culture (Fig. 3—-5A, 3-5D). The morphological similarity between the in
situ BIOS and the in vitro BIOS from M. ferrooxydans PV-1 cultured in the
diffusion-chamber device suggests that BIOS formation in the deep-sea hydrothermal
environment is attributable to the in sifu function of iron-oxidizing C-Proteobacteria, such as
members of the genus Mariprofundus. A terminal restriction fragment-length polymorphism
analysis of the microbial phylotype components of the iron (oxyhydr)oxide precipitates
obtained from several Mariana Arc hydrothermal environments showed that the dominant
microbial phylotypes were the (-Proteobacteria taxa, phylogenetically related to M.

ferrooxydans (Davis and Moyer, 2008).

3.3.4. Bulk and micro XAFS analysis of mineral species of in vitro and in situ BIOS

In this study, an XAFS analysis was conducted to identify mineral species of in vitro and
in situ BIOS samples. Because bulk and micro-XAFS studies of in situ BIOS (Toner et al.,
2008, 2012; Chan et al., 2009; Edwards et al., 2011; Gault et al., 2011; Mitsunobu et al.,
2012; chapter 2) or in vitro BIOS (Chan et al, 2010) have already been conducted, I focused
on the similarities or differences between in situ BIOS and the in vitro BIOS generated with
the diffusion-chamber method. Figure 3-7A shows the extended X-ray absorption fine
structure (EXAFS) of BIOS samples and reference minerals. I selected two-line ferrihydrite
and goethite as reference minerals to represent the typical components of in situ BIOS
observed in natural environments. Iron phosphate was selected as the reference mineral to
represent iron minerals composed of iron oligomers (Voegelin et al., 2010). Limited Fe(III)
hydrolysis in total iron was also observed in the presence of organic material, the iron species
of which showed similar EXAFS oscillations to iron phosphate (Karlsson and Persson, 2012;
Mitsunobu et al., 2012). The EXAFS spectra of the in vitro and in situ BIOS (Incubation
period: 2 days) had similar oscillation structures in k space (Fig. 3—7A). On the contrary,
none of the EXAFS oscillations of the reference minerals was identical to those of in vitro
and in situ BIOS, even though BIOS samples had several similar structures with ferrihydrite
and iron phosphate. Notable structures (shaded in Fig. 3—7A) were (i) the absence or presence
of a shoulder at k= 5.5 (A™); and (ii) a reduction or increase in the peak around k= 7.5 (A™").

These results indicate that in vitro and in situ BIOS do not contain single minerals, but
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combinations of two or more iron species.

A simulation of iron K-edge EXAFS was performed to determine the contribution of
each mineral in the samples. A quantitative simulation was conducted for & ranging from 2.5
to 11.5 (A™") using the Athena software (Ravel and Newville, 2005). I selected the following
three standards as proxies for the iron structure to fit the sample spectra: (i) goethite as
crystalline iron oxyhydroxide, which consists of iron polymers with edge- and corner-sharing
linkages of octahedral iron(IIl); (ii) ferrihydrite as poorly crystalline iron oxyhydroxide,
which consists of iron polymers with edge- and corner-sharing linkages of octahedral
iron(Ill); and (iii) iron phosphate, composed of small iron oligomers. Each reference material
can be distinguished by its specific pattern in &k space. The characteristic EXAFS oscillations
of the in situ and in vitro BIOS fitted reasonably well to those of ferrihydrite and iron
phosphate (Fig. 3—7A, Table 1). These results suggest that ferrihydrite is one of the dominant
mineral species in both the in vifro and in situ BIOS. Iron oligomers are predicted to be
another predominant iron species. Previous studies have also suggested the presence of
amorphous iron oxyhydroxides, such as ferrihydrite, in BIOS (Emerson and Moyer, 2002;
Kennedy et al., 2003b; Kato et al., 2009; Gault et al., 2011). My results suggest that in situ
BIOS and in vitro-produced BIOS contained mixtures of several amorphous forms of iron
oxyhydroxides.

Mineral species of iron precipitate which located at micro-areas on a single stalk was
also identified by micro-XAFS analysis. Fig. 3-8 A and 3—8B show SEM images of the stalk.
Helical twisted stalks are thought to be the typical products of M. ferrooxydans (Chan et al.,
2011). Figures 3—8C and 3-8D show the distribution of Fe in the stalk structure. Iron is
distributed broadly around stalk, whereas the density of existing Fe is highly different in the
location of the stalk at a micro scale. Figure 3—-9 shows Fe K-edge XANES spectra at four Fe
concentrated spots represented by the number shown in Figures 3—8A and 3-8B. Spectra
obtained from different points were approximately identical. The adsorption edge was around
7.13 keV (dashed line in Fig. 3-9) and the feature was similar to that of ferrihydrite.
Least-squares fitting of the XANES spectra showed that inclusion of Fe carboxylate species
in the fitting in addition to ferrihydrite results in the decrease of R value from 0.00110 to

0.00016 in spectruml in Figure 2. This result is consistent with my bulk EXAFS analysis,
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suggesting that iron minerals are homogeneously distributed among BIOS.

Shell-by-shell fitting was conducted to further specify the mineral characteristics in the
in situ BIOS and in vitro BIOS. The bulk Fe K-edge EXAFS spectra were
Fourier-transformed for a k range from 2.5 to 11.5 (A™"), and fitting was performed with
REX2000 (Rigaku). The magnitudes of the Fourier-transformed spectra, together with the
fitting results, are listed in Fig. 3—7B and Table 3-3. The EXAFS parameters obtained for
ferrihydrite were consistent with those in previous studies, and exhibited edge- and
corner-sharing linkages at distances of 3.06 and 3.42 A, respectively (Toner et al., 2009;
Voegelin et al., 2010). These edge- and corner-sharing linkages were also observed in both
BIOS samples, suggesting the presence of a structural unit within the BIOS similar to
ferrihydrite (Table 3—-3). However, the coordination numbers of iron at a distance of 3.42 A in
both the in situ and in vitro BIOS were lower than that of ferrihydrite, which corresponded to
the magnitude of the shells in the Fourier-transform spectra in Fig. 3-7B. These results
indicate that both BIOS mainly contained edge-sharing octahedral linkages.

My results are consistent with the previous results of Toner et al. (2009), who suggested
that the variation in EXAFS oscillations were attributable to the coordination numbers and
structural changes: the reduction in the coordination numbers at the corner-sharing Fe—Og
linkages were linked to (i) the change in spectral shape at k = 5.0-5.8 A™'; and (ii) the
reduction in the amplitude of the oscillation at k = 7.0-8.0 A™'. These characteristics were
also observed in the EXAFS oscillations in this study, as indicated by the shaded areas in Fig.
3—10A. Although the formation of these characteristic iron oxyhydroxides structures in the
BIOS has biological effects (e.g., exopolysaccharides; Toner et al., 2009; Chan et al., 2010;
Mitsunobu et al., 2012) and inorganic effects (e.g., phosphate and/or silicate; Toner et al.,
2009; Suzuki et al., 2011b), my diffusion-chamber method can synthesize minerals similar to

those in the in situ BIOS collected from deep-sea hydrothermal environments.

3.3.5. Mineral species of in vitro BIOS as a function of incubation time and water

chemistry
Mineral species of BIOS are further identified at different cultivation time and different

phosphate concentration. Figure 3—10 shows EXAFS spectra of in vitro BIOS at incubation
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time from 2 days to 6 days, and phosphate concentration from 0 mM to 1 mM. Apparent
spectral change were obtained at (1) the existence of absence of peak at 7.5 A~ and (2)
change of spectra at 4.0 A™' to 5.5 A™'. This is attributed by the change of iron mineral
species which is shown in Table 3-3. In the absence of phosphate, in vitro BIOS contained
goethite. However, in the presence of phosphate in culture medium, in vitro BIOS mainly
consists of oligomeric stage of iron Thus, iron mineral species of BIOS are strongly depends

on water chemistry and incubation time.

3.3.6. Application of the new cultivation technique and BIOS production with the
diffusion-chamber method

Since the successful isolation of the novel iron-oxidizing chemolithoautotroph M.
ferrooxydans PV-1 with the gel-stabilized gradient method, this method has been regarded as
the most practical culture technique for neutrophilic iron-oxidizing bacteria. Although the
technique is applicable to the enrichment, isolation, and basic physiological characterization
of neutrophilic iron-oxidizing bacteria from naturally occurring microbial communities, it has
several shortcomings in terms of its use in other microbiological, biochemical, and material
experiments that require (i) greater yields of cells and bacterial products, such as stalks; and
(i1) the purification of BIOS from agar. For example, the contamination of BIOS with agar is
not amenable to sensitive chemical analyses, such as organic quantification. The presence of
agar also inhibits cell growth (McBeth et al., 2011), which may also inhibit cell mobility. In
adsorption experiments, the amount of BIOS collected with the gradient method is relatively
small and the removal of agar from the BIOS is also essential for the experiments.

I also tested batch liquid culture, a previously used method that involves no agar, for
comparison. However, with this batch method, it was difficult to collect as much BIOS as
was collected with the diffusion-chamber method, especially during short incubation periods
(within four days). Moreover, neither the gel-stabilized culture method nor the batch liquid
method can maintain stable Fe*" concentrations, and their high Fe*" supply may accelerate
abiotic effects. All these shortcomings restrict our understanding of the detailed behavior of
BIOS as a functional material.

My newly developed diffusion-chamber method allows the successful culture of M.

ferrooxydans PV-1 and the production of relatively large amounts of BIOS without any
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organic compounds other than the by-products of bacterial growth. The culture technique also
maintains a stable Fe*" supply under conditions that are much closer to in sifu conditions.
This implies that experiments using diffusion-chamber-synthesized BIOS can more
appropriately investigate the in situ biogeochemical functions and potential applications of
BIOS.

Moreover, the in vitro production of BIOS should be very useful for characterizing the
physicochemical properties of BIOS, such as their adsorption and coprecipitation behaviors.
Chemically synthesized ferrihydrite minerals have long been used to understand the
adsorption processes of iron (oxyhydr)oxides in natural systems (Waite et al., 1994; Parida et
al., 1997; Raven et al, 1998). Nevertheless, the adsorption behavior of chemically
synthesized ferrihydrite minerals towards some trace elements showed different trends from
the adsorption of BIOS samples obtained from a groundwater discharge point (Katsoyiannis
et al., 2006). This highlights the importance of considering organic functions and bacterial
activities when studying the physicochemical properties of iron (oxyhydr)oxides in natural
environments, rather than using inorganic ferrihydrite only. My culture method allows the
application of in vitro BIOS to various adsorption experiments on iron (oxyhydr)oxides,
which will provide quantitative and replicable results that are comparable to those of previous
studies using natural samples. These will facilitate future applications of in vitro BIOS to the

removal of various toxic elements and the recycling of valuable trace elements.
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Figures and Tables

Table 3—1. Results of EXAFS fitting. Reference material: (i) ferrihydrite (amorphous iron oxyhydroxides with

edge- and corner-sharing linkage of octahedral iron(IIl)); (ii) iron-phosphate (small iron oligomers).

Fraction(%)

Ferrihydrite Iron-phosphate R
sample name
Invitro BIOS 622 38+2 0.023
Insitu BIOS  Diffusion chamber method 59+2 41%2 0.019

“The goodness of'the fitting calculated by following equation
R =[P X ex (k)1 X cal(l) ] / Z[RP X ey (E) ]

Table 3-2. Results of EXAFS through shell-by-shell fitting of ferrihydrite, in vifro BIOS (incubation period:

3days), and in situ BIOS.

Atom  R(A)* CN® o(AY)° AE?
ferrihydrite Fe-O 1954001 43+09 0011 -56
FeFe 306002 32406 0020
FeFe 3424002 15403 0011
InvitroBIOS Fe-O 1974001 52404 0011 50
FeFe 3094002 27406 0017
FeFe 3412003 0703 0007
InsituBIOS  Diffusion chambermethod ~ Fe-O 1974001 52+04 0012 49
FeFe 309002 33208 0020
FeFe 340003 0805 0011

aRadial distance

bCoordination number
“Debye-Waller factor coefficient
9Energy shift
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Table 3-3. Results of EXAFS fitting at various incubation time and phosphate concentrations. Reference
material: (i) ferrihydrite (amorphous iron oxyhydroxides with edge- and corner-sharing linkage of octahedral

iron(IlT)); (ii) iron-phosphate (small iron oligomers).

Phosphate concentration Incubation time Ferrihydrite  Iron-phosphate Goethite Lepidocrocite R
(mM) (day)
0 2 6842 - 3243 - 0.0439
0.001 2 6143 39+3 - - 0.0419
1 2 27+2 T3+£2 - - 0.0124
0.2 2 66£5 34+£5 - - 0.124
0.2 4 60+ 3 24+3 - 165 0.0581
0.2 6 41+3 23+£3 - 364 0.0217
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Fig. 3—1. Schematic illustration of diffusion-chamber device. Two chambers are separated and connected by a
0.2 pm membrane. In the anoxic chamber, FeS was added to the ASW medium as a source of soluble Fe*" for
the oxic chamber. The oxic chamber works for the medium of iron-oxidizing bacteria and in vitro production of
BIOS.
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Fig. 3-2. Shift in dissolved oxygen (DO) and Fe2+ concentration in the diffusion-chamber device during
incubation. (A) The DO values in the oxic chamber (®) and anoxic chamber (o) are shown. As DO value
showed difference in areas within oxic chamber, values at the center of the oxic chamber are plotted. (B) The

Fe2+ concentration in the oxic chamber (®) and anoxic chamber (0) is shown.
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Fig. 3-3. Growth of M. ferrooxydans in different culture methods. Growth curves for M. ferrooxydans in the
diffusion-chamber method (e), the batch liquid method (), and the gradient method (V) are shown. Cell
numbers are determined by direct count stained by SYTO 13. Standard error represented here is based on the

duplicate experiments.
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Fig. 3—4. Photographs of the diffusion-chamber device during the growth of M. ferrooxydans PV-1. The
appearance of the diffusion-chamber device after 0 (A), 3 (B), and 5 (C) days of incubation, respectively, is

shown. With increasing incubation period, BIOS were precipitated at the bottom of the oxic chamber.
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Fig. 3-5. Scanning electron microscope (SEM) images of the BIOS and the precipitates from the abiotic control.
(A) SEM image of the in vitro BIOS samples collected from diffusion-chamber method with the bacterial
growth after the 9 days incubation, (B) SEM image of the in vifro BIOS samples collected from batch liquid
method with the bacterial growth after the 9 days incubation, (C) SEM image of the precipitates from the
cell-free control experiment after the 9 days incubation, and (D) SEM image of the in situ BIOS collected from
the Northwest Eifuku Seamount. Twisted stalks are the typical materials that are associated with the growth of
M. ferrooxydans PV-1. Scale bars: 10 um.
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Fig. 3-6. In vitro BIOS production of M. ferrooxydans PV-1 and iron oxyhydroxides production in control
systems. (A) Total amounts of iron oxyhydroxides collected from the diffusion-chamber method with the
bacterial growth (e), cell-free control (A), and the azide-treated control experiments (m) are shown. (B) Total
amounts of in vitro BIOS collected from the cultivation with the batch liquid method (¢), and the gradient
method (V) are present.
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Fig. 3-7. EXAFS spectra and Fourier transformed data of in vitro BIOS (Incubation period: 3 days), in situ
BIOS, and reference minerals. (A) Normalized k’-weighted EXAFS spectra for samples and reference minerals
at the iron K-edge. The dotted lines in the samples show the results of the linear combination fitting using
ferrihydrite and iron phosphate (Table 3—1). Shaded areas highlight the spectral features of in vitro and in situ
BIOS. (B) Radial structure function of the spectra shown in (A) after the Fourier transformed for a k range from

2.5 A" to 11.5 A", The dotted lines represent the model fit lines (Table 3-2).
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Figure 3-8. SEM and pu-XRF images of samples. (A), (B) SEM images of stalk structure in BIOS. The numbers
show the measured points by u-XANES (C), (D) u-XRF images of Fe. X-ray beam size, 1.5 x1.6 um®; Step size,
1 um; Measurement time, 0.1s/point. Figure from Kikuchi et al. Application of synchrotron based XEF-XAFS
to the speciation of Fe on single stalk in bacteriogenic iron oxides (BIOS), Chemistry letters, 2011, 40, 680—-681.

58



1: stalk pointl
2: stalk point2
3: stalk point3

4: Fe-rich area

ferrihydrite
(Fe HO, 4H 0)
oethite
a-FeOOH)
lepidocrocite
(y-FeOOH)

hematite
(o-Fe0,)

Normalized absorption

Fe-carboxylmethyl
cellulose

7.11 7.12 7.13 7.14 7.15 7.16 7.17 7.18
Energy / keV

Fig. 3-9. Normalized Fe K-edge pn-XANES spectra of samples and reference minerals. The numbers indicate
the measurement points as shown in Figure 3-8. The vertical dashed lines indicate the adsorption edge of
samples. Figure from Kikuchi et al. Application of synchrotron based XEF-XAFS to the speciation of Fe on
single stalk in bacteriogenic iron oxides (BIOS), Chemistry letters, 2011, 40, 680—681.
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Fig. 3-10. Normalized k’-weighted EXAFS spectra in vitro BIOS at various phosphate concentration and
incubation time. The dotted lines in the samples show the results of the linear combination fitting using standard

minerals (Table 3-3). The dotted lines represent the model fit lines (Table 3-3).
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Chapter 4. Decrease of arsenate adsorption onto biogenic ferrihydrite:

Effect of specific surface area and surface charge

4.1. Introduction

Adsorption of toxic element (e.g. arsenic, uranium, and cadmium) onto mineral has a
significant influence on the mobility of toxic element in natural environment. Concentrations
of toxic element regulated by the adsorption reaction have direct implications on both
microbial activities and human health (Bissen and Frimmel, 2003; Sheik et al., 2012). In
addition, selective adsorption of toxic element onto specific mineral can be applied to
engineering techniques to reduce their aqueous contaminations (Cundy et al., 2008). Thus,
understanding of the adsorption behavior of toxic elements onto minerals can contribute to
the related fields in geochemistry, human ecology, environmental microbiology, and
engineering technology.

Adsorption reactions of arsenic on iron oxyhydroxides is one of the most intensively
studied processes in geochemical and engineering field (Pierce and Moore, 1982; Fuller et al.,
1993; Bowell, 1994; Manceau, 1995; Raven et al., 1998; Jain et al., 1999; Dixit and Hering,
2003; Sherman and Randall, 2003; Gao et al., 2013). High concentration of arsenic is
observed under various environmental conditions such as groundwater, hydrothermal vents,
and acid mine drainages (Smedley and Kinniburgh, 2002; Mandal, 2002; Hossain, 2006).
Especially, contamination of arsenic in drinking water (mainly groundwater) causes health
problems all over the world which is one of the most serious environmental issues we are
facing today (Mandal, 2002; Mukherjee et al., 2006). Iron oxyhydroxides works as a
dominant adsorbent of arsenic at these arsenic-contaminated areas (Akai et al., 2004). On the
contrary, desorption of arsenic from iron oxyhydroxides leads to the mobilization of arsenic
into aqueous systems (Nickson et al., 1998). These adsorption-desorption behavior of arsenic
controlled by iron oxyhydroxides depends on various factors such as oxidation state of
arsenic (arsenate or arsenite), adsorption structure, pH, redox state, ionic strength, and
bioavailability of iron oxyhydroxides which have been extensively studied so far (Waychunas
et al., 1993; Raven et al., 1998; Goldberg and Johnston, 2001; Lenoble et al., 2002; Dixit and
Hering, 2003; Sherman and Randall, 2003; Saalfield and Bostick, 2010; Sharma et al., 2010;
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Zhu et al., 2011; Lee et al., 2014; Qi and Pichler, 2014). However, most of the previous
studies preformed experiments using inorganically-synthesized iron oxyhydroxides such as
goethite and ferrihydrite.

Precipitation of iron oxyhydroxides occurs both abiotic and biotic pathways in natural
environment (James and Ferris, 2004; Melton et al., 2014). Although abiotic and biotic Fe(II)
oxidation is tightly interconnected, ratio of biotic Fe(Il) oxidation exceeds abiotic one at
Fe(II)-rich anoxic-oxic transition zone (O, concentration approximately <50 uM; Druschel et
al., 2008), where we observe such conditions at groundwater discharge points (James and
Ferris, 2004; Gault et al., 2011; Kato et al., 2012), hydrothermal vents (Emerson and Moyer,
2002), and plant roots (Weiss et al., 2003; Mpoller and Sand-Jensen, 2008). Iron
oxyhydroxides collected from various natural environment with Fe(Il)-oxidizing bacteria (e.g.
autotrophic  Fe(Il)-oxidizing bacteria and nitrate-reducing Fe(Il)-oxidizing bacteria;
(Anderson et al., 2006; Kato et al., 2012; Hegler et al., 2012) are often called as biogenic iron
oxyhydroxides (BIOS). Mineral species of BIOS have been reported as poorly-ordered iron
oxyhydroxides: ferrihydrite by X-ray diffraction (XRD) analysis and more detailed analysis
by X-ray absorption fine structure (XAFS) identified that BIOS are less poorly-ordered
mineral than synthetic ferrthydrite (Toner et al., 2012). These studies indicated that BIOS is
common iron oxyhydroxides in natural environment which may work as an important
adsorbent for arsenic. BIOS present in hydrothermal vent and groundwater treatment system
contain high concentration of arsenic (Katsoyiannis and Zouboulis, 2004; Meyer-Dombard et
al., 2013), suggesting that BIOS is indeed an important scavenger for arsenic in natural
environment. However, adsorption of arsenic onto BIOS is still not clear, such as (1) whether
arsenic adsorption onto BIOS show similar adsorption capacity and pH dependence to that
onto synthetic iron oxyhydroxides? and (2) what physicochemical factors cause adsorption
characteristic of BIOS? Previous studies proposed models on arsenic mobility using results of
arsenic adsorption onto inorganic iron oxyhydroxides (Jain et al., 1999; Swedlund, 1999), but
there is no report confirming that the models could be applied to BIOS. Biogenic iron
oxyhydroxides is different from synthetic ferrihydrite in that they co-exist with organic
materials and bacterial cells (Chan et al., 2009; Wu et al., 2014). Some trace elements

preferentially adsorbed onto organic and bacterial phases of BIOS show different adsorption

62



behavior from that on pure synthetic ferrihydrite (Kennedy et al., 2011). A previous study
pointed out the decrease of arsenate (As(V)) retention in iron filtering system in the presence
of NO’-reducing Fe(Il)-oxidizing bacteria compared to that in abiotic filtering system,
because of the presence of organic materials in the biotic filtering system (Kleinert et al.,
2011). The information is beneficial to understand arsenic adsorption processes occurring in
BIOS, but might not be valid to BIOS produced by different species of iron-oxidizing
bacteria and/or different environmental condition (e.g. ionic strength, water chemistry, and
pH).

This study identified differences/similarities of As(V) adsorption between BIOS and
synthetic iron oxyhydroxides (ferrihydrite). I focused on BIOS produced by a
chemolithoautotrophic  Fe(Il)-oxidizing bacterium Mariprofundus ferrooxydans. M.
ferrooxydans is a marine autotrophic Fe(Il)-oxidizing bacterium which have been suggested
to play an important role for the precipitation of iron oxyhydroxides in hydrothermal vent
(Emerson and Moyer, 2002; Singer et al., 2011). I used BIOS collected from a hydrothermal
vent (hereafter referred to as in situ biogenic iron oxyhydroxides: in situ BIOS) where M.
ferrooxydans were detected by 16S rDNA analysis. However, in situ BIOS contain various
kinds of pre-adsorbed or co-precipitated ions (Ferris et al., 2000; Martinez et al., 2003),
making it more complex to understand characteristics of adsorption of metal ions by BIOS. 1
thus used biogenic ferrihydrite which was collected by the incubation of M. ferrooxydans
under seawater condition (Kikuchi et al., 2014), to identify the effect of initial adsorption and
co-precipitation of elements for As(V) adsorption onto BIOS. The characteristics of both in
situ and in vitro BIOS were compared with that of synthetic ferrihydrite. Batch adsorption
experiments were conducted in seawater condition (ionic strength = 0.70 M). Adsorption

structure was identified using X-ray absorption fine structure (XAFS).

4.2. Materials and Methods
4.2.1. Sample collection and preparation

BIOS in natural environment (in situ BIOS) was collected from Tarama knoll, Okinawa
Trough, Japan, where Fe(Il)-rich diffusing hydrothermal fluid mixed with seawater. Sample

was collected using sediment sampler by remotely operated vehicle (ROV) Hyper-Dolphin,
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owned by Japan Agency for Marine-Earth Science and Technology. Prior to adsorption
experiments, sample was washed with 0.70 M NaCl three times on board and stored at 4 °C.

In vitro BIOS was collected by incubating iron-oxidizing bacteria Mariprofundus
ferrooxydans strain PV-1 using diffusion chamber. Details for the culturing method were
described elsewhere (Kikuchi et al., 2014). After culturing M. ferrooxydans for 3 days, BIOS
were collected from diffusion chamber and then washed and suspended in 0.70 M NaCl.

Inorganic ferrihydrite was synthesized in laboratory according to Schwertmann and
Cornell (1991) by adding 1.0 M KOH solution into 0.20 M Fe(NO3); « 9H,0 solution. After
adjusting pH at 7.5, solid was rinsed with MQ-water for five times, washed with 0.70 M
NaCl for two times, and then suspended in 0.70 M NaCl.

4.2.2. Scanning electron microscope and transmission electron microscope observation
Samples were examined by scanning electron microscope (SEM) and transmission
electron microscope (TEM) to identify morphology of samples. Samples were dehydrated
with a series of ethanol (30, 50, 70, 80, and 90 %). Suspended samples were then mounted on
carbon tape or copper grid and stored at desiccator overnight. Samples were then coated with
gold and examined by HR-SEM (S-5200, Hitachi, Japan) or TEM (JEM-2010, JEOL, Japan).
Chemical composition of the sample was evaluated by energy-dispersive X-ray spectrometer

(EDS) attached to SEM and TEM.

4.2.3. Specific surface area

Specific surface area (SSA) was measured by nitrogen adsorption isotherm from
Brunauer-Emmett-Teller (BET) method. Before measurements, samples were washed with
MQ water and freeze dried. Samples (0.01 g) were then introduced into capillary glass
designed for BET measurement and dehydrated at room temperature under 10~ Kbar for 48 h.
The N, adsorption was measured at 77 K using BELSORP-mini (Bell Japan inc., Osaka,
Japan).
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4.2.4. Batch adsorption experiments
4.2.4.1. Adsorption experiments of arsenate

Arsenate adsorption experiments for in vitro BIOS, in situ BIOS, and synthetic
ferrihydrite were conducted at 25°C. For As(V) adsorption isotherms, experiments were
conducted at pH 8.0 at initial As(V) concentrations of 25 mg/L, 55 mg/L, 80 mg/L, 100 mg/L,
and 160 mg/L. One mg of each adsorbent was taken from the stock solution and suspended
into 5 mL 0.70 M NaCl. After adjusting solution pH at 8, appropriate amount of As(V)
solution (concentration of stock solution: 1000 mg/L) was added into the bottle and shaken at
120 rpm for 24 h in a water bath.

Arsenate adsorption at pH from 4 to 10 was examined: total liquid volume was 2.5 mL
with 0.5 mg of each adsorbent. Initial concentration of As(V) was adjusted to 50 mg/L. After
the addition of adsorbent and adsorbate, pH was adjusted to 4, 6, 7, 8, or 10 using 0.10 M
HCI or 0.10 M NaOH. Samples were agitated at 120 rpm for 24 h using a shaker. Arsenate
concentration in the liquid phase was measured by inductively coupled plasma mass
spectroscopy (ICP-MS). The percentage of As(V) adsorbed onto each adsorbent was

calculated by the following equation
ASads= (Asin-Aseq)/Asin X 100 (D)

where Asj, and As., are initial and equilibrium concentration of As(V), respectively.

Adsorption experiments were conducted in triplicate.

4.2.4.2. Adsorption experiments of yttrium and cerium

Yttrium (Y) and Cerium (Ce) adsorption experiments for in situ BIOS, in vitro BIOS,
and synthetic ferrihydrite were conducted using 5 mg of adsorbent. After the addition of 0.5
mg adsorbent with total 2.5 mL of 0.70 M NacCl sotuion, pH was adjusted to 4, 5, 6, 7, or 8
respectively. Yttrium and cerium solution was then added from stock solution to be the final
concentration of Y for 1.6 mg/L and Ce for 5.8 mg/L. Samples were shaken for 5 h at 25°C

and equilibrium concentration of Y and Ce were measured by ICP-MS.
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4.2.5. Micro XRF mapping of iron and arsenate

Micro-XRF mapping of iron and arsenate were obtained at BL37XU in SPring-8, Japan.
The beamline consists of Si(111) double crystal monochromator with Kirkpatric-Baez mirror
to obtain X-ray beam with 1.5 x 1.6 um? size at the sample. Mapping of iron and arsenate by
u-XRF was carried out at irradiation energy at 12.8 keV. The step size was set to be 0.3 um

both in x- and y- directions. Measurement time of each pixel was 0.5 s.

4.2.6. Arsenic K-edge X-ray absorption fine structure spectroscopy

Arsenic K-edge XAFS measurement was conducted at BLOIBI at SPring-8, Hyogo,
Japan. Wet paste samples were collected from batch adsorption experiment, which was
conducted using 100 mg of each adsorbents. The energy was calibrated by setting the
maximum peak of KAsO, at 11865 eV. Measurement was conducted in fluorescence mode.

Collected XAFS data were analyzed using REX2000 software (Rigaku Co., Ltd.)

4.2.7. Zeta potential analysis

Analysis of zeta potential was performed using a microscope-type analyzer ZEECOM
ZC-3000 (Microtec Co., Chiba, Japan). Samples were washed with 0.01 M KNOs for three
times and 0.1 mL of each sample was finally diluted in a 10 mL 0.01 M KNOj; solution.
Solution pH was adjusted to 4 to 10 for 24 h. Suspensions were then sonicated for ca. 3 min
and final pH was obtained with N gas bubbling. Suspensions were then immediately applied
in a glass cell. Particles were identified by laser beam. Zeta potential was measured upper and

lower levels of the stationary layer with an average particle number of the 500.

4.3. Results and Discussion
4.3.1. Characterization of metal oxides

Mineral species of in situ and in vitro BIOS used in this study were previously
characterized by X-ray fluorescence (XRF) and XAFS analysis (Kikuchi et al., 2014; Makita
et al. in prep.; Table 2-2). Iron is major element for in situ BIOS (56 wt%; Table 2-2),
followed by the inclusion of silicate (14 wt%) and phosphate (3.7 wt%). Concentration of

arsenic for in situ BIOS was 409 mg/kg, suggesting initial accumulation of arsenic before the
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adsorption experiment. Phosphate is also accumulated in in vitro BIOS (0.6 to 1.6 wt%) since
we added them for bacterial growth. Judging from Fe K-edge extended X-ray absorption fine
structure (EXAFS), both in situ and in vitro BIOS were consisted of poorly ordered iron
oxyhydroxides, which is ordered to a lesser degree than synthetic ferrihydrite (Toner et al.,
2012; Table2-3 in Chapter2) .

My SEM and TEM observations of in situ and in vitro BIOS showed common inclusion
of stalks, which were covered by fine grains of iron oxyhydroxides (Fig. 4-1A to E). Fine
particles of individual grains consisting of 200 to 350 nm spherical aggregate (Fig. 4-1B).
Analysis of TEM-EDS at these iron aggregated area for in situ BIOS detected silicate,
phosphate, and carbons in addition to iron (Fig. 4-1E). Specific surface areas (SSAs) of
synthetic ferrihydrite, in situ BIOS, and in vitro BIOS were 235 m?/g, 147 m%/g, and 153
m?/g, respectively. Organic content of each BIOS are 1.2 wt% for in situ BIOS and 1.9 wt%
for in vitro BIOS.

4.3.2. As(V) adsorption onto synthetic ferrihydrite vs. BIOS

Arsenate adsorption onto synthetic ferrihydrite, in situ BIOS, and in vitro BIOS was
rapid reaching equilibrium within 3 h (Fig. 4-2). The adsorption isotherms of As(V) at pH 8
for each adsorbent are shown in Figure 4-3. Data from adsorption isotherms were fitted using

Freundlich isotherm models as presented by the following equation:
Je = I<Fcel/n (1)

where . is the amount of As(V) adsorbed onto each adsorbent (mmol/g) and C. is the
equilibrium As(V) concentration (mol/L). Both Kr and 1/n are constant values that indicate
maximum adsorption capacity and heterogeneity factor of the adsorbent surface, respectively.
The results of isotherm parameters are shown in Table 4—1. Synthetic ferrihydrite exhibited
largest Ky value among the three adsorbents. The 1/n value also showed minimum value for
synthetic ferrihydrite followed by in situ and in vitro BIOS. The Freundlich model thus
suggests that BIOS samples possess fewer adsorption capacities even on more heterogeneous
surface sites when compared with synthetic ferrihydrite.

Adsorption of As(V) onto each adsorbent in pH range of 4 to 10 are shown in Fig. 4-4.
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All adsorbents exhibited similar pH dependence for As(V) adsorption: maximum adsorption
at pH 4 and the amount of As(V) adsorption gradually decreased with increasing pH. The
adsorption capacity of As(V), however, was larger for synthetic ferrihydrite than both in situ
and in vitro BIOS at all experimental pH. The amount of As(V) adsorbed onto in situ and in
vitro BIOS at pH range from 4 to 8 were linearly decreased from that of synthetic ferrihydrite,
maintaining average decreased ratio of 34% and 25% for in situ BIOS and in vitro BIOS,
respectively. In vitro BIOS showed slightly larger As(V) adsorption than in situ BIOS. Hence,
both adsorption isotherms and adsorption edges suggest lower sorption affinity of As(V) for

BIOS than synthetic ferrihydrite.

4.3.3. Results of p-XRF and Arsenic K-edge EXAFS

To determine the distribution of As(V) within ferrihydrite and organic carbon complex:
BIOS, in vitro BIOS was analyzed by pu-XRF. Light microscope image of in vitro BIOS
showed aggregation of iron oxyhydroxides on stalks which was consistent with TEM
observation (Fig. 4-5A). The u-XRF mapping of arsenic and iron are shown in Fig. 4-5B and
4-5C. There was a high correlation between distribution of Fe and As, suggesting that
ferrihydrite works as an important adsorbent for As(V) on BIOS. Correlation or decorrelation
of As(V) with other components such as organic materials and phosphate cannot be discussed
since we have not identified their distribution by p-XRF mapping. There seems to be less
distribution of As(V) in the area of the stalk, which may suggest lesser contribution of stalks
itself as a As(V) adsorption site.

Oxidation state and adsorption structure of As(V) in each adsorbent was identified by
XAFS analysis. X-ray absorption near edge structure (XANES) spectra from all adsorbents
showed one prominent peaks at oxidation state of As(V), confirming that As(V) reduction is
not occurring during batch adsorption experiments and XAFS measurements (Fig. 4-6). The
EXAFS spectra and radial structure functions (RSFs) are given in Fig. 4-7. All three
adsorbents showed nearly identical EXAFS spectra, suggesting similar coordination
environment of As(V). The RSFs obtained by FT of the EXAFS spectra in the k range
between 2.5 to 11.5 A™. The results of the shell-by-shell fitting are shown in Table 4-2. The

corresponding radial structure functions in three adsorbents showed similar two main peaks
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at 1.69 A and 3.30 A, respectively. The peak at the distance of 1.69 A was attributed from the
oxygen atoms of AsQ, tetrahedra. The second RSF peak at distance of 3.30 A with
coordination number of 4 suggests As-Fe shell. These results are common coordination
environment of As(V) onto synthetic ferrihydrite, explained by inner-sphere binuclear

bidentate complexes (Manceau, 1995; Sherman and Randall, 2003).

4.3.4. Zeta potential

The results of zeta potential for synthetic ferrihydrite, in situ BIOS, and in vitro BIOS are
present in Fig. 4-8. I used laser beam to identify and trace each iron particle during the
measurements. Given that (1) laser beam can detect particle size between 10 to 400 nm and
(2) my TEM observation identified spherical aggregation of iron oxyhydroxides (200 to 350
nm in size) within BIOS (Fig. 4-1B), it is suggested that we measured zeta potential of
aggregated ferrihydrite particles. Synthetic ferrihydrite had positive surface charge at pH
lower than 8, whereas surface charge shifted to negative at pH higher than 8. The point of
zero charge (PZC) thus obtained for the synthetic ferrihydrite (~8.0) in this study agrees with
prior studies (Davis and Leckie, 1978). In comparison to synthetic ferrihydrite, positive
surface charge was measured only at around pH 4 for both in situ and in vitro BIOS (Fig. 4—
8). The PZC obtained from in situ and in vitro BIOS were approximately 4.5 and 5.5,
respectively. The results showed that BIOS possess larger negative charges for the broader

pH range, compared to synthetic ferrihydrite.

4.3.5. Decrease of As(V) adsorption onto BIOS

My batch As(V) adsorption results for in situ and in vitro BIOS show both BIOS can
scavenge As(V) rapidly from solution, by forming inner-sphere complexes. This result is
consistent with that of synthetic ferrihydrite. Ferrihydrite has been considered as one of the
most common adsorbents for As(V) in natural and synthetic systems and this characteristic is
also valid in the case of biogenic ferrihydrite. However, As(V) adsorption onto in situ and in
vitro BIOS was 25 to 34% less than that obtained from synthetic ferrihydrite. This result
suggests that As(V) adsorption occurring in natural environment is less than what we

speculated using abiotic ferrihydrite. My study indicated two important factors to inhibit
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As(V) adsorption onto BIOS: SSA and surface charge. Both functions are known to control
adsorption amount of trace elements onto various mineral surfaces.

Ferrihydrite is primarily consists of nano-particles (Janney et al., 2000). My TEM
observation of BIOS indeed confirmed nanometer-sized iron particles, which is also
consistent with the morphologies of BIOS collected from natural environments (Chan et al.,
2009; Suzuki et al., 2012). Considering that there is an inverse relationship between particle
size and SSA (Wang et al., 2013), BIOS could have similar or even larger surface area than
synthetic ferrihydrite. However, BET SSA obtained for both in situ and in vitro BIOS were
less than that of synthetic ferrihydrite. It should be noted that BET SSA cant underestimate
real wet surface area because aggregation of nanoparticles during drying reduces surface area.
Dry sample observation by TEM and SEM indeed revealed spherical aggregation consists of
fine iron oxide particles, but we also observed similar spherical aggregation during wet
condition by optical microscope. These results suggest that strong aggregation of ferrihydrite
is already exist in aqueous condition, which causes decrease of SSA which results in the less
amount of adsorption sites for As(V) onto BIOS.

The other effect to inhibit As(V) adsorption onto BIOS is negative surface charge.
Commonly, the decrease of As(V) adsorption onto ferrihydrite with increasing pH can be
expressed by electrostatic repulsion between oxyanion As(V) and negatively charged surface
sites (Raven et al., 1998). This repulsion effect becomes stronger at pH larger than 8.0 for
synthetic ferrihydrite because pH,, for synthetic ferrihydrite is nearly 8.0 (Davis and Leckie,
1978). On the contrary, pH,,. of in situ and in vitro BIOS were 4.5 and 5.5, respectively,
suggesting strong surface repulsion between biogenic ferrihydrite and As(V) compared to

synthetic ferrihydrite. This repulsion inhibits As(V) adsorption onto BIOS.

4.3.6. Factors to inhibit As(V) adsorption onto BIOS

Important things to consider are the factors to change SSA and zeta potential in BIOS.
This study used two kinds of biogenic ferrihydrite: one was from natural hydrothermal vent
(in situ BIOS) where various dissolved ions present, while the other was obtained from
incubation of M. ferrooxydans in artificial seawater (in vitro BIOS) that contains lesser

amount of dissolved ions compared to that in hydrothermal vent. Decrease of As(V)
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adsorption occurred both types of biogenic ferrihydrite, suggesting ions commonly present in
both in situ and in vitro BIOS could to be main candidates to inhibit As(V) adsorption onto
BIOS: that is, organic materials and phosphate.

Co-precipitation and adsorption of organic materials with ferrihydrite have been
suggested to promote aggregation of particulate iron oxyhydroxides which simultaneously
reduce SSA (Kaiser et al., 2003; Mikutta et al., 2008). Aggregation starts from neutralization
of ferrihydrite by the adsorption of organic materials onto ferrihydrite (Braunschweig et al.,
2014). On the contrary, high input of organic materials led to stabilization of iron
oxyhydroxides as colloidal suspension because negatively charged subaggregate repulses
each other (Braunschweig et al., 2014). Surface charges of both in situ and in vitro BIOS in
this study were negatively charged at pH larger than 4.5 or 5.5, implying each ferrihydrite
aggregates in BIOS is within the stage of static colloidal phase which electrostatically
repulses As(V). In the meantime, adsorption of organic materials onto BIOS occupy
adsorption site of As(V), causing lower affinity for As(V). Gradual increase of organic
content in iron oxyhydroxides within BIOS has been suggested in recent study (Bennett et al.,
2014). Thus, I speculate that organic materials present within the aggregated ferrihydrite in
both in situ and in vitro BIOS play an important role for the decrease of SSA as well as for
the increase of electrostatic repulsion between BIOS and As(V).

The other candidate ion to reduce As(V) adsorption onto BIOS is phosphate. Phosphate
is a common inhibitor to decrease As(V) adsorption onto iron minerals because it compete for
the same adsorption site with As(V) (Zhu et al., 2011). The SEM-EDS analysis of aggregated
iron particles detected phosphate in both in situ and in vitro BIOS. To my knowledge,
promotion of mineral aggregation by phosphate has not yet been reported. However,
phosphate may be involved in mineral aggregation since phosphate adsorption onto
ferrihydrite also alters surface charge of ferrihydrite (Arai and Sparks, 2001). Thus, direct
occupation of adsorption site and possibly aggregation of iron oxyhydroxides by phosphate
can be another cause to decrease As(V) adsorption onto BIOS. This study did not remove the
effect of phosphate from in vitro BIOS since low concentration of phosphate in the
cultivation medium changed iron mineral species to more crystalline iron oxyhydroxides,

which is consistent with previous results (Larese-Casanova et al., 2010). Tone et al. (2012)
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reported that mineral species of BIOS in hydrothermal vent have been preserved as
amorphous phase due to silica coating (Toner et al., 2012). Silica also reported to reduce
arsenate adsorption onto ferrihydrite which could be an additional factor to inhibit As(V)

adsorption onto in situ BIOS.

4.3.7. Cerium and yttrium adsorption onto BIOS: further insight into the adsorption
characteristics of BIOS

I have further examined adsorption characteristic of BIOS using yttrium and cerium as
adsorbate. Based on the negative surface charge in the wide pH range, both in situ and in
vitro BIOS may show electrostatically higher affinity to cations than synthetic ferrihydrite. In
addition, previous field-base studies have indicated that bacterial and organic functions
within BIOS can provide additional adsorption sites for cations (Ferris et al., 1999, 2000;
Martinez et al., 2003). A previous study which compared iodine adsorption onto in situ BIOS
and synthetic ferrihydrite indeed show stronger adsorption for in situ BIOS than for synthetic
ferrihydrite (Kennedy et al., 2011).

Yttrium and cerium adsorption onto synthetic ferrihydrite, in situ BIOS, and in vitro
BIOS are shown in Fig. 4-9A and 4-9B. Both yttrium and cerium adsorption onto each
adsorbents showed strong pH dependence. Higher yttrium and cerium retention was exhibited
at higher pH, suggesting that the adsorption is controlled by electrostatic affinities between
adsorbent and adsorbate. The amount of yttrium and cerium adsorbed onto in situ BIOS
showed lowest adsorption capacity among the three adsorbents for all the pH range, showing
nearly straight-line increase with increasing pH. However, adsorption of yttrium and cerium
onto in vitro BIOS did not follow the adsorption trend of in situ BIOS and sudden increase of
adsorption exhibited at pH 6. This adsorption trend is more similar to that of synthetic
ferrihydrite. Moreover, retention of both yttrium and cerium at pH 6 were highest among the
three adsorbent even though SSA of in vitro BIOS is smaller than synthetic ferrihydrite. I
thus speculate that adsorption characteristic of trace element onto BIOS can be changed
based on how much adsorption site is available. Even if iron mineral species, SSA, and zeta
potential showed nearly identical features, availability of adsorption site could be different

between in situ and in vitro BIOS. In situ BIOS contains a lot of trace elements before

72



adsorption experiments, suggesting some of the adsorption site for yttrium and masked have
been masked, although it is not valid for in vitro BIOS. Moreover, higher adsorption of
yttrium and cerium onto in vitro BIOS than onto synthetic ferrihydrite may suggest additional
adsorption site such as adsorption of these two ions onto organic materials and/or formation
of ternary complex formation (e.g. Fe-P-cation and Fe-organic material-cation). Alternatively,
it can make more sense to imply that iron oxyhydroxides works as a main adsorption site for
yttrium and cerium and higher adsorption of these anions onto in vitro BIOS is caused by
“trace element free” fine particles of iron oxyhydroxides than synthetic ferrihydrite and in
situ BIOS, based on the similar adsorption trend of cations between synthetic ferrihydrite and
in vitro BIOS. Although more detail should be mentioned, my study concludes that
adsorption of trace elements onto BIOS is different from synthetic ferrihydrite which is
caused by the difference of SSA, surface charge, and presence/absence of metal ions that

mask adsorption site for initial stage.

4.4. Environmental implications

My study suggests the effect of organic and inorganic ions to inhibit trace element
retention, especially for oxyanion As(V). Decrease of As(V) adsorption onto BIOS was also
reported in biogenic iron-based groundwater filtering system (Kleinert et al., 2011), which
may indicate that lower efficiency of As(V) retention is a common phenomenon in BIOS
rather than to restrict this under seawater condition. Since my in vitro BIOS cannot eliminate
the effect of phosphate which greatly inhibit As(V) adsorption onto ferrihydrite, I speculate
that phosphate inclusion in BIOS is the nature of BIOS in natural environment. Phosphate is
an essential element for Fe(Il)-oxidizing bacteria so that BIOS precipitation occurs where
phosphate is available even if it is at trace concentration. The growth of iron-oxidizing
bacteria produces organic materials with the precipitation of biogenic iron minerals. At the
same time, BIOS further accumulate phosphate and organic materials by their high adsorptive
affinity, which simultaneously promotes aggregation of iron particles and change of surface
charge. Indeed, BIOS in natural environment contain a few percentage ranges of phosphate
and organic carbon (Rentz et al., 2009; Table 2—2), showing common accumulation of these

elements in BIOS.
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Since my study targeted As(V), cerium, and yttrium as adsorbates, there are many other
elements accumulated in in situ BIOS, such as uranium and lead(Ferris et al., 2000), which
may show different adsorption behavior compared to synthetic ferrihydrite. A previous study
noted that pH,,. of BIOS reaches 9.6 because of the preferential adsorption of cations onto
BIOS, which result is opposite from my study (pHp,c: 4.5-5.5 in this study). It is likely that
adsorption feature of BIOS is not a single character but show several different stages on the
basis of how much organic and inorganic ions coexist and how these ions affect
physicochemical feature of BIOS. This study pointed out the importance to consider not only
characteristics of iron mineral in BIOS (such as iron mineral species and size of iron
particles) but also interaction of iron to other ions that affect SSA and surface charge. This
result will expand our further understanding of the geochemical role of BIOS in natural

environment.
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Figures and Tables

Table 4-1. Isotherm parameters of Freundlich models (Experimental condition: ionic strength = 0.7 M NaCl;

adsorbent = 1 mg; Initial As(V) concentration = 10 to 190 mg/L).

Ke I/m R?
synthetic ferrihydrite 243 5.03 0.98
in situ BIOS 1.02 3.16 0.98
in vitro BIOS 1.17 3.42 0.80

Table 4-2. Results from shell-by-shell fitting of the As K-edge EXAFS spectra of samples.

sample  shell R(A) N o(A)
synFH As-O 1.69 4.5 0.05
As-Fe 3.28 2.2 0.11

synBIOS  As-O 1.69 4.7 0.05
As-Fe 3.29 2.3 0.12

Tarama As-O 1.69 4.8 0.05
As-Fe 3.3 2.4 0.12
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Fig. 4-1. SEM images of in situ BIOS (A, B) and TEM images of in situ BIOS (C) and in vitro BIOS (D).
SEM-EDS spectra of aggregated iron hydroxides (E). In situ and in vitro BIOS contain a lot of twisted stalks
(A) that are covered by aggregates of iron oxyhydroxides (B). Aggregate are consisted of fine particles of iron

oxyhydroxides (C, D) and they contain carbon, silica, and phosphate in addition to iron.
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Fig. 4-2. Kinetic of As(V) adsorption by synthetic ferrihydrite and in situ BIOS at pH 8. Adsorption of arsenate
in both synthetic ferrihydrite and in situ BIOS reached equilibrium in less than 3 hours. Experimental condition

is 1 mg adsorbent; initial As(V) concentration of 50mg/L; I =0.70 M.
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Fig. 4-3. Sorption isotherms of As(V) for synthetic ferrihydrite, in situ BIOS, and in vitro BIOS at pH §
(sorbent: 1 mg; I =0.70 M). Solid line represent Freundlich fitting.
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Fig. 4-4. Sorption edges of As(V) by synthetic ferrihydrite, in situ BIOS, and in vitro BIOS (sorbent: 0.5 mg;
initial As(V) concentration: 50mg/L; I = 0.70 M NaCl).
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Fig. 4-5. Light micrographs of in vitro BIOS (A) and p-XRF mapping of iron (B) and arsenic (C) in in vitro
BIOS. There is a good correlation between the elemental map of iron and arsenic. Scale bar = 5 pm. X-ray beam

size, 0.45 x 0.36  pm?; Step size, 0.3 um; Measurement time, 0.5s/point.
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Fig. 4-6. Arsenic K-edge XANES spectra of synthetic ferrihydrite, in situ BIOS, and in vitro BIOS. All
adsorbents showed one prominent peaks at oxidation state of As(V), confirming that As(V) reduction is not

occurring during batch adsorption experiments and XAFS measurements
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Fig. 4-7. (A) The As K-edge EXAFS spectra collected from As(V) adsorbed onto (i) synthetic ferrihydrite, (ii)
synthetic BIOS, (iii) natural BIOS. (B) The magnitude portion of the Fourier transformed data. Solid line

represent observed data, while dot line show the fitting.
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Fig. 4-8. Zeta-potential of synthetic ferrihydrite, in situ BIOS, and in vitro BIOS. Particles were detected by
laser-beam. Obtained pH,,. of synthetic ferrihydrite, in situ BIOS, and in vitro BIOS is 8.0, 4.5, and 5.5
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Chapter 5. Biogeochemical cycle of iron and carbon during the

sedimentation of biogenic iron minerals

5.1. Introduction
Microorganisms play a crucial role in the cycle of various elements (Falkowski et al.,

2008) because these microorganisms mediate mineral formation, dissolution, and weathering.
Minerals produced by microbial activities adsorb trace elements to a stronger extent than
abiotic minerals. Moreover, surface functional groups of bacterial cells (e.g., carboxyl and
phosphate groups) and extracellular polymeric substances (EPSs) produced by
microorganisms affect trace element behaviors in natural systems (Beveridge, 1989); (Pal and
Paul, 2008). Given that microorganisms can grow under various conditions, element cycles
driven by microorganisms are ubiquitous phenomena in modern and ancient environments.

Among various element cycles, iron cycle is one of the important processes closely
coupled with microbial functions. Iron is an essential element supporting biological
processes; this element can also function as both electron donor and acceptor in microbial
respiration under various conditions, including circumneutral pH (Kappler and Straub, 2005);
(Konhauser et al., 2011) and acidic pH (Baker and Banfield, 2003). Under anoxic and
suboxic conditions, the oxidation of Fe*" to Fe’™ is mediated by biotic and abiotic processes;
however, biotic Fe*" oxidation by bacteria can outcompete abiotic Fe*” oxidation (Druschel et
al., 2008). Biogenic iron minerals produced by representative iron-oxidizing bacteria display
a poorly ordered nanoparticular form and often co-exist with organic materials, such as stalks,
sheaths, and EPSs (Emerson and Moyer, 2002; Toner et al., 2009; Chan et al., 2009; Kikuchi
et al., 2011, 2014; Chan et al., 2011; Toner et al., 2012; Wu et al., 2014). The mixture of iron
(oxyhydr)oxides and organic materials functions as sorbents of trace elements and enables
biogenic iron minerals to control the behavior of various trace elements by adsorption (Ferris
et al., 2000).

Once biogenic iron minerals precipitate, these minerals can be utilized as electron
acceptors in microbial metabolic processes (Blothe and Roden, 2009; Langley et al., 2009;

Emerson, 2009). Some iron-reducing prokaryotes promote the coupling of organic carbon
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oxidation with iron reduction; this process is referred to as dissimilatory iron reduction
(Lovley, 1991). In addition, iron can be reduced indirectly by sulfate-reducing prokaryotes
(Afonso and Stumm, 1992) and humic-reducing prokaryotes (Lovley et al., 1996). The
utilization of iron and organic carbon by iron-metabolizing microorganisms can cause
secondary iron minerals to precipitate (Fredrickson et al., 1998; Zachara et al., 2002; Hansel
et al., 2003). These processes affect the cycles of trace elements present in biogenic iron
minerals (Zachara et al., 2001; Muehe et al., 2013). Moreover, other organic carbon oxidation
pathways, such as methanogenesis and acetogenesis, may be related to precipitation or
dissolution of biogenic iron minerals (Lovley and Phillips, 1986; Roden and Wetzel, 1996;
Roden and Wetzel, 2003). Thus, geochemical cycles of trace elements driven by iron
oxyhydroxides and organic carbon are likely associated with iron and carbon bioavailability
in biogenic iron minerals. Although biomineralization/bioreduction, organic carbon oxidation,
and trace element adsorption/desorption of biogenic iron minerals have been investigated in
laboratory settings (e.g., Zachara et al., 1998; Ferris et al., 2000; Zachara et al., 2001; Chan et
al., 2011), the mechanism by which microbial activities affect iron and carbon
biogeochemical processes in natural environments remains uncertain. Previous studies also
focused on the coupling of iron-oxidizing and iron-reducing bacteria in biogenic iron-rich
sediments (Gault et al., 2011, 2012; Roden, 2012) but failed to address the interrelationship
with other microbial metabolic processes and populations. Furthermore, the physicochemical
properties of sedimentary habitats (e.g., dissolved oxygen, pH, and Eh) are depth dependent;
sedimentary microbial communities remarkably change in a short range (Ludemann et al.,
2000). Thus, iron and carbon biogeochemical processes are affected not only by composition
and abundance of iron and carbon species but also by physicochemical properties of
sedimentary habitats.

Biogenic-iron-associated microbial activity may have also occurred in ancient Fe*"-rich
seawater, especially where banded iron formations (BIFs) were formed. Although there has
been growing evidence that iron-metabolizing prokaryotes might have involved in the
formation of BIFs (Konhauser et al., 2002; Heimann et al., 2010), there is still little
information about the microbial populations and functions, the iron phase transformations,

and the organic carbon contribution to the deposition and preservation. Nevertheless, it is
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quite challenging to obtain the evidences from the ancient, highly metamorphosed BIFs.
Biogenic iron sediments and biogeochemical processes in the present Earth may become an
excellent modern analog to address the potential interrelations between the microbial
development and functions in the deposition and preservation of BIFs.

This study aimed to characterize the depth-dependent changes in iron mineral species,
microbial communities, and iron and carbon biogeochemical processes in freshwater biogenic
iron-rich sediment. Takahashi ef al. (2007) and Kato et al. (2012) previously studied this site
and revealed that abundant fluffy precipitations of biogenic iron minerals in this site are
likely produced by iron-oxidizing bacteria. Thus, this biotope is an ideal site to study (i) iron
and carbon biogeochemical processes associated with shifts in physicochemical properties of
sedimentary habitat, (ii) iron phase transformation, and (iii) microbial community
composition in iron-rich sediments. I also determined pore water chemistry and iron mineral
species in the sediment by microelectrode analysis, X-ray absorption fine structure (XAFS)
analysis, transmission electron microscopy (TEM), and stable CH4 isotope analysis. I then
evaluated the spatial distributions of bacterial and archaeal communities in the sediment by

16S rRNA gene analysis.

5.2. Materials and Methods
5.2.1. Site description and sample collection

Sediment samples were collected from Budo pond at Hiroshima University (34°24.06" N,
132°42.79" E) in December 2012 and July 2013 by directly inserting acrylic tubes (15 cm in
length) into the sediment. Two cores were collected: one core was used for 16S rRNA gene
analysis, mineral speciation, and pore water chemical characterization, and the other core was
used for microelectrode analysis. Both sediment cores were collected 30 cm away from the
groundwater source, which was located in the flow path of the discharged water in the pond.
Each core was treated as described in the following sections. Subsample was prepared in an

anoxic chamber (Coy Laboratory Products; Ar:H, = 98%:2%; [O;] < 0.01 ppm).

5.2.2. Microelectrode analysis of pH, Eh, and dissolved oxygen (DO)

Dissolved oxygen (DO), pH, and redox potential (Eh) in the sediment were determined
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using a microelectrode in a laboratory. Microelectrode analyses were performed, as described
by Shiraishi et al. (2010). In brief, DO and redox electrodes were purchased from Unisense
(Aarhus, Denmark). The pH electrode was prepared, as described by Gieseke and de Beer
(2004). After the cores were collected, the sediment was stored in laboratory at room
temperature for approximately 1 h to settle fluffy materials that may have been agitated
during sample transport. Microelectrode measurements from depth of 0 cm (water-sediment
interface) to depth of 4 cm were conducted at intervals of 1 mm using a motorized
micromanipulator (Unisense, Aarhus, Denmark). At depths below 4 cm, microelectrode
measurements were conducted at intervals of 2 cm by directly inserting the microelectrodes

horizontally into small holes in the acrylic tube.

5.2.3. Pore water sampling and chemical analysis

Sediment cores of 10 cm were sectioned at intervals of 1 cm. Each slurry was then
separated into water and sediment phases by vacuum filtration with 0.2 pm membrane filter
(Advantec, Tokyo, Japan). After pore water was collected, dissolved (<0.2 pm) Fe*"
concentrations were measured spectrophotometrically by 1,10-phenanthroline assay (Harvey
et al., 1955). The remaining pore water was used to determine major ions, alkalinity, and total
organic carbon (TOC). Major cations (Na", K", Mg%, and Ca”") and anions (CI", SO4*, and
NO;) were identified using an ion chromatograph (Dionex ICS-1100, Thermo Fisher
Scientific, Osaka, Japan). Dissolved Mn®" was determined using inductively coupled plasma
atomic emission spectrometer (ICP-AES SPS3510, SII Nano Technology Inc., Tokyo, Japan).
Alkalinity was determined by Gran titration with 0.10 M HCl. TOC was measured using

TOC-V sy (Shimadzu Corporation, Tokyo, Japan).

5.2.4. Iron content analysis

Two approaches of acid extraction were conducted to quantify the iron content in the
sediment. Before analysis was performed, sectioned sediment samples were air-dried
(sediment up to 2 cm) or dried in a glove box (sediment deeper than 3 cm). The iron
dissolved in 6.0 M HCI was analyzed by ICP-AES. Iron minerals commonly present in

sediments (e.g. goethite and hematite) were dissolved in 6.0 M HCI; these dissolved iron
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minerals corresponded to total iron content. Poorly crystalline iron oxyhydroxides can be

dissolved in 0.50 M HCI.

5.2.5. Scanning electron microscope (SEM) and transmission electron microscope
(TEM) observations

The microstructure and mineralogy of the sediment were studied by SEM (JEOL
JSM-5390) and TEM (JEOL JEM-2010). The chemical composition of the sediment was
evaluated by energy-dispersive X-ray spectrometer (EDS, attached to the SEM and TEM).
For both observations, samples were dehydrated with a graded series of ethanol (30%, 50%,
70%, 80%, 90%, and 100%) for 10 min each. A drop of mineral suspension was applied to a
carbon tape for SEM, and a copper grid for TEM observations. TEM observation was
conducted at an accelerating voltage of 15 kV, and SEM observation was conducted at an

accelerating voltage of 200 kV.

5.2.6. Iron K-edge X-ray absorption fine structure (XAFS) measurement

Bulk iron K-edge XAFS spectra were obtained using beamline BLOIBI in SPring-8
(Hyogo, Japan) or beamline BL12C in Photon Factory (PF), KEK (Tsukuba, Japan).
Measurements were conducted using fully tuned Si (111) double-crystal monochromator with
an Rh-coated or Ni-coated Si mirror at an angle of 5.5 or 6.0 mrad in SPring-8 or PF,
respectively. Energy was calibrated by setting the pre-edge peak maximum of hematite to
7111 eV. All of the samples, including standard material (ferrihydrite, goethite, and siderite)
and sediment samples, were analyzed in a quick XAFS (Q-XAFS) transmission mode, in
which XAFS spectra can be obtained from 6790 eV to 7680 eV for 10 min. Sediment
samples were mounted on a mixed cellulose ester membrane (Millipore, Billerica, MA, USA)
and then sealed. Q-XAFS spectra were analyzed thrice; my results confirmed that no photon
oxidation and reduction occurred during the measurements. Collected XAFS data were also

analyzed using Athena XAFS analysis software package (Ravel and Newville, 2005).

5.2.7. 16S rRNA gene analysis of the sediment

Each sediment layer was transferred to a sterilized centrifuge tube and stored at -80°C
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before analysis. The 16S rRNA gene analysis of representative layers (1cm and 2 cm, 4 cm,
and 10 cm) was conducted to identify change in the microbial community with depth. DNA
extractions were conducted using the DNA isolation kit PowderMax Soil kit (MoBio
Laboratories, Carlsbad, CA, USA), according to the manufacturer’s instructions. Partial 16S
rRNA genes were amplified using the universal primers of the 530F and 907R primer set as
described in a previous study (Nunoura et al., 2012). These primers target all prokaryotic 16S
rRNA genes. A fragment of the 16S rRNA gene was amplified using the polymerized chain
reaction (PCR) according to Nunoura et al. (2012). PCR products were checked by gel
electrophoresis and purified with the MiniElute Gel Extraction Kit (Qiagen, Tokyo, Japan).
PCR products were then transformed into competent Escherichia coli strain K12. Clones
were incubated overnight at 37°C, and then 94 clones were picked randomly for sequencing.
Sequencing was performed using the 3730XL DNA sequencer (Applied Biosystems,
Carlsbad, CA, USA).

The 16S rRNA gene sequences with more than 97% identity were grouped into an
operational taxonomic unit (OTU). Phylogenetic analysis was performed using the ARB
software package (Ludwig et al., 2004) using the ARB-SILVA 106 database
(www.arb-silva.de). Coverage was calculated according to Good (1953), using the formula
[1-(n/N)]x100, where n is the number of the single-clone out, and N is the total number of
clones sequenced. Phylogenetic trees for bacteria and archaea were constructed using the

maximum-likelihood method of MEGAS5 (Tamura et al., 2011).

5.2.8. Carbon and hydrogen stable isotope analysis of CHy4

Approximately 6 g (wet) of sectioned sediment was inserted in a 20 mL serum bottle and
crimp-sealed with a butyl stopper. Afterward, 1 mL of saturated mercuric chloride was added
to the bottle to stop any microbial activity. The samples were then mixed vigorously. Before
analysis was conducted, the samples were placed in a hot water bath (approximately 80 °C)
for 15 min to degas CH4 dissolved in or adsorbed onto sediment particles. CH4 concentration
and stable isotopic compositions were determined using isotope-ratio-monitoring-gas
chromatograph/mass spectrometer. Detailed analytical systems and procedures were

described in previous studies (Kawagucci et al., 2013). Stable isotope compositions are
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reported as o values (%o) defined by the following equation: 6 = [(Rsample/Rstandard) — 1] % 1000,
where Rgample denotes the BC/™C or D/H ratio relative to the Vienna Pee Dee belemnite
carbonate (V-PDB) and Vienna Standard Mean Ocean Water (V-SMOW) standards,

respectively.

5.3. Results
5.3.1. Physicochemical properties of sediment

The sampling site was characterized by copious amounts of iron deposits near the
groundwater discharge point (Fig. 5—1A). Groundwater flows from a pipe to an open pond,
which passes slowly over the sediment surface. The outer frame and the floor of the pond are
covered with concrete, such that the pipe is the only source of groundwater into the pond. The
groundwater is enriched in Fe*" and HCO; (Table 5-1), and groundwater temperature is
approximately 16 °C throughout the year. The iron sediment is distributed approximately 1.5
m from the groundwater source and found at depths of ca. 15 cm to 120 cm.

Color change was evident depending on sediment depth (Fig. 5—1B). The upper 2 cm
layer was rusty-orange. At depths below 2 cm, greenish-brown extended to the remaining
sediment layers. Furthermore, the sediments were progressively consolidated from fluffy
surface sediment (upper 2 cm) to paste-like texture in deeper layers.

The vertical profiles of pH, Eh, and DO from 0 cm to 10 cm were determined using a
microelectrode at intervals of 1 mm or 2 cm (Fig. 5-2). DO continuously decreased as
sediment layer deepened; DO completely depleted in the sediment layer below 3 cm. Eh on
sediment surface showed a positive value (208 mV) and slightly decreased at a depth of 1 cm.
A significant decrease in Eh was observed at depth of 2 cm, where Eh decreased from 123
mV to —92 mV at an interval of 1 cm. At depths below 3 cm, the Eh gradually decreased to
—320 mV. Likewise, pH of the sediment depths of 0 cm to 1 cm slightly decreased. By
contrast, pH of the sediment at depths of 1 cm to 3 cm slightly increased from 6.3 to 7.4 at an

interval of 2 cm. At depths below 4 cm, pH remained almost constant ranging from 6.5 to 7.0.

5.3.2. Pore water profiles of major ions in the sediment

The vertical profiles of major ions in the pore water were determined (Figs. 5—3A to 5-3F).
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NO;3 concentration was almost constant or approximately 12 uM in all sediment layers (Fig.
5-3C). SO4*~ concentration increased at depth of 2 cm (38 pM) and then gradually decreased
to 8 uM to 19 pM at depths below 2 cm (Fig. 5-3C). Mn*" concentration reached the
maximum value at depth of 3 cm and then decreased as sediment layer deepened below 3 cm
(Fig. 5-3C). The lowest dissolved Fe*" concentration was found at depth of 1 cm and then
increased at depth of 2 cm (Fig. 5-3A). Fe*" profiles reached maximum values at depth of 4
cm and then decreased substantially as sediment layer deepened. Similar to Fe
concentration, HCO3; concentration increased from 1.4 mM (depth of 1 cm) to 2.5 mM
(depth of 4 cm) and decreased to approximately 1 mM at depths below 7 cm. Total dissolved
organic carbon and NH," concentrations increased linearly as sediment layer deepened (Figs.
3D, 3F). The vertical profiles of other ions, such as Na®, Ca*’, and CI", did not show any

prominent change (Fig. 5—3E).

5.3.3. Methane concentration and stable carbon and hydrogen isotopic composition of
methane

Pore water CH4 concentrations in the sediment were almost constant, ranging from 257
uM to 398 uM at depths of 1 cm to 6 cm (Fig. 5—3B). The concentration initially increased at
depth of 7 cm, and the maximum value (993 uM) was observed at depth of 8 cm. CH4
concentration slightly varied at depths of 8 cm to 10 cm.

The stable isotope values of CH4 obtained from each layer ranged from —59.0%o to
—68.8%o for 0'°C and from —217%o to —328%o for JD (Fig. 5—4A). 6"°C and 6D changed
simultaneously and showed positive correlation. The '*C- and D-depleted values in CH, were
obtained at depths of 7 cm to 10 cm. These values were found within the range of biogenic
CH,, particularly of CH4 produced by aceticlastic and methylotrophic methanogens (Fig.
5—4B), as classified by Whiticar (1999).

6"C and oD values simultaneously decreased at depths of 3 cm to 7 cm (Fig. 5-4A). The
presence or the absence of microbial CH4 oxidation was approximated by the ratio of
hydrogen versus carbon discrimination (AOD/AS"C): factor A at depths of 3 cm to 6 cm. The
calculated A was 7.7 (= 0.97), which was consistent with A of microbial CH, oxidation that

normally ranges from 3.2 to 12.5 (Feisthauer et al., 2011). By contrast, §'"°C and 6D values of
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sediment at depths of 1 cm to 2 cm increased; this result indicated the inverse relationship

between depths of 3 and 6 cm.

5.3.4. Sediment iron mineralogy

In the stratified iron sediment, iron content was homogeneously distributed throughout
the sediment (40wt% to 45 wt%; Table 5—2). The surface sediment treated with 0.50 M HCl
showed a high extraction rate. Extraction rate decreased as depth further deepened from 2 cm
to 5 cm; furthermore, extraction rate reached <13% at depths below 5 cm. Sediment layers at
all of the depths contained filamentous sheaths and twisted stalks, suggesting that sediment
are likely composed of continuously deposited biogenic iron minerals.

The surface sediment was characterized by the inclusions of filamentous sheaths and
twisted stalks (Fig. 5—5A). Stalks were relatively less abundant than sheaths, which is
consistent with a previous observation (Kato et al., 2012). SEM observation of deeper
sediment also contained sheaths and stalks (Fig. 5—5B to 5—5D), which allows us to confirm
that the sediment is composed of continuous deposition of biogenic iron minerals. Stalks and
sheaths at the depths were fragmented to a size of 10-20 pum, compared with those of average
size (60 um) at the surface sediment. It should be noted that these size differences were not
related to the preparation procedure, since we treated all samples with the same protocol.

The iron phase transformation in the sediment was specified by iron K-edge extended
X-ray absorption fine structure (EXAFS) analysis. The main spatial variations of EXAFS
were observed in terms of (1) the absence or the presence of a broad shoulder between k= 5.0
A" and 6.3 A" and (ii) a change in peak position and magnitude of oscillation at k ranging
from 6.9 A" to 7.9 A (shadow zones in Fig. 5—6A). Changes in EXAFS spectra were
observed in sediment depth layers of 1 cm to 4 cm; the spectra varied slightly at depths below
4 cm. These spectrum changes in EXAFS were related to the presence of secondary minerals,
as estimated by least-squares fitting of &’-weighted EXAFS spectra by the linear combination
of the spectra of ferrihydrite, goethite, and siderite (Fig. 5—6B). In sediment at sediment layer
of 1 cm to 2 cm, the EXAFS spectra were very similar to those of ferrihydrite. At depths
below 3 cm, ferrihydrite transformed into siderite and goethite. The proportion of siderite

increased from 3 cm to 4 cm (15% to 25%), and remained relatively constant in deeper layers.
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The changes in mineral species within the sediment were also consistent with the result of
X-ray diffraction (XRD) analysis (Fig. 5-7).

TEM observations revealed morphological characteristics and spatial arrangements of
minerals that precipitated around stalks and sheaths in the sediment. At sediment depth of 1
cm, the surface of stalks and sheaths were covered with fine grains of poorly ordered iron
oxyhydroxides consisting of spherical aggregates (25 nm to 50 nm in diameter; Fig. 5—8A).
At sediment depths below 3 cm, the surfaces of stalks, sheaths, and microorganism-like
structures were encrusted with acicular microstructures (30 nm to 50 nm in length and 5 nm
in width; Figs. 5-8B to 5—8D and Fig. 5—7). Although most of these minerals showed broad
selected area electron diffraction (SAED) patterns, a ring was identified at 2.8 A (Fig. 5—6E,
5—8F). Considering the result of EXAFS fittings (Fig. 5-8B) and XRD data (Fig. 5-7), we
found that the minerals with a ring pattern of 2.8 A were siderite. Small amounts of acicular
minerals showed d-spacing values of 4.1, 2.6, and 2.4 A. This observation suggests that

acicular minerals include small amounts of goethite.

5.3.5. Bacterial 16S rRNA gene phylotype composition in the sediment

The 16S rRNA gene clone analysis in this study was conducted using a universal PCR
primer set. We selected three representative sediment surface layer (both 1 and 2 cm), 4 cm,
and 10 cm for the analysis. In total, 250 clones (82 to 86 clones in each layer) were obtained
with an average read length of 450 bp. The number of OTUs ranged from 45 to 54 in each
layer, and the majority of the OTUs contained only a single clone of sequence. As a
consequence, sample coverage was relatively low (47% to 60%), indicating that we could
only reveal partial phylogenetic diversity of microbial communities in the sediment.

Most of the sequences (93%) retrieved from the samples were bacterial phylotypes. The
phylotypes of Proteobacteria dominated the clone libraries (50%) at the phylum level. In
particular, the phylotypes of Betaproteobacteria (16%), Gammaproteobacteria (3%), and
Deltaproteobacteria (30%) were abundant in the sediment, while there was few sequences of
Alphaproteobacteria (1%) and no sequence of Epsilonproteobacteria in all the samples.
Other phyla including Acidobacteria (2%), Bacteroidetes (3%), Chlorobi (4%), Chloroflexi

(10%), Nitrospirae (6%), Plactomycetes (3%), and Firmicutes (2%) were found in the clone
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libraries. All the members listed above constituted 80% of the total bacterial clone sequences.

At surface sediment layer (depth of 1 cm and 2 cm), the phylotypes of
Betaproteobacteria dominated the clone library (48%) and the phylotypes of
Deltaproteobacteria (14%) and Gammaproteobacteria (10%) were also abundant. The clones
affiliated with Plactomycetes, Nitrospirales, and Acidobacteria each represented 4% of the
clonal abundance. Within Betaproteobacteria, 4 phylotypes (representing 27 clones) were of
the Gallionellaceae family, which consisted 32% of all the clones. One Gallionellaceae
phylotypes (11 clones; Layer-A-60(11) in Fig. 5—10A) were closely related to the
iron-oxidizing bacterium, Gallionella capsiferriformans (Emerson et al., 2013). The other
Gallionellaceae phylotypes (e.g., Layer-A-65(14) in Fig. 8A) were similar to the sequence of
Sideroxydans lithotrophicus. In addition, the sequences related with iron-reducing bacteria
were also detected in this layer. One phylotype (3 clones; Layer-A-22(3) in Fig. 5—10A) was
closely related to Rhodoferax ferrireducens, which was affiliated to 4% of the clone library. I
also obtained one phylotype (1 clone; Layer-A-92 in Fig. 5-10) with 99% sequence
similarity to the sequence of Georgfuchsia toluolica, which grows with aromatic compounds
using nitrate, manganese, and iron oxyhydroxides as electron acceptors (Weelink et al., 2009).
Two phylotypes were affiliated with Geobacteraceae in Deltaproteobacteria. One phylotype
(Layer-A-17 in Fig. 5-10) showed 97% similarity to the 16S rRNA gene sequence of known
species Geoalkalibacter ferrihydriticus (Zavarzina et al., 2006). Other detected phylotypes
were related with methano/methylotrophs in Methylophilaceae (4% of the total clone
number; e.g., Layer-A-77(2)). Although these phylotypes were distantly related to the known
Methylophilaceae, they comprised a cluster of clones obtained from lakes, iron-rich mats, and
clones from Budo pond which had been analyzed by Kato et al. (2012). We also detected the
phylotypes of Methylococcaceae (9%) in Gammaproteobacteria (e.g., Layer-A-27(3)). Some
of the phylotypes were closely related with the cultured methanotrophic bacteria such as
Methylocaldum tepidum LK6 and Methylococcus capsulatus (Ward et al., 2004).

At sediment depth of 4 cm, Deltaproteobacteria was the most predominant component
in the clone library at the phylum level (38%). The Chloroflexi phylotypes were also detected
with high clonal abundance (16%) in this layer. Other phyla such as Plactomycetes,

Nitrospirae, and Chlorobi comprised 3%, 6%, and 5% of all the clones, respectively (Fig
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5-9). One of the dominant phylotypes retrieved within Deltaproteobacteria was related with
Syntrophaceae. This phylotype represented 12% (9 clones; 3 phylotypes) of the clone library.
One Syntrophaceae showed similarity to the sequence of Desulfomonile tiedjei (1 clone; 96%
similarity). The rest of the Syntrophaceae phylotypes were related to uncultured lake
sediment clones and subsurface sediment clones (e.g., Layer-C-44(7) in Fig. 5-10).
Phylotypes related with Geobacteracea were also detected in this layer (e.g., Layer-C-17(2)
in 5-10). The phylotypes shared 97% similarity with the 16S RNA gene sequences of
Geobacter

ferrihydriticus and Geobacter chapellei. The other Deltaproteobacteria phylotypes
were affiliated with an unclassified family (Sva0485 in the ARB software). Within
Chloroflexi, most of the retrieved clones were related with Anaerolineales, Caldilineae, and
Dehalococcoidetes. These phylotypes were phylogenetically affiliated with uncultured
environmental clones obtained from sludge, freshwater lakes, and iron-rich aggregates.

At 10 cm deep, Deltaproteobacteria phylotypes represented 35% of the total sequence,
while Alphaproteobacteria and Betaproteobacteria phylotypes were less than 6%.
Chloroflexi phylotypes accounted for 7% of the clonal abundance. Sequences related to
Actinobacteria (4%), Nitrospirae (7%), Plactomycetes (3%), and Actinobacteria (4%) were
also detected in this layer. Most of the phylotypes detected in this layer were similar to those
observed in layer C, and were distantly related to the sequences of isolated species. One of
the predominant phylotypes observed in this layer was unclassified Sva0485 in

Deltaproteobacteria.

5.3.6. Archaeal community structure in the sediment

A total of 17 archaeal clones were obtained from total layers which comprised 7% of the
total clone sequence. Most of the clones were affiliated with Euryarcheota, with the
exception of one phylotype (one clone) which was affiliated with Crenarchaeota. Among all
the archaeal clones, 14 clones (2 phylotypes) were obtained from 10 cm deep. One phylotype
(10 clones; Layer-1-37(10) in Fig. 5-10B) at 10 cm deep was related to GOM Arc I group in
the order Methanosarcinales. This phylotype represented 12% of the total microbial

community in this layer. Another phylotype (4 clones) was affiliated with the Deep-sea
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Hydrothermal Vent group (DHEVS). This phylotype has been detected in a previous study

that affiliated 35% of the archaeal clones in the surface sediment (Kato et al., 2012).

5.4. Discussion
5.4.1. Iron oxidation by iron-oxidizing bacteria at the top of the sediment

In this site, iron mineral is present where Fe*"-rich groundwater flows into the oxic water
pool. Fe** consumption was remarkable on sediment surface; as a result, ferrihydrite
precipitation occurred. A slight decrease in pH on the surface layer of 1 cm (Fig. 5-2) is
consistent with proton production as Fe*" was oxidized; this reaction is generally expressed

as follows (Emerson et al., 2010).
Fe*" +0.250, + 2.5H,0 — Fe(OH); + 2H" (1)

Fine ferrihydrite particles precipitated in the vicinity of stalk- and sheath-like structures,
which are the distinctive morphological characteristic of biogenic iron minerals observed
under neutral pH conditions (Chan et al., 2009; Suzuki et al., 2011). The 16S rRNA gene
clone analysis of microbial community in the upper layer revealed the abundant existence of
known iron-oxidizing bacterial populations of Gallionellaceae. These results suggest that the
presence of ferrihydrite in the surface layer is coupled with iron-oxidizing bacterial activity,
as observed in previous studies (Takahashi et al., 2007; Kato et al., 2012). Microbial Fe*"
oxidation outcompetes abiotic oxidation in suboxic environment (Druschel et al., 2008).
Furthermore, iron-oxidizing bacteria grow in oxygenated groundwater trickling filters (de Vet
et al.,, 2011), suggesting that iron-oxidizing bacteria are more widely distributed than
previously thought. In this study, dissolved oxygen in the upper sediment layer was aerated
(DO: 266 uM); this result may support active biogenic iron oxidation under oxic conditions.
The predominance of iron-oxidizing bacterial phylotypes related to G. capsiferriformans
and S. paludicola in the microbial phylotype composition at 1 cm depth may explain the
observation that much less abundant stalk-like structures were found in the surface sediment
than sheath-like structures (Fig. 5—5). Neither G. capsiferriformans nor S. paludicola
produces stalks and sheaths during their growth (Weiss et al., 2007; Emerson et al., 2013). It

is also important to note that the 16S rRNA gene clone analysis did not detect any phylotypes
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affiliated with Leptothrix spp., in spite of the abundance of many sheath-like structures in the
surface sediment. Previous studies demonstrated the concurrence between the lack of
Leptothrix phylotypes in the 16S rRNA gene clone analysis and the absence of cells in the
sheaths in biogenic iron mineral sediments (Bruun et al., 2010; Gault et al., 2011). Previous
studies also indicated potential niche separation between the iron-oxidizing bacterial
populations of Gallionella and Leptothrix spp. (Gault et al., 2012; Fleming et al., 2013). For
example, Gallionella spp. successfully dominated the microbial community under low
organic carbon conditions in winter, rather than under high concentrations of complex
organic carbon in summer (Fleming et al., 2013). Since the previous 16S rRNA gene clone
analysis of the surface sediment at Budo pond was conducted in autumn and detected
considerable abundance of phylotypes related to Leptothrix sp. (Kato et al., 2012), the
abundant occurrence of sheaths in the surface sediment observed in this study, which is
sampled in winter, may be derived from the residual products of possible iron-oxidizing
Leptothrix spp. that would dominate the microbial community during the seasonal succession
of predominant iron-oxidizing populations or from the ongoing production of other

sheath-forming iron-oxidizing populations in winter season.

5.4.2. Biological reduction of iron after the precipitation of biogenic iron mineral

A significant increase in pore water Fe’" concentration at depths between 2 and 4 cm
suggests that iron reduction occurs in the subsurface zone (Fig. 5—3A). Vertical profiles of
pore water Fe’" and HCO; concentrations showed good correlation probably because
ferrihydrite dissolution is coupled with organic carbon degradation. Biogenic ferrihydrite,
which is more readily reduced than synthetic ferrihydrite, functions as an effective electron
acceptor for dissimilatory iron-reducing bacteria (Blothe and Roden, 2009; Langley et al.,
2009; Emerson et al., 2009). Indeed, some iron-reducing bacterial phylotypes related to
Geobacteraceae, Comamonadaceae, and Rhodocyclaceae were detected in sediment depths
of 1 and 2 cm (upper layer) and depth of 4 cm. In the upper layer, the predominant
Gallionellaceae phylotypes and Geobacteraceae, Comamonadaceae, and Rhodocyclaceae
phylotypes were found in the clone library. However, the detailed distribution pattern of

Gallionellaceae and iron-reducing bacterial phylotypes cannot be discussed because we
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simultaneously treated two separated sediment depths (1 and 2 cm) for the 16S rRNA gene
analysis. A possible niche separation of iron oxidizers and iron reducers may be found within
the upper 2 cm layer, as indicated by Fe*" concentration change in depth ranging from 1 cm
to 2 em (Fig. 5-3A). Fe*" dissolution by potential bacterial iron reduction did not affect bulk
iron mineralogy because ferrihydrite represented the dominant iron species in this layer (Fig.
5-6B). Thus, Fe’" produced by iron-reducing bacteria can be possibly re-oxidized by
co-existing Gallionellaceae populations and/or by chemical oxidation. The co-occurrence of
iron-oxidizing and iron-reducing bacteria is commonly observed in natural samples; this
observation suggests that actively driven biogenic iron cycle occurs between soluble and
insoluble phases in oxic to suboxic regions of habitats (Emerson et al., 2009; Gault et al.,
2011; Sobolev and Roden, 2002; Bruun et al., 2010; Blothe and Roden, 2009; Roden et al.,
2004, 2012).

Only Geobacteraceae was observed as the known dissimilatory iron-reducing bacterial
genus at sediment depth of 4 cm. This genus represents one of the most common genera of
dissimilatory iron-reducing bacteria found in natural environments (Roden et al., 2012) or in
laboratory incubation experiments (Snoeyenbos-West et al., 2000; Lentini et al., 2012).
Organic carbon (e.g., acetate) oxidation with iron reduction can be expressed in the following

reaction:
CH;COO™ + 8Fe(OH); — 8Fe*" + 2HCO; + 150H + 5H,0 )

In this reaction, pH and HCO3 ™ concentration increase as ferrihydrite is reduced; this result is
consistent with the pore water chemistry profile obtained in this study (Figs. 5-2 and 5-3A).
Thus, the presence of Geobacter species at depth of 4 cm suggests that biogenic iron mineral
dissolution and organic carbon decomposition may be promoted by activities of
organo-heterotrophic dissimilatory iron-reducing bacteria. However, the dominant microbial
phylotypes at depth of 4 cm were Syntrophaceae species, not iron-reducing Geobacteraceae
species. Syntrophaceae species are fermentative organo-heterotrophs that grow syntrophically
with hydrogen-utilizing counterparts in various anoxic environments (Kuever et al., 2005).
Fermentative organo-heterotrophs may play an important role in iron and carbon

biogeochemistry in the Budo pond sediment. Futhermore, fermentative prokaryotes, such as

98



Chloroflexi and methanogenic archaea (Benz et al., 1998; Bond and Lovley, 2002; Kawaichi
et al., 2013), can reduce iron. The iron reduction activity of microbial community is
significantly affected by the amount and the type of organic compounds (e.g., organic acid
and sugars) and iron minerals (Lentini et al., 2012). Another possible interpretation is that
potentially dominating Syntrophaceae may yield additional fermentative products (e.g.,
lactate, acetate, and H;) as electron donors for co-existing syntrophic counterparts, such as
Geobacter iron reducers. Although we could not clarify whether Syntrophaceae phylotypes
dominating at depth of 4 cm were directly involved in iron reduction, my results suggest that
fermentative organo-heterotrophs are implicated in iron and carbon cycles in subsurface

sediment layer.

5.4.3. Secondary iron mineralization

Fe*" produced by iron-reducing bacteria was presumably precipitated as secondary iron
minerals at depths below 3 cm. Mineral formation followed by microbial iron reduction has
been extensively investigated particularly under laboratory conditions; under these condition,
various secondary iron minerals precipitate in different water chemistry, initial iron mineral
species, and Fe*" concentrations (Fredrickson et al., 1998; Zachara et al., 2002; Hansel et al.,
2003; Lentini et al., 2012). In this study, siderite and goethite were detected as the dominant
secondary minerals. The mineralization of goethite from ferrihydrite is caused by
dissolution/reprecipitation (Cornell and Schwertmann, 1996; Hansel et al., 2003) or
aggregation-based crystal growth (Banfield et al., 2000). The presence of goethite in the
subsurface sediment was associated with the increase in pore water Fe*" concentration (Fig.
3A); this result indicated that goethite is mainly formed by dissolution/reprecipitation
processes.

EXAFS fitting and TEM results suggest that siderite, along with goethite, precipitated on
the surfaces of sheaths, stalks, and microorganisms (Figs. 5—8B to 5—8D) in suboxic
environment. These results suggest that Eh and Fe*” production in very local areas adjacent to
the sheaths, stalks, and microbial cells decrease; as a result, siderite can precipitate in the
vicinity of these biogenic materials. In addition, the encrustation of ferrihydrite by goethite

and siderite may prevent access of iron-reducing bacteria to ferrihydrite as their electron

99



acceptor. Pore water Fe’™ concentration significantly decreased from depths below 4 cm,
even though abundant ferrihydrite was still present in the sediment (Fig. 5—6B). Extractable
iron at 0.50 M HCI also decreased lineally as sediment depth reached below this layer; this
result is consistent with siderite and goethite precipitation. HCl (0.50 M) dissolves
ferrihydrite and siderite but does not dissolve goethite (Heron and Christensen, 1994).
Although the number of SAED patterns of goethite in encrusting acicular minerals was less
than that of siderite, 0.50 M HCI extraction results may indicate common encrustation of
goethite around ferrihydrite, in addition to siderite. Thus, the distribution of secondary
minerals can be considered as an important factor to control iron bioavailability for potential
iron-reducing bacteria in natural microbial communities.

In addition, the morphology of siderite precipitation is interesting. Although
rhombohedral siderite formation has been reported during the dissimilatory iron reduction
(Fredrickson et al., 1998; Zachara et al., 2002), there were acicular siderite as well as less
abundant rhombohedral siderite (Fig. 5—7B). Similar structures of siderite have been
observed in peat soils (McMillan and Schwertmann, 1998) and sand flat sediments (Pye et al.,
1990), suggesting that acicular siderite would be one of the ubiquitous structures of siderite
widespread in natural environments. However, the acicular siderite does not necessarily
indicate the function of microbial iron reduction since abiotic siderite synthesis provides a
similar morphology (Wiesli et al., 2004). Rather, the precipitation rate and stage of the
mineral are likely associated with the morphological characteristics of siderite. Initial rapid
precipitation of siderite tends to form small euhedral spherules, which then grow into the
well-known rhombohedral forms (Weisli et al., 2004). In sediment, acicular siderite was
preserved at depths below 3 cm, which points to the possible mechanisms to prevent further
mineral growth, such as trace element substitution and/or adsorption/co-precipitation of

organic materials.

5.4.4. Organic carbon oxidation by methane production
In sediment layer deeper than the plateau zone of iron reduction (Fe*" < 0.48 mM; at
depths below 7 cm), microbial CH4 by aceticlastic and methylotrophic methanogens was

increased. In freshwater environments, aceticlastic methanogens are predominant compared
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with methylotrophic populations; by contrast, these methanogens are outcompeted by
dissimilatory iron reducers for the same substrate (Roden and Wetzel, 2003). Thus, the
function of aceticlastic methanogens usually dominates in anoxic habitats at layers below the
iron reduction zone (Lovley and Phillips, 1986; Roden and Wetzel, 1996, 2003; Teh et al.,
2008). Even in sediment layers below the iron reduction zone, the dissolved organic carbon
content was increased, and acetate concentration might be sufficient for the methanogenic
activity. In addition, aceticlastic methanogens were vertically distributed, as indicated by 16S
rRNA gene clone analysis. The 16S rRNA gene phylotype composition at depth of 10 cm
contained the phylotypes of GOM Arc 1 group in Methanosarcinales. Although
Methanosarcinales species utilize various organic carbon molecules, most of these species

produce CHy4 from acetate (Liu and Whitman, 2008), as expressed in the following reaction;
CH3C007 + Hzo — CH4 + HCO37 (3)

The molar ratios of CH4 and HCO at depths of 8 cm to 10 cm were almost equal (Fig. 5—3A,
3B). These results indicate that the aceticlastic methanogenesis is one of the predominant

microbial activities in deeper sediment zones.

5.4.6. Possibility of methane oxidation in the sediment

The vertical profiles of CH4 concentrations and stable isotope compositions may show
another important aspect of carbon cycle in the sediment. §'°C data are plotted against the
reciprocal CH4 concentration (Fig. 5—4C). If the change in isotopic value of CH4 in the
stratified sediment is derived from a simple mixture of two isotopic end-members, data are
plotted on a straight line. The data at depths between 3 and 10 cm were plotted on a straight
line (R*= 0.91); the data at depth of 2 cm was substantially deviated from the mixing line.
Hence, the CH4 profile at depth above 7 cm can be classified into two zones (Fig. 5—4A): (1)
CH, exhibits lower C and D values as depth reaches below the subsurface zone (depth from
3 ¢cm to 7 cm) and (ii) CHy is enriched in ">C and D as depth reaches the surface zone (depths
of 1 and 2 cm). In the subsurface zone, the ratio A indicated methanotrophic activity. The
linear correlation between §'°C and reciprocal CH, concentration indicates a simple diffusive

mixing of two isotopic values instead of potential methane oxidation.
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Several inorganic ions and minerals serve as electron acceptors in microbial anaerobic
CH, oxidation. Sulfate predominantly contributes to anaerobic oxidation of CH4s (AOM) in
marine environments (Knittel and Boetius, 2009). Nitrate, nitrite, iron oxyhydroxides, and
manganese oxides have been proposed as mediators of AOM (Ettwig et al., 2008; Beal et al.,
2009). In the study site, SO42_ and NO; seemed insufficient between depths of 3 cm to 7 cm
(SO, < 30 uM; NO;™ < 12 pM); SO4> and NO;~ profiles did not significantly change. In
addition, ferrihydrite became less bioavailable in the subsurface zone. On the basis of these
results, the variation of CH4 concentrations and isotopic compositions in sediment depths
between 3 and 10 cm is attributed to the diffusive mixing between the two isotopic
end-members of CHy; one end-member is derived at depth of 10 cm and the other
end-member is obtained at depth of 3 cm.

Isotopically lighter CH4 was found at depth of 1 cm in the oxic surface zone than in
subsurface layers. This result indicates that isotopically lighter CHy4 is supplied from the
groundwater. In addition to the microbially produced CH4 derived from deeper zones, another
source of CHy is presumably found in groundwater. As such, the variation of CHy
concentrations and isotopic compositions up to 2 cm may be caused by the bacterial
oxidation of CHy4 from groundwater. This result is further supported by the microbial 16S
rRNA gene phylotype composition in layer A, where a phylotype related to an aerobic
CHs-oxidizing bacterium was detected (Fig. 5—10A). The abundant supply of CH4 from both
groundwater and deeper sediment zone can create a habitat suitable for aerobic CH4 oxidizers

in the iron-rich sediment in Budo pond.

5.5. Conclusion

In this study, changes in iron mineral species and development of potential microbial
community in biogenic iron-rich sediment were observed at a depth interval of 10 cm. The
combination of 16S rRNA gene clone analysis, XAFS measurement, stable isotope analysis
of CHy4, and TEM observations provides important insights into biogeochemical processes of
iron and carbon in circumneutral freshwater sedimentary environment.

In the study site, ferrihydrite was precipitated by iron-oxidizing bacteria and CH4 was

oxidized by methanotrophic bacteria in the surface sediment; these processes were supported
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by continuous Fe’" and CH,4 supply from the groundwater (I in Fig. 5—11). Ferrihydrite
produced by the microorganisms is extractable by 0.50 M HCI, which could function as an
electron acceptor for co-existing iron-reducing bacteria. Ferrous iron produced by
dissimilatory iron-reducing bacteria is re-oxidized to precipitate ferrihydrite in the surface
sediment layer (depth < 2 cm). By contrast, Fe*" produced in subsurface layers is converted
into goethite and siderite (II in Fig. 5—11). Siderite selectively precipitates in the vicinity of
stalks and sheath; this result suggests that dissimilatory iron reduction occurs in this vicinity.
Thus, organic carbon is oxidized in subsurface sediment as dissimilatory iron is reduced.
However, iron reduction is restricted to sediment at depths above 5 cm; a large fraction of
ferrihydrite remains in the reduced sediment at depths below 6 cm. The bioavailability of
biogenic iron mineral is decreased in deeper sediment layers possibly because siderite and
goethite around ferrihydrite are encrusted.

Microbial iron reduction is inhibited at depths below 6 cm, resulting in the dominance of
microbial aceticlastic CH4 production (III in Fig. 5—11). Microbially produced CH4 in deeper
sediment layer is then recycled into shallower sediment zone without being consumed during
AOM. Thus, iron-reducing bacteria as organic carbon-metabolizing microorganisms are
replaced by methanogenic archaea at depth of 10 cm; this shift is controlled by soluble and

insoluble phase transformation of iron and carbon substrates in the biogenic iron minerals.

5.6. Implications

Biogenic iron minerals are commonly present in natural environments. They show high
reactivity to various trace elements, and the preservation/dissolution associated with
microbial functions directly affects the behavior of trace elements in natural environments.
My study reveals that the microbial reduction of ferrihydrite may be inhibited in the
subsurface area, whereas organic carbon decomposition proceeds to the deeper part of the
sediment. This provides further insights into the cycle of trace elements in the biogenic iron
sediment.
It may be also possible to extend insights into the microbial ecosystems and the iron phase
transformations in ancient environments such as BIFs. While many studies have been

conducted, there is not enough information on the formation mechanism of BIFs, possibly
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because of the limitations of their modern analogs. Although my study was conducted for the
freshwater iron-rich sediment, and may not directly address the processes in the euxinic
ancient ocean, we can still extract processes that lead to the formation of iron deposits
associated with a variety of microbial metabolisms and functions. Iron oxides (mainly
hematite) and siderite are major constituents of BIFs (Klein, 2005). Acicular-like siderite
surrounding microorganism-like structures are observed in BIFs (Heaney et al., 1991), which
are similar to the structures observed in this study. There are also encrustations of siderite
around goethite/hematite in Cretaceous iron formations (Taylor and Konhauser, 2011). These
distinctive precipitation morphologies may indicate direct involvement of microbial
metabolisms and functions in the mineral formation as indicated by my study. The siderite
precipitation mechanisms is of great importance because it may be significantly linked to the
iron and carbon biogeochemistry, microbial metabolisms, and components at the time and
place of formation (Heimann et al., 2010). Hence, my finding of microbial siderite formation

could be an excellent modern analog.
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Figures and Tables

Table 5-1. pH and major elements in the groundwater source.

pH Na* Kt ca? Mg2* Fe2* SO cr NO; HCO;*  CH,
(UM) (M) (M) (UM) (M) (UM) (M) (M) (mM) (uM)

6.82 482+3 59.3*+03 228*+1 89.6+0.1 292+8 15.3+£0.7 229+7 0.895*+0.029 1.91£0.07 159+7

‘Measured by Gran titration

Table 5—2. Percentage of total iron and 0.50 M HCl-extractable iron in each sediment

Depth  Total Fe™ 0.5 M HCI
(cm) (%) extractable Fe*
(%)

1 42 34

2 42 27

3 42 16

4 44 17

S 45 6

6 44 12

7 42 13

8 40 7

9 41 8

10 42 12

6.0 M HCI extractable Fe
*Accuracy is = 3%
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Fig. 5—1. Photographs of (A) biogenic iron-rich sediment at Budo pond, Hiroshima University and (B) sediment
collected from the sampling point. The black arrow in (A) shows direction of the groundwater flow. Clear

change of color is evident within a series of the collected sediment for (B).
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of depths 3 and 10 cm.
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Fig. 5—5. Scanning electron microscopy (SEM) images of the iron deposit at 1 cm (A), 3 cm (B), 6 cm (C), and

8 cm (D). All sediment contains stalks and sheaths which is indicative of biogenic iron minerals.
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Fig. 5-6. (A) k’-weighted EXAFS spectra of the sediment samples and reference minerals. The solid line
denotes the raw EXAFS spectra and dotted line denotes the linear-combination fitting. The shaded areas
highlight the spectral features so that the variations in each layer can be seen, especially for layers from depths

of 1 cm to 4 cm. (B) Percentages of minerals in each layer obtained from linear-combination fitting using
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Fig. 5-7. X-ray diffraction patterns of biogenic iron-rich sediment. Reference patterns of siderite and goethite
are shown for comparison. Surface sediment (depths of 1 and 2 cm) show two broad peaks, indicative of 2-line
ferrihydrite. On the contrary, sediment layers deeper than 3 cm show several sharp peaks which are consistent

with siderite and goethite.
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Fig. 5—8. Transmission electron microscope (TEM) images of sheath and stalks in biogenic iron-rich sediment
at depth of 1 cm (A), depth of 3 cm (B, C), depth of 7 cm (E) and selected area electron diffraction (SAED)
pattern of acicular minerals at depth of 3 cm (E) and depth of 7 cm (F). Poorly-ordered iron oxyhydroxides
covers the surfaces of the biogenic organic materials (sheaths) at depth of 1 cm (A), whereas acicular siderite
covers the surface of the organic materials (B, C, and D). The SAED ring patterns in E and F are indicative of

siderite with 2.8 spacing.
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Fig. 5-9. Proportions of bacterial and archaeal numbers and distribution of bacterial phylotypes at sediment

depths of 1 and 2 cm (surface layer), 4 cm, and 10 cm.
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Fig. 5-10. Phylogenetic trees for bacterial (A) and archaeal (B) 16S rRNA genes. Bold letters indicate clones
detected in this study. The enclosed numbers shown in the bold letters indicate the number of clones detected.

Bootstrap values (higher than 50%) are based on 100 replicates.
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Fig. 5—11. Proposed cycles of iron and carbon in freshwater biogenic iron-rich sediment. Sediment can be
sectioned into phase I to III. (Phase I) Precipitation of ferrihydrite by iron-oxidizing bacteria and CH,4 oxidation
by methanotrophic bacteria are the main process. Although there is a dissimilatory iron reduction in this zone,
Fe’* produced by iron-reducing bacteria is re-oxidized into ferrihydrite. (Phase II) Iron reduction dominates
organic carbon oxidation. Ferrous iron and bicarbonate produced in this zone promote precipitation of acicular
siderite and goethite. However, iron reduction is restricted in this zone preserving abundant ferrihydrite,
possibly because of the surface encrustation of siderite and goethite around ferrihydrite. (Phase III) Microbial

aceticlastic CH4 production dominates organic carbon oxidation.
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Chapter 6. Conclusion

In this thesis, I attempted to reveal iron, carbon, and trace element cycles controlled by
natural iron oxyhydroxides (BIOS). The geochemical and microbiological importance of iron
oxyhydroxides that I summarized in Chapter 1 are following:

1) Iron oxyhydroxides adsorb various trace elements onto their surfaces and control their
mobility. They also work as an electron acceptor for iron-reducing microorganisms.

2) Biogenic iron oxyhydroxides (BISO) are minerals precipitated by the activities of
microorganisms. Three types of iron-oxidizing bacteria (microaerophilic
lithoautotrophic Fe(Il)-oxidizing bacteria, anoxic NOj;-reducing, Fe(Il)-oxidizing
bacteria, and anoxic photoferrotrophic Fe(Il)-oxidizing bacteria) are involved in BIOS
formation at neutral pH.

Based on the background above, I firstly identified mineral species and mineral local
structures of BIOS that are collected from natural environment and from incubation of
Fe(IT)-oxidizing bacteria at laboratory apparatus (Chapters 2 and 3). Following findings are
summarized as follows:

1) Biogenic iron oxyhydroxides collected from natural environment consist of amorphous
iron oxyhydroxides regardless of the sampling site. The iron oxyhydroxides are less
ordered than 2-line ferrihydrite which mineral is known as most poorly crystalline
mineral among synthesized iron minerals.

2) Poorly-ordered iron oxyhydroxides within BIOS are characterized by smaller amount of
corner-sharing octahedral linkages of iron, suggesting more two-dimensional structures
of BIOS compared to inorganically synthesized 2-line ferrihydrite.

Adsorptive properties of BIOS are identified using arsenate, yttrium, and cerium as
adsorbates (Chapter 4). This study have used three types of adsorbents to identify trace
element adsorption characteristics of BIOS: that is (1) synthetic ferrihydrite which has been
used to mimic BIOS, (2) BIOS collected from a hydrothermal vent (in situ BIOS), and (3)
BIOS incubated by microaerophilic iron-oxidizing bacteria (in vitro BIOS). Following
suggestions were obtained:

1) Amount of both arsenate, yttrium, and cerium adsorbed onto in situ BIOS are less than

117



2)

those onto synthetic ferrihydrite, which indicates that the amount of adsorption of trace
element occurring in natural environment is less than that speculated using synthetic
ferrihydrite.

All adsorbents adsorb arsenate forming inner-sphere complexation. Specific surface
areas of both in situ and in vitro BIOS are less than that of synthetic ferrihydrite, even
though BIOS consists of iron oxyhydroxides similar or smaller particle size compared to
synthetic ferrihydrite. The results suggested that strong aggregation of iron particles

reduces active surface sites of BIOS.

To consider long-term diagenesis of BIOS, I have examined sequential changes of iron

mineral species and organic carbon composition in a stratified BIOS-rich freshwater sediment

(Chapter 5). Following conclusion was suggested.

1))

2)

Biogenic iron oxyhydroxides formed by Fe(I)-oxidizing bacteria can be reduced at the
subsurface layer (2-5 cm deep) by Fe(Ill)-reducing bacteria, but most of the ferric iron
become inaccessible by siderite encrustation. This limits the degradation of organic
materials by Fe(Ill)-reducing bacteria and enables the microorganisms inhabiting in the
deeper sediment to utilize organic materials.

Organic carbon is mainly decomposed by Fe(IIl) reduction at the subsurface sediment
(2-6 cm deep) whereas organic carbon decomposed by methanogenesis at the depth

below 6¢cm.
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