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Figure reproduced from Kozubal et al. (2012) (see p. 161).

In the past 15 years, there has been steady growth in work relating to the microbial iron cycle. It is now well established that in anaerobic environments coupling of organic matter utilization to Fe reduction is a major pathway for anaerobic respiration. In iron-rich circumneutral environments that exist at oxic-anoxic boundaries, significant progress has been made in demonstrating that unique groups of microbes can grow either aerobically or anaerobically using Fe as a primary energy source. Likewise, in high iron acidic environments, progress has been made in the study of communities of microbes that oxidize iron, and in understanding the details of how certain of these organisms gain energy from Fe-oxidation. On the iron scarcity side, it is now appreciated that in large areas of the open ocean Fe is a key limiting nutrient; thus, a great deal of research is going into understanding the strategies microbial cells, principally phytoplankton, use to acquire iron, and how the iron cycle may impact other nutrient cycles. Finally, due to its abundance, iron has played an important role in the evolution of Earth’s primary biogeochemical cycles through time.

The aim of this Research Topic is to gather contributions from scientists working in diverse disciplines who have common interests in iron cycling at the process level, and at the organismal level, both from the perspective of Fe as an energy source, or as a limiting nutrient for primary productivity in the ocean. The range of disciplines may include: geomicrobiologists, microbial ecologists, microbial physiologists, biological oceanographers, and biogeochemists. Articles can be original research, techniques, reviews, or synthesis papers. An overarching goal is to demonstrate the environmental breadth of the iron cycle, and foster understanding between different scientific communities who may not always be aware of one another’s work.

Suggested Topics:

- Microbial Fe oxidation at neutral and acidic pH

- Microbial Fe reduction

- Ecosystem coupling of Fe-oxidation and reduction

- Iron availability in nutrient limited environments (or iron as a limiting nutrient in marine ecosystems)

- Cellular iron acquisition strategies of environmental importance

- Advanced techniques for studying iron biogeochemistry

- Paleo-microbiology of Fe-cycling
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Were Oscar Wilde a devotee of iron biogeochemistry in the twenty-first century (hard as that might be to imagine), he might remark that iron is the most ironic of elements. Those interested in microbes that carry out life-sustaining iron-coupled redox reactions like to point out that iron is, after oxygen, the most abundant redox-active element in the Earth's crust. However, those studying oceanic phytoplankton regard iron as a nutrient that occurs at such vanishingly low concentrations in the surface ocean that it limits the growth of algae in more than 40% of the global ocean. This is because at the pH of seawater oxygen promotes the rapid oxidation of soluble ferrous iron to insoluble ferric iron oxyhydroxides that precipitate and sink out of the water column. As a result, while many marine microbes, and especially the photosynthetic ones, have developed finely-tuned mechanisms for acquiring iron, total primary productivity can be limited by iron.

At oceanic hydrothermal vents, and in terrestrial habitats, iron is not a limiting nutrient. At many oxic-anoxic interfacial habitats, not only is iron not limiting, but it is so abundant that lithotrophic microbes can use it as an electron source to sustain growth, and form robust communities of iron-oxidizing chemolithoautotrophs. In more acidic conditions, such as certain hot springs and acid mine drainage systems, ferrous iron is more stable, concentrations can be in the millmolar range, and specific communities of archaea and bacteria that use iron as an energy source can flourish. Iron-oxidizing microbes are not limited to aerobic habitats, but can also oxidize iron under anaerobic conditions by coupling the oxidation to either anoxygenic photosynthesis or nitrate reduction. Nor does it appear that they are limited to only utilizing soluble ferrous iron as an energy source, but can also acquire iron from insoluble minerals that contain reduced iron.

But iron-oxidation is only one-half of the equation. The utilization of ferric iron, principally in the form of Fe-oxides, to carry out anaerobic respiration is well established as an important pathway for organic carbon metabolism in anaerobic habitats. Furthermore, model organisms such as Shewanella and Geobacter are utilized to study the biochemical mechanisms of Fe-reduction, and from this we have learned a good deal about processes involved in extracellular electron transfer. Taken as a whole, it is apparent that the iron cycle is a remarkably complex process, dependent upon a wide range of chemical interactions, habitat types and groups of microbes that link it to all of Earth's other important biogeochemical cycles.

In this special topic issue we have gathered contributions from scientists working in diverse disciplines who have common interests in iron cycling at the process level and at the organismal level, from the perspective of iron as an energy source or as a limiting nutrient for primary productivity in the ocean. The hope is that bringing together seemingly disparate lines of research under one cover will result in a more global understanding of the iron cycle, and perhaps draw new insight into the connections within the cycle. We were very fortunate to enlist a varied and talented group of authors to contribute a wide range of articles. In total, 16 papers have been included, with a mixture of 9 original research articles, 6 reviews, and 1 perspective.

Aspects of iron cycling in the open ocean are covered by reviews on organic complexation (Gledhill and Buck, 2012) and on the role of superoxide dismutase (Rose, 2012), as well as in a research article on the role of weak iron-binding ligands in the ocean by Croot and Heller (2012). Oxygen-dependent iron oxidation at circumneutral pH is addressed in a research paper on a potential mechanism for iron oxidation by Liu et al. (2012), a research paper on mineralogy of biogenically-formed oxides at a hydrothermal vent (Toner et al., 2012), and a review of iron-based ecosystems associated with hydrothermal vents and the subsurface in the Pacific by Kato et al. (2012). Iron-cycling in acidic systems is reviewed by Johnson et al. (2012), and original research on a unique iron-rich acidic ecosystem in Yellowstone National Park is presented by Kozubal et al. (2012). A novel spectroscopic technique for biochemical analysis of iron oxidation in Leptospirillum ferroxidans is contributed by Blake and Griff (2012). Microbial utilization of iron under anaerobic conditions is dealt with in a review of mechanisms for iron reduction by Shi et al. (2012). Picardal (2012) reviews abiotic and microbial interactions of anaerobic iron oxidation and Carlson et al. (2012) provide an interesting perspective piece on nitrate-dependent iron oxidation. Original research on iron reduction in Shewanella is presented by Coursolle and Gralnick (2012), and competition among phototrophic and nitrate-dependent iron-oxidizing microbes is addressed by Melton et al. (2012). Finally, original work from the laboratory of Eric Roden investigates redox cycling in a typical freshwater iron-rich stream (Roden et al., 2012), as well as the capacity for microbes to use iron minerals as an iron source (Shelobolina et al., 2012).

Taken together these papers present an overview of research on iron from a range of perspectives that indicates the breadth of work that has been done and provides insight into the many exciting avenues of research that continue to enhance our understanding of the iron cycle in nature.
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Superoxide, the one-electron reduced form of dioxygen, is produced in the extracellular milieu of aquatic microbes through a range of abiotic chemical processes and also by microbes themselves. Due to its ability to promote both oxidative and reductive reactions, superoxide may have a profound impact on the redox state of iron, potentially influencing iron solubility, complex speciation, and bioavailability. The interplay between iron, superoxide, and oxygen may also produce a cascade of other highly reactive transients in oxygenated natural waters. For microbes, the overall effect of reactions between superoxide and iron may be deleterious or beneficial, depending on the organism and its chemical environment. Here I critically discuss recent advances in understanding: (i) sources of extracellular superoxide in natural waters, with a particular emphasis on microbial generation; (ii) the chemistry of reactions between superoxide and iron; and (iii) the influence of these processes on iron bioavailability and microbial iron nutrition.

Keywords: iron, superoxide, bioavailability

INTRODUCTION

Superoxide ([image: image]), an anion resulting from the transfer of one-electron to a molecule of oxygen, was first identified by Edward Neuman, a postdoctoral researcher working with Linus Pauling, in 1934 (Neuman, 1934) as part of Pauling’s ongoing interest in the nature of the chemical bond (Pauling, 1979). In aqueous solutions, superoxide exists in equilibrium with its conjugate acid, the hydroperoxyl (or perhydroxyl) radical ([image: image]) (Bielski et al., 1985). The anion dominates the equilibrium in solutions whose pH is above the pKa = 4.8 (Bielski et al., 1985). This is the case in the majority of natural surface waters, and at pH ∼8.1, which is typical of marine waters and many carbonate-buffered freshwaters, superoxide is ∼2000-fold more abundant than hydroperoxyl. To distinguish between the superoxide anion and “total” superoxide (i.e., both [image: image] and [image: yes]), I will represent “total” superoxide as [image: image].

[image: image] has two chemical properties that produce a special relationship with Fe in natural aquatic environments. First, it may act as both a reductant (via its oxidation to O2) and oxidant (via its reduction to H2O2), with the redox potentials of the [image: yes] and [image: yes] couples in natural waters around neutral pH poised in such a way that [image: image] is thermodynamically able to react with a vast range of Fe complexes (Pierre et al., 2002). The second property arises from its unusual electronic structure. Despite possessing an odd number of valence shell electrons, the [image: image] anion is resonance stabilized by virtue of its symmetry and exhibits very little free radical character (Pauling, 1931; Neuman, 1934; Sawyer, 1991); hence I follow the convention here of omitting the free radical symbol and representing the superoxide anion as [image: image]. Thus in natural waters around pH 8 where the relatively unreactive [image: image] dominates over [image: image], and in the absence of other suitably reactive partners, [image: image] has a half-life of tens of seconds to hours and has been measured to accumulate to typical concentrations in the range of 10–1000 pM (Rose et al., 2008b, 2010; Hansard et al., 2010; Shaked et al., 2010). These lifetimes are sufficiently long to ensure that [image: image] can diffuse well away from the site of its production, enabling it to influence local redox chemistry on a spatial scale that is biologically significant, while typical concentrations are sufficiently high to ensure that it can react at environmentally relevant rates. It is this critical balance between longevity and reactivity that renders [image: image] one of a select few extracellular reducing agents in natural waters that are able to exert a biologically significant influence on local redox chemistry. The combination of the overlapping redox potentials of the [image: yes] couple with the redox potentials of wide range of couples of Fe(II)/Fe(III) species, and the ability of [image: image] to persist at sufficiently high concentrations, ensures that the fates of [image: image] and Fe are often closely tied in environmental systems, and also in many intracellular biological systems, to the extent that they have been called “partners in crime” (Liochev and Fridovich, 1999).

The existence of [image: image] has thus been known for nearly 90 years, initially being studied largely as a chemical curiosity due to its unusual electronic structure. In the 1960s, its importance in the aqueous intracellular environment was established with the discovery of superoxide dismutase (SOD), an enzyme whose role is to destroy [image: image]. The biological importance of [image: image] has been further reinforced by the discovery that SOD appears essential in aerobic organisms (McCord et al., 1971), and is found in nearly all aerobic forms of life (Wolfe-Simon et al., 2005) as well as many anaerobes (Gregory et al., 1978). Production of [image: image] in the intracellular environment, its reactions with Fe, and effects on biological processes, have consequently been extensively studied over the past 50 years (see, for example, Sawyer and Gibian, 1979; Sawyer and Valentine, 1981; Fridovich, 1986; Afanas’ev, 1989; Winterbourn, 1995). However it is only since the 1980s that the potential role of [image: image] in the aqueous extracellular environment has been examined in detail. Baxter and Carey (1983) established that [image: image] was formed during photolysis of humic substances in natural waters, while further pioneering work by Zika (Petasne and Zika, 1987; Micinski et al., 1993) and Zafiriou (1990) established that [image: image] occurs in marine waters, where it may participate in reactions with a range of biologically important compounds. There has been renewed interest in the role of [image: image] as a redox agent in natural waters in the last decade primarily because the development of new highly sensitive, rapid, and convenient analytical techniques (e.g., chemiluminescence of MCLA and its derivatives, with detection limits on the order of a few picomolar; Nakano et al., 1986; Nakano, 1998; Teranishi, 2007), has allowed determination of [image: image] concentrations (Rose et al., 2008a) and production rates (Godrant et al., 2009; Milne et al., 2009) at environmentally relevant values. The role of [image: image] was first accounted for in models of Fe speciation and bioavailability in natural waters by Miller et al. (1995), with increasing recognition of its potential importance reflected by inclusion of reactions between [image: image] and Fe in several more recent models (Weber et al., 2005, 2007; Fan, 2008).

The primary purpose of this paper is to provide a detailed overview of the ways in which [image: image] in the external milieu of microorganisms can modulate the chemical speciation of Fe, and thereby influence its biological availability. While drawing on some of the pioneering work on aqueous [image: image] chemistry in the intracellular environment (including its reactions with Fe), the scope of the paper will be limited primarily to the extracellular environment in natural waters. In addition, while the paper is intended to consider the influence of extracellular superoxide on iron redox chemistry and bioavailability to aquatic microorganisms in all natural waters, it is relatively biased toward marine systems, because it is in these systems that most recent advances on the subject have occurred. While many other aspects of [image: image] chemistry in natural waters are still being unraveled, including its role in cycles of other elements, this paper will consider only the role of [image: image] in modulating Fe chemistry. In particular, the following issues will be addressed with an attempt to identify major knowledge gaps and critical research questions where possible:

1. How is [image: image] produced in the extracellular milieu in natural waters?

2. By what mechanisms, and to what degree, can [image: image] modulate Fe chemistry in the extracellular environment?

3. How can [image: image] influence Fe bioavailability to microorganisms in aquatic environments, through direct and indirect means?

SOURCES OF EXTRACELLULAR SUPEROXIDE IN NATURAL WATERS

OVERVIEW

Theoretically, [image: image] can be produced via either the one-electron reduction of O2 or the one-electron oxidation of H2O2. In practice, reduction of O2 appears to be the dominant pathway for [image: image] production in natural waters, though oxidation of H2O2 has been shown to occur under some conditions (Moffett and Zafiriou, 1990). Like [image: image], the dioxygen molecule also possesses an unusual electronic structure, with its lowest energetic state (ground state) possessing two unpaired electrons with parallel spins, i.e., its ground state is a triplet state biradical (Sawyer, 1991). Quantum mechanical restrictions (the Pauli exclusion principle) dictate that, under typical environmental conditions, triplet state dioxygen can react only extremely slowly with molecules possessing singlet state electronic configurations (e.g., most organic compounds), but much more readily with free radicals (e.g., organic radicals and transition metal ions), such that the reduction of dioxygen must proceed primarily via single electron transfer steps (Fridovich, 1998). This implies that reduction of dioxygen should always result in [image: image] production.

Attempting to identify sources of [image: image] in oxygenated waters is complicated, because the redox cycling of a range of relatively labile redox couples are intimately coupled in oxygenated natural waters; thus, trying to establish which redox reaction governs the system behavior is like the “chicken and egg” question of which came first. A common property of these labile redox-active compounds (LRACs) is that they are sufficiently labile to accept and donate their cargo of electrons, but also sufficiently long-lived to enable transport on biologically relevant spatial scales. Three major processes result in the occurrence of reduced LRACs in oxygenated surface waters: abiotic photochemistry, biological activity, and transport of reduced LRACs into (at least partially) oxygenated surface waters from other environments (e.g., at sediment-water interfaces, discharge of anoxic groundwaters, rainwater deposition, etc.). In the case of biological processes, the “ultimate” source of electrons is usually (but not always) water; in the case of abiotic photochemistry it is usually organic compounds, which are themselves often (although not always) derived from biological activity. Biological reduction in oxygenated waters is also predominantly powered ultimately via solar energy (either through photosynthesis, or respiration of reduced substrates that have been previously been produced by photosynthesis). In oxygenated waters, [image: image] can then be produced by reduction of O2 directly through one of these processes, or through reduction of another LRAC that then reacts with O2 to yield [image: image] Thus the vast majority of [image: image] production in natural waters is driven ultimately by solar radiation, but the path by which this solar energy ultimately induces reduction of O2 to [image: image] varies (Figure 1).


[image: image]

Figure 1. Major sources of [image: image] in natural waters. (A) Abiotic, photochemical oxidation of natural organic matter (NOM) with concomitant reduction of O2. (B) Biological reduction of O2 in the extracellular milieu via cell surface enzymes. (C) Biological reduction of oxidized labile redox-active compounds (LRACox) in the extracellular milieu to form reduced labile redox-active compounds (LRACred) that subsequently reduce O2 to [image: image]. (D) Biological release of LRACred into the extracellular milieu that subsequently reduce O2 to [image: image]. (E) Diffusion of LRACred produced under suboxic conditions into more oxygenated waters. (F) The [image: yes] couple readily exchanges electrons with a range of other labile redox-active compounds in the extracellular milieu. Decay pathways for [image: image] are not shown.



The main pathways for reduction of O2 to [image: image] can thus be broadly grouped into abiotic thermal (“dark”) processes, abiotic photochemical processes, and biologically mediated processes. Until recently, abiotic photochemistry in surface waters was thought to be the major pathway for [image: image] production in the extracellular environment (Cooper et al., 1989). A growing body of work has shown that aquatic microorganisms can also produce [image: image] extracellularly, and that the flux via this pathway may be at least as great as that via abiotic photochemistry (Hansard et al., 2010; Rose et al., 2010). However abiotic photochemistry is still likely to result in a non-negligible contribution to total extracellular superoxide production (ESP) in most sunlit waters, and in some cases may be the dominant source. The contribution of abiotic thermal production (through oxygenation of reduced LRACs) to overall rates of ESP in natural waters is unknown, although the observation that filtration to remove cells (and other particulates) does not always completely inhibit ESP (e.g., Rose et al., 2010) suggests that it may be substantial in some environments. These pathways are now considered in more detail.

ABIOTIC THERMAL (“DARK”) PRODUCTION

[image: image] can theoretically be produced by oxygenation of a range of reduced LRACs that may occur in natural waters. The oxygenation of reduced metals [e.g., Fe(II), Mn(II), V(II), Cr(II), Cu(I), and Co(II)] has been proposed to generally occur via the Haber–Weiss mechanism (Haber and Weiss, 1934), resulting in the production of [image: image] after the first step:

[image: image]

Where Mn+ represents the reduced form of the metal and M(n+1)+ its oxidized form.

However it is not certain that these electron transfer steps always result in release of the free intermediate, as [image: image] and peroxide anions [image: yes] both possess coordinative properties and may potentially remain bound in the inner coordination sphere of the oxidized metal center. Using computational chemistry methods, Rosso and Morgan (2002) concluded that V2+, Co2+, and Fe2+ were likely to react with O2 via an outer-sphere mechanism, such that [image: image] would be formed outside the inner coordination sphere (and presumably be able to diffuse into the bulk medium as the free anion), while Mn2+, Cr2+, and hydrolyzed Fe(II) species were suggested to react with O2 via an inner-sphere process, such that [image: image] would initially be coordinated to the metal center (Rosso and Morgan, 2002). Fe(II) complexed by EDTA and similar ligands also appears to react with O2 via an inner-sphere process (Zang and van Eldik, 1990; Seibig and van Eldik, 1997).

Whether [image: image] formed in this way could subsequently participate in other reactions likely depends on how rapidly it can escape from the inner coordination sphere after electron transfer is complete. It is unclear how Fe(II) in natural waters might behave, but complexation of Fe(II) by natural organic matter (NOM) appears to substantially modify its oxygenation kinetics (e.g., Rose and Waite, 2003a and references therein), suggesting that further investigation of this issue is needed, ideally through both experimental and computational means. Hereafter, it will be assumed that reduction of O2 ultimately results in production of unbound [image: image], even if it is initially formed in the inner coordination sphere of a metal complex. However, this uncertainty in our understanding of [image: image] behavior needs to be resolved in order to fully evaluate the relationship between [image: image] and Fe bioavailabilty in natural waters.

Other reduced LRACs in natural waters include reduced sulfur species (RSS) such as thiols and sulfides, and some reduced organic moieties. While the contribution of such species to ESP has not yet been evaluated, RSS may be found at measurable concentrations in oxic waters (Bowles et al., 2003; Luther and Rickard, 2005; Rickard and Luther, 2006) and at least some RSS yield [image: image] as a result of oxygenation (Rao et al., 1990). Certain redox-active moieties within NOM also react readily with oxygen (Ratasuk and Nanny, 2007; Aeschbacher et al., 2010), potentially yielding [image: image] (discussed further in the following section). The oxygenation chemistry (particularly thermodynamics) of a range of major LRACs present in natural waters has recently been described in considerable detail by Luther (2010), while the thermodynamics of the [image: yes] system is discussed in detail by Pierre et al. (Pierre and Fontecave, 1999; Pierre et al., 2002).

PHOTOCHEMICAL PRODUCTION

Measured rates of photochemical [image: image] production in natural marine waters have typically been in the range of ∼0.3–500 nM h−1 (Petasne and Zika, 1987; Micinski et al., 1993; Shaked et al., 2010). Rates of [image: image] production in natural freshwaters have not been reported in the literature, although laboratory experiments using simulated freshwater systems yielded similar rates (Garg et al., 2011a). The mechanism of abiotic photochemical [image: image] production from NOM has usually been represented by a reaction in which NOM is photoexcited to a triplet state, which subsequently transfers an electron to O2 to yield [image: image] and an oxidized organic moiety (Cooper et al., 1988, 1989):

[image: image]

The pathway(s) by which this overall reaction occurs are still not certain, although the details are slowly being unraveled. While it was thought that photoexcited NOM may eject free aquated electrons, this now appears unlikely (Thomas-Smith and Blough, 2001). Instead, the photoexcited organic moiety can undergo a range of possible energetic and redox transitions, particularly in humic and fulvic substances that possess a wide range of functional groups and redox potentials. The mechanism of organic radical formation in photoexcited NOM was first studied in detail by Blough (1988) but, despite considerable advances over the last 20 years, the precise details of [image: image] formation still remain elusive. The mechanisms were thought to be similar to those involved in [image: image] production from photoexcited quinones, which have been studied extensively (e.g., Garg et al., 2007b and references therein), however the situation in humic and fulvic-type NOM is complicated considerably by the existence of multiple chromophores (Del Vecchio and Blough, 2002, 2004; Boyle et al., 2009) and redox-active moieties (Aeschbacher et al., 2010), many of which may be linked under exposure to light through charge-transfer complexes (Del Vecchio and Blough, 2004). More recently, Garg et al. (2011b) proposed a mechanism in which quinone-like moieties within NOM are reduced by some other electron donor within the NOM structure under solar radiation, with the reduced organic moiety then reacting with dissolved oxygen (in either the triplet or singlet state) to yield [image: image]:

[image: image]
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The overall process is complicated considerably by formation of a range of other radical sinks for [image: image], but the net result is that NOM is oxidized by O2 to yield [image: image] through the involvement of several moieties within the NOM, some of which may act as photocatalysts.

Consistent with the concept of labile transfer of electrons between the range of LRACs present in oxygenated waters, a second indirect mechanism of photochemical superoxide formation involves formation of reduced metals via ligand-to-metal charge-transfer reactions, with subsequent oxygenation of the reduced metal. The role of such reactions involving iron–organic complexes in marine systems has been recently reviewed by Barbeau (2006), and similar reactions can also occur with complexes of copper (Jones et al., 1985).

BIOLOGICAL PRODUCTION

Biological production of [image: image] in the extracellular milieu has been reported from culture studies involving a wide range of environmentally occurring aquatic microorganisms, including eukaryotic microalgae from the class Raphidophyceae (Oda et al., 1997; Marshall et al., 2002, 2005; Yamasaki et al., 2004; Garg et al., 2007a); dinoflagellates and prymnesiophytes (Yamasaki et al., 2004; Marshall et al., 2005); marine diatoms from the genus Thalassiosira (Kustka et al., 2005); marine cyanobacteria from the genera Synechococcus (Rose et al., 2008b), Lyngbya (Rose et al., 2005) and Trichodesmium (Godrant et al., 2009); a marine alphaproteobacterium from the genus Roseobacter (Learman et al., 2011); the freshwater cyanobacterium Microcystis aeruginosa (Fujii et al., 2011); the unicellular protozoan coral symbiont Symbiodinium (Saragosti et al., 2010); fungi and yeasts including Aspergillus nidulans (Lara-Ortíz et al., 2003) and Saccharomyces cerevisiae (Shatwell et al., 1996), as reviewed by Aguirre et al. (2005); and the heterotrophic bacteria Paracoccus denitrificans (Henry and Vignais, 1980) and Escherichia coli (Korshunov and Imlay, 2006). Rates of ESP vary enormously between these different organisms, with the maximum reported rates being from the marine Raphidophycean Chattonella marina of up to ∼5 pmol cell−1 h−1 (Oda et al., 1997; Garg et al., 2007a). Additionally, recent field studies have provided evidence from several marine environments suggesting that a significant proportion of ESP occurs via biologically mediated processes, with measured rates of biological ESP up to 1 nM h−1 in the Great Barrier Reef lagoon (Rose et al., 2010) and up to 20 nM h−1 in the Gulf of Alaska (Hansard et al., 2010). These studies have predominantly involved either field studies in marine environments, or culture studies of organisms that typically inhabit marine environments, with notable exceptions being the studies involving M. aeruginosa, P. denitrificans (which is typically rather ubiquitous in soils), A. nidulans, S. cerevisiae, and E. coli. While there is still insufficient evidence to make definitive generalizations, the occurrence of these processes across such a wide range of microorganisms in the marine environment, coupled with evidence for ESP by a range of terrestrial multicellular organisms such as lichens (Beckett et al., 2003) and plants (Bolwell, 1999), suggests that microbial ESP probably occurs to at least some extent in the vast majority of surface waters.

Biological production of [image: image] in the intracellular environment has been studied for several decades and many of the processes involved are well understood. In eukaryotic organisms, intracellular [image: image] production is believed to be highly compartmentalized, with the majority occurring via reduction of O2 inside the mitochondria and through the action of NADPH oxidase (NOX) enzymes, which are typically located inside vesicles (Auchère and Rusnak, 2002). In photosynthetic eukaryotes, [image: image] is also produced in significant amounts in the chloroplasts (Lesser, 2006). In prokaryotic organisms, which lack intracellular compartments separated by cellular membranes, the majority of intracellular [image: image] production is thought to occur during O2 reduction by the respiratory electron transport chain (Auchère and Rusnak, 2002), which is also used for electron transport during photosynthesis in photosynthetic prokaryotes such as cyanobacteria (Lesser, 2006). It is extremely unlikely that such intracellular processes can be the direct source of ESP because the polar [image: image] anion is unable to readily diffuse through the lipid bilayer that isolates the cytoplasm from the external milieu (Korshunov and Imlay, 2002). [image: yes] can diffuse at a rate approaching that of water (permeability of P = 9 × 10−4 cm s−1 = 3.2 × 10−2 m h−1; Korshunov and Imlay, 2002), but as [image: yes] is only a small proportion of [image: image] around neutral pH, this flux is limited. The flux of [image: image] out of the cell is given by:

[image: image]

Where [image: yes] is the fraction of [image: image] that is in the [image: yes] form, P is the permeability of [image: yes], A is the cell surface area, and [image: yes] is the difference between the intracellular and extracellular [image: image] concentrations. In a typical “healthy” cell, the steady-state intracellular [image: image] concentration is around 100 pM (Imlay and Fridovich, 1991). Considering an exemplary spherical cell with a diameter of 20 μm, and assuming that the steady-state extracellular [image: image] concentration ≪100 pM, the calculated flux is 8 zmol cell h−1. Even if we assume that the cell is suffering from severe oxidative stress, resulting in an intracellular [image: image] concentration of 10 nM, the flux is still only 800 zmol cell h−1. This is several orders of magnitude less than measured rates of ESP from the range of aquatic microorganisms surveyed to date. Additionally, [image: image] concentrations in the external milieu may be similar to, if not greater than, intracellular [image: image] concentrations, such that diffusion of [image: image] across the lipid bilayer, even if it could occur at substantial rates, would in fact occur into the cell under these conditions by virtue of the concentration gradient.

Another possible source of ESP is release of intracellular [image: image] during cell lysis. Assuming that the rate of cell lysis = rate of cell division to maintain a steady-state population, with spherical cells 20 μm in diameter under severe oxidative stress such that the intracellular [image: image] concentration was again 10 nM, then even in a rapidly growing population with a division rate of 1 h−1 the rate of ESP by this pathway would be only 4 zmol cell h−1. Of course more rapid lysis could temporarily result in a more rapid release of intracellular [image: image] by this pathway, but such rates could not be sustained to yield the steady-state concentrations of [image: image] that have been measured in natural waters to date. Thus the majority of [image: image] found in the extracellular milieu of aquatic microorganisms must, in general, be produced extracellularly.

While mechanisms of biological ESP have been reasonably well studied in human cells, mechanisms of biological ESP in aquatic microorganisms are generally not well understood. Enzymes from the NOX and dual oxidase (DUOX) families located at the cytoplasmic membrane are known to be responsible for ESP in the majority of human cells, notably including phagocytes responsible for the “respiratory burst” immunological defense phenomenon (Vignais, 2002; Lambeth, 2004). Cell surface located NOX enzymes have also been shown to be responsible for ESP in C. marina (Kim et al., 2000), the fungus A. nidulans (Lara-Ortíz et al., 2003) and numerous other fungi and yeasts (Aguirre et al., 2005), certain plant cells (Torres et al., 1998; Sagi and Fluhr, 2001), and the coral Stylophora pistillata and its symbiont Symbiodinium sp. (Saragosti et al., 2010). Addition of diphenyleneiodonium chloride (DPI), which is a specific inhibitor of NOX enzymes, has also been shown to dramatically inhibit ESP in cultures of the diatoms Thalassiosira weissflogii and T. pseudonana (Kustka et al., 2005). BLAST searches of sequenced genomes reveal the presence of genes encoding for polypeptide sequences similar to those found in NOX proteins in these two diatoms (Kustka et al., 2005) and in a wide range of other eukaryotic aquatic microorganisms, however this does not necessarily indicate the occurrence of ESP mediated by NOX enzymes in these organisms, since NOX enzymes are also found intracellularly as discussed previously. BLAST searches of the genomes of prokaryotic aquatic microorganisms reveal that such genes are not always present, suggesting that ESP by prokaryotes may occur via one or more other mechanisms.

Finally, it is worth reiterating that it is often difficult to establish which species is reduced first during ESP; in the case of biological ESP, it is not always clear whether O2 is reduced to [image: image] directly by enzymes, or whether [image: image] is produced through oxygenation of some other reduced LRAC formed directly by enzymatic reduction. In the case of E. coli, [image: image] production in the organism’s periplasm has been inferred to occur through the oxidation of soluble, reduced quinones, with electrons originating from transfer across the cytoplasmic membrane via the respiratory electron transport chain (Korshunov and Imlay, 2006). The cell surface ferric reductase system of the yeast S. cerevisiae possesses similarities to the NOX system at the genetic level (Shatwell et al., 1996), and is capable of reducing a range of LRACs (Kosman, 2003) including O2 to yield [image: image] (Lesuisse et al., 1996). The biogeochemical significance (if any) of which LRAC is reduced first is not yet certain, however it is clear that caution should be used when assigning a particular mechanism for cell surface reductase activity on the basis of genetic homology or biochemical studies conducted under a limited set of chemical conditions.

CHEMISTRY OF REACTIONS BETWEEN SUPEROXIDE AND IRON

OVERVIEW

In aqueous solutions, [image: image] can react in three major ways (Sawyer and Gibian, 1979; Sawyer and Valentine, 1981; Sawyer, 1991):

1. As a reductant. The [image: image] anion is a mild reducing agent capable of directly donating electrons via an outer-sphere process to suitable electron acceptors (e.g., transition metals and their complexes).

2. As an oxidant. [image: yes] is capable of oxidizing suitable electron donors via direct electron transfer, but this is highly unfavorable for the [image: image] anion due to the extreme instability of the [image: yes] anion in aqueous solution at most pH values. However, [image: image] is capable of indirectly inducing oxidation by either hydrogen atom or proton extraction from suitable substrates, with subsequent reactions resulting in their net oxidation.

3. As a Lewis base (electron pair donor). The [image: image] anion may be coordinated in the inner sphere of various metal ions in aqueous solution, and can also participate in radical–radical coupling with a range of organic radical cations.

The role of [image: image] as a Lewis base is restricted in natural aquatic environments because the maximum concentration of [image: image] that is attainable is typically too low (due to its consumption via other reactions) in comparison to other species to have any significant effect. In practice, therefore, [image: image] behaves primarily as a reductant or oxidant in natural waters. Early laboratory studies of reactions between aqueous Fe and [image: image] typically used pulse radiolysis to generate [image: image] and UV–visible spectrophotometry to observe the subsequent reactions (Jayson et al., 1969, 1973; Buettner et al., 1983; Bull et al., 1983; Rush and Bielski, 1985). While useful in understanding the chemistry of Fe and [image: image], results from these studies must be applied to environmental systems with caution because the use of high concentrations of both Fe and [image: image] could favor reactions that are not important at lower, environmentally relevant concentrations. This is particularly true for oxidation of Fe(II) by [image: image], where the initial step appears to typically involve coordination of [image: image] in the inner sphere of Fe(II). Furthermore, natural systems involve a host of other competing reactions due to the range of other species present.

The potential effect of [image: image] on Fe in environmental systems was first specifically studied by Voelker and Sedlak (1995). They concluded that [image: image] functioned primarily as a reductant of Fe(III) over the pH range 5–8 (where [image: image] dominates over [image: yes]), and that substantial amounts of Fe(II) could be expected to be produced in certain environmental systems as a result of this process. More recent studies have typically used lower concentrations of Fe and [image: image] that are more representative of what is typically found in natural systems, largely due to the possibilities afforded by the development of new techniques such as the MCLA chemiluminescence method, and have considered a range of different conditions that are more relevant to natural waters. Fe species can be broadly classified in such systems into three main groups:

1. Mononuclear inorganic complexes, which include hydrolysis species and a range of relatively weak complexes with small, commonly occurring inorganic ligands such as chloride, sulfate, bromide, fluoride, carbonate, and phosphate. These complexes interconvert rapidly compared to the other reactions we will consider, and may thus be assumed to be at equilibrium at all times.

2. Mononuclear organic complexes, which occur with a wide range of naturally occurring organic ligands such as humic and fulvic-type materials, polysaccharides, siderophores, and other biologically produced compounds.

3. Polynuclear complexes, which include amorphous oxyhydroxide solids, various iron minerals, and aggregates containing varying proportions of iron, organic material, and potentially other species.

Within each of these classes, individual Fe atoms may be present in either the Fe(II) or Fe(III) redox state, and the transformations between these redox states may be mediated by [image: image] (Figure 2).


[image: image]

Figure 2. Transformations between various pools of Fe as mediated by [image: image]. (A) Polynuclear complexes, which contain multiple Fe atoms and may also contain other inorganic and organic ligands. (B) Mononuclear inorganic complexes. (C) Mononuclear organic complexes. Fe(III) in all pools may be reduced by the [image: image] anion to Fe(II), while Fe(II) in all pools may be oxidized to Fe(III) primarily by [image: image], but also indirectly by [image: image]. The dotted arrows denote the dissociative reduction (DR) pathway, while the dashed arrows denote the non-dissociative reduction (NDR) pathway for Fe(III) reduction by [image: image].



THERMODYNAMICS

Due to pKa of [image: yes] being in the environmentally relevant range, and [image: image] being considerably more oxidizing than [image: image], the standard redox potential of the [image: yes] couple can vary considerably from +120 mV at pH ≪ 4.8 to −160 mV at pH ≫ 4.8 (Sawyer, 1991). In the majority of natural surface waters, which are in the neutral to slightly alkaline pH range, the standard redox potential of the [image: yes] couple is thus −160 mV. Therefore, under standard conditions at around neutral pH, [image: image] is a mild reducing agent. In contrast, the standard redox potentials of various Fe(II)/Fe(III) couples vary from <−1000 to >+1000 mV depending on pH and complex speciation (Pierre and Fontecave, 1999; Pierre et al., 2002). Despite the overlap between the standard redox potentials of the [image: yes] couple and those of many Fe(II)/Fe(III) species redox couples, an important caveat when considering the feasibility of redox reactions is that these redox potentials apply to standard conditions, i.e., [image: yes] species = [Fe(III)] species. As discussed in detail by Pierre et al. (2002), such conditions are irrelevant in most natural systems. Under conditions typical for a neutral air-saturated surface water (pH 7 and [O2] = 250 μM), the actual redox potential of the [image: yes] couple is +335 mV when [image: yes] pM and +158 mV when [image: yes] nM. An equally important consideration for the thermodynamic reducibility of a particular form of Fe by [image: image] is the concentration of relevant Fe(II) and Fe(III) species. The reduction of an organic Fe complex [denoted as Fe(II)L in the reduced state and Fe(III)L in the oxidized state] is thermodynamically feasible if:

[image: image]

where the stability constants are mixed constants expressed as:

[image: image]

[image: image]

and where, under particular medium conditions, Fe(II)′ represents the sum of all monomeric inorganic Fe(II) species, Fe(III)′ represents the sum of all monomeric inorganic Fe(III) species, L′ represents the sum of all ligand species, [image: yes] represents the ratio of [image: yes] represents the ratio of [Fe3+]/[Fe(III)′], and redox potentials are in millivolt (see Thermodynamics for the full derivation in Appendix).

Calculated values for some typical complexes around pH 8, where [image: yes] and [image: yes] (Millero et al., 1995), are shown in Table 1. It is thermodynamically feasible to reduce a substantial proportion of Fe(III)L to Fe(II)L for some relatively strong Fe(III) complexes, such as that formed with EDTA in freshwater, provided that the ligand also forms a relatively strong Fe(II) complex. This contrasts with the case of DFB, which forms a much stronger complex with Fe(III) than with Fe(II), where reduction of Fe(III)L to Fe(II)L is thermodynamically feasible only at exceedingly low Fe(II)L:Fe(III)L ratios.

Table 1. Calculated ratios of [Fe(II)L]/[Fe(III)L] below which reduction of Fe(III)L to Fe(II)L by [image: image] is thermodynamically feasible for various Fe complexes in natural waters around pH 8.

[image: image]

However reduction of Fe(III) by [image: image] may be still environmentally important even when the thermodynamically permissible concentration of Fe(II)L is much less than that of Fe(III)L, because many microorganisms acquire iron from the dissolved inorganic pool rather than directly from organically complexes species. A more useful thermodynamic test, then, is whether [image: image] can increase the proportion of dissolved inorganic Fe, given that it is these forms of Fe that are usually the immediate substrate for uptake by aquatic microorganisms (Morel et al., 2008). According to the Nernst equation, reduction of Fe3+ to Fe2+ is thermodynamically feasible when:

[image: image]

Thus at pH 8.1, it is thermodynamically feasible to attain ratios of [Fe(II)′]/[Fe(III)′] of up to ∼0.005 with 1 pM [image: image] and up to ∼5 with 1 nM [image: yes]. Consequently, regardless of organic complex speciation, nanomolar concentrations of [image: image] can theoretically result in more Fe(II)′ than Fe(III)′ in an equilibrium or pseudo-equilibrium scenario.

While these types of calculations are useful for assessing the thermodynamic driving force and consequent feasibility of [image: image] as a reductant for Fe, they are really only useful to provide a general context for such reactions. It is often overlooked that environmental systems are not always at equilibrium (and in some environments, are never at equilibrium), and as a consequence, the usefulness of thermodynamics in such systems is limited. In particular, processes that can perturb the system can increase the thermodynamic feasibility, such as removal of Fe(II) by biological uptake (Pierre and Fontecave, 1999). In this case, a lower Fe(II) concentration can be maintained, increasing the driving force for reduction (Eq. 9). Because such systems are at steady-state rather than a true equilibrium, thermodynamics cannot be used to predict what the final system will look like, but if the composition [e.g., concentrations of [image: yes], O2, Fe(II), and Fe(III)] of the steady-state system is known, it can be used to understand the energetics of the system. However being able to predict what this steady-state system will look like is usually a major objective in environmental systems, and this can only be achieved by a more rigorous kinetic analysis.

KINETICS AND MECHANISMS

Within the three classes shown in Figure 2, there is potentially a multitude of individual Fe species. Speciation of the dissolved inorganic pool depends on pH and major ion composition of the aquatic system; in the case of the other two pools, speciation depends on these two factors and also the presence of various organic ligands (see Kinetics and Mechanisms for kinetic equations in Appendix).

Rush and Bielski (1985) studied the reactivity of Fe(II)′ and Fe(III)′ with [image: image] as a function of pH in the acidic to neutral range in detail. They determined that conditional rate constants for Fe(II) oxidation varied with pH over the range 1–7 primarily due to faster reactivity of Fe(II) with [image: image] (rate constant = 1.0 × 107 M−1 s−1) than [image: yes] (rate constant = 1.2 × 106 M−1 s−1), with no apparent influence of Fe(II) speciation on oxidation kinetics in this pH range. Similarly, over the pH range 0–7, Fe(III) was reduced rapidly by [image: image] (rate constant = 1.5 × 108 M−1 s−1) but negligibly slowly by [image: yes] (rate constant <103 M−1 s−1), again with no apparent influence of Fe(III) speciation. Similar values under acidic conditions have since been confirmed in more recent studies (Khaikin et al., 1996; Mansano-Weiss et al., 2002). Conditional rate constants for overall Fe(II) oxidation by [image: image] of [image: yes] and Fe(III) reduction by [image: image] of [image: yes] are thus frequently used in kinetic studies of environmental systems at circum neutral pH, implicitly assuming that the values derived by Rush and Bielski can be extrapolated to systems with higher pH, lower Fe and [image: image] concentrations, and considerably more variable ionic composition (the original study considered only effects of Fe hydrolysis and sulfate complexation). Extrapolation of these values appears consistent with results in these studies, suggesting that this is valid, however with the advent of new, more sensitive techniques for [image: image] determination, these fundamental reactions warrant further attention.

In systems where organic complexation and/or polynuclear complex formation occur, a single conditional rate constant for Fe(III) reduction and another for Fe(II) oxidation by [image: image] cannot be derived; it is necessary to separately account for the reactions of [image: image] with mononuclear inorganic Fe and at least one organic and/or polynuclear Fe complex. Studies in model systems containing a single, well characterized synthetic ligand have confirmed that reduction of Fe(III) by [image: image] around neutral pH can occur via direct reduction of the complex (denoted “non-dissociative reduction,” or NDR), or via dissociation of the complex with subsequent reduction of the liberated Fe(III)′ (denoted “dissociative reduction,” or DR; Garg et al., 2007c,d; Fujii et al., 2008), as shown in Figure 2. The relative importance of these two pathways for Fe(III) reduction depends on the relative rates of complex dissociation, complex formation, Fe(III)′ reduction by [image: yes] and Fe(III)L reduction by [image: yes] Under steady-state conditions where most Fe(III) is present in complexed form, the net rate of Fe(III) reduction by NDR is simply:

[image: image]

where kred,Fe(III)L represents the rate constant for reduction of a particular Fe(III)L complex and the subscript T denotes the total concentration of all Fe(III) species. Thus, the apparent rate constant for NDR is simply kNDR = kred,Fe(III)L. Also, at steady-state:
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where kd,Fe(III)L and kf,Fe(III)L represent rate constants for the dissociation and formation, respectively, of a particular Fe(III)L complex. Hence the apparent rate constant for net Fe(III) reduction by DR is obtained from the equation:
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Thus the relative importance of the two processes is given by:

[image: image]

All parameters in this equation will be influenced to varying extents by medium conditions (e.g., pH and ionic strength). Additionally, for a given ligand, the system pH, major ion composition, ligand concentration, and [image: image] concentration will have specific effects on particular parameters. The relative importance of NDR compared to DR will be increased by:

1. Decreasing concentrations of H+ (i.e., higher pH) or cations such as Ca2+ and Mg2+; the presence of these species will lower “free” ligand concentration, [L], by occupying sites within ligands that might otherwise complex Fe, thus decreasing the numerator of Eq. 15.

2. Increasing ligand concentrations; this will increase the numerator of Eq. 15.

3. Increasing [image: image] concentrations; this will increase the numerator of Eq. 15.

The affinity of the ligand for Fe(III) also has a major effect on the relative importance of DR and NDR, but this effect is complicated because two factors act in opposite ways. First, increasing the Fe(III) binding strength of the ligand will tend to increase kf,Fe(III)L (increasing the numerator of Eq. 15) and/or decrease kd,Fe(III)L (decreasing the denominator of Eq. 15); this leads to a relative increase in the importance of NDR relative to DR. However weaker Fe(III) complexes typically react faster with [image: image] than stronger complexes, as observed empirically for a range of synthetic Fe-binding ligands (Rose and Waite, 2005), such that increasing Fe(III) binding strength of the ligand will tend to decrease kred,Fe(III)L. Rate constants for reduction of organic complexes of Fe(III) by [image: image] at pH 8 were found to be several orders of magnitude smaller than those for reduction of Fe(III)′, ranging from ∼104 M−1 s−1 for reduction of the strong complex Fe(III)–DFB to ∼2 × 106 M−1 s−1 for reduction of the relatively weak complex Fe(III)-salicylate (Rose and Waite, 2005). This trend is consistent with Marcus Theory for outer-sphere electron transfer processes (see Marcus and Sutin (1985) for a detailed review), which is the process by which reduction of transition metal complexes by [image: image] is thought to occur (Weinstock, 2008). In fact Marcus Theory relates the rate constant to the ratio of stability constants for the Fe(II) and Fe(III) complexes, not just the stability of the Fe(III) complex alone (Marcus and Sutin, 1985); however as ligands that form stronger complexes with Fe(III) often form weaker complexes with Fe(II), there is generally a consistent trend for slower reduction of stronger Fe(III) complexes by [image: yes].

Polynuclear complexes are also able to be reduced by [image: yes], as demonstrated in laboratory studies with amorphous ferric oxyhydroxide (AFO; Fujii et al., 2006) and in field studies with Saharan dust in seawater (Heller and Croot, 2011). A similar competition between DR and NDR would be expected to occur for polynuclear complexes. Fujii et al. (2006) found that in both very freshly formed AFO (which has a relatively small conditional stability constant) and aged AFO (which has a much larger conditional stability constant), Fe(II) production during reduction of AFO by [image: image] occurred almost entirely via DR. These experiments were performed in seawater at pH 8.2 using total Fe concentrations of 50–500 nM, which is a reasonable range in coastal marine systems, but using higher steady-state [image: image] concentrations than would be expected in most environments (∼20 nM cf. 0.1–1 nM measured in marine waters). These higher [image: image] concentrations would tend to increase the importance of NDR, which implies that at the lower [image: image] concentrations measured in natural waters to date, the process will almost certainly occur via DR. Given that aged AFO has a relatively large conditional stability constant, NDR might be expected to play a more substantial role, however polynuclear complexes (unlike mononuclear complexes) may permit extremely rapid intramolecular electron transfer from relatively labile Fe atoms (e.g., at the AFO surface) to less labile Fe atoms within the polymeric structure (Katz et al., 2010), inhibiting the release of Fe(II) potentially formed through this pathway. Whether this or some other phenomenon is responsible for the dominance of DR during reduction of aged AFO remains untested, however, and will require further experimental studies to resolve.

At lower pH values (3 and 5), [image: yes] is a major oxidant of Fe(II) (Voelker et al., 1997). Around pH 8, where [image: image] dominates over [image: yes], Fujii et al. (2010b) determined rate constants for oxidation of complexes between Fe(II) and humic-type organic ligands by [image: image] in the range 6.9–23 × 105 M−1 s−1, which were ∼4–5 orders of magnitude greater than corresponding rate constants for oxidation of the complexes by O2. Given a typical dissolved O2 concentration of ∼250 μM for natural waters in equilibrium with atmospheric O2, this implies that [image: image] would be a negligibly minor oxidant of these Fe(II) complexes at the picomolar [image: image] concentrations that have been measured in natural waters. In contrast, Heller and Croot (2010) suggested that [image: image] may react with naturally occurring organic Fe(II) complexes found in the Southern Ocean with rate constants of up to ∼5 × 107 M−1 s−1, which is around an order of magnitude greater than those for the humic-type complexes (Fujii et al., 2010b). This would suggest that [image: image] might contribute significantly to Fe(II) oxidation at the higher range of environmentally relevant [image: image] concentrations; however this can not be evaluated directly without also knowing the kinetics of reaction between the Fe(II) complexes and O2, which were not determined in the Southern Ocean study. To date, oxidation of polynuclear Fe(II) by [image: image] has not been studied directly, although such a reaction would seem less environmentally relevant than reduction of polynulcear Fe(III) by [image: yes], given the weaker tendency of Fe(II) to form polynuclear species. However, it is clear that more studies of the oxidation of organically complexed and polynuclear Fe(II) by [image: image] are required to better constrain the potential importance of [image: image] as an oxidant of Fe(II) in natural waters.

INDIRECT EFFECTS OF REACTIONS BETWEEN SUPEROXIDE AND IRON

While being primarily concerned with the effect of [image: image] on Fe speciation, it is also worth briefly considering the ability of reactions between [image: image] and Fe to generate other reactive intermediates, which may be biologically important. Perhaps the major such process is the Haber–Weiss cycle, in which [image: image] and Fe promote the formation of hydroxyl radicals ([image: yes]). It was initially thought that [image: image] could reduce H2O2 to yield [image: yes]:

[image: image]

It has since been shown that this reaction does not occur directly, but represents the net result of a series of reactions involving [image: image] and Fe (Winterbourn, 1995; Koppenol, 2001):

[image: image]

[image: image]

[image: image]

The reaction in Eq. 19(the Fenton reaction) may produce Fe(IV) (ferryl iron) rather than [image: yes] under some conditions (Remucal and Sedlak, 2011):

[image: image]

The biological importance of these processes lies in the ability of [image: yes] and/or Fe(IV) to oxidize a wide range of biologically important molecules, and constitutes one of the main pathways to oxidative stress. This only occurs when [image: image] is reduced by Fe(II) to form H2O2 [i.e., when [image: image] acts as an oxidant of Fe(II)] which, as discussed in the previous section, appears to be negligible at [image: image] concentrations that have so far been measured in natural waters. A second potential consequence of this series of reactions is the possibility that O2 formed in the reaction shown in Eq. 17 is in the excited singlet state rather than the triplet ground state. Singlet state dioxygen (1O2) is a powerful, but rather selective, oxidant of a range of biologically important molecules (Briviba et al., 1997). Formation of 1O2 from oxidation of [image: image] is only possible with a sufficiently powerful oxidant (Koppenol, 1976), which may or may not be satisfied by different Fe(II) species (Nanni et al., 1981).

INFLUENCE OF EXTRACELLULAR SUPEROXIDE ON IRON BIOAVAILABILITY AND MICROBIAL IRON NUTRITION

SUPEROXIDE: A FORCE FOR GOOD OR EVIL?

[image: image] is frequently associated with the concept of oxidative stress in cells, and has consequently developed a reputation as an enemy of healthy biological functioning. The detrimental effect of intracellular [image: image] can largely be attributed to two main types of processes (Fridovich, 1986, 1998; Cadenas, 1989; Auchère and Rusnak, 2002; Lesser, 2006):

1. interference with critical redox processes by adversely influencing the redox state of enzymes (particularly including enzymes containing iron) and other smaller molecules with specific biochemical functions; and

2. initiation of radical chain reactions, including as a precursor to much more reactive species such as [image: yes], Fe(IV), and 1O2 via the processes described previously.

Adverse effects caused by extracellular [image: image] in a typical aquatic environment near neutral pH could presumably result from similar processes that cause adverse effects inside the cell. The potential for processes in the extracellular environment to adversely affect cells is limited by the inability of [image: image] and many of its more reactive derivatives to cross cell membranes, which inhibits or prevents these species from reacting with the vast majority of enzymes and other biological molecules used for normal cellular function. Additionally, concentrations of Fe (and other promoters of free radical production) are usually much lower in the extracellular environment than the intracellular environment, which decreases formation rates of potentially damaging reactive derivatives by slowing reaction kinetics. The presence of other potential sinks can also help scavenge these reactive derivatives and thus confer additional protection to the cell.

However, in some cases, extracellular [image: image] is capable of inflicting cellular damage and may even be deliberately used in this fashion either to defend against invasions by other cells [e.g., the “oxidative burst” produced by human phagocyte cells (Vignais, 2002)] or as an agent of cellular warfare, as has been suggested some raphidophyceans such as C. marina (Oda et al., 1992). A frequently observed factor in these situations is the production of large amounts of [image: image] at relatively rapid rates. This can be rationalized on the basis that in order to produce H2O2 and subsequently [image: yes] and/or Fe(IV) at substantial rates, [image: image] must be reduced at substantial rates, as [image: image] production rates need to be fast enough to sustain relatively rapid formation of both H2O2 (through reduction of [image: image]) and Fe(II) (or other reduced species) to oxidize H2O2 to [image: yes] [or to yield Fe(IV)]. In contrast, relatively low [image: image] production rates will result in relatively low H2O2 production rates and also relatively low concentrations of Fe(II) (or other reduced species), such that H2O2 is more likely to decay via pathways that do not result in [image: yes] or Fe(IV) formation. Thus, at the picomolar concentrations typically encountered in natural waters, [image: image] is unlikely to be particularly detrimental for aquatic microorganisms. This notion is further supported by evidence that a wide range of cells use [image: image] as a signaling molecule at low concentrations (Buetler et al., 2004), although given the limited number of studies on the roles and/or effects of extracellular [image: image] on living organisms, it is difficult to make definitive conclusions regarding this issue at present.

Nonetheless, picomolar concentrations of [image: image] have the potential to maintain mild reducing capacity in the extracellular environment. As discussed previously, under these conditions [image: image] is both thermodynamically and kinetically capable of reducing a wide range of Fe(III) species to Fe(II), thereby potentially increasing Fe bioavailability.

CAN EXTRACELLULAR SUPEROXIDE PRODUCTION INCREASE Fe BIOAVAILABILITY?

The analysis in Section “Kinetics and Mechanisms” separately considered rates of Fe(III) reduction and rates of Fe(II) oxidation by [image: image] for a range of different forms of Fe. While this provides useful insight into the mechanisms by which [image: image] can influence Fe speciation, and the relative importance of these various pathways under various conditions, the most important factor from the perspective of Fe bioavailability is the net result of these processes. Most organisms in natural waters are thought to use the mononuclear inorganic complexes, collectively represented as Fe(II)′ and Fe(III)′, as the substrate that is directly internalized by the cell (Morel et al., 2008). Thus while Fe from the other pools may be bioavailable in the sense that Fe contained within them may ultimately find its way into the cell, this can only occur after conversion to Fe(II)′ or Fe(III)′. The ability of [image: image] to influence Fe bioavailability therefore depends largely on whether its production increases the concentration of Fe(II)′ and/or Fe(III)′ at or near the sites of cellular uptake of these species.

A spatially homogeneous steady-state system in which Fe exists predominantly as a single type of organic complex, O2 is assumed to be the only oxidant of Fe(II), and [image: image] is assumed to be the only reductant of Fe(III), is shown schematically in Figure 3. While such a system is highly simplified, it provides a useful basis to understand when [image: image] might increase Fe bioavailability. The number of variables can be further simplified by assuming a 1:1 Fe:L ratio for Fe(II)L and Fe(III)L, that the complex formation rate constants are independent of ligand type (consistent with control of complex formation by water loss kinetics, i.e., the complexes form via a perfect Eigen–Wilkins mechanism (Eigen and Wilkins, 1965) in which the electrostatic charge on L does not vary between different ligand types), and that the oxidation of Fe(II)L by O2 and reduction of Fe(III)L by [image: image] are outer-sphere electron transfer processes that obey Marcus Theory perfectly. With these simplifications, analytical solutions for the steady-state concentrations of the Fe species can be derived as a function of the eight kinetic parameters shown in Figure 3. Four of these kinetic parameters ([image: yes] and [image: yes]) are constants for specified [L], [O2], and [[image: yes]], while the remaining four kinetic parameters can all be expressed as functions of KFe(III)L and KFe(II)L (see Details of Spatially Homogeneous Steady-State Model For Fe′ Concentrations as a Function of Superoxide Concentrations for the full derivation in Appendix).


[image: image]

Figure 3. Simplified steady-state model for Fe chemistry in a spatially homogeneous system containing [image: yes] and a single ligand (L) that forms a 1:1 complex with Fe, showing relevant rate constants.



Consider an illustrative typical coastal marine water in equilibrium with the atmosphere at pH 8.1, temperature 25°C, ionic strength of 0.7 M, constant ionic composition, [Fe]T = 100 nM, and [L] = 1 μM. Steady-state [Fe(III)′], [Fe(II)′], and [Fe′]T were calculated in Microsoft Excel from the relationships in Eqs A28 and A29 (see Appendix) at steady-state [[image: yes]] of 0, 10, 100 pM, and 1 nM, considering a range of stability constants for Fe(III)L and Fe(II)L that are representative of what might be encountered in coastal marine waters (Figure 4). Provided Fe(II) forms relatively weak complexes, 1 nM [image: image] increases steady-state [Fe′]T by nearly an order of magnitude compared to the absence of [image: image] across the whole range of KFe(III)L considered; the effect is smaller at 100 pM [image: image] and negligible at 10 pM [image: image] under the particular conditions in this example. In all cases, the increase in steady-state [Fe′]T is due to production of Fe(II)′; steady-state [Fe(III)′] is mostly affected to a negligibly small extent by [image: yes]. When Fe(II) forms relatively strong complexes while Fe(III) forms relatively weak complexes, the steady-state [Fe′]T actually decreases due to the influence of [image: yes]; this is intuitively reasonable, as in this case the reduction of Fe(III) to Fe(II) would result in transformation to a less labile form (predominantly as the Fe(II)L complex). This effect is more pronounced at higher [[image: yes]], as would be expected from such a mechanism. There is little evidence for naturally occurring ligands that form strong complexes with Fe(II) but weak complexes with Fe(III), however, suggesting that this latter scenario is unlikely to be important in most natural waters.


[image: image]

Figure 4. Effect of [image: yes] on Fe bioavailability in a system containing a single Fe complexing ligand. (A) Steady-state [[image: yes]] = 0. (B) Steady-state [[image: yes]] = 10 pM. (C) Steady-state [[image: yes]] = 100 pM. (D) Steady-state [[image: yes]] = 1 nM. Panels show the resulting pFe′ [= −log[Fe′] T = −log([Fe(II)′] + [Fe(III)′]) at steady-state. The contours shown in each panel represent constant pFe′ values, as indicated by the numbers marked on the contour lines. The region to the bottom right of the dashed lines in each panel approximately indicates conditions where the strength of the Fe(II) complex relative to that of the Fe(III) complex is sufficiently high that the presence of [image: image] decreases Fe bioavailability.



Under the conditions of the example above, it is clear that steady-state concentrations of [image: image] that are typical of those measured in natural waters have the potential to significantly increase Fe bioavailability. The same approach can be readily applied to natural waters with differing Fe concentrations, because the steady-state concentrations of Fe(II)′ and Fe(III)′ are simply proportional to [Fe]T when all other parameters remain constant (Eqs A28 and A29 in Appendix). However, there are several other factors that must also be considered when attempting to apply this approach to other conditions:

1. Different values of [L] will influence [image: yes] and [image: yes], which will influence steady-state [Fe(II)′] and [Fe(III)′] in a non-linear manner.

2. Parameter values will vary independently with medium conditions (e.g., pH, ionic strength and ionic composition), which will also influence steady-state [Fe(II)′] and [Fe(III)′] in a non-linear manner.

3. Real ligands do not all form 1:1 complexes with Fe, nor do they all possess equal electrostatic charges. For this and other reasons, real complexes do not conform precisely to the Eigen–Wilkins mechanism, which means that values of kf,Fe(III)L and kf,Fe(II)L will not be independent of ligand type, and values of kd,Fe(III)L and kd,Fe(II)L will differ even between ligands with identical values of KFe(III)L and KFe(II)L. Similarly, real complexes do not conform precisely to Marcus Theory, such that values of [image: yes] and kred,org will also differ between ligands with identical values of KFe(III)L and KFe(II)L.

4. In natural waters, a range of Fe complexes are likely to coexist.

5. In natural waters, oxidants other than O2 and reductants other than [image: image] may influence Fe speciation. In particular, the possible role of [image: image] as an oxidant of Fe(II) has been ignored here.

This simplified model also neglects biological uptake of Fe(II)′ and/or Fe(III)′ as an additional sink of these species. While this is unlikely to be important at low cell densities, under bloom conditions or in laboratory cultures it may become important. Additionally, the assumption of spatial homogeneity neglects any role of transport processes. In reality, it is highly likely that spatial gradients for several of the species involved (e.g., [image: yes], Fe(II)′, and Fe(III)′) will exist under some conditions at least.

In summary, while this analysis demonstrates that [image: image] can potentially increase Fe bioavailability under some conditions, whether this will actually occur depends strongly on the specific chemical conditions.

DO ORGANISMS EXPLOIT SUPEROXIDE CHEMISTRY TO FACILITATE Fe ACQUISITION?

Since [image: image] can persist in circumneutral natural waters at picomolar concentrations due to biological and other processes, and can increase bioavailable Fe(II)′ and Fe(III)′ concentrations under some such conditions, the potential exists for organisms to exploit this chemistry to facilitate Fe acquisition. A simple test for the involvement of [image: image] in Fe uptake is whether addition of SOD to the external milieu decreases Fe uptake by an organism, on the basis that SOD will scavenge [image: image] and thereby prevent its reaction with Fe. This assay has been used to demonstrate the involvement of [image: image] in Fe uptake under particular conditions by several aquatic microorganisms in culture studies, including C. marina (Garg et al., 2007a), L. majuscula (Rose et al., 2005), and M. aeruginosa (Fujii et al., 2010a). The assay has also been used to demonstrate that [image: image] was apparently not involved in Fe uptake in experiments with cultures of the diatoms T. weissflogii and T. pseudonana (Kustka et al., 2005), and the green alga Chlorella kessleri (Middlemiss et al., 2001).

While the SOD addition assay would seem robust, care must be taken when interpreting and extrapolating results for three main reasons. First, in organisms possessing compartments external to the cytoplasmic membrane (e.g., the periplasm of Gram negative bacteria) or producing extracellular microenvironments (e.g., the glycocalyx of C. marina), SOD may not be able to access the site(s) of extracellular [image: image] production or Fe reduction due to the large size of the molecule (molecular mass ∼32 kDa). Thus if, for example, [image: image] production and subsequent Fe reduction and uptake were occurring in the periplasm of a Gram negative organism, the SOD addition assay would not result in inhibition of Fe uptake. Second, SOD concentrations employed in these assays are often much greater than those theoretically needed to ensure [image: image] concentrations are negligibly small in homogeneous solution. The need to use such large SOD concentrations may be partly related to failure to account for compartmentalization or other spatial heterogeneity, but may potentially be due to as yet unknown non-specific interference with or inhibition of Fe uptake. Finally, as seen above, [image: image] is only able to substantially increase Fe bioavailability under certain conditions. Therefore it is risky to generalize the potential role of [image: image] in Fe uptake based on culture studies under only a few conditions. This has been well demonstrated in studies on C. marina (Garg et al., 2007a) and M. aeruginosa (Fujii et al., 2010a) in which [image: image]was found to aid Fe uptake under some conditions, but not others. To date there have been no reports of field experiments to test the role of [image: image] in Fe uptake under more environmentally relevant conditions than those used in culture studies, but such experiments would seem essential to truly test the potential role of [image: image] in Fe uptake by aquatic microorganisms in their natural habitats.

Understanding the potential role of [image: image] in Fe uptake is further complicated by the issue of which comes first: Fe reduction with subsequent [image: image] generation by oxygenation of the resulting Fe(II), or [image: image] generation with subsequent reduction of Fe. Reductive Fe uptake is now recognized to be a major strategy for Fe acquisition by a wide range of aquatic microorganisms (e.g., Maldonado and Price, 2001; Davey et al., 2003), facilitated by a general class of enzymes known as ferrireductases (Schröder et al., 2003; Kranzler et al., 2011). While extracellular ferrireductases vary in structure and location, in some cases at least they are capable of reducing O2 to [image: image] in addition to reducing Fe(III) to Fe(II) (Lesuisse et al., 1996). Middlemiss et al. (2001) demonstrated in experiments with C. kessleri that while both Fe(II) and [image: image] were generated by the organism, SOD addition had no effect on Fe uptake rates, implying that Fe reduction by cell surface reductases was the first step in the process. It was thus suggested that rates of Fe reduction at the cell surface far exceeded rates of Fe uptake, and that the fate of Fe(II) in the bulk solution had no discernible influence on the kinetics of Fe uptake by the organism. Kustka et al. (2005) also found that addition of exogenous SOD had no effect on Fe uptake rates by T. weissflogii and T. pseudonana, despite a measurable increase in Fe(II) production in the bulk solution due to the presence of [image: image]. It was thus suggested that under these experimental conditions, [image: image] simply converted existing Fe(III)′ into Fe(II)′ without changing the total Fe′ concentration, which is ultimately the substrate for uptake. In these cases, it would appear that [image: image] was neither required nor helpful for reductive Fe uptake, despite being produced in the process.

Regardless of whether the initial process is Fe reduction or [image: image] production, its occurrence at or near the cell surface will likely lead to gradients in Fe(II) and [image: image] concentrations away from the cell. If Fe(II) is released from a ferrireductase enzyme into solution prior to uptake, and the timescale of diffusive processes is faster than that of reactive processes, then the spatial distributions of Fe(II) and [image: image] at steady-state should be similar in both cases. However if the diffusive timescale is slower than the reactive timescale, then we would expect significantly higher Fe(II) concentrations near the cell surface in the former case, leading to faster Fe uptake kinetics and implying that reactions between Fe and [image: image] should have only a limited effect on Fe uptake kinetics. In the former case, it may also be possible that Fe(II) is passed directly from the ferrireductase enzyme to an uptake site, in which case we might expect very little (if any) Fe(II) to diffuse into the bulk solution. At present, the only model for reductive Fe uptake that considers spatial heterogeneity at the cellular scale is the Fe(II)s model of Shaked et al. (2005), which considers two pools of Fe: a pool near the cell surface, and another in the bulk solution. More detailed reacto-diffusive modeling would appear needed to quantitatively understand differences in behavior of the ferrireductase system versus a system in which Fe reduction is driven initially by [image: image] generation at the cell surface.

UNDER WHAT CONDITIONS CAN EXTRACELLULAR SUPEROXIDE PRODUCTION AID IRON ACQUISITION?

From the analysis and discussion in the previous sections, an attempt can be made to answer the general question of when will [image: image] assist in Fe uptake? Generally, [image: image] is unlikely to aid Fe uptake when:

1. [Fe′]T is already high relative to cellular needs. Under these conditions, Fe uptake systems are likely to be near saturation, such that further increasing [Fe′]T will not substantially increase Fe uptake rates.

2. Organic ligands form strong complexes with Fe(II) relative to those formed with Fe(III). Under these conditions, reduction of Fe(III) to Fe(II) will decrease [Fe′]T and therefore hinder Fe acquisition.

3. The rate at which [image: image] is reduced to H2O2 is relatively fast. Under these conditions, a high rate of [image: image] production (by whatever means) is required to sustain a steady-state concentration of [image: image] that is sufficient to increase [Fe′]T. Furthermore, relatively rapid production of H2O2 may promote formation of biologically harmful species such as [image: yes].

4. A large proportion of [image: image] is consumed through reactions with species that outcompete Fe(III) for [image: image] and remove electrons from the reactive pool by formation of relatively stable reduced species, e.g., other trace metals and organic radicals. In this case, the efficiency of electron transfer from [image: image] to Fe may again be relatively low and the process expensive for cells.

Thus, extracellular [image: image] is likely to aid Fe uptake when Fe′ concentrations in the absence of [image: image] would be low in terms of biological requirements; reduction of any Fe(III) complexes results in formation of relatively weak Fe(II) complexes; and rates of reduction of [image: image] to H2O2 are relatively low. However while these conditions would appear beneficial for cells in terms of promoting Fe bioavailability, this does not mean that cells would necessarily deliberately use ESP to assist in Fe acquisition; establishing the use of ESP in such a way would at least require evidence of regulation at the genetic level, which has not been convincingly demonstrated to date.

What types of environments would meet these criteria? Many marine waters are likely to do so, given that Fe′ is often present at low concentrations due to limited Fe supply and strong organic complexation of Fe(III) (e.g., Rue and Bruland, 1995). It is not certain that the corresponding Fe(II) complexes would always be relatively weak in comparison, but limited measurements of the strength of natural complexes in coastal waters suggests this is likely in some cases at least. Additionally, rates of [image: image] reduction to H2O2 would appear relatively low in relatively “clean” marine waters based on reported rates of H2O2 production (Palenik and Morel, 1988; Herut et al., 1998) and [image: image] decay (Hansard et al., 2010; Rose et al., 2010; Shaked et al., 2010). Many carbonate-buffered freshwaters might also satisfy these criteria, but there is insufficient information in the literature to draw definitive conclusions. Extracellular [image: image] might also be able to increase Fe bioavailability in some oxygenated sedimentary and soil environments with neutral to alkaline pH where [Fe(III)′] would be expected to be very low. In contrast, extracellular [image: image] is unlikely to increase Fe bioavailability in acidic environments (where Fe solubility would be higher and rates of [image: image] reduction to H2O2 relatively rapid) or waters rich in trace metal and/or organic species that could scavenge [image: image] much more effectively than Fe (e.g., highly polluted natural waters or some engineered aquatic systems). Finally, these criteria may not always be met in laboratory cultures. In particular, the widely used ligand EDTA forms rather strong complexes with Fe(II) in comparison to complexes with Fe(III) at pH 8 (Table 1), which will limit the ability of extracellular [image: image] to increase [Fe′]T under some conditions. [image: image] has previously been observed to have little or no effect on Fe bioavailability in cultures where Fe is complexed by EDTA (Kustka et al., 2005; Garg et al., 2007a), which may be at least partly attributable to this effect, although factors including spatial heterogeneity may also be involved. Therefore, while useful for understanding particular processes, care must be taken in extrapolating such results to natural aquatic systems where ligands with similar properties are unlikely to dominate.

CONCLUDING REMARKS

[image: image] is produced in the extracellular environment predominantly through univalent reduction of oxygen. This occurs mostly through (i) the oxygenation of relatively labile reduced compounds such as Fe(II) and Cu(I); (ii) abiotic photochemical oxidation of organic compounds; and (iii) biological production by a wide range of eukaryotic and prokaryotic organisms. Biological ESP appears primarily due to the activity of cell surface reductase enzymes that export electrons from the cell either directly to O2, or to other labile electron acceptors that subsequently react with O2 to yield [image: image]. These processes can together maintain an environmentally significant concentration of [image: image]in the extracellular milieu. The chemistry of Fe and [image: image] is intimately coupled in many oxygenated waters. [image: image] is thermodynamically and mechanistically capable of reducing a wide range of forms of Fe(III) under typical environmental conditions, including inorganic Fe(III)′, organically complexed Fe(III), and even solid (polynuclear) forms of Fe(III). Conversely, the oxidation of Fe(II) by O2 is thought to produce [image: image] (although this has not yet been conclusively demonstrated). While [image: image] can also oxidize Fe(II), at sub-nanomolar [image: image] concentrations in neutral to alkaline solutions, this is likely to be a relatively unimportant reaction because O2 will oxidize Fe(II) at much faster rates.

The net effect of [image: image] on Fe bioavailability depends not so much on the thermodynamic ability of [image: image] to reduce various forms of Fe(III), but on the net effect of [image: image] on steady-state concentrations of Fe(II)′ and Fe(III)′, which are the species actually internalized by most cells. In a spatially homogeneous steady-state system, [image: image] at concentrations >10 pM can increase [Fe′]T (=[Fe(II)′] + [Fe(III)′]), provided that the dominant form(s) of Fe(II) (e.g., organic Fe(II) complexes) are relatively labile compared to the dominant form(s) of Fe(III). In a spatially homogeneous system, it is unimportant whether cell surface ferrireductases reduce Fe(III) to Fe(II) that then reacts with O2 to yield [image: yes], or whether cell surface oxygen reductases reduce O2 to [image: image] that then reacts with Fe(III) to yield Fe(II), unless ferrireductases pass Fe(II) directly to the uptake site without release of free Fe(II). In such a system, direct reduction of O2 by cells maybe more effective in increasing Fe bioavailability, since rates of O2 reduction by an oxygen reductase may be faster than rates of Fe(III) reduction by a ferrireductase simply because the concentration of O2 is much greater than that of Fe(III) in most oxygenated environments. However in a spatially heterogeneous system, a ferrireductase mechanism would likely be more efficient due to biological compartmentalization and diffusion resulting in higher concentrations of Fe(II)′ near the site of cellular uptake compared to in the bulk solution. Understanding the chemistry of Fe and [image: image] at a detailed mechanistic level, and a more rigorous understanding of the role of physical transport processes, is needed to fully assess the potential role of [image: image] in increasing Fe bioavailability in a range of aquatic environments. On the basis of the information presently available, however, it seems that extracellular [image: image] has the potential to significantly increase Fe bioavailability under some conditions at least and may therefore be an important part of the complicated process of Fe acquisition by aquatic organisms.
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APPENDIX

ADDITIONAL DETAILS OF CHEMISTRY OF REACTIONS BETWEEN SUPEROXIDE AND IRON

Thermodynamics

Application of the Nernst equation, using measured or estimated values for the concentrations of the various species, is required to determine the environmental redox potential at 25°C:

[image: image]

where Ox represents the oxidized form of the species, Red the reduced form, and E and E0 are in millivolt.

Consequently, under conditions typical for a neutral air-saturated surface water (pH 7 and [O2] = 250 μM), the actual redox potential of the [image: yes] couple is +335 mV when [[image: yes]] = 1 pM and +158 mV when [[image: yes]] = 1 nM. While Pierre et al. (2002) emphasize the importance of using actual concentrations of O2 and [image: image] to calculate relevant redox potentials, an equally important consideration for the thermodynamic reducibility of a particular form of Fe by [image: image] is the concentration of relevant Fe(II) and Fe(III) species. This is well demonstrated by considering the case of some organic Fe complexes, which we denote as Fe(II)L in the reduced state and Fe(III)L in the oxidized state. Since:

[image: image]

where K is the equilibrium constant for the equilibrium redox reaction:

[image: image]

we obtain the relationship:

[image: image]

where the stability constants are mixed constants expressed as:

[image: image]
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[image: image]

and where, under particular medium conditions, Fe(II)′ represents the sum of all monomeric inorganic Fe(II) species, Fe(III)′ represents the sum of all monomeric inorganic Fe(III) species, L′ represents the sum of all ligand species, [image: yes] represents the ratio of [image: yes], and [image: yes] represents the ratio of [Fe3+]/[Fe(III)′].

It is then relatively straightforward to rewrite the Nernst equation in terms of the stability constants of the Fe(III) complex and Fe(II) complex:

[image: image]

The criterion that must be satisfied for a thermodynamic driving force toward Fe(III)L reduction is:

[image: image]

which, in combination with Eq. A9, yields the necessary condition:

[image: image]

According to the Nernst equation, reduction of Fe3+ to Fe2+ is thermodynamically feasible when:

[image: image]
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Kinetics and Mechanisms

The reduction of each Fe(III) species by [image: image] can be represented by the following two general reactions:

[image: image]

[image: image]

where Fe(III)i represents an individual Fe(III) species. The corresponding rate law equation is given by:

[image: image]

Since [image: image] and [image: yes] equilibrate much faster than the timescale of this reaction, we can write [image: yes] and [image: yes] where [image: yes] and [image: yes]are constants under constant medium conditions (pH, ionic strength, etc.). Thus the rate law equation becomes:

[image: image]

where [image: image] exhibits constant speciation under given constant medium conditions, and kred,i is a conditional rate constant for reduction of Fe(III)i under those conditions. The overall rate law for reduction of all Fe(III) species is then given by:

[image: image]

where [Fe(III)]T denotes the total concentration of Fe(III) in all classes; [Fe(III)′] denotes the total concentration of all Fe(III) species in the mononuclear inorganic class, [Fe(III)]org denotes the total concentration of all Fe(III) species in the mononuclear organic class, and [Fe(III)]poly denotes the total concentration of all Fe(III) species in the polynuclear class; and Fe(III)x, Fe(III)y, and Fe(III)z denote individual Fe(III) species in the mononuclear inorganic, mononuclear organic, and polynuclear classes, respectively.

A similar analysis yields the rate law for oxidation of all Fe(II) species by [image: image]:

[image: image]

where [Fe(II)]T denotes the total concentration of Fe(II) in all classes; [Fe(II)′] denotes the total concentration of all Fe(II) species in the mononuclear inorganic class, [Fe(II)]org denotes the total concentration of all Fe(II) species in the mononuclear organic class, and [Fe(II)]poly denotes the total concentration of all Fe(II) species in the polynuclear class; and Fe(II)x, Fe(II)y, and Fe(II)z denote individual Fe(II) species in the mononuclear inorganic, mononuclear organic, and polynuclear classes, respectively.

Mononuclear inorganic Fe(III) species equilibrate much faster than the timescale of their reactions with [image: image]. Thus we can further simplify Eq. A19 using the relationship:

[image: image]

where [image: yes] represents the ratio of [Fe(III)x]/[Fe(III)′] and kred,inorg is a conditional rate constant for reduction of all mononuclear inorganic Fe(III) species under particular, constant medium conditions.

Hence overall:

[image: image]

Similarly for oxidation of Fe(II) by [image: yes]:

[image: image]

DETAILS OF SPATIALLY HOMOGENEOUS STEADY-STATE MODEL FOR Fe′ CONCENTRATIONS AS A FUNCTION OF SUPEROXIDE CONCENTRATIONS

The steady-state concentrations of the Fe species for the system shown in Figure 3 are controlled by eight parameters: kf,Fe(III)L, kd,Fe(III)L, kf,Fe(II)L, kd,Fe(II)L, [image: yes], kred,org, [image: yes] and kred,org, and can be determined by solving the resulting rate law equations for each Fe species subject to the steady-state condition d/dt = 0. The four resulting equations are not independent, so we also need to invoke a mass balance equation for Fe, leading to the following system of independent equations that must be solved in order to calculate the steady-state concentrations of the Fe species in the system:

[image: image]

[image: image]
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[image: image]

This can be simplified to a system of linear equations by treating the steady-state concentrations of the other species in the system (L, O2, and [image: image]) as constants. In oxygen-saturated waters at 25°C, [O2] = 250 μM ≫ [Fe]T in most cases. Assuming [L] is constant is also reasonable provided [L] ≫ [Fe]T, which is frequently the case, but even if not we can specify a constant amount of free, excess ligand for the present purposes provided the majority of Fe remains organically complexed under the range of scenarios investigated (which will be seen to be the case, as shown in Figure 4). Finally, we will specify a constant steady-state [[image: yes]] and consider the effect of this value on steady-state [Fe(III)′], [Fe(II)′], and [Fe′]T = [Fe(III)′] + [Fe(II)′].

Under these conditions, it is straightforward to solve the system of linear Eqs A24–A27 using a symbolic mathematics software package (the MATLAB Symbolic Math Toolbox in this case) to yield rather complicated analytical solutions for steady-state [Fe(II)′] and [Fe(III)′]:

[image: image]

[image: image]

where [image: yes] and [image: yes].

The number of variables can be further simplified by assuming a 1:1 Fe:L ratio for Fe(II)L and Fe(III)L, that the complex formation rate constants are independent of ligand type (consistent with control of complex formation by water loss kinetics, i.e., the complexes form via a perfect Eigen–Wilkins mechanism (Eigen and Wilkins, 1965) in which the electrostatic charge on L does not vary between different ligand types), and that the oxidation of Fe(II)L by O2 and reduction of Fe(III)L by [image: image] are outer-sphere electron transfer processes that obey Marcus Theory perfectly. With these simplifications, we will consider an illustrative typical coastal marine water in equilibrium with the atmosphere at pH 8.1, temperature 25°C, ionic strength of 0.7 M, and constant ionic composition, specifying the following parameter values:

kf,Fe(III)L = 5 × 106 M−1 s−1, a typical value from Rose and Waite (2003b)

kf,Fe(II)L = 5 × 104 M−1 s−1, a typical value from Rose and Waite (2003b)

kd,Fe(III)L = kf,Fe(III)L/KFe(III)L s−1 where KFe(III)L (M−1) is as defined previously

kd,Fe(II)L = kf,Fe(II)L/KFe(II)L s−1 where KFe(II)L (M−1) is as defined previously

[image: yes] (Rose and Waite, 2002)

kred,inorg = 1.5 × 108 M−1 s−1 (Bielski et al., 1985).

The remaining two parameters [image: yes] and kred,org are specified by the Marcus relationship:

[image: image]

[image: image]

where [image: yes] and [image: yes] are expressed in terms of the conditional stability constants KFe(III)L and KFe(II)L, as described in Rose and Waite (2003a):

[image: image]

and [image: yes] (Sawyer, 1991), [image: yes] (Morel and Hering, 1993), F = 9.649 × 104 C mol−1 (Morel and Hering, 1993), and we assume values of kdiff = 1010 M−1 s−1, kdiff/(KdZ) = 0.1, and λ = 135 kJ mol−1 as per Rose and Waite (2003a).

Consequently the parameters kf,Fe(III)L, kf,Fe(II)L, [image: yes], and kred,inorg are constants (for a specified [L], [O2], and [[image: yes]]), while the parameters kd,Fe(III)L, kd,Fe(II)L, [image: yes], and kred,org are functions of KFe(III)L and KFe(II)L.
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Iron (Fe) is an essential micronutrient for marine organisms, and it is now well established that low Fe availability controls phytoplankton productivity, community structure, and ecosystem functioning in vast regions of the global ocean. The biogeochemical cycle of Fe involves complex interactions between lithogenic inputs (atmospheric, continental, or hydrothermal), dissolution, precipitation, scavenging, biological uptake, remineralization, and sedimentation processes. Each of these aspects of Fe biogeochemical cycling is likely influenced by organic Fe-binding ligands, which complex more than 99% of dissolved Fe. In this review we consider recent advances in our knowledge of Fe complexation in the marine environment and their implications for the biogeochemistry of Fe in the ocean. We also highlight the importance of constraining the dissolved Fe concentration value used in interpreting voltammetric titration data for the determination of Fe speciation. Within the published Fe speciation data, there appear to be important temporal and spatial variations in Fe-binding ligand concentrations and their conditional stability constants in the marine environment. Excess ligand concentrations, particularly in the truly soluble size fraction, seem to be consistently higher in the upper water column, and especially in Fe-limited, but productive, waters. Evidence is accumulating for an association of Fe with both small, well-defined ligands, such as siderophores, as well as with larger, macromolecular complexes like humic substances, exopolymeric substances, and transparent exopolymers. The diverse size spectrum and chemical nature of Fe ligand complexes corresponds to a change in kinetic inertness which will have a consequent impact on biological availability. However, much work is still to be done in coupling voltammetry, mass spectrometry techniques, and process studies to better characterize the nature and cycling of Fe-binding ligands in the marine environment.
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INTRODUCTION – IRON BIOGEOCHEMISTRY IN THE OCEAN AND THE IMPORTANCE OF IRON SPECIATION

Approximately 30% of surface waters in the open ocean are known as high nutrient low chlorophyll (HNLC) regions (Boyd et al., 2007). These areas are replete in the macronutrients nitrate and phosphate, but present lower phytoplankton biomass, in terms of chlorophyll concentrations, than expected from residual macronutrient concentrations (Figure 1). The restriction of phytoplankton growth in these regions is now acknowledged to be the result of iron (Fe) limitation (Martin and Fitzwater, 1988; Boyd et al., 2007). Fe is a micronutrient required for proteins involved in fundamental cellular processes, including both photosynthesis and respiration (Raven et al., 1999). Despite being the fourth most abundant element in the Earth’s crust (Liu and Millero, 2002), dissolved Fe (dFe: <0.2 or 0.45 μm) concentrations in open ocean surface waters typically fall below 0.2 nM, (De Baar and De Jong, 2001; Boyd and Ellwood, 2010) and dFe generally exhibits a nutrient-type depth profile in the ocean, depicting removal in surface waters by biological uptake, and increased concentrations at depth from remineralization processes occurring through the water column (Boyd and Ellwood, 2010). Although low, dFe concentrations in the ocean can be much higher than might be predicted given that the solubility of ferric hydroxide in seawater at pH 8.1 and 25°C has been determined to be as low as 0.01 nM (Liu and Millero, 2002). The presence of dFe at concentrations beyond the inorganic solubility of Fe is thought to be facilitated by organic complexation of Fe with stabilizing ligands, which buffer dFe in seawater against hydrolysis and ensuing precipitation (Hunter and Boyd, 2007; Boyd and Ellwood, 2010). However, the overall physico-chemical speciation of dFe, which encompasses all of its possible physical and chemical forms in seawater, is more complex than implied by the consideration of organic complexation alone. The different physico-chemical fractions of dFe include Fe(II), colloidal, truly soluble, and inorganic iron in addition to organically complexed iron. These different fractions have different environmental and biological mobility (Kuma et al., 1996; Maldonado et al., 2005; Hunter and Boyd, 2007; Kitayama et al., 2009; Boyd and Ellwood, 2010; Hassler et al., 2011b). The motivation for understanding the physico-chemical speciation of Fe, therefore, results from a desire to understand how these different fractions influence the overall biogeochemistry of Fe in the oceans.


[image: image]

Figure 1. (A) Annualized average nitrate (μM) and (B) composite chlorophyll a (mg L−1) distributions observed in surface waters in the global ocean. The nitrate distribution was obtained using data from the World Ocean Atlas 2009 (http://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html), while the chlorophyll a distribution represents the 2009 Aqua MODIS chlorophyll composite (http://oceancolor.gsfc.nasa.gov/cgi/l3).



It is important to note that dissolved iron (dFe) is operationally defined by filtration, with early studies employing 0.45 μm or, more recently, 0.2 μm membrane filters (De Baar and De Jong, 2001; Cutter et al., 2010). However, it has been shown that a significant proportion of dFe is colloidal (Fecolloidal; Wu and Luther, 1994; Cullen et al., 2006; Bergquist et al., 2007; Kondo et al., 2008; Schlosser and Croot, 2008; Boye et al., 2010). Colloidal Fe is characterized as the difference between the Fe concentration determined in the <0.2 μm fraction (dFe) and the >1 kDa or >0.02 μm fraction, depending on whether cross flow filtration or membrane filtration techniques are used for the determination (Schlosser and Croot, 2008). The colloidal fraction is not measured directly, but inferred from the difference between dissolved (<0.2 μm) and soluble (<1 kDa or <0.02 μm) fractions.

The mass balances for Fe when considering its physical distribution can be described as

[image: image]

while the mass balance from a chemical perspective might be described as

[image: image]

where Fe′ represents labile inorganic Fe complexes, FeL represents Fe organic ligand complexes exchangeable within a time scale of <1 day, and Feinert represents the Fe fraction bound up in matrices that are essentially non-labile. As our analytical methods for the determination of the physico-chemical speciation of Fe tend to focus on either the physical (e.g., Schlosser and Croot, 2008; Baalousha et al., 2011) or the chemical (e.g., Gledhill and van den Berg, 1994; Rue and Bruland, 1995; van den Berg, 1995; Wu and Luther, 1995; Laglera et al., 2007; Mawji et al., 2008a; Velasquez et al., 2011) perspective, reconciling these two approaches remains a major challenge to Fe biogeochemists.

In recent years there has been a concerted effort to understand more about both the physical partitioning of Fe in the marine environment, and the chemical nature of the Fe ligand pool. The application of filtration with trace metal clean 0.02 μm pore size membrane filtration, ultrafiltration (10 kDa cut offs), and flow field flow fractionation (FFFF) coupled to ultra-violet (UV) and inductively coupled plasma-mass spectrometry (ICP-MS) detection techniques have considerably improved our knowledge of the physical partitioning of Fe in marine waters (Schlosser and Croot, 2008; Baalousha et al., 2011). Characterization of the FeL pool has been tackled through the utilization of high performance liquid chromatography–electrospray ionization-mass spectrometry (HPLC–ESI-MS) and development of novel electroanalytical techniques (McCormack et al., 2003; Laglera et al., 2007; Velasquez et al., 2011). In parallel to these advances a concerted effort is being made to improve our understanding of the robustness of competitive ligand exchange–adsorptive cathodic stripping voltammetry (CLE–ACSV), the technique most commonly used to determine Fe complexation in seawater (Buck et al., under review;Laglera et al., 2011). These advances have indicated that although the absolute physical partitioning determined varies from study to study as a result of the different techniques and filter cut offs, the colloidal Fe pool makes up between 30 and 91% of the dFe pool (Wu and Luther, 1994; Nishioka et al., 2001; Cullen et al., 2006; Bergquist et al., 2007; Hurst and Bruland, 2008; Kondo et al., 2008; Schlosser and Croot, 2008; Boye et al., 2010). The presence of Fe-binding ligands has been inferred in colloidal and measured in soluble fractions (Wu et al., 2001; Boye et al., 2010; Thuroczy et al., 2010), but both FFFF and ultrafiltration studies indicate that not all of the colloidal Fe (organic or inorganic) is exchangeable or under saturated with respect to Fe (Wu et al., 2001; Boye et al., 2010; Stolpe and Hassellov, 2010; Stolpe et al., 2010; Thuroczy et al., 2010). The existence of an inert colloidal fraction has broad implications for our understanding of Fe biogeochemistry and its significance in the ocean has yet to be properly assessed. Thus, while Fesoluble might reasonably be expected to include Fe′, FeL, or Feinert are unlikely to be discreet to Fesoluble, Fecolloidal, or Feparticulate.

Even though we have not fully characterized either colloidal or organic Fe associations, efforts to understand the overall effects of Fe speciation on Fe biogeochemistry have been made (Archer and Johnson, 2000; Moore et al., 2004; Parekh et al., 2005; Weber et al., 2005; Fan, 2008; Moore and Braucher, 2008; Tagliabue et al., 2009; Fan and Dunne, 2011; Tagliabue and Voelker, 2011). Modelers have made considerable progress toward capturing the complexity of iron speciation, incorporating inorganic iron scavenging and up to two ligand classes, in order to investigate the large scale implications of iron speciation on ocean productivity and the potential effects of a changing climate (Tagliabue et al., 2009; Ye et al., 2009; Tagliabue and Voelker, 2011). Fe biogeochemical models incorporating Fe speciation tend to highlight the importance of photoreduction processes in determining the dissolved concentrations of Fe in surface waters, while indicating that organic ligands are likely to strongly influence the thermodynamic solubility of Fe (Weber et al., 2005; Fan, 2008; Tagliabue et al., 2009; Tagliabue and Voelker, 2011). Furthermore, variations in organic ligand concentration and conditional stability constants have also been shown to influence the residence time and potential bioavailability of Fe in models (Tagliabue et al., 2009). Other studies have shown that different organic ligands have different chemical labilities and different susceptibilities to photoreduction (Hutchins et al., 1999; Barbeau et al., 2001, 2003; Maldonado et al., 2005; Hassler et al., 2011b). Overall, such studies highlight the need to characterize more fully the physico-chemical speciation of dFe.

In this paper, we will review current knowledge of the organic complexation of Fe, the characterization and distributions of specific FeL complexes, and the characterization of colloidal Fe fractions as a first attempt at reconciling the different approaches to understanding the physico-chemical speciation of dFe in seawater. We will not consider the reduced Fe pool, Fe(II), in this review as our understanding of the interactions between Fe(II), Fe(III), and organic matter (e.g., Toner et al., 2009; Bligh and Waite, 2010) require further investigation. However, it should be born in mind that Fe(II) is likely important to Fe biogeochemistry as it is thought to be highly biologically available and can make up 50–60% of the dFe pool in illuminated surface waters or near sediments, hydrothermal vent systems, or oxygen minimum zones (Hong and Kester, 1986; Kuma et al., 1992; Johnson et al., 1994; Gledhill and van den Berg, 1995; Croot et al., 2005; Ussher et al., 2007; Hansard et al., 2009; Sarthou et al., 2011).

IRON COMPLEXATION AS DETERMINED BY COMPETITIVE EQUILIBRIUM EXPERIMENTS

The organic complexation of dFe, including organic Fe-binding ligand concentrations ([Li]) and their associated conditional stability constants [image: yes] is primarily measured in seawater using the electrochemical technique CLE–ACSV. The ambient Fe-binding ligands determined by this technique are typically described as ligand “classes,” which are operationally defined by the associated conditional stability constant measured. Ligand classes are denoted as Li, where i = 1 for stronger ligand classes and i = 2, 3, etc., for progressively weaker ligand classes. Conditional stability constants for these ligand classes are expressed as either [image: yes] where [image: yes] and αFe′ is the inorganic side reaction coefficient for Fe, with αFe′ = [Fe′]/[Fe3+]. αFe′ varies with pH (Byrne et al., 1988), but a value of 1010 is commonly used for αFe′ in pH 8 seawater (Hudson et al., 1992; Sunda and Huntsman, 2003), although other values have been used (Gledhill and van den Berg, 1994; Rue and Bruland, 1997; Gledhill et al., 1998; Nolting et al., 1998). In CLE–ACSV, samples are buffered prior to analyses, typically to pH 8, and mostly equilibrated and measured at room temperature, so the use of an αFe′ = 1010 is reasonable for these cases, regardless of original sample pH or temperature. To better facilitate comparisons across studies, we encourage analysts to consider adjusting their [image: yes] using the appropriate αFe′ for the analytical pH employed. Similarly, those who report [image: yes] are encouraged to specify the αFe′ used.

COMPETITIVE LIGAND EXCHANGE–ADSORPTIVE CATHODIC STRIPPING VOLTAMMETRY

Aliquots of a filtered, but otherwise unaltered, seawater sample are first buffered to maintain pH near 8, and then titrated with increasing additions of dissolved Fe (dFe) from +0 to typically 10×–20× the ambient dFe concentration. It is recommended to have two +0 Fe additions in the titration, with at least eight Fe amendments, for a total of 10 or more titration points to provide the best data structure for interpretation (Garnier et al., 2004; Sander et al., 2011). DFe additions are left to equilibrate with ambient Fe-binding ligands, often for several hours, before each aliquot is amended with a given concentration of a well-characterized added ligand (AL) and allowed an additional equilibration time of minutes to hours. Once equilibrated with both added dFe and AL, each sample aliquot of the titration is analyzed sequentially by ACSV on a hanging mercury drop electrode (HMDE).

Over a deposition time predetermined to allow sufficient preconcentration of Fe(AL)x in the sample, the Fe(AL)x complex formed in the titrations is adsorbed at a set initial potential to the surface of the HMDE while stirring the solution. As the deposition time employed is applied to all aliquots in a given titration, it is essential that the length of time chosen is long enough to distinguish the small increases in the added dFe between vials early in the titration, but not so long that the larger amendments of dFe at the end of the titration saturates the HMDE surface. After the deposition time concludes, there is often a few seconds of “quiet time,” when stirring is stopped, before the voltage applied to the HMDE is ramped in the negative direction (cathodic stripping) following the optimal excitation signal wave form (differential pulse, linear sweep, Osteryoung square wave) for the Fe(AL)x chosen.

At the reduction potential of Fe, roughly −0.5 V (depending on AL chosen), Fe is reduced from the Fe(AL)x complex, or, in some cases, the Fe(AL)x itself may reduce, generating a peak in current measured at the HMDE. The height of this peak in current, typically expressed in absolute nA units, is recorded for each aliquot as a titration point and plotted against the added dFe to generate a titration curve. This raw titration data is then interpreted using either linear (Scatchard, 1949; Ružic, 1982; Van Den Berg, 1982) or non-linear (Gerringa et al., 1995) transformations to determine ambient Fe-binding ligand concentrations and their thermodynamic conditional stability constants.

The concentration and choice of AL employed, along with the thermodynamic characteristics of the Fe(AL)x complex formed, defines the analytical window of the analyses. This analytical window is described as [image: yes] where [image: yes] The analytical window applied constrains the measured ligand concentrations and conditional stability constants such that the end result is best described as averages of the different ligand classes identified within an analytical window. These parameters produce an [image: yes] where [image: yes] In most cases, only one ligand class is identified in Fe speciation titrations, but in the case of more than one ligand class, [image: yes]

While the use of multiple analytical windows has not yet been addressed for Fe speciation, there is some indication from recent GEOTRACES inter calibration efforts that the analytical window applied to Fe speciation may impact calculated results for [Li] and[image: yes] (Buck et al., under review). This effect is much less pronounced, however, than has been established previously for dissolved copper (Cu) speciation (Bruland et al., 2000), likely reflecting the very different inorganic side reactions of Cu and Fe, as well as the relative breadth of the ligand pools for these elements.

With respect to ligand classes, it should be noted that analysts commonly apply the notation of “L1” to the strongest (or only) ligand class detected in their sample, regardless of the associated [image: yes]. Thus, ligand class definitions may vary widely between analysts and sample data sets, complicating comparisons across studies. For example, the range of [image: yes] reported in the literature, for either the single ligand class identified or the designated L1 in two ligand systems, covers more than four orders of magnitude (from ∼9 to ∼13.5; Table 1). Even in field studies distinguishing two ligand classes, the [image: yes] reported for the stronger ligand class range between 11.1 and 13.9, overlapping with the weaker ligand class [image: yes] values of 9.7–11.95 reported (Table 1; Rue and Bruland, 1995, 1997; Cullen et al., 2006; Buck and Bruland, 2007; Buck et al., 2007; Ibisanmi et al., 2011). Correspondingly, it would be useful to agree on definitions for ligand classes based on the range of [image: yes] reported in natural systems. Along these lines, we would propose using “L1” for [image: yes] “L2” for log [image: yes] and “L3” for [image: yes] Regardless of whether such new definitions are employed, when comparing results between studies we implore analysts to consider making comparisons between [image: yes] instead of designated ligand classes.

Table 1. Compilation of published field data on the organic complexation of dFe in marine environments, as measured by CLE–ACSV techniques.

[image: image]

LIMITATIONS OF INTERPRETATION

Competitive ligand exchange–ACSV is an indirect approach to determining the organic complexation of dFe. As such, there are some fundamental assumptions and limitations inherent to CLE–ACSV data interpretation, which are worth reviewing in brief before attempting to contextualize published field data. First, raw titration is interpreted assuming that ambient ligands are coordinated with dFe in a 1:1 ratio. In reality, the wide range of dissolved organic matter present in seawater likely includes ligands that may bind dFe in ratios greater than or less than 1:1. Thus, the reported ligand concentrations measured from CLE–ACSV represent the binding capacity for organic ligand classes present in the sample, not necessarily an absolute concentration of ligand molecules. As a consequence, some analysts report their measured ligand concentrations in terms of nanoequivalents (nEq; e.g., Nolting et al., 1998; Gerringa et al., 2008) or nanomolar Fe equivalents (e.g., Croot et al., 2004) instead of simply nanomolar concentrations to highlight this distinction.

A second, and more problematic, assumption in the interpretation of CLE–ACSV data is that all of the dFe in a given sample is in an exchangeable form with respect to the added competitive ligand (AL). Arising from this assumption, any dFe that does not bind to the AL to form Fe(AL)x is then assumed in the data interpretation to be complexed by an organic ligand class with a larger [image: yes] than the [image: yes] applied. This is clearly problematic in natural samples, where much of the dFe, especially in high dFe environments, may exist as stable inorganic or organically associated colloids, or as other phases of dFe not exchangeable with AL (e.g., Feinert). It has been noted previously that inclusion of Feinert in calculations of ligand concentrations results in an overestimation of [Li] and a shift in the [image: yes] toward higher stabilities (Bruland and Rue, 2001). This becomes particularly critical if ligand titrations are carried out in unfiltered samples (Gledhill et al., 1998; Thuroczy et al., 2010), but given the evidence for an inert colloidal fraction (see below), is also likely to affect determination of ligands in dissolved samples. Determinations of [Li] and [image: yes] in the ocean are, thus, potentially subject to systematic errors when using the total dFe concentration in the interpretation of CLE–ACSV titration data.

To further explore the implications of overestimating exchangeable Fe, we consider the data in Thuroczy et al. (2010) and data on titrations in unfiltered samples from Gledhill et al. (1998), recalculated using the reactive Fe concentration (FeR) determined in the unfiltered samples (Gledhill et al., 1998). Although the datasets used were both obtained for unfiltered samples, the same systematic errors with respect to Feinert and exchangeable Fe will occur within the dFe pool, albeit to a lesser degree.

Plots of [Li] and [image: yes] determined using FeT (unfiltered), against [Li] and [image: yes] determined using either dissolved or reactive Fe concentration (dFe or FeR), are presented in Figures 2A,B. In these studies, FeT was determined in unfiltered samples either by flow injection analysis (FIA) after acidification (pH 1.8, samples analyzed after 1 year; Thuroczy et al., 2010) or by ACSV after acidification (pH 2) and UV irradiation (Gledhill et al., 1998). Dissolved Fe was determined by FIA after filtration (<0.2 μm) and acidification (pH 1.8, samples analyzed after 12 h, Thuroczy et al., 2010) and FeR was determined in unfiltered samples by ACSV and defined as the amount of Fe freely complexed by 20 μM 1-nitroso-2-napthol at pH 6.9 (Gledhill et al., 1998).


[image: image]

Figure 2. Comparison of data obtained for (A) the ligand concentration [Li], (B) conditional stability constant [image: yes] and (C) excess ligand concentration [eLi] determined using either total Fe concentrations or the lower dissolved or reactive Fe concentrations. Closed symbols represent data from Gledhill et al. (1998), where FeR was used in the comparison, and open symbols represent data from Thuroczy et al. (2010), where dFe was used in the comparison. (D) Plot of the dependence of the change in [image: yes] on the difference between FeT and the lower Fe concentration. Solid lines represent a 1:1 relationship.



From these plots, it is clear that both [Li] and log [image: yes] are overestimated if the Fe concentration used in data transformation includes Feinert (Figures 2A,B). An overestimation of [Li] and [image: yes] is not desirable as this will result in an overestimation of the degree to which L can stabilize Fe in solution, and can thus underestimate the potential for competing biogeochemical processes such as colloidal aggregation, scavenging, and uptake. Calculation of the excess ligand (eLi) for each case confirms results shown previously (Thuroczy et al., 2010), that this parameter is more or less independent of the Fe concentration used in the transformation, at least at low excess ligand concentrations (Figure 2C).

Figure 2D shows that overestimation of [image: yes] is likely to be important only in areas where the Feinert concentration is high. Such areas will include coastal regions as observed in Gledhill et al. (1998), hydrothermal vents, and the edge of the ice shelf (Bennett et al., 2008; van der Merwe et al., 2009; Batchelli et al., 2010; Stolpe and Hassellov, 2010; Stolpe et al., 2010). In these regions a good distinction between the dissolved Feinert and exchangeable Fe could be very informative, and may strongly influence our interpretation of the role of ligands in stabilizing Fe in solution (e.g., Sander and Koschinsky, 2011). Further work is therefore required in order to identify a practical method which can distinguish between Feinert and dFe. One approach may simply be the standard addition of dFe with over-competition with a higher concentration of AL, although this may be complicated by limits in the concentration of AL that may be used before saturation of the HMDE becomes problematic.

Clearly, the fractionation of Fe, particularly within the dissolved phase, between Feinert and exchangeable Fe deserves further attention. In the meantime, analysts may qualify ligand concentrations by reporting excess L ([eL] = [L] − [dFe]) as a proxy for ligand under saturation (Wu and Luther, 1995; Witter and Luther, 1998; Witter et al., 2000; Boye et al., 2001; Tian et al., 2006; Rijkenberg et al., 2008b; Thuroczy et al., 2010; Ibisanmi et al., 2011).

DISTRIBUTIONS OF Fe-BINDING LIGANDS IN THE MARINE ENVIRONMENT

The organic complexation of Fe, with typically >99.9% of dFe complexed by ligands in the marine environment, is a nearly ubiquitous feature of dFe speciation in seawater. While these Fe-binding ligands are present seemingly everywhere, from surface to deep waters of the coastal and open ocean, there are some distinguishable trends in their distributions and thermodynamic characteristics. Previous reviews have highlighted the predominant feature of higher ligand concentrations in surface waters of depth profiles, often with stronger stability constants, compared to deep waters (Bruland and Rue, 2001; Hunter and Boyd, 2007). Here we review trends of organic complexation of Fe in terms of excess ligand concentrations ([eLi] = [Li] − [dFe]), since total ligand concentrations ([Li]) determined by CLE–ACSV will include stable inorganic colloidal Fe or other Feinert components (see above).

In most waters, Fe-binding ligand concentrations exceed dFe (Table 1). Excess ligand concentrations are commonly highest and most variable in the upper water column (Rue and Bruland, 1995; van den Berg, 1995, 2006; Witter and Luther, 1998; Boye et al., 2001, 2006, 2010; Croot et al., 2004; Gerringa et al., 2006; Hopkinson and Barbeau, 2007; Kondo et al., 2007; Rijkenberg et al., 2008b; Thuroczy et al., 2010; Ibisanmi et al., 2011; Mohamed et al., 2011), and relatively static at depth within individual profiles (Rue and Bruland, 1995; van den Berg, 1995; Nolting et al., 1998; Boye et al., 2001, 2006, 2010; Ibisanmi et al., 2011). The highest excess ligand concentrations are often associated with the fluorescence or chlorophyll biomass maxima (Rue and Bruland, 1995; van den Berg, 1995, 2006; Boye et al., 2001, 2006; Croot et al., 2004; Gerringa et al., 2006, 2008; Tian et al., 2006; Buck and Bruland, 2007; Wagener et al., 2008; Ibisanmi et al., 2011). The uptake of dFe associated with fluorescence or biomass maxima results in elevated and variable excess ligand concentrations at low dFe (e.g., Buck and Bruland, 2007).

An atmospheric source has been hypothesized for surface waters of the NE Atlantic with low chlorophyll (Gerringa et al., 2006), though a reduction in excess ligand after dust deposition was observed by Rijkenberg et al. (2008b). Excess ligands in low chlorophyll surface waters may alternatively be the remnants of a previous bloom, as excess ligands have been shown in incubation experiments to increase in proportion to chlorophyll consumption by grazers (Sato et al., 2007). In some cases, a minimum in excess ligands within the upper water column is attributed to photochemical ligand destruction at the surface (Boye et al., 2001; Croot et al., 2004), although the photochemical lability of ambient Fe-binding ligands has also been shown to be rather unpredictable (Powell and Wilson-Finelli, 2003b; Rijkenberg et al., 2006b).

Anomalously high excess ligand concentrations have been reported in shelf and bottom boundary layers (Croot and Johansson, 2000; Gobler et al., 2002; Boye et al., 2003; Buck et al., 2007; Kondo et al., 2007; Gerringa et al., 2008; Batchelli et al., 2010), as well as in river plumes (Powell and Wilson-Finelli, 2003a; Buck et al., 2007; Kondo et al., 2007). The excess Fe-binding ligands measured in these coastal waters may be humic substances (HS), which have been suggested to be an important component of the ligand pool for dFe in margin environments (Laglera et al., 2007; Laglera and van den Berg, 2009). Regardless of chemical nature, river plumes and sediment resuspension on shelves appears to be a source of both dFe and Fe-binding ligands to the marine water column (Croot and Johansson, 2000; Powell and Wilson-Finelli, 2003a; Buck et al., 2007; Gerringa et al., 2008; Batchelli et al., 2010). As with dFe, total dissolved ligand concentrations also typically decrease from shore to sea (Boye et al., 2003; Buck and Bruland, 2007).

When two ligand classes are detected, a particularly strong ligand class [image: yes] is reported primarily in the upper water column, and the weaker ligand class [image: yes] exists throughout the water column (Rue and Bruland, 1995, 1997; Cullen et al., 2006; Ibisanmi et al., 2011). When only one ligand class is measured, no trend in [image: yes] values (∼11–12) is reported with depth in profiles, with similar log [image: yes] values through the entire water column (van den Berg, 1995, 2006; Witter and Luther, 1998; Boye et al., 2001, 2006, 2010; Croot et al., 2004; Gerringa et al., 2006, 2008; Thuroczy et al., 2010). [image: yes] values reported for coastal and open ocean samples are within the same range (∼9–14; Table 1), as are values from river plumes (10.4–13.9; Powell and Wilson-Finelli, 2003b; Buck et al., 2007; Table 1). Transects conducted between the shore and sea found no significant trends in [image: yes] values with distance from shore (Boye et al., 2003; Buck and Bruland, 2007; Hopkinson and Barbeau, 2007).

Recent size fractionation studies of the dissolved ligand pool have shown that the excess ligand is observed predominantly in the soluble size fraction throughout the water column (Cullen et al., 2006; Boye et al., 2010; Thuroczy et al., 2010), but particularly in upper waters (Cullen et al., 2006; Kondo et al., 2008; Boye et al., 2010; Thuroczy et al., 2010). Colloidal ligands, on the other hand, approach Fe saturation (Gobler et al., 2002; Boye et al., 2005, 2010; Cullen et al., 2006; Gerringa et al., 2007; Kondo et al., 2008; Batchelli et al., 2010; Thuroczy et al., 2010), with the colloidal fraction of Fe, and presumably L, increasing with depth (Thuroczy et al., 2010).

The conditional stability constants of Fe-binding ligands in the soluble (<1–1000 kDa) size fraction are largely within 1 SD of the values reported in the total dissolved (<0.2–0.4 μm) size fraction (Boye et al., 2005, 2010; Cullen et al., 2006; Gerringa et al., 2007; Kondo et al., 2008; Thuroczy et al., 2010; Table 1). When two ligand classes were detected within the soluble and dissolved size fractions (Cullen et al., 2006), most of the ligands of both classes were present in the soluble (<0.02 μm) fraction, and excess ligand concentrations of both L1 and L2 were higher in the soluble fraction. The conditional stability constants of these ligand classes were similar in both size fractions (Cullen et al., 2006; Table 1). In mesoscale Fe fertilization experiments, Fe additions were observed primarily in the colloidal fraction (Boye et al., 2005; Kondo et al., 2008), and both Fe and ligand concentrations increased in response to Fe-enrichment (Rue and Bruland, 1997; Boye et al., 2005; Kondo et al., 2008). Excess ligand concentrations in these experiments, however, typically decreased as Fe additions saturated ligands, and some of the increase in [Li] may reflect an artifact in interpretation. At the conclusion of the SEEDS II experiment in the NW Pacific, excess ligand concentrations increased, predominantly in the soluble fraction, as the stimulated bloom declined (Kondo et al., 2008). Shipboard microzooplankton grazing experiments conducted during the SEEDS II experiment demonstrated an increase in ligand concentrations proportional to the chlorophyll consumed by added grazers (Sato et al., 2007).

In environments high in Fe, dFe concentrations may meet or exceed measured ligand concentrations. Examples of this, where [dFe] > [LT], have been reported in hydrothermal vent plumes (Bennett et al., 2008), artificial Fe-enrichment experiments (Rue and Bruland, 1997; Boye et al., 2005; Kondo et al., 2008), and Fe-rich coastal shelf environments (Croot and Johansson, 2000; Gobler et al., 2002; Powell and Wilson-Finelli, 2003a; Buck and Bruland, 2007; Buck et al., 2007; Kondo et al., 2007; Batchelli et al., 2010). In the Eastern Tropical North Pacific suboxic zone, dFe concentrations also approach dissolved ligand concentrations, resulting in diminished excess ligand concentrations compared to surrounding oxygenated waters (Hopkinson and Barbeau, 2007). The conditional stability constant of the ligand measured in the suboxic zone was also slightly stronger than the ligands measured in the oxic waters above (Hopkinson and Barbeau, 2007). In the suboxic zone of the Arabian sea, on the other hand, excess ligand concentrations were much greater than in the oxic waters, with a similar or slightly lower conditional stability constant of these suboxic zone ligands (Witter et al., 2000).

LINKS BETWEEN BIOLOGICAL ACTIVITY AND LIGAND CONCENTRATIONS

Previous reviews have emphasized the important interplay between biological activity and Fe-binding ligand cycling (Bruland and Rue, 2001; Hirose, 2006, 2007; Hunter and Boyd, 2007; Boyd and Ellwood, 2010). There are multiple lines of evidence in support of a biological source of Fe-binding ligands in the marine environment. As mentioned above, field studies have commonly found highest excess ligand concentrations within and around the biomass maximum in the water column (Rue and Bruland, 1995; van den Berg, 1995, 2006; Boye et al., 2001, 2006; Croot et al., 2004; Gerringa et al., 2006, 2008; Tian et al., 2006; Buck and Bruland, 2007; Wagener et al., 2008; Ibisanmi et al., 2011; Mohamed et al., 2011). Excess ligand concentrations have been observed to show an annual cycle (Wagener et al., 2008), with increases in excess ligand concentrations observed during the most productive periods. Surface transects also show elevated excess ligand concentrations with high productivity in Fe-depleted waters (Boye et al., 2003; Gerringa et al., 2006; Tian et al., 2006; Buck and Bruland, 2007). The particularly strong Fe-binding ligand class, detected only in the upper water column (Rue and Bruland, 1995, 1997; Cullen et al., 2006; Ibisanmi et al., 2011), presents the same class of log K values (log K > 12) as siderophore-type ligands measured by CLE–ACSV (Rue and Bruland, 1995; Witter et al., 2000; Buck et al., 2010; Poorvin et al., 2011).

Recent incubations of natural surface seawater have shown active production of Fe-binding ligands concomitant with diatom growth under Fe-limiting conditions (Buck et al., 2010; King et al., 2012). In these incubations, ligand production was only observed in the unamended bottles, Fe-amended bottles presented much higher growth but no ligand production, suggesting that the Fe-limitation status of the diatoms in the unamended bottles was related to the ligand production observed (Buck et al., 2010; King et al., 2012). In the field, Gerringa et al. (2006) found that 63% of the variability in ligand concentrations in profiles from the Canary Basin was explained by changes in phytoplankton biomass and silicic acid concentrations, indicating a correlation between diatom growth and Fe-binding ligand concentrations. Recent incubation studies have furthermore shown an increase in Fe bioavailability due to redox speciation changes specifically in diatom cultures (Rijkenberg et al., 2008a). In combination, these studies suggest a connection between Fe-stressed diatom communities and Fe-binding ligand concentrations that deserves further attention.

The passive production of Fe-binding ligands from grazing and bacterial remineralization of organic matter is another important biological source of ligands. HS, degradation products of terrestrial and marine organic matter, may be a substantial component of the Fe-binding ligand pool in some coastal and deep ocean waters (Laglera and van den Berg, 2009). A recent study of coastal estuarine waters found that Fe was strongly [image: yes] but reversibly complexed with HS, predominantly in the colloidal fraction (Batchelli et al., 2010).

Increased excess ligand concentrations, largely in the soluble size fraction, were reported during the bloom decline of the SEEDS II experiment (Kondo et al., 2008). Shipboard grazer experiments, also conducted during SEEDS II, showed that dFe and ligand concentrations increased as chlorophyll biomass was consumed (Sato et al., 2007). The highest increases in ligand concentrations, normalized to biomass consumption, were measured in the copepod grazing experiments (Sato et al., 2007). The ligands produced in these grazer experiments were similar to the L1 type ligands [image: yes] and were found to be more bioavailable to diatom species than to picoplankton in the incubations (Sato et al., 2007).

The ability of ligands to solubilize natural Fe sources may also be linked to biological productivity. An annual cycle in the dissolution of Fe from Saharan dust has been observed in water sampled at different times of the year from the Mediterranean (Wagener et al., 2008), with dust derived Fe being less soluble in water sampled during the winter period (Dec–Feb). This was linked to a change in excess ligand concentration, and a potential change in ligand characteristics (although stability constants were not reported in the study), as Fe dissolution could not be determined in the winter, despite the presence of excess ligands (Wagener et al., 2008).

Bacterial remineralization of sinking biogenic particles, on the other hand, produces weaker Fe-binding ligands ([image: yes] or lower) concomitant with dFe release (Boyd et al., 2010). Viral lysis of cells in grazing experiments has also recently been shown to produce similarly weak Fe-binding ligands (Poorvin et al., 2011). The weakly complexed Fe released by these passive grazing processes (Boyd et al., 2010; Poorvin et al., 2011) may be more biologically available to the phytoplankton community than the strongly complexed siderophore-bound Fe (Poorvin et al., 2011).

THE CHEMICAL CHARACTERIZATION OF THE DISSOLVED IRON LIGAND POOL

Since the first evidence for Fe complexation by natural organic ligands in seawater was presented (Gledhill and van den Berg, 1994; Rue and Bruland, 1995; van den Berg, 1995; Wu and Luther, 1995), the question of the identity, chemical structure, and source of Fe-binding organic ligands in the oceans has fueled research across disciplines. While we have learned a great deal about Fe-binding ligands, it is still not possible to give definitive answers to these questions some 17 years later. Initially, the strength and concentration of the ligands measured by competitive equilibrium techniques indicated that ambient ligands had a high affinity for Fe (Gledhill and van den Berg, 1994; Rue and Bruland, 1995; van den Berg, 1995; Wu and Luther, 1995), while, as had been highlighted above, many profiles of ligand distributions in the ocean point to an autochthonous biological source. Determination of the conditional stability constants of potential ligand types produced by phytoplankton and bacteria indicated that some of these ligand types had very similar binding strengths in seawater to the detected natural ligands (Rue and Bruland, 1995; Witter et al., 2000; Macrellis et al., 2001). Hence these biologically produced ligand types, which may include compounds like siderophores and porphyrins, were hypothesized to make up a major part of the ligand pool. However, characterization of Fe ligands in seawater is a considerable challenge because the ligands are of unknown composition, are likely complex in chemical nature and are present at very low concentrations in a matrix of high ionic strength. The recent progress made in this field has been greatly facilitated by improvements in the sensitivity, mass accuracy and robustness of both inorganic and organic mass spectrometers. Such improvements have resulted in the detection of specific iron organic complexes such as siderophores by HPLC–ESI-MS (McCormack et al., 2003; Gledhill et al., 2004; Mawji et al., 2008a, 2011; Velasquez et al., 2011) and the detection of Fe associated with more complex organic fractions by FFFF–ICP-MS (Stolpe and Hassellov, 2010; Stolpe et al., 2010; Baalousha et al., 2011).

SMALL, DEFINED ORGANIC LIGANDS

Siderophores are compounds produced by bacteria in order to sequester Fe from their environment (Hider and Kong, 2010). Siderophores are known to be produced by a wide variety of bacteria, including marine bacteria (Amin et al., 2009; Cabaj and Kosakowska, 2009; Vraspir and Butler, 2009). Bacteria appear to be able to produce families of different but related siderophores (Martinez et al., 2000, 2003; Ito and Butler, 2005; Martinez and Butler, 2007; Homann et al., 2009a,b), but uptake of siderophores by bacteria is not necessarily specific (Stintzi et al., 2000), so that a bacterial species may be able to acquire siderophores produced by other species. There has been much progress in the characterization of specific siderophores produced by marine bacteria (Amin et al., 2009; Vraspir and Butler, 2009), in particular by the A. Butler research group at the University of California in Santa Barbara.

Relatively large quantities of isolated siderophore are currently required for a complete description of chemical structure so that it is only possible to fully characterize siderophores in bacteria that can be cultured in the laboratory. In addition, the time and effort required also imposes restrictions on the number of siderophores that can be fully characterized. Characterized siderophores are, thus, likely to represent only a fraction of the potential siderophore pool. Marine siderophores produced in laboratory cultures have been found to contain all the major siderophore chelating groups of hydroxamate, catecholate, and carboxylate functional groups (Vraspir and Butler, 2009). To date, the majority of marine siderophores characterized contain mixed ligand carboxylate groups, and many of these characterized marine siderophores have fatty acid tails attached to the chelating head (Martinez et al., 2000, 2003; Xu et al., 2002; Owen et al., 2005; Martin et al., 2006; Martinez and Butler, 2007; Homann et al., 2009a,b). Such fatty acid tails are likely to strongly influence siderophore biogeochemistry, affecting siderophore partitioning between dissolved and particulate phases and perhaps mitigating against diffusive losses of siderophores from the bacterial cell (Xu et al., 2002; Martinez and Butler, 2007).

Progress has also been made in the detection and characterization of siderophores in natural seawater itself (Gledhill et al., 2004; Mawji et al., 2008a, 2011; Velasquez et al., 2011; Table 2; Figure 3). The first reports of dissolved siderophores in seawater were made by Kosakowska et al. (Kosakowska et al., 1999; Mucha et al., 1999) using capillary electrophoresis to detect hydroxamate siderophores in the Baltic Sea. Macrellis et al. (2001) used siderophore assays to report the presence of siderophore like functional groups in coastal NE Pacific upwelling waters. More recently, chromatographic techniques have been coupled to ESI or ICP-MS in order to either characterize or quantify specific siderophores in seawater (Mawji et al., 2008a; Velasquez et al., 2011; Table 2). Separation techniques coupled to mass spectrometry show much promise for both the identification and quantification of specific metal complexes like with siderophores, largely as a result of the high sensitivity of these techniques, which are capable of detecting in the picomolar–nanomolar range. Mass spectrometry has been used to detect unknown and known siderophores in the Southern Ocean and in the Atlantic Ocean (Mawji et al., 2008a; Velasquez et al., 2011). In the Southern Ocean, unidentified siderophore-type complexes were detected with the molecular masses varying from station to station (Velasquez et al., 2011). In the Atlantic Ocean, ferrioxamine type siderophores were detected ubiquitously and were found to be present at concentrations of upto 20 pM, and to make up between 0.5 and 5% of the total dissolved Fe pool (Mawji et al., 2008a). The somewhat sparse data so far obtained indicates that siderophore distributions may be linked to bacterial abundance, but otherwise gives little clue as to how siderophore concentrations might vary with, for example, depth. It is clear, however, that the presence of marine siderophores is not limited to low dFe waters.

Table 2. Siderophores identified in seawater or natural seawater incubations by high performance liquid chromatography – electrospray ionization mass spectrometry.
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Figure 3. Structures of fully characterized siderophores that have been identified in seawater or natural seawater incubations. (A) Ferrioxamine B, (B) Ferrioxamine D2, (C) Ferrioxamine E, (D) Ferrioxamine G, and (E) Amphibactins D (R = C13H27) and E (R = C15H29).



It is notable that, while the available data is limited, the siderophores detected in seawater to date are all hydroxamates, with no reports of any identifiable siderophores containing carboxylate or catecholate functional groups being recovered from the dissolved phase in seawater. The lack of detected carboxylate or catecholate type siderophores indicates that either these siderophore types are not present in the dissolved phase, or more likely, that the analytical techniques used to detect these compounds are biased toward the detection of hydroxamate siderophores. Current methods to detect siderophores in seawater rely on a preconcentration step, necessary in order to both remove interfering matrices, and to increase siderophore concentrations to detectable ranges (Mucha et al., 1999; Mawji et al., 2008a; Velasquez et al., 2011). Such preconcentration techniques introduce bias and probably restrict the types of siderophores that can be detected. For example, at the natural pH of seawater (∼8), both carboxylate and catecholate type Fe–siderophore complexes will be deprotonated and negatively charged (Harris et al., 1979a; Loomis and Raymond, 1991). Thus, the preconcentration efficiency of catecholate and carboxylate siderophore types onto the commonly used hydrophobic resins (e.g., C18, polystyrene divinyl benzene, XAD) will be reduced. Acidification of the sample prior to preconcentration (Mucha et al., 1999; Velasquez et al., 2011), in order to neutralize negatively charged complexed siderophores and thus make them more hydrophobic may also result in siderophore hydrolysis or precipitation (Harris et al., 1979b; Loomis and Raymond, 1991). Changes in sample pH during analysis are also common, with chromatographic separations performed at low pH (McCormack et al., 2003; Velasquez et al., 2011). However, catecholate type siderophore–Fe complexes undergo hydrolysis at low pH and are not detectable when either the sample pH is low or the chromatographic conditions employ low pH eluants (Loomis and Raymond, 1991; Gledhill, unpublished data). Consequently, further work is necessary in order to develop robust preconcentration and analysis techniques applicable to a wider variety of siderophore types.

Identification of siderophore complexes in mass spectra takes place via the utilization of distinctive isotopic ratios endowed upon the complex by the metal ion (McCormack et al., 2003; Velasquez et al., 2011). Two strategies are currently employed; the first involves complexation of the siderophore with gallium, which has a very identifiable isotopic ratio for 69Ga:71Ga of 3:2 and allows for several mechanisms of checking against false positives, increasing the robustness of the analysis (McCormack et al., 2003; Mawji et al., 2011). Such checks include analysis of the original sample for the presence of the Fe-complexed or apo- (metal free) siderophore and analysis by ICP-MS in order to check that gallium is indeed present at the expected relative retention time (Mawji et al., 2011). The gallium exchange method suffers from disadvantages in that it involves reduction of the sample pH in order to keep gallium in solution and, thus, is likely to result in losses of chemically unstable siderophores (see above).

A second promising technique recently applied to the identification of siderophores in seawater is based on the distinctive isotopic ratio endowed on a molecule by Fe (Velasquez et al., 2011). The natural abundance of the 54Fe isotope is approximately 5.6% of the 56Fe isotope. When incorporated into an organic complex, the combination of the Fe and carbon isotopic abundances increases the abundance of the lighter molecular ion so that ferrioxamine B will have expected isotopic ratios of 6.4:100:32.4 for m/z (M + H+) 612, 614, and 617. A key component of this technique is the ability to detect the putative 54Fe containing molecular ion and then confirm it otherwise has the same structure as the 56Fe containing molecular ion. This has been shown to be possible with a nano-HPLC coupled to a high resolution mass spectrometer (Velasquez et al., 2011). Unfortunately, the background noise in lower resolution instruments working with higher flow rates may make it difficult to identify the 54Fe isotope, as it is present at quite a low relative abundance in MS spectra. However, even in lower resolution instruments fragment ions obtained on collision induced dissociation of pseudo molecular ions can be used to provide evidence for Fe complexes (Velasquez et al., 2011) as Fe is strongly retained in fragment ions (Mawji et al., 2008b; Velasquez et al., 2011). In theory, Fe could also be determined in parallel by ICP-MS in analogy to the gallium technique in order to confirm the presence of the metal at the expected retention time, although more care would have to be taken with respect to contamination. Furthermore the determination of Fe by ICP-MS can be more difficult due to isobaric interferences (Mawji et al., 2008a, 2011).

The limited number of reports on siderophore concentrations in the dissolved phase in the ocean indicates that the concentrations of individual siderophores are likely to be quite low, in the picomolar range (Mawji et al., 2008a). However, as has been pointed out above, while the pool of potential siderophores is apparently quite large (e.g., Amin et al., 2009; Cabaj and Kosakowska, 2009; Vraspir and Butler, 2009), it is likely that only a limited number of siderophores in seawater are detectable using the currently applied methods. Thus, although it is now clear that siderophores can be present in the open ocean, it is not possible at this stage to say what proportion of the dissolved ligand pool is made up of siderophores.

Porphyrins (molecular weight 600–1000 Da) are another biologically produced class of compounds that have been suggested as potential Fe ligands (Witter et al., 2000; Hunter and Boyd, 2007). Porphyrins function as prosthetic groups in proteins and are useful for their ability to absorb light, transfer electrons, and bind oxygen (Mochizuki et al., 2010). Porphyrins, which include chlorophylls, chlorophyll breakdown products like phaeophytin, hemes, and vitamin B12, are produced by almost all living organisms via a well conserved tetrapyrrole biosynthesis pathway (Mochizuki et al., 2010). The biological production of these compounds is tightly controlled, as they cause oxidative stress if present in excess of their proteins (Mochizuki et al., 2010). Hemes have been detected at picomolar concentrations in particulate material (Gledhill et al., under review) and heme like compounds have been detected in the dissolved fraction at nanomolar concentrations in river and estuarine waters (Vong et al., 2007). However, given that porphyrins have a very low solubility in water at pH 8 and more recent work has found little evidence to show that Fe(III) spontaneously complexes with porphyrins in solution (Rijkenberg et al., 2006a; Schlosser and Croot, 2008) it remains questionable as to whether porphyrins form a part of the dissolved ligand pool.

Domoic acid (DA), an algal toxin produced by Pseudo-nitzschia spp., has also been shown to complex Fe (Rue and Bruland, 2001), although with a weak stability constant [image: yes] that is unlikely to make it an effective competitor in the ocean. However, there is evidence that DA, through its ability to complex dissolved Cu, may facilitate the high affinity Fe uptake from strongly complexed Fe by diatoms in Fe-limited environments (Wells et al., 2005), regions where DA levels can be elevated (Silver et al., 2010). Thus, while possibly not a significant component of the Fe-binding ligand pool, DA may nonetheless play an important role in the biogeochemical cycling of Fe, particularly in Fe-limited environments.

LARGER, LESS WELL-DEFINED ORGANIC LIGANDS

Recent evidence has indicated that more diffuse, less well-defined organic compounds such as HS and exopolysaccharides (EPS) may contribute to the Fe ligand pool (Batchelli et al., 2009, 2010; Laglera and van den Berg, 2009; Stolpe and Hassellov, 2010; Stolpe et al., 2010; Hassler et al., 2011a,b). Laglera and van den Berg recently reported an electrochemical technique that allows for the direct detection of humic like substances in seawater by ACSV (Laglera et al., 2007; Laglera and van den Berg, 2009). The technique determines the catalytically enhanced reduction current produced by Fe bound to HS, and is standardized using the Suwannee River fulvic acid (SRFA) standard (Laglera et al., 2007). Determination of the conditional stability constants and binding capacities of these putative humic like substances by competition with ethylene-diaminetetraacetic acid (EDTA) has shown that these ligands have similar stability constants to the natural organic ligands measured by CLE–ACSV (Laglera and van den Berg, 2009). Apparent binding capacities for these humic like substances in seawater are also similar to those determined by CLE–ACSV (Laglera and van den Berg, 2009), and it has been suggested that HS can account for the majority of the total ligand pool in coastal and deep waters (Batchelli et al., 2009, 2010; Laglera and van den Berg, 2009). The coincidence of similar reduction potentials and binding capacities for the detected ambient Fe ligand, SRFA, and Suwannee River humic acid (SRHA) make it tempting to identify the ambient ligand detected using the technique as a humic like substance (Laglera et al., 2007). However, the technique is not specific to HS, as EPS will also become electrochemically active upon addition of Fe and are, thus, indistinguishable from HS by ACSV (Hassler et al., 2011b). Further support for identification of a ligand fraction as HS is, however, provided by FFFF. Studies in coastal waters using FFF–ICP-MS and FFFF coupled to UV and fluorescence detectors have indicated that dFe in coastal waters is associated with fluorescent, colored, dissolved humic like organic matter (Stolpe and Hassellov, 2010; Stolpe et al., 2010), and that, furthermore, freshly added Fe readily associates with this fraction (Stolpe et al., 2010).

By their very nature, both HS and EPS are challenging to chemically characterize. Both HS and EPS are oxygen rich – the SRFA used in Laglera and van den Berg (2009) consists of 44% oxygen (% w/w, http://www.ihss.gatech.edu/elements.html), while EPS are predominantly composed of neutral sugars and contain a significant fraction of acidic polysaccharides like uronic acids (Mancuso Nichols et al., 2004). Uronic acids are known to complex Fe (Gyurcsik and Nagy, 2000), with complexes being more stable at high pH (Gyurcsik and Nagy, 2000), as observed for Fe–HS complexes (Laglera et al., 2007). Classical pH-metric determinations of stability constants for simple acidic polysaccharide-Fe complexes show that they are low (log β 3–4; Gyurcsik and Nagy, 2000) and Fe complexation of model polysaccharides carrageenan, laminarin, and alginic acid in seawater has been found to be undetectable by CLE–ACSV (Strmecki et al., 2010), although this may have been an artifact of the selected AL (Laglera et al., 2011). In other studies, EPS from bacteria have been observed to be associated with Fe (Hassler et al., 2011a,b) and EPS has been shown to reduce the lability of Fe to other Fe ligands while enhancing Fe availability to phytoplankton when compared to Fe–siderophore complexes (Hassler et al., 2011b).

In addition to an Fe–HS fraction, Stolpe and Hassellov (2010) also observed an association of Fe with a higher molecular weight organic fraction described as nanofibrils, particularly at a time of enhanced productivity (Stolpe and Hassellov, 2010). The nanofibrils were consistent in size and appearance to transparent exopolymer (TEP) like compounds (Stolpe and Hassellov, 2010). However, although Fe present in the samples was found to co-elute with the nanofibril fraction, freshly added Fe did not associate with the nanofibrils. Stolpe and Hassellov (2010) suggested that this behavior could be explained as an inorganic Fe-nanoparticle association (Stolpe and Hassellov, 2010), although it could also be a reflection of under saturation of binding sites in the HS fraction, coupled to a weaker affinity between Fe and the larger nanofibrils.

APPROACHING AN OVERVIEW OF IRON COMPLEXATION AND PHYSICO-CHEMICAL SPECIATION IN SEAWATER

Several types of Fe organic complexes and associations have now been shown to exist in seawater, ranging from high affinity siderophores present at low concentrations, to weaker but more abundant HS and EPS associations, and likely also including associations between inorganic Fe nanoparticles and larger TEP like organic macromolecules (Figure 4). These organic complexes and associations are currently best distinguished by size fractionation, as they generally fall along an increasing size spectrum from siderophores to macromolecules. Often coupled to this increasing size spectrum is a decreasing thermodynamic stability of the complexes as measured by CLE–ACSV, but increasing kinetic inertness, leading to an overall potential decrease in biological availability. It is, therefore, becoming possible to unravel the different biogeochemical behaviors of the many components of the dFe pool.
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Figure 4. Schematic figure illustrating potential components of the dFe pool so far identified in seawater. Decreasing kinetic lability of Fe within the components is represented by deeper orange background shading.



Siderophores are associated with bacterial productivity and may only be produced in significant quantities when readily available carbon is abundant (Mawji et al., 2011). Siderophores maybe important in regions where organic carbon concentrations are high enough to support significant bacterial productivity, but where dFe is not readily available. The photochemical lability of siderophores suggests that many siderophore types will not persist in the water column, although their breakdown products may be more stable and form weaker, more bioavailable, Fe complexes (Barbeau et al., 2001, 2003). Siderophores may play an important role in increasing the availability of Fe for particular types of bacteria, influencing bacterial diversity and productivity in the ocean. Siderophores may also play a role in the solubilization of particulate and colloidal Fe. Given their origin, function and reactivity, siderophores are anticipated to contribute to Fe-binding ligand pools primarily in the upper water column, and especially in the truly soluble size fraction of ligands, although siderophores may also be associated with colloidal and particulate fractions as well.

Field studies of Fe-binding ligand distributions consistently report higher excess ligand concentrations in the upper water column, and these maxima in eLi are often, though not always, associated with elevated fluorescence and phytoplankton biomass. When size fractionation is assessed, these excess ligand concentrations also appear to be predominantly in the soluble size fraction. In combination, field studies support a siderophore-type origin of ambient Fe-binding ligands in the upper oceans. However, siderophores extracted from natural waters to date have been found in only the picomolar range, while ambient strong Fe-binding ligands are measured by CLE–ACSV in the nanomolar range. Recent incubation studies of natural surface seawater have shown strong Fe-binding ligand production, also measured by CLE–ACSV in the nanomolar range, under conditions of both Fe-limited phytoplankton growth and stimulated bloom decay (Sato et al., 2007; Buck et al., 2010). Furthermore, the thermodynamic stability constants (log K′) of some known Fe–siderophore complexes are too high to detect with usual CLE–ACSV approaches. Altogether, this would suggest that, in addition to siderophores, other strong Fe-binding ligand types are also likely to contribute to the Fe-binding ligand pool measured by CLE–ACSV in surface waters.

Humic substances and EPS may be either terrestrial or autochthonous in nature, and are typically found in the colloidal fraction. It appears that the HS fraction is quite refractory and persists into the deep ocean while EPS is likely to be produced in surface waters as it is, by definition, associated with phytoplankton productivity. Fe bound to model humic acids and Fe bound to EPS have been shown to be as available to phytoplankton as inorganic Fe (Chen and Wang, 2008; Hassler et al., 2011b). However, both EPS and HS are complex molecules that remain poorly defined; greater effort is required in order to characterize the association between Fe, HS, and EPS, and the contribution of HS and EPS to the ambient ligand pool in the open ocean. It is apparent that current techniques may not distinguish particularly well between HS and EPS, yet the biogeochemistry of these two organic fractions is potentially quite different.

The biological availability of colloidal Fe is rather hard to define as it is probably highly dependent on the chemical nature of the colloids (Kuma and Matsunaga, 1995; Yoshida et al., 2006), as well as the capabilities of organisms present to extract Fe from the colloids, whether by reduction (Maldonado and Price, 2001; Rijkenberg et al., 2008a) or by dissolution via a high affinity uptake mechanism (Vraspir and Butler, 2009). The biological availability of some colloids, like Fe nanoparticles, is poorly understood. Colloidal Fe biogeochemistry is also likely to be strongly influenced by temperature, another consideration that has yet to be investigated fully. However, it is becoming apparent that Fe biogeochemistry in the open ocean may be strongly influenced by the stability of the colloidal fraction. While it has been suggested that organic Fe colloids formed in surface waters are scavenged quite rapidly through the water column (Wu and Luther, 1994; Nishioka et al., 2001; Wu et al., 2001; Cullen et al., 2006; Bergquist et al., 2007; Hurst and Bruland, 2008; Kondo et al., 2008; Schlosser and Croot, 2008; Boye et al., 2010; Thuroczy et al., 2010), stable Fe colloids from continental shelves have also been implicated in the long range transport of Fe to the open ocean (Elrod et al., 2004; Lam and Bishop, 2008). More information is, thus, needed on the nature of Fe colloids in open ocean surface and continental shelf waters in order to understand more fully these potentially contrasting behaviors. Investigation of an organic Fe colloid-like fraction in future global ocean models incorporating Fe speciation would also allow the role of this fraction in the Fe biogeochemical cycle to be further examined.

Taken together, the evidence described above points toward the existence of a spectrum of Fe ligands in seawater, and we found that the different experimental approaches employed by Fe biogeochemists appear to be converging toward a consistent overview. Increases in the size and complexity of the Fe species appear to be accompanied by a weakening of the thermodynamic stability of the Fe complex. The weaker complexation between Fe′ and the larger sized organic macromolecules is, however, potentially mitigated by the existence of associations between inert Fe nanoparticles and nanofibrils like TEP, resulting in an apparently Fe saturated inert colloidal ligand pool. Substantial progress has been made in trace metal clean size fractionation, CLE–ACSV, and HPLC–ESI-MS techniques over the last decade. We anticipate that future studies will increasingly couple these techniques, along with incubations and other biological process studies, providing much needed insight on the nature and cycling of Fe-binding ligands in the oceans. Finally, we conclude that the biogeochemical role of each of the organic ligand fractions appears to be very different and deserves further investigation, as this spectrum of organic Fe-binding ligands overwhelmingly complexes dFe in the marine environment.
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In the absence of O2 and other electron acceptors, the Gram-negative bacterium Shewanella oneidensis MR-1 can use ferric [Fe(III)] (oxy)(hydr)oxide minerals as the terminal electron acceptors for anaerobic respiration. At circumneutral pH and in the absence of strong complexing ligands, Fe(III) oxides are relatively insoluble and thus are external to the bacterial cells. S. oneidensis MR-1 and related strains of metal-reducing Shewanella have evolved machinery (i.e., metal-reducing or Mtr pathway) for transferring electrons from the inner-membrane, through the periplasm and across the outer-membrane to the surface of extracellular Fe(III) oxides. The protein components identified to date for the Mtr pathway include CymA, MtrA, MtrB, MtrC, and OmcA. CymA is an inner-membrane tetraheme c-type cytochrome (c-Cyt) that belongs to the NapC/NrfH family of quinol dehydrogenases. It is proposed that CymA oxidizes the quinol in the inner-membrane and transfers the released electrons to MtrA either directly or indirectly through other periplasmic proteins. A decaheme c-Cyt, MtrA is thought to be embedded in the trans outer-membrane and porin-like protein MtrB. Together, MtrAB deliver the electrons through the outer-membrane to the MtrC and OmcA on the outmost bacterial surface. MtrC and OmcA are the outer-membrane decaheme c-Cyts that are translocated across the outer-membrane by the bacterial type II secretion system. Functioning as terminal reductases, MtrC and OmcA can bind the surface of Fe(III) oxides and transfer electrons directly to these minerals via their solvent-exposed hemes. To increase their reaction rates, MtrC and OmcA can use the flavins secreted by S. oneidensis MR-1 cells as diffusible co-factors for reduction of Fe(III) oxides. Because of their extracellular location and broad redox potentials, MtrC and OmcA can also serve as the terminal reductases for soluble forms of Fe(III). In addition to Fe(III) oxides, Mtr pathway is also involved in reduction of manganese oxides and other metals. Although our understanding of the Mtr pathway is still far from complete, it is the best characterized microbial pathway used for extracellular electron exchange. Characterizations of the Mtr pathway have made significant contributions to the molecular understanding of microbial reduction of Fe(III) oxides.

Keywords: dissimilatory Fe(III) oxide reduction, Shewanella oneidensis MR-1, extracellular electron transfer pathway, c-type cytochromes with multiple hemes, molecular biology

INTRODUCTION

The Gram-negative bacterium Shewanella oneidensis MR-1 can use ferric [Fe(III)] (oxy)(hydr)oxide minerals as the terminal electron acceptors for anaerobic respiration [i.e., dissimilatory Fe(III) reduction] (Myers and Nealson, 1990). Dissimilatory reduction of Fe(III) oxides by microorganisms plays a critical role in the biogeochemical cycle of Fe (Weber et al., 2006). At circumneutral pH and in the absence of strong complexing ligands, Fe(III) oxides are usually sparingly soluble in water and their redox potentials vary, which depend on their phases and range from −300 to 0 mV (Thamdrup, 2000). Because of their insolubility in water, Fe(III) oxides are unable to cross the bacterial outer-membrane to the periplasm and the cytoplasmic or inner-membrane where the bacterial terminal reductases are usually located. To overcome this physical barrier, S. oneidensis MR-1 and other metal-reducing Shewanella have developed the ability to transfer electrons from the inner-membrane where electrons are accumulated from bacterial metabolic activity to the bacterial cell surface where reduction of Fe(III) oxides occurs. Gene inactivation and subsequent phenotypic analyses of S. oneidensis MR-1 mutants have identified several proteins directly involved in this electron transfer system. These include four c-type cytochromes (c-Cyts) CymA, MtrA, MtrC, and OmcA and a trans outer-membrane and porin-like protein MtrB (Table 1; Myers and Myers, 1997a,b, 2002; Beliaev and Saffarini, 1998; Beliaev et al., 2001; Lies et al., 2005; Gorby et al., 2006; Bretschger et al., 2007; Coursolle and Gralnick, 2010; Reardon et al., 2010). Together, they form a pathway (i.e., Mtr pathway) through which electrons move from the quinone/quinol pool in the inner-membrane, through the periplasm and across the outer-membrane to the surface of Fe(III) oxides (for recent reviews, see Richardson, 2000; Shi et al., 2007, 2009; Fredrickson and Zachara, 2008; Fredrickson et al., 2008). Investigation of the Mtr pathway not only has advanced our understanding of molecular mechanisms by which microbial cells transfer electrons to the external environment, such as for the reduction of Fe(III) minerals, but also will enable improved applications of S. oneidensis MR-1 and other metal-reducing Shewanella in microbial fuel cells and for electrobiosynthesis of valuable bio-materials (Hau and Gralnick, 2007; Fredrickson et al., 2008; Ross et al., 2011).

Table 1. Identified protein components of Mtr pathway.

[image: image]

In S. oneidensis MR-1, the genes encoding MtrABC and OmcA are clustered in a sequential order of omcA-mtrC-mtrA-mtrB. Comparative analysis of the genomes of 19 metal-reducing Shewanella strains reveals that mtrC-mtrA-mtrB genes are well conserved, while omcA is sometimes replaced by undA or undA1, the genes predicted to encode 11-heme c-Cyts (Fredrickson et al., 2008; Shi et al., 2011). PCR analysis of seven metal-reducing Shewanella strains isolated from the Hanford Reach of the Columbia River also indicates that all tested strains possess an mtrC homolog, while three strains have an omcA homolog, and the remaining four strains contain an undA1 homolog. Thus, essentially all characterized metal-reducing Shewanella strains contain mtr and related genes that are originally identified from S. oneidensis MR-1 (Shi et al., 2011). S. oneidensis MR-1 and other metal-reducing Shewanella are key contributors to metal redox cycling in energy-rich gradient environments where electron acceptor type and availability, including Fe(III) and Mn oxides, vary spatially and temporally (Nealson and Scott, 2003). The respiratory versatility enabled by the Mtr pathway allows Shewanella to effectively compete with other microorganisms in environments where such solid-phase electron acceptors are common. In addition to Fe(III) oxide reduction, MtrAB homologs are also involved in the electron transfer reactions for extracellular reduction of dimethylsulfoxide (DMSO) by S. oneidensis MR-1 and extracellular Fe(II) oxidation by Rhodopseudomonas palustris TIE-1 (Gralnick et al., 2006; Jiao and Newman, 2007). A survey of recently finished genomes of the Fe(II)-oxidizing bacteria Gallionella ferruginea ES-2 and Sideroxydans lithotrophicus ES-1 reveals that each genome has a pair of mtrAB homologs that are clustered together, indicating that MtrAB homologs may also be widely employed by the Gram-negative bacteria for extracellular Fe(II) oxidation (L. Shi, personal observation).

Shewanella oneidensis MR-1 secretes water-soluble molecules that function either as electron shuttles or Fe(III) complexing ligands to enhance Fe(III) oxide reduction (Marsili et al., 2008; von Canstein et al., 2008; Jones et al., 2010). Non-biogenic organic shuttle molecules, such as anthraquinone disulfonate, are also well known to accelerate Fe(III) oxide reduction rates (Zachara et al., 1998), in part because of thermodynamically accessible redox potentials, and in part because of intrinsically fast electron transfer kinetics (Rosso et al., 2004). Quinones and molecules bearing quinone moieties have been shown to be particularly efficient electron transfer mediators to Fe(III) oxides (Stack et al., 2004). These molecules exert or are thought to exert their roles in Fe(III) oxide reduction by working in concert with the Mtr pathway (Ross et al., 2009; Shi et al., 2009; Coursolle and Gralnick, 2010; Jones et al., 2010). Extracellular appendages or nanowires are also observed to be associated with S. oneidensis MR-1 cells where they are believed to be involved in Fe(III) oxide reduction. Key components of the Mtr pathway, such as MtrC and OmcA, have been implicated as important electron transfer proteins in the Shewanella nanowires (Gorby et al., 2006; El-Naggar et al., 2008, 2010). This review focuses on our current understandings of functional roles of the identified protein components of the Mtr pathway in the electron transfer reactions during extracellular Fe(III) oxide reduction by S. oneidensis MR-1.

CymA IS THE ENTRY POINT OF THE Mtr PATHWAY

Tetraheme c-Cyt CymA is a member of the NapC/NrfH family of quinol dehydrogenases that are critical for quinol oxidation during bacterial anaerobic respiration (Simon and Kern, 2008). In addition to Fe(III) oxide reduction, CymA is also required for reducing DMSO, fumarate, nitrate, and nitrite by S. oneidensis MR-1 and for reducing arsenate by Shewanella sp. strain ANA-3 and S. putrefaciens CN-32 (Myers and Myers, 1997a; Schwalb et al., 2003; Murphy and Saltikov, 2007). The N-terminal region of CymA polypeptide contains a single trans-membrane domain that anchors CymA to the inner-membrane, and the rest of the CymA polypeptide covalently binds four heme groups and protrudes into the periplasm. The periplasmic portion of CymA (CymAsol) can reduce DMSO, fumarate, and nitrite in vivo (Schwalb et al., 2003). Likewise, purified CymAsol transfers electrons directly to the fumarate reductase FccA of S. oneidensis MR-1 with an apparent second-order rate constant of 19 μM−1 s−1 (Schwalb et al., 2003). CymAsol has a broad redox potential ranging from ∼−350 to ∼0 mV vs. the standard hydrogen electrode (SHE), which is similar to the redox potential measured for the membrane-bound CymA of S. frigidimarina NCIMB400 (Field et al., 2000; Firer-Sherwood et al., 2008). Like other members of the NapC/NrfH family of quinol dehydrogenases, CymA is believed to oxidize quinol in the inner-membrane and transfer the released electrons to redox proteins located in the periplasm. Purified CymA of S. frigidimarina NCIMB400 indeed can be reduced by duroquinol and menaquinol in vitro (Field et al., 2000). Structural determination of NrfH of Desulfovibrio vulgaris, which is the only available molecular structure for the NapC/NrfH family of quinol dehydrogenases, reveals that quinol binds in a pocket adjacent to the heme 1 of NrfH of D. vulgaris, where quinol oxidation occurs (Rodrigues et al., 2006, 2008). Heme 1 of NrfH of D. vulgaris is unique in terms of its coordination. Its proximal axial ligand is a methionine residue (Met49) that is two residues downstream from the histidine residue of the CX2CH motif for binding of heme 1, and an aspartate residue (Asp89) is at the position usually occupied by the distal axial ligand. However, Asp89 is not used for heme coordination; rather, it binds quinol (Rodrigues et al., 2006, 2008). Consequently, heme 1 of NrfH of D. vulgaris is a single methionine-coordinated, high-spin heme (Rodrigues et al., 2006). In contrast to NrfH of D. vulgaris, neither Met49 nor Asp89 is conserved in the CymA of S. oneidensis MR-1. In fact, purified CymA of S. frigidimarina NCIMB400 contains four low-spin hemes each of which is most likely coordinated in the axial positions by two histidine residues (Field et al., 2000). Thus, it is still unclear how CymA binds and oxidizes quinol at the molecular-level.

Unlike NrfH of D. vulgaris that forms a stable complex with NrfA, the interactions between CymA and its redox partners in the periplasm appear weak because CymA can be easily purified to homogeneity from S. frigidimarina NCIMB400 (Field et al., 2000; Rodrigues et al., 2006, 2008). The apparent transient nature of the protein–protein interactions between CymA and its redox partners in the periplasm may be attributed to the fact that CymA interacts with different periplasmic proteins, such as NrfA and FccA, depending on the nature of the terminal electron acceptors. Weak interactions would permit CymA considerable flexibility with regards to its binding partners in response to electron acceptors. Periplasmic proteins small tetraheme cytochrome (STC, also known as CctA), MtrA, and FccA are all proposed to receive electrons from CymA during Fe(III) oxide reduction (Ross et al., 2007; Shi et al., 2007; Schuetz et al., 2009). In vivo chemical cross-linking, however, fails to detect any physical interaction between CymA and STC or MtrA (Ross et al., 2007). In vitro, direct electron transfer has been demonstrated between CymA and MtrA, FccA, or STC and between MtrA and FccA, but not between STC and MtrA (Schwalb et al., 2003; Schuetz et al., 2009; Firer-Sherwood et al., 2011b). Investigation of reverse electron transfer reactions from electrode surfaces through the Mtr pathway to the periplasmic FccA suggests that electron transfer between MtrA and FccA is facilitated by CymA, while direct electron transfer from MtrA to FccA is minimal (Ross et al., 2011). Furthermore, deletion of cctA or fccA has little impact on Fe(III) oxide reduction by S. oneidensis MR-1 (Schuetz et al., 2009; Coursolle and Gralnick, 2010). Collectively, all these results suggest that neither STC nor FccA play a major role in mediating electron transfer between CymA and MtrA during extracellular reduction of Fe(III) oxides.

Survey of the genome of the neutrophilic Fe(II)-oxidizing bacterium S. lithotrophicus ES-1 identifies a cymA homolog located next to a pair of mtrAB homologs, mtoAB, in a sequential order of mtoA-mtoB-cymA. This finding raises a possibility that CymA homolog may also be involved in Fe(II) oxidation, in which it may serve as a quinone reductase.

MtrA AND MtrB TRANSLOCATE THE ELECTRONS ACROSS THE OUTER-MEMBRANE TO THE MtrC AND OmcA LOCATED OUTSIDE OF BACTERIAL CELLS

MtrA can be purified, following overexpression, from either S. oneidensis MR-1 or Escherichia coli. Purified MtrA contains 10 low-spin hemes with a redox potential ranging from −400 to −100 mV vs. SHE (Pitts et al., 2003; Shi et al., 2005; Firer-Sherwood et al., 2008, 2011b). In vivo cross-linking with formaldehyde indicates a physical interaction between MtrA and MtrB (Ross et al., 2007). When Triton X-100 is used as a solubilizing reagent, MtrABC can be isolated as a protein complex with a stoichiometry of 1:1:1 (Ross et al., 2007; Hartshorne et al., 2009). The purified MtrABC complex can transfer electrons across a lipid bilayer following incorporation into proteoliposomes, providing direct evidence that together, MtrABC serve as an electron conduit between the periplasm of S. oneidensis MR-1 cells and its extracellular environments (Hartshorne et al., 2009). Consistent with these results, heterologous co-expression of MtrABC enables E. coli to reduce solid-phase Fe(III) oxides (Jensen et al., 2010). Furthermore, while MtrAB can form a stable complex in the absence of MtrC, an MtrBC complex cannot be isolated in the absence of MtrA. When MtrB is present, MtrA only associates with the bacterial membrane, presumably with MtrB that spans the outer-membrane. Measurement by sedimentation equilibrium indicates a high binding affinity (Kd < 0.1 μM) between MtrAB and MtrC. Based on these findings, it is proposed that MtrB is a trans outer-membrane spanning β-barrel protein that serves as a sheath to embed MtrA in the membrane where MtrAB form a trans outer-membrane delivery module for transferring electrons to MtrC, which functions as an extracellular reductase (Hartshorne et al., 2009). This is the first molecular model of electron transfer across the bacterial outer-membrane, which we hypothesize will apply more broadly to a number of bacterial genera that either gain energy by oxidizing extracellular substrates, such as Fe(II), or reducing compounds such as DMSO as part of anaerobic respiration (Hartshorne et al., 2009).

MtrA contains a signal peptide that targets the synthesized polypeptide to the periplasm via the bacterial Sec system. The MtrA polypeptides can be divided into two pentaheme domains, each of which shares sequence similarity with NrfB of E. coli (Beliaev and Saffarini, 1998; Clarke et al., 2007, 2008). When it is expressed in E. coli, the truncated MtrA with only one of its pentaheme domains is folded properly and possesses five hemes, providing experimental evidence that MtrA contains two repetitive functional domains (Clarke et al., 2008). The molecular structure of NrfB of E. coli has been determined and contains five closely packed hemes (<6 Å between neighboring hemes) with a maximal edge to edge distance of 40 Å. This type of heme arrangement permits rapid electron transfer among the heme groups of NrfB that form a molecular wire (Figure 1; Clarke et al., 2007, 2008). The heme groups NrfH of D. vulgaris are also closely packed in a nearly linear array with a maximal edge to edge distance of 13 Å (Rodrigues et al., 2006). Based on the structures of NrfB of E. coli and NrfH of D. vulgaris, one could speculate that the heme groups of MtrA may also form a molecular wire that could be 80 Å long, while those in CymA may form a 13-Å-long molecular wire. Consistent with this idea, measurements with small angle X-ray scattering show that MtrA adapts to a flat elongated shape with overall dimensions of 104 Å × 20 Å × 50 Å (Firer-Sherwood et al., 2011a). Because MtrB is thought to be a porin-like protein with an estimated pore size that is >30 Å × 40 Å, MtrA can, in principle, be embedded at least partially in MtrB (Firer-Sherwood et al., 2011a).
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Figure 1. Molecular structure of NrfB of E. coli. (A) Crystal structure of NrfB (PDB-ID: 2OZY) showing the peptide chain (green) and hemes (Blue). (B) Arrangement of NrfB hemes shown in the same orientation as panel (A). The hemes are numbered according to the position of their corresponding CXXCH binding motif in the NrfB amino acid sequence.



Given that the thickness of the Gram-negative bacterial outer-membrane is ∼70 Å (or 7 nm; Matias et al., 2003), the estimated length of MtrA is sufficient for transferring electrons heme-to-heme across the entire outer-membrane. However, the periplasmic width of S. oneidensis MR-1 is 235 ± 37 Å (Dohnalkova et al., 2011), too great a distance for a pair of MtrA and CymA to bridge. Additional periplasmic redox proteins thus appear to be necessary for conducting electrons between CymA in the inner-membrane and MtrA in the outer-membrane. The periplasmic redox protein involved in this aspect of electron transfer chain, however, has not been identified. As discussed in the previous section, STC and FccA, two of the most abundant redox proteins in the periplasm of S. oneidensis MR-1, do not appear to mediate electron transfer between CymA and MtrA. Given that NrfH of D. vulgaris (i.e., a CymA homolog) and NrfB of E. coli (i.e., an MtrA homolog) all physically interact with NrfA, and that heterologously expressed MtrA of S. oneidensis MR-1 exchanges electrons with the NrfA in E. coli (Pitts et al., 2003), it seems possible that NrfA may conduct the electrons between CymA and MtrA during Fe(III) oxide reduction (Shi et al., 2007). Alternatively, CymA may be localized in the periplasmic regions that are sufficiently close enough for direct electron transfer between CymA and MtrA as demonstrated in vitro (Matias et al., 2003; Schuetz et al., 2009; Firer-Sherwood et al., 2011b).

MtrC AND OmcA ARE THE TERMINAL REDUCTASES OF Fe(III) OXIDES

MtrC and OmcA are two outer-membrane c-Cyts located on the bacterial surface where they are translocated across the outer-membrane by the bacterial type II secretion system (DiChristina et al., 2002; Myers and Myers, 2003; Donald et al., 2008; Shi et al., 2008; Lower et al., 2009; Reardon et al., 2010). Following expression in S. oneidensis MR-1, OmcA is co-isolated with MtrC when they are solubilized with n-octyl-β-D-glucopyranoside. In vitro characterization shows that purified MtrC and OmcA form a stable complex (Kd < 500 nM) with a stoichiometry of 1: 2 (Shi et al., 2006). Subsequent in vivo cross-linking with different chemical reagents consistently demonstrates that MtrC and OmcA physically interact with each other on the bacterial cells (Ross et al., 2007; Tang et al., 2007; Zhang et al., 2008, 2009). The physical interaction between MtrC and OmcA synergistically enhances the metal reductase activity of MtrC and OmcA (Shi et al., 2006).

Purified MtrC and OmcA, each of which contains 10 hemes, show broad redox potentials ranging from −400 to 100 mV vs. SHE and −320 to −20 mV vs. SHE, respectively (Shi et al., 2006; Hartshorne et al., 2007; Firer-Sherwood et al., 2008). Both UV–visible spectropotentiometric titrations and electron paramagnetic resonance (EPR) analyses show that MtrC has only low-spin hemes (Hartshorne et al., 2007), while EPR measurement reveals at least one high-spin heme in OmcA, although UV–visible spectropotentiometric titrations fail to detect it (Bodemer et al., 2010). Scanning tunneling microscopy and tunneling spectroscopy show that MtrC and OmcA immobilized on gold surfaces have distinct current–voltage (I–V) tunneling spectra at the single-molecule level (Wigginton et al., 2007a,b). Theoretical interpretation of their I–V spectra suggest that MtrC and OmcA possess different electron transfer properties, related to apparent participation of MtrC hemes with redox potentials between −81 and −365 mV vs. SHE, whereas for OmcA no heme participation is detectable by single-molecule tunneling spectroscopy. It is proposed that in this measurement, conductance is through the peptide backbone of OmcA (Wigginton et al., 2007a). However, in other measurements, the heme groups of OmcA are involved in electron transfer to metal ions (Shi et al., 2006; Xiong et al., 2006; Borloo et al., 2007; Marshall et al., 2008; Wang et al., 2008; Ross et al., 2009; Reardon et al., 2010). These different results can probably be attributed to the different methods used for the measurements. Nevertheless, all these measurements consistently show that MtrC and OmcA possess different electron transfer properties (Marshall et al., 2006, 2008; Shi et al., 2006; Borloo et al., 2007; Wigginton et al., 2007b; Wang et al., 2008; Reardon et al., 2010; Belchik et al., 2011). The distinct electron transfer properties observed for MtrC and OmcA suggest different physiological roles for these c-Cyts during metal reduction (Shi et al., 2006; Wigginton et al., 2007b).

Interactions between purified MtrC or OmcA and Fe(III) oxides have been extensively investigated using a variety of methods. Analyses with co-sedimentation and fluorescence correlation spectroscopy show that OmcA binds hematite (α-Fe2O3) directly with a partition coefficient of ∼2 × 105 (Δ G0′ = −28; kJ/mol), which corresponds to 1014 OmcA molecules per cm2 of hematite (Xiong et al., 2006). Similar binding affinity to hematite is also observed for OmcA using neutron reflectometry (Johs et al., 2010). Atomic force microscopy measurements reveal that MtrC and OmcA bind hematite with distinct force characteristics. The binding strength of OmcA to hematite is approximately twice that for MtrC, while the binding frequency of MtrC to hematite is twice that for OmcA (Lower et al., 2007). Measured force signatures with purified MtrC and OmcA also correlate well with those measured with intact cells (Lower et al., 2001), a finding that supports the direct electron transfer to Fe(III) oxide by MtrC and OmcA (Lower et al., 2007). Screening with phage-display technology identifies a polypeptide with a conserved hematite-binding motif of Ser/Thr-hydrophobic/aromatic-Ser/Thr-Pro-Ser/Thr. Molecular dynamics simulation with Ser-Pro-Ser polypeptide and hematite suggests that Ser-Pro-Ser peptide binds hematite via the hydrogen bonds formed between the two serine residues and hydroxylated hematite surface, while the proline residue helps stabilize the binding by limiting the peptide flexibility. The putative hematite-binding motif of Thr-Pro-Ser/Thr is found close to heme 10 of both MtrC and OmcA polypeptides (Lower et al., 2008).

Measurements with spectroscopy and protein film voltammetry consistently show that purified MtrC and OmcA transfer electrons directly to hematite with the rate constants ranging from 0.025 to 63.5 s−1 (Xiong et al., 2006; Eggleston et al., 2008; Meitl et al., 2009). Most important, the voltammograms of purified MtrC and OmcA on hematite electrodes are very similar to those of the S. oneidensis MR-1 cells expressing only the corresponding outer-membrane c-Cyt, suggesting that MtrC and OmcA on the bacterial surface exchange electrons directly with hematite (Meitl et al., 2009). Furthermore, MtrC and OmcA are co-localized with hematite and secondary mineral phases after ferrihydrite reduction by S. oneidensis MR-1 and E. coli cells with heterologously expressed MtrABC reduce solid-phase Fe(III) oxide in the absence of any mediators such as flavins (Lower et al., 2009; Jensen et al., 2010; Reardon et al., 2010). Taken together, these results demonstrate that MtrC and OmcA are the terminal reductases that bind and reduce Fe(III) oxides directly.

Compared to measurements with intact cells and the total membrane fraction, purified MtrC and OmcA reduce goethite [α-FeO(OH)] at much slower rates. Addition of flavin, however, increases the rates comparable to those measured with intact cells and the total membrane fraction. Further investigations show that OmcA reduces flavins much faster than flavins reduce goethite, suggesting an electron shuttle role for flavins during MtrC- and OmcA-mediated reduction of Fe(III) oxides (Ross et al., 2009). Consistent with this suggestion, the Mtr pathway is required for in vivo reduction of flavins by S. oneidensis MR-1 cells (Coursolle et al., 2010).

Recent determination of the molecular structure of MtrF, an MtrC homolog, at a resolution of 3.2 Å has provided the unprecedented molecular structural evidence supporting the terminal reductase role for the outer-membrane c-Cyts of S. oneidensis MR-1 in Fe(III) oxide reduction (Clarke et al., 2011). Results show that MtrF is folded into four distinct domains: domains I (aa 49–186) and III (aa 319–473) each contains seven anti-parallel β-strands folded together to form a split-β barrel structure, while domains II (aa 187–318) and IV (aa 474–641) each bind five tightly packed hemes (Figure 2A). The four domains fold together so that the pentaheme domains II and IV are packed to form a central core with the two split-β barrel domains I and III flanking either side. This organizes 10 hemes of MtrF into a unique “wire cross,” in which a staggered 65-Å octaheme chain (hemes 10, 9, 8, 6, 1, 3, 4, 5) transects the length of the protein through domains IV and II and is crossed at the middle by a 45-Å tetraheme chain (hemes 2, 1, 6, 7) that connects the two split β-barrel domains I and III. This “wire cross” is made up of a lower order organization of two triads of parallel hemes (hemes 3, 4, 5 and hemes 8, 9, 10) that lie perpendicular to a quartet of parallel hemes. Each heme is within 7 Å of its nearest neighbor(s), permitting rapid electron transfer among the hemes (Figure 2B). It is proposed that domain II interacts with solid-phase Fe(III) oxides by transferring electrons directly to the oxides via the solvent-exposed heme 5. Domain I and III are thought to be involved in binding and reduction of flavins and soluble metals such as chelated Fe(III), while domain IV is predicted to physically interact with the MtrDE (MtrAB homologs) complex and exchange electrons with MtrD via heme 10 (Clarke et al., 2011). It should be noted that the functional roles of domain II and IV of MtrF are interchangeable and that the overall shape of MtrF is very similar to that of OmcA (Johs et al., 2010; Clarke et al., 2011); the latter suggests that MtrF and OmcA may fold similarly. Like MtrC and OmcA, MtrF also reduces Fe(III) oxides and flavins (Coursolle and Gralnick, 2010; Clarke et al., 2011). Thus, the structural characteristics of MtrF support the notion that bacterial surface-localized c-Cyts MtrC, MtrF, and OmcA transfer electrons directly to the surface of Fe(III) oxides via their solvent-exposed hemes, such as heme 5 or 10 of MtrF. They also support the notion that, in order to enhance their reaction rates, these c-Cyts also use flavins secreted by S. oneidensis MR-1 cells as diffusible co-factors (i.e., shuttles) for reduction of Fe(III) oxides. Because of the direct binding of the c-Cyts to the Fe(III) oxides, the distance that flavins diffuse between the putative flavin-reducing sites in the c-Cyts and the surface of Fe(III) oxide can be very short [∼20 Å between MtrF and Fe(III) oxide], which makes the shuttle-mediated electron transfer efficient. Given that they physically interact with each other in vivo, MtrC and OmcA may exchange electrons through diffusible flavins. MtrC, MtrF, and OmcA also reduce soluble Fe(III) complexed with different ligands (Shi et al., 2006; Borloo et al., 2007; Wang et al., 2008; Ross et al., 2009; Bucking et al., 2010; Coursolle and Gralnick, 2010; Clarke et al., 2011). Reduction of chelated Fe(III) by MtrC, MtrF, and OmcA, in principle, also occurs via their solvent-exposed hemes as well as the hemes adjacent to the flavin-binding domains (i.e., hemes 2 and 7 of MtrF).
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Figure 2. Molecular structure of MtrF of S. oneidensis MR-1. (A) Crystal structure of MtrF (PDB-ID: 3PMQ) showing the peptide chain (green) and hemes (Blue). Domains I–IV are labeled. (B) Arrangement of MtrF hemes shown in the same orientation as panel (A). The hemes are numbered according to the position of their corresponding CXXCH binding motif in the MtrF amino acid sequence.



Despite the detailed structural and electrochemical spectroscopic information becoming available for outer-membrane c-Cyts, the electron transfer step from hemes to shuttle molecules, such as flavins, or directly to terminal electron acceptors, such as Fe(III) oxide itself, remains difficult to isolate. Although solvent exposure of hemes is suggestive of a possible role as an interfacial electron transfer mediator (i.e., input or output redox site), many conditions must be met at the molecular scale for this process to be usefully efficient to the organism. Indeed, solvent exposure to an aqueous environment often intrinsically reduces heme electron transfer efficiency compared to that fully embedded within the protein; a higher reorganization energy and thus higher activation energy is associated with repolarizing a high dielectric medium, such as water, to move an electron from water-exposed donor heme to a water-solvated acceptor species (Marcus and Sutin, 1985). Exclusion of water between c-Cyts and an Fe(III) oxide surface is demonstrated with computational molecular simulation to be necessary to reduce both the reorganization energy and the interfacial electron transfer distance between heme groups of STC and Fe(III) sites in the oxide surface (Kerisit et al., 2007). It shows that STC docks with a solvent-exposed heme in direct contact to a hematite (001) surface in 89% of the approach simulations, but the frequency of specific heme contact does not correlate with solvent exposure but rather the formation of covalent bonds to the surface via heme proprionate groups. Furthermore, it is shown that heme-surface encounter orientations involving the porphyrin plane at ∼90° with respect to the surface plane, along with heme Fe to surface Fe distances of 9–10 Å, enable interfacial electron transfer rates consistent with overall macroscopic rates measured by protein film voltammetry.

In addition to bacterial cell surfaces, MtrC and OmcA are found to be associated with extracellular polymeric substances (EPS) where they are directly associated with hematite as well as U(IV)O2 and Fe(II)-containing secondary mineral phases presumably because these are the sites for reducing U(VI) and ferrihydrite, respectively (Marshall et al., 2006; Lower et al., 2009; Reardon et al., 2010). Likewise, MtrC and OmcA are released to the growth medium and are also involved in the formation of chromium [Cr(III)] precipitates that are found in the extracellular matrix following reduction of Cr(VI) by S. oneidensis MR-1 (Shi et al., 2008; Belchik et al., 2011). Global proteomic and Western blot analyses show that the homologs of MtrC and OmcA are the key components of the bound and loosely associated EPS isolated from the biofilm of the metal-reducing bacterium Shewanella sp HRCR-1 (Cao et al., 2011b). Interestingly, while an MtrB homolog was present in the isolated EPS, no MtrA homolog was detected (Cao et al., 2011b). MtrC and OmcA homologs in these isolated EPS are also implicated in U(VI) reduction (Cao et al., 2011a). These results suggest that after they are released from the bacterial cell surface, MtrB, MtrC, and OmcA may not be in association with MtrA. Although their roles in Fe(III) oxide reduction and their relationship with Shewanella nanowires and the outer-membrane vesicles are currently uncharacterized, it is proposed that EPS-associated MtrC, OmcA, and probably MtrB may be part of non-local electron transfer strategy used by S. oneidensis MR-1 for reduction of the Fe(III) oxide minerals distant from the bacterial cell surface (Rosso et al., 2003; Gorby et al., 2008; Bose et al., 2009; Lower et al., 2009).

CONCLUDING REMARKS

Recent in vivo and especially in vitro characterizations of Mtr and related proteins of S. oneidensis MR-1 have significantly advanced our understanding of the molecular mechanisms by which bacteria reduce Fe(III) oxides. These proteins, most of which are c-Cyts with multiple hemes, are strategically positioned along the width of the bacterial envelope. Through protein–protein interactions, they form a pathway for electron conductance across entire bacterial cell envelope to the surface of Fe(III) oxides. The electron conductance is mediated mainly by the heme groups of the c-Cyts. The quinol in the inner-membrane is believed to be oxidized by the heme 1 of CymA. Released electrons most likely move along the heme groups of CymA. Through the heme 4, CymA transfers the electrons to MtrA either directly or indirectly via other periplasmic proteins. Inserted into the trans outer-membrane porin formed by MtrB, MtrA transfers electron across the outer-membrane to MtrC and OmcA on the bacterial surface. MtrC and OmcA bind the surface of Fe(III) oxides and transfer electrons directly to Fe(III) via their solvent-exposed hemes. Through direct binding and reduction, MtrC and OmcA also use flavins as diffusible shuttles for Fe(III) oxide reduction. Because of their extracellular location, broad redox potentials, and ability to reduce Fe(III) complexed with different ligands in vitro, MtrC and OmcA can also reduce complexed forms of Fe(III) in vivo (Figure 3).
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Figure 3. The proposed Mtr extracellular electron transfer pathway of S. oneidensis MR-1. The protein components identified to date for the Mtr pathway include CymA, MtrA, MtrB, MtrC, and OmcA. CymA is a tetraheme c-Cyt that belongs to the NapC/NrfH family of quinol dehydrogenases. Through its N-terminal region, CymA is anchored in the inner-membrane (IM) where it oxidizes quinol in the IM and transfers the released electrons to MtrA in the outer-membrane (OM) either directly or indirectly via other periplasmic proteins. MtrA is a decaheme c-Cyt that is thought to be embedded in MtrB, a trans OM, and porin-like protein. Together, MtrAB facilitate the electron transfer across the OM to the MtrC and OmcA on the bacterial surface. Both MtrC and OmcA are the OM decaheme c-Cyts that are translocated across the OM by the bacterial type II secretion system. MtrC and OmcA are the terminal reductases that bind the surface of Fe(III) oxides and transfer electrons directly to the oxides via their solvent-exposed hemes. To increase their reaction rates, MtrC and OmcA use flavins secreted by the S. oneidensis MR-1 cells as diffusible co-factors or shuttles for Fe(III) oxide reductions. MtrC and OmcA can also serve as the terminal reductases for the Fe(III) solubilized from the Fe(III) oxides by the Fe(III)-complexing ligands secreted from the S. oneidensis MR-1 cells. The sizes of the components depicted are not drawn to the scale.



Despite the advances in understanding the molecular mechanisms of Fe(III) oxide reduction by S. oneidensis MR-1, key knowledge gaps still remain regarding the critical steps of the Mtr electron transfer pathway. First, it is still unclear which heme groups of the outer-membrane c-Cyts are directly involved in reduction of Fe(III) oxides and flavins. The molecular structure of MtrF predicts that heme 5 and 10 are highly solvent-exposed and thus candidates for interfacial electron transfer from MtrF to Fe(III) oxides, while hemes 2 and 7 are likely involved in flavin reduction. These predictions can be readily tested using site-directed mutagenesis. How the identified heme groups of MtrF interacts with and mediates the interfacial electron transfer to Fe(III) oxides and how MtrF binds and reduces flavins also need to be investigated, preferably using an integrated experiment and molecular modeling approach. Second, how MtrABC interact with each other to facilitate electrons transfer across the bacterial outer-membrane has yet to be determined. Structural determination of the MtrABC complex by X-ray crystallography could provide key insights of the electron conductance mechanism through the bacterial outer-membrane. Given that MtrABC is a trans outer-membrane protein complex, determination of its molecular structure will be challenging. Third, how electrons are transferred from CymA to MtrA remains unclear. Identification of this electron transfer mechanism will help determine how electrons are delivered across the bacterial periplasm. Another major knowledge gap is that the molecular details regarding how CymA interacts with and oxidizes the quinol in the inner-membrane are currently unclear. Determination of CymA structure will enable insights into how it binds and oxidizes quinol at the molecular-level. Finally, what are the functional roles of the MtrC and OmcA associated with EPS? Their relationship to bacterial outer-membrane vesicles and conductive nanowire also needs to be thoroughly characterized. Characterization of their roles will help understand the non-local electron transfer mechanisms by which S. oneidensis MR-1 cells reduce the Fe(III) oxide minerals distant from the cell surface. Although these key knowledge gaps persist, Mtr pathway of S. oneidensis MR-1 is the best characterized microbial pathway used for extracellular electron transfer. Characterization of the Mtr pathway has enabled unprecedented molecular-level understanding of microbial reduction of Fe(III) oxides.
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Microbial Fe(II) oxidation using [image: yes] as the terminal electron acceptor [nitrate-dependent Fe(II) oxidation, NDFO] has been studied for over 15 years. Although there are reports of autotrophic isolates and stable enrichments, many of the bacteria capable of NDFO are known organotrophic [image: yes]-reducers that require the presence of an organic, primary substrate, e.g., acetate, for significant amounts of Fe(II) oxidation. Although the thermodynamics of Fe(II) oxidation are favorable when coupled to either [image: yes] reduction, the kinetics of abiotic Fe(II) oxidation by [image: yes] are relatively slow except under special conditions. NDFO is typically studied in batch cultures containing millimolar concentrations of Fe(II), [image: yes], and the primary substrate. In such systems, [image: yes] is often observed to accumulate in culture media during Fe(II) oxidation. Compared to [image: yes], abiotic reactions of biogenic [image: yes] and Fe(II) are relatively rapid. The kinetics and reaction pathways of Fe(II) oxidation by [image: yes] are strongly affected by medium composition and pH, reactant concentration, and the presence of Fe(II)-sorptive surfaces, e.g., Fe(III) oxyhydroxides and cellular surfaces. In batch cultures, the combination of abiotic and microbial Fe(II) oxidation can alter product distribution and, more importantly, results in the formation of intracellular precipitates and extracellular Fe(III) oxyhydroxide encrustations that apparently limit further cell growth and Fe(II) oxidation. Unless steps are taken to minimize or account for potential abiotic reactions, results of microbial NDFO studies can be obfuscated by artifacts of the chosen experimental conditions, the use of inappropriate analytical methods, and the resulting uncertainties about the relative importance of abiotic and microbial reactions. In this manuscript, abiotic reactions of [image: yes] and [image: yes] with aqueous Fe2+, chelated Fe(II), and solid-phase Fe(II) are reviewed along with factors that can influence overall NDFO reaction rates in microbial systems. In addition, the use of low substrate concentrations, continuous-flow systems, and experimental protocols that minimize experimental artifacts and reduce the potential for under- or overestimation of microbial NDFO rates are discussed.

Keywords: nitrate-dependent Fe(II) oxidation, nitrate reduction, anoxic Fe(II) oxidation, abiotic Fe(II) oxidation

INTRODUCTION

To state the obvious, some geomicrobiological systems are easier to work with than others. In the same way that microbial, microaerophilic Fe(II) oxidation at circumneutral pH presents experimental challenges (Emerson and Floyd, 2005) microbial [image: yes]-dependent Fe(II) oxidation (NDFO) present a variety of complexities that can complicate experimental design and confuse interpretation of results. Fe(II) is usually initially provided as soluble Fe2+, but can also be introduced as sorbed Fe(II) or Fe(II)-bearing minerals of varying crystallinity and reactivity. The oxidized Fe(III) produced precipitates rapidly at circumneutral pH forming oxyhydroxides, thereby providing highly sorptive and reactive surfaces not initially present and frequently forming extensive cell coatings which can strongly effect microbial metabolism. Although usually not measured, the final product of [image: yes] reduction, based on stoichiometry and lack of [image: yes] production, is typically assumed to be N2 or N2O. One of the reduction intermediates, i.e., [image: yes], is more reactive with Fe(II) than [image: yes] can accumulate in the medium, and result in abiotic reaction opportunities not present in abiotic controls.

Rather than present new data, this manuscript will review potential abiotic reactions between either [image: yes] or [image: yes] and homogeneous solutions of Fe2+ or heterogeneous systems containing solid-phase Fe(II). Numerous studies have been conducted for more than four decades (e.g., Chao and Kroontje, 1966), often under significantly different experimental conditions and resulting in varying reports of reactivity, reaction rates, and disparate distributions of products. This manuscript will describe previous abiotic studies in the context of microbial NDFO, attempt to provide deeper insights into the potential for simultaneous abiotic and biotic reactions of Fe and N, and assist in interpreting relative contributions of both reaction types in studies of microbial NDFO.

ABIOTIC OXIDATION OF Fe(II) BY NO3−

The oxidation of Fe2+ to goethite (α-FeOOH) by [image: yes] can be written such that either N2, N2O, [image: yes] or [image: yes] are produced as final products.

[image: image]

Calculations based on commonly used thermodynamic data (Stumm and Morgan, 1981) show that the standard free energy change at pH 7 for all reactions is favorable. Even though the thermodynamics are favorable, the kinetics of abiotic aqueous Fe2+ oxidation by [image: yes] at circumneutral pH in the absence of catalytic ions or surfaces are relatively slow. With respect to catalysts for abiotic reactions, Cu2+ and other metal ions have been shown to increase reaction rates (Buresh and Moraghan, 1976; Ottley et al., 1997). In an oft-cited study, Buresh and Moraghan (1976) described the oxidation of aqueous Fe2+ by [image: yes] over a pH range of 6–10 in the presence of 0–160 μM Cu2+ as a catalyst. In the presence of 0.0 and 1.6 μM Cu2+, [image: yes] was stable over the 24-h experiment regardless of the pH. In the presence of Cu2+ at concentrations of 16 μM or greater, [image: yes] reduction occurred, and the extent of reduction increased with pH, becoming quite significant at pH 8 and above. When Cu-catalyzed [image: yes] reduction occurred, Fe(OH)2 or other solid phases were presumed to be the reducing agents rather than soluble Fe2+ due to increased [image: yes] reduction at pH values >7 where extensive production of solid-phase Fe occurred. Ottley et al. (1997) further examined the reduction of [image: yes] by Fe2+ in the presence of 7 μM to 7 mM Cu2+ and other trace metal ions at pH 7–8.5. Relatively rapid [image: yes] reduction rates in the presence of Cu2+ again increased at alkaline pH and the authors determined that solid-phase Cu produced during incubations was catalytically active rather than the soluble Cu2+.

Solid-phase Fe(II), whether adsorbed or crystalline, has been shown to be a more effective reductant than aqueous Fe2+ for reactions involving both organic and inorganic compounds (Sung and Morgan, 1980; Tamura et al., 1980; Klausen et al., 1995; Cui and Eriksen, 1996; Kim and Picardal, 1999; Amonette et al., 2000; Williams et al., 2005; Neumann et al., 2009). The importance of solid-phase or adsorbed Fe(II) in the abiotic reduction of [image: yes] appears to be dependent upon the time scale of the studies, pH, and characteristics of the solid phase. Postma (1990) studied reduction of low-micromolar concentrations of [image: yes] by Fe(II)-bearing silicate minerals at pH 2–7 over periods of 1000–2000 h. No aqueous Fe2+ was added and reduction relied on slow release of Fe2+ during silicate mineral dissolution. Maximal [image: yes] reduction rates were observed at pH 4 where small amounts of nitrite were also measured and reduction rates were thought to be dependent on precipitation of secondary Fe(III) minerals such as goethite. Overall [image: yes] reduction rates were quite low, however, and reduction by Fe(II)-bearing silicate minerals was considered to be important only in groundwater systems with long residence times. Although the Postma study may have significance for microbial NDFO as an environmental process in suitable sediments, the acidic pH regime and low micromolar concentrations of [image: yes] and Fe2+ used in his studies make it difficult to extrapolate his findings to laboratory studies of microbial NDFO.

In the work of Ottley et al. (1997), weeklong incubations of [image: yes] and initially aqueous Fe2+ in the absence of metal ion catalysts at pH 8 showed a 15% [image: yes] loss. Such losses would be important in microbial experiments where incubations are often conducted over similar or longer time scales. Since such losses of [image: yes] are typically not observed in microbiological experiments with aqueous Fe2+ (Straub et al., 1996; Weber et al., 2001; Blothe and Roden, 2009), it is not clear if trace amounts of O2 caused abiotic Fe2+ oxidation and subsequent [image: yes] reduction by sorbed or solid-phase Fe(II). As also described by Ottley et al. addition of goethite to systems containing Fe2+ increased rates of [image: yes] reduction. Since goethite is sometimes a product of microbial NDFO (described below), this shows the potential importance of solid phases and suggests that sorption of Fe2+ to some Fe(III) oxyhydroxides may increase abiotic [image: yes] reduction rates.

Petersen (1979) described the abiotic oxidation of [image: yes] by Fe2+ over a pH range of 4–9. Reaction rates were very slow at pH ≤6 and maximal at pH 8. Petersen suggested that the reductant was a colloidal form of Fe(OH)2 which began to precipitate at pH 6. Although Petersen’s experiments were conducted at 70°C and should be carefully considered when working with hyperthermophiles, the applicability of his results to microbial experiments typically done at much lower temperatures is questionable.

Select, crystalline Fe(II)-bearing minerals are also known to reduce [image: yes]. Wüstite (FeO) has been shown to reduce [image: yes] to [image: yes] at temperature (3–41°C), pH (5.45–7.45), and concentration regimes appropriate to microbial studies (Rakshit et al., 2005). In addition, clear evidence of rapid abiotic reduction of [image: yes] by green rust (GR) minerals has been provided by Hansen and coworkers (Hansen et al., 1994, 1996, 2001) and others (Choi and Batchelor, 2008). The GRs are highly reactive and consist of trioctahedral Fe(II)–Fe(III) hydroxide layers separated by hydrated anionic interlayers. The anions in the GR interlayer are variable, e.g., sulfate in [image: yes] or chloride in GRCl. Both [image: yes] and GRCl have been shown to abiotically reduce [image: yes] to [image: yes] during oxidation of the GR to magnetite (Hansen et al., 1996, 2001). The kinetics of these reactions at circumneutral and slightly alkaline pH are sufficiently rapid to provide a competing pathway for microbial [image: yes] reduction when GR is present at sufficiently high concentrations.

Considering all of the above studies, several generalities are possible. Firstly, Fe2+ and [image: yes] are generally stable at circumneutral pH over the time scale used in most microbial NDFO experiments. This is quite apparent in the killed-cell or uninoculated controls typically used in NDFO batch experiments (Straub et al., 1996; Weber et al., 2001, 2006a; Kappler et al., 2005). In addition, both [image: yes] and Fe(II)-EDTA were stable in uninoculated and killed-cell controls in the limited number of experiments using Fe(II)-EDTA instead of Fe2+ (Kumaraswamy et al., 2006; Chakraborty et al., 2011). Although catalysis by Cu2+ and other trace metal ions may have importance in some natural, sedimentary environments, such catalyzed reactions will likely be unimportant in the culture media commonly used in laboratory NDFO experiments. Trace metal solutions used in anaerobic studies (Strąpoć et al., 2008; Wolfe et al., 2011) typically result in final Cu2+ concentrations more than one to two orders-of-magnitude less than the lowest effective catalytic concentration found in the above studies.

Solid-phase or adsorbed Fe(II) may reduce [image: yes] in some cases, but the effectiveness of the reductant is largely determined by the pH and the identity of the solid phase. The ability of the solid phase to function as a catalyst for [image: yes] reduction may also be dependent on the simultaneous presence of Fe2+. In controls without supplemental Fe2+ using pasteurized, microbially reduced goethite, and other Fe(II)-bearing solid phases, concomitant losses of [image: yes] and Fe(II) were not observed (Weber et al., 2001; Chakraborty et al., 2011). GR minerals are effective reductants, especially at slightly alkaline pH, and their transient formation in experimental systems used in microbial NDFO experiments should always be considered. The usual method of GR synthesis involves either controlled oxidation of aqueous FeCl2 or FeSO4 (Tamaura et al., 1984b), the same compounds often used to study microbial Fe2+ oxidation, or an “induced hydrolysis” method involving reaction of Fe2+ with HFO in a pH 7, carbonate-buffered system (Hansen, 1989). In addition, GR-like minerals may also be transiently formed during conversion of other Fe(III) oxyhydroxides, e.g., lepidocrocite, to magnetite during incubation with Fe2+ (Tamaura et al., 1984a; Sørensen and Thorling, 1991). Since similar conditions needed for GR synthesis may exist during microbial NDFO studies, transient formation of minor GR-containing phases during microbial experiments must be taken into consideration. Typical uninoculated or killed-cell controls would not be suitable controls for a possible abiotic GR reaction since GR synthesis from aqueous Fe2+ requires Fe2+ oxidation.

The Fe(III) mineral phases that form as products are often poorly crystalline and their mineralogy can be determined by factors such as pH, phosphate, or bicarbonate concentrations used in the culture media, rates of Fe(II) oxidation, presence of humic compounds or other ligands, and other factors. In cases where mineral identity has been characterized, end-products such as goethite, lepidocrocite, HFO, or Fe(III) phosphates are usually identified (Lack et al., 2002; Kappler et al., 2005; Senko et al., 2005; Miot et al., 2009; Larese-Casanova et al., 2010). Early work included one report of formation of GR and magnetite (Chaudhuri et al., 2001), but later work by the same authors using the same culture and media found formation of HFO with no evidence of GR formation (Lack et al., 2002). The authors attributed the disparate finding to differences in the rate of Fe(II) oxidation by variously treated cultures. Clear evidence of GR formation during Fe(II) oxidation by Acidovorax sp. strain BoFeN1 was recently reported (Pantke et al., 2012) and the relative contribution of enzymatic NDFO versus GR-catalyzed [image: yes] reduction cannot yet be determined in most cases. It should be noted that, although [image: yes] has been produced in some microbial NDFO studies that utilized sediments or sediment inoculum (Weber et al., 2006b; Coby et al., 2011) and with a pure culture of Geobacter metallireducens (Weber et al., 2006b), NDFO enrichment cultures and isolates generally reduce [image: yes] to N2 or N2O (Straub et al., 1996, 2004; Benz et al., 1998; Straub and Buchholz-Cleven, 1998; Weber et al., 2009). Since the products of abiotic oxidation of wüstite or GR by [image: yes] are magnetite and [image: yes] the absence of these products in most NDFO studies suggests that the abiotic reduction of [image: yes] by transient amounts of GR minerals formed during Fe2+ oxidation may not be a significant contributor in many experiments.

ABIOTIC OXIDATION OF Fe(II) BY NO2−

The thermodynamics of Fe2+ oxidation to goethite (α-FeOOH) coupled with the reduction of [image: yes] to either N2, N2O, or [image: yes] are also favorable.

[image: image]

Compared to [image: yes] the kinetics of [image: yes] reduction by Fe(II) are generally more rapid in both homogeneous and heterogeneous reactions. In early work, Nelson and Bremner (1970) showed that only 4% of 3.6 mM [image: yes] remained after 24 h incubation with 25 mM Fe2+ at pH 5. It is not clear, however, if air was excluded from their reaction system. Moraghan and Buresh (1977) conducted experiments with 14 mM Fe2+ under anoxic conditions and found complete removal of 1.8 mM [image: yes] after 24 h at pH 8 with N2O as the primary product. At pH 6, only 12% of the [image: yes] was reduced during the same period, although the presence of Cu2+ dramatically increased reaction rates. Since Fe(III) oxyhydroxide precipitates formed during their studies, the role of heterogeneous reactions could not be definitively ascertained. Van Cleemput and Baert (1983) examined reduction of [image: yes] by aqueous Fe2+ under anoxic conditions over a pH range of 4–6. Rates of [image: yes] reduction were slowest at pH 6 and increased as the solution became more acidic. Fast rates of reaction between Fe2+ and [image: yes] at acidic pH were also reported by Wullstein and Gilmour (1966).

In addition to the presence of Cu2+ or low pH, abiotic [image: yes] oxidation of Fe2+ is enhanced by the presence of solid phases. Van Cleemput and Baert (1983) reported that the addition of amorphous Fe(III) hydroxide (HFO) and, to a lesser extent, magnetite, greatly accelerated rates of reaction compared to systems containing Fe2+ alone. The effect of added HFO in heterogeneous systems was especially pronounced at pH 6 and 8 where rates of [image: yes] reduction were relatively slow absent the solid phase. Tai and Dempsey (2009) also showed that [image: yes] reduction rates at pH 6.8 were greatly enhanced in heterogeneous systems containing both HFO and Fe2+ compared to systems containing Fe2+ alone.

Sorption of Fe(II) to crystalline Fe(III) oxyhydroxides is also known to increase abiotic [image: yes] reduction rates. Sørensen and Thorling (1991) examined the effect of added lepidocrocite (γ-FeOOH) on the rates of abiotic Fe(II)-dependent [image: yes] reduction over a pH range of 6–8.5 under anoxic conditions. Rates of reduction of [image: yes], primarily to N2O, occurred much more rapidly in the presence of lepidocrocite than in its absence and increased progressively from pH 7.5 to 8.5. Fe2+ reacted with the solid phase to form magnetite (Fe3O4) and the authors suggest that a transient GR phase may have formed at pH 8 and above during magnetite formation. Sorption of Fe2+ to goethite was also found by Coby and Picardal (2005) to increase reduction of [image: yes] to N2O at pH 7 compared to systems lacking goethite.

The ability of [image: yes] to reduce [image: yes] has been shown by Hansen et al. (1994) who proposed that [image: yes] can be both reduced rapidly during GR formation and more slowly by Fe(II) in the GR lattice. In a recent report by Kampschreur et al. (2011), reduction of [image: yes] to NO and N2O by Fe2+ at pH 5.6–7.6 was attributed both to reaction with aqueous Fe2+ and the transient formation of GR-like compounds although a characterization was not done of the solid-phase formed during the reaction. With the exception of a recent report (Pantke et al., 2012) as described above, GR minerals are typically not found as final products during microbial NDFO exists in spite of conditions, i.e., presence of Fe2+ and freshly precipitated Fe(III) oxyhydroxides (Hansen, 1989), that may favor transient appearance during reaction progress.

In addition to reactions with GR and Fe2+ sorbed to Fe(III) oxyhydroxides, other studies have shown abiotic reactions of [image: yes] with various forms of solid-phase Fe(II). Weber et al. (2001) demonstrated that [image: yes] can abiotically oxidize Fe(II) in microbially reduced goethite and subsoils in addition to biogenic magnetite. In their experiments, neither biogenic nor chemically precipitated siderite (FeCO3) was abiotically oxidized by [image: yes] This contrasts with the subsequent experiments of Rakshit et al. (2008) who demonstrated abiotic reduction of [image: yes] to N2O by chemically precipitated siderite at increasing rates as the pH was reduced from 7.9 to 5.5. In a separate study, Rakshit et al. (2005) also showed that wüstite (FeO) was able to reduce [image: yes] to [image: yes] at rates significantly greater than corresponding [image: yes] reduction rates.

[image: yes] may also be reactive with Fe(II)-EDTA although results are equivocal. In 6-day, abiotic experiments with 2.5 mM [image: yes], 5 mM [image: yes] and 5 mM Fe(II)-EDTA at pH 7, no losses of any compound were observed (Chakraborty and Picardal, unpublished data). In the experiments of Kumaraswamy et al. (2006) at the same pH, however, 18% of 10 mM Fe(II)-EDTA was oxidized after 24 h. The greater reactivity of [image: yes] has also been highlighted in studies (Cooper et al., 2003; Coby and Picardal, 2005) which described abiotic reactions between [image: yes] and Fe(II) sorbed to microbial cell surfaces. The products of this reaction were N2O and Fe(III) oxyhydroxide encrustations on cell surfaces that impeded subsequent transport of soluble substrates into cells.

A unified and comprehensive understanding of abiotic reactions between [image: yes] and Fe2+ is difficult to develop due to sometimes conflicting results in some of the above studies, likely due to the wide range of reactant concentrations (micromolar to tens of millimolar), different pH regimes, varying experimental conditions, incomplete characterization of aqueous:solid-phase Fe speciation, potential transient formation of reactive species and complexes, and often unspecified final reaction products. It is clear, however, that [image: yes] and soluble Fe2+ are reactive at acidic pHs and the Fe2+ sorption to amorphous and crystalline Fe(III) oxyhydroxides can increase rates of [image: yes] reduction. Sorption of Fe2+ to cell surfaces or transient formation of reactive GR minerals may also create artifacts under certain experimental conditions.

MICROBIAL NO3−-DEPENDENT Fe(II) OXIDATION AND POTENTIAL ABIOTIC INTERACTIONS

Nitrate-dependent Fe(II) oxidation was first described by Straub et al. (1996) and is catalyzed by phylogenetically diverse bacteria in a variety of environments (Hafenbradl et al., 1996; Benz et al., 1998; Straub and Buchholz-Cleven, 1998; Straub et al., 2004; Kumaraswamy et al., 2006; Muehe et al., 2009; Weber et al., 2009). NDFO has been demonstrated in a variety of sediment enrichments, microbial consortia, and pure cultures, including both autotrophic and mixotrophic cultures. In addition to the autotrophic enrichment culture originally described by Straub et al. (1996), autotrophic growth has been reported for Pseudogulbenkiania sp. Strain 2002 (Weber et al., 2006a, 2009), Paracoccus ferrooxidans using organically complexed Fe(II) (Kumaraswamy et al., 2006), and a hyperthermophilic archaeum (Hafenbradl et al., 1996). Most pure cultures capable of NDFO, however, are organotrophic, [image: yes]-reducing bacteria that oxidize Fe(II) in the presence of an organic cosubstrate such as acetate, either cometabolically or through a mixotrophic physiology. Examples of such bacteria include Paracoccus denitrificans (Muehe et al., 2009), various Acidovorax sp. (Straub et al., 2004; Kappler et al., 2005; Muehe et al., 2009; Byrne-Bailey et al., 2010; Chakraborty et al., 2011), Aquabacterium sp. Strain BrG2 (Straub et al., 2004), G. metallireducens (Finneran et al., 2002; Weber et al., 2006b), Azospira oryzae (“Dechlorosoma suillum”) (Lack et al., 2002), and other members of the α-, β-, γ-, and δ-subgroups of the Proteobacteria in addition to Gram-positive bacteria (Straub and Buchholz-Cleven, 1998; Straub et al., 2004; Kappler and Straub, 2005).

Fe(II) oxidation by mixotrophic organisms may be linked to energy conservation and growth or, in some cases, result from a summation of both enzymatic reactions and abiotic side reactions that occur fortuitously during organotrophic growth. Fe(II)-oxidation-enhanced growth has been clearly shown during mixotrophic growth by some Acidovorax sp. In experiments with two different Acidovorax isolates (Muehe et al., 2009; Chakraborty et al., 2011), increases in growth yield in batch cultures using 4–10 mM Fe2+, 8–10 mM [image: yes] and 1.5–5 mM acetate were consistently greater in the presence of Fe2+ than in its absence. In the experiments of Chakraborty et al. growth typically ceased after several days, regardless of the presence of remaining substrate, likely as a result of Fe(III) oxyhydroxide coatings that develop on cells. When Fe(II)-EDTA was used instead of Fe2+ in their experiments, oxyhydroxide encrustations did not form and further additions of substrate could be utilized. In a continuous-flow system using 50–250 μM Fe2+, 100 μM [image: yes], and 20 μM acetate, they did not observe formation of cell encrustations and cell growth was sustained over a 14-day period rather than the 3–4 days observed using higher concentrations in batch cultures. Overall, it is clear that NDFO can enhance growth of some mixotrophic Fe(II) oxidizers and that the formation of cell encrustations in batch systems at millimolar substrate concentrations can limit growth and substrate utilization. These cell encrustations are commonly observed during NDFO in batch culture and their characterization has received detailed scrutiny (Kappler et al., 2005, 2010; Miot et al., 2009; Schädler et al., 2009).

Although it is clear that NDFO is a biological process that can increase growth yields in some bacteria, the possibilities of abiotic reactions between Fe(II) and oxidized N species during the course of batch NDFO studies requires that experimenters consider both biotic and abiotic mechanisms when evaluating results. This is particularly important since typical abiotic controls in such experiments do not effectively mimic the changing aqueous and solid-phase chemical conditions that occur in live-culture replicates. Uninoculated or killed-cell controls in microbiological NDFO experiments typically consist of anoxic bottles containing culture medium components, ferrous iron (usually aqueous Fe2+) and [image: yes] (Straub et al., 1996; Weber et al., 2001). Controls of this type have established that [image: yes] is usually unreactive with Fe2+ or the solid-phase Fe(II) initially added over the time period used in typical experiments.

Such controls, however, do not contain the freshly precipitated Fe(III) oxyhydroxides that form in live-culture replicates. These materials likely include a spectrum of metastable oxyhydroxides of unknown mineralogy that are able to sorb Fe2+ from the aqueous phase and which are subject to continuing phase changes over the course of the experiment. The final phases formed will be a function of the solution chemistry, buffer choice, Fe2+ concentration, and Fe(II) oxidation rate. Although the predominant mineral phases present at the conclusion of the experiment have been characterized in a number of studies (Lack et al., 2002; Kappler et al., 2005; Miot et al., 2009), these identified phases represent a “snapshot” at a particular time and may also not capture highly reactive minor phases. Such reactive phases, especially in the presence of the 5- to 10-mM Fe2+ concentrations used in typical batch experiments, may lead to limited abiotic reactions with [image: yes] and, to a greater extent, with biogenic [image: yes].

The accumulation of [image: yes] in live cultures can potentially be more problematic than [image: yes] in producing abiotic artifacts due to greater possibility of reactions with Fe2+ sorbed to cellular materials or biogenic Fe(III) oxyhydroxides. The accumulation of 0.5–1.5 mM [image: yes] in NDFO batch cultures has been noted in several studies (Kappler et al., 2005; Larese-Casanova et al., 2010; Chakraborty et al., 2011). This [image: yes] accumulation did not occur during organotrophic growth with acetate and often coincides with Fe2+ oxidation. In some studies, controls have been used to attempt to discount the contribution of abiotic Fe(II) oxidation by [image: yes] These controls contained [image: yes] and either soluble Fe2+ (Kappler et al., 2005) or solid-phase Fe(II) (Weber et al., 2001), but not both. Since the abiotic studies described above have shown that [image: yes] can react with Fe2+ sorbed to Fe-containing minerals, controls lacking both a Fe(III) oxyhydroxide and millimolar Fe2+ concentrations are not truly representative of conditions present in live cultures and may underestimate abiotic reaction kinetics. It is therefore currently difficult to accurately ascertain the relative contributions of abiotic and biotic reaction pathways in most studies where [image: yes] accumulates in batch culture media.

The reason why [image: yes] accumulates in mixotrophic, Fe(II)-oxidizing batch cultures but not in cultures growing organotrophically is also subject to speculation. One possibility is that electrons from Fe(II) enter the respiratory electron transport chain at a branch point where electron transport is possible to [image: yes] but not to [image: yes] Alternately, Fe2+ could diffuse into the periplasm and sorb to a periplasmic [image: yes] reductase. Since studies have shown that Fe2+ sorbed to cellular material can reduce [image: yes] (Coby and Picardal, 2005), abiotic oxidation of the sorbed Fe2+ by biogenic [image: yes] could result in accumulation of Fe(III)-mineral precipitates on the [image: yes] reductase and in the periplasm. Periplasmic accumulations of Fe(III) minerals have indeed been observed (Miot et al., 2009, 2011; Schädler et al., 2009). Although it is not clear if these periplasmic mineral accumulations are the result of abiotic or enzymatic Fe2+ oxidation, the recent observation (Miot et al., 2011) of mineralized protein globules in the periplasm and outer face of the plasma membrane supports the hypothesis that [image: yes] accumulation in Fe(II)-oxidizing cultures results from inhibition of the nitrite reductase by mineral deposition. Ultimately, very little is definitively known at the current time about mechanisms of microbial NDFO and the location of Fe(II) oxidation. The demonstration of [image: yes]-dependent oxidation of solid-phase Fe(II) (Weber et al., 2001), however, strongly suggests that physiological oxidation takes place outside the cell since solid-phase Fe(II) is unlikely to enter cells.

Although alternate mechanisms governing production of mineral cell encrustations during mixotrophic NDFO have been proposed (Kappler and Newman, 2004; Kappler et al., 2005; Schädler et al., 2009), the sorption of Fe2+ to cell surfaces in media containing [image: yes] is sufficient for abiotic cell encrustation by Fe(III) oxyhydroxides (Coby and Picardal, 2005). When Fe(II)-EDTA was used in batch cultures instead of Fe2+ in the studies of Chakraborty et al. (2011) encrusted cells did not develop and utilization of additional amendments of soluble substrate was not blocked, even though >1 mM [image: yes] accumulated. In continuous-flow systems in which advective transport and low-micromolar Fe2+, acetate, and [image: yes] concentrations prevent [image: yes] accumulation, they observed no significant cell encrustations. Lack of encrustations in continuous-flow systems may also be a result of advective removal of nanoscale Fe(III) oxide precipitates before they have an opportunity to aggregate and accumulate on cells.

The use of such continuous-flow systems may be helpful in establishing whether Fe(II)-oxidation can be coupled to energy conservation and growth in other isolates. Since measurements of substrate conversion are problematic in a continuous-flow system operated at low micromolar substrate concentrations (described in Chakraborty et al., 2011), batch systems are still likely required to examine reaction stoichiometry and achieve a mass balance of reactants and products. In such cases, reducing concentrations of one or all substrates may lower abiotic reaction rates relative to microbial rates, reduce [image: yes] accumulation, and thereby minimize development of cell encrustations. Alternately, it may be possible to develop opposing-gradient culture systems based on those used to study microaerophilic Fe(II) oxidation (Emerson and Floyd, 2005). Additional studies are needed to determine if such approaches are useful alternatives to the use of 5–10 mM concentrations of Fe2+ and [image: yes] commonly used in batch NDFO systems.

It is also important to consider abiotic reactions when measuring Fe species in NDFO experiments in which [image: yes] accumulates. Total Fe(II), i.e., sorbed and aqueous Fe2+, are commonly measured using 0.5 M HCl extraction. As described above, [image: yes] oxidizes Fe2+ relatively rapidly in acidic solution and a sequential extraction (Cooper et al., 2000; Weber et al., 2001) is necessary to avoid overestimating the extent of Fe(II) oxidation. A review of the literature reveals that this is not always done, raising doubts about Fe speciation data in such studies whenever [image: yes] is present.

CONCLUSION

Although the focus of this paper has been on potential abiotic reactions between Fe(II) and [image: yes] or [image: yes], it should be emphasized that the microbial oxidation of Fe(II) can clearly be enzymatically catalyzed by microorganisms and conservation of energy from the reaction can, at least in some cases, be coupled to growth. Microaerobic Fe(II) oxidizers active at circumneutral pH must compete with the abiotic oxidation of Fe(II) by O2 and potential Fe(III) oxide encrustations by specializing in environments, e.g., at oxic:anoxic boundaries with low substrate concentrations, where abiotic reactions are not overly detrimental (Emerson, 2000). Likely to a lesser extent, [image: yes]-dependent Fe(II) oxidizers must similarly exist in natural aquatic systems in a defined environmental milieu or substrate concentration regime where abiotic and biotic reactions can coexist, inhibitory accumulations of mineral encrustations do not form, and [image: yes] accumulations are minimized. These environments certainly differ from the “unnatural” conditions used in most batch studies. As in microaerobic systems, although possibly to a lesser extent, experimenters will need to deal with special challenges that arise from the potential abiotic reactions when designing experiments and interpreting experimental results.
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Many different species of acidophilic prokaryotes, widely distributed within the domains Bacteria and Archaea, can catalyze the dissimilatory oxidation of ferrous iron or reduction of ferric iron, or can do both. Microbially mediated cycling of iron in extremely acidic environments (pH < 3) is strongly influenced by the enhanced chemical stability of ferrous iron and far greater solubility of ferric iron under such conditions. Cycling of iron has been demonstrated in vitro using both pure and mixed cultures of acidophiles, and there is considerable evidence that active cycling of iron occurs in acid mine drainage streams, pit lakes, and iron-rich acidic rivers, such as the Rio Tinto. Measurements of specific rates of iron oxidation and reduction by acidophilic microorganisms show that different species vary in their capacities for iron oxido-reduction, and that this is influenced by the electron donor provided and growth conditions used. These measurements, and comparison with corresponding data for oxidation of reduced sulfur compounds, also help explain why ferrous iron is usually used preferentially as an electron donor by acidophiles that can oxidize both iron and sulfur, even though the energy yield from oxidizing iron is much smaller than that available from sulfur oxidation. Iron-oxidizing acidophiles have been used in biomining (a technology that harness their abilities to accelerate the oxidative dissolution of sulfidic minerals and thereby facilitate the extraction of precious and base metals) for several decades. More recently they have also been used to simultaneously remediate iron-contaminated surface and ground waters and produce a useful mineral by-product (schwertmannite). Bioprocessing of oxidized mineral ores using acidophiles that catalyze the reductive dissolution of ferric iron minerals such as goethite has also recently been demonstrated, and new biomining technologies based on this approach are being developed.
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ENERGETIC CONSTRAINTS ON THE OXIDO-REDUCTION OF IRON AT LOW pH

Iron is the most abundant transition metal in the lithosphere, as well as the most abundant element (on a weight basis) in planet earth. In contrast, the concentration of soluble, bio-available iron often limits the growth of primary producing organisms in many aquatic (e.g., marine) and terrestrial (e.g., calcareous soils) environments. However, extremely acidic (pH < 3) environments tend to buck this trend, though there are exceptions, such as acidic sites that develop in calcareous substrata due to the microbiological oxidation of hydrogen sulfide (e.g., in the Frasissi cave system, Italy; Macalady et al., 2007). There are two main reasons why iron is more bio-available (often to the point at which it becomes toxic to most life forms) at low pH: (i) extremely acidic environments, both natural and man-made, are often associated with the oxidative dissolution of sulfide minerals, many of which contain iron (including the most abundant of all such minerals, pyrite; FeS2), and (ii) both ionic forms of (uncomplexed) iron are far more soluble (especially ferric iron) at low pH than at circum-neutral pH. Metallic (zero-valent) iron is rare in the lithosphere, while the dominant non-complexed ionic form of this metal in the environment is mostly dictated by its aeration status, with ferrous iron [iron (II)] being more relatively abundant in anoxic environments and ferric iron [iron (III)] in aerobic sites. This is also the case in extremely acidic environments, though the causative agents of ferrous iron oxidation are often very different in the two situations. At pH 7, the spontaneous (abiotic) rate of oxidation in an oxygen-saturated solution containing 100 mg ferrous iron L−1 is 8.4 mg min−1, while at pH 2 the corresponding rate is 8.4 × 10−7 μg min−1 (using the equation described in Stumm and Morgan, 1981). Spontaneous chemical oxidation of (uncomplexed) iron can, therefore, be rapid at circum-neutral pH, though it is much slower where oxygen concentrations are low, e.g., the oxidation rate of the same hypothetical solution (pH 7, containing 100 mg ferrous iron L−1) is much slower (0.47 mg min−1) when the dissolved oxygen concentration is 0.5 mg L−1, as opposed to 9 mg L−1. An important consequence of this is that acidophilic iron-oxidizing bacteria and archaea can exploit ferrous iron as a resource in oxygen-saturated waters where, in contrast to their neutrophilic counterparts, abiotic iron oxidation is not competitive.

The greatly enhanced solubility of ferric iron at low pH derives chiefly from the fact that ferric (oxy-)hydroxide phases have very small solubility products. For example, the log Ksp of Fe(OH)3 is −38.6 at 25°C (Monhemius, 1977) so that the theoretical maximum concentrations of non-complexed ferric iron at pH 2 is 140 mg L−1, compared to 140 ng L−1 at pH 4 and 0.14 fg L−1 at pH 7. However, the most significant ferric iron mineral phases that form in sulfate-containing low pH environments are jarosites [e.g., KFe3(SO4)2(OH)6] and schwertmannite [ideal formula Fe8O8(OH)6SO4; Bigham et al., 1996] the solubility products of which have not been determined. Schwertmannite is metastable with respect to goethite (α-FeO.OH) and recrystallizes to the latter in an acid-generating reaction:
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At very low pH values, and in the presence of monovalent cations, schwertmannite is also metastable with respect to jarosite (Regenspurg et al., 2004). In addition, ferric iron forms complexes with both sulfate and hydroxyl ions, and the dominant soluble forms of this ionic species in acidic, sulfate liquors are Fe(SO4)2− and Fe(SO4)+ rather than uncomplexed Fe3+ (Welham et al., 2000), which influences its solubility.

The standard redox potential of the ferrous/ferric couple at pH 2 is generally quoted as +770 mV. However, the fact that ferric iron is complexed by sulfate ions in most natural and man-made extremely acidic environments influences this value, and the standard redox couples of both the Fe(SO4)2− and Fe(SO4)+/Fe2+ couples are more electronegative than that of the uncomplexed metal. In sulfate solutions at pH 1, the standard potential of the ferrous/ferric couples has been calculated to be +697 mV (Welham et al., 2000), and it is slightly more electropositive (∼ + 720 mV) at pH 3 (O’Hara and Johnson, unpublished data). Although significant, these more electronegative redox potentials do still not allow the oxidation of iron to be coupled, at low pH, to potential alternative electron acceptors to oxygen, such as nitrate (the redox potential of the nitrate/nitrite couple is +430 mV). This bioenergetic constraint is one of the factors that differentiates the metabolic diversities of acidophilic and neutrophilic iron-oxidizing bacteria (Hedrich et al., 2011). However, the more electronegative redox potential of the ferrous/ferric sulfate complex couple, together with the more electropositive potential of the oxygen/water couple in acidic liquors (1.12 V at pH 2) than at pH 7 (+820 mV), means that the net potential difference between ferrous iron as electron donor and oxygen as electron acceptor is ∼420 mV at pH 2, which is far greater than values (50–350 mV) that are often quoted.

BIODIVERSITY OF PROKARYOTES THAT CATALYZE REDOX TRANSFORMATIONS OF Fe AT LOW pH

Acidophilic microorganisms, as a generic group, have wide metabolic diversities, including the abilities to use solar and chemical (organic and inorganic) sources of energy, a variety of electron acceptors, and to use both inorganic and organic sources of carbon (and, in some cases, both). In phylogenetic terms, iron-metabolizing acidophiles are highly diverse, occurring in the domain Bacteria within the Proteobacteria (alpha-, beta-, and gamma-classes), Nitrospirae, Firmicutes, Actinobacteria, and Acidobacteria phyla, and in the domain Archaea within the Crenarchaeota and Euryarchaeota phyla. They also vary in their response to temperature, and include species that are psychrotolerant (e.g., Acidithiobacillus ferrivorans), mesophilic (e.g., Ferrimicrobium acidiphilum), thermotolerant/moderately thermophilic (e.g., Sulfobacillus acidophilus), and extremely thermophilic (e.g., Sulfolobus metallicus).

Chemolithotrophy (using inorganic chemicals as sole or major electron donors) is a particularly widespread and much studied trait among acidophilic bacteria and archaea (Johnson and Hallberg, 2009). Reduced forms of sulfur (including elemental sulfur) are used by diverse genera of acidophilic bacteria (e.g., Acidithiobacillus spp.) and archaea (e.g., Sulfolobus spp.), and some species of acidophiles can also use hydrogen as an energy source (e.g., Drobner et al., 1990). The first ferrous iron-oxidizing acidophile to be characterized was Acidithiobacillus (At.) ferrooxidans (strains variously named at the time as Thiobacillus ferrooxidans, Ferrobacillus ferrooxidans, and Ferrobacillus sulfooxidans). These were all described as chemo-autotrophic bacteria that appeared to vary in their capacities for oxidizing reduced sulfur. Subsequently, many different species of acidophilic bacteria, though fewer acidophilic archaea, have also been shown to be able to utilize the energy derived from oxidizing ferrous iron to support their growth, including species that are obligate and facultative heterotrophs, as well as other autotrophic species.

In contrast to iron oxidation at low pH, the ability of acidophiles to grow via the dissimilatory reduction of ferric iron was only discovered in the late 1980s/early 1990s, with this trait being first reported for an autotrophic bacterium (At. ferrooxidans; Pronk et al., 1991) and heterotrophic bacteria (Acidiphilium spp.; Johnson and McGinness, 1991). Currently, all acidophiles that are known to use ferric as an electron acceptor to support their growth are facultative reducers, in that all of them can also reduce molecular oxygen. Electron donors that are coupled to iron reduction are inorganic (sulfur or hydrogen) in the case of chemolithotrophic acidophiles such as At. ferrooxidans, and organic (e.g., glucose or glycerol) in the case of heterotrophic acidophiles, such as Acidiphilium spp.

Table 1 groups acidophiles that catalyze the dissimilatory redox transformations of iron into three categories, based in their abilities to oxidize ferrous iron, to reduce ferric iron or (depending on environmental conditions) to do both. One interesting fact is that the majority of iron-oxidizing bacteria can also reduce ferric iron and, in cases where this has been examined, use the latter to support their growth. Exceptions to this include Leptospirillum spp. and “Ferrovum (Fv.) myxofaciens,” though this is explained by the fact that these two genera are known to use only ferrous iron as an electron donor, thereby restricting them to an aerobic life-style and negating the possibility that they can grow by ferric iron respiration. In the case of the currently mis-named acidophile “Thiobacillus (T.) prosperous” (proposed to be re-classified as “Acidihalobacter prosperous”; Nicolle et al., 2009) there are currently no published data showing that this salt-tolerant acidophilic iron- and sulfur-oxidizer can grow anaerobically using sulfur as electron donor and ferric iron as electron acceptor. For all other iron-oxidizing acidophilic bacteria, the co-existence of iron oxidation and iron reduction capabilities suggests that the electron shuttle pathways involved might have some components in common. This, however, is patently not the case for heterotrophic acidophiles, such as Acidiphilium spp., that catalyze iron reduction but not iron oxidation. Also, Ohmura et al. (2002) found that At. ferrooxidans grown anaerobically using ferric iron as electron donor synthesized large amounts of an acid-stable c-type cytochrome whose reduced form was re-oxidized by ferric iron. Interestingly, neither species of Acidithiobacillus that oxidizes sulfur but not ferrous iron (At. thiooxidans and At. caldus) can grow anaerobically by ferric iron respiration. Although Brock and Gustafson (1976) had reported that At. thiooxidans can reduce ferric iron, Hallberg et al. (2001) showed that this only occurred in cell suspensions that were incubated aerobically, and that there was no corresponding increase in cell numbers. This suggests that iron reduction may have been mediated abiotically by a metabolite produced during sulfur oxidation and that At. thiooxidans cannot grow by ferric iron respiration. Interestingly, the situation with iron-oxidizing archaea is less clear, though it appears that the ability to couple the oxidation of sulfur to the reduction of ferric iron is commonplace among the Sulfolobales (Paul Norris, Warwick University, unpublished data). Brock and Gustafson (1976) also reported that a Sulfolobus sp. [quoted to be Sulfolobus (S.) acidocaldarius, though this is unlikely as this archaeon does not grow autotrophically as described in the paper] coupled sulfur oxidation to ferric iron reduction. Both classified genera of iron-oxidizing euryarchaeotes (Ferroplasma and Acidiplasma) can also reduce ferric iron, though the electron donor here is organic (e.g., yeast extract) rather than elemental sulfur (Dopson et al., 2004; Golyshina et al., 2009).

Table 1. Acidophilic bacteria and archaea that have been reported to catalyze the dissimilatory oxidation of ferrous iron or reduction of ferric iron.
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New insights into the nature of iron-oxidizing acidophiles and how they interact with each other and with other acidophilic microorganisms have arisen from the detailed microbiological and molecular studies carried out at the abandoned Richmond mine at Iron Mountain, California (e.g., Denef et al., 2010). Among other things, this research has highlighted the important role of the iron-oxidizing/reducing archaeon “Ferroplasma (Fp.) acidarmanus” in the dissolution of sulfide minerals in extremely acidic (pH < 1) moderately thermal (∼40°C) environments, and identified very small (<0.45 μm diameter) pleomorphic cells within acidic biofilms as novel archaeal lineages (designated “ARMAN”: Archaeal Richmond Mine Acidophilic Nanoorganisms; Baker et al., 2006).

BIOCHEMICAL MECHANISMS OF DISSIMILATORY OXIDATION AND REDUCTION OF Fe AT LOW pH

The pathway of dissimilatory iron oxidation has been elucidated for At. ferrooxidans, and genomic and proteomic studies have provided revealing insights of how this is mediated in other acidophiles (reviewed in Bonnefoy and Holmes, 2011). By maintaining a near-neutral cytoplasmic pH and living in acidic solutions, acidophiles have a “ready-made” trans-membrane pH gradient for generating ATP. However, continued influx of protons would lead to severe acidification of the cytoplasm and cell death if this was not counterbalanced by equivalent amounts of negatively charged ions or particles. Electrons derived from the oxidation of ferrous iron satisfy this requirement, and the reduction of molecular oxygen completes the energy-synthesizing (“downhill electron flow”) pathway (Figure 1). Electrons derived from ferrous iron are also used to generate reducing equivalents (e.g., NADH) but since the redox potential of the ferrous/ferric couple is far more electropositive than that of NAD+/NADH (−320 mV), energy is required to fuel this reaction (“uphill electron flow”) which is thought to derive from the proton motive force (Bonnefoy and Holmes, 2011). For mixotrophic and heterotrophic iron-oxidizers, the latter appears not to be the case as reducing equivalents can be generated from the oxidation of organic carbon.
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Figure 1. Schematic representation of ferrous iron oxidation by the Gram-negative autotrophic acidophile, At. ferrooxidans. Controlled influx of protons is used to generate ATP via the membrane-bound ATP synthetase complex (ATPase). Iron oxidation is mediated by a cytochrome located on the outer membrane and electrons transferred via periplasmic cytochromes and rusticyanin either to a terminal oxidase (“downhill pathway,” indicated in brown text and by **) where they are used to reduce oxygen, or used to reduce NAD+ (“uphill pathway,” indicated red text and by *) in a reaction also driven by the proton motive force across the inner membrane (Bonnefoy and Holmes, 2011).



The “uphill” and “downhill” electron transport pathways run concurrently in all iron-oxidizing chemoautotrophs, but the molecular complexes involved are often quite different, suggesting that iron oxidation in acidophiles has evolved independently on several occasions (Bonnefoy and Holmes, 2011). For example, the rus operon, which contains genes coding for the blue copper protein rusticyanin and several cytochromes, mediates ferrous oxidation in iron-oxidizing acidithiobacilli and, seemingly, in the salt-tolerant gammaproteobacterium “T. prosperous” (Nicolle et al., 2009). The role of another high potential iron-sulfur protein found in At. ferrivorans (at least one strain of which does not appear to contain rusticyanin) encoded by the iro gene, has yet to be resolved (Amouric et al., 2011). Interestingly, Ferroplasma spp. also contain a blue copper protein (sulfocyanin) which is also thought to be involved in iron oxidation in this euryarchaeote (Bonnefoy and Holmes, 2011). In contrast, rusticyanin/sulfocyanin has not been detected in Leptospirillum spp., where the electron shuttle pathway is thought to involve four or five different cytochromes (Bonnefoy and Holmes, 2011). In the iron-oxidizing crenarchaeotes [S. metallicus, S. tokodaii, and Metallosphaera (M.) sedula], the fox [Fe(II) oxidation] cluster, which houses genes coding for cytochrome b, electron transporters, and a terminal oxidase, appears to have an analogous role to the rus operon in At. ferrooxidans, an hypothesis strengthened by the fact that this cluster has not been found in Sulfolobus spp. (e.g., S. acidocaldarius) that do not oxidize ferrous iron.

Relatively little is known about how prokaryotes catalyze ferric iron reduction at low pH, for example whether this is mediated enzymatically (via “iron reductases”), indirectly via metabolic intermediates, or both. All Acidiphilium spp. are known to reduce ferric iron, though most strains do not grow under strictly anoxic conditions in the presence of ferric iron, (Johnson and McGinness, 1991; Bridge and Johnson, 2000) and growth coupled to ferric iron reduction is most readily observed in cultures inoculated under micro-aerobic conditions (Johnson and McGinness, 1991; Bridge and Johnson, 2000). However, Küsel et al. (2002) reported that one strain [Acidiphilium (A.) cryptum JF-5] could reduce ferric iron in oxygen-saturated media. Johnson and Bridge (2002) showed that ferric iron reduction was constitutive in obligately heterotrophic Acidiphilium SJH (also identified as a strain of A. cryptum) but was inducible in the facultative autotroph A. acidophilum. Low oxygen concentrations, rather than ferric iron, appeared to induce a putative “iron reductase” in A. acidophilum. Whole cell protein profiles of Acidiphilium SJH were similar for cells grown under oxygen-saturated or micro-aerobic conditions, while in contrast three additional proteins were detected in SDS-PAGE profiles of A. acidophilum cells that could reduce ferric iron compared to those where iron reduction had not been induced. A. organovorum and A. multivorum were also reported to have constitutive iron reduction systems, while iron reduction appeared to be inducible in A. rubrum. Interestingly, Küsel et al. (2002) reported that the ferric iron reduction enzyme(s) were not constitutive in A. cryptum JF-5, a strain that is closely related to Acidiphilium SJH. Recent annotation of the draft genome of another Acidiphilium strain (PM) has failed to identify a putative iron reductase gene (San Martin-Uriz et al., 2011). Elsewhere, an outer membrane cytochrome c has been implicated as having a role in ferric iron reduction by A. cryptum JF-5 (Magnuson et al., 2010), which is intriguing in the light of the induced production of an acid-stable c-type cytochrome by At. ferrooxidans when respiring on ferric iron (Ohmura et al., 2002). Whether c-type cytochromes are also involved in iron reduction by other species of heterotrophic bacteria that are known to reduce ferric iron (e.g., Acidocella and Acidobacterium; Coupland and Johnson, 2008) is unknown.

MEASUREMENT AND INTERPRETATION OF SPECIFIC RATES OF IRON OXIDATION AND IRON REDUCTION IN ACIDOPHILES

Determining specific rates of iron oxidation and iron reduction by acidophilic microorganisms is a relatively simple procedure. The data obtained illustrate how different species vary in their capacities for iron oxido-reduction, and how this is influenced by growth histories and environmental parameters. Such information is also of fundamental importance for the design of biotechnological processes that utilize microbial iron oxidation or reduction in low pH liquids (see following sections). The technique involves growing biomass under controlled conditions, harvesting and concentrating cells and assaying their abilities to either oxidize ferrous iron or reduce ferric iron (typically 1 mM of either) under suitable conditions, e.g., in the presence of a suitable electron donor, and under anoxic conditions, for iron reduction (Figure 2). Biomass measurements are simultaneously carried out on sub-samples of the concentrated cells. Usually, this involves determination of protein contents using, for example, the Bradford assay (Bradford, 1976) but measurements of active biomass (e.g., of ATP; Okibe and Johnson, 2011) are more relevant where the total biomass includes a significant proportion of dead or moribund cells. The time taken to determine rates of iron oxidation and reduction is also important and needs to be much smaller than the culture doubling time of the organism being assayed in order for there to be no significant increase in biomass during the assay period. Typically, 20 min to 2 h provides sufficient time to allow sufficient iron oxidation or reduction by cell suspensions while avoiding significant biomass perturbations (acidophiles generally have culture doubling times varying between 6 and 12 h). Details of the method used to determine specific rates of ferrous iron oxidation are given in Hallberg et al. (2011a). Specific rates of ferric iron reduction referred to in Table 2 were measured using a similar protocol, with nitrogen replacing air (to create anoxic conditions in the cell suspensions) and a suitable electron donor (organic or inorganic) supplied in stoichiometric excess to ferric iron.
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Figure 2. Typical protocol used for determining specific rates of ferrous iron oxidation and ferric iron reduction by acidophilic prokaryotes (*Bradford, 1976; **Okibe and Johnson, 2011; *** e.g., using the ferrozine assay, Lovley and Phillips, 1987).



Table 2. Specific rates of ferrous iron oxidation determined for different species of acidophilic bacteria and the archaeon Ferroplasma.
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Table 2 shows specific rates of iron oxidation by different species of autotrophic acidophiles, and facultatively and obligately heterotrophic species, using this approach. Most of the autotrophic species show similar specific rates of oxidation, varying between mean values of 428 and 484 mg ferrous iron oxidized min−1 g protein−1. The two outliers in Table 2 are At. ferrivorans and the betaproteobacterium “Fv. myxofaciens.” Two other strains of At. ferrivorans (Peru6 and CF27) also displayed lower rates (236 ± 2.4 and 312 ± 6.6 mg ferrous iron oxidized min−1 g protein−1, respectively) than the other three “Groups” of iron-oxidizing acidithiobacilli (based on the delineation described by Amouric et al., 2011) suggesting that this is a species-specific trait. “Fv. myxofaciens” displayed the fastest specific rate of iron oxidation of all bacteria (and the sole archaeon) examined, but since the isolate tested (P3G; the nominated type strain of the species) is the only strain currently available in pure culture, the question of whether this is a genus- or species-specific characteristic remains to be verified. All of the mixotrophic and heterotrophic prokaryotes tested, with the exception of Sulfobacillus (Sb.) thermosulfidooxidans, displayed significantly lower specific rates of iron oxidation than the mean value found with autotrophic species, even though these assays were carried out at 37°C rather than at 30°C [as for all of the autotrophic strains, except Leptospirillum (L.) ferriphilum], since most mixotrophic iron-oxidizing acidophilic bacteria are thermotolerant or moderate thermophiles. In the case of the mesophilic heterotroph Fm. acidiphilum which was, like the autotrophic strains, assayed at 30°C, the specific rate of iron oxidation was very much dictated by the growth medium used, in particular the ratio of ferrous iron to organic carbon source (Table 2).

Specific rates of ferric iron reduction by the heterotroph Acidiphilium SJH and two autotrophic Acidithiobacillus spp. (At. ferrooxidansT, and Acidithiobacillus sp ATCC 33020, the proposed type strain of “Group II” iron-oxidizing acidithiobacilli), again using the approach described above, are shown in Table 3. These were much smaller (by about one order of magnitude) than typical rates of iron oxidation found in acidophiles. Data obtained for Acidiphilium SJH suggested that the electron donor had little influence on the specific rate of ferric iron reduction, with the value being similar when either glycerol or galactose was supplied. Ferric iron reduction data shown in Table 3 for the two iron-oxidizing Acidithiobacillus spp. are for hydrogen-grown cultures grown either aerobically, or under anoxic conditions with ferric iron as electron acceptor. There was evidence of suppression of the potential for ferric iron reduction by At. ferrooxidansT with protracted aerobic growth on hydrogen, and the reverse when it was grown anaerobically on hydrogen and ferric iron. While similar tends were apparent for Acidithiobacillus spp. ATCC 33020, differences in specific rates of iron reduction were far less pronounced.

Table 3. Specific rates of ferric iron reduction by heterotrophic (Acidiphilium) and autotrophic (Acidithiobacillus spp.) acidophiles.
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The effect of growing iron-oxidizing acidithiobacilli on alternative electron donors to ferrous iron on the specific rates of iron oxidation is shown in Table 4. Data shown for tetrathionate-grown cultures are of cells harvested at early stationary phase (generally after ∼5 days) from cultures grown in 5 mM [image: yes] with varying concentrations of ferrous iron, while for both elemental sulfur and hydrogen more protracted growth was possible by providing excess elemental sulfur or by continuously replenishing the hydrogen supply. These results showed that specific rates of iron oxidation were lower for both At. ferrooxidansT and Acidithiobacillus sp. ATCC 33020 when grown on electron donors other than ferrous iron, though this varied with the electron donor used and incubation period. In the case of At. ferrooxidansT, the specific rate of iron oxidation for sulfur-grown cells was about 10% of that of iron-grown cells after 10 days, and was not detectable after 3 weeks of growth on this electron donor. In contrast, the specific rate of ferrous iron oxidation by cells grown aerobically on hydrogen for 3 weeks was still about 50% of that of ferrous iron-grown cells. Ferrous iron has been reported to induce expression of the rus operon in At. ferrooxidans (Amouric et al., 2009), and the lack of ferrous oxidation ability in sulfur-grown cultures can be explained by the ferrous iron originally present in the cultures being rapidly oxidized (within 1 day) to ferric. However, the same would have been true for hydrogen-grown biomass grown with excess oxygen, so why the rus operon was still apparently being expressed in these cultures is unclear. Similar results were obtained for Acidithiobacillus sp. ATCC 33020 (Table 4). Both Acidithiobacillus spp. displayed significant rates of iron oxidation when grown anaerobically on hydrogen (even after 14 days, in the case of Acidithiobacillus sp. ATCC 33020) though this can be explained that ferrous iron would have accumulated in these cultures as a result of dissimilatory reduction of ferric iron, causing the rus operon to be expressed.

Table 4. Effects of different electron donors and culture conditions on the specific rates of ferrous iron oxidation by Acidithiobacillus spp.
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In natural and man-made (biomining) environments, pyrite is a major energy resource for chemo-autotrophic acidophiles. Ferric iron attack on this mineral releases both ferrous iron and soluble reduced sulfur species (Rohwerder et al., 2003) so that bacteria that can use both as electron donors, such as At. ferrooxidans, may use one or the other in preference, or both simultaneously. Comparison of specific rates of iron oxidation of bacteria grown on pyrite with those of the same strain grown on ferrous iron or reduced sulfur can provide insights into what substrate is being utilized. Results for the type strains of At. ferrooxidans and L. ferrooxidans grown in pure culture in 1% (w/v) pyrite liquid medium, in which planktonic-phase cells and those attached to the mineral were harvested separately using the protocol described by Okibe and Johnson (2004), are shown in Table 5. After 1 week of incubation, the specific rates of ferrous iron oxidation by planktonic-phase cells of both acidophiles were actually somewhat greater than those of ferrous iron-grown cells, and much greater than of those of sulfur-grown cells, implying that both bacteria were oxidizing ferrous iron rather than reduced sulfur species. However, by week 2, corresponding values of both had fallen by about 50%. While this might suggest a switch from iron to sulfur oxidation, this could not be the case for L. ferrooxidans which does not use reduced sulfur as an electron donor. Measurements of ATP concentrations in harvested cells showed that these had also fallen by about 50% from week 1 to 2 relative to protein contents, implying that much of the bacterial populations in these cultures had become moribund or had died. Indexed relative to ATP concentrations, specific rates of ferrous iron oxidation were similar on weeks 1 and 2, suggesting that both bacteria were continuing to use ferrous iron as their preferred electron donor. The specific rates of iron oxidation by planktonic-phase and attached cells of At. ferrooxidans sampled at the same time were found to be similar, suggestion that bacteria attached to the mineral phase were also using ferrous iron as their major energy source.

Table 5. Specific rates of ferrous iron oxidation by the type strains of L. ferrooxidan s and At. ferrooxidan s grown on pyrite.
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The conclusion that bacteria such as At. ferrooxidans use ferrous iron in preference to reduced sulfur when oxidizing pyrite correlates with similar observations reported when these bacteria are grown in liquid or on solid media that contain both ferrous iron and a soluble (usually tetrathionate) sulfur oxy-anion (Johnson, 1995; Yarzábal et al., 2004). Using ferrous iron in preference to reduced sulfur would appear not to make thermodynamic sense, given that the free energies (ΔG values) of elemental sulfur and tetrathionate (−507 and −1225 kJ mol−1, respectively) far exceed that of ferrous iron (−30 kJ mol−1; Kelly, 1978). However, the specific rates of tetrathionate oxidation tend to be much slower than ferrous iron oxidation for the acidithiobacilli (Table 6; data for Acidithiobacillus sp. ATCC 33020) so that the rates at which these bacteria can generate energy by oxidizing ferrous iron or tetrathionate are very similar. In addition, whereas ferrous iron oxidation by At. ferrooxidans involves a relatively short electron transport chain (comprising three cytochromes and rusticyanin), tetrathionate metabolism by this acidophile requires the synthesis of several enzymes (tetrathionate hydrolase, sulfur dioxygenase, thiosulfate quinone oxidoreductase, sulfite oxidoreductase, and rhodanese; Kanao et al., 2007), in addition to trans-membrane electron transport proteins. The additional energy expenditure required to synthesize these enzymes coupled with the fact that energy yields in unit time are similar for both tetrathionate and ferrous iron oxidation help explain why ferrous iron is used as a preferential electron donor by Acidithiobacillus spp. Additional supporting evidence for ferrous iron being the preferred electron donor for At. ferrooxidans comes from the observation that the rus operon is not repressed by elemental sulfur when ferrous iron is present (Amouric et al., 2009).

Table 6. Comparison of the specific rates of ferrous iron and tetrathionate oxidation by Acidithiobacillus sp. ATCC 33020, and conversion of these into specific rates of energy generation in unit time.
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ENVIRONMENTAL ASPECTS OF OXIDO-REDUCTION OF IRON IN LOW pH ENVIRONMENTS

One of the first reports of active iron cycling in an acidic environment was by Johnson et al. (1993) who noted that 30 cm deep acid streamer growths found within an abandoned pyrite mine were stratified in terms of their color and consistency, and that these correlated with variations in concentrations of dissolved oxygen and redox potentials, the latter reflecting relative concentrations of ferrous and ferric iron (Table 7). Later work identified the major iron-oxidizing acidophile in the surface streamers as “Fv. myxofaciens,” while iron-reducing Acidiphilium spp. and novel Firmicutes were more abundant in the lower depths of the streamer growths (Kimura et al., 2011). Johnson et al. (1993) also demonstrated that iron cycling by a mixed bioreactor culture of At. ferrooxidans and Acidiphilium SJH could be controlled by varying concentrations of dissolved oxygen (Figure 3). Pure cultures of moderate thermophiles [Sulfobacillus spp. and Acidimicrobium (Am.) ferrooxidans] also displayed iron cycling in vitro (Figure 4). Stratified acid streamer/mat growths have also been reported in an adit draining an abandoned small-scale copper mine (Cantareras) in Spain (Figure 5). Fragments of acid streamers from the site were shown to both oxidize and reduce iron in vitro, and acidophiles known to catalyze the oxido-reduction of iron were identified by molecular techniques and isolated from the streamer growths (Rowe et al., 2007). The Cantareras streamers have also been materials from which acidophilic sulfate-reducing bacteria have been isolated. The latter can also mediate ferric iron reduction in acidic environments indirectly via the hydrogen sulfide they generate as a waste product (H2S + 2 Fe3+ → S0 + 2 Fe2+ + 2H+) and possibly also directly, using ferric iron as an alternative electron acceptor to sulfate.

Table 7. Depth-related chemical changes in acid streamer growths found within the abandoned Cae Coch pyrite mine.
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Figure 3. Cycling of iron by a mixed culture of At. ferrooxidans and Acidiphilium SJH. The culture medium (pH 2.0) contained (initially) 25 mM ferrous sulfate and 10 mM glycerol, and was maintained at 30°C under controlled aeration. Ferrous iron concentrations are shown in red and concentrations of dissolved oxygen in blue (modified from Johnson et al., 1993).
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Figure 4. Iron cycling by pure cultures of moderately thermophilic acidophiles. (Top) -▲- Sb. thermosulfidooxidans (strain TH1), -[image: yes]- Sb. acidophilus (strain THWX), -[image: yes]- Acidimicrobium sp. (strain HPTH; all cultures grown in pH 2.0 medium containing 25 mM ferrous sulfate, 10 mM glucose and 0.02% yeast extract; no aeration control); (bottom) the effect of controlling concentrations of dissolved oxygen iron cycling by Sb. acidophilus (strain THWX) grown at pH 2.0 in a medium containing 25 mM ferrous sulfate, 10 mM glycerol and 0.02% yeast extract; ferrous iron concentrations are shown in red and concentrations of dissolved oxygen in blue (modified from Johnson et al., 1993).
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Figure 5. Redox transformations of iron and sulfur in stratified streamer/mat growths found in a channel draining ad abandoned copper mine (Cantareras, Spain). The differently colored streamer/mat layers are indicated in the top diagram, and shown (as L1, L2 etc.) in the lower photographs.



The Rio Tinto is a 100 km long river located in south-west Spain, characterized by being extremely acidic (pH 1.5–3.1) throughout its length and containing elevated concentrations of soluble iron (both ferrous and ferric, the latter conferring the characteristic burgundy red color of the river). The microbiology of this extensive extreme environment has been researched in depth by Ricardo Amils and colleagues at the Centro de Astrobiologia/Universidad Autonoma in Madrid. They found that the dominant bacteria in the Tinto river were the iron-metabolizing acidophiles At. ferrooxidans, L. ferrooxidans, and Acidiphilium spp., and that other prokaryotes that also catalyze the oxido-reduction of iron at low pH (Ferrimicrobium and Ferroplasma spp.) were present in smaller numbers (González-Toril et al., 2003). Iron cycling, involving ferrous iron oxidation mediated primarily by At. ferrooxidans and L. ferrooxidans in the oxic zones of the river and ferric iron reduction by Acidiphilium spp. and At. ferrooxidans in the anoxic zones, maintain the iron dynamics of the river from its source at the Peña de Hierro in the Iberian Pyrite Belt to Huelva, where it enters the Atlantic Ocean. Since the oxidation of ferrous to (soluble) ferric iron is a proton-consuming reaction, while the reverse reaction (as well as ferric iron hydrolysis) generates protons, the net effect of ongoing oxido-reduction of iron is to maintain the extremely low pH of the Tinto river throughout its length.

Extensive opencast mining of lignite in Lusatia and other regions of Germany has left a legacy of a large number of abandoned and flooded sites (“pit lakes”), many of which are moderately or extremely acidic and contain elevated concentrations of soluble iron and sulfate, resulting from the oxidation of pyrite and other minerals present in the disturbed substrata (Geller et al., 1998). Microbially mediated cycling of both iron and sulfur has been described in these pit lakes (Küsel, 2003; Meier et al., 2004). Oxidation of reduced sulfur and of ferrous iron (coupled with hydrolysis of ferric iron) in oxic surface waters causes these to be acidic (pH as low as 2.0) whereas the reductive dissolution of schwertmannite and microbial sulfidogenesis in the anoxic lake sediments generates net alkalinity, results in these zones having higher pH values (typically about 5.5; Küsel et al., 1999). The major iron-oxidizing bacteria identified in the lignite pit lakes are the acidophiles At. ferrooxidans, L. ferrooxidans, and Ferrimicrobium (Küsel, 2003; Lu et al., 2010) whereas the neutrophile Geobacter as well as acidophilic species (Acidiphilium, Acidobacteria, Acidocella, and Acidithiobacillus) have been implicated in mediating ferric iron reduction in these ecosystems (Lu et al., 2010).

Ferrous iron oxidation is an exergonic reaction, but for cycling of iron to perpetuate in acidic streams, rivers and lakes, energy is required to fuel the reduction of ferric iron, which may be microbially mediated or an abiotic process. Both organic and inorganic electron donors can be used by iron-reducing acidophiles. The latter may arise from extraneous sources (e.g., leaf detritus in surface waters) or derive from the indigenous primary producers present. These include chemautotrophic bacteria such as Leptospirillum and Acidithiobacillus spp., and photoautotrophic acidophiles, which are predominantly eukaryotic micro-algae (Gross, 2000). A proportion of the inorganic carbon fixed by both groups is released into the environments as organic compounds (cell exudates and lysates) that can be utilized by heterotrophic and mixotrophic iron-reducing prokaryotes. The nature and composition of organic exudates arising from acidophilic primary producers varies from species to species, however, and this impacts their potential utilization by organotrophic acidophiles. For example, glycolic acid was identified by Ňancucheo and Johnson (2010) as a significant exudate (accounting for up to 24% of total dissolved organic carbon) in cultures of iron- and sulfur-oxidizing acidophiles but was shown to be utilized by relatively few species (mostly Firmicutes) of organotrophic acidophiles. In contrast, monosaccharides (fructose, glucose and mannitol) identified in exudates of the acidophilic algae Euglena mutabilis and Chlorella protothecoides var. acidicola were found to support the growth of both iron-reducing and sulfate-reducing acidophiles (Ňancucheo and Johnson, 2011). These findings suggest that reduction of both ferric iron and sulfate can be more active processes in surface acidic environments where acidophilic algae are active (such as at Cantareras) than in subterranean sites like the Cae Coch mine. Reduced sulfur and hydrogen can also act as inorganic electron donors for iron reduction by some species of acidophiles (Johnson and Hallberg, 2009). The former can arise by a variety of routes in extremely acidic environments. For example, elemental sulfur and sulfur oxy-anions are formed as by-products of the abiotic oxidation of pyrite and other sulfide minerals by (microbially generated) ferric iron (Rohwerder et al., 2003), and hydrogen sulfide may be generated by sulfur- and sulfate-reducing prokaryotes in anaerobic sediments in acid lakes and streams. However, dissimilatory sulfur- and sulfate-reduction also requires a suitable electron donor, which may again be either organic or inorganic (hydrogen). Hydrogen, therefore, has a potentially important (though currently unknown) role in fueling ferric iron reduction (directly or indirectly) in acidic environments, where it may be formed via the acid dissolution of metals (e.g., relics of mining activities) and some minerals.

Ferric iron reduction in acidic waters can also, however, be mediated by solar energy. Diez Ercilla et al. (2009) showed that solar radiation was a major driver of diel changes in ferrous iron concentrations (10–90 μM) recorded in an acidic (pH 2.8) pit lake in the Iberian pyrite belt. The kinetics of photo-reduction of iron were shown to be zero-order and to be a function of temperature and the intensity of solar radiation, but were found to be independent of ferric iron concentration. Wavelengths within the UV-A spectrum and part of the visible spectrum (400–700 nm) were both shown to be active in iron reduction in the acidic lake. This is a particularly significant observation as it explains how iron cycling can perpetuate in acidic waters, such as acid mine drainage streams and pit lakes, in the absence of either inorganic or organic reductants, or of iron-reducing and sulfate-reducing bacteria. In addition, photochemical regeneration of ferrous iron explains why numbers of iron-oxidizing acidophiles can be maintained or even increase when their primary energy source (e.g., pyrite) is exhausted.

Iron cycling in acidic waters, highlighting the various possible routes of ferric iron reduction, is summarized schematically in Figure 6.
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Figure 6. Schematic of the different microbial and abiotic routes of ferric iron reduction in an acidic (pH < 3) stream, river, or pit lake. Abiotic iron oxidation proceeds slowly in these environments, and is primarily mediated by prokaryotic microorganisms.



TECHNOLOGICAL APPLICATIONS OF MICROBIAL IRON OXIDO-REDUCTION AT LOW pH

Acidophilic iron-metabolizing prokaryotes are increasingly used in biotechnologies, the longest established of which is “biomining.”

TECHNOLOGIES UTILIZING ACIDOPHILIC IRON-OXIDIZERS

The discovery of the first bacterium (At. ferrooxidans) shown, in the late 1940s, to oxidize iron in acidic liquors and, several years later, demonstrated to accelerate the oxidative dissolution of pyrite and other sulfide minerals, was relatively quickly followed up by the first full-scale industrial application that used this acidophile (a dump copper leaching operation in Utah, in the mid-1960s). In reality, human civilisations had been exploiting the abilities of acidophiles to solubilize metals from ores for many years, recovering bioleached metals (chiefly copper, via cementation) from mine waters at the Rio Tinto mine in Spain, Mynydd Parys in Wales, the Song Guo Mountain and other locations in China, and probably elsewhere in the world. Since the 1960s there have been many developments and refinements in both the engineering design and in understanding the mineral bioprocessing. Biomining technologies have also diversified into recovering metals other than copper, including gold, uranium, nickel, cobalt and zinc. More details accounts of biomining can be found in Rawlings (2002); Rawlings and Johnson (2007a); and Johnson (2010).

Ferric iron is a powerful oxidizing agent in aqueous solutions, and can degrade a variety of minerals, including metal sulfides. It follows, therefore, that any prokaryote that can oxidize ferrous iron in an extremely acidic (pH < 3) medium should, in theory, be able to accelerate the dissolution of such minerals. This indeed has proven to be the case, with all of the iron-oxidizing bacteria listed in Table 1 having been reported to also oxidize pyrite, though some (e.g., Fm. acidiphilum) only do this when supplied with organic carbon, which may originate from an extraneous source (e.g., added yeast extract) or from a sulfur-oxidizing autotroph in a mixed culture. The most numerous iron-oxidizing prokaryotes in commercial operations tend, however, to be autotrophs. For example L. ferriphilum, has frequently been reported to be the major primary mineral-degrader in stirred tanks that operate between 35° and 45°C. Although iron-oxidizing prokaryotes are the major players in the bioprocessing of sulfide ores and concentrates, these are members of microbial consortia in commercial operations. These consortia include “secondary” sulfur-oxidizing (acid-generating) prokaryotes, and “tertiary” heterotrophic or mixotrophic acidophiles that degrade the small molecular weight organic compounds, such as glycolic acid, that are excreted by autotrophic iron- and sulfur-oxidizers and which could otherwise accumulate to inhibitory concentrations, especially in tank leaching operations, as well as the “primary” iron-oxidizers (Rawlings and Johnson, 2007b). Some acidophiles can assume more than one role in such consortia, for example the heterotrophic iron-oxidizer Ferroplasma (Figure 7). Although, as also indicated in Figure 7, dissolution of sulfide minerals by ferric iron does not involve molecular oxygen, the process does not continue unless the ferrous iron generated by this reaction is re-oxidized to ferric. This microbially catalyzed reaction requires molecular oxygen, and oxygen is also consumed during the oxidation of reduced sulfur intermediates and the catabolism of organic materials, and therefore the process is described as “oxidative mineral dissolution.”
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Figure 7. The oxidative dissolution of pyrite in acidic liquors, showing the major microorganisms identified in the biooxidation of refractory gold concentrates and the bioleaching of a cobaltiferous pyrite concentrate processed at ca. 40°C. Those reactions that consume oxygen are indicated; “DOC” is dissolved organic carbon.



The concept of using iron-oxidizing acidophiles to remediate mine waters has a long history, but only recently has such a system been demonstrated at pilot-scale level. Many streams and ground waters associated with the mining of coals and metals are enriched with soluble ferrous iron. The most effective way of removing soluble iron is first to oxidize ferrous iron to ferric, thereby facilitating the formation of ferric minerals such as schwertmannite and ferrihydrite, which may require some additional input of alkaline materials. As noted previously, abiotic rates of ferrous iron oxidation in low pH waters tend to be very slow, but can be greatly accelerated by iron-oxidizing acidophiles. Since autotrophic species use the energy from ferrous iron oxidation to support their growth and have minimal nutritional requirements, the use of these acidophiles to remediate iron-contaminated waters is particularly attractive. Specific rates of iron oxidation (previous section) can provide important fundamental data when determining the size of a reactor required for this purpose. The maximum rate of iron oxidation by a mesophilic bacterium such as At. ferrooxidans is ∼5 × 10−8 μg cell−1 min−1 (based on data shown in Table 2). Acidic mine water discharged at 10 L s−1 and containing 500 mg ferrous iron L−1 would require a reactor containing ∼6 × 1015 iron-oxidizing bacteria. Cell numbers of autotrophic iron-oxidizers are typically ∼5 × 107 mL−1 in media containing 500 mg iron L−1, so that a minimum bioreactor volume of just over 10 m3 would be required to oxidize all of the iron present. In reality, a much larger reactor would be required as the bacteria would need to be immobilized on a support material to prevent them being washed out, in a continuous flow system.

A pilot-scale (10 m3 reactor volume) system in Nochten, eastern Germany, is being used to oxidize ferrous iron and precipitate schwertmannite from acidic (pH 5.3) ground water containing, typically, 350 mg ferrous iron L−1 with a flow rate of 2,500 L h−1 (Janneck et al., 2010). The iron oxidation efficiency is ∼70%, which is partly due to the temperature at which the system operates (ranging from 12 to 18°C). In addition, hydrolysis of ferric iron causes the pH of the oxidized groundwater to fall to 3.0, which results in a considerable proportion of the ferric iron being retained in solution. The Nochten plant was originally inoculated with At. ferrooxidans and L. ferrooxidans, but analysis of the indigenous microbial population several months after the plant was commissioned revealed that these bacteria were not detectable, but that another iron-oxidizing acidophile (“Fv. myxofaciens”) and bacteria related to the neutrophilic iron-oxidizer Gallionella, were the dominant bacteria present (Heinzel et al., 2009). “Fv. myxofaciens” has also been used in laboratory-scale systems to remediate mine waters (Rowe and Johnson, 2008; Hedrich and Johnson, 2012). Besides its fast specific rate of iron oxidation (Table 2), “Fv. myxofaciens” also has the important advantage of producing copious amounts of extracellular polymeric substances, by which it attaches to a variety of materials (including glass, plastics, metals, and minerals) and causing it to grow as long macroscopic streamers in flowing waters. This obviates the need of an inert support material for these bacteria and maximizes the biovolume of an operating reactor. A modular system for remediating acidic iron-rich mine waters using “Fv. myxofaciens” to oxidize ferrous iron and controlled pH adjustment to precipitate schwertmannite has recently been described by Hedrich and Johnson (2012). The system was shown to be highly efficient (an equivalent 10 m3 primary reactor was calculated to be able to process ∼2.7 L pH 2 mine water containing 250 mg L−1 ferrous iron s−1) and produced pure-grade schwertmannite from mine water containing elevated concentrations of copper, zinc, aluminum, and manganese, in addition to iron. Concentrations of soluble iron were lowered from 250 g L−1 in the untreated water to <1 mg L−1 in the processed water.

TECHNOLOGIES UTILIZING ACIDOPHILIC IRON-REDUCERS

Development of technologies that use iron-reducing acidophiles has lagged well behind those that use iron-oxidizers. However, there has been at least one recent report that has demonstrated the potential for utilizing acidophilic iron-reducing bacteria to extract metals from mineral reserves. Not all metals occur exclusively as oxidized ores. Nickel is found within sulfide minerals (such as pentlandite) in, for example, reduced black shales, but is more abundant in the lithosphere in oxidized lateritic ores (∼73% of estimated global reserves). In the case of limonitic laterites, nickel is intimately associated with ferric oxyhydroxide minerals such as goethite (FeOOH). Using an oxidative dissolution approach to process such ores is obviously not viable, whereas a reductive approach is feasible. By coupling the oxidation of an organic or an inorganic substrate to the reduction of ferric iron within the goethite lattice, the oxidized mineral is destroyed and the associated nickel liberated. When the reaction occurs in an acidic medium, both the iron and nickel that are solubilized remain in solution.

Bridge and Johnson (2000) showed that a variety of ferric iron minerals, including goethite, could be solubilized by the heterotrophic acidophilic iron-reducer Acidiphilium sp. SJH. In terms of an industrial process, however, elemental sulfur has several advantages (including cost) over an organic electron donor, and Hallberg et al. (2011b) elected to use At. ferrooxidans to demonstrate the bioleaching of a nickel limonite by reductive dissolution, using the reaction shown in the equation below:
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Over 80% of the nickel present in a test ore was shown to be recovered when processed in this way, in a bioreactor maintained at 30°C and pH 1.8. Currently, similar ores are processed by high pressure acid leaching at elevated temperatures (in excess of 250°C). The bioreductive technology appears to have generic application for oxidized ores (e.g., of manganese, as well as iron) and bioprocessing of nickel laterites using this approach has been integrated into a full cycle operation (the “Ferredox” process; du Plessis et al., 2011). This recent development suggests that harnessing the potential of iron-metabolizing prokaryotes in new and emerging technologies could expand significantly in the near future.
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The anaerobic oxidation of Fe(II) by subsurface microorganisms is an important part of biogeochemical cycling in the environment, but the biochemical mechanisms used to couple iron oxidation to nitrate respiration are not well understood. Based on our own work and the evidence available in the literature, we propose a mechanistic model for anaerobic nitrate-dependent iron oxidation. We suggest that anaerobic iron-oxidizing microorganisms likely exist along a continuum including: (1) bacteria that inadvertently oxidize Fe(II) by abiotic or biotic reactions with enzymes or chemical intermediates in their metabolic pathways (e.g., denitrification) and suffer from toxicity or energetic penalty, (2) Fe(II) tolerant bacteria that gain little or no growth benefit from iron oxidation but can manage the toxic reactions, and (3) bacteria that efficiently accept electrons from Fe(II) to gain a growth advantage while preventing or mitigating the toxic reactions. Predictions of the proposed model are highlighted and experimental approaches are discussed.
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INTRODUCTION

In recent years, significant progress has been made toward understanding the biochemical mechanisms used by bacteria to catalyze the aerobic and anaerobic oxidation of Fe(II) in the environment. Recent reviews focus on aerobic/microaerobic iron oxidation (Emerson et al., 2010) and iron oxidation by acidophiles and anoxygenic phototrophs (Bird et al., 2011), however a number of microorganisms have been described which can couple iron oxidation to nitrate reduction (Chaudhuri et al., 2001; Weber et al., 2001, 2006a,b; Finneran et al., 2002; Lack et al., 2002; Muehe et al., 2009) in the absence of oxygen and light. The growth benefit from anaerobic iron oxidation varies widely. In both photosynthetic and nitrate reducing bacteria, oxidation of Fe(II) may represent an important detoxification strategy (Muehe et al., 2009; Poulain and Newman, 2009), and in some cases may have also evolved into a metabolic strategy (Widdel et al., 1993; Croal et al., 2007; Jiao and Newman, 2007; Muehe et al., 2009; Weber et al., 2009; Chakraborty et al., 2011). In this paper, we suggest that the success of an iron-oxidizing microorganism depends on the extent to which electron donation from Fe(II) can be controlled and toxic reactions prevented or managed. We propose working models to analyze the results of experiments aimed at elucidating the mechanisms of iron oxidation by anaerobic nitrate reducing bacteria. We also highlight some of the predictions of the models that future experiments should address. Our intention is not to exhaustively review the literature, but rather to highlight some of the salient features of anaerobic nitrate-dependent iron oxidation and provide insight for new research directions.

RUSTING AWAY IN THE DARK, WITHOUT OXYGEN: EVIDENCE FOR ANAEROBIC NITRATE-DEPENDENT IRON OXIDATION BY ENVIRONMENTAL BACTERIA

Bacterial species that couple the oxidation of Fe(II) to nitrate reduction have been isolated from a wide range of habitats and are phylogenetically diverse (Hafenbradl et al., 1996; Straub et al., 1996; Chaudhuri et al., 2001). Iron-oxidizing microbes have been demonstrated to oxidize both soluble and insoluble Fe(II) (Widdel et al., 1993; Chaudhuri et al., 2001; Weber et al., 2001, 2006c), and to produce a variety of insoluble Fe(III) mineral products (Machulla et al., 1998; Straub and Buchholz-Cleven, 1998; Chaudhuri et al., 2001; Weber et al., 2006c). Although the metabolism is based on thermodynamically favorable redox reactions (Koppenol, 1996; Bartberger et al., 2002; Shafirovich and Lymar, 2002; Dutton et al., 2005; Flores-Santana et al., 2011), little is known about the mechanisms used by anaerobic neutrophilic nitrate-dependent iron oxidizers (Weber et al., 2006a; Bird et al., 2011). However, a few studies do suggest an energetic benefit from this metabolism for the organisms involved (Muehe et al., 2009; Weber et al., 2009). Figure 1 presents several conceivable mechanisms for obtaining energetic benefit from iron oxidation catalyzed by anaerobic denitrifying bacteria. Some of these mechanisms may be inducible in specialized iron-oxidizing microorganisms, while others may be general to all nitrate reducing bacteria. One of these mechanisms (electron sparing) includes both enzymatically mediated components and abiotic interactions between Fe(II) and reactive intermediates resulting in a net energy gain. These mechanisms may be mutually exclusive, but based on reactive species formed during metabolism, it is more likely that hybrid abiotic/biotic mechanisms are functioning. To the best of our knowledge such hybrid abiotic/biotic mechanisms represent a novel metabolic process in microbiology. Below follows a brief description of these mechanisms and the evidence to support their existence.
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Figure 1. Possible mechanisms for energetic benefit from iron oxidation coupled to nitrate reduction. (A) A true Fe(II):menaquinone oxidoreductase accepts electrons from iron and reduces the quinone pool, (B) Nar accepts electrons from Fe(II) and reduces nitrate cytoplasmically, consuming protons to generate a PMF, (C) the cytochrome bc1 complex accepts electrons from Fe(II) and reduces the quinone pool, (D) more protons are pumped per electron at Nar than other nitrogen oxide reductases. If abiotic reactions dominate for the reduction of [image: yes], an energetic benefit is conferred through an electron sparing mechanism. Nar, nitrate reductase; Nir, nitrite reductase; Nor, nitric oxide reductase; Nos, nitrous oxide reductase; QH2, reduced quinone; Q, oxidized quinone; bc1, cytochrome bc1; cyt c, cytochrome c.



A DEDICATED Fe(II) OXIDOREDUCTASE

A dedicated Fe(II): menaquinone oxidoreductase protein, or protein complex, could oxidize iron at the cell surface or in the periplasm and reduce the quinone pool, providing reducing equivalents for downstream nitrogen oxide reductases (Figure 1A) allowing for proton motive force (PMF) generation. This mechanism predicts inducibility of iron oxidation and the expression of a specific protein or proteins in response to Fe(II).

DIRECT ELECTRON DONATION TO NITRATE REDUCTASE

In this model a standard membrane bound Nar could serve as the combined Fe(II) oxidase and nitrate reductase. If Nar can accept electrons from Fe(II) to catalyze cytoplasmic [image: yes] reduction to [image: yes] and H2O, two protons are consumed in the cytoplasm without the need for electrons from NADH resulting in an enhanced PMF (Figure 1B). Although, this mechanism may be inducible, it is unlikely as Nar will be expressed during nitrate reducing conditions regardless. As such, it could be an inadvertent mechanism of dissimilatory nitrate reduction using Nar. [image: yes] Transport into the cytoplasm by [image: yes] antiporters without consumption of periplasmic protons is necessary for this mechanism to generate a PMF. It is important to note that nitrate reductases with periplasmic sites for [image: yes] such as Nap, consume periplasmic protons to reduce nitrate and no energetic benefit would result from Fe(II) electron donation to catalyze [image: yes] reduction by Nap.

CYTOCHROME bc1 COMPLEX MEDIATED Fe(II) OXIDATION

A third possibility is that the cytochrome bc1 complex can accept electrons from Fe(II) and reduce the quinone pool This is similar to the proposed mechanism that Acidithiobacillus and anoxygenic phototrophs use to generate NADH from Fe(II) oxidation (Figure 1C; Bird et al., 2011). In these metabolisms, the cytochrome bc1 complex is proposed to be involved in reverse electron transfer to reduce the quinone pool (Bird et al., 2011). The exact mechanism and the net proton translocation associated with reverse electron transfer by bc1 is not well understood, but is thought to be at the expense of the PMF (Ferguson and Ingledew, 2008). For neutrophilic iron oxidation, the redox potential of Fe(III)/Fe(II) is low enough to reduce menaquinone (E°′ = −0.074 V; Wagner et al., 1974; Schoepp-Cothenet et al., 2009). However, for this mechanism to generate a PMF, the quinone pool must obtain protons from the cytoplasm upon reduction by the bc1 complex, and release those protons into the periplasm upon oxidation. Coupled to a quinol dehydrogenase, this would provide net proton translocation (Note: some NorBC are quinol dehydrogenases; Kraft et al., 2011). We envision that alternating fluxes of acetate and nitrate in the environment could be harnessed by a bc1 ferroxidase in this way. When high acetate concentrations are present, electrons flow through cytochrome c to sustain denitrification, and iron oxidation by bc1 is minimal. As acetate becomes scarce, the quinone pool is largely oxidized, and electrons from iron could be used to reduce the quinone pool at bc1.

ELECTRON SPARING

A fourth mechanism for obtaining an energetic benefit from Fe(II) oxidation involves differential electron flow to the terminal reductases. If more protons are translocated per electron at the nitrate reductase (Nar) than at downstream reductases coupled to bc1, then a shift in electron flow to Nar would be beneficial (Figure 1D). If this is the case, under heterotrophic growth conditions with excess electron acceptor (e.g., [image: yes]), abiotic redox reactions between Fe(II) and [image: yes] and other nitrogen oxides would allow greater net proton translocation per electron from Complex I. We refer to this phenomenon as electron sparing. More nitrate would be consumed in such a mechanism, but an energetic benefit to the organism would be gained per mole of electron donor (i.e., organic co-substrate, H2). This mechanism only applies to iron oxidizers when a co-substrate is available as an electron donor, and could be more pronounced when abiotically produced nitrogen oxide gases are continuously removed, as in flow through experimental setups. However, when electron acceptor is limiting, such reactions are likely to lead to a growth disadvantage due to a loss of electron accepting capacity. This hypothesis can be tested by looking for differences in growth on Fe(II) under donor or acceptor limiting conditions in batch culture. It is also important to emphasize that the location of the Fe(II) reaction with [image: yes] is potentially very important in determining the consequences for the bacterial cell. If the reaction happens in the periplasm, insoluble Fe(III) crusts may be harmful, but if the reaction happens outside of the cell, the [image: yes] could react with insoluble Fe(II) in minerals without negative consequences for the cell.

THINKING OUTSIDE OF THE CELL: EVIDENCE FOR ABIOTIC REDUCTION OF NITROGEN OXIDES CATALYZED BY SOLUBLE Fe(II) AND INSOLUBLE Fe(II) MINERALS

Regardless of whether abiotic reactions of nitrogen oxides and Fe(II) can lead to an energetic benefit through electron sparing, uncoupling the denitrification pathway is likely to create a significant flux of toxic reactive nitrogen species. The characterization of these products and the mechanisms whereby microorganisms cope with the toxicity will lead to an understanding of the benefit or cost of microbial iron oxidation.

The abiotic reaction of nitrate ([image: yes]) with soluble Fe(II) is slow (Moraghan and Buresh, 1977). However, the reaction between ([image: yes]) and soluble Fe(II) is rapid (Moraghan and Buresh, 1977). The products of the abiotic reactions vary with pH and include NO, N2O, and [image: yes] (Chalamet, 1973; Moraghan and Buresh, 1977). Copper (Cu2+) or silver (Ag+) can catalyze abiotic [image: yes] reduction coupled to Fe(II) oxidation at room temperature and neutral pH (Moraghan and Buresh, 1977; Ottley et al., 1997). Green rusts (GR), mixed Fe(II)/Fe(III) hydroxides, can also catalyze the reduction of nitrogen oxides (Figure 2A). As with soluble Fe(II), GR reactions with [image: yes] and [image: yes] produce NO, N2O, and NH4 depending on the pH (Figure 2A; Summers and Chang, 1993; Hansen et al., 1994, 1996). It has further been observed that the intercalating anion in the GR mineral affects the rate of [image: yes] reduction. GR intercalated with chloride (Cl−) has a 30- to 40-fold faster rate of [image: yes] reduction compared with GR intercalated with sulfate [image: yes] (Hansen et al., 2001). A number of microorganisms produce GR as intermediates or products of nitrate-dependent iron oxidation (Chaudhuri et al., 2001; Lack et al., 2002). Therefore, it is possible that abiotic reactions catalyzed by GR can contribute to nitrate removal in iron-oxidizing microcosms and cultures during the growth phase, after growth has stopped, or in non-growth cultures in which GR has formed.
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Figure 2. Possible reactions resulting in toxicity and energetic loss during iron oxidation coupled to nitrate reduction and potential microbial responses. (A) Green rusts are capable of catalyzing nitrate reduction coupled to iron oxidation. If they are produced, they will consume [image: yes] and compete with bacteria for electron acceptor. (B) [image: yes] will rapidly react with Fe(II) to form NO. NO can be further reduced, but can also bind to metalloproteins and disrupt electron transport chains. Upregulation of Nor or other NO reductase proteins could protect cells from NO. (C) Soluble Fe(II) or Fe(III) could be exported from cells by heavy metal efflux pumps before it reacts with cellular components (in the case of Fe(II)) or precipitates to form mineral crusts (in the case of Fe(III)). (D) Extracellular polysaccharides or pili may scaffold the precipitation of Fe(III) outside of cells, or a local low pH or chelators may prevent the precipitation of Fe(III) in the periplasm.



A WRENCH IN THE GEARS: EVIDENCE FOR UNCOUPLING OF BACTERIAL DENITRIFICATION BY Fe(II)

In Escherichia coli, it has been known for some time that the presence of millimolar Fe(II) and [image: yes] leads to an uncoupling of electron transport and dissimilatory nitrate reduction resulting in the production of high micromolar to millimolar levels of nitric oxide (NO) and nitrous oxide (N2O; Brons et al., 1991; Figure 2B). Further evidence for uncoupling of nitrate reduction electron transport by Fe(II) was observed with Shewanella putrefaciens 200 and Paracoccus denitrificans (Cooper et al., 2003; Coby and Picardal, 2005). The location and form of Fe(II), the pH, and the nitrogen oxide starting material are all likely to contribute to the products of abiotic uncoupling reactions during microbial nitrate and nitrite reduction (Chalamet, 1973; Moraghan and Buresh, 1977; Hansen et al., 2001).

As the reaction between Fe(II) and [image: yes] is slow, the first likely point of uncoupling is Fe(II) oxidation by [image: yes] to produce NO and Fe(III) as initial products (Figure 2B). In previous studies, NO was found to be produced at a higher rate and accumulate in cultures of heterotrophically grown nitrate reducers in the presence of Fe(II) (Brons et al., 1991). NO is a gas, and will partition into the headspace of sealed culture tubes, potentially representing a significant loss of electron accepting equivalents in open systems. However, NO is also toxic, and can react with metalloproteins in the cell and components of the electron transport chain, and in the presence of redox active metals can nitrosate thiols (Beckman and Koppenol, 1996). Fortunately, the respiratory NO reductase (Nor) of denitrifying bacteria can reduce NO to less toxic products, and other enzymes involved in the reduction of nitrogen oxides can play a protective role in addition to their respiratory function (Gardner et al., 2002; Gomes et al., 2002; Mills et al., 2008). Nor is independently regulated from other components of the denitrification pathway and can be upregulated to reduce excess NO (Rodionov et al., 2005).

Little [image: yes] should accumulate in denitrifying cultures as a result of fast abiotic reactions between [image: yes] and Fe(II). Contrary to this prediction, some previous studies have measured nitrite accumulation and attributed this finding to the inhibition of nitrite reductase by Fe(III) precipitation (Straub et al., 1996; Weber et al., 2006b). However, it should be noted that NO (and other nitrogen oxides) will rapidly react with O2 to form nitrite (Feelisch, 1991; Beckman and Koppenol, 1996). If samples are not kept anaerobic during sample preparation for nitrite analysis, the nitrite analyzed may also represent other reactive nitrogen species (Straub et al., 1996; Weber et al., 2006b). Some researchers have suggested that [image: yes] may function as a shuttle to oxidize iron (Miot et al., 2009a; Chakraborty et al., 2011). We find this hypothesis plausible, and have also proposed that abiotic reactions between Fe(II) and [image: yes] could lead to an energetic benefit through an electron sparing mechanism (Figure 1D).

Excess NO produced by bacteria can also further react to form other compounds. NO will bind to free Fe(II) outside of the cell to form stable iron–nitrosyl complexes (Brons et al., 1991; Figure 2B), but will not bind tightly to Fe(III). Thus, as Fe(II) oxidation continues, bound NO will be released. Further reduction of NO can produce the high energy intermediate nitroxyl (NO−, HNO) which can react with thiols to form hydroxylamine (Flores-Santana et al., 2011), or with another nitroxyl to form N2O (Beckman and Koppenol, 1996; Flores-Santana et al., 2011; Figure 2B). Some evidence for nitroxyl as an intermediate in denitrification exists (Turk and Hollocher, 1992), and though the redox potential of the NO/NO− couple is −0.8 V vs. SHE at pH 7 (Bartberger et al., 2002), the evidence for its presence and a role in other biological systems is increasing. It is possible that a nitroxyl-like species is an intermediate in biological and chemical denitrification pathways (Flores-Santana et al., 2011).

IN A METAL CAGE: Fe(II) DIFFUSION INTO CELLS AND CELL ENCRUSTATION BY THE FORMATION OF PERIPLASMIC AND OUTER MEMBRANE IRON OXIDE MINERALS

Iron-oxidizing bacteria produce insoluble Fe(III) minerals as a product. In some cases, these insoluble minerals have been found associated with the periplasm of cells or on the cell surface. Precipitation outside of cell was observed for Rhodobacter capsulatus SW2 (Kappler and Newman, 2004), and a local drop in pH around the cells was proposed to be involved in preventing precipitation in the periplasm (Kappler and Newman, 2004). In contrast, precipitates in the periplasm were observed in the nitrate-dependent iron oxidizer Acidovorax sp. Strain BoFeN1 (Kappler et al., 2005, 2010; Miot et al., 2009b). More specifically, these precipitates appear to be initially localized to the periplasmic face of the inner membrane (Miot et al., 2011).

The insolubility of Fe(III) creates a serious problem for iron oxidizers. If ferric minerals begin to crystallize in the periplasm or on the surface of cells, damage to membranes, proteins, and other cellular components will likely ensue, and under extreme cases, the permeability of the cells to soluble nutrients may be impaired. If Fe(II) enters the cytoplasm, it can replace other metals in proteins, and participate in damaging redox reactions (Crichton, 2009). Cellular Fe(II) homeostasis is carefully controlled in microbes by the activity of metalloregulatory proteins such as the ferric uptake regulator, Fur (Crichton, 2009). Efflux pumps are widely used by bacteria for the export of toxic metal ions, and at the expense of ATP, provide a means of exporting metals from the cell (Nies, 2003). Most studies investigating transcriptional responses of microorganisms to iron have focused on iron uptake under iron limiting conditions, but environmental conditions certainly exist where a cell is faced with iron overload. It seems likely that under high iron conditions, efflux pumps would be upregulated (Figure 2C). Consumption of ATP by these pumps may attenuate any energy gains as a result of Fe(II) oxidation by the organism. Although significant research effort has focused on these efflux pumps, most studies have looked at their expression in the presence of metals other than Fe(II) (Nies, 2003).

It has been suggested that Fe(II) bound to cell surface minerals can further catalyze denitrification reactions (Coby and Picardal, 2005), and that these mineral deposits may prevent the diffusion of soluble electron acceptors into the cell. It appears that some bacteria are able to avoid periplasmic encrustation, but the mechanism for exporting the Fe(III) before it precipitates is not known. It has been suggested that a local low pH in the periplasm and outside of cells could prevent Fe(III) precipitation, and extracellular polysaccharide fibers or pili may provide a scaffold for mineralization outside of the cell (Figure 2D; Miot et al., 2009b).

A BALANCING ACT: HARNESSING ELECTRONS FROM Fe(II) AND AVOIDING TOXICITY

Electrons from the oxidation of Fe(II) are thermodynamically poised to reduce [image: yes] (Koppenol, 1996; Bartberger et al., 2002; Shafirovich and Lymar, 2002; Dutton et al., 2005; Flores-Santana et al., 2011), but the kinetics of the abiotic reactions are slow (Moraghan and Buresh, 1977). Therefore, high rates of nitrate-dependent Fe(II) oxidation observed in many studies indicate that Fe(II) is enzymatically coupled to the reduction of nitrate to at least nitrite. This is further supported by the results of washed cell suspension experiments where nitrate-dependent oxidation occurs rapidly with Fe(II) as the sole electron donor (Chaudhuri et al., 2001; Lack et al., 2002; Weber et al., 2006b). If the reactions were entirely abiotic, the rate of Fe(II) oxidation should not differ from the heat-killed controls.

A number of bacteria are capable of growth in the presence of Fe(II) (Weber et al., 2006a), and in some cases, growth benefit from neutrophilic iron oxidation has been reported (Muehe et al., 2009; Weber et al., 2009; Chakraborty et al., 2011). It is clear from these studies that the culture conditions can greatly affect the growth benefit associated with iron oxidation (Weber et al., 2009; Chakraborty et al., 2011). What is not clear, however, are the exact mechanisms whereby diverse species of bacteria harness Fe(II) electrons in the presence of competing abiotic reactions with nitrogen oxides.

CONCLUSION

Our central hypothesis is that the mechanisms used by neutrophilic anaerobic nitrate-dependent iron-oxidizing bacteria likely exist along a continuum from purely abiotic reactions between microbially produced nitrogen oxides to mixed biotic/abiotic mechanisms involving direct electron donation from iron to cellular components. This fascinating and geochemically important process may also be unique in that the microbial metabolisms themselves might take advantage of abiotic reactions, for example by using [image: yes] as a shuttle (Miot et al., 2009a; Chakraborty et al., 2011), or through the electron sparing hypothesis in Figure 1D. With the growing number of pure isolates of robust iron oxidizing microorganisms, we are optimistic that the mechanistic proposals in this paper can be tested in the laboratory.
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It is now well established that Iron (Fe) is a limiting element in many regions of the open ocean. Our current understanding of the key processes which control iron distribution in the open ocean have been largely based on thermodynamic measurements performed under the assumption of equilibrium conditions. Using this equilibrium approach, researchers have been able to detect and quantify organic complexing ligands in seawater and examine their role in increasing the overall solubility of iron. Our current knowledge about iron bioavailability to phytoplankton and bacteria is also based heavily on carefully controlled laboratory studies where it is assumed the chemical species are in equilibrium in line with the free ion association model and/or its successor the biotic ligand model. Similarly most field work on iron biogeochemistry generally consists of a single profile which is in essence a “snap-shot” in time of the system under investigation. However it is well known that the surface ocean is an extremely dynamic environment and it is unlikely if thermodynamic equilibrium between all the iron species present is ever truly achieved. In sunlit waters this is mostly due to the daily passage of the sun across the sky leading to photoredox processes which alter Fe speciation by cycling between redox states and between inorganic and organic species. Episodic deposition events, dry and wet, are also important perturbations to iron cycling as they bring in new iron to the system and alter the equilibrium between iron species and phases. Here we utilize new field data collected in the open ocean on the complexation kinetics of iron in the surface ocean to identify the important role of weak iron binding ligands (i.e., those that cannot maintain iron in solution indefinitely at seawater pH: αFeL < αFe′) in allowing transient increases in iron solubility in response to iron deposition events. Experiments with the thermal [image: image] source SOTS-1 also indicate the short term impact of this species on iron solubility also with relevance to the euphotic zone. This data highlights the roles of kinetics, redox, and weaker iron binding ligands in the biogeochemical cycling of iron in the ocean.
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INTRODUCTION

That Iron (Fe) is an important limiting nutrient for primary productivity over large areas of the ocean has been clearly demonstrated in iron enrichment experiments in the open ocean over the last 20 years (Martin et al., 1994; Boyd et al., 2000; de Baar et al., 2005). Since the first proposals that linked low productivity in the open ocean with distance from the coast and iron sources (Gran, 1931; Harvey, 1937), and since the first evidence showing the link between low iron and slow growth in the open ocean (Martin and Fitzwater, 1988), studies on the (geo)chemical aspects of iron biogeochemistry were mainly focused on conditions of thermodynamic equilibrium. The thermodynamically favored redox form of Fe in seawater, Fe(III), is only weakly soluble in seawater (Millero, 1998). The reduced form, Fe(II), is found in oxic waters as a transient species, primarily generated by photochemical processes (Johnson et al., 1994; Croot et al., 2008), and existing at extremely low concentrations (picomolar or less) because of rapid oxidation by O2 and H2O2 in warm surface waters. The oxidation of Fe(II) to the less soluble Fe(III) species, leads to the formation of colloidal oxyhydroxide (Kuma et al., 1996) species which coagulate and form particulate iron (Johnson et al., 1997). Dissolved iron (<0.4 μm) has been shown to be strongly organically complexed throughout the water column (Rue and Bruland, 1995; Boye et al., 2001) and is comprised of colloidal material or truly soluble (<100 kDa) complexes (Boye et al., 2010). In the absence of organic ligands iron solubility is extremely low (<80 pM) Fe (Kuma et al., 1996; Liu and Millero, 2002). Iron solubility however varies in the ocean with higher concentrations in coastal waters (Kuma et al., 1998b, 2000; Schlosser and Croot, 2009), than in the Open Ocean (Kuma et al., 1998a; Nakabayashi et al., 2001).

The main supply routes for iron to the open oceans is via upwelling or atmospheric dust deposition (Jickells et al., 2005). Dust deposition is episodic in nature and alters the equilibrium between soluble, colloidal, and particulate iron phases. The daily cycle of the sun also strongly imprints a photo-induced redox iron cycle in the euphotic zone (Johnson et al., 1994) and involves transient Fe(II) species existing (Croot et al., 2001, 2008; Roy et al., 2008) at concentrations far above that predicted by thermodynamic equilibrium calculations. Indeed it also has been known for some time that iron uptake by phytoplankton is under kinetic rather than thermodynamic control (Hudson and Morel, 1990, 1993). Thus information about the kinetics of exchange between these phases is critically important to our understanding of the biogeochemical cycling of iron in seawater as the system is normally far from any thermodynamic equilibrium state.

A key controlling factor in the kinetics is the rate of water exchange (or loss) for the inner coordination sphere of Fe, as this sets the upper rate at which ligand exchange reactions can occur. The inorganic speciation of Fe(III) in seawater is dominated by hydroxide complexes and measurements of the water exchange rate under seawater conditions for Fe′ (the sum of all the inorganic Fe(III) species) has been measured kex = 8 × 106 M−1 s−1 (Hudson et al., 1992). This is consistent with measurements in simple solutions for the individual iron hydroxy species: Fe(III) 1.6 × 102 M−1 s−1 and Fe(OH)2+ 1.2 × 105 M−1 s−1 (Grant and Jordan, 1981), Fe [image: image] > 107M-1s-1 and Fe [image: image] > 109M-1s-1 (Schneider, 1988). The rate of water exchange for the aquo Fe(II), kex ∼ 1 × 107 M−1 s−1 (Helm and Merbach, 1999), is considerably faster than that of Fe(III). Once formed an iron organic complex may dissociate via either an adjunctive pathway, involving the direct attack of the incoming species on the initial complex and the formation of a ternary intermediate species, or a disjunctive pathway involving complete dissociation of the initial complex (Hering and Morel, 1990a,b). For a complete description of the mechanisms involved in the different dissociation pathways the reader is referred to Morel and Hering (1993). It has been found for many Fe(III) siderophore complexes that adjunctive pathways are important with the loss of the iron initiated by the formation of a ternary complex with another ligand (inorganic or organic) resulting in either the simple exchange of the iron or a subsequent reduction to Fe(II) via an external reductant or photochemical process followed by release of the iron from the complex (Dhungana and Crumbliss, 2005; Mies et al., 2006).

A small number of studies performed over the last 20 years have indicated that thermodynamically weak iron binding ligands, i.e., those that cannot maintain iron in solution indefinitely at seawater pH (i.e., αFeL < αFe′), may be important as transient species either as short term soluble species (Gerringa et al., 2007) or for their involvement in photochemically induced redox cycling (Kuma et al., 1995). The mesoscale iron enrichment experiments performed over the last 20 years, for a summary see de Baar et al. (2005), are now classic examples of the functioning of the iron biogeochemical cycle to a transient episodic event and how the system responds. Based on these and other recent findings we use Figure 1 to illustrate the key processes and exchange mechanisms affecting dissolved iron concentrations identified to date. Figure 1 also highlights the main natural inputs that perturb the system and prevent it from achieving “geochemical” thermodynamic equilibrium. Note that in this context iron in upwelled waters may be considered closer to equilibrium due to the water mass age and so is neglected here. In the present work we focus on the kinetics of processes involving weak ligands with regard to important iron transformation pathways in the surface ocean. In particular in the here we focus on the role that weak ligands can play in maintaining soluble iron in the surface ocean over short time scales through a series of kinetic experiments employing different analytical approaches (voltammetry and radiotracers). This work highlights the importance of kinetic processes in the temporal evolution of iron speciation and biogeochemistry in dynamic marine systems.


[image: image]

Figure 1. Schematic of key processes in the biogeochemical cycling of dissolved iron in the surface ocean. Abbreviations used in figure (see main text for details): LS, strong iron binding ligand; LW, weak iron binding ligand; FeLS, iron complexed by strong iron binding ligand; FeLw, iron complexed by weak iron binding ligand; Fe(II), all sum of all Fe(II) species; Fe′, the sum of all inorganic Fe(III) species; Fecol, colloidal iron species; Fepart, iron in the particulate phase; hv, photon flux; O2, dissolved oxygen; and H2O2, dissolved hydrogen peroxide.



MATERIALS AND METHODS

IRON SPECIATION

Competitive ligand exchange-cathodic stripping voltammetry

In the present work we determined conditional stability constants for natural iron binding ligands using an established cathodic stripping voltammetry (CSV) technique (Croot and Johansson, 2000) utilizing the ligand 2-(2-thiazolylazo)-4-methylphenol (TAC). A brief description of the procedure for TAC is listed here: Sub-samples (20 mL) of seawater were pipetted into a series of pre-cleaned Teflon bottles (125 mL) and 100 μL of 1 M EPPS buffer [N-(2-hydroxyethyl)piperazine-N′-2-propanesulfonic acid; pKa 8.00; SigmaUltra] added. Iron was added to all but two of the bottles, yielding concentrations from 0 to 12 nM. The added Fe was left to equilibrate with the natural ligands for 1 h at laboratory temperature (21.0 ± 0.1°C). At the end of this equilibration period, 20 μL of 10 mM TAC was added and the sample left to equilibrate for a further 12 h before analysis by voltammetry (Metrohm VA757). The samples were then transferred to a Teflon cell cup, the sample deaerated for 4 min with dry nitrogen gas, subsequently the Fe(TAC)2 complexes in the sample were adsorbed onto a fresh Hg drop at an applied potential of −0.40 V for 10 min, while the sample was stirred. At the completion of the adsorption period, the stirrer was stopped and the potential was scanned using the fast linear sweep mode from −0.40 to −0.90 V at 10.1 V s−1 and the stripping current from the adsorbed Fe(TAC)2 recorded. The Teflon cups were rinsed only with MQ between analyses and the samples were run in the order of increasing Fe additions. Two +0 samples were run, as a check for possible contamination of the cell. Each Teflon bottle was consistently used for a constant Fe addition. Full details of the theory behind the CSV approach can be found in Croot and Johansson (2000). Values for the total iron binding ligand concentration (LT) and conditional stability constant (Log k) were determined by non-linear methods (Gerringa et al., 1995).

Kinetic method for Fe speciation (CSV-KIN)

Rate constants for FeL formation (kf), and FeL dissociation (kd), were determined at seawater pH using the same kinetic approach as earlier (Wu and Luther, 1995; Witter and Luther, 1998; Witter et al., 2000) with the exception that the CSV ligand used in those works, 1-Nitroso-2-Naphthol (1N2N), was replaced by TAC (Croot and Johansson, 2000). A similar approach using TAC has been made earlier by Gerringa et al. (2007), as the TAC method (Croot and Johansson, 2000) is more sensitive and better suited for Fe determination at seawater pH than 1N2N. As noted by Witter and Luther (1998), for consistency we note that Fe′ indicates all inorganic forms of Fe(III), Fe3+ is only the hexaaquo species [Fe(H2O)6]3+, and FeL is the ligand complex. Note that in the following we also use the commonly used term Fe′L, to represent the iron ligand complex formed from Fe′ and L however we are not suggesting the existence of a mixed inorganic and organic ligand complex as there is no information currently available for this with respect to the natural iron binding ligands.

Determination of kf for FeL formation

The formation rate constant, kf, of the Fe3+-organic ligand complex (represented as FeL) was estimated from the initial rate of complexation of an aliquot of Fe′ added to seawater containing natural organic ligands at ambient pH.

[image: image]

The rate law for formation of FeL used to calculate the formation rate constant, kf is shown below:

[image: image]

Experimentally this involved the addition of Fe to a seawater sample and at different time intervals, the competing ligand TAC was added and the TAC labile iron measured. Mass balance considerations resulted in the calculation of FeL. For the purposes of Eq. 2, the initial concentration of Fe′ was set to the iron concentration added (in this case typically ∼7 nM) and [L] was estimated from the amount of free ligand present at equilibrium (L = LT − FeL) as determined in the Competitive Ligand Exchange-Cathodic Stripping Voltammetry (CSV-CLE) titration.

Calculation of kd (rate of dissociation for recovery of Fe from FeL)

The dissociation rate constant, kd, for recovery of added Fe from FeL could be determined after addition of TAC to seawater which had been pre-equilibrated with an aliquot of 7 nM Fe at ambient pH. Reaction between TAC and Fe (from FeL) results in electroactive complexes which are detected at the hanging mercury drop electrode. In the present work we modified the approach of Witter and Luther (1998) to determine the dissociation rate of both weak and strong ligands. Full details can be found in the appendix to this manuscript.

Measurement of iron solubility kinetics (FESOL-KIN)

The experimental design was principally the same as described previously for iron solubility experiments (Kuma et al., 1996; Nakabayashi et al., 2002; Schlosser and Croot, 2009; Schlosser et al., 2011). An adaptation of these studies was required for the filtration of the samples, as the 0.02 μm Anotop syringe filter (Whatman) previously used (Schlosser and Croot, 2009) were not obtainable and the alternative filter material (Millipore MF) was not available in a syringe filter. The change in filter material required a new filtration system to be constructed. All the equipment used was constructed from Teflon components available commercially (Savillex). The collection vessel was a 500 mL standard jar with transfer closure and two tube ports. A 47 mm filter holder, incorporating the 47 mm diameter 0.025 μm filter (Millipore MF), was connected in between the first of the tube ports and a 200 mL reservoir tube. The sample solution was poured into the reservoir tube immediately prior to filtration. To the second tube port of the jar, vacuum tubing was attached and connected to a trace metal clean Teflon lined vacuum pump (ILMVAC MPR060E) to allow vacuum filtration of the samples.

In this work we used the radioisotope 55Fe (Perkin Elmer) for all experiments: specific activity 1985.42 MBq/mg Fe, concentration 1466.79 MBq/mL. The 55Fe solution was dissolved in 0.1 M HCl and dilution standards were produced with MQ water and acidified with Q-HCl to a pH <2. Seawater (200 mL) collected from different depths throughout the water column using trace metal clean GO-FLO sampling bottles was transferred into Teflon FeP bottles (1 L) and an aliquot of 55Fe was added to the bottles to give an addition of 21 nM. Sub-samples (20 mL) for filtration were taken after 3, 6, 24, and 48 h and were filtered through 47 mm 0.025 μm Millipore MF filters using the above described Teflon filtration unit (Savillex), the filtrate was collected in a Teflon vial. Duplicate samples of both filtered (0.025 μm) and unfiltered seawater (400 μL) were acidified and transferred into 6 mL vials in which 4.5 mL of scintillation fluid (Lumagel Plus®) were added. Sample storage, treatment, and measurement were performed at room temperature (23°C) in the isotopic container located on the RV Polarstern. The activity of the 55Fe solutions were determined by scintillation counting (Packard, Tri-Carb 2900TR) and then converted to soluble Fe concentrations, taking into account the activity of the added isotope solution and the in situ dissolved Fe concentration of each sample. Quench curves for 55Fe were produced by adding an identical amount of radiotracer and scintillation fluid to a series of samples containing a range of seawater additions.

Kinetic analysis of iron solubility

This approach has recently been described (Croot et al., 2011) however a brief account is given here. Starting from the mass balance for soluble iron in seawater:

[image: image]

Where [Fe′] represents here the sum of all the inorganic species [predominantly [image: image]] and [FeLi] is the organically bound iron and Li classes of natural organic ligands. The speciation of Fe(II) is not considered in this case, as due to the long equilibration times used in these experiments almost all Fe(II) should have been oxidized. Reactions between one class of the natural ligands and Fe′ can be expressed as:

[image: image]
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L′ is the Fe binding ligand not already bound to Fe(III). The equilibrium expression is then:

[image: image]

[image: image] is the conditional stability constant under the specific conditions in seawater (in this case pH 8.0) with respect to Fe′. To convert [image: image] to [image: image], the conditional stability constant for FeL with respect to free Fe3+, the relationship between Fe′ and Fe3+, αFe′ = [Fe′]/[Fe3+], can be used (e.g., [image: image] = αFe′ [image: image]).

The approach applied here uses the assumption that the detected decrease in soluble iron with time is due to the exchange of Fe between the weak organic ligands and the colloidal phase which does not pass through the filter. This assumption is supported by the finding that inorganic iron colloids will rapidly form due to oversaturation in the solution (Nowostawska et al., 2008) and be considerably larger (Hove et al., 2007, 2008) than the cutoff of the filter (Millipore MF 0.025 μm). Earlier work by Okumura confirms that in the absence of a strong chelator over 95% of the Fe is found in the >0.025 μm fraction (Okumura et al., 2004).

The formation and dissociation of Fe complexes are thus described by Eqs 4a and 4b from above. We now further assume that the ligands can be divided into two classes, a strong ligand (LS) that is practically inert to dissociation and a weaker ligand (LW) that at equilibrium is not able to keep iron in solution. The time dependence of the soluble Fe fraction can then be described by the following equation, assuming that the formation of both weak and strong complexes is equally fast.

[image: image]

Fesol is the detected soluble iron, FeLS is the concentration of the strong ligand and FeLW is the concentration of the weaker ligands, which at thermodynamic equilibrium do not prevent the precipitation of iron from solution, and k is the observed dissociation rate of the weaker iron organic complexes. The measured values of Fesol are fitted then to Eq. 6 using a non-linear least squares fitting procedure implemented in Labview™ (National Instruments).

Examination of the influence of [image: image] on iron solubility kinetics

For a limited number of iron solubility experiments we also examined the influence of [image: image] on the solubility of iron by additions of SOTS-1 [Di(4-carboxybenzyl)hyponitrite; Molecular weight 330.3 gmol−1; Heller and Croot, 2010a] as a thermal source. SOTS-1 is an azo-compound which can be stored stably at −80°C but at higher temperatures decomposes thermally to yield either directly or indirectly electron rich carbon-centered radicals that react with O2 to yield carbocations and [image: image] (Ingold et al., 1997). Five hundred micrograms aliquots of SOTS-1 were used as received (Cayman Chemicals) and stored at −80°C until required. Immediately prior to the start of any experiment the 500 μg SOTS-1 aliquots were dissolved in DMSO (Fluka, puriss p.a. ≥99.9%) before further dilution in seawater. The final concentration calculated for [image: image] produced from SOTS-1 in this study was 1.51 μM (500 μg SOTS-1 in 200 μL DMSO, 40 μL in 200 mL). Experiments in which only DMSO was added showed no discernable difference when compared to the controls (no DMSO, no SOTS-1). For the experiments presented in this work, we used paired samples following the same protocol as for the iron solubility kinetics experiments described above. After the addition of the radiotracer (see above) to both samples, SOTS-1 was added immediately to one of the paired samples (experimental) and the other was left unamended (control). The iron solubility was assessed at different time points as described above. In the current work we use the ratio between the experimental (E) and the control (C), ratio = [Fesol]E/[Fesol]C, to assess the impact [image: image] on iron solubility.

RESULTS AND DISCUSSION

IRON KINETICS AS DETERMINED BY CSV

Kinetic experiments (Table 1) were performed on samples from the chlorophyll maximum along a west to east transect in the Tropical North Atlantic in Oct/Nov 2002 during the Meteor 55 research expedition. Data on the dissolved iron concentrations found along this transect have been published previously (Croot et al., 2004). The results of the five kinetic experiments performed can be found in Table 1. Figure 2 illustrates the time course in TAC labile Fe as a function of the reaction time (here denotes as the TAC exchange time) for two different initial time points; immediately and 14 h after the addition of Fe to the sample. In Figure 2 it can be clearly seen that the amount of TAC labile iron decreases with the time since iron addition and that much of this iron was recoverable after the addition of TAC. The gradual increase in the TAC labile Fe is interpreted as the exchange of all the weakly complexed Fe with TAC, though it will ultimately include a contribution from strong iron complexes related to the thermodynamic equilibrium finally established between TAC and the natural ligands. Figure 3 illustrates the decrease in the labile Fe(TAC) concentration with incubation time resulting from the increase in FeL as the natural ligands complex the iron in solution.

Table 1. CSV-KIN: results from the Meteor Expedition (M55) in the Tropical North Atlantic: Formation and Dissociation rates of natural iron ligands as determined by CSV.
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Figure 2. CSV-KIN: time course of recovery of Fe by TAC from natural iron binding ligands. Water sample is from 60 m at Station 28 (see Table 1 for more details) during the Meteor 55 cruise. Black circles TAC added immediately after Fe addition, open diamonds, TAC added 14 h after iron addition.




[image: image]

Figure 3. CSV-KIN: time course of initial Fe(TAC)2 (closed circles) concentrations, black circles (solid line) measured over the course of a 14 h incubation experiment (at t = 0 Fe was added to the sample, at subsequent time points a subsample was removed, TAC added and the labile Fe measured by CSV). The corresponding FeL concentration, as determined by mass balance, is plotted as gray diamonds (dotted line). The gray triangle represents the [L] determined by the conventional thermodynamic CSV titration after 18 h equilibration between the added Fe and TAC. Water sample is from 80 m at Station 36 (see Table 1 for more details) during the Meteor 55 cruise.



Upon addition of TAC the exchange of iron between the natural ligands and TAC begins. Figure 4 illustrates that this exchange is effectively come to equilibrium within 6 h and the resulting Fe(TAC) concentration is identical to that found in the 12 h equilibration used in the determination of the thermodynamic data (Croot and Johansson, 2000). It is clear though from the data in Figure 4 that equilibration times less than 6 h would be insufficient to reach equilibrium. Data like this for the other ligands used in the CSV determination of iron organic complexation (Rue and Bruland, 1995; van den Berg, 2006) is urgently needed to address this issue as some studies have incorporated equilibration times as short as 15 min.


[image: image]

Figure 4. CSV-KIN: time course of FeL (closed circles) concentrations as determined by mass balance from repeated CSV measurements over 8 h. This data is used for the determination of kd. The samples had been equilibrated with Fe for 14 h prior to the addition of TAC. Water sample is from 60 m at Station 28 (see Table 1 for more details) during the Meteor 55 cruise.



Estimates of the formation rate constant for the natural iron complexes were relatively constant throughout the samples measured (Table 1) and similar to other open ocean studies (Table 2). In our study kf values were slightly lower than that found for the siderophore desferrioxamine B (DFO-B), 2 × 106 M−1 s−1 (Hudson et al., 1992) but is similar to measurements of other model Fe ligands (Witter et al., 2000). Dissociation rates found in our work were also similar to other published data from the open ocean (Tables 1 and 2).

Table 2. CSV-KIN: summary of FeL kinetic data for natural ligands in seawater from the literature.

[image: image]

Comparison with the estuarine data of Gerringa et al. (2007) revealed problems with their model based results, as they indicate that the thermodynamically stronger ligands have both faster dissociation and formation kinetics than the weak ligands. It is highly unlikely that the formation rates for the strong ligands are faster than the water exchange for Fe′ in seawater 8 × 106 M−1 s−1 (Hudson et al., 1992). While this is mathematically feasible it does not make chemical sense and indicates that their model was optimizing for the stability constant (K) of the process and that there were insufficient constraints on the kinetic rates. This can easily arise when there are six or more independent variables but only one or two measured components and no other constraints in place.

Recently there have been a number of general speciation models (thermodynamic) that have treated iron complexation in the ocean as a continuum of ligand binding strengths based on humic complexation (Hiemstra and van Riemsdijk, 2006; Stockdale et al., 2011). In these models there is a relationship between the ligand concentration and the binding strength, with weak ligands present in high concentrations and only trace amounts of strong ligands. Criticisms of this approach with regard to iron usually involve the production of siderophores by organisms as they are specific strong binding ligands capable of being produced in high concentrations in response to iron limitation (Vraspir and Butler, 2009; Butler and Theisen, 2010). However in terms of weak ligands this approach may have some validity but is yet to be applied in a kinetic approach and may be important for resolving the underlying processes occurring in the colloidal phase with regard to humic complexation (Batchelli et al., 2010).

IRON SOLUBILITY KINETICS

Experiments on the kinetics of soluble iron formation and loss were performed at five stations (Table A1 in Appendix) along a Atlantic meridional section during Polarstern expedition ANTXXVI-4 in April/May 2010. In all experiments the concentration of soluble Fe that passed through the Millipore MF filter decreased with time. Figure 5 shows the vertical distribution of soluble Fe over time after iron addition at station 294. Overall most data fitted the exponential decay model well and suggested the presence of a weaker Fe binding ligand which was exchanged over the course of the experiment into the colloidal/particulate phase and with any remaining strong ligand.


[image: image]

Figure 5. FESOL-KIN: (left) example of fitting equation to Fe solubility (<0.025 μm) data for sample from 20 m depth at S294. (Right) Vertical distribution FeLS and FeLW (see text for details of how determined) in the top 400 m of the water column at station 294 during ANTXXVI-4. The chlorophyll fluorescence profile is also shown (gray shading; right).



The measured dissociation rates for the weak ligands are slightly slower than the values obtained by CSV (see above and Table 2), and this may suggest that the dissociation of the weak iron binding ligands is slightly accelerated in the presence of TAC due to an adjunctive pathway in addition to the disjunctive pathway seen in the radiotracer experiments (see also the electronic appendix to this manuscript). Overall this data indicates the importance of weak ligands in the soluble size range for maintaining iron in solution over short timescales. This finding is particularly relevant to the processes occurring during atmospheric deposition (Baker and Croot, 2010; Duggen et al., 2010) of iron and would help to solubilize iron at the surface and increase the transport of soluble iron throughout the mixed layer and into pycnocline. The estimated lifetime for the retention of iron by weak ligands is from 1 to 2 days, which is significantly shorter than the residence time for dissolved iron in surface waters (weeks to months) of the same region (Croot et al., 2004). This strongly suggests that weakly complexed iron plays an important role in the exchange between soluble and colloidal iron fractions and that colloidal iron is important over longer time scales for maintaining dissolved iron levels (Wu et al., 2001; Bergquist and Boyle, 2006; Bergquist et al., 2007).

Comparison with the CSV data also suggests that TAC can rapidly remove iron from the weaker complexes as solubility measurements with radiotracers indicate that the concentration of soluble iron decreases with time to a constant value while Figure 3 illustrates that FeL measured by CSV increases with time to a constant value. Thus it appears that the weak ligands that solubilize iron also react within the time scale of the CSV measurement (i.e., minutes) to exchange their iron with TAC suggesting a rapid adjunctive mechanism accelerated by the presence of 10 μM TAC. In the case of the natural ligands this process is considerably slower due to the much lower concentrations of ligands encountered. The rate of exchange between the natural ligands and TAC is slightly faster than that observed with 55Fe and suggests a significant adjunctive reaction is occurring in the presence of TAC (see the appendix to this manuscript for details) but it is assumed that the dissociation kinetics (Tables 1 and 2) for the iron complexes in the absence of TAC is of a predominantly disjunctive character.

Our modeling approach is similar to that used recently by Schlosser et al. (2011), with the exception that we focus solely on the soluble Fe and not Fe adsorbed to the bottle walls or retained as colloids or particulates on the filter. We also make the assumption that initially most of the added Fe is complexed by soluble weak ligands which slowly exchange with colloidal sized ligands (Schlosser et al., 2011). Wall adsorption however is believed to be a significant sink for added iron in these experiments and is important to consider in the choice of equipment and experimental design (Fischer et al., 2007).

IMPACT OF [image: image] ON IRON SOLUBILITY

The suggestion that [image: image] can dissolve particulate sources of iron, is still very much under debate. Voelker and Sedlak (1995) found in their pulse radiolysis studies that [image: image] did not react with colloidal Fe(III). They observed that at pH values greater than 6 the Fe(II) concentration decreased due to formation of unreactive amorphous Fe(OH)3. More recently Fujii et al. (2006) suggested from their work that [image: image] can reduce Fe(III) present in amorphous ferric oxides. In our own work, we examined the effect of [image: image] on dissolved Fe formed upon direct addition of Fe to seawater, and found no increase in soluble Fe (Heller and Croot, 2011) or in the loss rate of [image: image] (Heller and Croot, 2010c). We also used a thermal source of [image: image] (Heller and Croot, 2010a) that allows a first order controlled release of [image: image] to follow the [image: image] induced dissolution of iron from atmospheric dust. This work was performed in the presence of 1 mM of the strong Fe(II) chelator Ferrozine (FZ) in order to trap any Fe(II) formed during the experiment. Performed under close to natural conditions our results strongly suggested that [image: image] is not a significant pathway for the dissolution of dust in the ocean (Heller and Croot, 2011). However [image: image] may still play be important for redox cycling between soluble and colloidal phases of iron in dust impacted regions.

In the present work we obtained data for the influence of [image: image] on the solubility of Fe at three stations (279, 287, and 292) along a meridional transect in the Atlantic (ANTXXVI-4). At station 279 a full depth profile in the top 400 m was investigated whereas at station 287 and 292 only one depth was sampled in the mixed layer to address this issue in the surface ocean. In the single samples from station 287 and 292 the solubility of iron increased in the bottles to which [image: image] had been added in the samples which were filtered after 3 and 6 h and showed almost identical values after 24 h, this can be seen in Figure 6 where we plot the ratio of the experimental sample (i.e., seawater with SOTS-1 added) over the control sample (i.e., seawater without SOTS-1 added). Our results are consistent with the [image: image] flux from SOTS-1 which decays exponentially (Heller and Croot, 2010a) with time (Figure 6) to almost negligible fluxes after 24 h. It should be noted that while the production flux of [image: image] is known as a function of time in this case, the pseudo steady state [image: image] concentration will vary proportionally to the decay rate of [image: image] in the sample which is itself dependent on reactivity with Cu, Fe, Mn, and some organic species (e.g., quinones; Heller and Croot, 2010c). Interestingly the apparent maximum for the soluble iron was found at the 6 h time point at both stations indicating that a transient species such as Fe(II) may have been responsible for this result and required time to accumulate in the initial stages but decayed away under lower [image: image] flux conditions. Reactivity with [image: image] appears to be related to the availability of an accessible coordination site on the Fe complex, which is also related to the stability of the complexes (Dhungana and Crumbliss, 2005) thus the weaker FeEDTA complex is significantly more reactive than the stronger complexes ferrioxamine B and FeDTPA (Fisher et al., 2004). This suggests that [image: image] most likely reacts with weakly bound iron and facilitates its release, while strongly bound iron is inert. Once released the Fe(II) may also react with [image: image] leading to a rapid redox cycle between inorganic Fe(II) and Fe(III) whose turn over rate is related to the [image: image] flux. The lag time before achieving the maximum soluble Fe may then be related to a slow reactivity between the weak iron binding ligand relative to Fe′. Further work is needed however to fully elucidate this mechanism.


[image: image]

Figure 6. FESOL-KIN: (left) near surface samples from Station 287 (gray circles) and 292 (black diamonds) during ANTXXVI-4 which were spiked with 55Fe and [image: image] (SOTS-1). Shown is the ratio ([Fesol]El/[Fesol]C) of the data obtained from paired bottles where the soluble Fe was measured in both the presence (experimental-E) and absence (control-C) of the thermal [image: image] source SOTS-1. (Right) Time course of the production flux of [image: image] from the thermal decay of SOTS-1 in the experimental treatment (see text for more details).



For the vertical profile collected at station 279 there was no statistically significant variation (paired t-test) from unity for the ratio between the soluble iron determined in the SOTS amended treatment and the control for samples below 100 m. However in the upper 100 m (Figure 7) there were significant differences observed. Initially all samples in the upper 100 m had ratios lower than 1 and with time the deeper samples (75 and 100 m) converged toward a ratio of 1. Interestingly the sample from 25 m continued to decrease with time to be at 0.46 after 48 h. The sample from 50 m however behaved very differently with the ratio increasing with time to 1.18 after 48 h. The reasons for these differences may be related to vertical differences in redox reactions initiated by the presence of [image: image]; previous work has shown that [image: image] predominantly reacts with Cu in surface waters to form Cu(I) (Heller and Croot, 2010c, 2011), though reactions with CDOM may also be important in Tropical regions(Heller and Croot, 2010b) and as the redox cycling of Mn is also influenced by [image: image] (Hansard et al., 2011) reactions with Mn may also be important in dust impacted regions where Mn is high (Shiller, 1997), such as here at S279. Superoxide reactions with CDOM may create or destroy iron binding ligands while [image: image] reactions with other trace metals will reduce the amount of [image: image] available to react with iron but may additionally provide other oxidants or reductants that react with iron. Further work is on-going to determine the critical processes at work here in the Tropical ocean and at present we lack key data on the cross reactivity between metals and Mn redox cycling in particular.


[image: image]

Figure 7. FESOL-KIN: experiment at S279 during ANTXXVI-4 to which a thermal source of [image: image] (SOTS-1) was added. Time variation of the ratio ([Fesol]E/[Fesol]C) of the data obtained from paired bottles where the soluble Fe was measured in both the presence (experimental-E) and absence (control-C) of the thermal [image: image] source SOTS-1 for samples from the upper 100 m (25 m hexagons, 50 m triangles, 75 m diamonds, 100 m circles). There was no statistical significant variation (as assessed by paired t-test) in the ratio for samples below 100 m.



The initial [image: image] fluxes from the decay of SOTS-1 in the experiments was estimated to be 4 (Experiment at S279) to 10 times (all other experiments) higher than would be found in situ based on measured photochemical production rates in the open ocean (Heller and Croot, 2010a). The higher flux of [image: image] may have also influenced the results by altering the balance between redox cycling and complexation reactions so that a more intense redox cycle was initiated. As the [image: image] fluxes decrease exponentially with time typical surface open ocean midday fluxes would have been reached after 6–12 h and continued to decrease with time in essence simulating the decrease in the flux after midday or midday fluxes at deeper depths in the water column. Future experiments with an increased sampling frequency would allow a better estimation of these processes at natural levels, as the first order decay of SOTS allows for a range of [image: image] flux concentrations to be evaluated over the course of a single experiment.
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APPENDIX

METHODS

Kinetic method for Fe speciation

Calculation of kd (rate of dissociation for recovery of Fe from FeL). Two conditions may result after the recovery period: 100% recovery of added Fe, or <100% recovery of added Fe (i.e., equilibrium is established between Fe, natural ligands and TAC). The solutions described here are adapted from earlier works (Wu and Luther, 1995; Witter and Luther, 1998). For an alternative derivation of the rate laws see the later sections of this appendix.

Weak ligands – all added Fe recovered. The overall reaction for the recovery of Fe3+ [as Fe(TAC)2] from Fe3+L (which is abbreviated FeL) is given in A1 as an associative reaction. It was previously assumed (Wu and Luther, 1995; Witter and Luther, 1998) that this process can be described by an associative reaction and that Fe3+ does not accumulate in solution as Fe′.

[image: image]

The overall reaction rate is pseudo first order in [TAC] due to the large excess of this ligand and can be expressed as:

[image: image]

Integrating gives the following solution:

[image: image]

A1 can be broken into two elementary reaction steps; the dissociation of the natural organic ligand complex to form Fe′ (A4), where Fe′ represents the inorganic forms of Fe at ambient pH; and the reaction of Fe′ with TAC (A5):
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The overall reaction A5 is comprised of two sequential steps with the first step (A51) being the rate limiting step:
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As [TAC] is greatly in excess over [L] ([TAC] = 1 × 10−5 M compared to [L] ∼ 1 − 4.0 × 10−9 M), any Fe′ formed will react faster with TAC than with [L], and the product Fe(TAC)2 will not revert to Fe′ and TAC during the timescale of the experiment. The overall reaction rate for A5 will be pseudo first order in [TAC] due to its large excess. Since TAC forms complexes with Fe′ very rapidly (k2 ∼ 1 × 106 M s−1), there will be no accumulation of Fe′ and/or subsequent formation of particulate iron. Therefore, the Fe′ concentration will always be very small (steady state approximation) and we can conclude:

[image: image]

We can write the rate eq. for Fe′ by applying the steady state approximation:

[image: image]

Solving for Fe′:

[image: image]

A9 is the rate law for the formation of Fe(TAC)2 from Fe′ (A5):

[image: image]

Substituting A8 into A9 gives A10:

[image: image]

In Wu and Luther (1995), two possibilities to simplify A10 were discussed. First, assuming kf[L] < < k2[TAC] because [TAC] (1 × 10−5 M) is much larger than [L] then A10 reduces to:

[image: image]

Integrating A11, and comparing it to A3 gives A12–A13:
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The dissociation rate constant, kd, can be calculated when 100% recovery is achieved using A12. A plot of ln[FeL] (M) versus time (s−1) allows calculation of kd (M−1 s−1). The conditional stability constant, KFe3+L, can then be calculated from A 14 to 15.
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The inorganic side reaction coefficient for Fe used in this work, aFe′ = 1010, was determined previously by Hudson et al. (1992).

The second possible solution (Wu and Luther, 1995) arises from the observation that the uptake rate of iron by the natural ligands and TAC are indistinguishable:
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then A10 simplifies to:

[image: image]

Gerringa et al. (2007) previously estimated the value of k2 for Fe(TAC)2 formation to vary between 1.14 × 107 and 34 × 108 M−1 s−1 with the highest values found at lower salinities. These values are higher however than the water loss rate of Fe′ under these conditions (Hudson et al., 1992) and must be considered an artifact of the modeling scheme they employed. Our own estimates (unpublished) indicate a value of k2 for Fe(TAC)2 ∼ 1 × 106 M−1 s−1. Using this value in A10, no assumptions are necessary in calculating kd. The difference in KFe′L calculated based on A10 with and without assumptions based on the relative magnitude of kf[L] to k2[TAC] is 100.3, and is not considered as significant.

<100% recovery of added Fe3+ (full equilibrium is established). If less than 100% recovery of added Fe occurs, the conditional stability constant for Fe complexation can be determined by considering that the system has reached equilibrium. In seawater with natural organic ligands present, Fe3+ shifts from being complexed by organic ligands as Fe3+L to Fe(TAC)2 through an associative type mechanism so Fe′ never forms. A4 can then be expressed in equilibrium form as:

[image: image]

and a stability constant for the reaction can be calculated. Substituting A19 for Fe3+L in A18 above and rearrangement to A23 allows calculation of KFe3+L, since Krec is related to the conditional stability constant with respect to Fe3+ (KFe3+L).
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The stability constant for KFe(TAC)2 has been determined experimentally at pH 8.0 to be 1022.4 (Croot and Johansson, 2000). Finally a conditional stability constant with respect to Fe′ can be calculated by considering:

[image: image]

In this study, we used an αFe′ at pH 8.0 of 1010 (Hudson et al., 1992). The dissociation rate constant, kd, can then be calculated from A23 using the values for kf and KFe′L obtained by experiment (see the methods section in the main text for details).
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Alternative derivation of the kinetic method for iron speciation:

The approach used by Luther and colleagues (Wu and Luther, 1995; Witter and Luther, 1998) considers the overall reaction to be adjunctive (associative) but the rate determining step for the dissociation of FeL is a purely disjunctive mechanism (A4). The dependence on the competing ligand arises from inclusion of a kinetic term incorporating the formation of the electroactive species in solution. This is therefore in many regards not a strictly adjunctive mechanism as no ternary intermediate complex (e.g., M-L-TAC) is postulated. An alternative derivation of the rate equations is developed here which considers that a disjunctive (kdis) and adjunctive (kadj) pathway are occurring simultaneously.

Disjunctive mechanism. Formation and dissociation of FeL

[image: image]
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The formation of Fe(TAC) and the electroactive complex Fe(TAC)2
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For completeness we include the other reactions that are important in the formation of the assumed electroactive species Fe(TAC)2 (though we neglect the reactions with the individual components that make up Fe′).
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Adjunctive mechanism. Formation of ternary complex FeL(TAC) from FeL and TAC

[image: image]
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Formation of ternary complex FeL(TAC) from Fe(TAC) and L
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In the present case we assume that there is no reaction between Fe(TAC)2 and L. The overall reaction is then the same as that described in A1:

[image: image]

The loss rate of FeL can then be described by the following using the equations described above:

[image: image]

In the context of the present work, the terms involving k1 can be omitted as the concentrations of Fe′, L will always be small compared to [FeL] and [TAC]. If it is assumed that [FeL(TAC)] ≪ [FeL] (see below) then B7 reduces to:

[image: image]

Rearranging leads to:

[image: image]

As above we assume that FeL, Fe(TAC)2 ≫ Fe′, FeL(TAC), and Fe(TAC). A not unreasonable assumption given the stability of these complexes under the analytical conditions, then the following rate law can be postulated from mass balance considerations:

[image: image]

Then the loss rate of formation of the natural ligands can thus be described by the following relationship:
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Where

[image: image]

In this formulation kdis = k−1 and kadj = k4.

Integrating Eq. B11 and applying the appropriate initial and final conditions results in the following relationship:

[image: image]

Where the subscripts 0 and ∞ represent the initial and final time points and the subscript t indicates the time since the experiment started.

Case I: 100% recovery of FeL

In this case B13 reduces to the following:

[image: image]

Thus a plot of ln[FeL]t against time has slope kobs. B14 is thus analogous to A12, though in this case kobs includes both an adjunctive and disjunctive term.

Case II: <100% recovery of FeL

In this case B13 rearranges to the relationship:

[image: image]

Thus a plot of ln([FeL]t − [FeL]∞) against time has slope kobs. This approach uses kinetic data to determine the value of kobs from which the values of kdis and kadj can be calculated, and is an alternative to the thermodynamic approach employed by Luther and co-workers (see above).

Is there a significant adjunctive mechanism using TAC?

Unfortunately due to logistical constraints we have no data as yet with the following; (i) where different concentrations (multiple detection windows) of TAC have been employed or (ii) simultaneous radiotracer and CSV measurements have been performed on the same water sample. This excludes then a direct assessment of the significance of an adjunctive mechanism in Fe(TAC) formation and this is clearly a goal for future work. However comparison of the maximum and minimum rates measured in the CSV experiments (TAC present) with the radiotracer experiments (TAC absent) gives estimates of kdis = 10−4.1 to 10−5.3 s−1 and kadj = 5.8 to 17.2 M−1 s−1. This suggests then that the adjunctive mechanism is a significant reaction (70–90% of the overall rate) even at 10 μM TAC.

Note on Ternary Complex Formation: Central to the derivation above is the premise that the concentration of [FeL(TAC)] is always low, thermodynamically this is likely given that [TAC] ≫ [L] but the kinetics of this reaction have yet to be investigated thoroughly. There is growing evidence for the formation of such ternary iron complexes, with a recent example being the investigation of a series of iron-desferrioxamine B – citric acid complexes (Ito et al., 2011). In the case of TAC, or other ligands used for CSV, it is not yet known if any of the ternary complexes formed might also be electroactive.

Special Case I: When reactions B4a and B4b are in pseudo-equilibrium (steady state approximation) then the following equilibrium applies:
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B7 then reduces to the following:

[image: image]

In this case the reaction is only disjunctive in character. That is the adjunctive mechanism, while occurring, is not rate determining.

RESULTS

Table A1. Fesol-KIN: 55Fe kinetic experiment – iron solubility ANTXXVI-4.
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 Shewanella oneidensis strain MR-1 is a facultative anaerobic bacterium capable of respiring a multitude of electron acceptors, many of which require the Mtr respiratory pathway. The core Mtr respiratory pathway includes a periplasmic c-type cytochrome (MtrA), an integral outer-membrane β-barrel protein (MtrB), and an outer-membrane-anchored c-type cytochrome (MtrC). Together, these components facilitate transfer of electrons from the c-type cytochrome CymA in the cytoplasmic membrane to electron acceptors at and beyond the outer-membrane. The genes encoding these core proteins have paralogs in the S. oneidensis genome (mtrB and mtrA each have four while mtrC has three) and some of the paralogs of mtrC and mtrA are able to form functional Mtr complexes. We demonstrate that of the additional three mtrB paralogs found in the S. oneidensis genome, only MtrE can replace MtrB to form a functional respiratory pathway to soluble iron(III) citrate. We also evaluate which mtrC/mtrA paralog pairs (a total of 12 combinations) are able to form functional complexes with endogenous levels of mtrB paralog expression. Finally, we reconstruct all possible functional Mtr complexes and test them in a S. oneidensis mutant strain where all paralogs have been eliminated from the genome. We find that each combination tested with the exception of MtrA/MtrE/OmcA is able to reduce iron(III) citrate at a level significantly above background. The results presented here have implications toward the evolution of anaerobic extracellular respiration in Shewanella and for future studies looking to increase the rates of substrate reduction for water treatment, bioremediation, or electricity production.

Keywords: iron respiration, anaerobic, Mtr-pathway, extracellular respiration

INTRODUCTION

Shewanella oneidensis strain MR-1 (MR-1) is a facultative anaerobic bacterium capable of respiring a diverse array of compounds. MR-1 respiration can be harnessed for bioremediation of radioactive heavy metals (Wall and Krumholz, 2006), removal of insoluble metal oxides from wastewater (Fredrickson et al., 2008), and generation of electricity in microbial fuel cells (Lloyd et al., 2003; Lovley, 2008). In respiring insoluble metals and electrodes, MR-1 has evolved a mechanism to transfer electrons from the cytoplasmic space to electron acceptors unable to cross the outer-membrane (OM) termed extracellular respiration (Gralnick and Newman, 2007). The respiratory diversity of MR-1 coupled with well-established genetic tools have made this microbe a model organism for understanding mechanisms of anaerobic respiration; most notably extracellular respiration (Marsili et al., 2008; Von Canstein et al., 2008; Coursolle et al., 2010).

The Mtr respiratory pathway of MR-1 contains interchangeable proteins that can form distinct functional modules for the reduction of iron(III) citrate, iron oxide, flavins, and dimethyl sulfoxide (DMSO; Bucking et al., 2010; Coursolle and Gralnick, 2010). A general scheme for how the components of the Mtr respiratory pathway facilitate electron flow in MR-1 is shown in Figure 1. Electron transfer from the cytoplasmic membrane (CM) begins with CymA, a CM-anchored tetraheme c-type cytochrome capable of receiving electrons from the menaquinone pool (Myers and Myers, 1997). Also contained in each module is a periplasmic electron carrier (PEC), which is a decaheme c-type cytochrome. There are three known functional PECs encoded in the MR-1 genome by mtrA, mtrD, and dmsE (Coursolle and Gralnick, 2010). DmsE is primarily used in modules to reduce the terminal electron acceptor DMSO (Gralnick et al., 2006), but has minor activity in modules that reduce iron(III) citrate (Coursolle and Gralnick, 2010). MtrA is the primary periplasmic component used by MR-1 when reducing iron(III) and flavins, but overexpression of MtrD can restore ferric citrate reduction rates to an mtrA mutant (Coursolle and Gralnick, 2010). A fourth PEC is encoded in the MR-1 genome (SO4360) but it has no demonstrated function to date. Recently, small-angle X-ray scattering coupled with analytical ultracentrifugation has resolved that MtrA is shaped like a “wire,” likely making its purpose to shuttle electrons between CymA and OM proteins (Firer-Sherwood et al., 2011). All functional iron(III)-reducing modules also contain an outer-membrane cytochrome (OMC), a decaheme c-type cytochrome which can be MtrC, MtrF, or OmcA (Bucking et al., 2010; Coursolle and Gralnick, 2010). Due to the severely impaired rate of soluble iron reduction in mutants lacking all three OMCs, it has been concluded that all metal reduction occurs outside the cell, even when metal substrates are small enough to penetrate OM porins (Bucking et al., 2010; Coursolle and Gralnick, 2010). A structure of the OMC protein MtrF was recently reported, identifying potential electron transfer pathways directly to insoluble substrates and to soluble flavin electron shuttles (Clarke et al., 2011). The remaining component of a functional Mtr module is an integral membrane β-barrel protein that forms a pore-like structure through the OM that may facilitate direct interaction between PECs and OMCs (Beliaev and Saffarini, 1998; Hartshorne et al., 2009). MtrB is the only protein known to exhibit this function in the Mtr respiratory pathway, though three paralogs (encoding MtrE, DmsF, and SO4359) occur in the genome of S. oneidensis.


[image: image]

Figure 1. Schematic of extracellular electron transfer pathway in S. oneidensis. OMC represents outer-membrane cytochrome paralogs of MtrC, β-barrel represents MtrB paralogs, and PEC represents periplasmic electron carrier paralogs of MtrA. OM and CM represent OM and CM, respectively.



The biochemical capacities of several Mtr respiratory pathway proteins have been interrogated in vitro. Both MtrC and OmcA have been purified and demonstrated to exchange electrons with each other and various forms of iron(III), flavins, and electrodes (Xiong et al., 2006; Shi et al., 2007; Wigginton et al., 2007; Wang et al., 2008; Ross et al., 2009). MtrA has been heterologously expressed in Escherichia coli and can be oxidized in the presence of soluble iron(III; Pitts et al., 2003). Likewise, CymA was shown to have soluble iron(III) reduction activity when expressed in E. coli (Gescher et al., 2008). Components of the Mtr-pathway have been purified and examined using protein film voltammetry to determine redox windows where electron transfer reactions are favorable as single proteins (Firer-Sherwood et al., 2008) and as complexes (Hartshorne et al., 2009). Three primary constraints complicate comparisons between in vitro biochemical analysis and in vivo function of Mtr respiratory proteins: first, orientation of the protein cannot effectively be controlled. Orientation is a critical factor in how Mtr respiratory proteins function given that oxidation and reduction is likely to occur in different active sites of an electron transfer proteins. Second, chemical reductants or electrodes rather than a native pathway must provide electrons for purified proteins. Finally, substrate accessibility in vitro is unhindered in the absence of cellular structure, therefore allowing reactions to occur that may not reflect activity in a living system. In vivo analysis remedies each of these described caveats.

In this study we constructed a S. oneidensis strain unable to reduce Fe(III) citrate by first deleting all genes identified in the Mtr-pathway. Then, using a multi-gene complementation strategy we add back various combinations of Mtr paralogs. In doing this, we identify which of the 48 possible mtrC/mtrA/mtrB paralog modules (from 4 PEC, 4 β-barrel, and 3 OMC paralogs) can form functional iron(III)-reducing modules in vivo. Due to high identity amongst most of these paralogs (Table 1), in conjunction with previous studies demonstrating shared functionality between paralogs (Bucking et al., 2010; Coursolle and Gralnick, 2010), we expect many recombinant modules to transfer iron(III) reducing capability to our mutant missing all Mtr genes. We find that in reconstructed modules the PECs SO4360 and DmsE do not exhibit significant activity. We also find that the predicted OM β-barrels DmsF and SO4359 cannot complement an mtrB mutant. Lastly, we discover that when functional modules are created, MtrDEF can reduce Fe(III) citrate at approximately half the rate as MtrABC, demonstrating for the first time the functionality of a complete iron-reducing module lacking MtrA, B, and C.

Table 1. Amino acid identity between Mtr paralogs.
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MATERIALS AND METHODS

BACTERIAL STRAINS AND MEDIA USED

MR-1 was originally isolated from Lake Oneida in New York (Myers and Nealson, 1988; Venkateswaran et al., 1999). Strains and plasmids used in this study are found in Table 2. Overnight cultures were made from single colonies isolated from a frozen stock inoculated into 2 mL of Luria–Bertani (LB) medium and grown aerobically for 16 h. When necessary, Shewanella basal medium (SBM) was used as minimal medium (Baron et al., 2009). Iron(III) citrate was used as indicated as electron acceptor. Kanamycin was used at a concentration of 50 μg/mL and ampicillin was used at a concentration of 100 μg/mL when necessary. Diaminopimelic acid (DAP) was used at a concentration of 360 μM for all growth of E. coli strain WM3064. Overnight cultures of E. coli were made from single colonies inoculated into 2 mL of LB and grown aerobically for 16 h.

Table 2. Strains used in this work.
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MUTANT CONSTRUCTION

Deletions in the MR-1 genome were made as previously described (Hau et al., 2008; Coursolle et al., 2010). All gene deletions were deigned to be in-frame to minimize polar effects on downstream genes. Briefly, up and downstream fragments flanking the gene targeted for deletion were ligated into the suicide vector pSMV3 and transferred into WM3064. After allowing the plasmid-containing WM3064 strain to conjugate with the parent MR-1 strain, single recombinants were obtained by plating this mixture to LB + kanamycin plates. Double recombinants were obtained by plating single recombinants onto LB + 5% sucrose plates and mutants screened by colony PCR from these plates. All mutants were then verified to be kanamycin sensitive and all permanent stocks retested by PCR using primers flanking the targeted gene. Primers used for deletions and complementation can be visualized in Table A1 in Appendix.

COMPLEMENTATION

Single and multiple genes were complemented into various MR-1 strains using the pBBR/pUC-BioBrick system, pBBR-BB (Vick et al., 2011). Due to prior expression issues (Coursolle and Gralnick, 2010), 38 base pairs of upstream mtrA sequence, 53 base pairs of upstream mtrC sequence, and 43 base pairs of upstream mtrB sequence were included before mtrA, mtrC, and mtrB paralogs, respectively to normalize expression. Each gene is driven by an individual lac promoter (Vick et al., 2011). Briefly, each gene was cloned into the pUC-BB vector, digested out, and ligated into pBBR-BB sequentially. Genes cloned in top BBR-BB were verified using PCR, restriction analysis (using XbaI and SpeI), and sequencing. Primers used for complementation can be seen in Table A1 in Appendix. When appropriate, heme stains were performed to visualize the presence of c-type cytochromes (see below).

IRON(III) CITRATE REDUCTION

Iron(III) citrate was used to test the Mtr-pathway constructs due to the speed and dynamic range of the assay compared to Iron(III) oxide (Coursolle and Gralnick, 2010). MR-1 strains were grown in LB overnight and normalized to an optical density at 600 nm of 0.35 in SBM. Thirty microliters of these cultures was then used to inoculate 270 μL of SBM containing 20 mM lactate and 10 mM iron(III) citrate in a 96-well plate. Iron(II) formation was monitored over time as previously described (Coursolle and Gralnick, 2010) using ferrozine (Stookey, 1970). Between time points 96-well plates were placed in an adapted anaerobic Petri dish holder and flushed with nitrogen for 15 min. Reduction rates were calculated over the linear portion of each curve and normalized to the amount of protein in each well. Protein concentrations were calculated using a BCA protein assay kit (Pierce) according to the manufacturers protocol.

HEME STAINING

Cultures were grown overnight in SBM containing 20 mM lactate and 10 mM iron(III) citrate and sonicated to lyse cells. Supernatants were separated and tested for protein concentration. Ten micrograms protein was loaded into each well of a 4–12% Bis–Tris SDS PAGE protein gel (Invitrogen) and run at 110 V for 120 min. The gels were then stained in a 3:7 6.3 mM tert-methylbenzadine (TMBZ) in methanol: 0.25 M sodium acetate for 2 h. The gels were visualized upon the addition of 30 mM hydrogen peroxide for 15 min.

RESULTS

FUNCTIONALITY OF MtrB PARALOGS

To determine what mtrB paralogs are able to functionally replace MtrB, we placed mtrB, mtrE, dmsF, and SO4359 under control of a constitutive promoter on the expression vector pBBR1MCS-2 (Kovach et al., 1995) and tested their ability to complement an mtrB deletion strain for iron(III) citrate reduction activity. Iron(III) citrate was used as a proxy for all Mtr activity due to its fast reduction rate and electron shuttle independent reduction mechanism (Von Canstein et al., 2008; Coursolle et al., 2010). Both MtrB and MtrE restored activity to levels slightly above wild type with empty vector (Figure 2), implying that MtrE can functionally replace MtrB. Neither expression of DmsF or SO4359 in ΔmtrB raised iron(III) citrate reduction levels significantly above an empty vector control (Figure 2), indicating that these paralogs are not functional in metal reduction modules. Knowing that only two mtrB paralogs have functionality during iron(III) citrate reduction limits the number of total possible functional modules to 24 allowing for less downstream plasmid construction.
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Figure 2. Iron(III) citrate reduction using various mtrB paralogs. The reduction of ferric citrate over time was measured for ∆mtrB complemented with (□) mtrB, (Δ) dmsF, (▼) SO4359, (■) mtrE, and (○) empty vector were compared to (♦) MR-1 with empty vector.



MtrA/MtrC PAIRED INTERACTIONS

Previous studies have demonstrated that MtrD and DmsE can functionally replace MtrA (Coursolle and Gralnick, 2010), while MtrF and to a smaller extent OmcA can functionally replace MtrC (Bucking et al., 2010; Coursolle and Gralnick, 2010). MtrC and MtrA interact through the pore in the OM created by the β-barrel MtrB protein (Hartshorne et al., 2009), yet remains unknown which OMC/PEC paralog interactions are functional in vivo. To test which pairs can functionally interact, we constructed a strain of S. oneidensis missing all identified OMCs and PECs (mtrA, mtrD, dmsE, SO4360, mtrC, mtrF, omcA, and cctA). After all genes were individually removed, the recA gene was deleted from the strain to nullify recombination between lac promoters driving expression of OMCs and PECs tested (see below). The resultant strain was named ΔMtr (Table 2). Functional characterization of PEC and OMC pairs (12 total combinations) were cloned into the pBBR-BB. Each of the complemented strains was verified via heme staining (Thomas et al., 1976) to express PEC and OMC paralogs. Figure 3A demonstrates that each of the 12 strains expressed both a PEC and an OMC with covalently attached heme groups. Interestingly, MtrA and SO4360 appear to be expressed at higher levels than MtrD and DmsE, even though the same promoter and ribosome-binding site drive expression of all four PECs. In the same manner, MtrF appears to be present at lower levels in complemented strains though the genes for all three OMCs share the same promoter, RBS, and 35 base pair upstream sequence. The 12 complemented strains were then evaluated for their ability to reduce iron(III) citrate. Overall, ΔMtr strains expressing MtrC/MtrA, MtrC/MtrD, MtrF/MtrA, MtrF/MtrD, and OmcA/MtrA were able to reduce iron(III) citrate at a rate significantly above an empty vector control (Figures 3B,C), while other PEC/OMC pairs did not. ΔMtr strains expressing MtrC/MtrA and MtrF/MtrA reduced iron(III) citrate at rates comparable to MR-1, while the other three functional combinations (MtrC/MtrD, MtrF/MtrD, and OmcA/MtrA) resulted a rate significantly lower than wild type. Though we demonstrated activity of OMC/PEC pairs, we could not yet determine which MtrB homolog was facilitating interactions between the c-type cytochromes.
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Figure 3. mtrC/mtrA paralog interactions. (A) Heme stain for ΔMtr strains complemented various paralogs. FccA, CymA, and CctA are labeled based on analysis of deletion mutant strains lacking the respective gene (data not shown). Triangles on right represent OmcA, MtrC, and MtrF for outer-membrane cytochromes (OMC) and MtrA, MtrD, DmsE, and 4360 for periplasmic electron carriers (PEC). MR-1 wildtype control (lane 1), OmcA/SO4360 (lane 2), MtrF/MtrD (lane 3), OmcA/MtrD (lane 4), MtrC/MtrD (lane 5), MtrC/DmsE (lane 6), MtrF/DmsE (lane 7), MtrF/SO4360 (lane 8), MtrF/MtrA (lane 9), OmcA/DmsE (lane 10), MtrC/SO4360 (lane 11), OmcA/MtrA (lane 12), MtrC/MtrA (lane 13), and empty pBBR-BB (lane 14). (B) Ferric citrate reduction for ∆Mtr strains complemented with vectors encoding mtrF/mtrD (♦), mtrC/mtrD (○), mtrF/mtrA (▲), omcA/mtrA (Δ), mtrC/mtrA (□), and empty pBBR-BB (◊). MR-1 with empty pBBR-BB (●) is included for reference. All not shown PEC/OMC combinations did not reduce ferric citrate significantly faster than the ΔMtr+ empty vector control and for the sake of brevity are not depicted. (C) Rates of Fe(III) citrate reduction for ΔMtr strain complemented with the indicated proteins. Rates are reported in millimolar per hour per microgram protein.



MtrB PARALOGS

Identification of all functional PEC/OMC iron(III) citrate respiratory complexes allowed for evaluation of which mtrB paralog(s) can facilitate PEC/OMC interactions. Since only MtrB and MtrE could complement ΔmtrB (Figure 2), only these two β-barrel proteins were analyzed. To test the involvement of MtrB and MtrE in facilitating electron exchange between PECs and OMCs mtrB and mtrE were deleted from the recA+ ΔMtr parent strain to make ΔMtr/mtrB and ΔMtr/mtrE, respectively. Once constructed, recA was deleted to ensure plasmid stability for testing complementation constructs. When the five functional OMC/PEC paralog combinations were introduced into ΔMtr/mtrE, which still expresses mtrB, there was no significant difference between when the same combinations were complemented into ΔMtr (Figure 4). When the same mtrA/mtrC paralog combinations were complemented into ΔMtr/mtrB, all strains reduced iron(III) citrate at rates comparable to the empty vector control (data not shown). We can therefore conclude that MtrE is not contributing to iron(III) citrate reduction under these conditions and that MtrB is required for the activities observed in Figure 4. However, since the relative expression levels of mtrB and mtrE in these backgrounds are not known, the ability of MtrE to function with OMC/PEC paralog pairs could not be ruled out. To normalize expression levels of MtrE and MtrB, we generated pBBR-BB constructs encoding all three components: PEC, β-barrel, and OMC.


[image: image]

Figure 4. Iron(III) citrate reduction by ΔMtr/ΔmtrE complemented strains. Iron(III) citrate reduction rate ofΔMtr/ΔmtrE complemented strains. Rates are reported in millimolar per hour per microgram protein.



FUNCTIONAL Mtr MODULES

To determine which combinations of mtrC/mtrA/mtrB paralogs could form functional iron-reducing complexes, a series of paralog modules were reconstructed. Ten mtrCAB paralog modules were chosen because all OMC/PEC paralog combinations capable of forming functional complexes had been identified (Figure 3C), and only MtrB and MtrE appear to complement strains lacking mtrB (Figure 2). To analyze the functionality of complexes, both mtrB and mtrE were deleted from the ΔMtr parent strain (recA+) and plasmids containing each of the 10 complexes to be tested were placed in the resulting strain (ΔMtr/mtrB/mtrE) after removal of recA. We found that each of these combinations resulted in strains able to reduce iron(III) citrate at variable rates (Figure 5). The lowest rates were observed for both constructs producing OmcA, indicating that this protein has very little activity against iron(III) citrate, agreeing with previous observations (Coursolle and Gralnick, 2010; Coursolle et al., 2010). As expected, MtrA/MtrB/MtrC had the highest activity followed by MtrA/MtrB/MtrF. The results are in agreement with recent data demonstrating that MtrF and MtrC share similar activity (Bucking et al., 2010; Coursolle and Gralnick, 2010) and likely a similar structure (Clarke et al., 2011). All complemented strains expressing MtrA had higher reduction rates when co-expressed with MtrB than MtrE. Likewise, complemented strains expressing MtrD reduced iron(III) citrate at the same rate or faster when co-expressed with MtrE. Overall, we observed that all tested MtrA/MtrB/MtrC paralog combinations were able to reduce iron(III) citrate with the exception of MtrA/MtrE/OmcA, suggesting that MtrE is unable to facilitate interaction between MtrA and OmcA.
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Figure 5. Iron(III) citrate reduction by all possible functional Mtr modules. Iron(III) citrate reduction rate ofΔMtr/ΔmtrB/ΔmtrE complemented strains. Rates are reported in millimolar per hour per microgram protein.



DISCUSSION

We have reconstructed and identified components from the inventory of mtrA, mtrB, and mtrC paralogs found in the genome of S. oneidensis that function together to conduct electrons to soluble iron(III) citrate. Together, the three protein components, a PEC, β-barrel, and OMC form an electron conduit to the outside of the cell (Figure 1) where soluble and insoluble substrates are reduced by S. oneidensis (Coursolle and Gralnick, 2010). The apparent redundancy of these components is unusual, however the degree of variation in the utility of these components in reducing iron(III) citrate and occurrence in other sequenced Shewanella strains (Fredrickson et al., 2008) suggests these paralogs have divergent, but slightly overlapping function. The overlapping functionality may be an artifact of sharing common ancestry or a biochemical constraint on the system from either the source of electrons (the menaquinone pool and CymA) or the destination of the electrons (e.g., an external respiratory substrate) or both. With the exception of mtrD up-regulation during oxygen-dependent autoaggregation when exposed to high calcium concentrations (McLean et al., 2008), the conditions under which the mtrDEF and SO4359-62 gene clusters are expressed in MR-1 have not yet been identified, so the specific function of the proteins encoded by these genes remains unknown. The conservation of mtrDEF and SO4359-62 in sequenced Shewanella that have copies of mtrABC and dmsABEF implies that these genes have distinct functions. Moreover, the fact that SO4360 always clusters with dmsAB homologs and mtrD with mtrBC homologs implies that SO4359-62 may share overlapping functionality with DMSO reductases and mtrDEF with metal reductases. E. coli’s DmsAB have shown in vitro reduction activity with N-oxides, sulfoxides, hydroxylamine, and chlorate, making these likely substrates for the SO4359-62 module (Bilous et al., 1988).

One unexplained phenomenon is the existence of several parologous pathways that use CymA as the link to CM quinone pools. In fact, all known substrates respired by MR-1, with the exception of oxygen, trimethylamine N-oxide (TMAO), thiosulfate, sulfite, and sulfur require the use of CymA and menaquinone as electron mediators (Myers and Myers, 1997; Schwalb et al., 2003; Shirodkar et al., 2011). In the genome of MR-1, TMAO, sulfite, and elemental sulfur reductases all exist in operons with putative quinone-oxidoreductases, explaining why CymA and in some cases menaquinones are not required for the reduction of these substrates (Kwan and Barrett, 1983; Wissenbach et al., 1992; Gon et al., 2002; Shirodkar et al., 2011). Many of the anaerobic CymA-utilizing pathways present in MR-1 have homologs in other organisms such as E. coli. For instance, DmsAB, FrdAB, NrfABC, and NapAB all exist in other organisms and utilize their own quinone-oxidoreductases: DmsC, FrdDC, NrfD, and NapC respectively (Berks et al., 1995; Potter et al., 2001). MR-1 has evolved to integrate the use of these terminal reductases with a single quinone-oxidoreductase, CymA. By using CymA as an electron bottleneck, MR-1 has introduced the ability to regulate multiple anaerobic respiratory pathways with the regulation of a single protein. There is evidence that many anaerobic respiratory pathways are turned on in the absence of oxygen, regardless of electron acceptor availability (Beliaev et al., 2002). The benefit Shewanella would experience by turning on several respiratory pathways at once is rapid elimination of electrons from the interior of the cell for redox carrier regeneration to allow energy-generating substrate-level phosphorylation to proceed regardless of which electron acceptor is available (Hunt et al., 2010). Many Shewanella species have been isolated at aerobic/anaerobic interfaces in aquatic systems (Nealson and Saffarini, 1994), where they must frequently switch between aerobic and anaerobic respiration. To regulate respiratory pathways individually may prove energetically inefficient, especially if different acceptors are present simultaneously. Therefore, it may be more favorable for MR-1 to up-regulate several anaerobic respiratory pathways at once, especially when oxygen availability may fluctuate often.

One interesting observation made in this study is that neither DmsF nor SO4359 were able to facilitate interactions between PECs and OMCs for the purpose of iron(III) citrate reduction. Both dmsF and SO4359 are located in gene clusters containing predicted homologs to the DMSO reductase subunits dmsAB. The putative β-barrel integral OM proteins DmsF and SO4359 each likely interact with PEC proteins encoded in their respective gene clusters. The β-barrel paralogs are similar in predicted size (MtrB – 697aa, MtrE – 712aa, DmsF – 662aa, SO4359 – 656aa), and therefore could have a similar number of transmembrane domains. Consistent with our functional studies, MtrB and MtrF are closer in size when compared to DmsF and SO4359. However, instead of a multiheme c-type cytochrome as the terminal reductase, there are two terminal reductase subunits: DmsB, which contains a 4Fe–4S cluster and DmsA, which contains a molybdopterin cofactor (Weiner et al., 1992). These DmsAB complexes may interface with the MtrB paralogs DmsF and SO4359 differently than with an OMC. Hence, it is more likely that DmsF and SO4359 would be able to functionally replace each other, since the terminal branch of their respiratory chains are also paralogs.

In this study we have identified nine different MtrA/MtrB/MtrC paralog modules of the Mtr respiratory pathway that could be used to move electrons from the CM (CymA) to the outside of the cell (OMC). One could imagine a heterologous expression system where proteins with different redox potentials could be integrated with core Mtr-pathway components. However, though many pathways exist to traffic electrons to the cell surface, the purpose of two of the pathways remain unknown. Their presence in the MR-1 and other Shewanella genomes is consistent with their functionality/utility for these bacteria in the environment. Understanding the role of these pathways may help explain the global aquatic presence of Shewanella and could lead to new biotechnological applications of these diverse bacteria.
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Microbial community structures in deep-sea hydrothermal vents fields are constrained by available energy yields provided by inorganic redox reactions, which are in turn controlled by chemical composition of hydrothermal fluids. In the past two decades, geochemical and microbiological studies have been conducted in deep-sea hydrothermal vents at three geographically different areas of the Southern Mariana Trough (SMT). A variety of geochemical data of hydrothermal fluids and an unparalleled microbiological dataset of various samples (i.e., sulfide structures of active vents, iron-rich mats, borehole fluids, and ambient seawater) are available for comparative analyses. Here, we summarize the geochemical and microbiological characteristics in the SMT and assess the relationship between the microbial community structures and the fluid geochemistry in the SMT by thermodynamic modeling. In the high temperature vent fluids, aerobic sulfide-oxidation has the potential to yield large amounts of bioavailable energy in the vent fluids, which is consistent with the detection of species related to sulfide-oxidizing bacteria (such as Thiomicrospira in the Gammaproteobacteria and Sulfurimonas in the Epsilonproteobacteria). Conversely, the bioavailable energy yield from aerobic iron-oxidation reactions in the low-temperature fluids collected from man-made boreholes and several natural vents were comparable to or higher than those from sulfide-oxidation. This is also consistent with the detection of species related to iron-oxidizing bacteria (Mariprofundus in the Zetaproteobacteria) in such low-temperature samples. The results of combination of microbiological, geochemical, and thermodynamic analyses in the SMT provide novel insights into the presence and significance of iron-based microbial ecosystems in deep-sea hydrothermal fields.

Keywords: deep-sea hydrothermal vent field, shallow sub-seafloor microbial ecosystem, chemolithoautotrophs, iron-oxidizing bacteria, thermodynamic modeling

INTRODUCTION

Microbial ecosystems require energy for maintenance and prosperity. On land and in the sea surface, solar power is the main energy source. In the “photosynthetic ecosystem,” photoautotrophs (e.g., plants and cyanobacteria) are the primary producers that fix inorganic carbon and transform it into organic carbon using solar energy. The resulting organic carbon supports the growth of various organisms as carbon and energy sources. In contrast, there are microbial ecosystems that are sustained by chemical energy derived from inorganic redox reactions between electron donors (such as H2, H2S, Fe2+, and CH4) and acceptors (such as O2, [image: yes] Fe3+, [image: yes] and CO2). Chemolithoautotrophs fix inorganic carbon using the chemical energy, sustaining “Chemosynthetic ecosystems” as primary producers. It is known that chemosynthetic ecosystems are widely distributed on land (e.g., acid mines, hot springs, and deep subsurface) and in oceans (e.g., cold seeps, hydrothermal vents, and potentially enormous sub-seafloor aquifers). Recently, much attention has been paid to deep-sea hydrothermal vents and sub-seafloor aquifers that are potential habitats harboring extensive chemosynthetic ecosystems sustained by a variety of chemolithoautotrophs (reviewed in Orcutt et al., 2011). Although the precise picture of the potentially enormous sub-seafloor biosphere is still not well understood, the elucidation of the distribution, function, activity, and productivity of the deep-sea chemosynthetic ecosystems is important for better understanding not only of the extent and limit of the biosphere on Earth but also the global cycling of elements related to biological activities.

Deep-sea hydrothermal vent fields were initially found in the late 1970s. To date, over 200 deep-sea hydrothermal fields have been found in various areas, mainly on mid-ocean ridges, arc volcanoes, back-arc basins, and hot-spot volcanoes (http://www.interridge.org/irvents/). The hydrothermal fluids contain a variety of electron donors that serve as energy sources for the life thriving there. The chemical disequilibria, which occur in deep-sea hydrothermal environments by rapid mixing of reduced hydrothermal fluids with oxygenated cold seawater, could provide energy sources for the growth of the chemolithoautotrophs (McCollom and Shock, 1997; Takai and Nakamura, 2010; Amend et al., 2011). In fact, the presence of hydrogen-, sulfide-, and methane-oxidizers was confirmed soon after the discovery of the vent field (Jannasch and Mottl, 1985). Subsequent studies have revealed the ecology of the chemolithoautotrophs inhabiting the deep-sea hydrothermal vent fields, which include mesophiles to hyperthermophiles belonging to the Epsilonproteobacteria, Gammaproteobacteria, and Archaea (Nakagawa and Takai, 2008).

In contrast to hydrogen-, sulfide-, and methane-oxidizers, our knowledge of iron-oxidizers, especially mesophilic and neutrophilic bacteria, in deep-sea hydrothermal fields has been quite limited and was reported only recently. The first neutrophilic, mesophilic, and iron-oxidizing chemolithoautotrophic marine bacterium, Mariprofundus ferrooxydans, which belongs to the Zetaproteobacteria, was isolated from iron-rich mats in the hydrothermal fields of the Loihi Seamount (Emerson et al., 2007), and the genome sequence of M. ferrooxydans was recently reported (Singer et al., 2011). This isolate produces unique helical-stalks consisting of organic compounds and iron oxides (Chan et al., 2011). It is thus reasonable to consider that the iron-oxidizers play a significant role in the generation of massive iron-rich mats on the seafloor (Emerson and Moyer, 2002). Diverse 16S rRNA gene sequences affiliated in the Zetaproteobacteria have been recovered from iron-rich mats from various marine hydrothermal fields (McAllister et al., 2011). In some cases, members of the Zetaproteobacteria dominate the communities in the iron-rich mats (Kato et al., 2009a) and in the sub-seafloor warm fluids (Kato et al., 2009b), although the physiology of these phylotypes in the Zetaproteobacteria is still unclear because few isolates have been reported. Considering the domination of the Zetaproteobacteria and the abundance of the unique stalk structures in the seafloor massive iron oxide mats, it is very likely that the Zetaproteobacteria contain many iron-oxidizing chemolithoautotrophic species, sustaining the iron-based microbial ecosystem present in the iron-rich mats.

In the deep-sea hydrothermal vent fields, sulfide deposits (like mounds and chimneys) are usually present and sulfide- and hydrogen-oxidizers have been detected in these deposits and venting fluids. The detection of sulfide- and hydrogen-oxidizers in these habitats is consistent with the high potential of bioavailable energy from sulfide- and hydrogen-oxidation reactions in chemical conditions of the habitats (Takai and Nakamura, 2010; Amend et al., 2011). In contrast, iron-rich mats are not always observed in deep-sea hydrothermal vent fields, and the Zetaproteobacterial phylotypes (putative iron-oxidizers) were relatively abundant, compared to the known sulfide- and hydrogen-oxidizers, only in the iron-rich mats and crustal fluids (Kato et al., 2009a,b). A comprehensive and comparative analysis is needed to answer the following question: what is the critical factor(s) for the appearance of iron-based microbial ecosystems. This information is important in order to understand global carbon and iron cycling because iron-based microbial ecosystems are potentially present in enormous sub-seafloor aquifers, which would be the largest chemosynthetic ecosystem on Earth (Bach and Edwards, 2003; Edwards et al., 2003).

The Southern Mariana Trough (SMT; Figure A1 A in Appendix) is one of the most suitable fields in which assess the factors leading to the appearance of iron-based microbial ecosystems. In the SMT, there are variable temperature habitats, from black and clear smoker sulfide chimneys (up to ∼340°C) to iron-rich mats with shimmering (∼110°C; Figure 1), in an area of 5 km × 5 km (Figure A1 B in Appendix). Furthermore, there are several boreholes that were drilled using a shallow-seafloor drilling instrument, Benthic Multi-coring System (BMS; Marumo et al., 2008). Analysis of the collected fluids from the boreholes can provide valuable information about the geochemical conditions and microbiological activities of the sub-seafloor aquifers. Davis and Moyer (2008) first reported the presence of the Zetaproteobacteria in iron-rich mats in the SMT. Sequentially, comprehensive microbiological analyses of the various samples from the SMT hydrothermal fields have been done (Kato et al., 2009a,b, 2010). Here we summarize the variation of microbial communities in the SMT as shown by culture-independent molecular microbiological analyses, and discuss how these community structures were constructed. In addition, the bioavailable energy yields based on thermodynamic calculations were applied to discuss the geochemical factors leading to the appearance of the iron-based microbial ecosystem.
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Figure 1. On-site observation of the seafloor in the SMT. Photos were taken by Shinkai 6500 (JAMSTEC, Japan) in 2010. (A) A black smoker chimney at the Archaean site, (B) a black smoker chimney at the Pika site, (C) diffuse flows from crack of pillow lavas at the Snail site, (D) iron-rich mats at the Snail site, and (E) a casing pipe inserted into a borehole at the Snail site.



GEOLOGICAL SETTINGS AND FLUID GEOCHEMISTRY

The SMT is a spreading back-arc basin that is located at the southern extension of the Izu–Bonin arc, western Pacific (Figure A1 A in Appendix; Fryer, 1995; Ishibashi and Urabe, 1995). Hydrothermal activity hosted by basaltic rocks (Kakegawa et al., 2008) was found on the back-arc spreading ridge (Snail site) and on the off-ridge seamounts (Pika and Archaean sites) in the SMT (Figure A1 B in Appendix; Wheat et al., 2003; Ishibashi et al., 2004, 2006). In the Pika and Archaean sites, sulfide chimneys venting high temperature fluids (up to >300°C) were found (Figures 1A,B). Low-temperature diffusing and shimmering fluids (<150°C) were also observed in both sites. In the Snail site, diffuse flows or shimmering with relatively low-temperature hydrothermal fluids (<120°C) from the fractures of pillow lavas (basalts; Figure 1C) and iron-rich mats (containing Fe, Si, and Mn; Figure 1D) were also observed (Wheat et al., 2003; Kato et al., 2009a), although chimney-like sulfide structures and associated high temperature hydrothermal venting have not been found.

Boreholes were created on the seafloor at the Snail and Pika sites using BMS (Marumo et al., 2008). These boreholes were cased with titanium pipes (Figure 1E). During fluid sampling from the boreholes, the casing pipes minimize the contamination from the seafloor materials into the crustal fluids.

Preliminarily analyses of the geochemical composition of hydrothermal fluids collected in the SMT hydrothermal fields in 2003, 2004, and 2005 have been reported (Wheat et al., 2003; Ishibashi et al., 2004, 2006). Furthermore, we collected hydrothermal fluids from natural vents and boreholes in the SMT in 2010 and analyzed the fluid geochemistry as previously described (Takai et al., 2008; Toki et al., 2008). The geochemistry of the fluids is summarized in Table A1 in Appendix. Concentrations of O2, CO2, CH4, and H2 in deep seawater were referred from the previous publication (McCollom, 2007). It should be noted that a significant difference in the ratio of Fe to H2S was observed among the vent samples collected from the Snail site (Figure 2). These samples were divided into Fe-type (high Fe/H2S) and H2S-type (low Fe/H2S) and their geochemical data are shown in separate columns in Table A1 in Appendix.
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Figure 2. The ratio of Fe to H2S in fluid samples.



The concentrations of Cl, Si, H2S, and Fe are plotted against its Mg concentration (Figure 3). These so-called magnesium diagrams are conventionally used to estimate the hydrothermal end-member composition of a high temperature fluid from the deep-sea hydrothermal system (Von Damm et al., 1985). The collected fluid sample is often conceived to be simple mixture between the hydrothermal end-member (completely depleted in Mg) and seawater (Mg concentration is rather high as 50 mM). For conservative chemical species in mixing between the hydrothermal end-member and seawater, plots of the collected samples should be aligned along a simple linear trend.
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Figure 3. Mg diagrams against Cl, Si, H2S, and Fe for fluid samples. (A) Cl–Mg, (B) Si–Mg, (C) H2S–Mg, and (D) Fe–Mg diagrams are shown. NV and BH indicate natural vents and borehole fluids, respectively.



Chloride is predominant anion of hydrothermal fluid and seawater, which is a representative for such conservative species. In Cl–Mg diagram (Figure 3A), plots of the collected samples from the Pika and Archaean sites show clearly different trends. Substantial deviation of Cl concentration of hydrothermal fluid from that of seawater is attributed to sub-seafloor phase separation (e.g., Takai et al., 2008). Based on the data of high temperature (>150°C) fluids, Cl-enriched signature of the Pika fluid can be classified as vapor-lost (i.e., the gases such as H2, H2S, and CH4 are poor) hydrothermal fluid. In contrast, Cl-depleted signature of the Archaean fluid can be classified as vapor-rich (i.e., the gases are enriched) hydrothermal fluid. In the Archaean site, the collected sample of low-temperature (<150°C) shimmering was enriched in H2 and CH4 (Table A1 in Appendix), which is in accordance with occurrence of vapor-rich hydrothermal fluid in this site.

Si concentration of hydrothermal fluid is known as controlled by fluid-mineral equilibrium at the fluid reservoir (Von Damm et al., 1991). The Si–Mg diagram (Figure 3B) suggests Si concentrations of the hydrothermal fluid end-members for three sites are commonly as high as 16 mM, which corresponds to equilibrium at high temperature condition above 300°C. This result is reasonable for the Pika and Archaean fluids, since such high temperature fluid vents have been observed in these sites. Similar to these two sites, a high temperature fluid reservoir would exist below the seafloor in the Snail Site. In fact, the first report for the Snail site mentioned that fluid temperature was as high as 250°C (Wheat et al., 2003).

Significantly high H2S and Fe concentrations were observed for the samples collected from high temperature fluid vents in both Pika and Archaean sites (Table A1 in Appendix). Based on analogy to the high temperature fluids found at hydrothermal fields in Lau Basin, low pH signature of the fluid could be responsible for enrichment in these species (Takai et al., 2008). In contrast, H2S and Fe concentrations of the low-temperature fluid samples are noticeably lower than the mixing line between high temperature fluids and seawater (Figures 3C,D). It is likely that iron-sulfide mineral precipitation occurred during sub-seafloor mixing, causing the decrease of H2S and Fe concentrations in the low-temperature fluids. For the Snail site, it is difficult to estimate original H2S and Fe concentrations in the fluid reservoir, since no high temperature fluid venting was observed. However, it is reasonable to expect similar range to other two sites, since common Si concentration among three sites suggest existence of a high temperature fluid reservoir. If it is the case, the observed Fe and H2S concentrations of the samples collected from low-temperature shimmering can be interpreted as affected by mineral precipitation during sub-seafloor mixing between the high temperature fluid and seawater.

BACTERIAL COMMUNITY STRUCTURES

The microbial community structures in various habitats (e.g., sulfide structures of active vents, iron-rich mats, borehole fluids, and ambient seawater; Figure 1) in the SMT have been investigated using culture-independent molecular microbiological methods (PCR clone library construction and DNA sequencing, fluorescence in situ hybridization (FISH) and quantitative real-time PCR; Kato et al., 2009a,b, 2010). The bacterial community structures in the habitats have been determined by 16S rRNA gene clone library analysis as described in our previous reports (Kato et al., 2009a,b, 2010). The microbiological data used in the present paper are originated from the previous reports. The relatively abundant taxonomic groups in the libraries for each habitat are summarized in Table 1. It should be noted that the abundance of the phylotypes in the libraries does not indicate their real abundance in the communities but only the relative abundance due to the inherent biases of PCR-based analyses (Wintzingerode et al., 1997).

Table 1. Abundant taxonomic groups in the bacterial clone libraries for each habitat.
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In the sulfide structures of active vents, phylotypes belonging to the Aquificae or Epsilonproteobacteria were abundant in the libraries. The detection frequencies in the libraries were up to 44% of the total clone numbers. Members of the Aquificae included thermophilic hydrogen-oxidizers, such as Persephonella hydrogeniphila. Members of the Epsilonproteobacteria have a variety of metabolic and physiological characteristics: hydrogen- and sulfide-oxidation, microaerobic and anaerobic, and mesophilic to thermophilic. However, no iron-utilizing bacteria have been reported in the two taxonomic groups. The microbial community structures of these sulfide structures of active vents in the SMT were similar to those of each habitat in other deep-sea hydrothermal areas including other back-arc basins, arc volcanoes, and mid-ocean ridges (Takai et al., 2006).

The abundant phylotypes in the libraries from the seawater samples were different from those of the sulfide structures of active vents. The phylotypes related to SUP05 group and SAR11 cluster dominated in the libraries from the seawater samples. The SUP05 group belonging to the Gammaproteobacteria predominated in the hydrothermal plume of the Suiyo Seamount (Sunamura et al., 2004) and may include sulfide-oxidizing chemolithoautotrophs as suggested by metagenomic analysis (Walsh et al., 2009). The bottom seawater samples collected in the SMT are likely to be mixed with hydrothermal plumes.

The microbial community structures of the iron-rich mats and borehole fluids were distinguished from those in the chimneys and seawater. The phylotypes belonging to the Zetaproteobacteria were abundant (up to 50% of the total clone numbers) in the libraries from the iron-rich mats and borehole fluids. Quantitative PCR or FISH analysis indicated that the Zetaproteobacteria phylotypes accounted for up to 32% of the total cell numbers in the communities of these samples. In addition, the phylotypes related to sulfide-oxidizers, such as Thiomicrospira in the Gammaproteobacteria and Sulfurimonas in the Epsilonproteobacteria, were also detected in the libraries from the borehole fluids. However, such phylotypes were not detected in the iron-rich mats. In contrast, the phylotypes related to Methylomonas and Methylophaga (including methano/methylotrophs) in the Gammaproteobacteria were relatively abundant in the libraries from the iron-rich mats. Davis and Moyer (2008) have also provided 16S rRNA gene data from iron-rich mats in Snail site. They also detected the phylotypes related to Zetaproteobacteria and Gammaproteobacterial methano/methylotrophs, which is consistent with our results.

Based on the microbiological data that we reported previously (Kato et al., 2009a,b, 2010), the bacterial community structures in each habitat (i.e., active sulfide structures, iron-rich mats, borehole fluids and ambient seawater) in the SMT were compared by principal coordination analysis (PCoA) using Fast UniFrac (Hamady et al., 2009). Although Davis and Moyer (2008) have also provided 16S rRNA gene data from iron-rich mats in Snail site, we did not include their data in the comparative analysis to minimize methodological biases accompanied by different experimental procedures (e.g., DNA extraction and PCR). The distribution pattern of the communities for each sample corresponded well to their habitat types (Figure 4). The differences in the habitat types resulted in the differences in the abundant phylotypes in the libraries (Table 1). The physiology of the phylotypes cannot be determined from their phylogeny, but only inferred from the closest cultured species (Table 1). If we assume that the inferred metabolic functions of these phylotypes are correct, the observed differences in the microbial community structures among the habitats can be attributed to the presence/absence of each chemolithoautotroph (i.e., hydrogen-, sulfide-, methane-, or iron-oxidizer). In principle, the distribution pattern in PCoA is greatly influenced by the presence/absence of phylotypes that are phylogenetically distant from one another.
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Figure 4. Comparison of the bacterial community structures in the SMT habitats by principal coordination analysis. The used microbiological data are originated from our previous reports (Kato et al., 2009a,b, 2010). The principal coordination analysis was performed using Fast UniFrac (Hamady et al., 2009). Each axis (PC1-3) indicates the first, second, and third principal coordinates. The percentages in the axis labels represent the percentages of variation explained by the principal coordinates. AFhm1 and 2, sulfide mound venting 107°C fluid at the Snail site; AAcs1-3, clear smoker chimney venting 117°C fluid at the Archaean site; APbsc1-4, black smoker chimney venting 270°C fluid at the Pika site; APcsc1-4, clear smoker chimney venting 19°C fluid at the Pika site; IPltcB, G, and O, inactive chimney at Pika site; IYdcB, and G, inactive chimney at the Y site; Pasw, and Fasw, ambient seawater at the Pika and Snail sites, respectively; Fapm1 and F2apm, borehole fluids at the Snail site collected in 2004 and 2005, respectively; Papm3, borehole fluids at the Pika site; Fnv, natural vent fluid at the Snail site; YS16 and YS18, iron-rich mats at the Kaiko and Snail sites, respectively. The data from the Y and Kaiko sites are not mentioned in the present paper (please, see Kato et al., 2009a, 2010 for details).



ARCHAEAL COMMUNITY STRUCTURES

In addition to the bacterial communities, diverse archaeal communities were also detected in the habitats in the hydrothermal fields of the SMT (Kato et al., 2009a,b, 2010). The abundant archaeal taxonomic groups were different among the habitats (Table 2) like the bacterial communities. A large number of the recovered phylotypes were affiliated with uncultured clone groups, such as the miscellaneous crenarchaeotic group (MCG), terrestrial hot spring crenarchaeota (THSC), pSL12-related group, and Marine Benthic Group E (MBGE). Although the physiologies of these uncultured phylotypes is still unclear, some of them have been inferred from metagenomic and functional gene analyses, and the geochemical characteristics of the environments where they were detected: for example, the MCG includes anaerobic chemoorganotrophs (Teske and Sørensen, 2008), the pSL12-related group includes ammonia-oxidizers (Mincer et al., 2007), and MBGE includes iron-oxidizers (Takai and Nakamura, 2010), respectively.

Table 2. Abundant taxonomic groups in the archaeal clone libraries for each habitat.
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In the sulfide structures of active vents, phylotypes related to Archaeoglobi, Thermoprotei, and THSC were abundant in the libraries. The total detection frequencies of the three groups in the libraries were over 40%. Members of the Archaeoglobi and Thermoprotei include (hyper)thermophilic hydrogen-oxidizing anaerobes. No isolates of THSC have been reported. Only Marine Group I (MGI) phylotypes were detected in the libraries from the seawater samples. MGI members are common archaeal inhabitants in oceans (Fuhrman et al., 1992) and the group includes an ammonia-oxidizing chemolithoautotrophic isolate (Könneke et al., 2005). Like the bacterial community structures, the archaeal community structures of these sulfide structures and seawater samples were totally similar to those of each habitat in other deep-sea hydrothermal areas including other back-arc basins, arc volcanoes, and mid-ocean ridges (Takai et al., 2006).

All archaeal phylotypes recovered from the iron-rich mats and borehole fluids were classified in uncultured clone groups, such the MBGE, MCG, and pSL12-related group. These uncultured groups have been recovered from other deep-sea environments. For example, the MBGE phylotypes were first reported from deep-sea sediments (Vetriani et al., 1999) and were detected in iron-rich habitats (Suzuki et al., 2004; Takai, 2008). The MCG phylotypes are one of the widely distributed groups of Archaea in deep-sea environments (Teske and Sørensen, 2008). Interestingly, a MCG phylotype (NCBI accession number, AB213054) was closely related to those detected in crustal fluids from the IODP borehole 1026B (AY181048; Cowen et al., 2003) and from the inserting pipes at the Baby Bare seamount (AY704375; Huber et al., 2006). This MCG phylotype is potentially an indigenous archaeal member in sub-seafloor crustal aquifers.

Archaeal communities have often been ignored in microbiological analysis of iron-rich mats. However, the archaeal abundance in the communities of the SMT is not so small (over 10%) and should not be ignored (Davis and Moyer, 2008; Kato et al., 2009a). It is possible that archaeal communities play significant role in elemental cycling of Fe, N, and C in iron-rich deep-sea environments, and in the maintenance of the microbial ecosystems. Further cultivation efforts are needed to determine the physiology of these uncultured archaeal groups and to understand their significance in microbial ecosystems and elemental cycling in deep-sea hydrothermal systems.

GEOCHEMICAL CONSTRAINTS SHAPING MICROBIAL COMMUNITY STRUCTURES

It has been proposed that fluid geochemistry constrains microbial community structures in deep-sea hydrothermal fields (McCollom and Shock, 1997). The available chemical energy for chemolithotrophs can be calculated thermodynamically for each metabolic reaction based on the geochemistry of hydrothermal fluids. To assess the relationship between microbial community structures and geochemical composition of hydrothermal fluids in the SMT, we calculated the bioavailable energy yields of metabolic reactions (aerobic hydrogen-, methane-, sulfide-, ammonia- or iron-oxidation, methanogenesis, sulfate-, iron- or nitrate-reducing hydrogen-oxidation, and anaerobic methane-oxidation) for each type of hydrothermal fluid, and compared them to the inferred metabolic ability for each taxonomic group from their phylogeny (Tables 1 and 2).

The procedure for the thermodynamic calculation was previously described in detail (Takai and Nakamura, 2010). In brief, the amounts of chemical energy potentially available for chemolithotrophic metabolisms in hydrothermal fluid were determined by calculating the Gibbs free energy of each of the metabolic reactions. The overall Gibbs free energy of reaction can be calculated using the equation:

[image: image]

where ΔGr is the Gibbs free energy of reaction, ΔGr° is the standard state Gibbs free energy of reaction, R is the universal gas constant, T is the temperature in Kelvin, and Q is the activity quotient of the compounds involved in the reaction. The Q term takes into account the contribution of the fluid composition to the Gibbs energy of each reaction. Chemical compositions of the hydrothermal fluids used for the calculation are (i) the measured data of the low-temperature fluids sampled and (ii) the calculated values for low-temperature fluids by mixing between end-member hydrothermal fluids and seawater. The mixing calculations were performed with the aid of the computer program EQ3/6, Version 8.0 (Wolery and Jarek, 2003). The thermodynamic database for the EQ3/6 operations and the values of the standard Gibbs energy for the chemolithotrophic metabolic reactions (ΔGr°) were generated using the SUPCRT92 code (Johnson et al., 1992) with a customized database.

For reproducing the conditions inside of sulfide structures of active vents, the bioavailable energy yields for the temperature range between 3 and 125°C were calculated (Figure A2 in Appendix) using the geochemical data of high temperature hydrothermal fluids venting at the Pika and Archaean sites. We could not calculate the bioavailable energy yields for the Snail site because of lack of data for high temperature vent fluids in that site. In the calculation, simple mixing between hydrothermal fluid and seawater without any redox and mineral precipitation reactions was assumed (Takai and Nakamura, 2010). The results of the geochemical model calculations show that aerobic sulfide-oxidation yields the highest bioavailable energy under all temperature conditions (Figure A2 in Appendix). This suggests that sulfide-oxidizers using O2 and [image: yes] as electron acceptors can dominate in sulfide structures of active vents at both the Pika and Archaean sites. Indeed, phylotypes related to the Epsilonproteobacteria including aerobic sulfide-oxidizing chemolithoautotrophs (e.g., Sulfurimonas) were dominant in the libraries from the active chimneys from the Pika and Archaean sites (Table 1). This implies that the high-potentials of the energy availability from sulfide-oxidation reactions affect the relative abundance of these sulfide-oxidizing chemolithoautotrophs in bacterial communities in sulfide structures of active vents. The geochemical modeling results also suggest that iron-oxidation reactions produce the second largest amount of bioavailable energy. In the active chimney samples, however, none of the known iron-oxidizing chemolithoautotrophs was detected. This may suggest that the uncultured phylotypes detected in the sulfide structures contain unknown iron-oxidizers.

To assess the geochemical conditions of the relatively low-temperature (<150°C) fluids for chemolithoautotrophic microorganisms at the Pika, Archaean and Snail sites, the bioavailable energy yields were also calculated using the observed chemical data of the low-temperature shimmering fluids from the vent sites. The calculated bioavailable energy yields show that sulfide-oxidation reactions can produce higher bioavailable energy than other metabolic reactions (Figures 5A,E,F,H), except the Archaean site where hydrogen- and methane-oxidizing reactions yield higher bioavailable energy than sulfide-oxidation reactions (Figure 5G). The results are generally consistent with those estimated for vent fluids from active sulfide structures (Figure A2 in Appendix). Regarding the 75–115°C vent fluids of the Archaean site (Figure 5G), the bioavailable energy yields from aerobic and anaerobic hydrogen-oxidation reactions are slightly higher than those values estimated for active sulfide structures (Figure A2 in Appendix) due to relatively high H2 concentrations of the low-temperature shimmering fluids (comparable to high temperature fluids). Although the hydrogen concentration of the Archaean vent fluids would be variable and fortuitously fluctuating by phase separation and subsequent sub-seafloor mixing, the geochemical modeling result is generally consistent with microbiological observations that putative (hyper)thermophilic hydrogen-oxidizing chemolithoautotrophs belonging to both domains Bacteria (e.g., Hydrogenimonas) and Archaea (e.g., Archaeoglobi) were detected in the Archaean site.
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Figure 5. Bioavailable energy yields for metabolic redox reactions for each sample type. For the Snail site, the energy yields result from (A) 15–116°C natural vent, (B) 3–40°C borehole, (C) H2S-type, and (D) Fe-type fluids. For the Pika site, the energy yields result from (E) 100°C natural vent and (F) 3–50°C natural vent fluids. For the Archaean site, the energy yields result from (G) 75–117°C natural vent and (H) 30°C natural vent fluids. The bioavailable energy yields for (E) 100°C natural vent in the Pika site and for (H) 30°C natural vent in the Archaean site were calculated using the geochemical data estimated from a simple mixing model of hydrothermal fluids and seawater.



It should be noted that the bioavailable energy yields for iron-oxidation in the borehole fluid and high Fe/H2S vent fluids (i.e., “Fe-type fluids”) in the Snail site may be comparable to or higher than those for sulfide-oxidation (Figures 5B,D). The result is quite different from those estimated by a simple mixing model of high temperature hydrothermal fluids and seawater (Figure A2 in Appendix) and those calculated using the observed chemical data of the other low-temperature shimmering fluids (Figures 5A,C,E–H). This leads us to propose that there are habitats of iron-oxidizers where bioavailable energy yields from iron-oxidation reactions may be preferable for chemolithoautotrophs compared to those from sulfide-oxidation reactions. Indeed, the phylotypes related to the Zetaproteobacteria including an iron-oxidizing chemolithoautotroph (M. ferrooxydans) were abundant in the iron-rich mats accompanied by Fe-type vent fluids and the borehole fluids in the SMT (Table 1; Kato et al., 2009a,b). This microbiological result is consistent with the geochemical–thermodynamic result showing the presence of habitats with relatively high bioavailable energy yields for iron-oxidation in the Snail site. The same putative iron-oxidizers were also detected in borehole fluid from the Pika site. Although H2S and H2 concentration data for the Pika borehole fluid are not available and thus bioavailable energy yields for hydrogen- and sulfide-oxidation reactions cannot be calculated, Fe-rich, and H2S-depleted fluids similar to that observed in the Snail site are expected for the Pika borehole. Massive iron-rich mats harboring the Zetaproteobacteria were found in other hydrothermal fields, such as on arc volcanoes (Forget et al., 2010), hot-spot volcanoes (Rassa et al., 2009), and mid-ocean ridges (Davis et al., 2009). Furthermore, the phylotypes related to the Zetaproteobacteria were detected in the basaltic oceanic rocks (Santelli et al., 2008). Bach and Edwards (2003) have suggested that oxidation of reduced iron contained in the basaltic oceanic crust can provide energy for chemosynthetic ecosystems, which is corresponding to ∼2 × 1011 g cellular carbon/year as estimated by thermodynamic calculation. More detailed geochemical–microbiological characterization will provide insight into the relationship between the bioavailable energy yields by iron-oxidation and the abundance and distribution of the Zetaproteobacteria on and below the seafloor.

As shown above, assuming that the vent fluids were simply generated by mixing of end-member hydrothermal fluids with seawater, sulfide-oxidation yields the high energy for chemolithotrophs at all temperature ranges in the SMT hydrothermal fields (Figure A2 in Appendix). However, in fact, our thermodynamic calculations using the actual geochemical data indicate the presence of habitats in the Snail site where relatively high energy yields are available from iron-oxidation rather than sulfide- and hydrogen-oxidation. This discrepancy between the observation and theoretical expectation may result in part from incomplete modeling of the geochemical composition of the venting fluids as mentioned previously (Amend et al., 2011); for example, residence time, mineral depositions, and/or microbial metabolisms can influence the geochemistry of actual vent fluids, especially for low-temperature shimmering fluids that are likely to migrate in the crust at a slow rate. In the Snail site, many diffuse flows from cracks of the seafloor basalts were observed (Figure 1C), while no black smoker chimneys were found. In addition, pyrites (FeS2) were found in the fractures and vesicles of the sub-seafloor basalts collected by drilling (Kato et al., 2009b). These facts suggest that upwelling hydrothermal fluids are gradually mixed and cooled in the shallow sub-seafloor environments pervaded with the penetrating seawater and then iron and sulfide in the fluids are precipitated as pyrite. Depending on the end-member concentrations of Fe and H2S, the sub-seafloor mixing, and subsequent pyrite precipitation may result in the presence of high Fe/H2S low-temperature fluids. However, so far we have not determined the end-member concentrations of iron and sulfide because of lack of high temperature vent fluids in the Snail site. Further investigations are needed to assess the model of the generation of the Fe-type fluids.

It is remarkable that ammonia-oxidation yields the highest bioavailable energy for the borehole fluid in the Snail site followed by iron-oxidation (Figure 5B), although the bioavailable energy yields for the borehole fluid in the Pika site could not be calculated due to incomplete geochemical data (Table A1 in Appendix). Archaea accounted for 27–58% of the total cell number in the borehole fluids (Kato et al., 2009b), and putative ammonia-oxidizers, such as MGI and pSL12-related group, were detected in the borehole fluids (Table 2). This may be comparable to or higher than the result that Zetaproteobacteria accounted for 6–32% in the borehole fluids (Kato et al., 2009b) and is consistent with the thermodynamic calculation results: considerable numbers of putative ammonia-oxidizers as well as putative iron-oxidizers are expected to be present in the borehole fluids.

MODEL OF THE APPEARANCE OF THE MICROBIAL COMMUNITY STRUCTURES IN THE SMT

Considering the inferred metabolic functions of the abundant phylotypes in each library from the samples as described above (Tables 1 and 2), it seems that the microbial community structures observed in the SMT hydrothermal fields are constrained by the energy availability of the fluids. We propose a model for the appearance of the microbial community structures in the SMT based on the results of microbiological, geochemical, and thermodynamic analyses (Figure 6). Although this model is mainly based on the results from the Snail site, our results from the Pika and Archaean sites can partially fit this model (e.g., the detection of putative sulfide-oxidizers in the active sulfide structures in the Pika and Archaean sites and that of putative iron- and ammonia-oxidizers in the borehole fluids in Pika site).


[image: image]

Figure 6. A model for the appearance of the microbial community structures in each habitat in the SMT. This model is based on the microbiological and geochemical characteristics in the Snail site.



Upwelling high temperature hydrothermal fluids discharged from vents rapidly react with seawater, and lead to the precipitation of metal sulfides, which results in the formation of the chimney- or mound-like structures on the seafloor. Sequentially, hydrothermal fluids are mixed with seawater within the wall of the sulfide structures, which leads to the occurrence of steep chemical disequilibria. In such environments, hydrogen, and sulfide-oxidation reactions yield high bioavailable energy, and accordingly hydrogen-oxidizers and sulfide-oxidizers may be relatively abundant in the microbial communities.

In contrast, a portion of the upwelling hydrothermal fluids can permeate into porous basaltic pillow lava. The hydrothermal fluids may be gradually mixed and cooled in the shallow sub-seafloor environments pervaded with the penetrating seawater and then iron and sulfide in the fluids may be precipitated as pyrite. This sub-seafloor process would generate “Fe-type fluids.” In the Fe-type fluids, iron-oxidation yields high bioavailable energy, and accordingly, iron-oxidizers can dominate in the microbial communities as observed in the borehole fluids and iron-rich mats.

CONCLUSION AND PERSPECTIVE

In this paper, we summarized the microbial community structures in various habitats in the SMT. These findings highlight the uniqueness of the microbial communities in each habitat. On the whole, the results of thermodynamic calculations using the actual geochemical data are consistent with the presence/absence of each chemolithoautotroph in the microbial communities. The high bioavailable energy yield of iron-oxidation in the borehole and several vent fluids may be related to the appearance of microbial communities with abundant Zetaproteobacteria (putative iron-oxidizing chemolithoautotrophs), i.e., the iron-based ecosystem, in such environments. Based on the microbiological–geochemical–thermodynamic results, a model for the appearance of the microbial community structures in the SMT is proposed. It should be noted that the molecular microbiological methods we used mainly targeted DNA extracted from environmental samples and have some shortcomings (Wintzingerode et al., 1997). Firstly, we cannot determine whether the detected phylotypes are active in the environments or not. RNA-based analysis (such as reverse transcript PCR and FISH) can identify active members thriving in environments. Secondly, the physiologies of the phylotypes cannot be directly determined from the phylogeny. We believe that the diverse phylotypes in the Zetaproteobacteria include iron-oxidizing chemolithoautotrophs, although this must be verified by culture-dependent analyses. As shown here, the thermodynamic modeling by simple mixing of hydrothermal fluids with seawater is a powerful tool for predicting the microbial community structures in active chimneys where the mixing of hydrothermal fluids with seawater occurs immediately (Takai and Nakamura, 2010; Amend et al., 2011). Further careful calculations accompanied by other factors such as mineral precipitation will provide more helpful information for understanding the mechanisms shaping the microbial community structures in global deep-sea hydrothermal systems.
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APPENDIX

Table A1. Summary of the geochemical characteristics of fluid samples collected in the SMT.
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Figure A1. (A) Topographic map of the Southern Mariana Trough with (B) an enlarged view of the hydrothermal areas.
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Figure A2. Thermodynamic model calculation of bioavailable energy. Simple mixing between hydrothermal fluid and seawater without any redox and mineral precipitation reactions are assumed in the calculation. The results of (A) Pika and (B) Archaean sites are shown.
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Isolation of phyllosilicate–iron redox cycling microorganisms from an illite–smectite rich hydromorphic soil
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The biogeochemistry of phyllosilicate–Fe redox cycling was studied in a Phalaris arundinacea (reed canary grass) dominated redoximorphic soil from Shovelers Sink, a small glacial depression near Madison, WI. The clay size fraction of Shovelers Sink soil accounts for 16% of the dry weight of the soil, yet contributes 74% of total Fe. The dominant mineral in the clay size fraction is mixed layer illite–smectite, and in contrast to many other soils and sediments, Fe(III) oxides are present in low abundance. We examined the Fe biogeochemistry of Shovelers Sink soils, estimated the abundance of Fe redox cycling microorganisms, and isolated in pure culture representative phyllosilicate–Fe oxidizing and reducing organisms. The abundance of phyllosilicate–Fe reducing and oxidizing organisms was low compared to culturable aerobic heterotrophs. Both direct isolation and dilution-to-extinction approaches using structural Fe(II) in Bancroft biotite as a Fe(II) source, and O2 as the electron acceptor, resulted in recovery of common rhizosphere organisms including Bradyrhizobium spp. and strains of Cupriavidus necator and Ralstonia solanacearum. In addition to oxidizing biotite and soluble Fe(II) with O2, each of these isolates was able to oxidize Fe(II) in reduced NAu-2 smectite with [image: yes] as the electron acceptor. Oxidized NAu-2 smectite or amorphous Fe(III) oxide served as electron acceptors for enrichment and isolation of Fe(III)-reducing microorganisms, resulting in recovery of a strain related to Geobacter toluenoxydans. The ability of the recovered microorganisms to cycle phyllosilicate–Fe was verified in an experiment with native Shovelers Sink clay. This study confirms that Fe in the native Shovelers Sink clay is readily available for microbial redox transformation and can be cycled by the Fe(III)-reducing and Fe(II)-oxidizing microorganisms recovered from the soil.

Keywords: smectite, phyllosilicate, Fe(III) reducing microorganisms, Fe(II) oxidizing microorganisms, neutrophilic, soil, hydromorphic, Shovelers Sink

INTRODUCTION

Clay size Fe-bearing phyllosilicate phases, along with Fe(III) hydroxides, play a central role in the Fe redox biogeochemistry in natural environments (Amonette, 2002). These two groups of Fe-bearing minerals have contrasting geochemical behavior. Reduction of Fe(III) hydroxides typically results in Fe(II) mobilization, with the potential for redistribution of Fe via diffusion/dispersion and pore fluid advection. In contrast, structural Fe in clay minerals can undergo multiple redox cycles without being mobilized, because Fe remains within the mineral structure and within the system (Dong et al., 2009; Stucki, 2011). Multiple Fe(III) hydroxide reducing and soluble Fe(II)-oxidizing organisms are available as model microbial agents (Lovley et al., 2004; Weber et al., 2006; Emerson et al., 2010; Schmidt et al., 2010; Konhauser et al., 2011). Much less is known about microorganisms involved in phyllosilicate–Fe redox cycling. When 10 Fe(III)-reducing organisms [enriched and isolated with Fe(III) hydroxide as the sole electron acceptor] were tested for growth on a model ferruginous smectite, only eight could reduce structural Fe(III) in the smectite (Kashefi et al., 2008). These findings suggest that phyllosilicate–Fe(III)-reducing and Fe(III) (hydr)oxide-reducing microbial populations may not always overlap. Even less is known about organisms capable of oxidizing structural Fe(II) in smectite. The only culture known to catalyze this reaction is a strain of Desulfitobacterium hafniense (formerly D. frappieri) isolated from a subsurface smectite bedding, which is capable of [image: yes]-dependent structural Fe(II) oxidation (Shelobolina et al., 2003).

The coexistence and aggregation of Fe-bearing phyllosilicates and Fe(III) hydroxides makes it challenging to study the redox cycling of phyllosilicate–Fe in many soils and sediments. Certain non-highly weathered soils, however, may be enriched in phyllosilicates relative to Fe and Al oxides (Brady and Weil, 2008). The loess-derived silty clay loam deposits at Shovelers Sink, near Madison, WI, USA (Clayton and Attig, 1997; Bradbury, 2001) provide an excellent example of this type of soil environment. Shovelers Sink is a small, permanent, remnant glacial depression which originated as a proglacial lake fed by water draining off ice when glaciers covered the Madison area about 15,000 years ago (Clayton and Attig, 1997; Bradbury, 2001). At present Shovelers Sink is a wetland managed as a wildlife conservancy area. The dominant plant species at Shovelers Sink is Phalaris arundinacea (reed canary grass, RCG), which forms a dense, up to 1 m deep root system that is tolerant to prolonged anoxia during times of soil saturation (Barclay and Crawford, 1983). The redoximorphic conditions and high abundance of Fe-bearing phyllosilicates relative to Fe(III) oxides makes Shovelers Sink an ideal setting to study the biogeochemistry of phyllosilicate–Fe redox cycling. The aim of this study was to characterize the biogeochemistry and mineralogy of Shovelers Sink soil, and to enumerate and isolate microorganisms capable of reducing or oxidizing phyllosilicate–Fe.

MATERIALS AND METHODS

STUDY SITE AND SAMPLE COLLECTION

Soil and groundwater samples were collected from Shovelers Sink site located in the Cross Plains unit of the Ice Age National Scientific Reserve, c.a. 50 m from Mineral Point Road and 17 m from the pond. Soils were collected (January 2007, July 2007, June 2008, and September 2009) with a stainless steel coring device. Fluid from below the water table was collected in 50-ml plastic tubes. Core sections were placed in sterile sample collection plastic bags and immediately delivered to the laboratory. All core sections were placed into an anaerobic chamber filled with N2:H2 mix (95:5), homogenized, and dispensed into serum bottles or pressure tubes for immediate experimentation, or into large Pyrex bottles with thick rubber stoppers for storage and/or later use. After removal from the anaerobic chamber, all bottles were flushed with O2-free N2 (passed over reduced, hot copper filings) to remove H2 from the headspace. Soil water was filtered through a 0.2-μm syringe filter and frozen prior to analysis by ion chromatography.

SEPARATION AND ANALYSIS OF GRAIN SIZE FRACTIONS

Soils were size fractionated by wet-sieving and centrifugation (Jackson, 1969; Gee and Bauder, 1986). Wet-sieving was performed in the anaerobic chamber using water made anoxic by bubbling with N2. 1000 ml Pyrex bottles containing 900 ml water each were bubbled for 2 h. No gravel size particles (>2 mm) were found in the materials. Sand (50 μm–2 mm) size materials were removed by sieving (USA Standard Testing Sieves, VWR Scientific). The remaining silt (2 μm–50 μm) and clay (<2 μm) grain size fractions were separated by centrifugation in sealed plastic bottles under N2. The settling time for the clay size fraction was calculated for a particle density of 2.6 g/cm3 using Stokes’ Law. A small portion of each size fraction was used to determine the dry weight per unit volume of soil suspension. These subsamples were dried at 105°C and wet/dry sample weight factors were calculated from weight differences before and after drying.

Total Fe(II) and Fe(III) in the size fractions was determined by the hydrofluoric acid (HF) extraction followed by the 1,10-Phenanthroline assay as described by Stucki (1981) and modified by Komadel and Stucki (1988). Fe(III) oxyhydroxide contents were determined by citrate–bicarbonate–dithionite (CDB) extraction (Mehra and Jackson, 1980) and ferrozine analysis (Stookey, 1970). All Fe measurements were performed in triplicate. Organic carbon was measured with a Leco CHN analyzer at the UW–Madison Soil and Plant Analysis Laboratory.

DETERMINATION OF STEADY STATE H2 CONCENTRATIONS

To determine steady state dissolved H2 concentration in the porewater within representative soil samples, c.a. 30 g of each sample were placed into 60 ml serum bottles under an N2 atmosphere. H2 concentration in the headspace was monitored over time with a reduction gas analyzer (ta3000 Gas Analyzer, Trace Analytical, Ametek) until stability was reached.

TRANSMISSION ELECTRON MICROSCOPY

Transition electron microscopy (TEM) analyses were carried out using a FEI Titan 80–200 aberration corrected scanning/transmission electron microscope associated with an EDAX AMETEK high resolution energy-dispersive X-ray spectroscopy (EDS) detector and Gatan image filtering system, and operated at 200 kV. The samples were mixed with distilled water and ultrasonicated for ∼3 min. A drop of the resulting suspension was placed on a lacey-carbon coated Cu grid and air-dried.

X-RAY DIFFRACTION

X-ray diffraction (XRD) analyses were done using a Scintag Pad V Diffractometer with CuKα radiation. The instrument used an accelerating voltage of 45 kV, a current of 40 mA, a 2-mm divergence slit, 4-mm incident scatter slit, 1-mm diffracted beam scatter slit, and 0.5-mm receiving slit. Scan parameters used were a step size of 0.02° and a dwelling time of 2 s. Oriented aggregate mounts were prepared by pasting clay-DI water suspension on glass slides and air drying. A drop of ethylene glycol was added directly to the surface of the oriented clay mount with a glass rod for ethylene glycol treatment. Oriented aggregate mounts were heated at 550°C for 3 h in the furnace for heat treatment.

MOST PROBABLE NUMBER ANALYSIS

Microorganisms were enumerated by the most probable number (MPN) method (Woomer, 1994). Strict anaerobic laboratory technique (Miller and Wolin, 1974) was used to quantify anaerobic Fe(III)-reducing bacteria. An anaerobic basal bicarbonate-buffered freshwater (FW) medium (Lovley and Phillips, 1988) was dispensed into 27 ml anaerobic pressure tubes (Bellco Glass, Inc.) under N2/CO2 (80:20%). The tubes were capped with butyl rubber stoppers and sterilized by autoclaving. The medium for Fe(III)-reducing bacteria contained either 100 mM hydrous ferric oxide (HFO) or 0.8 weight% of the Fe(III)-bearing smectite NAu-2 [[image: yes] where M is the interlayer cation; Keeling et al., 2000] as a terminal electron acceptor, H2 (3 ml filtered H2 was added to the headspace) and acetate (10 mM) as the combined electron donor, and 1.3 mM FeCl2 as a reducing agent. The medium for Fe(II)-oxidizing bacteria contained O2 as the terminal electron acceptor (3 ml filtered air added to the headspace) and 1.1% Bancroft (Ward Scientific) biotite [(K0.980, Na0.025; [image: yes] Ti0.117; Si3.048, Al0.812, Ti0.140)O10(OH1.02, F0.98)] as a source of structural Fe(II). Aerobic heterotrophic bacteria were enumerated in medium containing (gram per liter) PIPES (piperazine-N,N′-bis-2-ethanesulfonic acid) buffer (3.0), NH4Cl (0.25), NaH2PO4·H2O (0.06), KCl (0.1), yeast extract (0.5), and acetate (0.41).

ISOLATION OF Fe(III)-REDUCING ORGANISMS

Smectite-containing MPN cultures were diluted in agarized medium containing 20 mM fumarate and 20 mM acetate with a roll-tube method (Hungate, 1968). An inoculum (1 ml) from the 10-fold serial dilutions of the enrichment culture in a liquid FW medium was added to 27 ml pressure tubes containing 7 ml melted medium. The contents were mixed gently and the pressure tubes were rolled with a tube spinner. The roll-tubes were incubated vertically at room temperature. Individual colonies were transferred to the pressure tubes with 2 ml liquid FW medium containing 0.8% NAu-2 smectite as the electron acceptor and 10 mM acetate as the electron donor.

ISOLATION OF Fe(II)-OXIDIZING ORGANISMS

Freshly collected samples and highest positive MPN dilution cultures were serially diluted in biotite/O2-containing roll-tubes. After orange and red colored individual colonies formed, they were transferred to the pressure tubes with 2 ml liquid FW medium containing 1.1% biotite and 3 ml filtered air. Biotite oxidizing cultures were serially diluted and plated on aerobic heterotrophic medium using 1.5% agar as the solidifying agent.

Biotite oxidizing cultures were tested for their ability to grow via microaerophilic FeCl2 oxidation. The cultures were grown on a heterotrophic low-organic medium (0.01% yeast extract and 1 mM acetate, with 3 ml of filtered air in the headspace), and then transferred (5% vol/vol inoculum) to anoxic FW medium, to which 1.3 mM FeCl2 and 1 ml filtered air were added via syringe and needle every other day. After 12 days of cultivation, cell numbers were determined. The aliquots of the culture were fixed with glutaraldehyde. The fixed culture was reacted with ammonium oxalate (28 g/l ammonium oxalate and 15 g/l oxalic acid) in the presence of ca. 1 mM FeCl2 to dissolve Fe(III) hydroxides. Cells were counted by acridine orange staining and epifluorescence microscopy (Hobbie et al., 1977).

MOLECULAR BIOLOGICAL METHODS

The16S rRNA gene sequences of the isolates and enrichment cultures were obtained using standard methodologies as previously described (Shelobolina et al., 2007). 16S rRNA genes were amplified using GM3 and GM4 primer set (Muyzer et al., 1995). For enrichment cultures 16S rRNA genes were cloned using the pGEM-T vector (Promega). The 16S rRNA gene fragments were compared to the GenBank nucleotide database using BLASTN and BLASTX algorithms (Altschul et al., 1990).

Fe CYCLING EXPERIMENT

An iron cycling experiment was performed in FW medium supplemented with natural Shovelers Sink clay. The clay suspension was bubbled with air for 1 day to oxidize structural Fe(II), after which the clay was dried and mixed with FW medium prior to bubbling with N2:CO2 mix and autoclaving. XRD analysis of the clay before and after autoclaving showed no difference suggesting no change in the mineralogy of the clay (data not shown). A small amount of acetate (0.25 mM) was provided as a limited source of electron donor. Eighteen culture tubes were inoculated with G. toluenoxidans strain sa2 isolated from Shovelers Sink soil, and three tubes served as abiotic controls. Fe(III) reduction was allowed to proceed for 10 days. Five millimolar [image: yes] was then added to 12 tubes, and of these tubes nine were inoculated with Fe(II)-oxidizing isolates with three uninoculated tubes serving as controls. No nitrate or Fe(II)-oxidizing culture were added to three tubes in which Fe(III) reduction was allowed to proceed for the rest of the experiment. To evaluate the reaction of structural Fe(II) oxidation with nitrite, three remaining tubes with reduced Shovelers Sink clay were reacted with ca 2.0 mM nitrite.

Concentrations of 0.5 N HCl-extractable Fe(II), [image: yes] and [image: yes] were monitored over time. One milliliter of the culture was centrifuged in the anaerobic chamber at 14 K rpm for 5 min. The supernatant was collected for [image: yes] and dissolved Fe analysis. Samples for Fe analysis were acidified with HCl. The remaining solids were mixed with 0.5 N HCl and extracted for 24 h. Fe(II) in the HCl extracts was quantified using the ferrozine assay as previously described (Lovley and Phillips, 1986). Preliminary studies demonstrated that a 24-h 0.5 N HCl extraction released the same amount of Fe(II) from Shovelers Sink clay as HF extraction (Stucki, 1981). Note that this equivalence applies only to Fe(II), as only a small portion of structural Fe(III) is extracted by 0.5 N HCl (Shelobolina et al., 2004). [image: yes] and [image: yes] concentrations were measured with a Dionex DX-100 ion chromatograph equipped with a AS4-SC IonPac column. Dissolved Fe concentrations were determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES).

RESULTS AND DISCUSSION

BIOGEOCHEMISTRY OF SHOVELERS SINK SOIL

The soil at Shovelers Sink represents a silt loam interspersed with RCG roots down to the depth of 105 cm (Figure 1). The depth of the water table ranged from 60 to 80 cm. Soils collected in July 2007 were characterized in detail, at which time the water table was located at c.a. 65 cm depth (Figure 2).


[image: image]

Figure 1. Photograph of Shovelers Sink soil collected in the vicinity of the water table in July 2007, revealing reduced (gray color), and oxidized (bright yellowish-brown colors) regions indicative of redoximorphic conditions. The bar is 1 cm.
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Figure 2. Depth distribution of dissolved H2 (A), Organic Carbon (B), and Fe phases, including citrate–bicarbonate–dithionite (CDB) extractable Fe (C), and hydrofluoric acid (HF) extractable Fe (D) and Fe(II)/Fetotal (E) in Shovelers Sink soil, July 2007. A cartoon on the left shows relative depth of root zone and terminal electron accepting processes (TEAPs): brown for mixed metabolism, green for Fe(III)-reducing zone, and blue for methanogenic zone.



Organic carbon concentrations were highest within the main root zone above 55 cm (1.7–2.5%), intermediate in the vicinity of the water table (1.0–1.2%), and lowest below 80 cm (0.32–0.41%) where few, if any, RCG roots were present (Figure 2B). Total HF-extractable iron (Figure 2C) concentrations ranged between 196 and 333 mmol/kg and showed a trend opposite of that for organic carbon, with Fe concentrations being lowest (166–190 mmol/kg) above a depth of 55 cm, intermediate from the water table down to 105 cm (230–249 mmol/kg), and highest below 105 cm (333–337 mmol/kg). The fraction of total Fe present as Fe(II) was highly variable above the water table (16–50%) and gradually decreased from 38 to 32% below the water table (Figure 2D).

The spatial segregation of terminal electron accepting processes in Shovelers Sink soil was assessed by measuring steady state concentration of dissolved H2 in incubated soil samples from different depths, according to published criteria (Lovley and Goodwin, 1988; Lovley et al., 1994) and as described in a previous study of clay-rich subsurface sediments (Shelobolina et al., 2004; Figure 2A). Three TEAP zones could be distinguished: a mixed metabolism zone above the water table (0–65 cm depth) characterized by a range of H2 concentrations from 1.6 to 10.2 nM; a dissimilatory Fe(III)-reducing zone between 65 and 115 cm characterized by H2 concentrations of 0.4–0.7 nM; and a methanogenic zone below 115 cm with steady state H2 concentration of 8.1 ± 0.9 nM.

Shovelers Sink is a depression in which water balance is maintained through direct precipitation and runoff from the surrounding landscape. Runoff from nearby farms and households could serve as an additional source of both organic carbon and electron acceptors, e.g., [image: yes] to the system. However, no [image: yes] was detected in fluid from below the water table on any of the sampling events. These results suggest that the localized zones of oxidation observed in the soil (see Figure 1) are driven by release of O2 from RGC roots, as is well-known for a variety of plants that proliferate in water-logged soils (Armstrong, 1978). The observed redoximorphic features (Figure 1) and porewater steady state H2 concentrations (Figure 2A) suggest ongoing Fe redox cycling at two scales: (1) at the centimeter-to-decimeter scale within the transition from saturated/anoxic to unsaturated/partially oxic conditions in the vicinity of the water table; and (2) at the microscale around RCG roots both above and below the water table. Soil from the vicinity of the water table (c.a. 65 depth depth in July 2007) was chosen to study microbial Fe redox cycling as it likely contained both Fe(III)-reducing and Fe(II)-oxidizing microorganisms.

SOIL MINERALOGY

Soil collected from the vicinity of the water table in July 2007 was used to study the abundance and mineralogy of Fe in different grain size fractions. The contribution of silt and clay size materials to total dry weight differed dramatically from their contributions to total HF-extractable iron [Fe(II) + Fe(III)] content (Table 1). Although the silt size fraction dominated Shovelers Sink soil by weight (83% of total dry weight), it contributed only 26% total HF-extractable iron. In contrast, the clay size fraction, which accounted only for 16% of the dry weight of soil, contributed 74% of the total HF-extractable iron. These results demonstrate that the majority of the Fe content of Shovelers Sink soil is contained within the clay size fraction.

Table 1. Characterization of silt and clay size fractions of Shovelers Sink soil.
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The mineralogy of silt and clay size fractions was characterized by conventional TEM, high resolution TEM (HRTEM), and XRD (Figures 3–5). The following mineral phases were identified (by TEM) in the silt size fraction: potassium feldspar, plagioclase, quartz, and mixed layered illite–smectite aggregates (Figure 3). Based on TEM and XRD analyses, the dominant mineral in the clay size fraction was illite–smectite mixed layers (Figures 4 and 5). Clay size materials also contained kaolinite and illite as minor components. No Fe(III) hydroxides were detected in either the silt or clay size fractions during TEM observations. These results are consistent with CDB extractions, which showed that the abundance of Fe(III) oxides was ca. less than 5% of total HF-extractable Fe in the bulk soil (Figure 2) and less than 2.5% in the clay size fraction (Table 1). In summary, gravimetric, chemical, and mineralogical analyses collectively suggest that mixed layer illite–smectite is the geochemically dominant Fe-containing phase in Shovelers Sink soil.
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Figure 3. TEM image of Shovelers Sink silt size fraction showing flakes of illite–smectite (I/S), quartz (Qz), and potassium feldspar (KF) grains.
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Figure 4. Mineralogy of Shovelers Sink clay size fraction. (A) TEM image showing flakes of smectite-dominated clay minerals (I/S), quartz (Qz), potassium feldspar (KF), plagioclase, and titania (TiO2) grains. (B,C) HRTEM image and selected area diffraction pattern taken from the area indicated by the large arrow in (A), showing the curled edge of a clay aggregate with lattice fringes corresponding to (001) smectite with ca. 10-Å layer spacing; the size of this spacing was likely reduced in the vacuum of the TEM. (D) EDAX results for an I/S aggregate. A small amount of potassium is detected, indicating that the smectite contains an illite component.
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Figure 5. X-ray diffraction analyses of clay size fraction from Shovelers Sink soil showing illite–smectite (I/S) as dominant mineral. Small amounts of illite (I), kaolinite (Ka), and quartz (Qz) also exist. The 13.6-Å [I/S (001)] peak in the untreated sample expanded to 15.2 Å by ethylene glycol treatment, and collapsed to 9.9 Å by heat treatment. The 7.2-Å [kaolinite (001)] and 3.6-A [kaolinite (002)] peaks in the untreated sample disappeared by heating at 550°C.



MPN ENUMERATIONS

Both Fe(III)-reducing and Fe(II)-oxidizing microorganisms were detected in MPN enumerations conducted with soil samples from near the water table in July 2007 and in September 2009. The abundance of Fe(III)-reducing organisms (2.4 × 101 cells/g wet soil in 2007 and 2.3 × 100 cells/g wet soil in 2009) and Fe(II)-oxidizing organisms (2.9 × 102 cells/g wet soil in 2007 and 2.4 × 103 cells/g wet soil in 2009) was modest compared to the abundance of total culturable aerobic heterotrophs (1.1 × 106 cells/g wet soil in 2007 and 4.2 × 105 cells/g wet soil in 2009). Analogous results have been reported for groundwater seep environments supporting active Fe redox cycling (Blöthe and Roden, 2009; Roden et al., submitted). Although the much larger densities of culturable aerobic heterotrophs compared to Fe(III)-reducers in these environments could suggest intense competition between the two physiological groups (e.g., for utilization of plant-derived organic materials), it is important to note that previous studies have shown the persistence of large numbers of aerobic bacteria in permanently anoxic environments (Jorgensen and Tiedje, 1993). Thus, the presence of high densities of culturable aerobes in the Shoveler’s sink soil does not necessarily mean that they contribute extensively to in situ carbon metabolism.

Fe(II)-OXIDIZING ISOLATES

Fe(II)-oxidizing organisms were isolated from (1) soil samples collected in July 2007, June 2008, and September 2009, and (2) the highest positive dilutions from MPN studies set up in 2007 and 2009. Biotite was utilized as a solid phase form of Fe(II) for these studies. Unlike reduced smectite, structural Fe(II) in biotite is not subject to spontaneous reaction with O2, thus permitting the use of O2 as the electron acceptor for lithotrophic Fe(II) oxidation. Recent studies have demonstrated that the Fe(II)-oxidizing, [image: yes] reducing culture described by Straub et al. (1996) can utilize Fe(II) in biotite as a sole electron donor for chemolithotrophic growth (Shelobolina et al., submitted). Samples and last positive MPN dilution cultures were serially diluted in biotite-containing roll-tubes. After solidification 3 ml of filter sterilized air were added to the headspace. Roll-tubes were incubated vertically at 20–22°C (room temperature). Over a period of 4–8 months, small (0.2–0.5 mm) orange, or in some cases red, colonies formed between the layer of biotite and the layer of agarized medium in a roll-tube. Each colony was transferred to 2 ml liquid medium with biotite provided as the electron donor and O2 as the electron acceptor. A protracted (4 years) isolation effort (2007–2010) resulted in recovery of 73 biotite oxidizing cultures, which were maintained on liquid medium with biotite and O2. Eleven cultures capable of oxidizing at least 5% of the structural Fe(II) content in biotite were selected for further study. Culture subsamples were streaked onto aerobic, low carbon medium culture plates. The resulting isolated colonies could be either mixotrophic Fe(II)-oxidizing microorganisms or heterotrophic contaminants. The numerically dominant colony types were tested for microaerophilic growth with FeCl2 as a soluble Fe(II) sources. Cultures capable of growing to a density of at least 108 cells/ml with a total of c.a. 8 mM FeCl2 added over time (see Materials and Methods) were identified by 16S rRNA gene sequencing and selected for further study. The isolates so obtained included Bradyrhizobium spp., and strains of Ralstonia solanacearum, and Cupriavidus necator. One strain each was chosen for further study (Table 2). Each of the cultures oxidized 3–4% of structural Fe(II) in biotite with O2 as the electron acceptor, and each was found to be capable of oxidizing chemically reduced smectite with [image: yes] as the electron acceptor (data not shown).

Table 2. Fe redox cycling microorganisms isolated from Shovelers Sink soil.
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Fe(III)-REDUCING ISOLATE

Ferruginous NAu-2 smectite and hydrous ferric oxide (HFO) were used to enrich Fe(III)-reducing microorganisms from Shovelers Sink soil collected in July 2007 with acetate and H2 as combined electron donors. Acetate and H2 were used as these represent the two major sources of electron donor for microbial Fe(III) reduction in anoxic soils and sediments (Lovley et al., 2004). After ca. 2 months of room temperature incubation, small (25 clones each) 16S rRNA gene clone libraries were constructed from 1% enrichment cultures. Both enrichment cultures were dominated by an operational taxonomic unit (OTU) 99% similar to Geobacter toluenoxydans (Kunapuli et al., 2010). G. toluenoxydans strain sa2 was recovered using the roll-tube method with acetate as the electron donor and fumarate as the electron acceptor. Strain sa2 can conserve energy from dissimilatory Fe(III) reduction concomitant with acetate oxidation using a variety of solid phase Fe(III) sources, including Fe(III) hydroxide and ferruginous smectite, but does not utilize nitrate as the electron acceptor.

MICROBIAL REDOX CYCLING OF Fe IN SHOVELERS SINK CLAY

A Fe redox cycling experiment was conducted with clay size materials isolated from Shovelers Sink soil collected from ca. 65 cm depth in July 2007 (see Table 1). Although O2 is a likely electron acceptor for microbial Fe(II) oxidation at Shovelers Sink (see above), [image: yes] was utilized in this model experiment since it does not react spontaneously with phyllosilicate-associated Fe(II). G. toluenoxidans strain sa2 (5% vol/vol inoculum from a culture grown previously for three transfers on limiting acetate/Shovelers Sink clay medium, providing c.a. 106 cells/ml) reduced 2.1 mmol/l Fe(II) over 7 days (Figure 6A). A small increase in aqueous Fe concentration was detected in both abiotic control and the Fe(III)-reducing cultures (35.4 and 50.6 μM, respectively). The source of dissolved Fe cannot be determined with available data. Shovelers Sink clay is a mix of minerals. And although illite–smectite is the main Fe-bearing mineral controlling Fe biogeochemistry in Shovelers Sink soil, the clay size fraction could contain organics-bound or sorbed Fe, as well as small amounts of Fe(III) hydroxide coatings. All of these Fe forms could contribute to aqueous Fe.
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Figure 6. Reduction of native Fe(III) phyllosilicate in Shovelers Sink soil (clay size fraction) by G. toluenoxidans strain sa2, followed by oxidation of reduced phyllosilicate by the three Fe(II)-oxidizing isolates with [image: yes] as the electron acceptor. (A) 0.5 N HCl-extractable Fe(II); (B) nitrate; (C) nitrite.



After 10 days, an inoculum of each of the three Fe(II)-oxidizing isolates (Table 2) were added to replicate microbially reduced clay suspensions. The Fe(II)-oxidizing inocula (1–5% vol/vol) were grown heterotrophically on organics limited [image: yes] reducing medium until the optical density of the culture at 600 nm stabilized, at which point all organic carbon had presumably been utilized. The inoculum volume was adjusted to provide ca 106 cells/ml. The cultures reoxidized 60–65% (c.a. 1.2 mmol/l) of the Fe(II) generated by G. toluenoxidans strain sa2 (Figure 6A) while consuming 0.82–1.15 mM [image: yes] (Figure 6B). The incomplete reversibility of structural Fe redox cycle has been observed before (Shen and Stucki, 1994) and a possible explanation for this phenomenon is that the collapsing of smectite layers as the result of Fe(III) reduction makes a portion of structural Fe(II) inaccessible (Stucki, 2011).

No Fe(II) oxidation or [image: yes] consumption took place in absence of Fe(II)-oxidizing organisms. Although all of the Fe(II)-oxidizing isolates are denitrifying bacteria, substantial amounts of [image: yes] (0.35–0.67 mM) were produced during Fe(II) oxidation (Figure 6C). The Shovelers Sink soil used in the Fe cycling experiment contained 1–2% associated organic carbon (see Figure 2). The possibility therefore existed that [image: yes] produced during organotrophic oxidation of associated organic carbon could have reacted chemically (abiotically) with Fe(II) in the reduced clay, thereby contributing to the Fe(II) oxidation activity shown in Figure 6A. We deemed this pathway unlikely given that each of the isolated strains reduced nitrate directly to N2 with no significant [image: yes] accumulation in organotrophic medium (data not shown). Nevertheless, a separate experiment was conducted to evaluate the extent to which reaction of Fe(II) with [image: yes] may have been responsible for the observed Fe(II) oxidation. Nitrite (2 mM) was added to a suspension of microbially reduced Shovelers Sink clay, and the concentrations of Fe(II) and [image: yes] were followed over time (Figure 7). The rate of chemical Fe(II) oxidation by nitrite (c.a. 0.018 mmol/l/day; Figure 7) was three to six times less than the rate of oxidation in the microbial Fe cycling experiment (0.058–0.118 mmol/l/day; Figure 6A). This result indicates that enzymatic activity was primarily responsible for nitrate-dependent oxidation of reduced Shovelers Sink clay. Similar conclusions were reached in a prior study of microbial nitrate-dependent oxidation of other types of solid phase Fe(II) compounds in which significant accumulation of [image: yes] took place (Weber et al., 2001). Thus, although the organic matter associated with Shovelers Sink clay brings uncertainty into the exact stoichiometry of Fe/N interactions, the results of this experiment clearly confirm that Fe in the native Shovelers Sink clay is readily available for microbial redox transformation and can be cycled by the Fe(III)-reducing and Fe(II)-oxidizing microorganisms recovered from the soil.
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Figure 7. Chemical oxidation of microbially reduced Shovelers Sink soil (clay size fraction) by nitrite.



IMPLICATIONS FOR PHYLLOSILICATE–Fe BIOGEOCHEMISTRY

Our studies confirm the presence of both phyllosilicate–Fe(III)-reducing and phyllosilicate–Fe(II)-oxidizing organisms in a redoximorphic soil, the biogeochemical conditions of which are consistent with ongoing phyllosilicate–Fe redox cycling in the vicinity of the water table and O2-releasing plant roots. Several solid phase Fe redox cycling isolates were recovered from this soil using model Fe(II) and Fe(III) containing phyllosilicates as the electron donor or acceptor, including the Alphaproteobacterium Bradyrhizobium sp, Betaproteobacteria C. necator and R. solanacearum, and Deltaproteobacterium G. toluenoxydans. The recovery of a Geobacter species as an agent of Fe(III) reduction at Shovelers Sink is not surprising, as members of the Geobacteraceae often dominate soil and sediment Fe(III)-reducing microbial populations (Lovley et al., 2004), and multiple species in this family are known to reduce structural Fe(III) in phyllosilicates (Lovley et al., 1998; Kostka et al., 1999; Kashefi et al., 2008; Shelobolina et al., 2008). Geobacter sp. dominated both, smectite and HFO containing enrichment cultures and therefore was well adjusted to using both Fe(III)-bearing phases as the electron acceptor. Although a previous study (Kashefi et al., 2008) suggested that phyllosilicate–Fe(III)-reducing and Fe(III) (hydr)oxide-reducing microbial populations may not always overlap, no specific agents adjusted to using one or another solid phase Fe(III) were recovered at Shovelers Sink.

The microorganisms recovered as potential agents of phyllosilicate–Fe(II) oxidation are all common rhizosphere bacteria. Bradyrhizobium spp. are well-known as N2 fixing bacteria that form a symbiotic relationship with plants, especially soybeans, and are widely utilized in agriculture (Hume and Blair, 1992). In contrast, R. solanacearum is a soil-born plant pathogen causing leaf wilting in tomato, pepper, and potato plants as well as many other plant species (Denny, 2005). C. necator (including former Ralstonia eutropha strains) is a versatile soil bacterium known as an aromatic and chloroaromatic compounds degrader and a non-obligate bacterial predator of the bacteria and fungi (Makkar and Casida, 1987; Lykidis et al., 2010).

Various strains of Bradyrhizobium spp. and C. necator (R. eutropha) can grow autotrophically with H2 as the electron donor (Bowien and Kusian, 2002; Schwartz et al., 2003; Franck et al., 2008). In addition, a B. japonicum strain USDA110 is capable of thiosulfate-based chemolithotrophy (Masuda et al., 2010). None of phytopathogenic R. solanacearum strains were reported to grow autotrophically (Palleroni and Doudoroff, 1971). However, a recently recovered Ralstonia sp. strain HM08-01, 98% similar to R. solanacearum, can oxidize soluble Fe(II) under microaerophilic conditions (Swanner et al., 2011). Our studies suggest a new role for these common rhizosphere bacteria, i.e., oxidation of structural Fe(II) in phyllosilicates. Further research with chemically defined substrates, such as FeCl2 and Fe(II)-NTA, is required to determine exact stoichiometry of Fe(II) oxidation by Shovelers Sink isolates.

The importance of native Fe(III) phyllosilicates as an electron acceptor for organic matter oxidation coupled to dissimilatory Fe(III) reduction in soils and sediments has been increasingly recognized (Kukkadapu et al., 2006; Stucki and Kostka, 2006; Komlos et al., 2008; Dong et al., 2009). In contrast, the role of microbial catalysis in phyllosilicate–Fe(II) oxidation has not received much attention, and to date only one organism is known to carry-out this reaction (Shelobolina et al., 2003). Our work thus significantly expands the range of organisms known to participate in phyllosilicate–Fe(II) oxidation. The ability of common rhizosphere bacteria to carry-out this process has significant implications not only for phyllosilicate–Fe redox geochemistry, but also for phyllosilicates diagenesis, e.g., low-temperature microbially driven smectite-to-illite transition, that may accompany Fe cycling in smectite and affect plant nutrition (Shen and Stucki, 1994; Stucki, 2011).
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The distribution of neutrophilic microbial iron oxidation is mainly determined by local gradients of oxygen, light, nitrate and ferrous iron. In the anoxic top part of littoral freshwater lake sediment, nitrate-reducing and phototrophic Fe(II)-oxidizers compete for the same e− donor; reduced iron. It is not yet understood how these microbes co-exist in the sediment and what role they play in the Fe cycle. We show that both metabolic types of anaerobic Fe(II)-oxidizing microorganisms are present in the same sediment layer directly beneath the oxic-anoxic sediment interface. The photoferrotrophic most probable number counted 3.4·105 cells·g−1 and the autotrophic and mixotrophic nitrate-reducing Fe(II)-oxidizers totaled 1.8·104 and 4.5·104 cells·g−1 dry weight sediment, respectively. To distinguish between the two microbial Fe(II) oxidation processes and assess their individual contribution to the sedimentary Fe cycle, littoral lake sediment was incubated in microcosm experiments. Nitrate-reducing Fe(II)-oxidizing bacteria exhibited a higher maximum Fe(II) oxidation rate per cell, in both pure cultures and microcosms, than photoferrotrophs. In microcosms, photoferrotrophs instantly started oxidizing Fe(II), whilst nitrate-reducing Fe(II)-oxidizers showed a significant lag-phase during which they probably use organics as e− donor before initiating Fe(II) oxidation. This suggests that they will be outcompeted by phototrophic Fe(II)-oxidizers during optimal light conditions; as phototrophs deplete Fe(II) before nitrate-reducing Fe(II)-oxidizers start Fe(II) oxidation. Thus, the co-existence of the two anaerobic Fe(II)-oxidizers may be possible due to a niche space separation in time by the day-night cycle, where nitrate-reducing Fe(II)-oxidizers oxidize Fe(II) during darkness and phototrophs play a dominant role in Fe(II) oxidation during daylight. Furthermore, metabolic flexibility of Fe(II)-oxidizing microbes may play a paramount role in the conservation of the sedimentary Fe cycle.

Keywords: photoferrotrophs, nitrate-reducing Fe(II)-oxidizers, freshwater littoral sediment, microcosms, competition

INTRODUCTION

Iron is a ubiquitously abundant redox active transition metal in sedimentary systems (Froelich et al., 1979; Canfield et al., 1993). Not only is it required for integral components in cellular processes in many eukaryotic and prokaryotic organisms, but it can also serve as an electron donor or acceptor to many prokaryotes (Kappler and Straub, 2005; Weber et al., 2006a; Konhauser et al., 2011). Particularly, in freshwater lakes with low sulfate concentrations, microbial Fe(III) reduction is an important process in the anaerobic degradation of organic matter (Thamdrup, 2000; Lovley et al., 2004). Freshwater lakes cover approximately 0.8% of the Earth’s surface (Dudgeon et al., 2006) and their iron rich redox stratified sediment provides the ideal habitat for Fe-metabolizing bacteria.

Fe(III) and other oxidants in the pore water of the sediment are consumed by bacterial processes in a hierarchical order of decreasing energy production per mole of organic carbon oxidized (Froelich et al., 1979; Canfield and Thamdrup, 2009). This creates a chemical gradient within the sediment column, which describes a defined sequence of redox zones in these sediments that are individually characterized by the dominantly consumed electron acceptor. The dominant electron acceptor in the first layer is oxygen, which is defined as the oxic zone (Froelich et al., 1979; Canfield and Thamdrup, 2009). Once oxygen is depleted, and the redox potential is driven low enough, the next most advantageous oxidants will take over. Following the depth profile: nitrate is followed by manganese, next by ferric iron, then sulfate, and finally by carbon dioxide (Froelich et al., 1979). This sequence remains unchanged throughout profundal and littoral lake sediment. However, exposure to light of the littoral sediment stimulates photosynthesis and O2 production and thus creates a downward shift, or broadening, in the spatial positioning of the redox zones (Gerhardt et al., 2005, 2010).

In contrast to electron acceptors such as oxygen, nitrate, or sulfate, ferric iron is poorly soluble, and swiftly precipitates into iron(III) (oxyhydr)oxides (Cornell and Schwertmann, 2003) which can subsequently either be reduced through chemical reactions (Canfield, 1989) or by microbes through organic matter or dihydrogen oxidation (Lovley and Phillips, 1988; Bonneville et al., 2004; Macdonald et al., 2011). The produced ferrous iron is more soluble (Cornell and Schwertmann, 2003) and diffuses upward through the pore water toward the oxic zone, serving as a profitable electron donor to Fe(II)-oxidizing microbial communities.

Iron(II)-oxidizing bacteria have been found in high numbers in many freshwater lakes and sediments (Straub and Buchholz-Cleven, 1998; Diez et al., 2007). Three types of neutrophilic bacteria complete the oxidation part of the freshwater sedimentary iron redox cycle: microaerophiles (Emerson and Moyer, 1997), nitrate-reducing Fe(II)-oxidizers (Straub et al., 1996), and photoferrotrophs (Widdel et al., 1993; Ehrenreich and Widdel, 1994). As microbial iron oxidation products have been found to suitably serve as substrate for iron(III)-reducing bacteria (Emerson and Moyer, 1997; Straub and Buchholz-Cleven, 1998; Bloethe and Roden, 2009a), it is feasible that these oxidizing and reducing communities successfully support a sedimentary iron redox cycle. Their close physical proximity and co-existence in the redox zones of the sediment further supports the presence of a microbial iron redox cycle (Sobolev and Roden, 2002; Bruun et al., 2010), which has also evoked the formulation of a conceptual model for the spatial niche separation for iron metabolizers in the iron cycle (Schmidt et al., 2010). Furthermore, artificial Fe redox cycles in laboratory settings have been successfully achieved at neutral pH through co-cultures of Fe(III)-reducing and Fe(II)-oxidizing bacteria (Straub et al., 2004; Coby et al., 2011).

Neutrophilic nitrate-reducing Fe(II)-oxidizers have been found in high numbers in many freshwater lakes and sediments (Hauck et al., 2001; Muehe et al., 2009) and produce poorly crystalline Fe(III) hydroxides (ferrihydrite) or more crystalline Fe(III) oxyhydroxides (goethite, lepidocrocite) as their Fe(II) oxidation product (Straub et al., 2004; Kappler et al., 2005b; Larese-Casanova et al., 2010). Their metabolism adheres to the following stoichiometric equation: [image: yes] (Straub et al., 1996). Whilst the existence of autotrophic nitrate-reducing Fe(II)-oxidizers has been suggested, to date, a true autotrophic nitrate-reducing Fe(II)-oxidizer that can be successfully transferred without an organic co-substrate over many generations has not been isolated. The enrichment of a co-culture named KS has been achieved (Straub et al., 1996; Bloethe and Roden, 2009b) but so far, all pure nitrate-reducing Fe(II)-oxidizing isolates adhere to a mixotrophic metabolism, requiring the need of an organic co-substrate for Fe(II) oxidation (Straub et al., 1996; Kappler et al., 2005b; Muehe et al., 2009; Chakraborty et al., 2011). This metabolism is widespread within the denitrifying proteobacteria (Straub et al., 1996, 2004). In fact, addition of iron(II) to a denitrifying population enhances their cell growth, implying that iron(II) oxidation is truly a beneficial metabolism and Fe(III) is not simply a byproduct from another minor reaction mechanism (Muehe et al., 2009; Chakraborty et al., 2011). Moreover, in addition to Fe(II) oxidation, many denitrifying bacteria are also capable of switching to microaerophilic Fe(II) oxidation (Benz et al., 1998; Edwards et al., 2003). It is thus conceivable that although nitrate-reducing Fe(II) oxidation is an anaerobic metabolism, the organisms catalyzing this process may also be able to oxidize Fe(II) at oxygen levels up to 50 μM, like other known microaerophilic Fe(II)-oxidizers (Druschel et al., 2008).

Photosynthetic Fe(II) oxidation can only take place during daylight hours, as starlight and even a full moon fail to provide adequate light to support photosynthetic microbial growth (Raven and Cockell, 2006). During daylight hours, light has been shown to penetrate through sediment up until a depth of at least 5–6 mm (Kuehl et al., 1994). As well as being reflected by reflective particles, light is scavenged in the sediment, dramatically decreasing its intensity with depth toward an asymptotic value, posing a potential problem for photoferrotrophs living beneath the oxygen penetration depth (Kuehl et al., 1994). Nevertheless, photoferrotrophs are reasonably widespread in freshwater systems, having been found in freshwater lakes (Straub and Buchholz-Cleven, 1998), and isolated from numerous freshwater sediments (Widdel et al., 1993; Ehrenreich and Widdel, 1994; Heising et al., 1999). Photoferrotrophy is an anaerobic process which requires both light and bicarbonate: [image: yes] (Widdel et al., 1993). Thus, photoferrotrophs are most probably spatially restricted by the sedimentary chemocline, the light penetration depth and upward Fe(II) diffusion from the deeper sediment layers. Only dissolved ferrous iron is susceptible to phototrophic Fe(II) oxidation and the oxidation products are poorly crystalline Fe(III) oxides (Kappler and Newman, 2004). The genetic heritage of anoxygenic phototrophs has been traced back to the oldest photosynthetic lineage (Xiong et al., 2000), and photoferrotrophs are able to thrive in archaean ocean analogs (Crowe et al., 2008). Thus, it has been proposed that anoxygenic photoferrotrophy played a paramount role in the deposition of Precambrian banded iron formations (Konhauser et al., 2002; Kappler et al., 2005a; Crowe et al., 2008; Posth et al., 2008).

As both photoferrotrophic and nitrate-reducing Fe(II) oxidation are anaerobic metabolisms, the habitat of the microorganisms catalyzing these processes is likely to be restricted to the same top anoxic part of the sediment where incidentally the local geochemical gradients of Fe(II), oxygen, nitrate and sunlight provide optimal living conditions for both. This means that their growth, and co-existence, depends on their successful competition for reduced iron. Many previous studies focus either solely on one of the iron(II)-oxidizing processes (Straub and Buchholz-Cleven, 1998; Jiao et al., 2005; Muehe et al., 2009; Poulain and Newman, 2009) or on the co-existence of Fe(II)-oxidizers and Fe(III)-reducers in cycling systems (Straub et al., 2004; Coby et al., 2011). So far, the spatial distribution and positioning in relation to each other specifically of phototrophic and nitrate-reducing Fe(II)-oxidizers has not yet been studied. As their habitats probably overlap significantly, they are expected to exhibit fierce competition for Fe(II). However, the individual contributions of photoferrotrophs and nitrate-reducing Fe(II)-oxidizers to iron(II) oxidation, and hence their competition for ferrous iron has also not been previously studied. Therefore, the objectives of this study were firstly: to determine whether both phototrophic and nitrate-reducing anaerobic Fe(II)-oxidizing bacteria are present in the same sediment layer directly beneath the oxic-anoxic boundary, and secondly: what their individual contribution is to sedimentary Fe(III) formation. We also explored geochemical factors that could limit iron(II) oxidation by the two anaerobic Fe(II)-oxidizing groups, and how they compete with one another for ferrous iron. These experiments combine microbial and geochemical techniques to provide key information needed not only to determine the contribution of microbial activity to the overall iron oxidation budget and their spatial distribution, but also to define the role of geo-/photochemical iron conversion rates and its general importance in littoral freshwater lake sediment.

MATERIALS AND METHODS

SAMPLING SITE AND INITIAL SAMPLE TREATMENT

Littoral sediment and water samples were taken in February 2011 from Lake Constance, a freshwater lake in southern Germany, at a location in the north-western arm known as the Überlingersee, near the island of Mainau at 47°41′42.63′′N and 9°11′40.29′′E. The samples were transported to the laboratory at 4°C and the sediment was processed immediately for microelectrode analysis, most probable number (MPN) studies and microcosm incubations.

A high-resolution oxygen microelectrode profile was taken from an intact push-core immediately upon arrival in the laboratory (within 2 h of sampling during which time it was stored under darkness) with a Unisense Clark-type oxygen microelectrode with a tip diameter of 100 μm. The electrode was two-point calibrated in air-saturated water and anoxic water. The detection limit was 0.3 μmol·L−1. Measurements were taken with a micromanipulator at depth intervals of 500 μm.

The water content of littoral sediment was determined in triplicate by weighing portions of wet sediment, drying them for 4 days at 95°C, and subsequently determining the dry weight. Dried samples were pulverized to fine powder from which the percentage of iron by weight was determined using X-ray fluorescence analysis (XRF) employing a Bruker AXS S4 Pioneer X-ray fluorescence spectrometer. The dissolved organic carbon (DOC) and total inorganic carbon (TIC) content of the pore water were determined from a centrifuged portion of wet sediment, of which the supernatant was subsequently filtered with a 0.45 μm filter (mixed esters of cellulose nitrate and acetate membrane). DOC and TIC of the water overlying the surface of the sediment was determined from filtrated water (0.45 μm, mixed esters of cellulose nitrate and acetate membrane). Samples were then analyzed in a High TOC Elementar instrument. The aqueous ferrous iron concentration (μmoles·L−1) was measured from the pore water by the spectrophotometric ferrozine assay (Stookey, 1970) in a Flashscan 550 microplate reader, Analytik Jena AG, Germany with a 5% error.

SET-UP OF MICROCOSM INCUBATIONS

Lake water for the microcosm experiments was purged with N2 gas for 1 h and buffered with 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, with the exception of set-ups with bicarbonate amendment which were buffered with 10 mM bicarbonate buffer, and filtered sterilely (0.22 μm, mixed ester cellulose membrane) under a N2 atmosphere in a glovebox. The pH of the water was adjusted with sterile anoxic 1 M HCl to 7.20, which was the pH measured in the natural lake water before purging.

Hundred milliliter serum bottles were filled with 1 g of wet sediment and 50 mL lake water (natural water, not medium, to stay as close as possible to in situ conditions), sealed with a butyl rubber stopper and crimped. The headspace was replaced by N2/CO2 (90:10) gas. One set-up contained only pure sediment and water, whilst the other set-ups contained an amendment including: 4 mM [image: yes] or 10 mM Fe2+ or 10 mM Fe2+ and 10 mM [image: yes] Additionally, each set-up included a sterile set of duplicates by anoxic NaN3 addition (the final concentration was 160 mM). All microcosms were set-up in duplicate at 23°C, of which one set was incubated under constant light (True Light 15 W/5500 K) and the other in constant darkness, for 30 days. The light incubations facilitated both phototrophic and nitrate-reducing iron(II)-oxidizers whilst the dark incubation only permitted nitrate-reducing iron(II)-oxidizers to oxidize Fe(II). This allows a distinction between the two microbial anaerobic iron(II) oxidation processes.

ANALYSIS OF MICROCOSM INCUBATIONS

Two milliliters were sampled from each microcosm at each sampling point under a constant N2 atmosphere in an anoxic glovebox, without opening the bottles, with a sterile anoxic syringe and needle (inner diameter of 0.80 mm). These 2 mL samples were centrifuged for 5 min at 15.4 g. Part of the supernatant was stabilized in 1 M HCl and used for the spectrophotometric ferrozine assay (Stookey, 1970) to quantify dissolved Fe(II)/Fe(total) in μmoles·L−1 which was then recalculated to the absolute amount per microcosm; another part was frozen anoxically at −20°C and preserved for dissolved [image: yes] measurement by a flow injection analysis (FIA) system (3-QuAAtro, Bran&Lübbe, Norderstedt, Germany) which exhibited an error of 3.6·10−3 mol·N·L−1. The sediment pellet was further incubated anoxically for 1 h on a horizontal shaker at 150 rpm with 0.5 M HCl in order to extract the poorly crystalline Fe(II)/Fe(total) fraction, which was quantified from the supernatant by the spectrophotometric ferrozine assay (Stookey, 1970) in μmoles·L−1 which was then recalculated to the absolute amount per microcosm.

MOST PROBABLE NUMBER QUANTIFICATION OF Fe(II)-OXIDIZING MICROORGANISMS

The 3 mm sediment layer right below the oxic/anoxic boundary, defined by microelectrode measurements, was sampled under air using a subcore slicer (Gerhardt et al., 2005) and homogenized inside an anoxic glovebox. The subcore slicer allows sampling at a resolution of 1 mm by pushing the sediment out of the plexiglass core in 1-mm steps. From this homogenized wet sediment 1 mL was inoculated anoxically into a tube containing 9 mL of 22 mM bicarbonate buffered non-amended freshwater medium with a pH of 7.17 (modified from Hegler et al., 2008; Ehrenreich and Widdel, 1994 containing 0.6 g·L−1 KH2PO4, 0.3 g·L−1 NH3Cl, 0.5 g·L−1 MgSO4·H2O, 0.1 g·L−1 CaCl2·2H2O). From this a 10-fold dilution series into subsequent medium tubes was prepared anoxically (10−1 to 10−12) and inoculated into deep well plates containing medium targeting specifically: photoferrotrophic (22 mM bicarbonate buffered 10 mM Fe2+ (before filtration) filtered freshwater medium), mixotrophic nitrate-reducing iron-oxidizing (22 mM bicarbonate buffered freshwater medium with 10 mM Fe2+, 4 mM [image: yes] and 0.5 mM acetate) and autotrophic nitrate-reducing iron-oxidizing (22 mM bicarbonate buffered freshwater medium with 10 mM Fe2+ and 4 mM [image: yes]) bacterial groups. Deep well plates were incubated anoxically at 23°C for 8 weeks. Positive wells were significantly optically darker than negative wells. Results were analyzed using the KLEE software program (Klee, 1993). Three portions from the remaining sediment were weighed and dried for 4 days at 95°C and weighed again for pore water determination.

Fe(II) OXIDATION RATE CALCULATIONS

The maximum Fe(II) oxidation rates (νmax) in pure cultures were determined from different literature studies (Jiao et al., 2005; Hegler et al., 2008; Muehe et al., 2009) by subtracting the minimum Fe(II) concentration at the end of Fe(II) oxidation, from the maximum Fe(II) concentration, i.e., the concentration of iron before the initiation of Fe(II) oxidation, thus obtaining the total amount of Fe(II) that was oxidized [ΔFe(II)]. This was divided by the number of days during which maximum Fe(II) oxidation took place (Δt) and then further divided by the number of cells present at the inflection point of maximum Fe(II) oxidation:
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The maximum Fe(II) oxidation rates per cell in the microcosm studies were determined by dividing the fastest initial Fe(II) oxidation rate by the cell numbers determined from the MPN studies. The number of cells present at the inflection point were not determined, thus for simplicity the MPN values of the cell numbers in the original sediment were used, probably slightly overestimating the oxidation rate per cell at the inflection point.
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RESULTS

SEDIMENT CHARACTERISTICS

Lake Constance littoral sediment was of a sandy nature without any coarse clumps or large organic material. The DOC content of the water overlying the sediment was 0.15 mM, and the TIC content was 2.45 mM. The pore water content of the sediment at a depth of 6–9 mm was 41% and had a circumneutral pH ranging between 7.17–7.20. The DOC of the pore water was 0.39 mM and the TIC was 6.26 mM. The dissolved nitrate concentration in the pore water was 0.10 μM, and the nitrite concentration was 0.056 μM. The total iron content of the dry weight sediment was 1.19%, as measured by XRF. The sediment pore water contained 9.8 μM Fe(II). A summary of all the measured geochemical parameters of the sediment can be found in Table 1.

Table 1. Geochemical parameters of littoral Lake Constance sediment (6–9 mm).
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MICROSENSOR OXYGEN PROFILE AND THE DISTRIBUTION OF Fe(II)-OXIDIZING MICROORGANISMS

The oxygen distribution in the top 6 mm of the littoral Lake Constance sediment showed a stepwise decrease in 2 mm increments until it reached the maximum penetration depth at 6 mm (Figure 1A). As anaerobic iron(II)-oxidizing bacteria depend on anoxic conditions, their habitat may be restricted by the overlaying oxygen boundary zone. Therefore, the 3 mm of sediment directly beneath the oxygen penetration depth was inoculated in a MPN study. We found that both nitrate-reducing iron(II)-oxidizers and photoferrotrophs were present in the same 3 mm segment of anoxic sediment (Figure 1B). The photoferrotrophs were slightly more abundant than the nitrate-reducing iron(II)-oxidizers at 2.0·105 cells·mL−1 sediment. As the sediment had a pore water concentration of 41% (Table 1), this cell number corresponds to 3.4·105 cells·g−1 dry weight sediment. The mixotrophic nitrate-reducing iron(II)-oxidizers were slightly more abundant than the autotrophic nitrate-reducing iron(II)-oxidizers at 2.7·104 and 1.9·104 cells·mL−1, respectively, which corresponds to 4.5·104 and 1.8·104 cells·g−1 dry weight sediment.
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Figure 1. Anaerobic Fe(II)-oxidizing bacteria were quantified beneath the oxic-anoxic boundary zone in littoral Lake Constance sediments. (A) An oxygen microelectrode profile indicating the oxygen penetration depth in the littoral sediment. (B) Most probable number (MPN) study quantifying phototrophic and nitrate-reducing Fe(II)-oxidizers in the anoxic part of the littoral sediment. Total bacterial cells were quantified by qPCR (Rahalkar et al., 2009).



MICROBIAL Fe(II) OXIDATION IN LITTORAL LAKE CONSTANCE SEDIMENT

No detectable iron(II) oxidation took place in non-amended sediment microcosms incubated in the dark, neither in the microbially active nor in the sterilized set-up (Figure 2A). However, when the same set-up was incubated under light conditions, instant oxidation occurred in non-sterile microcosms with an initial oxidation rate of 5.4·10−6 μmol Fe(II)/cell·day−1 which leveled off after approximately 8 days (Figure 2B). Sterile set-ups with light did not exhibit significant Fe(II) oxidation. When nitrate was added to the non-sterile sediment followed by incubation in the dark, iron(II) oxidation occurred after 8 days of incubation and ceased after around the 12th day of incubation (Figure 2C). The maximum iron(II) oxidation rate in these set-ups between days 8 and 12 was 7.1·10−6 μmol Fe(II)/cell·day−1. Nitrate addition to the sediment and incubation under light conditions resulted in an instant onset of Fe(II) oxidation at a rate of 3.7·10−6 μmol Fe(II)/cell·day−1 which plateaued after approximately 8 days (Figure 2D). Fe(II) oxidation in dark microcosms with addition of Fe(II) or Fe(II) and bicarbonate (but without nitrate addition) resulted in no significant Fe(II) oxidation in neither the microbially active nor in the sterilized set-up (Figures 3A,B). In light set-ups amended exclusively with ferrous iron, the initial Fe(II)-oxidation rate and extent were practically equivalent to that amended with ferrous iron and supplementary bicarbonate addition (Figure 3C).
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Figure 2. Poorly crystalline Fe(III) formation in microcosm incubations (y-axis shows total Fe(III) content per microcosm set-up) over a period of 33 days in dark and light set-ups at 23°C. Closed circles ([image: yes]) represent biotic set-ups whilst open circles ([image: yes]) signify sterile set-ups (160 mM NaN3 addition). (A) Non-amended sediment incubated in the dark, (B) Non-amended sediment incubated in the light. (C) 4 mM nitrate amended sediment incubated in the dark, (D) 4 mM nitrate amended sediment incubated in the light. The dashed and solid lines indicate modeled trendlines. Error bars indicate minimum and maximum Fe(III) values from duplicates.
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Figure 3. Poorly crystalline Fe(III) formation in microcosm incubations (y-axis shows total Fe(III) content per microcosm set-up) over a period of 4 days at 23°C. Closed circles ([image: yes]) represent biotic set-ups with 10 mM Fe(II) amendment whilst open circles ([image: yes]) represent parallel sterile set-ups (160 mM NaN3 addition) with the same amendment. Closed triangles ([image: yes]) represent biotic set-ups with 10 mM Fe(II) and 10 mM [image: image] amendment and open triangles ([image: yes]) represent parallel sterile set-ups (160 mM NaN3 addition) with the same amendments. (A) Comparison of microbially active dark set-up of solely Fe(II) amendment with Fe(II) and supplementary [image: image] amendments. (B) Comparison of sterile dark set-up of solely Fe(II) amendment with Fe(II) and supplementary [image: image] amendments. (C) Comparison of microbially active and sterile light set-ups of solely Fe(II) amendment with Fe(II) and supplementary [image: image] amendments. Error bars indicate minimum and maximum Fe(III) values from duplicates.



MAXIMUM Fe(II) OXIDATION RATES CALCULATED FROM PURE CULTURES AND MICROCOSMS

Several growth experiments in the literature with different pure culture strains were investigated to calculate the maximum Fe(II) oxidation rate of several pure strains of anaerobic Fe(II)-oxidizers. Strain BoFeN1 is a nitrate-reducing Fe(II)-oxidizing β-proteobacterium from the Acidovorax genus isolated from littoral Lake Constance sediment (Kappler et al., 2005b). Growth experiments with this strain in which cell numbers and Fe(II) concentration were monitored over time (Muehe et al., 2009) provided data that allowed the maximum rate calculation for this species. Two individual photoferrotrophic strains were investigated for their maximum iron oxidation rate. The first was isolated from School Street Marsh in Woods Hole Massachusetts; Rhodopseudomonas palustris, or strain TIE-1 (Jiao et al., 2005). The second, Rhodobacter ferrooxidans sp. SW2 (Ehrenreich and Widdel, 1994) was isolated from a pond near Hanover, Germany. Growth experiments with this strain (Hegler et al., 2008) allowed the rate calculations to be made. The results are summarized in Table 2 and show an Fe(II) oxidation rate of 1.0·10−8 μmol Fe(II)/cell·day−1 for the nitrate-reducing Fe(II)-oxidizing strain BoFeN1 and 4.4·10−10 and 6.6·10−9 μmol Fe(II)/cell·day−1 for the photoferrotrophs SW2 and TIE-1, respectively.

Table 2. Maximum Fe(II) oxidation rates per cell measured in pure cultures and in littoral freshwater lake sediment from microcosm experiments.
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DISCUSSION

SPATIAL DISTRIBUTION OF ANAEROBIC Fe(II)-OXIDIZERS IN FRESHWATER LAKE SEDIMENT

In the littoral zone, where water levels fluctuate according to waves and wind shearing, the top layer of the sediment is subjected to irregular mechanical mixing and light irradiation (Chubarenko et al., 2003). This causes the oxygen penetration depth to vary according to these external forces exerted on the sediment and overlying water (Gerhardt et al., 2005). The oxygen penetration depth is also influenced by the ambient temperature, as the dissolution of oxygen in pore water is facilitated at lower temperatures. Additionally, phototrophic oxygen production causes day/night fluctuations to the littoral oxygen penetration depth (Gerhardt et al., 2005) and to the nitrate-reducing redox zone (Gerhardt et al., 2010). As ferrous iron is readily oxidized to ferric iron by molecular oxygen (Davison and Seed, 1983), the variable intensity of the oxygen concentration indubitably causes a variation in the ferrous iron concentration, which diffuses upward from deeper sediment layers. During daylight hours, light has been shown to penetrate through sediment up unto a depth of at least 5–6 mm (Kuehl et al., 1994). However, the sediment investigated in that study exhibited a grain size toward the lower range of that of the Lake Constance sediment. As light penetration depends on the grain size, it is conceivable that light could reach a depth beyond 6 mm in Lake Constance littoral sediment. This is confirmed by the observation that light exposure of the Lake Constance littoral sediment causes an increase in ferrous iron oxidation up until an approximate depth of 7.5 mm (Gerhardt et al., 2005). Thus, the light penetration depth intersects both the oxic and the denitrification zone. In this case, the denitrification zone provides ideal conditions for both anaerobic photoferrotrophs and nitrate-reducing iron-oxidizing bacteria. Indeed, the geochemical oxygen profile in combination with the MPN data in a littoral sediment core clearly demonstrated that the photoferrotrophic and nitrate-reducing Fe(II)-oxidizers co-exist below the sedimentary chemocline in the topmost anoxic segment of the sediment (Figure 1). Although this method is restricted in the sense that it cannot directly assess their activity, their presence is an indication that they could be active in this sediment layer. Sharing a habitat poses some serious constraints on their shared substrate requirement and creates a situation where the potential exists for these two groups of bacteria to individually adapt to compete for the limited ferrous iron supply. Considering the variability of the oxygen penetration depth in littoral lake sediment, the microbes catalyzing these anaerobic processes must have developed a way to overcome the spatial changeability of their anoxic habitat beneath the sedimentary chemocline. This can mean a number of things, for instance they could be more tolerant to oxygen than previously considered and possibly even switch to a metabolism that employs O2 as electron acceptor, or have developed a way to move together with the oxygen penetration depth, thus avoiding exposure to oxygen.

Abundance of anaerobic Fe(II)-oxidizing bacteria

Phototrophic Fe(II)-oxidizing bacteria have not previously been enumerated in freshwater lake sediments at circumneutral pH. There are many variables that could influence the degree of photoferrotrophic abundance, such as Fe(II) supply and light irradiation. Previously published data only include an MPN study of Fe(II)-oxidizing phototrophic bacteria in a freshwater town ditch and a freshwater pond. They report numbers between 1.1·102 and 3.9·103 cells·g−1 dry weight sediment (Straub and Buchholz-Cleven, 1998), which are lower than the results from this study (Figure 1) by approximately two orders of magnitude. An explanation for this discrepancy could simply be that Lake Constance is a more suitable environment for the photoferrotrophs to thrive in, since it is a more stable environment than the small ditch or pond investigated in the other studies and therefore allows the photoferrotrophs to establish themselves more successfully.

Multiple studies have been conducted on quantifying nitrate-reducing Fe(II)-oxidizing bacteria in environmental samples (Straub and Buchholz-Cleven, 1998; Hauck et al., 2001; Weber et al., 2006a; Muehe et al., 2009). In Lake Constance, their abundance was quantified in both profundal (1.0·104–5.8·105 cells/mL; Hauck et al., 2001) and littoral sediment (at 5 mm depth; 8·103 cells/mL; Muehe et al., 2009). In the current study we counted 2.7·104 cells/mL which lies neatly within range of the previous studies.

Thus, though the littoral Lake Constance photoferrotrophic abundance is slightly higher than measured in previous studies of other environments, nitrate-reducing Fe(II)-oxidizing microorganisms fall within the range of previously quantified cell numbers. To our knowledge, this is the first study which has detected and quantified both groups of bacterial iron oxidation metabolisms in the same sediment layer.

LIMITATIONS OF ANAEROBIC Fe(II) OXIDATION IN ANOXIC SEDIMENTS

Phototrophic and nitrate-reducing Fe(II)-oxidizing microorganisms have been formerly studied and cultured in pure cultures (Ehrenreich and Widdel, 1994; Muehe et al., 2009) and enrichments (Straub and Buchholz-Cleven, 1998) but their collective in situ behavior has not previously been monitored in the context of microcosms. Microcosm studies are well suited to investigate substrate limitations imposed on Fe(II)-oxidizers and thereby the environmental competition pressure for their substrate requirements which control the abundance and activity of the different groups of Fe(II)-oxidizers. Such studies have so far not yet been performed for Fe(II)-oxidizers. Consequently, there is little known about the limitations the natural environment imposes on their habitat and diet.

Nitrate limitations

The DOC and aqueous Fe(II) concentration in the pore water of littoral Lake Constance sediment (Table 1) were used to calculate their electron donating capacity, and thus the amount of nitrate that could in theory be reduced. Following this, conclusions were drawn on the excess or limitation of nitrate in the natural sediment assuming the following equation applies to all nitrate-reducing iron(II)-oxidizing bacteria:
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The measured dissolved ferrous iron concentration in the pore water of the sediment was 9.8 μM (Table 1). As 10 mol of iron can reduce 2 mol of nitrate, this amount of iron can reduce 1.96 μM nitrate in the sediment. Additional to Fe(II) oxidation, heterotrophic denitrification is a common process in sedimentary systems which adheres to the following equation:
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A concentration of 0.39 mM DOC (Table 1) was measured in the pore water of the lake sediment. As each carbon atom in organic matter/biomass has the capacity to donate approximately four electrons in reduction reactions, the DOC has a theoretical electron donating capacity of 1.56 mM electrons. These electrons can reduce 0.31 mM nitrate to dinitrogen through the process of denitrification. Adding the amount of nitrate that can be reduced through Fe(II) oxidation and denitrification, 1.96·10−3 + 0.31 mM respectively, a total amount of 3.12·10−1 mM nitrate could be reduced. As the dissolved nitrate concentration in the sediment pore water is 0.1 μM (Table 1), this suggests that the littoral Lake Constance sediment is severely nitrate limited. Considering that probably only a fraction of the DOC is bioavailable, the more than 100-fold excess of electrons from DOC compared to electrons available from Fe(II) suggests that the reduction of nitrate using electrons from organic matter oxidation is more important in this environment than the oxidation of Fe(II) coupled to nitrate reduction.

If the sediment is indeed limited in nitrate, the metabolism of the nitrate-reducing Fe(II)-oxidizers might be compromised, which would mean they might not be able to optimally oxidize ferrous iron in natural non-amended sediment. In fact, natural sediment incubated in the dark did not reveal any detectable Fe(II) oxidation over time (Figure 2A), however, when the sediment was amended with 4 mM nitrate the cells did start to oxidize iron, but only after a lag-phase period of 8 days (Figure 2C). This lack of oxidation in absence of supplementary nitrate addition endorses the hypothesis that the sediment is nitrate limited, as predicted from the previous calculations. This gives phototrophic Fe(II)-oxidizers a substantial advantage during daylight hours, as adding light to natural sediment evoked an immediate instigation of microbial Fe(II) oxidation (Figure 2B).

It has previously been reported that most nitrate-reducing Fe(II)-oxidizers are capable of pure denitrification (Straub et al., 1996, 2004; Muehe et al., 2009), utilizing organic carbon as electron donor. It is possible that the nitrate-reducing Fe(II)-oxidizers employ this system of denitrification in non-amended sediment, thus explaining the lack of Fe(II) oxidation (Figure 2A). In nitrate amended sediment microcosms incubated under darkness, Fe(II) oxidation was only initiated after an 8 day lag-phase (Figure 2C). This suggests that initially denitrification is coupled to the oxidation of organic matter before switching to the oxidation of ferrous iron. It has been shown that the model nitrate-reducing Fe(II)-oxidizing strain BoFeN1 oxidizes acetate before it utilizes ferrous iron (Kappler et al., 2005b; Chakraborty et al., 2011). When coupling this observation to the results from this study, this suggests that the reduction of nitrate is controlled by a sequential depletion of preferential substrates led by the oxidation of DOC. Furthermore, DOC may be harvested from the environment and stored in internal storage compartments for use during periods of substrate limitation. Such storage compartments have recently been described in the cytoplasm of model organism BoFeN1 (Miot et al., 2011).

Though mixotrophic iron(II)-oxidizers are known to favor a denitrifying metabolism which couples nitrate reduction to organic matter oxidation, addition of ferrous iron to their environment increases their growth yield (Muehe et al., 2009; Chakraborty et al., 2011), thus making mixotrophic iron(II) oxidation a beneficial lifestyle. Apart from mixotrophic iron(II) oxidation, it has been suggested that autotrophic iron(II) oxidation may also be a feasible metabolism. So far, only an autotrophic nitrate-reducing Fe(II)-oxidizing co-culture has been successfully enriched (Straub et al., 1996; Bloethe and Roden, 2009b) and an isolate is yet to be obtained. As these autotrophic Fe(II)-oxidizers do not require an organic co-substrate for Fe(II)-oxidation, they theoretically should be able to initiate Fe(II) oxidation immediately upon incubation for their growth and survival in nitrate amended sediment (Figure 2C). As this did not occur and an isolate has so far not yet been attained and cultured for several generations, this begs the question whether they truly play a significant role in Fe(II) oxidation at all.

Additionally to being capable of denitrification, some nitrate-reducing Fe(II)-oxidizing strains are also capable of switching to a microaerophilic metabolism (Benz et al., 1998; Edwards et al., 2003). Though it is still speculative, it is feasible that the nitrate-reducing Fe(II)-oxidizing bacteria in littoral lake sediments are able to adapt to a microaerophilic Fe(II) oxidation metabolism during daylight hours in order to successfully compete with the phototrophic Fe(II)-oxidizers for ferrous iron. However, as the microcosm incubation experiments in our study were set-up anoxically, microaerophilic Fe(II) oxidation could not occur. Studying the competition between microaerophilic, nitrate-reducing, and phototrophic Fe(II)-oxidizers in a stratified system during the day-night cycle will be an interesting topic of research in future studies.

The capability to switch to an alternative metabolism is also known for other strains instrumental to the Fe cycle. For instance, Geobacter strains are capable of switching between nitrate-reducing Fe(II) oxidation and Fe(III) reduction (Weber et al., 2006b; Coby et al., 2011) though a lag-phase resulting from the necessity to synthesize proteins for an alternative metabolism has not yet been described in Fe(II)-oxidizing bacteria and it is hitherto unknown if and how this lag-phase manifests itself in the natural environment. The ability to switch between metabolisms may be more widespread and more frequently engaged than previously thought, to maintain a dynamic Fe cycle in environments subjected to constantly changing geochemical parameters.

Co-substrate limitations

Many nitrate-reducing Fe(II)-oxidizers require an organic co-substrate to maintain optimum iron(II) oxidation rates and for continuous growth over several generations (Straub et al., 1996). Many growth experiments necessitate acetate addition to Fe(II) saturated systems ranging between 0.5 and 2.0 mM acetate per 4–8 mM Fe(II) (Straub et al., 1996, 2004; Kappler et al., 2005b; Muehe et al., 2009). The littoral Lake Constance sediments contain 0.39 mM DOC and 9.8 μM Fe(II) (Table 1). Hence, the sediment contains more organic carbon than Fe(II), which means nitrate-reducing Fe(II)-oxidizing bacteria are most probably not limited in the availability of an organic co-substrate required for Fe(II) oxidation. Consequentially, there is no objection for denitrification to be coupled to organic carbon oxidation which explains why there is a lack of Fe(II) oxidation in non-amended sediments incubated under darkness (Figure 2A) and why there is an initial lag-phase before Fe(II) oxidation in dark nitrate amended sediments (Figure 2C). Photoferrotrophs do not require an organic co-substrate since they use CO2 as electron acceptor, therefore they would not be affected by an organic carbon limitation.

Bicarbonate limitations

To investigate whether phototrophic Fe(II)-oxidizers are subjected to inorganic carbon limitations, set-ups containing either only 10 mM ferrous iron, or 10 mM ferrous iron and 10 mM bicarbonate amendments were set-up (Figure 3). Using the TIC concentration measured in the pore water (Table 1) the amount of bicarbonate in the sediments could be estimated to be 6.26 mM. This means that the bicarbonate amended sediments contain roughly three times more bicarbonate than the non-amended sediments. In light set-ups containing ferrous iron amendment, the Fe(II) oxidation extent was independent from bicarbonate addition. This suggests that photoferrotrophic Fe(II) oxidation is not restricted by the supply of bicarbonate in the sediments, which further suggests that as soon as there is Fe(II) and light available, phototrophic Fe(II) oxidation will commence immediately, giving them a seemingly unprecedented advantage over the nitrate-reducing iron(II)-oxidizers. Consequently, phototrophic iron oxidation may be of paramount importance to the iron cycle in these littoral freshwater sediments.

THE POTENTIAL FOR COMPETITION BETWEEN NITRATE-REDUCING AND PHOTOTROPHIC Fe(II)-OXIDIZERS

By quantifying the Fe(II) oxidation rate per cell per day from pure culture studies and environmentally relevant microcosms, the relative contribution efficiency of the two different metabolic groups of anaerobic Fe(II)-oxidizing bacteria to overall environmental Fe(III) formation could be assessed. Additionally, by comparing these oxidation rates and extent of Fe(III) formation, conclusions on the competition between these two co-existing groups could be evaluated, which has hitherto remained an un-investigated research topic.

Maximum Fe(II) oxidation rates

It can be expected that the Fe(II) oxidation rate attained by bacteria cultivated in pure cultures is higher than the rate obtained in environmental systems. In a controlled and optimized laboratory setting they have unlimited access to the nutrients and living space they require to thrive. However, the maximum Fe(II) oxidation rates calculated from pure culture studies were significantly lower, by two to four orders of magnitude, than those observed in the microcosms with littoral sediments (Table 2). This may be due to an underestimation of the environmental cell numbers owing to limitations affiliated with the MPN method (Cochran, 1950). As a consequence, the Fe(II) oxidation rate would have been calculated with too few cells, thus obtaining a higher Fe(II)-oxidation rate per cell than is actually achieved. Also, the broader microbial community in the sediment may have a beneficial effect on the Fe(II) oxidation rates which cannot be obtained by a pure culture; as the littoral sediment has a pore water concentration of 41% (Table 1), it is conceivable that the cells may achieve interspecies communication networks via quorum sensing. The sediments contain mixed interspecies colonies and biofilms of associated microbes that can interact and thus potentially lead to higher Fe(II) oxidation rates than single species can obtain in pure cultures. Moreover, the natural sediment may provide additional micronutrients and vitamins that are central to their growth and survival that are not mimicked in the artificial medium in laboratory experiments with pure cultures. Overall, the nitrate-reducing Fe(II)-oxidizing bacteria seem to exhibit a faster oxidation rate than the photoferrotrophic bacteria in both the pure cultures and the microcosms (Table 2).

Competition dynamics

Assuming that the light set-up with the original sediment specifically selects the phototrophic Fe(II)-oxidizers (Figure 2B), whilst the nitrate amended dark sediment set-up solely selects the nitrate-reducing Fe(II)-oxidizers (Figure 2C), the two curves, modeled based on trendlines, in these separate set-ups exclusively represent these particular anaerobic Fe(II)-oxidizing groups. The set-up that contains both light and nitrate hosts a combination of both the phototrophic and nitrate-reducing Fe(II)-oxidizing groups (Figure 2D). Thus, the superposition of the modeled iron(II) oxidation curves from each individual bacterial group on the Fe(II) oxidation in this particular coupled set-up allows us to draw conclusions on the contribution of each group to the total iron(III) formation (Figure 4). This overlay of the separate roles anaerobic phototrophic and nitrate-reducing Fe(II)-oxidizing bacteria play in Fe(III) formation, shows that the phototrophic model corresponds closely to the Fe(III) formation over time when both processes can simultaneously take place. The Fe(II) oxidation capacity of the photoferrotrophic microorganisms in littoral freshwater lake sediment is 1.08 μmol Fe(II) per day. This could be calculated from the photoferrotrophic Fe(II) oxidation rate in littoral sediments (Table 2), and the number of photoferrotrophs in the sediment (Figure 1). As the Fe(II) concentration in the sediment is 9.8 μM (Table 1), the photoferrotrophs will deplete the dissolved Fe(II) supply in the sediment within 1 day. Set-ups containing 10 mM Fe(II) as well as 4 mM supplementary nitrate exhibited the same 8 day lag-phase before initiating Fe(II) oxidation in dark set-ups (data not shown), and they demonstrated the same instant photoferrotrophic Fe(II) oxidation trend as in sediments only containing additional nitrate in light set-ups. This suggests that independent from the supply of Fe(II) from deeper sediment layers and dissolution of Fe(II)-minerals, even though nitrate-reducing Fe(II)-oxidizing bacteria can start actively respiring iron after 8 days, there will not be sufficient Fe(II) left for them to respire as the photoferrotrophs will have depleted the Fe(II) supply by then. So even though nitrate-reducing Fe(II)-oxidizers are able to oxidize iron at a higher rate than their phototrophic competitors (Table 2), they are still outcompeted during optimal light and temperature conditions due to substrate limitation. However, even though it is feasible that they should compete with one another for ferrous iron, denitrifiers essentially favor the available organic carbon as electron donor before switching to Fe(II) oxidation. Therefore, they do not necessarily need to compete with the photoferrotrophs for ferrous iron, because they can also survive on organic carbon. This suggests that the dynamics of nitrate dependent Fe(II) oxidation, at least in this sediment, are likely regulated by the relative availability of organic matter rather than by the competition with photoferrotrophs for ferrous iron.
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Figure 4. Superposition of poorly crystalline Fe(III) formation (y-axis shows total Fe(III) content per microcosm set-up) in littoral lake sediments by photoferrotrophs ([image: yes]) and nitrate-reducing Fe(II)-oxidizing bacteria ([image: yes]) onto measured poorly crystalline Fe(III) formation ([image: yes]) in 4 mM nitrate amended sediments incubated under constant light at 23°C. Error bars indicate minimum and maximum Fe(III) values from duplicates.



Day-night cycle

Despite the fact that nitrate-reducing Fe(II)-oxidizers are outcompeted by photoferrotrophs during optimum light conditions, and the nitrate-reducers are limited in nitrate, they are still both found in the upper anoxic sediment layer. Although presence does not necessarily indicate activity, it provides an indication that they could be active, in which case they must have developed a mechanism to cope with the substrate limitations they are subjected to. One possibility is that they are able to co-exist due to the occurrence of the day-night cycle. The oxygen penetration depth in the sediments is heavily influenced by light (Gerhardt et al., 2005), thus the upper anoxic sediment layer shifts according to a day-night rhythm. Additionally, the photoferrotrophs are not able to oxidize ferrous iron at night, simply due to the lack of light. Furthermore, the light penetration depth of the incident light must penetrate beyond the oxygen penetration depth for the anaerobic photoferrotrophs to harvest the light for energy, which has previously been shown to occur in similar sediments (Kuehl et al., 1994). When cloud cover and twilight prevent maximum light irradiation, the photoferrotrophs could possibly survive by converting to chemoheterotrophic growth when organics are present in excess, which has been reported to be possible for at least one photoferrotrophic strain (Jiao et al., 2005). This provides nitrate-reducing Fe(II)-oxidizers with the upper hand, as they have the opportunity to utilize all the available Fe(II) after they have consumed the bioavailable carbon, provided this period of heterotrophic nitrate reduction does not take longer than the night and that they are not limited in nitrate. When the sun comes up, the photoferrotrophs immediately take over the dominant role in Fe(II) oxidation. As many nitrate-reducing Fe(II) oxidizers are able to switch to a pure denitrifying metabolism (Straub et al., 1996, 2004; Muehe et al., 2009) this leaves the nitrate-reducing Fe(II)-oxidizers to survive on pure denitrification, as long as organic matter and nitrate are simultaneously available. This means that although there is potential for the two Fe(II)-oxidizing groups to directly compete for ferrous iron during optimal light conditions, they are prevented from doing so because their functions are not separated in space as in conventional niche separation, but in time by the day-night cycle. This means that they still fulfill the same function: oxidizing reduced iron(II) beneath the sedimentary oxic-anoxic interface, but the photoferrotrophs perform this function exclusively during the day, whilst nitrate-reducing Fe(II)-oxidizers mostly have the opportunity to execute this at night. Alternatively, the nitrate-reducing Fe(II)-oxidizing bacteria may compete with the photoferrotrophs during daylight hours by adopting a microaerophilic Fe(II)-oxidizing metabolism once they have exhausted the organic carbon and nitrate supply. By eliminating their nitrate requirement this would allow them to overcome the nitrate limitation imposed on their habitat, thus increasing the probability of success when directly competing with the photoferrotrophs for reduced iron.

When considering all scenarios, a niche separation in time rather than space and the switching from a nitrate-reducing Fe(II)-oxidizing metabolism to a microaerophilic one and the substrate limitations to which the sediment is subjected and combining them altogether, we can speculate on the distribution of the different metabolisms by the two Fe(II)-oxidizing groups of bacteria during daylight and night-time hours (Figure 5). Photoferrotrophs outcompete the nitrate-reducing Fe(II)-oxidizers during daylight hours (Figure 4). Therefore, it is conceivable that the nitrate-reducing Fe(II)-oxidizers abandon this unfruitful method of energy sequestration for either denitrification or microaerophilia. However, as the sediments are severely limited in nitrate (Table 1), it is unlikely that denitrification based on either organic carbon or Fe(II) oxidation will provide sufficient energy to sustain a bacterial population. Therefore, it is more likely that they are able to compete with photoferrotrophs for Fe(II) by using oxygen as electron acceptor in a microaerophilic metabolism. At night photoferrotrophic bacteria are unable to metabolize using a photosynthetic based energy source and the oxygen penetration depth lies nearer to the surface in the sediments. The shallowing of the oxygen penetration depth causes an upward shift in all the subsequent redox zones. Therefore, the denitrification zone essentially migrates into what was previously the micro-oxic zone (Gerhardt et al., 2010). This provides nitrate to the microaerophilic bacteria, and deprives them of oxygen, providing them with the option to switch back to a nitrate-reducing Fe(II)-oxidizing metabolism as they no longer suffer competition pressure from the photoferrotrophs for ferrous iron. Nevertheless, if they are able to harbor motility, it is also possible for them to maintain microaerophilic Fe(II) oxidation as there is still oxygen present in the sediment at night, albeit less and higher up in the sediment than during the day. During the night the photoferrotrophs will probably switch to a chemoheterotrophic metabolism due to the lack of light, requiring organic carbon as substrate. Denitrification coupled to organic carbon oxidation then becomes an unfavorable option for the nitrate-reducing Fe(II)-oxidizers as they would need to compete for organic carbon with the photoferrotrophs. When the sun comes up, the photoferrotrophs are immediately able to oxidize any Fe(II) present (Figure 2B) and other oxygen-producing phototrophic processes are able to proceed, deepening the oxygen penetration depth. This exposes the nitrate-reducing Fe(II)-oxidizers to substrate competitors and oxygen, forcing them to switch back to a microaerophilic metabolism in order to sustain Fe(II)-based growth. Moreover, as the daytime microaerophilic oxidation zone during the day coincides with that of nitrate reduction during the night (Figure 5) due to the shifting redox zones, it would be unnecessary for the bacteria to physically move to a different redox zone if they switch their anaerobic metabolism to a microaerophilic one. In fact, bacteria are unable to swim great distances due to buffeting by Brownian motion and their motion path is not straight but curved resulting from a rotating flagellum (Armitage, 1999), reinforcing the hypothesis that switching between metabolisms is a feasible option. Alternatively, they can adopt a denitrifying metabolism, oxidizing organic carbon. This implies that not only their niche for Fe(II) oxidation is organized in a day-night rhythm, their metabolisms are staggered to alternate between organic carbon and ferrous iron oxidation as a strategy to overcome direct competition pressure. Hence, our results suggest that the two iron(II) oxidation processes indeed probably do not need to compete directly with each other, as they are temporally separated by the day-night cycle and due to the fact that the nitrate-reducers preferentially use organic carbon before Fe(II) as their electron donor.
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Figure 5. Schematic diagram illustrating the shifting distribution of Fe(II)-oxidizing metabolisms (i.e., varying electron acceptors for ferrous iron oxidation) and the typical depth distribution of oxygen, nitrate, and light during the day/night cycle in littoral freshwater lake sediments. Sediment depth is typically on a mm scale. During the daytime there are three possible Fe(II)-oxidizing metabolisms active in the sediment column: microaerophiles, photoferrotrophs, and nitrate-reducing Fe(II)-oxidizing bacteria. During the night, Fe(II) can only be oxidized through microaerophilic and nitrate-reducing Fe(II) oxidation.



Seasonal dynamics

If these two metabolic groups of anaerobic Fe(II)-oxidizers indeed rely on the day-night cycle, then they are also influenced by seasonal oscillations which create longer days as summer progresses, and shorter ones as the winter comes around. Additionally, the light intensity affects the primary productivity of the overall sedimentary microbial community (Overmann and Tilzer, 1989). Previous studies have reported that the ferrous iron concentration also varied throughout the year, being lowest in winter and highest at the end of the summer (Gerhardt et al., 2005). Moreover, Lake Constance hosts an annual spring phytoplankton bloom which generates a large influx of organic carbon into the sediments (Peeters et al., 2007), possibly facilitating the nitrate-reducing Fe(II)-oxidizing communities in the sediments by blocking direct sunlight in the water column, and providing organic co-substrates to the sediment. Another central variable is temperature, which not only affects biotic activity, but also geochemical parameters such as the solubility of oxygen. It has been reported that photoferrotrophic cultures of KoFox and SW2 are able to oxidize ferrous iron over a wide temperature scale ranging from 5°C to 30°C, with their optimum lying around the 25°C (Hegler et al., 2008). This suggests that they might be able to oxidize iron more efficiently during summer when the temperature is higher. As the sediment used in the present study was sampled in winter, it is conceivable that the nitrate and carbon limitations may only be of significant importance during winter. The fact that the variables affecting substrate availability for anaerobic Fe(II) oxidation are controlled by seasonal forcing suggests that seasonal dynamics may play a large role in the co-existence of the microorganisms catalyzing these processes.

CONCLUSION

Anaerobic nitrate-reducing Fe(II)-oxidizers and photoferrotrophs co-exist in littoral freshwater lake sediments in the topmost anoxic sediment layer directly below the oxygen penetration depth. They share a common ferrous iron substrate requirement that is only present in limited supply, thus creating a situation in which they ought to compete for Fe(II). However, the results showed that this is not necessarily the case and their ability to co-exist may be attributed to the day-night cycle. Lake Constance’s littoral sediments are limited in nitrate, which poses a challenge for nitrate-reducing iron(II)-oxidizing bacteria. Nevertheless, nitrate-reducing Fe(II)-oxidizers exhibit a faster Fe(II) oxidation rate both in pure cultures and in the environmental systems (microcosms) than photoferrotrophs. However, during optimal light and substrate conditions they are outcompeted by photoferrotrophic bacteria. Thus, their co-existence may be possible due to a niche separation in time by the day-night cycle, where nitrate-reducing Fe(II)-oxidizers oxidize ferrous iron during darkness and phototrophs play a dominant role in ferrous iron oxidation during daylight. Furthermore, metabolic flexibility of Fe(II)-oxidizing microbes may play a paramount role in the conservation of the sedimentary iron cycle, as the dynamics of nitrate dependent Fe(II) oxidation, at least in this sediment, are likely regulated by the relative availability of organic matter rather than by the competition with photoferrotrophs for ferrous iron.

Many open questions remain that invite the opportunity to explore the previously un-investigated co-existence of these two groups of anaerobic Fe(II)-oxidizers. Future studies will monitor nitrate fluctuations in the sediments and elucidate the role of microaerophilic Fe(II) oxidation in the sedimentary Fe(II) acquisition simultaneous with photoferrotrophy and nitrate-reducing Fe(II) oxidation during light conditions. The possibility and associated lag-phases of the interchanging nitrate-reducing Fe(II)-oxidizing or organic carbon-oxidizing and microaerophilic Fe(II)-oxidizing metabolisms will also be investigated by surveying and comparing Fe(II) and DOC oxidation rates. Additionally, knowledge on Fe (II) oxidation in microcosms which are switched between day and night conditions will pose a valuable contribution to getting closer to in situ environmental conditions. Further studies, including seasonality and light iridescence effects, will certainly shed more light on these unknown factors in this fascinating sedimentary system.
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In situ spectroscopy on intact Leptospirillum ferrooxidans reveals that reduced cytochrome 579 is an obligatory intermediate in the aerobic iron respiratory chain
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Electron transfer reactions among colored cytochromes in intact bacterial cells were monitored using an integrating cavity absorption meter that permitted the acquisition of accurate absorbance data in suspensions of cells that scatter light. The aerobic iron respiratory chain of Leptospirillum ferrooxidans was dominated by the redox status of an abundant cellular cytochrome that had an absorbance peak at 579 nm in the reduced state. Intracellular cytochrome 579 was reduced within the time that it took to mix a suspension of the bacteria with soluble ferrous iron at pH 1.7. Steady state turnover experiments were conducted where the initial concentrations of ferrous iron were less than or equal to that of the oxygen concentration. Under these conditions, the initial absorbance spectrum of the bacterium observed under air-oxidized conditions was always regenerated from that of the bacterium observed in the presence of Fe(II). The kinetics of aerobic respiration on soluble iron by intact L. ferrooxidans conformed to the Michaelis–Menten formalism, where the reduced intracellular cytochrome 579 represented the Michaelis complex whose subsequent oxidation appeared to be the rate-limiting step in the overall aerobic respiratory process. The velocity of formation of ferric iron at any time point was directly proportional to the concentration of the reduced cytochrome 579. Further, the integral over time of the concentration of the reduced cytochrome was directly proportional to the total concentration of ferrous iron in each reaction mixture. These kinetic data obtained using whole cells were consistent with the hypothesis that reduced cytochrome 579 is an obligatory steady state intermediate in the iron respiratory chain of this bacterium. The capability of conducting visible spectroscopy in suspensions of intact cells comprises a powerful post-reductionist means to study cellular respiration in situ under physiological conditions for the organism.
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INTRODUCTION

Certain chemolithotrophic bacteria inhabit ore-bearing geological formations exposed to the atmosphere and obtain all of their energy for growth from the oxidation and dissolution of minerals within the ore. Energy is derived from oxidative phosphorylation coupled to respiratory electron transfer. The ability to respire aerobically on soluble ferrous ions under strongly acidic conditions is currently known to be expressed by at least 34 species in 14 genera distributed throughout the Gram-negative (Markosyan, 1972; Huber and Stetter, 1989; Kelly and Wood, 2000; Hallberg et al., 2010), Gram-positive (Clark and Norris, 1996; Norris et al., 1996; Johnson et al., 2008, 2009; Guo et al., 2009; Jiang et al., 2009), and Archaea bacteria (Segerer et al., 1986; Huber et al., 1989; Huber and Stetter, 1991; Karavaiko et al., 1994; Golyshina et al., 2000, 2009). Given the genetic diversity within this collection of phenotypically related bacteria, it would not be surprising to learn that phylogenetically distinct groups of bacteria express different electron transfer biomolecules and pathways to accomplish aerobic respiration on soluble iron.

Classic reductionist studies that involve the structural and functional characterization of highly purified proteins in dilute solution have described a bewildering variety of different redox-active electron transport proteins in cell-free extracts derived from iron-grown Gram-negative (Cox and Boxer, 1978; Hart et al., 1991; Blake et al., 1992; Yarzábal et al., 2002, 2004), Gram-positive (Blake et al., 1993; Takai et al., 2001; Dinarieva et al., 2010), and Archaea (Hettmann et al., 1998; Dopson et al., 2005; Auernik and Kelly, 2008) bacteria. The most promising efforts to date have focused on the iron respiratory chain of Acidithiobacillus ferrooxidans, where an iron “respirasome” super complex has been defined that is comprised of 2 c-type cytochromes, a blue copper protein called rusticyanin, and an aa3-type terminal oxidase (Castelle et al., 2008). The proteins in the aerobic iron respiratory pathway of At. ferrooxidans do not appear to be expressed in many of the phylogenetically distinct bacteria that also respire on iron. Similarly, redox-active proteins expressed in other iron-grown bacteria do not appear to be expressed in iron-grown At. ferrooxidans. Comparative analyses conducted using those relevant bacterial genomes where partial or complete DNA sequence data is available (Chen et al., 2005; Ram et al., 2005; Valdes et al., 2008; Clum et al., 2009; Siezen and Wilson, 2009) have not yet provided significant insight into other iron respiratory proteins or pathways. There is little information in the DNA databases to compare with because the proteins in the aerobic iron respiratory pathway of At. ferrooxidans do not appear to be universal among those bacteria that respire on iron. In either case, actual respiratory electron transfer in the intact organism is not directly observed. Rather, the functional properties of the intact electron transfer chain are inferred from observations on isolated molecules.

This paper introduces a new means to study respiratory electron transfer reactions in situ in intact bacteria under physiological conditions. The premise is that accurate UV-visible spectroscopy of electron transfer reactions among colored cytochromes can be conducted in highly turbid suspensions if the live bacteria are irradiated in an isotropic homogeneous field of incident measuring light. Under those conditions, the absorbed radiant power is independent of scattering effects (Elterman, 1970; Fry et al., 1992; Javorfi et al., 2006; Hodgkinson et al., 2009). We conducted equilibrium and kinetic studies on the Fe(II)-dependent reduction and O2-dependent oxidation of cytochromes in intact Leptospirillum ferrooxidans at pH 1.7. We used a commercial integrating cavity absorption meter (ICAM) where the cuvette comprised a reflecting cavity completely filled with the absorbing suspension. L. ferrooxidans was selected because it is only known to respire on one substrate, reduced iron (Harrison, 1984). We observed that a cytochrome with a reduced spectral peak at 579 nm is an obligatory intermediate in the aerobic iron respiratory chain of L. ferrooxidans.

MATERIALS AND METHODS

CELL CULTURE

Leptospirillum ferrooxidans DSMZ 2705 was cultured autotrophically on soluble ferrous ions at 30°C in the medium described elsewhere (Tuovinen and Kelly, 1973), adjusted to pH 1.5 and amended with 44 g/l of FeSO4·7H2O. Cells grown to stationary phase were harvested by centrifugation, washed three times with 0.02 M H2SO4, pH 1.7, and resuspended in sufficient 0.02 M H2SO4 to achieve a stock suspension of 1.5 × 1010 cells/ml. The stock suspension was stored at 4°C for up to 2 weeks while spectroscopic experiments were conducted on aliquots of the cells. Previous stock suspensions of this organism have been stored in dilute sulfuric acid at 4°C for over 6 weeks before changes in the bacterium’s energy metabolism could be detected.

QUANTIFICATION OF BACTERIA

Absolute numbers of L. ferrooxidans cells were determined by electrical impedance measurements in a Multisizer 4 particle counter (Beckman Coulter, Inc., Brea, CA, USA) fitted with a 30-μm aperture. The instrument was programmed to siphon 50 μl of sample that contained Isoton II as the electrolyte. The current applied across the aperture was 600 μA. Voltage pulses attendant with impedance changes as particles passed through the aperture were monitored with an instrument gain of four.

Relative numbers of L. ferrooxidans cells were determined by photon correlation scattering spectroscopy with a DelsaNano C particle size analyzer, also from Beckman Coulter, Inc. Cell densities were adjusted to 8.3 × 106 cells/ml in 0.02 M sulfuric acid to give an attenuator obscuration of 47%. Determination of the relative numbers of light scattering species as a function of particle diameter was accomplished by the time domain method with operating and analysis software provided by Beckman Coulter, Inc.

ABSORBANCE MEASUREMENTS WITH CELL SUSPENSIONS

Absorbance measurements on intact cells in suspension were conducted in an Olis CLARiTY 1000 A spectrophotometer (On Line Instrument Systems, Inc., Bogart, GA, USA) that employed a novel ICAM. In a typical experiment, identical 4.2 ml solutions that contained ferrous sulfate in 0.02 M sulfuric acid, pH 1.7, were added to both the sample and reference observation cavities of the spectrophotometer. After recording a stable baseline from 350 to 650 nm, 140 μl were withdrawn from the sample cavity and replaced with 140 μl of the stock cell suspension of L. ferrooxidans. Apparent absorbance spectra (typically 6.2 s−1) were then collected until any visible absorbance changes had ceased. Raw apparent absorbance values were converted to absorbance values per cm using Fry’s method (Fry et al., 2010) as described in the text.

RESULTS

THE REDOX STATE OF ELECTRON TRANSFER PROTEINS CAN BE MONITORED IN SITU IN INTACT BACTERIA UNDER PHYSIOLOGICAL CONDITIONS

The principal features of the novel CLARiTY spectrophotometer used to conduct absorbance measurements in turbid solutions are included in the schematic diagram shown in Figure 1. The sample and reference observation cells of this dual beam spectrophotometer were each comprised of a 4.2-ml spherical quartz cuvette fused with a 6-mm ID quartz tube. Each quartz chamber was surrounded by a tightly packed proprietary white powder that served to maximize diffuse reflectance of light on the exterior walls of the spherical flask. The apertures in the reflecting sphere through which the measuring light entered and the transmitted/scattered light exited to the photomultiplier tube were positioned at a 90° angle such that the light had to undergo many reflections and cell transversals before it was quantified using the photomultiplier tube. A white Teflon plug with a 6-mm OD was inserted into the quartz tube to minimize the loss of light out of the neck. A 1.0-cm white stir bar was included in the sample chamber to facilitate sample mixing and suspension of any particulate matter.
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Figure 1. Simplified model of an integrating cavity absorption meter designed to permit accurate absorbance measurements in media that scatter light.



The data shown in Figure 2 illustrate how the intact cells of L. ferrooxidans were quantified. The solid line in Figure 2 shows the absolute counts as a function of particle size as determined with a suspension of L. ferrooxidans in the Multisizer 4. The Multisizer determined the number and size of intact bacteria suspended in an electrically conductive liquid by forcing a measured volume of the suspension to flow through a small aperture with an immersed electrode on either side. A current passing through the aperture between the two electrodes enabled the bacteria to be detected by the momentary changes in the electrical impedance as they passed through the aperture, since each bacterium displaced its own volume of electrolyte solution within the aperture itself. These changes in impedance were detected as a series of voltage pulses, for which the height and duration of each pulse were proportional to the volume of the bacterium that produced it. Each pulse was counted and allocated to 1 of 400 arbitrary size categories, or channels. Each channel encompassed a narrow range of volumes that were converted to spherical equivalents and represented by the corresponding spherical diameters on the abscissa of Figure 2. The solid line in Figure 2 shows the number of counts in each size range for spherical equivalents with diameters from 0.6 to 2.0 μm.
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Figure 2. Comparison of L. ferrooxidans cell populations by electrical impedance (solid line) and static light diffraction methods (dashed line). Electrical impedance measurements yielded absolute numbers of cells (left ordinate) as a function of size; light diffraction measurements yielded relative numbers of cells (right ordinate) as a function of size. The scale of each ordinate was chosen to facilitate comparison of the curves. The area under the electrical impedance curve was 81.2% of that under the light diffraction curve.



The dashed line in Figure 2 shows the relative number of L. ferrooxidans cells as a function of particle size as determined by laser light diffraction. Light scattered by the bacterial suspension produced a diffraction pattern from which the relative numbers of the scattering species at each particle size were calculated. Like the Multisizer, the particle sizes determined by laser light diffraction are expressed as spherical equivalents and are also represented by the corresponding spherical diameters on the abscissa of Figure 2. Close correspondence between the electrical impedance and the light diffraction curves was observed down to 0.6 μm, indicating that the two instruments were monitoring the same population of particles. Bacteria with effective diameters less than 0.6 μm were underrepresented by the electrical impedance method, by which observations were limited to particles with effective diameters between 2 and 60% of the 30-μm aperture employed, while the light diffraction method was capable of resolving particles with effective diameters smaller than 0.1 μm. On the basis of comparisons such as that illustrated in Figure 2, it was determined that 19.8% of the bacterial cell counts were below the limit of resolution of the electrical impedance method with the 30-μm aperture. Accordingly, absolute counts of L. ferrooxidans cells obtained by the electrical impedance method were multiplied by 1.23 to correct for the percentage of bacterial counts that were below the limit of resolution of the instrument.

Cell pellets of L. ferrooxidans, which were a pinkish tan color, were obtained by centrifugation of batch cultures grown to stationary phase on soluble ferrous iron. Curve a in Figure 3 shows the absorbance spectrum of oxidized L. ferrooxidans that was obtained in the CLARiTY spectrophotometer in sulfuric acid, pH 1.7. Even though the cell suspension contained 5 × 108 cells/ml and was roughly as turbid as non-fat milk, the resulting absorbance spectrum contained no evidence of the light scattering artifacts that one would observe by conducting the same absorbance measurements using a conventional linear spectrophotometer. The spectrum in curve a showed a clearly defined Soret peak at 422 nm and a broad α,β band at around 520 nm.
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Figure 3. Apparent absorbance spectra of intact L. ferrooxidans collected in the CLARiTY in the absence (a) and presence (b) of 100 mM ferrous sulfate in aerobic sulfuric acid, pH 1.7. The final bacterial suspension contained 2.1 × 109 cells of L. ferrooxidans in 4.2 ml. Curve c shows the apparent absorbance spectrum of 50 μM ferric ions under the same solution conditions in the absence of bacteria.



The goal of the initial spectroscopic experiments was simply to determine whether the pink protein(s) in the cells changed color when the cells were suspended in sulfuric acid and subsequently exposed to excess concentrations of soluble ferrous ions under physiological conditions. Curve b in Figure 3 shows the absorbance spectrum that was obtained when the cells of oxidized L. ferrooxidans were exposed to 100 mM ferrous sulfate in sulfuric acid, pH 1.7. Exposure to excess soluble iron caused the apparent Soret peak to split into two peaks with maxima at 418 and 439 nm. In addition, a new absorbance peak appeared with a maximum absorbance at 579 nm. The absorbance spectrum represented by curve b appeared immediately after mixing the bacterial suspension in the observation cell that contained the 100-mM soluble iron (≤0.5 s). This observation indicated that the iron-dependent reduction of the cytochrome(s) in intact L. ferrooxidans was essentially complete within the 0.5-s mixing time in the observation cell of the spectrophotometer. The resulting spectrum was very stable and did not vary for at least an hour after mixing. Although the live cells could respire aerobically on the soluble iron, the great molar excess of iron over molecular oxygen in the observation cell dictated that the cytochromes in the cells would remain predominantly reduced as the oxygen in the chamber was consumed. Evidence for aerobic respiration was taken from the increase in absorbance at wavelengths below 400 nm in curve b. Curve c in Figure 3 shows the absorbance spectrum of 50 μM ferric sulfate in sulfuric acid, pH 1.7. The increase in the absorbance observed at low wavelengths in curve b was assumed to be due to ferric ions produced as a consequence of aerobic respiration on iron by the bacteria.

The goal of subsequent spectroscopic experiments was to lower the concentration of soluble iron and determine whether time-dependent changes in the cellular absorbance could be detected. Fe(II) concentrations were chosen such that the total number of electrons available for aerobic respiration was lower than the electron-accepting capacity of the >200 μM O2 in the air-saturated suspension. The data in Figure 4A show selected absorbance spectra that were obtained when cells of L. ferrooxidans were exposed to 100 μM ferrous sulfate in sulfuric acid, pH 1.7. The seven absorbance spectra shown in the figure were selected from a data set where 6.2 complete scans from 350 to 650 nm were collected every second for 400 s. Once again, the spectrum of the bacteria produced in the presence of Fe(II) was generated within the operational dead time of mixing, roughly 0.5 s. In this case, however, subsequent aerobic respiration under the conditions of excess molecular oxygen produced time-dependent changes in the observed spectra of whole cells. The reduced peaks at 439 and 579 nm disappeared over a period of 400 s, while the oxidized Soret peak at 422 nm gradually reappeared. In addition, there was a concomitant increase in absorbance at wavelengths below 400 nm. These spectral changes were consistent with the hypothesis that the cells respired aerobically on the soluble iron until the ferrous iron was completely oxidized.
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Figure 4. Absorbance spectra obtained at different time points after 2.1 × 109 cells of intact L. ferrooxidans were introduced into 4.2 ml of 100μM ferrous sulfate in sulfuric acid, pH 1.7. (A) Apparent absorbance spectra collected in the CLARiTY at seven time points after mixing, ranging from 1.0 to 400 s. Each arrow indicates whether the apparent absorbance at that wavelength increased or decreased with time. (B) Absorbance spectra obtained when the apparent absorbance values in (A) were converted to equivalent absorbance values per cm using the Fry equation (see text) to adjust for mean path length differences at different wavelengths. The absorbances at the longer wavelengths correspond to the more sensitive scale shown on the right ordinate. (C) Difference spectra, representing the absolute spectrum of the iron-reduced L. ferrooxidans minus those obtained at selected time points following the initial reduction of the bacteria.



The primary absorbance spectra shown in Figures 3 and 4A are presented as “apparent absorbance” because of prior reports that spectra obtained using integrated cavity absorption meters appear distorted when compared with corresponding spectra of the same materials obtained using a conventional linear spectrophotometer (Elterman, 1970; Fry et al., 1992; Javorfi et al., 2006; Hodgkinson et al., 2009). Unlike single path length spectrophotometers where the Beer–Lambert law governs non-linearity in the measured light intensity as a function of analyte concentration, the measuring light in an integrating sphere makes multiple random passes with different path lengths that exacerbate the apparent non-linearity with analyte concentration. While others have used semi-empirical methods to provide distortion-free spectra (Javorfi et al., 2006), we utilized the approach suggested by Fry because it is based on derivations from first principles (Fry et al., 1992, 2010). Fry arrived at the following exact expression for fractional absorption in an ICAM:
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where T equals the observed transmittance in the ICAM, α(ν) equals the corresponding absorbance that would be observed in a single path length spectrophotometer, LG represents the mean geometric path length which for a sphere equals 2/3 of the sphere’s diameter, ρ represents the reflectance at the walls of the cavity and is a number between 0 and 1, and h is the fraction of the cavity wall that is open for ports. Equation 1 was rearranged to
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where A is the absorbance value observed in the CLARiTY and ρ(1 − h) was determined in separate experiments to be equal to 0.92 (data not shown).

The spectra shown in Figure 4B were obtained when the absorbance values in Figure 4A were converted to equivalent absorbance values per cm using Eq. 2. The converted absorbance values in Figure 4B illustrate the enhanced sensitivity achieved in the CLARiTY where the mean path length of the measuring light is increased by multiple reflections around the interior of the cavity. The conversion also eliminated the apparent distortion in the raw absorbance values wherein the Soret peak appeared to be attenuated compared to the heme absorbance at longer wavelengths. Thus those wavelengths where greater absorption occurred received relatively higher values in the converted data than did those wavelengths where lower absorption occurred.

Figure 4C shows difference spectra representing the absolute absorbance spectrum of the iron-reduced L. ferrooxidans minus those obtained at various time points following the rapid reduction of the bacteria. The two prominent peaks of the difference spectrum occur at 443 and 579 nm. The observation of at least four relatively well-defined isosbestic points is extraordinary considering that the spectra were acquired in a highly turbid suspension of bacteria. An isosbestic point is a specific wavelength at which two or more absorbing species have the same molar absorptivity. The existence of those four well-defined isosbestic points suggests that there is only one principal iron-responsive cytochrome that is visible in the aerobic iron respiratory chain of L. ferrooxidans.

REDUCED CYTOCHROME 579 IS AN OBLIGATORY INTERMEDIATE DURING AEROBIC RESPIRATION ON SOLUBLE IRON BY INTACT L. FERROOXIDANS

The next goal was to determine whether the time-dependent absorbance changes observed when intact L. ferrooxidans was exposed to soluble ferrous ions could be correlated with the appearance of product ferric ions as the bacterium respired aerobically on reduced iron. The kinetic data shown in Figure 5A were extracted from the data set that yielded the selected spectra shown in Figure 4A. The change in absorbance at 355 nm, which represented predominantly the absorbance due to the time-dependent accumulation of ferric ions, increased in a roughly linear fashion until the limiting concentration of ferrous ions was completely depleted at around 320 s after the start of the bacterial-catalyzed reaction. The changes in absorbance at 443 nm, which represented the peak of the difference spectrum in the Soret region shown in Figure 4C, slowly decreased over the time course of the reaction until about 300 s, when the absorbance then decreased rapidly back to the initial absorbance observed in the bacterium under air-oxidized conditions. It was evident that the cellular cytochrome returned to the oxidized state at about the same time that the product formation ceased.
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Figure 5. The absorbance of the reduced cytochrome in intact L. ferrooxidans correlates with the absorbance of ferric ions produced during aerobic respiration on soluble iron. (A) Time courses of the absorbance changes at 355 and 443 nm obtained when 2.1 × 109 cells of L. ferrooxidans were mixed with 100 μM ferrous sulfate in sulfuric acid, pH 1.7. (B) Schematic representation of the kinetic mechanism for aerobic respiration on soluble iron as catalyzed by intact L. ferrooxidans. The cross-hatched and solid rods represent bacteria that contain oxidized and iron-reduced cytochromes, respectively. (C) Dependence of the velocity of the absorbance change at 355 nm on the concentration of ferrous ions that remain in solution. (D) Dependence of the velocity of the absorbance changes at 355 nm on the difference in absorbance values at 443 nm, representing the value at 1.0 s minus the value at time t.



The close correspondence between the change in product formation and the transient changes in the redox state of cytochrome 579 in intact L. ferrooxidans was consistent with the minimal kinetic mechanism shown in Figure 5B. Briefly, the iron-dependent reduction of cytochrome 579 in the intact bacterium is depicted as a relatively rapid reaction, which is consistent with the observation that it is complete within the 0.5-s dead time of the mixing even when the concentration of soluble ferrous ions is only 100 μM. The bacterium with its reduced cellular cytochrome is then shown as reacting with molecular oxygen to regenerate oxidized cytochrome/bacterium in a slower reaction that constitutes the rate-limiting catalytic step. The exchange of electrons between the bacterium and soluble iron is depicted as a reversible reaction until or if experimental observations indicate otherwise.

The kinetic mechanism shown in Figure 5B is readily modeled by the Michaelis–Menten formalism where the intact bacterium that contains the reduced cytochrome 579 represents the Michaelis complex. It follows that the velocity of product formation should be a hyperbolic function of the concentration of the substrate ferrous ions, as shown below:
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where Vmax is the maximum velocity of the bacterial-catalyzed aerobic oxidation of ferrous ions and KM is the Michaelis constant for soluble iron. Figure 5C shows the dependence of the velocity of the absorbance changes at 355 nm on the concentration of ferrous ions that remained in solution when intact cells were mixed with 100 μM ferrous ions. The data points in Figure 5C represent the tangents to the 355-nm curve in Figure 5A that correspond to the same time points as those at the different concentrations of ferrous ion shown on the abscissa of Figure 5C. The values for the rectangular hyperbola drawn through the data points in Figure 5C were derived from a non-linear least-squares fit of Eq. 3 to the data with an apparent Vmax of 3.6 × 10−7 Ms−1 and a KM of 8.7 μM.

Another prediction that follows from the application of the Michaelis–Menten formalism to the kinetic mechanism shown in Figure 5B is that the rate of appearance of ferric ions should be directly proportional to the concentration of the reduced cytochrome 579 as shown in Eq. 4:
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Figure 5D shows the dependence of the velocity of the absorbance changes at 355 nm on the concentration of reduced cytochrome 579. The velocities, or tangents to the 355-nm curve in Figure 5A, are the same values as those used in Figure 5C. In Figure 5D, the relative concentrations of reduced cytochrome 579 are represented on the abscissa by the differences in absorbance between those observed at 443 nm at corresponding time points in Figure 5A minus the stable absorbance observed at 443 nm at the end of the reaction. The direct proportionality predicted by Eq. 4 is evident, and the slope of the least-squares line in Figure 5D yielded a value for kcat of 1.4 s−1.

A third prediction that follows from the application of the Michaelis–Menten formalism to the kinetic mechanism shown in Figure 5B is shown in Figure 6. Equation 4 may be integrated to yield the following:
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where the integral on the right side of the equality represents the total area swept out by the absorbance of the reduced cytochrome over time as illustrated by the 443-nm time course shown in Figure 5A. The kinetic curves in Figure 6A show the time courses of the absorbance changes at 443 nm that were obtained when constant concentrations of L. ferrooxidans were mixed with different total concentrations of ferrous ions from 25 to 125 μM. Although the duplicate curves in Figure 6A appeared to differ slightly, the total areas under each pair of curves were remarkably similar, as shown by the five pairs of closely matched data points in Figure 6B. The direct proportionality predicted by Eq. 5 is evident, and the slope of the least-squares line in Figure 6B yielded a value for kcat of 1.3 s−1.


[image: image]

Figure 6. The time integral of the absorbance of the reduced cytochrome in intact L. ferrooxidans correlates with the initial concentration of ferrous ions in the solution. (A) Time courses of the differences in the absorbance changes at 443 nm on the initial concentration of ferrous ions. Cells of L. ferrooxidans (2.1 × 109) were introduced into sulfuric acid, pH 1.7, that contained 25, 50, 75, 100, and 125 μM ferrous sulfate in curves a through e, respectively; each curve was obtained in duplicate. (B) Dependence of the area swept out under the absorbance versus time curves in (A) on the initial concentrations of ferrous ions.



DISCUSSION

Three things can happen to the measuring light in a conventional linear spectrophotometer equipped with a standard 1-cm cuvette: it can be transmitted; it can be absorbed; or it can be scattered without absorption. When the sample is not optically clear, the apparent attenuation of the measuring light reflects losses due both to true molecular absorption and light lost to scattering by the particulate matter in the turbid suspension (Shibata et al., 1954; Merzlyak and Naqvi, 2000). Efforts to recover and quantify the scattered light have included placing the cuvette inside an integrating sphere with a reflective surface (Nelson and Prezelin, 1993) and positioning the cuvette outside the sphere (Merzlyak and Naqvi, 2000). In either case data interpretation required cumbersome and arcane methods to identify and separate the scattered light from the truly absorbed light. Other investigators have described ICAMs where a spherical cavity created and bounded by a reflective surface was completely filled with the absorbing material (Elterman, 1970; Fry et al., 1992; Javorfi et al., 2006; Hodgkinson et al., 2009). The principle behind the ICAM is that the apparent absorbance recorded by the photodetector will be independent of scattering effects if the sample is in an isotropic homogeneous field of light, like that provided by illuminating the interior of an ICAM surrounded by a surface that maximizes diffuse reflectance. The commercial integrating spectrophotometer utilized herein was loosely based on those described by others (Elterman, 1970; Fry et al., 1992; Javorfi et al., 2006; Hodgkinson et al., 2009) with two notable improvements: it was a dual beam instrument with both sample and reference compartments equipped with matching ICAMs; and it permitted the rapid acquisition of up to 100 absorbance scans per second over a wavelength range of 300 nm. Another notable feature of this and all other ICAMs is that the effective path length of the observation chamber must be considerably longer than the diameter of the cavity due to multiple reflections at the cavity wall, a feature that provides much greater sensitivity.

Prior reductionist studies reported that cell-free extracts derived from iron-grown L. ferrooxidans (Hart et al., 1991; Blake and Shute, 1997), the closely related L. ferriphilum (Ram et al., 2005), or a microbial community with a low diversity of microbes that was dominated by Leptospirillum group II bacteria (Singer et al., 2008) all contained readily discernible quantities of an acid-soluble, acid-stable cytochrome with an unusual absorbance maximum at 579 nm in the reduced state. The probable participation of this novel cytochrome 579 in the aerobic iron respiratory chain of the Leptospirillum species is implied because the only known reducing substrates for aerobic respiration that are utilized by these organisms are soluble and insoluble ferrous iron. The same logic applies to the observations that the gene product of the DNA that encodes for cytochrome 579 was expressed in the microbial communities dominated by Leptospirillum group II bacteria. In either case, the participation of the expressed cytochrome was inferred from its existence and its cell-free behavior, but no direct observations of its function in situ were reported.

It is very difficult to reconstitute functional electron transport chains using partially purified components from cell-free extracts when the organism is an obligate acidophile like L. ferrooxidans. If the cell-free extracts are prepared at strongly acidic pH values, one must be concerned about altering or even precipitating those terminal components of the chain that face inward toward the cytoplasm, which is generally agreed to be neutral or only mildly acidic at the worst (Cobley and Cox, 1983; Michels and Bakker, 1985). If the cell-free extracts are prepared at near neutral pH values, one must be concerned about altering the functional behavior of those initial components of the chain that normally exchange electrons in their strongly acidic milieu. In addition, ionic iron is not sufficiently soluble at near neutral pH to permit functional studies on ferrous reduction of purified proteins or components within cell-free extracts. The surest way to study the details and principal features of respiratory electron transfer in obligate acidophiles is to conduct direct observations on the intact chain as it functions in situ under physiological conditions. That type of direct observation now appears to be possible using the ICAM that effectively negates the effects of light scattering by the turbid suspensions of intact bacteria.

Any kinetic mechanism that is described by the Michaelis–Menten formalism generates at least three hypotheses (Chance, 1943; Bright and Porter, 1975): (i) the velocity of product formation must be a hyperbolic function of the substrate concentration; (ii) the velocity of product formation must be directly proportional to the concentration of the catalyst–substrate complex from which product formation occurs in a rate-limiting reaction; and (iii) the total amount of product formed (or substrate utilized) must be directly proportional to the integral over time of the concentration of the limiting catalyst complex. The behavior of the intact L. ferrooxidans and its reduced cytochrome 579 fulfilled the predictions of all three hypotheses. The Vmax obtained from the non-linear fit of Eq. 3 to the data in Figure 5C was 3.6 × 10−7 mol of iron oxidized/s/liter. This rate equals 2.6 × 10−15 mol of iron oxidized/hour/cell, because there were 5 × 108 cells/ml in the observation cavity. If one assumes that there are roughly 6 × 10−14 g of carbon per cell of L. ferrooxidans (Blake et al., 1994), then the maximum rate of iron oxidation becomes approximately 0.5 mol of iron oxidized/hour/mole of cellular carbon. This value is slightly lower than those reported elsewhere for L. ferrooxidans at temperatures from 30 to 40°C and slightly different pH values (Eccleston et al., 1985). Similarly, the value of KM of 8.7 μM that was derived from the data in Figure 5C is quite a bit lower than those ranging from 250 to 500 μM as reported by others for the same strain of L. ferrooxidans (Eccleston et al., 1985). The origins of these differences are unknown.

It must be noted that direct observations on electron transport reactions in intact bacteria also have their limitations if one or more of the colored components has a small absorption coefficient or is present in considerably lower concentrations than those of the other components. The studies described above offer a case in point. If cytochrome 579 participates in the aerobic iron respiratory chain of L. ferrooxidans, then what are the other components and why are they not equally prominent in the visible absorbance spectra collected using the intact bacteria? The remarkably clear isosbestic points observed in Figures 4B,C indicate that cytochrome 579 is by far and away the principal absorbing species that undergoes changes in its redox state during the reaction. Given the extreme acid stability of the cytochrome 579 that was purified from cell-free extracts of L. ferriphilum (Ram et al., 2005), one can hypothesize that the cytochrome 579 functions outside of the plasma membrane and is perhaps the initial cellular electron acceptor from ferrous ions in the acidic milieu. It is unlikely that a single acid-stable, acid-soluble cytochrome is both the initial iron oxidase in the acid milieu and the terminal oxidase that reduces molecular oxygen. There must be subsequent electron transfer reactions across the plasma membrane to one or more components on the cytosolic side to be consistent with the Mitchell hypothesis as it is applied to oxidative phosphorylation in obligate acidophiles (Ingledew, 1982). Perhaps these putative components either possess lower absorption coefficients or they are present at much lower concentrations than the prominent cytochrome 579. In addition to the exergonic transfer of electrons from Fe(II) to molecular oxygen, L. ferrooxidans must also accomplish the “uphill” transfer of electrons from Fe(II) to NAD+ or NADP+. Presumably the formation of reduced pyridine dinucleotides for anabolic metabolism must also require electron transport proteins that, in principle, could be observed as they function in the intact bacterium. There were no indications of additional electron transport proteins in the spectra shown above.

Attempts to identify other electron transfer cytochromes in the aerobic iron respiratory chain of intact L. ferrooxidans using classical respiratory inhibitors were unsuccessful. Sodium cyanide complexes spontaneously with ferrous ions to form ferrocyanide (Blake et al., 1991). Similarly, when 100 μM sodium azide was mixed with 1.0 mM ferrous ions at pH 1.7, a new absorbance band with a peak at 380 nm formed rapidly and spontaneously in the spectrophotometer (data not shown). This spectrum was identical to that published previously for a aqueous complex of Fe(II) with azide (Chacarolli et al., 2000). Interestingly, when 100 μM sodium azide was mixed with intact bacteria in the absence of Fe(II) at pH 1.7, the cytochrome 579 was reduced to the same extent as that shown in Figure 3 or Figure 4 (data not shown). When L. ferrooxidans was heat-inactivated by incubating a suspension at 90°C for 30 min, the cytochromes that were still visible in the intact cell did not show any change when exposed to 100 mM Fe(II).

Despite the limitations discussed above, the direct and accurate observation of absorbance changes in situ in intact organisms is a useful complement to traditional reductionist approaches and recent advances in proteomic and transcriptomic studies. The colored prosthetic groups of most electron transport proteins comprise intrinsic spectrophotometric probes whereby transient changes in the oxidation–reduction state of the proteins may be monitored with great sensitivity. There is no better means to establish physiological relevance in a metabolic function than to directly observe it as it occurs in the intact bacterium. The movement of electrons through electron transfer complexes is central to energy production in all living cells. The ability to conduct direct spectrophotometric studies under non-invasive physiological conditions represents a new and powerful approach to examine the extents and rates of biological events in situ without disrupting the complexity of the live cellular environment. Studies such as these should increase our fundamental understanding of biological energy transduction.
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Geochemical, molecular, and physiological analyses of microbial isolates were combined to study the geomicrobiology of acidic iron oxide mats in Yellowstone National Park. Nineteen sampling locations from 11 geothermal springs were studied ranging in temperature from 53 to 88°C and pH 2.4 to 3.6. All iron oxide mats exhibited high diversity of crenarchaeal sequences from the Sulfolobales, Thermoproteales, and Desulfurococcales. The predominant Sulfolobales sequences were highly similar to Metallosphaera yellowstonensis str. MK1, previously isolated from one of these sites. Other groups of archaea were consistently associated with different types of iron oxide mats, including undescribed members of the phyla Thaumarchaeota and Euryarchaeota. Bacterial sequences were dominated by relatives of Hydrogenobaculum spp. above 65–70°C, but increased in diversity below 60°C. Cultivation of relevant iron-oxidizing and iron-reducing microbial isolates included Sulfolobus str. MK3, Sulfobacillus str. MK2, Acidicaldus str. MK6, and a new candidate genus in the Sulfolobales referred to as Sulfolobales str. MK5. Strains MK3 and MK5 are capable of oxidizing ferrous iron autotrophically, while strain MK2 oxidizes iron mixotrophically. Similar rates of iron oxidation were measured for M. yellowstonensis str. MK1 and Sulfolobales str. MK5. Biomineralized phases of ferric iron varied among cultures and field sites, and included ferric oxyhydroxides, K-jarosite, goethite, hematite, and scorodite depending on geochemical conditions. Strains MK5 and MK6 are capable of reducing ferric iron under anaerobic conditions with complex carbon sources. The combination of geochemical and molecular data as well as physiological observations of isolates suggests that the community structure of acidic Fe mats is linked with Fe cycling across temperatures ranging from 53 to 88°C.
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INTRODUCTION

Ferric iron oxyhydroxide and jarositic microbial mats are found in numerous environments and have been well studied in acid-mine-drainage systems such as Iron Mountain, CA, USA (Edwards et al., 1999; Singer et al., 2008) where Fe(II) and H2SO4 are produced during the oxidation of sulfide minerals such as pyrite and chalcopyrite (Nordstrom and Southam, 1997; Rohwerder et al., 2003). The phylogenetic diversity of microbial populations in acidic systems has been reviewed and acidophiles that respire on Fe(III) have been identified in various mesophilic systems (Blake and Johnson, 2000; Hallberg and Johnson, 2001; Baker and Banfield, 2003; Johnson and Hallberg, 2009). Microbial populations and description of novel species from thermo-acidophilic, iron-rich environments have also been studied (Johnson et al., 2003, 2006; Macur et al., 2004; Inskeep et al., 2005, 2010; Kozubal et al., 2008). Ferric iron mats from acidic geothermal springs in Yellowstone National Park (YNP) provide an outstanding natural laboratory to study thermophilic microorganisms that utilize ferrous iron for energy acquisition coupled to CO2 fixation as their primary carbon source. Their ability to thrive in high-temperature environments with minimal requirements other than CO2 and inorganic constituents suggests that these organisms are important primary producers in acidic high-temperature environments. However, the limited energy available from the oxidation of Fe(II) results in the formation of copious amounts of iron oxides. It has been estimated that at pH 2, ∼120 mol of Fe(II) must be oxidized for the formation of 1 mol of glucose (Konhauser, 2007). Thus, low cell numbers can result in the oxidation of large amounts of iron, which has implications in understanding the biomineralization of iron in many environments outside YNP, as well as throughout Earth’s evolutionary history (e.g., banded iron formations; Konhauser, 1998; Kappler and Straub, 2005).

Rates of abiotic Fe(II)-oxidation are slow at pH values less than 4.5 [1 × 10−7 mol Fe(II) min−1; Singer and Stumm, 1970]; therefore, acidophilic microbes have an advantage over neutrophiles by not having to compete for rapid abiotic oxidation of Fe(II). Biologically oxidized Fe(II) often accumulates as ferric oxide minerals, which range in thickness and hardness depending on the geochemistry, flow rate, and microbial populations present (Konhauser, 1998; Inskeep et al., 2004). Solid phase geochemical analyses have been conducted on several ferric iron mats in YNP including 2–4 cm thick amorphous Fe-oxide mats from an acid-sulfate-chloride (ASC) spring (pH ∼3) in the Norris Geyser Basin (NGB) region as well as more crystalline ferric oxides (i.e., goethite, hematite) and jarosite from an acid-sulfate (AS) system located at the Rainbow Springs region (Inskeep et al., 2005). However, new results from synchrotron Fe-extended-X-ray absorption fine-structure spectroscopy (EXAFS) and X-ray diffraction (XRD) analyses across a greater number of Fe-oxide mats are presented in the current study and integrated with aqueous geochemical data and microbial community structure to understand factors controlling Fe-biomineralization across different acidic high-temperature environments.

Previous work has also described the microbial diversity in several low pH, iron-rich geothermal springs in the NGB, Joseph’s Coat Hot Springs, and Rainbow Hot Springs regions of YNP (Jackson et al., 2001; Inskeep et al., 2004, 2005; Macur et al., 2004). However, these studies were based primarily on a relatively small number of shorter-length 16S rRNA gene sequences from a few sampling locations. Therefore, a primary aim of this study is to present more comprehensive data on the microbial diversity from numerous acidophilic ferric mats in YNP over a wide variety of environmental conditions (T = 53–88°C; pH = 2.4–3.6), including a larger library of 16S rRNA gene sequences obtained from “next-generation” pyrotag and community shotgun sequencing efforts.

Phylogenetic similarity of observed sequences from molecular studies to cultivated microorganisms (16S rRNA gene) is not sufficient to definitively link microbial metabolism(s) to specific geochemical cycles especially when 16S rRNA gene sequences are highly divergent from those of cultured organisms (e.g., <90% similarity). Therefore, the cultivation of relevant organisms from these habitats is also critical for implicating specific microorganisms and their corresponding metabolic pathways in biogeochemical processes. For example, we recently reported the isolation of a new Sulfolobales isolate from YNP ferric iron mats, Metallosphaera yellowstonensis str. MK1, an iron and sulfur-oxidizing chemolithoautotroph (Kozubal et al., 2008). Quantitative analysis of Metallosphaera-like 16S rRNA sequences demonstrated that organisms highly similar (>99%) to strain MK1 comprised up to 80% of the total archaeal community in various YNP ferric iron habitats.

The geothermal springs discussed in this study are highly reduced at the source and Fe(II)-oxidizing microbial communities do not occur until the springs have sufficient dissolved oxygen from atmospheric mixing, after dissolved sulfide has degassed. Previous quantitative expression results show that the M. yellowstonensis foxA-J gene cluster is important for Fe(II) oxidation in pure culture and in situ (Kozubal et al., 2011). The fox gene cluster is found in all iron-oxidizing Crenarchaeota (i.e., Sulfolobus metallicus, Sulfolobus tokodaii, and Metallosphaera spp.) and potential mechanisms for Fe(II) oxidation via Fox proteins have been hypothesized (Kozubal et al., 2011). It is not currently known how widespread this gene complex may be in other members of the Sulfolobales found in Fe-oxide mats, and/or in other archaea.

The primary goal of this study was to couple geochemical processes with microbial community analysis to understand mechanisms of Fe(II)-oxidation and secondary solid phase formation in acidic outflow channels of YNP geothermal springs. The specific objectives were to (i) determine in situ Fe(II) oxidation rates and identify predominant secondary minerals formed across a range of environmental conditions (T = 53–88°C; pH = 2.4–3.6), (ii) identify the predominant community members of different high-temperature ferric iron microbial mats, (iii) characterize novel Fe-active isolates determined to be relevant in situ populations using molecular surveys, and (iv) present genomic evidence for iron and sulfur oxidation in a novel Sulfolobales isolate (strain MK5), as well as from site metagenomes.

MATERIALS AND METHODS

DESCRIPTION OF SITES

Eleven geothermal springs in Yellowstone National Park were chosen for this study and include eight acid-sulfate-chloride springs (ASC) in NGB, and three acid-sulfate springs (AS) springs from Joseph’s Coat and Rainbow Springs (Figure 1). Each spring was sampled at multiple locations based on transects established within the main flow channel as a function of distance (temperature) from the outflow source (selected sites shown in Figure 2). The ASC springs sampled include “OSP Spring” (NGB-OSP), “Beowulf Spring” (NGB-BE, NGB-BW), “Gap Spring” (NGB-GAP), Echinus Geyser (NGB-EG), Whirligig Geyser (NGB-WG), “Grendel Spring” (NGB-GRN), and “Porcelain Basin” (NGB-PB; names in quotations are not official YNP names). Acid-sulfate springs included an unnamed spring at Joseph’s Coat Hot Springs (JC2) and two unnamed springs at Rainbow Springs (RS2 and RS3).
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Figure 1. Map of Yellowstone National Park indicating sampling locations at Rainbow Springs, Joseph’s Coat Hot Springs, and Norris Geyser Basin (NGB).
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Figure 2. Representative springs (JC2, RS3, and OSP) from Yellowstone National Park showing sampling points within the main flow channels, source water temperatures, and direction of flow channel (blue arrow).



DNA EXTRACTION AND 16S rRNA SEQUENCING

The distribution and relative abundance of total archaeal and bacterial 16S rRNA gene sequences were examined using microbial mat samples obtained with sterile tools and collection tubes and immediately placed on dry ice for transport to a −80°C freezer. Samples were obtained over a 5-year period from July 2003 to July 2008. Total DNA was extracted from field samples (or pure cultures) using a FastDNA SPIN kit for soil (Q-Biogene, Irvine, CA, USA). The nearly full-length 16S rRNA gene PCR primers included the Bacteria-specific primer Bac8f (5′-AGAGTTTGATCCTGGCTCAG-3′) coupled with the universal primerUniv1392r (5′-ACGGGCGGTGTGTAC-3′) and the Archaea-specific primer Arc2f (5′-TTCCGGTTGATCCYGCCGGA-3′) also coupled with the universal primer Univ1392r. Briefly, each 50-μL PCR mixture contained 10 mM Tris–HCl (pH 8), 50 mM KCl, 0.1% Triton X-100, 4.0 mM MgCl2, each deoxynucleoside triphosphate at a concentration of 800 μM, 0.5 μL of each primer, 1.25 U of Taq DNA polymerase (Promega, Madison, WI, USA), and 1–5 μL of template DNA (2–20 ng). The thermal cycler protocol was 94°C for 6 min, 25–35 cycles of 94°C for 45 s, 54°C for45 s, and 72°C for 110 s, and a final 7-min extension at 72°C. Negative control reactions (no template) were routinely performed to ensure purity. The purified PCR products were cloned using the pGEM-T vector system from Promega Corp. (Madison, WI, USA), and the inserts were amplified and sequenced (TGEN, Phoenix, AZ, USA, and the Ohio State Plant Genomics Facility, Columbus, OH, USA).

In addition to clone sequences obtained from the method described above, a total of 1348 near full-length 16S rRNA gene sequences were obtained from the Joint Genome Institute (JGI) for two Fe samples from OSP springs as part of a different metagenome study (Community Sequencing Project 787081). The primers used by JGI were Bacteria specific 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1391R (5′-GACGGGCRGTGWGTRCA-3′), and Archaea-specific 4aF (5′-TCCGGTTGATCCTGCCRG-3′) and 1391R (for details see http://www.jgi.doe.gov/sequencing/protocols/index.html). Finally, samples from several Fe mats (obtained in 2009) were used for 454 “pyrotag” sequencing (16S rRNA amplified template) at the DOE–JGI, including sampling locations at OSPB (n = 31,237), OSPC (n = 8719), OSPD (n = 146), BEE (n = 3574), and GRN (n = 21,401). The V6–V8 region of 16S rRNA was amplified using primers 926F (5′-cctatcccctgtgtgccttgg cag tct cag AAA CTY AAA KGA ATT GRC GG-3′) and 1392R (5′-ccatct cat ccc tgcgtgtctccg act cag ACG GGC GGT GTG TRC-3′). Primer sequences were modified by the addition of 454 A or B adapter sequences (lower case). In addition, the reverse primer included a 5-bp barcode for multiplexing of samples during sequencing. Twenty-microliter PCR reactions were performed in duplicate and pooled to minimize PCR bias using 0.4 μL Advantage GC 2 Polymerase Mix (Advantage-2 GC PCR Kit, Clonetech), 4 μL 5X GC PCR buffer, 2 μL 5 M GC Melt Solution, 0.4 μL 10 mM dNTP mix (MBI Fermentas), 1.0 μL of each 25 nM primer, and 10 ng sample DNA. The thermal cycler protocol was 95°C for 3 min, 25 cycles of 95°C for 30 s, 50°C for45 s, and 68°C for 90 s, and a final 10-min extension at 68°C. PCR Amplicons were purified using SPRI Beads and quantified using a Qubit fluorometer (Invitrogen). Samples were diluted to 10 ng/μL and mixed in equal concentrations. Emulsion PCR and sequencing of the PCR amplicons were performed following the Roche 454 GS FLX Titanium technology manufacturer’s instructions. Sequencing tags were analyzed using the software tool PyroTagger (http://pyrotagger.jgi-psf.org) using a 180-bp sequence length threshold as described in Engelbrektson et al. (2010). The 97% operational taxonomic units (OTUs) were also taxonomically classified by Blastn against a curated database of >1500 full-length 16S rRNA sequences from the actual sites that exhibited high nucleotide similarity (>96% of reads were 99.5% similar to prior long-fragment sequences).

CULTIVATION OF MICROORGANISMS FROM Fe MICROBIAL MATS

Approximately 2 g of Fe-oxide microbial mat from NGB-BE, NGB-GAPA, and NB-OSPB was placed into 60 mL serum bottles with synthetic growth medium as described by Kozubal et al. (2008) at sampling times between August 2003 and August 2008. Isolation of Sulfobacillus str. MK2 colonies was obtained by streaking ∼0.5 mL of NGB-BE slurry on 1.5% agar plates in synthetic media with 0.5% yeast extract and 10 mM FeSO4. Plates were incubated at 58°C for up to 12 days. Colonies were transferred to serum bottle cultures with 10 mM FeSO4, 0.2% YE in synthetic media for further study. Pure cultures of Acidicaldus str. MK6 and Sulfolobales sp. strain MK5 were obtained by streaking ∼0.5 mL of OSPB slurry on 1.2% Gelrite® plates in media described by Itoh et al. (2001) with 2 mM FeSO4. Plates were incubated at 65°C for up to 15 days. Pure colonies of Acidicaldus str. MK6 were transferred to serum bottle cultures with synthetic media and 0.05% YE for further studies. Sulfolobus str. MK3 was obtained by dilution to extinction with 2% pyrite in synthetic media by the method described for Metallosphaera str. MK1 (Kozubal et al., 2008), except inoculum was obtained from GAPA and cultures were incubated at 75°C. The progress of all cultures was monitored by extracting DNA from the serum bottles, followed by PCR amplification of 16S rRNA genes using universal bacterial and archaeal primers and separation and visualization of the PCR products using denaturing gradient gel electrophoresis (DGGE; Macur et al., 2004). The purity of cultures was also confirmed by cloning and sequencing of near full-length16S rRNA gene fragments.

PHYLOGENETIC ANALYSES

Near full-length 16S rRNA gene sequences obtained from cloning were compared to sequences in public databases using the “Blastn” algorithm. Sequence alignments were performed using ClustalX (Version 1.83) and phylogenetic trees were constructed using the Maximum Likelihood method (MEGA 5.0) with 1000 boot straps (Tamura et al., 2011). Accession numbers for all 16S rRNA gene sequences discussed in the current study were deposited with NCBI [Sulfobacillus str. MK2 (DQ350778), Sulfolobus str. MK3 (JN944177), Sulfolobales str. MK5 (JN971012), and Acidicaldus str. MK6 (JQ247723)].

ISOLATE GROWTH CHARACTERISTICS

Temperature and pH optima were determined for all isolates in 20 mL serum bottles with 5 mL headspace composed of 30% O2, 50% CO2, and 20% N2. Heterotrophic growth was determined with the addition of 0.5% yeast extract (YE); autotrophic growth with either 2% pyrite, 2% S0, or 5 mM Fe(II)SO4 without added carbon; and mixotrophic growth with 5 mM Fe(II)SO4 and 0.5% YE. Anaerobic growth was evaluated using Fe(III) as a primary electron acceptor in 20 mL serum bottles with 15 mL of synthetic media, 0.5 g of dried, double-autoclaved NGB-BE mat (120°C), 10 mM glucose, and 0.5% YE. Serum bottle cultures were sealed and purged with N2 gas for 20 min to obtain sub-oxic conditions.

IRON OXIDATION AND REDUCTION RATES

Iron oxidation rates were determined for Metallosphaera str. MK1 and Sulfolobales str. MK5 in 120 mL serum bottles with 1 g of crushed and dried, triple autoclaved NGB-BE HFO mat and 60 mL of BED synthetic media with 10 mM FeSO4 without added carbon and a headspace composed of 50% O2 and 50% CO2. Oxidation rates of Fe(II) were determined with an initial cell culture of ∼106 cells/mL added at exponential growth phase. Abiotic Fe(II)-oxidation rates were determined with un-inoculated controls. Fe(II) was measured on 1 mL filtered (0.2 micron filters) samples using the ferrozine method (To et al., 1999) on late exponential/lag phase cultures after the addition of 10 mM Fe(II). Samples were taken every 10 min for four hours after cell culture density reached 108 cells/mL. Culture density was measured by counting SYBR gold staining. Rates were reported as femtomoles Fe(II) per liter per second per cell after correcting for abiotic oxidation [0.025 μmol Fe(II) L−1 s−1].

Iron reduction rates were determined for Acidicaldus str. MK6 and Sulfolobales str. MK5 in 120 mL serum bottles with 80 mL of synthetic medium, 10 mM glucose as the electron donor and 1-g triple autoclaved Fe(III)-oxide mat from NGB-BE, which has been previously characterized (Inskeep et al., 2004). Serum bottles were purged with N2(g) for 20 min prior to inoculation. Samples were inoculated to an initial concentration of 105 cells/mL and 1 mL filtered samples were taken twice daily for 10 days and analyzed for Fe(II) as stated above. Cell concentrations were determined by SYBR gold staining and reduction rates were calculated on late exponential/lag phase cultures after cell culture densities reached 108 cells/mL and reported as femtomoles Fe(III) per liter per second per cell [abiotic Fe(III)-reduction rates were negligible].

SOLID PHASE CHEMICAL ANALYSIS

Solid phase analysis was performed on field samples and secondary phases obtained from Metallosphaera str. MK1 and Sulfolobales str. MK5 culture vessels after 11 days of incubation in Beowulf spring water and 2% ground pyrite at 65°C and pH 3.0. Strain MK1 culture vessels contained two distinct iron oxide phases including a dark-red phase around the glass vessel at the air/water interface and an off-yellow phase forming just below the air-water interface. Approximately 0.5–1 g of each phase was scraped from the bottles and analyzed by XRD or X-ray absorption spectroscopy (XAS).

Iron EXAFS spectra were collected at beamline 11-2 at the Stanford Synchrotron Radiation Lightsource. A double crystal Si(220) monochromator was used for energy selection. Scans were conducted from 100 eV below to 1000 eV above the Fe-K-edge at 7111 eV. Iron fluorescence spectra were averaged and normalized to unity using the XAS data reduction software SIXPACK (Webb, 2011). SIXPACK/IFEFFIT algorithms were used to isolate backscattering contributions by subtracting a spline function from the EXAFS data region. The resulting function was then converted from units of eV to Å−1, weighted by k3, and windowed from 3 to 14 Å−1 Linear combination of model compounds was performed to reconstruct unknown spectra; no more than four standards were varied at a time. Model compound (standards) contributions were deemed significant if their mole percentage was greater than 10%. Model compounds used for linear combination Fe-EXAFS fitting included two-line ferrihydrite sorbed to quartz sand, Si-substituted ferrihydrite, six-line ferrihydrite, lepidocrocite, goethite, hematite, potassium-jarosite, scorodite, synthetic and natural siderite, vivianite, magnetite, green rust phases (chloride, sulfate, carbonate), and amorphous FeS. Synchrotron X-ray powder diffraction was performed at 12,735 eV at beamline 11-3 (SSRL), with an energy resolution (ΔE/E) of ∼5 × 10−4 equipped with a Si(311) monochromator and a MAR345 CCD detector. Finely crushed samples were placed between two polycarbonate windows to a nominal thickness of 100 μm and mounted in an aluminum sample holder. Patterns were energy calibrated using a lanthanum hexaboride standard. Resulting powder diffraction images were radially integrated, converted to d-space vs. relative intensity, and analyzed for mineral phases using JADE 6.0 (Materials Data, Inc.).

MICROSCOPY

Optical images were obtained utilizing a Zeiss epifluorescence microscope (Zeiss Axioskop 2 plus; Zeiss, Oberkochen, Germany). Samples were stained with 10X SYBR-green for fluorescent images. Environmental samples for scanning electron microscopy (SEM) images were stored at 4°C prior to analysis. Samples were analyzed with either a SEM with cryostage or a field emission-scanning electron microscope (FE-SEM), both equipped with an energy-dispersive X-ray spectrometer (EDS) for elemental analysis.

RESULTS

GEOCHEMISTRY OF ACIDIC Fe-OXIDIZING SPRINGS IN YNP

The major electron donors, pH, oxygen concentration, temperature, and solid phase geochemistry of three acid-sulfate (AS; JC2, RS2, RS3) and eight acid-sulfate-chloride (ASC) geothermal springs (NGB-OSP, NGB-BE, NGB-BW, NGB-GAP, NGB-WG, NGB-EG, NGB-PB, NGB-GRN) are summarized across a total of 19 sampling positions (Table 1). The common geochemical properties across this group of thermophilic sites include pH (2.4–3.6), ferrous Fe (∼30–240 μM), and dissolved oxygen (20–100 μM). The concentrations of other reduced constituents including arsenite, ammonium, dissolved hydrogen, and dissolved methane can be significant; however, the dissolved sulfide levels of Fe-oxide depositional zones are generally <5–10 μM. Although the concentrations of ammonium (NH4+) are ∼20–30 times higher in AS springs compared to ASC springs, no consistent changes in NH4+ were observed as a function of distance from the spring source, regardless of total NH4 concentration. Ferrous Fe represents the majority of total dissolved Fe at the point of discharge for nearly all springs sampled. Moreover, total soluble Fe did not decline significantly with distance (in some cases FeTS can decrease by 10–20%), indicating that the deposition rates of secondary Fe(III) phases are considerably slower than the total flux of Fe(II). However, the amount of ferrous Fe decreased substantially in acid-sulfate springs [JC2, RS2; e.g., levels of Fe(II) decline from 81 to 34 μM in RS2] matching the production of soluble ferric Fe (Figure 3), whereas ferric Fe remained low in ASC springs containing high concentrations of arsenic (e.g., >20 μM).

Table 1. A geochemical summary of acid-sulfate-chloride springs (Norris Geyser Basin) and acid-sulfate springs (Joseph’s Coat and Rainbow Springs) showing concentrations of major electron donors, O2 and solid phase analysis using synchrotron X-ray diffraction.
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Figure 3. Profile of Fe(II) oxidation in acidic geothermal springs at Joseph’s Coat Hot Springs (JC2), Rainbow Springs (RS2) and Norris Geyser Basin (Beowulf Spring) plotted as the disappearance of Fe(II) or the production of Fe(III) as a function of time (or distance) within the outflow channel. The total soluble Fe at any position is the sum of Fe(II) and Fe(III), which agreed favorably (<10% difference) with total Fe determined using inductively coupled plasma spectrometry [ICP; total Fe values of JC2A, RS2A, and BEA are ∼100, 90, and 40 μM, respectively]. In JC2, ∼45% of the total ferrous Fe is oxidized to Fe(III) at sampling position D, corresponding to a 35-s travel time [sampling positions JC2E and RSC correspond to a second spring discharge, which resets the concentration of Fe(II)].



The short residence times between sampling positions in JC2 and RS2 (e.g., JC2A to JC2D is 35 s), combined with the amount of Fe(II)-oxidized results in very high rate constants for the oxidation of Fe(II) (Figure 3). A second spring source emerges at sampling position JC2E where Fe(II) is reset to near 100% of the total dissolved iron, and ∼43% is oxidized to Fe(III) by sampling point JC2F, a 32-s residence time. Measurements of channel velocities and estimates of total flow rate were used to approximate in situ iron oxidation rates in outflow channels of JC2 and RS2. The average rates of Fe(II) oxidized within JC2, RS2, and BE Springs ranged from 0.5 to 1.3, 0.2 to 2, and 0.1 to 0.2 μM Fe(II) oxidized/second, respectively (Figure 3).

Solid phase analysis was completed for iron oxide mat samples from all sites discussed in the current study except Grendel Spring (Table 1; Figure 4). XRD and SEM/EDAX data from OSP Spring and Whirligig Geyser in NGB are similar to those found previously from Beowulf Spring (Inskeep et al., 2004) and show high levels of arsenate sorbed to amorphous ferrihydrite-like phases (As:Fe = 0.6–0.7). Solid phases from Echinus Geyser (Figure 4) are characterized by more crystalline ferrihydrite phase with lower sorbed arsenate, which is not surprising given the lower arsenic concentrations (Table 1). Scorodite (FeIIIAsO4·2H2O) was the dominant phase detected using XRD in the higher temperature (85°C) Fe mats of Porcelain Basin and to a lesser extent in GAP Spring.


[image: image]

Figure 4. Ferric iron phases from select ferric iron mats in Yellowstone National Park with corresponding scanning electron micrographs of solid phases found within each spring (results also presented in Table 1). Scale bar on site photographs is ∼5 cm.



The lower pH acid-sulfate systems (e.g., JC2, RS2) contain higher concentrations of Fe(II), but lower levels of arsenic (Table 1). Solid phase analyses (XRD, XAS) indicate more crystalline phases including jarosite [KFe3(OH)6(SO4)2], goethite, and hematite within the outflow channels of RS2 and JC2, respectively (Table 1; Figure 4). These systems contain higher concentrations of sulfate, potassium, and total soluble Fe than sites in NGB and as a result, jarosite is an important phase formed in these environments. Jarosite contains Fe(III), and requires that Fe(II) be oxidized (Kappler and Straub, 2005). The abiotic rate of Fe oxidation is quite slow at low pH (Singer and Stumm, 1970), so biological mechanisms are likely responsible for the majority of iron oxides and jarosite deposited in these systems. Furthermore, the log saturation indices for jarosite were calculated for RS2A, RS2C, and RS3A at −2.9, −1.2, and 0.3, respectively. Negative values indicate under-saturation of aqueous chemical species with respect to K-jarosite, indicating that these solutions would not be expected to precipitate jarosite, except perhaps in spring RS3. In contrast, saturation indices were greater than 10 for NGB-BE and NGB-OSP(owing primarily to the higher pH), which do not contain jarosite as a solid phase.

Solid phases of ferric iron observed using synchrotron XRD (major phases identified in Table 1) were used to constrain least squares fitting procedures of Fe-K-edge EXAFS spectra for all field samples. Least squares fits to experimental k3 weighted Fe-EXAFS spectra are shown for each of the major spring types studied here (Figure 5) and these fits provide further support for the predominant solid phases observed using XRD. Specifically, the ferric iron mats included in this study can be grouped into these main four categories based on mineralogy: high arsenate-amorphous Fe oxyhydroxides (sites BE, WG, OSP), ferrihydrite and/or scorodite (e.g., GAP, EG, PB), goethite and hematite (e.g., JC2), and jarositic systems containing less Fe oxide (e.g., RS2). The different phases of ferric Fe formed in these systems relate to differences in spring geochemistry and hydrodynamic properties. For example, arsenic concentrations are one to two orders of magnitude higher in NGB springs relative to RS2 and JC2, respectively, and may play an important role in the inhibition of jarosite precipitation and the subsequent formation of amorphous ferrihydrite phases containing significant amounts of sorbed arsenate (Inskeep et al., 2004). Also, the rate of amorphous ferrihydrite precipitation is faster than crystalline phases such as goethite, hematite and jarosite, and is consistent with the increase in dissolved Fe(III) from microbial ferrous iron oxidation in JC2 and RS2 relative to NGB-BE (Figure 3).
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Figure 5. Least squares fits (dotted lines) to experimental k3 weighted Fe-EXAFS spectra (solid lines) obtained for solids from hot springs representing (bio)geochemical end-members. Predicted fractions of major solid phases (Fe standards 1) included in the fits are shown along with the reduced Chi square value.



MICROBIAL COMMUNITY STRUCTURE

Molecular surveys of near full-length 16S rRNA genes present in acidic Fe mats reveal numerous different novel archaea, especially within the Crenarchaeota (i.e., orders Sulfolobales, Desulfurococcales, and Thermoproteales) as well as two deeply rooted novel lineages with no cultured relatives (referred to as “Novel Archaeal Groups” I and II; NAG1 and NAG2). All acidic Fe-oxide mats contained significant numbers of different Sulfolobales-like sequences, which clade with three of the known Sulfolobales genera; however, numerous entries cluster together within a previously undescribed lineage. Sequences related to the novel Sulfolobales clade are particularly well represented in NGB-WG and Joseph’s Coat (Spring 2; Figure 6). An Fe(II)-oxidizing isolate was obtained representing this novel lineage (strain MK5), and is discussed in more detail below. The other Sulfolobales-like 16S rRNA gene sequences present across the acidic Fe mats include members of the Metallosphaera and Sulfolobus genera (Figure 6), and isolation of M. yellowstonensis from these sites was described in previous reports (Kozubal et al., 2008, 2011).
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Figure 6. Phylogenetic tree of archaeal 16S rRNA gene sequences (sequence length ∼1400 bp) observed across 19 different acidic iron mat samples from Yellowstone National Park (acid-sulfate-chloride springs are shown in red, acid-sulfate springs shown in green, isolates are highlighted in blue, and metagenome sequence entries are listed in dark red).



Sequences related to members of the candidate phylum Thaumarchaeota and Euryarchaeota were also observed in acidic Fe mats (Figure 6). Many of the thaumarchaeal sequences belong to a separate lineage compared to previously cultivated mesophilic isolates and the metagenome sequence from NGB-BE contains one scaffold over 1 Mb in length, which is discussed in detail elsewhere (Beam et al., 2011). The novel euryarchaeal sequences were observed in BE, OSP, and JC2, and are distantly related to Thermoplasma volcanium (∼89–90% similarity to 16S rRNA gene sequences in GenBank).

A significant majority (>99%) of bacterial 16S rRNA gene sequences obtained from acidic Fe mats above ∼70°C were related to Hydrogenobaculum spp., a deeply rooted member of the order Aquificales (Figure 7). However, bacterial diversity increased when temperatures decreased below 60–65°C. For example, bacteria distantly related to Acidimicrobium, Acidovorax, Acidicaldus, Methylacidiphilum, Meiothermus, Geothermobacterium, and Sulfobacillus spp. were found in greater abundance in down-gradient positions, depending on the specific spring. Acidovorax, Acidicaldus, and Methylacidiphilum spp. were more common in acid-sulfate springs (e.g., RS2EF), while Meiothermus and Acidimicrobium-like populations were observed with greater frequency in the acid-sulfate-chloride springs of NGB. Sequences related to Acidicaldus, Geobacter, and Methylacidiphilum spp. were especially important in Rainbow and Joseph’s Coat channel positions below 55°C (e.g., 60–70% of PCR amplified long-fragment bacterial clones observed at RS3A, RS3B, and JC2C). Many of these bacterial sequences are highly divergent from cultivated relatives (<91% similarity, 16S rRNA gene), and include a novel clade related to Geobacter spp. (represented by sequences RS2F-SK964 and RS2F–SK975; Figure 7). The Geobacter-like sequences are only ∼83% (16S rRNA sequence similarity) related to the nearest cultivated delta-proteobacterium, Geobacter uraniireducens. Other noteworthy novel bacterial groups observed in these sites include sequences related to Acidimicrobium ferrooxidans (clone RS2F-SK971, 90%), Sulfobacillus acidophilus (RS2F-SK266, 89%), and finally, a distant relative of Heliobacteriaceae bacterium SLH (clone RS3B-SK292, 83%), representing a highly divergent sequence in the Firmicutes.
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Figure 7. Phylogenetic tree of bacterial 16S rRNA gene sequences (∼1400 bp) observed across 19 different acidic iron mats in Yellowstone National Park (acid-sulfate-chloride springs are shown in red, acid-sulfate springs shown in green, isolates are highlighted in blue, and metagenome sequence entries are listed in dark red).



DEEPER 16S rRNA GENE SURVEYS WITHIN OSP SPRING

Additional full-length 16S rRNA gene sequences (PCR clone libraries) were obtained at two locations within the outflow channel (pH 3.5) of OSP Spring (NGB) as part of a JGI ribosomal panel study of YNP geothermal systems (CSP 787081). The distribution of long-fragment 16S rRNA gene sequences observed in this data-set (n ∼ 1200) shows extensive archaeal diversity in moderately oxygenated Fe mats NGB-OSP8 (72°C Fe mat) as well as 74°C filamentous-streamer communities dominated by Hydrogenobaculum sp. (NGB-OSP14). Gene sequences observed in OSP8 reveal extensive diversity from all orders of the Crenarchaeota (e.g., 13% M. yellowstonensis str. MK1) as well as novel groups (62%). In contrast, the filamentous “streamer” community (OSP14) archaeal clone library was dominated by M. yellowstonensis (67%), and less than 2% were related to novel archaeal groups (Thaumarchaeota as well as novel members of the Euryarchaeota). All bacterial clones (n = 600) amplified from these two sites in OSP Spring belong to the genus Hydrogenobaculum.

Deeper 16S rRNA gene sequence analysis using pyrotag sequencing (average nucleotide length = 180 bp) was also performed in several Fe-oxide microbial mats in NGB, including OSP Spring (OSPB, OSPC, OSPD), Beowulf Spring (BEE), and Grendel Spring (GRN_L). In addition, 16S rRNA sequences were obtained from assemblies of random shotgun metagenome sequence obtained from OSPB, OSPC, BED, and BEE. Given that several locations within OSP received random metagenome and pyrotag sequencing, comparison of phylogenetic signatures observed using the different methods was possible (Table 2), including reference to long-fragment 16S rRNA gene sequences from the above mentioned ribosomal panel obtained for OSP8 (which was sampled at same temperature as OSPB). Excellent agreement among three methods of assessing archaeal diversity was obtained for OSPB (Table 2) indicating that the higher temperature locations (i.e., 72–76°C) in this spring are dominated by novel archaeal group I (NAG1, 50–60%), followed by M. yellowstonensis ∼12–20%), Vulcanisaeta spp. (∼10–15%), Acidilobus spp. (6–8%), a novel archaeal group II lineage (NAG2, ∼1–3%), and lower amounts of other novel archaeal groups (including Thaumarchaeota and Sulfolobales). Clustering of shorter pyrotag 16S sequences using long-fragment archaeal clone groups (e.g., those shown in Figure 6) from the same spring types (as opposed to only cultivated organisms with reference genomes) proved to be an excellent method of binning pyrotag sequences and estimates of percent abundance of the major taxonomic lineages in OSPB using pyrotag analysis are very close to estimates obtained from either long-fragment PCR analysis or binning of random metagenome sequence reads into the same phylogenetic groups (Table 2).

Table 2. Comparison of methods to determine phylogenetic distribution of archaeal lineages in Norris Geyser Basin OSP Spring.
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Comparison of pyrotag 16S rRNA gene sequence estimates with binning of random shotgun sequence reads from two additional sites (OSPC and D, 65 and 60°C) also reveal excellent agreement between the two methods of obtaining semi-quantitative estimates of the distribution of archaea in Fe-oxide mats. Results from lower temperatures provide evidence for separation of NAG1 and NAG2 groups by temperature, where NAG2-like sequences increase in abundance as temperature decreases; at OSPD, NAG2-like sequences represent the dominant population (∼32%; Table 2). Other community members including M. yellowstonensis and NAG1 remain important at lower temperatures, and Sulfolobales strain MK5-like populations were slightly more abundant in OSPD.

Two additional Fe-oxide mat samples evaluated using pyrotag sequencing included locations within Beowulf and Grendel Springs (Figure 8). Although similar to end-member amorphous Fe-oxide mats of NGB including the OSP series discussed above, BEE and GRND_L reveal slightly different community types compared to OSP. Consistent populations observed compared to OSP include M. yellowstonensis, NAG1, NAG2, and novel Sulfolobales, however, GRND_L contained a significantly higher percentage of thaumarchaeal and novel Thermoplasmatales-like populations.
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Figure 8. Archaeal microbial community structure in two iron mat samples from Norris Geyser Basin presented as a percentage of total 16S rRNA gene pyrotag sequences that binned to different phylogenetic groups based on libraries of long-fragment sequences specific to these sites.



DESCRIPTION OF NOVEL ISOLATES

Four novel isolates were obtained from three different Fe-oxidizing springs in NGB and include members of the Sulfolobales (Sulfolobus str. MK3, Sulfolobales str. MK5), Bacillales (Sulfobacillus str. MK2), and Acidicaldus str. MK6. A fifth isolate from Beowulf Spring, M. yellowstonensis str. MK1, has been described (Kozubal et al., 2008, 2011). The 16S rRNA gene sequences of strains MK2, MK3, and MK6 reveal similarity to previously described isolates ranging from 96 to 98%, and likely represent new species in the Sulfobacillus, Sulfolobus, and Acidicaldus genera, respectively (Table 3). However, Sulfolobales str. MK5 is only 88% similar to Sulfolobus islandicus (16S rRNA gene), and forms a completely new lineage within the current order Sulfolobales (Figure 6). Genome sequencing of strain MK5 is nearly complete and is currently represented as ∼2 Mb of assembled sequence on four scaffolds.

Table 3. Novel isolates obtained from acid-sulfate-chloride (ASC) springs and characterization of cell morphology, pH optima, temperature optima, and growth on iron and sulfur substrates as electron donors or Fe(III) as an electron acceptor under anaerobic conditions.
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All isolates were tested for growth using YE, Fe(II), S0, pyrite, and solid media (Table 3). In addition, isolates were tested for their ability to fix carbon dioxide in carbon free media. Sulfolobus str. MK3 is capable of autotrophic growth and all isolates are capable of oxidizing Fe(II) except the Acidicaldus str. MK6. The Sulfolobales isolates (strains MK3 and MK5) are also capable of oxidizing pyrite (FeS2). Moreover, strains MK5 and MK6 were shown to both reduce Fe(III) including amorphous Fe oxyhydroxides found in YNP Fe mats and a variety of ferric oxide minerals including hematite, ferrihydrite, and goethite. In fact, strain MK5 was shown to re-reduce Fe oxides (formed during aerobic growth) when grown under anoxic conditions using Gelrite® as a C and energy source. All strains were capable of utilizing complex carbon from yeast extract for heterotrophic growth, consequently, none are obligate autotrophs.

Both Acidicaldus str. MK6 and Sulfolobales str. MK5 grew on solid Gelrite® media as round white and cream colored colonies, respectively, whereas Sulfobacillus str. MK2 grew on 1.5% agar plates with 0.2% YE and 10 mM FeSO4. Strain MK3 was not successfully grown on Gelrite® or agar plate media supplemented with 10 mM FeSO4 and 0.2% YE and a variety of other plate media. The Sulfolobales isolates (strains MK3 and MK5) had higher temperature optimum (65–75°C) than the two bacterial isolates (55–65°C). All isolates grow optimally between pH 2.0 and 3.0; however, strains MK3 and MK5 exhibited slightly lower pH optima ranging from 2.0 to 2.5 (Table 2). Strain MK5 has the lowest pH range for growth and active cells were observed as low as 1.2. The Sulfolobales strains (MK3 and MK5) are ∼1 μm diameter cocci and/or irregular cocci, whereas both bacterial strains (Sulfobacillus str. MK2 and Acidicaldus str. MK6) are rod-shaped.

IRON OXIDATION AND REDUCTION RATES AND ANALYSIS OF CULTURE Fe SOLID PHASES

Iron oxidation rates were determined for Sulfolobales str. MK5 cultivated at 65°C with 10 mM Fe(II) sorbed to sterile Fe-oxide mat (obtained from NGB-BE). Iron oxidation rates ranged from 15.7 ± 1.2 to 14.5 ± 2.9 fmol Fe(II) L−1 s−1cell−1 at pH 1.5 and 2.5, respectively, for cultures grown autotrophically (without mixing/exposure to air only). Similar results were shown for M. yellowstonensis str. MK1 ranging from 7.4 ± 1.5 to 12.4 ± 3.1 fmol Fe(II) L−1 s−1cell−1 at pH 3.2 and 2.5, respectively, reflecting slightly different pH optima between strains MK5 (this study) and M. yellowstonensis (Kozubal et al., 2008). The secondary phases formed during microbial Fe(II)-oxidation were determined for strain MK5 and M. yellowstonensis (not previously reported) grown on pyrite or Fe(II)-ferrihydrite (pyrite cultures shown in Figure 9) using both XRD and EXAFS. After 11 days of incubation under these growth conditions, hematite is the primary crystalline phase forming at the water-air interface (XRD analysis), whereas jarosite is found below the water surface. Least squares fitting of Fe-K-edge EXAFS spectra obtained on solid phases formed during microbial oxidation suggest mixed solid phases supported by XRD analyses (∼41% ferrihydrite, 24% jarosite, 16% goethite, and 12% hematite). XRD analysis of strain MK5 cultures revealed both goethite and jarosite in slurry samples from the bottom of the growth vessel (Figure 9). Consequently, Fe-oxidation products varied both with the isolate, location in the growth vessel, as well as across different spring compositions (Table 1; Figure 4). Under field conditions, jarosite was only observed at Rainbow and Joseph’s Coat Springs (minor), where higher concentrations of “in channel” Fe(III), [image: yes] and K+ all favor the formation of K-jarosite, despite lower saturation indices with respect to jarosite relative to the higher pH (3.1–3.5) systems of NGB (Table 1).
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Figure 9. Serum bottle culture of (A) Metallosphaera yellowstonensis str. MK1 and (B) Sulfolobales str. MK5 showing location of secondary phases sampled for solid phase analysis (11 days incubation, pyrite used as the electron donor).



Evidence for a complete Fe redox cycle in thermophilic Fe mats was obtained from results of Fe(III)-reducing Sulfolobales strains MK5 and Acidicaldus strain MK6. Both isolates were shown to reduce Fe(III)-oxide solid phases, yielding soluble Fe(II). Iron reduction rates of 0.36 fmol Fe(III) L−1 s−1 cell−1 were determined in Acidicaldus str. MK6 cultures at pH 3.0 utilizing autoclaved Fe-mat as a source of ferric iron (Figure 10) and 10 mM glucose as the electron donor. Rates observed for MK5 were ∼0.5 fmol Fe(III) L−1 s−1 cell at pH 2.0.
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Figure 10. Concentration of ferrous iron (mM) and cell counts (cells/mL) plotted as a function of time in anaerobic serum bottle cultures with Acidicaldus sp. strainMK6. Cultures were maintained at pH 3.0 with 10 mM glucose and 0.5 g autoclaved Fe-oxide mat from NGB-BED. Squares = cells/mL; circles = Fe(II)(mM).



RELEVANT GENES IN THE GENOME OF STRAIN MK5 AND SITE METAGENOMES

Preliminary genome analysis of strain MK5 shows that this organism contains syntenous sequences highly related to the foxA-F gene cluster in S. tokodaii (Bathe and Norris, 2007). Like S. tokodaii and S. metallicus, strain MK5 has only one copy of foxA (the subunit I of the HCO) as compared to two copies in M. sedula, and three copies in M. yellowstonensis (Auernik et al., 2008; Kozubal et al., 2011). Strain MK5 also has a cbsAB–soxL2N gene operon, which has been identified as important in iron-oxidizing Sulfolobales (Kappler et al., 2005). Strain MK5 contains a gene encoding a sulfide quinone oxidoreductase (sqr) and a conserved hdr gene cluster important in elemental sulfur oxidation (Quatrini et al., 2009). Additionally, the strain has genes for a tqoAD thiosulfate oxidase directly upstream to the cbsAB–soxL2N gene operon. Strain MK5 does not contain genes for any of the known CO2 fixation pathways (Berg et al., 2010). However the organism contains a number of genes encoding complex carbon degrading proteins including numerous cellulases, xylanases, and xenobiotic dioxygenases.

Metagenome analysis of NGB-BE and NGB-OSP yielded multiple copies of fox genes highly similar to those found in strain MK5 and M. yellowstonensis, suggesting these two organisms along with other Sulfolobales strains (e.g., Sulfolobus str. MK3) are the dominant populations responsible for Fe(II) oxidation via this mechanism. Genes related to cytochromes linked to Fe(II) oxidation in the well-characterized bacteria Acidithiobacillus ferrooxidans and Leptospirillum spp. were not found in the OSP and BE metagenomes (Jeans et al., 2008; Singer et al., 2008; Quatrini et al., 2009). Small blue copper proteins have also been associated with Fe(II) oxidation in A. ferrooxidans and the Euryarchaeota “Ferroplasma acidarmanus” (Dopson et al., 2005) and similar sequences were identified in the YNP metagenomes. However, most of these sequences are homologs of sulfocyanin (soxE) from M. yellowstonensis – and strain MK5-like species, which are more likely involved in the SoxM-like terminal oxidase complex specific for heterotrophy, and not involved in Fe(II) oxidation (Kozubal et al., 2011).

DISCUSSION

Ferric iron mats of NGB, Joseph’s Coat, and Rainbow Springs in YNP exhibit considerable microbial diversity as shown by the extensive compilation of phylogenetic data including 1500 full-length 16S rRNA gene sequences, over ∼40,000 pyrotag sequences and five shotgun metagenome sequences from BED, BEE, OSPB, OSPC, and OSPD. The Sulfolobales are important in all 18 spring sites as indicated by the high percentage of 16S rRNA sequences and binning of metagenome sequence reads. M. yellowstonensis str. MK1-like 16S rRNA gene sequences are highly dominant in most sampling points particularly in Joseph’s Coat and Rainbow Springs between 60 and 75°C. In addition, metagenome data strongly suggest that M. yellowstonensis-like populations are important in NGB-BE and NGB-OSP Springs as evidenced by the number of total reads binning to the M. yellowstonensis genome (Inskeep et al., 2010). Detailed community analysis of M. yellowstonensis related species along with expression of fox genes in situ are discussed in more detail elsewhere (Kozubal et al., 2011). Novel Sulfolobales-like MK5-like populations also contribute a high percentage of metagenome reads and 16S rRNA gene sequences, but at slightly lower temperatures (e.g., OSPC and OSPD).

Sequences from members of the Desulfurococcales, Thermoproteales, and novel archaeal lineages are also important in YNP ferric iron mats. In addition, sites below 65°C are characterized by highly divergent 16S rRNA bacterial gene sequences especially at sites RS2F and RS3B. Many of these bacterial sequences are less than 90% similar to cultivated relatives and represent three new taxonomic branches at the order level and higher (Figure 7). Above 70°C, bacterial gene sequences are completely dominated by Hydrogenobaculum spp. and detailed sequence analysis of NG-OSP and RS2 reveal two distinct sub-clades.

The microbial community structure of acidic iron mats is likely driven by the flux of O2 required to drive Fe(II) oxidation, as well as the presence of other reduced inorganic electron donors available for growth. However, temperature and pH are also important parameters controlling community structure. For instance, sequences related to Acidilobus spp., Stygiolobus azoricus, and Thermoproteales spp. (i.e., Vulcanisaeta distributa) dominate at higher temperatures, consistent with the range observed for cultivated relatives. Moreover, bacteria such as Sulfobacillus and Acidicaldus spp. thrive at lower temperatures. M. yellowstonensis was found to be prevalent in all sites, and the relative importance of novel populations such as NAG1, NAG2, Thaumarchaeota and Euryarchaeota varies across sites. However, the primary populations involved directly in Fe cycling appear to be aerobic organisms that use the Fox terminal oxidase complex consistent with genome, metagenome, and prior mRNA expression analysis.

The five isolates discussed in this study are highly relevant to our understanding of geomicrobiology and microbial ecology of acidic geothermal ferric iron mats of YNP. All isolates are capable of oxidizing iron and strains MK5 and MK6 are also capable of ferric iron reduction under anaerobic conditions. M. yellowstonensis and Sulfolobus str. MK3 are capable of autotrophic growth and are likely important primary producers in situ linking CO2 fixation directly with Fe(II) oxidation. These organisms may be a significant source of carbon for other microorganisms such as Acidicaldus str. MK6, which may need this carbon source for anaerobic growth on Fe(III). Therefore, the Sulfolobales isolates offer an excellent opportunity to understand mechanisms of CO2 fixation in model natural systems. Uncharacterized archaeal and bacterial populations in ferric oxide mats may also be linked to other electron donors besides Fe(II) (Table 1). For instance, Methylacidiphilum-like sequences are found in JC2F and RS3A at 70 and 29% of bacterial sequences, respectively, and may take advantage of the relatively high CH4 concentrations (2.2 and 3.5 μM) compared to other spring locations. These organisms remain a high priority for isolation.

Analysis of ferric solid phases on serum bottle cultures link observed biomineralized phases found in the springs to cultured organisms. Spring geochemistry [i.e., sulfate and Fe(III) concentrations, pH, presence of arsenate] plays an important role in the formation of mineral phases. However, populations highly similar to strains MK1 and MK5 contribute directly to the observed oxidation of Fe(II) in YNP ferric iron mats and especially MK1-like populations in RS2 and JC2 above 65°C (Kozubal et al., 2008). In culture, M. yellowstonensis forms hematite and jarosite on serum bottle surfaces and XRD analysis of strain MK5 identified jarosite and goethite as a slurry on the vessel bottom (Figure 9). The different ferric iron phases found in cultures stress that different microbial processes (both “biologically controlled” and “biologically induced”) are important in determining the iron phases formed. Moreover, different solution conditions contribute to variation in solid phases observed across field sites.

Strains MK1 and MK5 oxidize Fe(II) at rates similar to those observed in other archaeal species under similar culture conditions (Nemati and Harrison, 2000; Kauppi et al., 2001). Both strains exhibit faster rates of Fe(II)-oxidation at lower pH, which is consistent with observations of other acidophilic Fe(II)-oxidizing microorganisms. The fixation of CO2 under culture conditions was observed only for strain MK1. In fact, genes for any of the six known CO2 fixation pathways were not found in strain MK5 (Berg et al., 2010), which is unique compared to other Sulfolobales (all reference Sulfolobales genomes contain genes for the 3-hydroxypropionate/4-hydroxybutyrate pathway). However, strain MK5 has genes that encode for a wide range of proteins known to be involved in the degradation of complex carbon sources. Consequently, these results suggest strain MK1 is a dominant primary producer that links CO2 fixation to Fe(II) oxidation, whereas strain MK5 is a mixotroph linking Fe(II) oxidation to utilization of complex carbon. Strain MK5 is also capable of Fe(III) reduction by an unknown mechanism and may, alternatively, define its niche in situ as an anaerobic complex carbon degrader linked to Fe(III) respiration. Elucidating the mechanism of Fe(III) reduction in strain MK5 will be an important future priority for understanding iron cycling in these systems.

The oxidation of Fe(II) in high-temperature environments may have also been important in Earth’s early evolutionary history (>2–3 Ga). The biomineralization of ferric iron phases (e.g., jarosite) and the evolution of key metabolic processes such as aerobic respiration in high-temperature Fe mats has implications for the fields of paleobiology and exobiology, as well as microbiology. The findings presented in this study represent the most detailed analysis of geothermal acidic ferric iron mats reported to date, and will be invaluable for future comparative studies to similar undescribed environments.
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Identification and characterization of MtoA: a decaheme c-type cytochrome of the neutrophilic Fe(II)-oxidizing bacterium Sideroxydans lithotrophicus ES-1
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The Gram-negative bacterium Sideroxydans lithotrophicus ES-1 (ES-1) grows on FeCO3 or FeS at oxic–anoxic interfaces at circumneutral pH, and the ES-1-mediated Fe(II) oxidation occurs extracellularly. However, the molecular mechanisms underlying ES-1’s ability to oxidize Fe(II) remain unknown. Survey of the ES-1 genome for candidate genes for microbial extracellular Fe(II) oxidation revealed that it contained a three-gene cluster encoding homologs of Shewanella oneidensis MR-1 (MR-1) MtrA, MtrB, and CymA that are involved in extracellular Fe(III) reduction. Homologs of MtrA and MtrB were also previously shown to be involved in extracellular Fe(II) oxidation by Rhodopseudomonas palustris TIE-1. To distinguish them from those found in MR-1, the identified homologs were named MtoAB and CymAES-1. Cloned mtoA partially complemented an MR-1 mutant without MtrA with regards to ferrihydrite reduction. Characterization of purified MtoA showed that it was a decaheme c-type cytochrome and oxidized soluble Fe(II). Oxidation of Fe(II) by MtoA was pH- and Fe(II)-complexing ligand-dependent. Under conditions tested, MtoA oxidized Fe(II) from pH 7 to pH 9 with the optimal rate at pH 9. MtoA oxidized Fe(II) complexed with different ligands at different rates. The reaction rates followed the order Fe(II)Cl2 > Fe(II)–citrate > Fe(II)–NTA > Fe(II)–EDTA with the second-order rate constants ranging from 6.3 × 10−3 μM−1 s−1 for oxidation of Fe(II)Cl2 to 1.0 × 10−3 μM−1 s−1 for oxidation of Fe(II)–EDTA. Thermodynamic modeling showed that redox reaction rates for the different Fe(II)-complexes correlated with their respective estimated reaction-free energies. Collectively, these results demonstrate that MtoA is a functional Fe(II)-oxidizing protein that, by working in concert with MtoB and CymAES-1, may oxidize Fe(II) at the bacterial surface and transfer released electrons across the bacterial cell envelope to the quinone pool in the inner membrane during extracellular Fe(II) oxidation by ES-1.

Keywords: Sideroxydans lithotrophicus ES-1, extracellular Fe(II) oxidation, decaheme c-type cytochrome MtoA, pH-dependent, ligand complexation

INTRODUCTION

The contribution of Fe(II)-oxidizing bacteria (FeOB) to iron cycling in freshwater, groundwater, and marine environments, as well as in most soils and sediments, has been well recognized (Emerson et al., 2010). A variety of neutrophilic and acidophilic Fe(II)-oxidizing microorganisms have the ability to derive energy for growth from the oxidation of dissolved or structural Fe(II) under either oxic or anoxic conditions. Unlike aerobic acidophilic or anaerobic neutrophilic FeOB, the geologic importance of aerobic neutrophilic FeOB has long been neglected because of the rapid auto-oxidation of Fe(II) by O2 at circumneutral pH. However, recent studies indicate that aerobic neutrophilic FeOB would play a key role in microoxic niches with low levels of O2 concentration, where microbial Fe(II)-oxidation can compete with the chemical oxidation of Fe(II). For example, the Gram-negative bacterium Sideroxydans lithotrophicus ES-1 (ES-1), originally isolated from the ground water with Fe(II) at neutral pH in MI, USA, grows on FeCO3 or FeS at oxic–anoxic interfaces (Emerson and Moyer, 1997; Emerson et al., 2007). ES-1 does not grow on Mn(II) oxides, sulfide, or organic carbon sources, such as acetate, pyruvate, and glucose, and does not reduce Fe(III) oxides. Fe(III) (oxy)(hydr)oxide precipitates are closely associated with the ES-1 cells, but do not form sheath- or stalk-like structures (Emerson and Moyer, 1997). Recently, the ES-1 genome was sequenced (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi). However, the molecular mechanism by which ES-1 oxidizes Fe(II) remains unknown.

Because Fe(III) oxides produced from biotic Fe(II)-oxidation are usually sparingly soluble at circumneutral pH and in the absence of complexing ligands, bacteria oxidize Fe(II) extracellularly presumably to avoid accumulation of Fe(III) oxides inside their cells. To overcome the physical separation between the bacterial inner membrane where microbial oxidases are located and bacterial cell surface, FeOB have evolved different electron transfer pathways that link the inner membrane to the cell surface. The pathways identified to date include Cyc-2/Rus/Cyc-1 of Acidithiobacillus ferrooxidans, PioABC of Rhodopseudomonas palustris TIE-1 and FoxEYZ of Rhodobacter strain SW2 (Appia-Ayme et al., 1999; Yarzabal et al., 2002; Croal et al., 2007; Jiao and Newman, 2007; Castelle et al., 2008). Although these systems are phylogenetically unrelated, they all have at least one c-type cytochrome (c-Cyt) as a key electron transfer protein. These c-Cyts work in concert with other proteins, often in the form of protein–protein complexes that can span the entire microbial cell envelope to facilitate electron conductance between the inner membrane and Fe(II) external to the bacterial cell.

Notably, PioAB of R. palustris TIE-1 are homologs of MtrAB of the Fe(III)-reducing bacterium Shewanella oneidensis MR-1 (MR-1; Jiao and Newman, 2007). In MR-1, MtrA is a decaheme c-Cyt, while MtrB is a trans-outer membrane (OM), porin-like protein. They form a tight protein complex that transfers electrons across the OM to MtrC and OmcA, two OM decaheme c-Cyts that are localized on bacterial outermost surface (Ross et al., 2007; Shi et al., 2008; Hartshorne et al., 2009; Lower et al., 2009; Reardon et al., 2010). MtrABC and OmcA are key components of the MR-1 extracellular electron transfer pathway, which also includes a tetraheme c-Cyt CymA in the inner membrane. Together, they facilitate electron transfer from the quinone/quinol pool in the inner membrane across the periplasm, through the OM, to the surface of Fe(III) oxides (Richardson, 2000; Shi et al., 2007, 2009; Fredrickson et al., 2008). In addition to mediating electron transfer to and from Fe, MtrAB homologs are also involved in extracellular reduction of dimethylsulfoxide by MR-1 and are hypothesized to be the prototype of a model system for electron transfer across the bacterial OM (Gralnick et al., 2006; Hartshorne et al., 2009).

To investigate the molecular mechanism used by ES-1 for oxidizing Fe(II), we searched the ES-1 genome for the homologs of Cyc-2/Rus/Cyc-1 of A. ferrooxidans, FoxEYZ of Rhodobacter strain SW2 and PioAB/MtrAB. This search identified a three-gene cluster that encoded MtrA, MtrB, and CymA homologs. To distinguish them from those found in Fe(III)-reducing bacteria, we named the identified homologs MtoAB and CymAES-1. Cloned mtoA partially complemented an MR-1 mutant without MtrA in ferrihydrite (FH) reduction. Recombinant MtoA was purified following overexpression in MR-1 cells and characterized systematically. Purified MtoA was found to be a decaheme c-Cyt and able to oxidize soluble Fe(II) in vitro. Collectively, these results suggest that MtoA is a Fe(II)-oxidizing protein that works in concert with MtoB and CymAES-1 to mediate electron transfer reactions from the cell surface to the inner membrane during extracellular Fe(II) oxidation by ES-1.

MATERIALS AND METHODS

STANDARD PROCEDURES

Protein concentrations were measured with a bicinchoninic acid (BCA) protein assay kit from Pierce (Rockford, IL, USA). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis were conducted according to the instructions from Invitrogen (Carlsbad, CA, USA). To visualize proteins directly, gels were stained with GelCode blue stain from Pierce. Heme staining was carried out according the protocol described by Thomas et al. (1976). RGS-His antibody was used for detecting the recombinant protein tagged with RGS-His epitope by Western blot analysis (QIAGEN, Valencia, CA, USA). Kanamycin was used at 25 μg/ml.

GENE IDENTIFICATION AND CLONING

The approach used to identify MtoAB from the ES-1 genome was similar to those described previously (Shi et al., 1998; Shi and Zhang, 2004). MR-1 MtrAB and PioAB of R. palustris TIE-1 were used as templates to search for open reading frames (ORFs) whose predicted peptide products displayed similarity to the MtrAB/PioAB by BLAST (E < 0.01). Following their identification, the polypeptide sequences of MtoA, MtoB, or CymAES-1 and MtrA homologs, MtrB homologs, or CymA homologs of 19 sequenced Shewanella strains described by Fredrickson et al. (2008) and PioA or PioB were used to construct phylogenetic trees with the neighbor-joining-based ALGNX program of Vector NTI (Invitrogen). Likewise, the ES-1 genome was also searched for the homologs of Cyc-2/Rus/Cyc-1 of A. ferrooxidans and FoxEYZ of Rhodobacter strain SW2. The ORF for the identified MtrA homolog was synthesized and then cloned into a protein expression vector pJexpress 401 to create pLS279 by DNA 2.0 (Menlo Park, CA, USA). pLS279 was introduced into MR-1 ΔmtrB–mtrD (locus tags SO_1776-SO_1782) or ΔmtrA (SO_1777) mutant by electroporation to create LS587 and LS597, respectively (Shi et al., 2005; Hartshorne et al., 2009; Clarke et al., 2011). ΔmtrA mutant was also transformed with pJexpress 401 to create LS620.

FERRIHYDRITE REDUCTION

For ferrihydrite (FH) reduction, MR-1, LS597, and LS620 were grown in PIPES-buffered M1 medium with 20 mM sodium lactate aerobically at 30°C for 16 h with agitation (150 rpm) and harvested by centrifugation (5000 × g, 5 min). Harvested cells were washed once with the same medium, purged with N2, and transferred to Balch tubes at final concentration of 1 × 108 cells/ml. FH was added at final concentration of 10 mM. The tubes were incubated horizontally at 30°C with shaking (25 rpm; Shi et al., 2011). At predetermined time points, 0.5 N HCl extractable Fe(II) was determined by the ferrozine assay (Stookey, 1970).

PROTEIN PURIFICATION

MtoA was purified from a mutant without major MR-1 c-Cyts, such as MtrA, MtrC, and OmcA. Compared to that in wt, yields of purified c-Cyts from this mutant were often two to three times higher. LS587 was grown aerobically in Tryptic Broth at 30°C with agitation (150 rpm) until the culture reached an optical density at 600 nm of 0.6. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM. The LS587 cells were grown for another 17 h and then harvested by centrifugation at 6000 × g for 15 min. The harvested cells were washed once with buffer A (20 mM HEPES, pH 7.8, 150 mM NaCl) and stored at −20°C. Frozen cell pellets were resuspended in buffer B [buffer A + protease inhibitor (Roche Diagnostic, Indianapolis, IN, USA)] in a ratio of 5 ml/g wet weight cells. The cells were lysed by passage through a French press three times at 8000 lbf/in2. The unbroken cells and debris were removed by centrifugation at 15,000 × g for 30 min. The supernatant was transferred to ultracentrifugation tubes and further centrifuged at 150,000 × g for 1 h. The supernatant was loaded onto a Ni2+–nitrilotriacetic acid (NTA) agarose column pre-equilibrated with buffer B. The column was washed with following buffers in sequential order: buffer B, buffer C [buffer B + 10% (v/v) glycerol], and buffer D (buffer C + 40 mM imidazole). MtoA was eluted with buffer E (buffer C + 250 mM imidazole; Shi et al., 2005). The fractions containing MtoA were pooled and concentrated. The concentrated MtoA was loaded on a HiLoad 16/60 column of Superdex 200 and eluted with buffer B by means of an ÄKTA explorer fast protein liquid chromatography system (GE Healthcare, Piscataway, NJ, USA). The MtoA-containing fractions were pooled, concentrated, changed to buffer C, aliquoted, and stored at −20°C. All protein purification steps were performed at 4°C.

MALDI–TOF MASS SPECTROMETRY

MALDI–TOF mass spectra were acquired using a Bruker UltraFlextreme (Billerica, MA, USA) mass spectrometer operated in linear mode. The instrument was calibrated with Protein Standard II (Bruker). MtoA in the final dialysis buffer was either desalted with a C4 OMIX pipette tip (Varian, Palo Alto, CA, USA) before spotting on the MALDI target, or spotted directly. Similar results were obtained with either method. The matrix solution was α-cyano-4-hydroxycinnamic acid in methanol. Laser power and number of lasers shots were adjusted and scans were averaged until the desired signal-to-noise ratio was obtained. Data from four experiments on three different preparations of MtoA were averaged.

LIQUID CHROMATOGRAPHY–MS

Approximately 60 μg of MtoA in a volume of 200 μl was denatured by adding ∼96 mg of solid urea and incubating at room temperature for 1 h. The sample was diluted 12-fold with 100 mM ammonium bicarbonate buffer (pH 8) and then digested with sequencing-grade modified trypsin (Promega, Madison, WI, USA) overnight at 37°C at a protein-to-enzyme ratio of 20:1. The digest was desalted by solid phase extraction with a Supelco Discovery C18 cartridge. The desalted sample was then analyzed by LC–tandem mass spectrometry (MS/MS) on a custom-built LC system coupled to an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) as previously described (Livesay et al., 2007). The resulting MS/MS data were searched using TurboSequest v27.12 (Eng et al., 1994), with parent mass tolerance, 50 ppm; fragment mass tolerance, 0.5 Da; partially tryptic enzyme rules; a dynamic modification on cysteine (C) residues of 615.1694 (Yang et al., 2005), corresponding to the mass of a heme C group containing 56Fe and accounting for the charge on the heme iron. Because heme C peptides are known to be difficult to identify from database searches, we manually annotated tandem mass spectra of heme C peptides assigned to each observed heme motif.

CYCLIC VOLTAMMETRY

Cyclic voltammetry (CV) was performed inside a Faraday cage housed in a N2-filled chamber (atmospheric O2 < 2 ppm). The glass electrochemical cell contained three electrodes: a Ag/AgCl (saturated KCl) reference electrode, a basal plane pyrolytic graphite working electrode and a Pt wire counter electrode. The sample chamber was maintained at 4°C. Immediately prior to each experiment the working electrode surface was lightly abraded with “Wet and Dry Abrasive Paper” of fine grade (English Abrasives and Chemicals, Stafford, UK) and polished with an aqueous 0.3-μm Al2O3 slurry. After sonication, the electrode was rinsed, dried with a tissue and a few microliters of ice-cold solution containing 100 μM MtoA in 20 mM HEPES pH 7.6 + 100 mM NaCl + 10% (v/v) glycerol were placed on the electrode. After 30–60 s, excess solution was removed from the electrode, which was then immersed in the desired buffer-electrolyte: 25 mM HEPES pH 7.1 with 100 mM NaCl, or 20 mM Tris pH 7.8–9.2 with 100 mM NaCl. Baseline subtraction was carried out as previously described (Hartshorne et al., 2009). Midpoint potentials (Em) were determined by fitting oxidative and reductive scans to the sum of the theoretical response for 10 centers behaving as isolated n = 1 sites (Clarke et al., 2011). Potentials are quoted with respect to the standard hydrogen electrode (SHE) following addition of +0.197 V to the measured values.

SPECTROSCOPIC AND STOPPED-FLOW KINETIC MEASUREMENT

All spectroscopic and kinetic measurements were conducted in an anoxic chamber filled with N2 from a liquid N2 boil-off supply (<1 ppm O2; Innovative Technologies, Port Washington, NY, USA). MtoA stock solution containing 4 μM protein, 150 mM NaCl, and 20 mM HEPES buffer (pH = 7.6) was purged with dry N2 gas for more than 1 h, then stored at 4°C in serum bottles capped with thick rubber stoppers and crimp sealed. All chemicals, plastic syringes, tubes, vials, and pipette tips were deoxygenated for at least 24 h inside the anoxic chamber prior to use. The UV–visible absorption spectra were collected using Agilent 8452 Diode Array Spectrophotometer (Santa Clara, CA, USA). Purified MtoA was in the oxidized form. To record the spectrum of fully reduced MtoA, 10 mM sodium dithionite solution was gradually added to 0.5 ml of protein stock solution until no changes in the UV–visible spectra were observed. In pH-dependent Fe(II) oxidation experiments, MtoA stock solution was diluted to 0.4 μM in Tris buffer (20 mM buffer with 150 mM NaCl) at the desired pH value. A small volume of FeCl2 stock solution (15 mM) was spiked into the diluted protein solution. Absorption spectra of the resulting solution mixture were observed at ∼5 min after the spiking, allowing the reactions to reach equilibrium.

Electron transfer in the Fe(II) oxidation by MtoA was measured using the reaction between 39.4 μM of FeCl2 and 4 μM of purified MtoA solution at pH 8. The amount of reduced MtoA after reaction was measured using the absorbance at the 552-nm band in the absorption spectrum. The Fe(II) concentration in the solution was measured by ferrozine assay. To minimize the spectral interference of MtoA, the solution was filtered by a 30-kDa centrifuge filter (Amicon Ultra-0.5, Millipore, Billerica, MA, USA) at 13,000 × g for 12 min, and then 0.4 ml of the filtrate into 1.6 ml ferrozine (1000 mg/l, pH 7) was added. A control experiment was conducted without adding MtoA solution, and the Fe(II) concentration after the same filtration process did not change substantially.

Ligand effects on oxidation of Fe(II)-complexes by MtoA were investigated using a stopped-flow system with a BioLogic MOS 250 spectrometer (Knoxville, TN, USA). The method was described in detail by Wang et al. (2008). Briefly, known volumes of MtoA and Fe(II)-complex solutions were rapidly mixed, and then the absorbance at 552 nm was tracked as a function of time. The concentration of oxidized MtoA at time t (Ct) can be calculated from the measured absorbance (At) using the following equation (Wang et al., 2008) after baseline correction:
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where C0 is the initial concentration of oxidized MtoA, εox, and εred are the molar absorption coefficients of the oxidized and reduced MtoA, respectively. All stopped-flow kinetic experiments were conducted in Tris buffer (pH 8) containing 0.4 μM protein and 200 μM Fe(II) complexes. The ferrous iron-to-ligand ratio in Fe–citrate, Fe–NTA, and Fe–EDTA stock solutions was 1:10.

ANALYSIS OF KINETIC DATA

The overall reaction between oxidized MtoA (ox-MtoA) and Fe(II)-complexes can be expressed as:
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The rate of this reaction can then be expressed as follows:
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where k is the rate constant, A and C are the Fe(II) and oxidized MtoA concentrations, respectively. Q is the ion activity product of the redox reaction, and K is the equilibrium constant. The concentration of oxidized MtoA (C) was calculated from the measured absorbance in the stopped-flow system and plotted against time. The residual Fe(II) concentration was calculated from the electron balance between the reacted Fe(II) and reduced MtoA. The calculated MtoA and Fe(II) concentrations as a function of time were then used to estimate rate parameters in Eq. 3. The second-order rate constant (k) and the equilibrium constant (K) were determined by the slope and the ending point of the fitted line, respectively.

RESULTS

IDENTIFICATION OF MtoAB AND CymAES-1

Search of the ES-1 genome did not reveal any homologs for Cyc-2/Rus/Cyc-1 of A. ferrooxidans or FoxEYZ of Rhodobacter strain SW2, but identified a gene cluster that encoded an MtrA/PioA homolog (Slit_2497) and an MtrB/PioB homolog (Slit_2496). Analysis of the genes adjacent to the mtrAB homologs also identified a cymA homolog (Slit_2495) that was next to an mtrB homolog. To distinguish them from those found in MR-1 and PioAB of R. palustris TIE-1, we named these genes and their encoding proteins mtoAB–cymA and MtoAB/CymAES-1, respectively (Figure 1). No pioC homolog was found in the ES-1 genome. The deduced MtoA polypeptide contains 317 amino acids with calculated molecular mass of 33556.2 Da. Ten CXXCH motifs (i.e., putative heme-binding sites) were found within the MtoA polypeptide, suggesting that matured MtoA contains up to 10 heme co-factors. In addition to the 10 histidine residues of the CX2CH motifs, the MtoA polypeptide contained 14 more histidine residues, most of which were probably used as the distal ligands for the heme Fe. Phylogenetic analysis of the deduced amino acid sequence of MtoA with the MtrA homologs of 19 sequenced Shewanella strains (Fredrickson et al., 2008) and PioA of R. palustris TIE-1 demonstrated that MtoA was 39% identical to PioA and 42–44% identical to the MtrA sequences analyzed. Furthermore, similar to Shewanella MtrA, MtoA lacked the N-terminal extension (∼200 amino acids) that was found in PioA polypeptides (Jiao and Newman, 2007). These results show that MtoA is almost equally related to PioA used for Fe(II) oxidation and MtrA for Fe(III) reduction, and the N-terminal extension of PioA is probably used for specific interaction with PioBC, but not directly for Fe(II) oxidation.
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Figure 1. Genetic organization of mtoA, mtoB, and cymA of Sideroxydans lithotrophicus ES-1. Shown are the relative positions of mtoA, mtoB, and cymA within the complete nucleotide sequence of S. lithotrophicus ES-1. The genes are labeled by arrows whose sizes and orientations indicate their relative lengths and directions in which they are presumed to be transcribed. For comparison, mtrCAB of Shewanella oneidensis MR-1 and pioABC of Rhodopseudomonas palustris TIE-1 are included. The genes encoding c-type cytochromes are labeled in red, while those encoding the β-barrel outer membrane proteins are labeled in green.



Likewise, MtoB was 17% identical to PioB and 19–21% identical to the MtrB sequences analyzed, while CymAES-1 was 56% identical to CymA of S. baltica OS223, 34% to MR-1 CymA and 32–36% identical to the other CymA sequences included in the alignment. Like PioB, MtoB is ∼110 amino acids longer than the MtrBs of Shewanella. Given that in MR-1, MtrAB, and CymA are the key components of the electron transfer pathway used for extracellular reduction of Fe(III) (Richardson, 2000; Shi et al., 2007, 2009), identification of an mtoAB–cymA cluster suggests that MtoAB and CymAES-1 may form a pathway for transferring electrons from the bacterial surface to the inner membrane during extracellular Fe(II) oxidation by ES-1.

COMPLEMENTATION OF MR-1 mtrA DELETION MUTANT IN FERRIHYDRITE (FH) REDUCTION BY MtoA

MtoA is a homolog of MR-1 MtrA that plays a critical role in FH reduction because deletion of mtrA impaired MR-1’s ability to reduce FH (Hartshorne et al., 2009). To determine whether MtoA can facilitate trans-membrane electron transfer, pLS279 with mtoA was introduced into an MR-1 ΔmtrA mutant and tested for FH reduction. The same mutant was also transformed with an empty vector, and the resulting strain was used as a negative control. Under the conditions tested, the MR-1 wt began to reduce FH within 24 h, while no FH reduction was detected in the reactions mediated by ΔmtrA mutants with either empty vector or mtoA at 48 h. After 120 h, FH reduction was detected in the reactions mediated by ΔmtrA mutant with either empty vector or mtoA, but no major difference was found between them. After 240 h, wt produced 3.82 ± 0.14 mM Fe(II) (n = 3), while mutants with empty vector or MtoA produced 1.56 ± 0.3 and 3.26 ± 0.42 mM Fe(II) (n = 3), respectively, which were 40 and 85% of that produced by wt (Figure 2). Thus, recombinant MtoA partially complements ΔmtrA mutant in FH reduction, demonstrating that it can be inserted into MtrB and transfer electron across the outer membrane to MtrC during FH reduction. Because deletion of mtrA up-regulates mtrD, an mtrA homolog (Coursolle and Gralnick, 2010), the up-regulated MtrD may contribute to the FH reduction observed in the mutant with empty vector.
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Figure 2. Complementation of Shewanella oneidensis MR-1 mutant without MtrA by MtoA. Fe(II) formation after reduction of 10 mM FH by S. oneidensis MR-1 wild type (wt), ΔmtrA mutant with empty vector, and the mutant complemented with MtoA (Compl.) for 240 h. The values reported are the means and SD of triplicate measurements.



PURIFICATION OF RECOMBINANT MtoA

Following cell lysis and ultracentrifugation, recombinant MtoA was isolated from the soluble fraction by immobilized metal ion affinity chromatography followed by gel-filtration chromatography. The purified MtoA migrated as two bands on SDS-PAGE with apparent masses of ∼43 and 86 kDa, respectively. Heme staining and Western blot analyses of the same sample showed that both bands were the heme-containing MtoA, indicating that band with ∼86 kDa contained MtoA dimers (Figure 3). Measurement of purified MtoA with MALDI–TOF MS revealed that its molecular mass was 42,746 ± 114 Da (n = 3), which was very close to 42,639 Da, the calculated molecular mass for recombinant MtoA matured with 10 heme groups. In addition, liquid chromatography–mass spectrometry (LC–MS)/MS experiments following tryptic digest demonstrated heme modification at 8 out of 10 CXXCH heme-binding motifs in MtoA (all but motifs 9 and 10). Presumably, peptides from motifs 9 and 10 are not observed because of a lack of trypsin cleavage sites in their vicinity. Both motifs 9 and 10 would be in the same 56-residue, 6891-Da tryptic peptide, too large to be readily analyzed by LC–MS (data not shown). All these results clearly demonstrate that purified MtoA is a decaheme c-Cyt.
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Figure 3. Purification of MtoA. A total of 2 μg of isolated MtoA was run by SDS-PAGE and then visualized by GelCode staining (lane A) and heme staining (lane B) or probed with RGS-His-HRP antibody (lane C). Migration positions of protein standards with different molecular masses (kDa) are indicated at the left.



CYCLIC VOLTAMMETRY OF PURIFIED MtoA

Cyclic voltammetry of basal plane graphite electrodes exposed to solutions of MtoA displayed clear peaks describing oxidative and reductive transformations that were not seen in the absence of MtoA (Figure 4). The oxidative and reductive peak areas were within error of each other consistent with reversible redox transformation of the adsorbed protein, and typically corresponded to 3 × 10−12 pmol of electroactive MtoA per square centimeter assuming all 10 hemes are redox active. This electroactive population is consistent with monolayer coverage of the electrode by MtoA, and peak currents were found to be directly proportional to the scan rate confirming that the response did indeed arise from an adsorbed protein film. As shown in Figure 4, MtoA is redox active over a more positive window of potential than MR-1 MtrA at pH 7.1, suggesting that MtoA is better poised to oxidize Fe(II) than MR-1 MtrA.
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Figure 4. Cyclic voltammograms of MtoA of Sideroxydans lithotrophicus ES-1 and MtrA of Shewanella oneidensis MR-1 adsorbed on graphite electrodes. Scan rate = 50 mV/s, buffer-electrolyte = 25 mM HEPES pH 7.1 with 100 mM NaCl, T = 277 K.



The redox properties of MtoA were measured by CV at pH 7.1, 7.8, 8.2, and 9.2. For each pH the protein was redox active between ∼+100 and −400 mV (vs. SHE) with the heme Em values clustering to define a low potential peak and a higher potential shoulder. The major impact of increased pH was to produce a greater proportion of hemes with lower Em. A smaller effect was a shift of the higher potential end of redox active window to more negative values. These effects were quantified by assuming that the oxidative and reductive peaks arose from the sum of contributions from 10 independent centers displaying reversible, n = 1 electron transfer. This assumption yielded a good fit to the data and averaging the Em values from oxidative and reductive peaks yielded 10 apparent Em values for each pH (Figure 5).
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Figure 5. Average Em values determined from cyclic voltammetry of MtoA at the indicated pH.



Fe(II) OXIDATION BY MtoA

The absorption spectrum of purified, oxidized MtoA exhibited a characteristic peak at 408 nm (α peak) with a shoulder at ∼352 nm and a weak absorption band at ∼530 nm. After addition of sodium dithionite solution at pH 7, α peak shifted to 418 nm, and the shoulder shifted to 324 nm to form a distinct peak. In addition, two absorption peaks at 522 nm (β peak) and 552 nm (γ peak) appeared (Figure 6). A similar change was observed in absorption spectra of oxidized and reduced MtrC and OmcA (Wang et al., 2008). The fully reduced MtoA could be rapidly re-oxidized by addition of 1 mM of Fe(III)–NTA solution (data not shown), which is consistent with previous results that MR-1 MtrA is a bidirectional protein and can mediate electrons in and out of MR-1 cells as well as proteoliposomes (Hartshorne et al., 2009; Ross et al., 2011). To investigate the mass balance in FeCl2 oxidation by MtoA, the concentration changes of Fe(II) ions (Δ[Fe(II)]) and reduced MtoA ([MtoA]red) were investigated with 4 μM of oxidized MtoA reacted with ∼40 μM of FeCl2 at pH 9. At the end of the reaction, the ratio of Δ[Fe(II)] to [MtoA]red was 9.6 ± 1.5 (n = 3). Changing the initial concentration of MtoA to 2.3 and 3 μM, respectively, did not significantly change the ratio. Although not all MtoA was reduced by FeCl2 in all experiments, the amount of Fe(II) ions formed was close to 10 times more than the amount of MtoA reduced. It suggests that, under this condition, 10 hemes in MtoA participated in electron transfer, and no other electron acceptor or donor participated in this reaction.
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Figure 6. Absorption spectra of MtoA (4 μM) in 50 mM NaCl and 100 mM HEPES buffer (pH = 7) in the oxidized (blue line) and the reduced form (red line).



pH-DEPENDENT Fe(II) OXIDATION BY MtoA

Absorption spectra of 0.4 μM MtoA after reaction with 18 μM FeCl2 at pH 7, 7.5, 8, 8.5, and 9, respectively, were compared (Figure 7). The comparison showed that, with the same amount of FeCl2, the absorbance at 552 nm increased as pH increased. At pH 7, only 1.0 ± 1.1% (n = 3) of MtoA was reduced by 18 μM FeCl2, but this percentage increased to 4.9 ± 0.3% (n = 3) at pH 7.5, 14.7 ± 3.3% (n = 3) at pH 8, 48.2 ± 1.7% (n = 3) at pH 8.5, and 63.0 ± 9.8% (n = 3) at pH 9. The maximum fraction of total MtoA reduced by FeCl2 was therefore systematically larger at higher pH. The same trend was also observed in HEPES buffer at pH 7 and 8 (data not shown). It should be noted that in all of these experiments, MtoA was not totally reduced, even though there was an excess of electron donor, FeCl2. At pH 9, increasing the concentration of FeCl2 up to 400 μM did result in increasingly reduced MtoA. At pH 8, no additional MtoA was reduced as [FeCl2] was increased to 840 μM. Thus, MtoA has the ability to oxidize FeCl2 in the pH range of 7–9, but reduction of MtoA is incomplete even in the presence of excess FeCl2. Similar incomplete redox reaction was observed in the oxidation of reduced MtrF by flavin mononucleotide (FMN). For that system it was proposed that only a subgroup of the 10 hemes in each MtrF molecule participated in FMN reduction based on reduction potential difference estimated between individual hemes and the midpoint potential of FMN/FMNH2 (Clarke et al., 2011). However, the mass balance experiment in this study showed that the molar ratio of the consumed Fe(II) to reduced MtoA was close to 10:1, consistent in principle with participation of 10 hemes in each MtoA molecule per 10 Fe(II) oxidized. If only a subgroup of MtoA hemes reacted with FeCl2, this ratio should be <10. This suggests that at the end of reaction a subpopulation of MtoA molecules are fully reduced, and incomplete reduction of MtoA is accounted for by a fully oxidized subgroup of MtoA. Hence, in contrast to MtrF, MtoA appears to undergo redox reactions via a cascade whereby once electron transfer into an MtoA molecule begins, it subsequently becomes more energetically favorable to continue reduction of that molecule to completion. This suggests that for any individual MtoA, redox potentials for individual hemes, in CV measurements for example, progressively shift to more oxidizing potentials as reduction proceeds, and vice versa. As Fe(II), Fe(III), and oxidized MtoA concentrations change during the course of reaction, the redox potential difference between ferrous species and MtoA may decrease to zero, at which point the reaction reaches equilibrium. Involvement of all of its 10 hemes during Fe(II) oxidation implies the ability of MtoA for transferring electrons from extracellular Fe(II), across the outer membrane, and into the periplasm, which is consistent with the complementation results described above.
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Figure 7. (A) Absorption spectra of MtoA (0.4 μM) after the oxidation of 18 μM FeCl2 at pH 7 (black), pH 7.5 (blue), pH 8 (red), pH 8.5 (pink), and pH 9 (green). (B) Speciation of Fe(II; 18 μM) as a function of pH in 150 mM NaCl solution (Allison et al., 1991). (C) Variation of Fe(II; blue columns) oxidized by MtoA at the end of reactions and initial [Fe(OH)+] (red columns) as a function of pH.



LIGAND-DEPENDENT Fe(II) OXIDATION BY MtoA

Rates of Fe(II)-complex oxidation by MtoA at pH 8 were investigated using a stopped-flow system. In all experiments, the molar ratio of Fe(II) to MtoA was 500. The change of MtoA concentration with time was calculated according to the absorbance change at the γ peak. A control experiment was included by mixing MtoA and Tris buffer (pH 8) in which no significant change was observed in the concentration of oxidized MtoA during the time course of study (Figure 8). In all Fe(II)-complex oxidation reactions, the concentration of oxidized MtoA changed in a similar way. It initially decreased very fast, and then the rate of change decreased to reach redox equilibrium. All reactions reached equilibrium within 2 min. The fraction of MtoA reduced by Fe(II)-complexes at the end of each reaction was in the order Fe(II)Cl2 > Fe(II)–citrate > Fe(II)–NTA > Fe(II)–EDTA (Figure 8).
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Figure 8. Stopped-flow spectrophotometry results of the oxidation of 0.2 mM Fe(II)-complexes by 0.4 μM MtoA at pH 8 [black dots; from the top to the bottom is MtoA solution without Fe(II)-complexes (control), Fe(II)–EDTA, Fe(II)–NTA, Fe(II)–citrate, and Fe(II)Cl2]. The fitted curves for the kinetic data of MtoA reduction with Fe(II)Cl2 (purple), Fe(II)–citrate (green), Fe(II)–NTA (blue), and Fe(II)–EDTA (red).



The stopped-flow kinetic data were fitted to a second-order rate model using Eq. 3. The rate constant, k, was derived from the slope of fitted curves in the fast stage, and the equilibrium constant, K, was determined from the equilibrium stage (Table 1). Rate and equilibrium constants were significantly affected by ligand type. The order for the oxidation rates are similar to the final oxidation fraction, which was Fe(II)Cl2 > Fe(II)–citrate > Fe(II)–NTA > Fe(II)–EDTA. These experiments showed that the type of ligand significantly affected the oxidation kinetics of Fe(II)-complexes by MtoA. Compared to the reduction rates of the analogous Fe(III)-complexes by MtrC and OmcA, which ranged from 0.872 μM−1 s−1 for the reaction between MtrC and Fe(III)–EDTA to 0.012 μM−1 s−1 for the reaction between OmcA and the Fe(III)–citrate (Wang et al., 2008), the oxidation rates of Fe(II)-complexes by MtoA were two orders of magnitude slower. Moreover, in the Fe(III)-complex reduction reactions by MtrC and OmcA, there was enough free energy driving the redox reaction to consume all heme groups. However, consistent with the discussion above regarding reaction incompleteness, the free energy in the present system was not sufficient for all MtoA to participate in the redox reaction.

Table 1. Kinetic parameters for Fe-complexes oxidation by MtoA at pH 8.
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DISCUSSION

The increased oxidation of Fe(II)Cl2 by MtoA from pH 7 to pH 9 may be attributed mainly to the expected increased concentration of hydroxylated species of Fe(II), such as Fe(OH)+ and Fe(OH)2. Equilibrium speciation calculations based on Minteqa2 thermodynamic database (Allison et al., 1991) as plotted in Figure 7B show the speciation of Fe(II; 18 μM) in 150 mM NaCl solution as a function of pH. Hexaquo ferrous ion is the dominant species in the pH range used in this study, but the amount of Fe(OH)+ increases with increasing pH, especially when pH is greater than 7.5. Both thermodynamic calculations and experimental data indicate that hydroxylated species of Fe(II) have higher reactivity relative to hexaquo Fe(II) (e.g., Wehrli, 1990; Sedlak and Chan, 1997). OH− ligands in the inner coordination shell of Fe(II) increase its reducing potential and increase its oxidation rate, and therefore could increase reaction to product Fe(III) phases. The concentration change of Fe(II), including hexaquo Fe(II) and Fe(OH)+, at the end of pH-dependent experiments was compared to the initial Fe(OH)+ concentration (Figure 7C). It shows that the amount of Fe(II) oxidized by MtoA appears to correlate positively with the initial concentration of Fe(OH)+ from pH 7 to pH 9. Notably, at pH 9, the initial concentration of Fe(OH)+ is expected to be significantly higher than that at pH 8.5, but the amount of Fe(II) oxidized by MtoA only increases slightly. This discrepancy is caused, at least in part, by the fact that the average redox potential of MtoA decreases as pH increases. This decrease is particularly accelerated from pH 8.2 to pH 9.2. The decrease of the redox potential of MtoA from pH 8.2 to pH 9.2 could negatively offset the increase of Fe(OH)+ concentration in the same pH range, which may have the net result of only a slight increase of the Fe(II) oxidized by MtoA at pH 9. These results imply that change of pH in the environments may also have significant influence on Fe(II) speciation, which in turn will strongly affect microorganism-mediated Fe(II) oxidation in their natural settings.

Ligand types impact both reaction rates and equilibrium constants of redox reactions between Fe(II)-complexes and MtoA. The equilibrium speciation calculations showed that the dominant Fe(II) species in the four ligand systems is hexaquo Fe(II), Fe(II)–citrate−, FeOH–NTA−, and Fe–EDTA−, respectively, at a ferrous ion-to-ligand ratio of 1:10. The equilibrium constant for the half electron transfer reactions between Fe(II)–ligand and Fe(III)–ligand (Table 2) was calculated using the thermodynamic cycle that involves ligand detachment from Fe(II)–ligand complex, Fe(II) oxidation to Fe(III) and Fe(III)–ligand complexation:
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Table 2. Relevant speciation reactions for calculating reaction-free energy at 25°C.
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Reaction equilibrium constants in this electron transfer pathway are provided in Table 2. For the case of FeCl2 at pH 8, it is reasonable to assume that the concentration of produced Fe(III) was controlled by the solubility of FH [Fe(OH)3] because organic ligand was not provided. The equilibrium constant for electron transfer from Fe(II) to FH (log K = 7.04; Table 1) was then calculated by combining the redox reaction of Fe(II)/Fe(III) and the formation reaction of FH (Table 2). The trend of calculated log K is consistent with that of the log K values fitted from the experimental data except for the Fe–citrate case (Table 1). The exception is likely because of incomplete understanding of the speciation in the Fe(III)–citrate system; two Fe(III)–citrate speciation models were assembled previously based on literature data (Liu et al., 2001) that involve completely different Fe(III) speciation. In this study, we used the speciation model 1 in Liu et al. (2001), which is also used in the Minteqa2 database (Allison et al., 1991). In this model, the log K for the equation:
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is 13.43 Speciation calculations in our Fe(III)–citrate system using Eq. 5, however, suggested that Fe(III)–citrate is not a stable species if Fe(III) is allowed to precipitate as FH. The alternative Fe(III)–citrate speciation model produced the same result. If the FH is used as the end product, then the overall reaction constant (log K) from Fe(II)–citrate to FH at pH 8 is 1.15. With this value, the trend of the calculated equilibrium reaction constants was consistent with the value estimated from the experimental data.

The estimated reaction rate constants (k) and equilibrium constants (K) were positively correlated, establishing a linear free-energy relationship for this system (Figure 9). This result implies that it is the reaction-free energy that mainly determined the observed initial reaction rates when it was far away from equilibrium. It is interesting to note that the rate constant order of Fe(II)-complex oxidation, Fe–citrate > Fe–NTA > Fe–EDTA, is the inverse order observed in the reduction of Fe(III) complexes by MtrC and OmcA, where the Fe(III)–ligand reduction rate was Fe(III)–EDTA > Fe(III)–NTA > Fe(III)–citrate (Wang et al., 2008). This is expected from the trend of the activation-free energies for the redox reactions between Fe-complex and proteins (Wang et al., 2008). It is also expected from the relationship of K = kf/kb, where kf and kb are the forward [Fe(II) oxidation] and backward [Fe(III) reduction] reaction rate constants, respectively, and K is the equilibrium constant. Using the estimated K and k, which is kf here (Table 1), the calculated kb = kf/K, is on the order of Fe–citrate < Fe–NTA < Fe–EDTA, which is consistent with those observed by Wang et al. (2008). These two studies therefore demonstrate the same effect of ligand complexation on the reaction rates for both reduction and oxidation reactions, indicating that complexing ligands will have a significant impact on the reaction rates of microorganism-mediated Fe(II) oxidation in the environments.


[image: image]

Figure 9. Linear free-energy relationship in Fe(II)-complexes oxidation by MtoA.



In MR-1, MtrAB form a tight protein complex on the OM where MtrB is proposed to serve as a sheath for embedding MtrA and MtrA mediates electron conductance across the OM, while CymA is located in the inner membrane where it recycles quinol back to quinone during extracellular Fe(III) oxide reduction (Hartshorne et al., 2009). In this study, we showed that MtoA was a functional Fe(II)-oxidizing protein with broad redox potential that was more positive than that of MR-1 MtrA, indicating that, like MR-1 MtrA, MtoA is also capable of mediating electron conductance across the OM, but with the direction opposite to that of MR-1 MtrA during metal-reducing conditions. In addition, ES-1 mtoAB–cymA is, to the best of our knowledge, the first example that the genes encoding MtrAB and CymA homologs are clustered together, which suggests that they may belong to the same operon and that their protein products may work together for mediating electron transfer reactions. Based on previous observations and the results from this study, we propose that, similar to MtrAB and CymA in MR-1 cells, MtoAB and CymAES-1 are also located in the OM and inner membrane, respectively, where MtoA is embedded inside MtoB. However, the direction of MtoAB/CymAES-1-mediated electron transfer during Fe(II) oxidation (i.e., outside-in) by ES-1 is opposite to that of MtrABC/CymA-mediated reactions during Fe(III) reduction (i.e., inside-out) by MR-1. We propose that through its heme group(s) exposed to the extracellular environment, MtoA oxidizes Fe(II) directly and then transfers the released electrons across the OM to periplasmic proteins that have yet to be identified, which in turn relay the electrons to CymAES-1. CymAES-1 uses the received electrons to reduce quinone to quinol in the inner membrane (Figure 10). Quinol then shuttles the electrons to the redox proteins in the inner membrane for reducing O2 and/or NAD+.
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Figure 10. The proposed roles of MtoAB and CymAES-1 in Sideroxydans lithotrophicus ES-1-mediated extracellular Fe(II) oxidation. Decaheme c-Cyt MtoA, which is inserted into the porin-like, outer membrane (OM) protein MtoB, oxidizes Fe(II) directly on the bacterial surface and transfers the released electrons across the OM to the periplasmic proteins that have yet to be identified. The periplasmic proteins relay the electrons through the periplasm (PS) to the tetraheme c-Cyt CymAES-1. CymAES-1, a homolog of NapC/NrfH family of quinol dehydrogenase that is located in the cytoplasmic or inner membrane (IM), reduces quinone to quinol. c-Cyts are labeled in red and direction of electron transfer is indicated by a yellow arrow.



PioABC homologs are also found in the Fe(II)-oxidizing bacterium Gallionella capsiferriformans (Bonnefoy and Holmes, 2011), indicating the broad involvements of MtoAB/PioAB homologs in microbial Fe(II) oxidation. It should be noted that a group of proteins that show no homologous to MtoAB/CymAES-1 have recently been proposed to be involved in Fe(II) oxidation by the bacterium Mariprofundus ferrooxydans PV-1 and homologs of these proteins are also present in ES-1 (Singer et al., 2011). These results emphasize the uncertainty that remains regarding the electron transfer pathway(s) utilized by ES-1 for Fe(II) oxidation and the need for additional research.

In summary, an mtoAB–cymA gene cluster is found in the genome of the Fe(II)-oxidizing bacterium S. lithotrophicus ES-1. Protein purification and characterization results confirm that MtoA is a decaheme c-type cytochrome and oxidizes soluble Fe(II). MtoA-mediated Fe(II) oxidation is pH- and Fe(II)-complexing ligand-dependent. It is proposed that, together, MtoAB and CymAES-1 form a pathway for electron conductance from extracellular Fe(II) to the quinone pool in the bacterial inner membrane.
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Extensive mats of Fe oxyhydroxides and associated Fe-oxidizing microbial organisms form in diverse geochemical settings – freshwater seeps to deep-sea vents – where ever opposing Fe(II)-oxygen gradients prevail. The mineralogy, reactivity, and structural transformations of Fe oxyhydroxides precipitated from submarine hydrothermal fluids within microbial mats remains elusive in active and fossil systems. In response, a study of Fe microbial mat formation at the Loihi Seamount was conducted to describe the physical and chemical characteristics of Fe-phases using extended X-ray absorption fine structure spectroscopy, powder X-ray diffraction, synchrotron radiation X-ray total scattering, low-temperature magnetic measurements, and Mössbauer spectroscopy. Particle sizes of 3.5–4.6 nm were estimated from magnetism data, and coherent scattering domain (CSD) sizes as small as 1.6 nm are indicated by pair distribution function (PDF) analysis. Disorder in the nanostructured Fe-bearing phases results in limited intermediate-range structural order: less than that of standard two-line ferrihydrite (Fh), except for the Pohaku site. The short-range ordered natural Fh (FhSRO) phases were stable at 4°C in the presence of oxygen for at least 1 year and during 400°C treatment. The observed stability of the FhSRO is consistent with magnetic observations that point to non-interacting nanoparticles. PDF analyses of total scattering data provide further evidence for FhSRO particles with a poorly ordered silica coating. The presence of coated particles explains the small CSD for the mat minerals, as well as the stability of the minerals over time and against heating. The mineral properties observed here provide a starting point from which progressively older and more extensively altered Fe deposits may be examined, with the ultimate goal of improved interpretation of past biogeochemical conditions and diagenetic processes.

Keywords: EXAFS, total X-ray scattering, Mössbauer, magnetism, microbial mat, Loihi Seamount, biomineral, nanoparticle

INTRODUCTION

Iron (Fe) microbial mats form in opposing iron and oxygen gradients in a wide variety of settings (Emerson and Revsbech, 1994; Chan et al., 2004; Rentz et al., 2007; Druschel et al., 2008; Edwards et al., 2011). The physical and chemical properties of the Fe-bearing phases will determine the biogeochemical reactivity of the minerals within the mats (Ekstrom et al., 2010; Boland et al., 2011; Hansel et al., 2011). Yet the crystallinity, local Fe coordination environment, and available reactive sites of the minerals are difficult to measure, and the structure or continuum of structures that compose one of the most common Fe oxyhydroxides, ferrihydrite (Fh), is an active topic of research and scientific controversy today (Michel et al., 2007a, 2010; Penn, 2007; Manceau, 2009, 2011; Pinney et al., 2009; Maillot et al., 2011), as it has been for more than two decades (Campbell, 1991; Drits et al., 1993; Manceau and Drits, 1993; Waychunas et al., 1996; Jambor and Dutrizac, 1998; Janney et al., 2000; Schwertmann et al., 2004). Poorly crystalline iron oxyhydroxides are often difficult to characterize due to nanometer particle dimensions (Michel et al., 2007a; Hochella Jr. et al., 2008) and a large number of polymorphs (Navrotsky et al., 2008). In addition, structural and compositional variability and complexity is intrinsic to Fe oxyhydroxides formed in settings such as microbial biofilms (Edwards et al., 2003; Chan et al., 2004; Toner et al., 2009) or in the presence of strongly sorbing inorganic and organic ligands (Cornell and Schwertmann, 1979; Waychunas et al., 1996; Rose et al., 1997; Vilge-Ritter et al., 1999; Doelsch et al., 2003; Mikutta, 2011). Considering that the gold standard measurement for mineralogy – powder X-ray diffraction (XSD) – relies on long-range structural order, it is not surprising that Fe mineralogy of microbial mats, often formed in the presence of abundant inorganic ligands and microbial cell surfaces and exudates, remains elusive. One viable strategy for describing Fe microbial mat mineralogy is to measure a suite of fundamental properties: (1) short-range structural order and valence state; (2) degree of structural defects relative to standard synthetic minerals; (3) degree of particle interaction and aggregation; (4) distribution of particle dimensions and extent of structural coherence; and (5) stability and recrystallization as a function of time and temperature.

In this context, the mineralogy of Loihi Seamount Fe microbial mats was examined as a function of temperature, water depth, and bulk aqueous geochemistry. Loihi Seamount is a seismically active submarine volcano and emerging Hawaiian Island (Klein, 1982; DeCarlo et al., 1983). Hydrothermal venting at Loihi produces opposing Fe and oxygen gradients (Glazer and Rouxel, 2009) and supports abundant microbial life including Fe-oxidizing bacteria (Emerson and Moyer, 2002). Iron mat formation at Loihi is pervasive, occurring at a range of temperatures (0–60°C), in diverse settings (ultra-diffuse regional venting at 5000 m to focused venting as shallow as 1116 m), and microbial activity in the mats has been demonstrated (Moyer et al., 1994, 1995; Emerson and Moyer, 2002; Edwards et al., 2011). Filamentous, non-filamentous, tubular, and branching microbial structures in the mats that form near venting are encrusted with Fe minerals, and biological Fe oxidation contributes approximately 60% of total Fe oxidation (Karl et al., 1988, 1989; Emerson and Moyer, 2002). Vent fluids near the summit of Loihi are enriched in carbon dioxide, ammonium, silicon (Si), Fe, and manganese (Mn) (Sedwick et al., 1992; Wheat et al., 2000). The goal of this research is to describe the physical and chemical properties of the minerals formed in Loihi Fe microbial mats. To accomplish this, we used synchrotron radiation X-ray absorption spectroscopy, X-ray fluorescence microspectroscopy, and X-ray total scattering, as well as Mössbauer spectroscopy and low-temperature magnetic measurements to identify the factors contributing to mat mineralogy. We also examine whether biogeochemical factors that control mineral formation influence only the initial precipitation of Fe oxyhydroxides or their long-term properties and preservation.

MATERIALS AND METHODS

LOIHI MAT COLLECTION AND STORAGE

Iron microbial mats at the Loihi Seamount were collected during research cruises in 2006 (R/V Melville), 2007 (R/V Kilo Moana), and 2008 (R/V Thompson) as part of a National Science Foundation Fe Microbial Observatory (FeMO) project. General characteristics of each site are summarized in Table 1. Sites represent the range of naturally occurring characteristics of the vents that occur at Loihi.

Table 1. Description of the Loihi Seamount vent areas and vent fluid properties.

[image: image]

The remotely operated vehicle JASON2 was used to collect mats with scoops and suction samplers. Typically the samples collected by slurp suction sampling experience a vigorous mixing of a large volume (several liters) of mat material, whereas consolidated mats collected in polycarbonate scoops retain some of their structural cohesiveness. Once shipboard, the loosely aggregated, well-mixed mat “flocs” were sub-sampled into 15 mL sterile tubes and either: (1) stored at 4°C and referred to as “fresh” or “aged” mat samples; or (2) frozen at −20°C and referred to as “frozen” mat samples. In the laboratory, a subset of these flocculent mat samples were defrosted, rinsed with purified water to remove sea salts, and dried at 40°C: these samples are referred to as (3) “dry” mat samples. At the deepest, very low-temperature diffuse venting site Ula Nui, approximately the top 5–10 cm of layered Fe–Mn microbial mats were collected in scoop-samplers and were stored fresh and frozen as fully (4) “intact” map samples. All of the mat samples examined for this study are reported in Table 1. The term “fresh” mat is applied to samples that were stored at 4°C and analyzed within 1 month of seafloor recovery. The term “aged” mat is applied to samples stored at 4°C and analyzed after 0.5 to greater than 1 year after seafloor recovery.

X-RAY ABSORPTION SPECTROSCOPY

Iron K-edge X-ray absorption microspectroscopy

X-ray microprobe measurements were performed for three types of Loihi mat samples: (a) intact surface crust from Ula Nui; (b) fresh mat flocs; and (c) 4°C aged mat flocs.

One intact surface crust of an Fe–Mn layered mat from Ula Nui was prepared for X-ray microprobe element mapping by slicing a 3-mm thick by 8 cm wide by 4 cm tall section of a sample frozen at −20°C. The slice was then positioned into an anaerobic aluminum sample holder with thin mylar windows that was continuously purged with helium at room temperature. Three different regions of the slice were then mapped – “R1,” a 200-μm × 200-μm region at the very top surface of the mat, “R2,” a 1600-μm × 200-μm region located 400 μm below the surface of the mat, and then “R3,” a final 200 μm × 200 μm region in the middle of the mat. Each map area was sequentially raster scanned at three energies across the Mn K-edge (6545, 6550, and 6560 eV) and then three energies across the Fe K-edge (7120, 7126, and 7133 eV) at BL 2-3 at the Stanford Synchrotron Radiation Lightsource using a Si 220 phi = 0 monochromator detuned 30% and a focused spot size of 2 μm × 2 μm. Full X-ray fluorescence spectra were collected for each pixel with a 100-ms dwell time using a three-element germanium detector. A matrix of predicted Fe(II) versus Fe(III) and Mn(II) versus Mn(IV) fluorescence yields at each incident energy was generated from the Fe X-ray absorption near-edge structure (XANES) spectra of a reduced basalt glass [88% Fe(II)] versus the 100% Fe(III)-oxide standard, and the Mn XANES spectra of [image: yes] [100% Mn(II)] and δ-MnO2 [100% Mn(IV)] standards (e.g., Templeton et al., 2009). The resulting I0-normalized, dead time-corrected element distribution, and oxidation–reduction maps were generated using Microanalysis Toolkit (Webb, 2006). Iron and Mn K-edge XANES spectra were also collected from specific spots in each map and analyzed using SixPack to confirm the oxidation states of Fe and Mn by comparison to our model compound library.

X-ray microprobe measurements were also conducted among a random assortment of disseminated mat particle aggregates (flocs) to determine Fe speciation. These fresh and aged Loihi mat flocs (Lohiau, Pohaku, Naha, and Ula Nui) were deposited on polycarbonate membranes (0.2 μm pore size) and rinsed with purified water using a glass filtration tower (MilliPore) and hand vacuum pump. Mat samples were analyzed at room temperature on the membrane with no further processing using a published method (Toner et al., 2009). Briefly, microprobe Fe extended X-ray absorption fine structure (EXAFS) spectra were collected at the Advanced Light Source on beamline 10.3.2 with a seven-element germanium detector in fluorescence mode (Marcus et al., 2004). The monochromator energy calibration was set with Fe foil at 7110.75 eV. The spectra were collected to a reciprocal space (k) value of 14.4 (Å−1) whenever possible. Individual scans collected at the same sample location were examined for changes in line-shape and peak position, and no photon-induced sample damage was observed. Spectra were dead time-corrected, energy calibrated, and averaged using custom beamline software (Marcus et al., 2004) and converted to k-space using SixPack (Webb, 2005). No over-absorption corrections were applied to EXAFS data.

Bulk iron K-edge X-ray absorption spectroscopy

Bulk Fe EXAFS spectra were collected for two types of Loihi mats: (1) frozen samples stored and analyzed under inert gas; and (2) “dry” samples that were frozen shipboard, and defrosted, rinsed, dried, and analyzed in ambient atmosphere.

Synchrotron-based Fe K-edge EXAFS spectra for two bulk mat flocs (Spillway and Hiolo mats) were collected from 7000 to 8000 eV on beamline 11-2 at the Stanford Synchrotron Radiation Lightsource using a Si(220) phi = 0 monochromator crystal detuned 30% for harmonic rejection, and a Lytle detector for fluorescence measurements. All data reduction including averaging, dead time correction, and post-edge normalization was conducted using SixPack to generate background-subtracted, k3-weighted EXAFS spectra. Spectra were calibrated using the first inflection of a Fe0 foil at 7112 eV. These three mat samples were analyzed in a hydrated state after being thawed and loaded into a 2-mm × 20-mm slit in a 1-mm mylar holder sealed with kapton tape in an anaerobic chamber. The mylar sample holder was maintained under anaerobic conditions on BL 11-2 by continuously flushing nitrogen through a specialized sample box attached to the fluorescence detector.

Several dry Loihi mat samples (Ula Nui-A, Ula Nui-B, Lohiau A, Spillway A, and BT37) were applied to double-sided adhesive in thin layers. Mat samples were analyzed at room temperature with no further processing. Bulk Fe EXAFS were collected at the Advanced Photon Source on beamline 20-BM in transmission mode. The monochromator energy was set with Fe foil at 7110.75 eV. The spectra were collected to a reciprocal space (k) value of greater than 15 (Å−1). Individual scans were examined for changes in line-shape and peak position, and no photon-induced sample damage was observed. Spectra were dead time-corrected, energy calibrated, averaged, and converted to k-space using Athena (Ravel and Newville, 2005). The spectra were compared to reference Fe oxyhydroxides (goethite and two-line Fh) synthesized using published methods (Cornell and Schwertmann, 2003), and sample preparation and data collection were identical to that described for the dry Loihi mat samples.

Reference Fe EXAFS spectra for this data set include goethite, six-line Fh, two-line Fh, lepidocrocite, hematite, siderite, green rust sulfate, jarosite, marcasite, magnetite, vivianite, and Fe(III)–phosphate (Hansel et al., 2003), as well as Fe-smectite (O’Day et al., 2004), additional Fe-silicates such as basalt, olivine, pyroxene, chlorite, Fe-bearing serpentine and talc group minerals (Mayhew et al., 2011), and a biogenic Fe oxyhydroxide formed during a seafloor sulfide incubation study (Toner et al., 2009).

SYNCHROTRON RADIATION X-RAY DIFFRACTION AND TOTAL SCATTERING

High-energy X-ray total scattering experiments were conducted at beamline 11-ID-B of the Advanced Photon Source, Argonne National Laboratory. Selected dry mat samples (Ula Nui-A/B, Lohiau A, Spillway A, and BT37) were packed into ∼1 mm O.D. polyimide (Kapton) capillaries and the scattered intensity from the samples was collected at ambient temperature with an amorphous-silicon-based flat-panel detector system (Perkin Elmer) mounted orthogonal to the incident beam path. For synchrotron radiation X-ray diffraction (XRD; SR-XRD) measurements the X-ray energy was fixed at ∼58 keV (λ = 0.2128 Å) and the sample-to-detector distance was optimized to cover d-spacings ranging from ∼0.5 to 8.5 Å. For pair distribution function (PDF) experiments the X-ray energy was fixed at ∼90.5 keV (λ = 0.13702 Å) and a sample-to-detector distance of ∼21.5 cm was chosen. This experimental geometry yielded scattering data with a maximum usable Q-range of 30 Å−1 (where Q = 4πsinθ·λ−1 is the magnitude of the scattering vector or momentum transfer). The total exposure time for the blank (i.e., empty capillary) was 3200 s and each sample was 1200 s. Fit2D (Hammersley et al., 1996) was used to convert two-dimensional data to one-dimensional intensity versus scattering angle (2θ). The experimental total scattering structure function S(Q), reduced structure function f(Q), and PDF were obtained using PDFgetX2 (Qiu et al., 2004). The data were corrected for parasitic background scattering and inelastic contributions (e.g., Compton scattering) as well as those corrections unique to image-plate geometry (Chupas et al., 2003). A Lorch modification function (Lorch, 1969) was applied.

The PDF, or G(r), is the Fourier transform of the reduced structure function and has been described in detail elsewhere (Guinier, 1963; Egami and Billinge, 2003). In general, peaks in the PDF occur at characteristic distances separating pairs of atoms, and thus the PDF is an averaged representation of structure. As discussed below, additional information such as the scattering domain size can be extracted from the attenuation in peak intensities with increasing r (see Gilbert, 2008 for review). In this study, the maximum coherent scattering domain (CSD) size for the samples and references is estimated from the PDFs and is reported with an error of ±3 Å (Hall et al., 2000). Structural information was extracted directly from the experimental PDFs by fitting the features with Gaussian functions (PeakFit v4.12). At shorter length scales (<∼2.5 Å) the peak positions yield actual average bond lengths (e.g., Si-O, Fe-O). At longer length scales the PDF becomes more complicated because peaks from different origins overlap. As such, the full width at half maximum (FWHM) of the Gaussian functions were varied together in order to minimize the number of free parameters. In addition, the positions of peaks at 3.03 and 3.44 Å (representing edge- and corner-sharing Fe polyhedra, respectively, as described below) were fixed during fitting of the natural samples in order to further constrain the number of degrees of freedom. As discussed below, the presence of at least edge-sharing Fe polyhedra is further justified by the EXAFS results for these samples.

Synthetic two-line Fh and amorphous silica were used as references. Ferrihydrite was precipitated at room temperature by the rapid hydrolysis of 0.1 M Fe(NO3)3 to pH 7 with 2 M NaOH. Amorphous SiO2 (am-SiO2) was precipitated by hydrolysis of tetraethyl orthosilicate [Si(OC2H5)4 (Fisher Scientific)] with 12 M HCl according to the procedure described by Hirata et al. (2003).

MAGNETISM

A commercial SQUID magnetometer (MPMS-XL-Quantum Design) was used to measure induced magnetization curves [zero field cooling (ZFC) and field cooling (FC)], hysteresis loops, room temperature saturation isothermal remanent magnetization (RTSIRM), and AC susceptibility as a function of temperature, and frequency (Institute for Rock Magnetism, University of Minnesota). ZFC induced magnetization curves were obtained by cooling the samples in zero field from 300 to 2 K, then the magnetization was recorded as temperature increases in a small applied field (B = 5 mT). For field cooled induced magnetization curves, the sample is cooled to 2 K in a 5-mT applied field, and magnetization is measured as temperature increases. Hysteresis loops were obtained by using maximum applied fields up to 5 T at temperatures from 2 to 300 K. RTSIRM curves were obtained by applying a field of 2.5 T at room temperature, and measuring the remanent magnetization upon cooling to 10 K, and then warming back to 300 K. The AC susceptibility curves are measured for variable frequencies (1–1000 Hz) in the temperature range 2–300 K.

To estimate the particle size using ZFC data, the TP temperatures were identified directly from ZFC curves and the particle volume was obtained by the Néel–Arrhenius Law:
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where T = TP, τ is the measuring time, τ0 is a constant characteristic of the material (10−9–10−11 s), V is volume and kB is Boltzmann’s constant. After mathematical manipulation the above equation can be rewritten as
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The volume was estimated considering particles with spherical geometry and Fh anisotropy constant of K = 1.7 × 105 J/m3 (Rodmacq, 1984). The values of constant of anisotropy K of Fh available in the literature are still under debate and could be a source of uncertainty in this estimate. The range of K values reported in the literature include: 3.6 × 105 J/m3 (Gilles et al., 2000); 3.12 × 105 J/m3 (Duarte et al., 2006); 1.0 × 105 J/m3 (Berquó et al., 2009); 4.7 × 105–1.5 × 104 J/m3 (Silva et al., 2008); 1.7 × 105 J/m3 (Suzdalev et al., 1996). Another source of error is related to the fact that the model used to calculate particle size of natural Fh considered spherical particles. Previous work on synthetic Fh (Erbs et al., 2008) suggests that these particles may have an aspect ratio that is greater than 1. As such, the estimates obtained here are considered upper limits and are useful to identify particle size changes associated with the vents temperature.

MÖSSBAUER SPECTROSCOPY

A conventional constant-acceleration spectrometer (Institute for Rock Magnetism, University of Minnesota) was used in transmission geometry with a 57Co/Rh source, using α-Fe at room temperature to calibrate isomer shifts (ISs) and velocity scale. The magnetic hyperfine parameters such as magnetic hyperfine field (BHF), IS, and quadrupole splitting (QS) were fitted using the NORMOS program (Brand, 1987).

HEAT TREATMENT OF HIOLO MAT FLOCS

The Hiolo mat was subjected to heating experiments in an oven to determine the temperature at which the Fh-like minerals transformed to hematite. One mat sample (Hiolo) was dried and divided in five aliquots. One part was kept without thermal treatment and the other four aliquots were used for thermal treatment at different temperatures. The heating procedure started and finished always with samples at room temperature reaching a maximum temperature (Tmax) of 400, 500, 600, or 800°C. After the oven reached Tmax the samples were maintained at that temperature for about 20 min, and then samples were cooled inside the oven. Powder XRD measurements were conducted for mat samples using a PANalytical X-Pert PRO MPD X-ray diffractometer equipped with a cobalt source and high speed detector (X-Clerator; Laboratory of R. Lee Penn, Department of Chemistry, University of Minnesota). The data were collected over the range of 10–90 2þeta°, with a scan rate of 0.6°/min, and data are compared to reference powder diffraction patterns. Mössbauer spectra were also collected for the heat treated mat, as described in Section “Mössbauer Spectroscopy.”

ELEMENTAL ANALYSES

Thawed Loihi Fe mat samples were prepared for elemental analysis (Aqueous Geochemistry Laboratory, Department of Earth Sciences, University of Minnesota) by 3× centrifugation and rinsing steps (18.2 Ω Milli-Q water), followed by drying for 24 h at 50°C. The dried samples were dissolved in 6 mL of a 50/50 mixture of Trace Grade HCl and HNO3, and diluted with 18.2 Ω water to a total volume of 30 mL. Major elements (Al, B, Ba, Ca, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Na, Ni, P, Si, Sr, Zn) were measured using a Thermo Scientific iCAP 6500 dual view Inductively Coupled Plasma-Optical Emission Spectrometer. The mat solutions were diluted for analysis with a cesium matrix modifier and yttrium as an internal standard. For trace metal analysis, the dissolved samples were diluted 40×, and 40 ppb of In internal standard was added. Trace elements (Be, Al, Sc, Ti, V, Ga, As, Se, Rb, Y, Zr, Mo, Ag, Cd, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, W, Pb, Th, and U) were measured using a Thermo Scientific XSERIES 2 ICP-MS w/ESI PC3 Peltier cooled spray chamber, SC-FAST injection loop, and SC-4 autosampler. All elements except Li, Be, Al, were analyzed using He/H2 collision–reaction mode.

To quantify organic carbon contents in several mats, 7–25 mg of material was leached in 0.1 N HCl, dried, reweighed, loaded into tin capsules, and analyzed using a Costech CHN 4010 elemental combustion system.

RESULTS

IRON X-RAY ABSORPTION SPECTROSCOPY

Microprobe Fe EXAFS spectra were collected for fresh and 4°C aged Loihi Fe microbial mats (Ula Nui, Lohiau, Naha, and Pohaku; slurp samples; Table 1). The microprobe EXAFS data are presented in Figure 1 along with bulk EXAFS data and selected reference spectra of Fe oxyhydroxides (goethite, two-line Fh, and Juan de Fuca Ridge biogenic Fe oxyhydroxide). Point measurements from different particle aggregates within the mat samples indicate that Fe speciation was homogeneous at a spatial scale of 10 μm2. Comparison between the microprobe and bulk Fe EXAFS spectra for these mat flocs shows that the Fe speciation measured at the microscale is also representative of the bulk Fe speciation (Figure 1; Table 2).
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Figure 1. Summary of Fe K-edge EXAFS spectra and Fourier Transform data (magnitude only) for seven Loihi Seamount mats and three reference Fe oxyhydroxides.



Table 2. Summary of Loihi Seamount Fe mats examined. Solid-phase% Fe, and Si:Fe and P:Fe mole ratios reported with sample handling and analyses information.
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Iron EXAFS spectra (Figure A1 in Appendix) for the Ula Nui mat were collected on samples with different storage (frozen under N2, frozen in ambient atmosphere, and aged in ambient seawater at 4°C) and preparation (thawed under N2, thawed/rinsed in ambient atmosphere, and thawed/rinsed/dried at 40°C) on three different instruments (SSRL 2-3, ALS 10.3.2, and APS 20-BM). These spectra are very similar despite different storage, handling, and instruments. Although there is a perceptible line-shape difference in the EXAFS spectrum for the 4°C aged sample (Ula Nui C) at k = 7.5 Å−1, the biggest difference among these Ula Nui spectra is observed in the amplitude of fluorescence versus transmission mode measurements. We interpret the lower amplitude in the fluorescence mode data to be over-absorption effects as the Loihi mats are up to 45.6% by weight Fe (Table 2). These observations hold true for other mats examined by replicate EXAFS measurements. Therefore, in Figure 1 only representative EXAFS spectra from Loihi mats are displayed while a full summary of spectra are available in Figure A2 in Appendix.

In Figure 1, several spectral features are highlighted for the Loihi mats and reference minerals. The Fe EXAFS spectra collected for the Loihi mats have similarities with two-line Fh in terms of line-shape, amplitude, and phase. In the Fourier transformed data, a corresponding reduction or absence of the longer peak (R + ΔR = 3.2 Å) in the second Fe–Fe shell is observed (except for Pohaku; Figure 1). For the Fe oxyhydroxide goethite, the spectral feature observed in k-range = 7–8 Å−1 corresponds to corner-sharing Fe-O octahedra and the three-dimensional character of the structure (Toner et al., 2009). The EXAFS data indicate that the mats are composed primarily of Fe(III) oxyhydroxide phases with less three-dimensional ordering than two-line Fh. Therefore, these Fe(III) phases will be referred to as natural short-range ordered Fh (FhSRO) hereafter.

Iron and Mn oxidation state maps, coupled with total Fe, Mn, Ca, and Ti distributions, were collected for an intact surface crust sample from the Ula Nui site (Figure 2). This sample was frozen shipboard under N2 and analyzed at the synchrotron in the absence of O2. Noticeable, discontinuous black banding can be observed visually in the laminated mats and these bands are represented in the X-ray fluorescence maps as regions of higher Mn fluorescence intensity [e.g., top of Region I (R1) and II (R2) in Figure 2]. XANES fitting of multiple energy maps collected across the Mn K-edge also indicates that these Mn-rich regions are Mn(IV)-oxides. The valence state is confirmed by analysis of Mn K-edge XANES spectra for this sample (data not shown). The majority of the mat profile is then dominated by Fe(III) particles, although a zone dominated by reduced Fe(II) was mapped at the top of R2. Calcium is also enriched by more than an order of magnitude at the top of R2, and these Ca-rich zones envelop the particles in which Fe(II) is present. No micro-EXAFS spectra were collected on this sample and therefore the full speciation of the Fe in discrete regions is unknown, but possible candidate solid-phase Fe species include carbonates, sulfides, or basalt. The Fe(II)-rich particles are likely not basalt given the lack of direct correlation to enrichments in Mn(II) or Ti expected in basaltic glass; there is also no Si as expected for phenocrysts of olivine or feldspar. Instead, carbonates may be forming due to the strong accumulation of Fe(II) and Ca.
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Figure 2. X-ray microprobe fluorescence mapping of an intact Fe/Mn iron microbial mat from Ula Nui. Center maps for Regions 1, 2, and 3 (R1, R2, R3) show total Fe and Mn distributions, while outer maps are tricolor maps that include the redox distribution for Fe(II)/Fe(III), and total Ti (left), as well as Mn(II)/Mn(IV), showing total Ca (right).



SYNCHROTRON X-RAY DIFFRACTION AND PAIR DISTRIBUTION FUNCTION ANALYSIS

Five Loihi mat samples (BT37, Ula Nui-A, Ula Nui-B, Spillway A, and Lohiau A) from the 2006 cruise were analyzed by SR-XRD, and all contain a Fh-like phase based on the presence of diffuse scattering features similar to those observed for the synthetic Fh reference (Figure 3). With exception of sample Ula Nui-B, the most significant features occur at d-spacings of ∼1.5 and ∼2.55 Å and are indicative of Fh (e.g., Jambor and Dutrizac, 1998; Michel et al., 2007a). The specific crystalline phases attributable to the sharper peaks evident in samples Ula Nui-A, Spillway A, and Lohiau A (Figure 3) could not be positively identified due to uncertainty in the relative intensities and possibility of multiple phases. Sample Ula Nui-A contains an additional mineral phase with peaks at d-spacings ∼7.2, 3.5, 2.5, 1.4, and 1.2 Å, that can be indexed as Na-rich birnessite (e.g., ICSD 68916). The presence of birnessite in the Ula Nui mat is consistent with Mn EXAFS data for the Ula Nui site (Edwards et al., 2011). Consistent with the SR-XRD results, the total scattering data collected to higher Q-space values and presented as the reduced structure functions for these samples (Figure 4) are also dominated by features similar to those observed for the synthetic Fh reference.
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Figure 3. Comparison of the synchrotron radiation X-ray diffraction plotted as d-spacing versus intensity. Two broad features characteristic of two-line ferrihydrite (Fh, bottom) occur in all samples at ∼1.5 and 2.55 Å. The most significant impurity phase appears in Ula Nui-B and can be indexed as birnessite, a layered Mn3+/4+ (hydr)oxide. Sharp peaks indicating the presence of trace impurities suspected as alumino-silicate phases are also observed in Ula Nui-A, Spillway A, and Lohiau A but could not be positively identified. Increasing background intensity at d-spacings greater than ∼6 Å due to effects of small angle scattering.
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Figure 4. Reduced structure functions for references of Fh and amorphous SiO2 compared to the five natural samples. Data plotted as f(Q) versus Q (Q = 4πsinθ/λ). Overall, the profiles are similar to the Fh reference but differ in terms of peak broadening and the relative intensities of certain features. Sharp features in Ula Nui-B due to birnessite impurity. These data were truncated at maximum Q-range = 30 Å−1 and Fourier transformed with a Lorch modification function to obtain PDFs shown in Figure 5.



The Fourier transform of these reduced structure functions results in the PDFs, which contain structural information in real-space for the Loihi mat FhSRO (Figure 5). The first two major features in the PDFs for the BT37, Ula Nui-A, Ula Nui-B, Spillway A, and Lohiau A mats correspond primarily to the average bond lengths for Si and Fe with oxygen. The peaks at ∼1.61 Å correspond to Si-O correlations in the first oxygen shell of Si in tetrahedral coordination. This bond length agrees well with that reported in the literature (e.g., Grimley et al., 1990; Poulsen et al., 1995) and for the am-SiO2 reference compound (Table 3). The second major peaks at ∼1.98 Å correspond to Fe-O correlations in the first oxygen shell of Fe. Iron(III) in synthetic Fh is dominantly in octahedral coordination with oxygen (O and/or OH) although recent studies (Michel et al., 2007b, 2010; Maillot et al., 2011; Mikutta, 2011) support the presence of a minor amount (10–25%) of tetrahedrally coordinated Fe(III). As such, the Fe-O correlation for the natural samples may have bond length contributions from both types of coordination environments. The Fe-O peak is slightly asymmetric and also has a small shoulder peak centered at ∼2.13 Å. Similar Fe-O bond lengths were reported for synthetic Fh (Maillot et al., 2011) based on EXAFS spectroscopy data. The fitted Fe-O distances for the Loihi mat samples also correspond well with the Fh reference (Table 3), although the distances for the reference were slightly shorter at ∼1.96 and 2.11 Å, respectively. Note that although the Fe-O correlation, particularly in the case of the reference Fh, is expected to have contributions from tetrahedrally coordinated Fe (average bond length ∼1.88 Å) only two Gaussian functions were used to avoid over fitting.
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Figure 5. Real-space PDFs or G(r) for the five natural samples compared to experimental PDFs for Fh and amorphous SiO2 references. (A) The strong attenuation in the features of the PDFs with increasing r for the natural samples indicates smaller coherent scattering domain (CSD) sizes and increased disorder relative to synthetic Fh. Sample Ula Nui-B shows more structure at higher r due to birnessite phase impurity. (B) Comparison of the short-range order for these samples. Similarities between natural samples and synthetic references for Fh and amorphous silica are highlighted.



Table 3. Atom pair separations and coherent scattering domain sizes extracted from PDF analysis of references and selected mat samples.
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Subsequent features in the PDFs correspond to second, third, and higher neighbors around Si and Fe, as well as oxygen pair correlations (i.e., O…O). For example, the small features at ∼2.64 Å (Figure 5) are due to the O…O distance in tetrahedral silicate (Figure 6) and are consistent with data for the am-SiO2 reference. Also based on the PDF for the reference, a Si…Si distance corresponding to corner-sharing silica tetrahedra is expected at ∼3.07 Å (Figure 6) but is possibly obscured in the natural samples due, in part, to overlapping correlations resulting from the connectivity of FeO4/6 polyhedra. The peak at ∼3.03 Å in synthetic Fh is dominated by Fe…Fe and O…O correlations for edge-sharing Fe octahedra and the next major peak at ∼3.44 Å has contributions from corner-sharing FeO4/6 polyhedra (Michel et al., 2010). These edge- and corner-sharing Fe contributions are not clearly resolved in the mat samples due to the presence of additional features (Figure 5) the most significant of which occur at ∼3.14, 3.31, and 3.6 Å (Table 3). Previous work (Pokrovski et al., 2003) showed that in varying concentrations of Si solutions, the presence of one to two Si atoms was detected at 3.18 ± 0.03 Å in the second shell around Fe and was ascribed to SiO4 linked bidentate to two neighboring Fe octahedra via corners (Figure 6). Other bonding motifs are also possible (Figure 6) and longer Si…Fe path lengths could explain the features at distances of ∼3.3 and ∼3.6 Å.
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Figure 6. Schematic illustration of three possible silicate surface complexes on an idealized portion of the ferrihydrite structure. Fe(III) (green) is shown in octahedral coordination with O (red). Si (yellow) is tetrahedrally coordinated with O (SiO4). Approximate Si–Fe distances for SiO4 linked (1) bidentate to two neighboring Fe octahedra via corners (∼3.15 Å), (2) monodentate to a doubly/triply coordinated O (∼3.3 Å), and (3) monodentate to a singly coordinated O (∼3.6 Å). Si…Si distances (∼3.07 Å) indicate formation of silica polymers, possibly also on the ferrihydrite surface.



With exception of the degree of PDF decay, the most significant differences between the Loihi mat FhSRO and Fh reference are in the range 2.5 < r < 4 Å. As described above, differences in this region of the PDFs appear primarily due to Si…Fe pair correlations. Interestingly, the pair correlations beyond r ≈ 4 Å in BT37, Ula Nui-A, Spillway A, and Lohiau A closely resemble synthetic Fh (Figure A3 in Appendix) suggesting that the intermediate-range order and connectivity of Fe polyhedra are maintained over these length scales. The PDF peaks decay at r ≈ 16 Å for BT37, Spillway A, and Lohiau A suggesting that these mat samples are more disordered and have smaller CSD sizes compared with synthetic two-line Fh which decays at r ≈ 23 Å (Figure A3 in Appendix). Estimated CSD sizes for Ula Nui-A and Ula Nui-B (Table 3) are significantly larger (∼23 and 37 Å, respectively) however, the presence of relatively crystalline impurities in these samples prevents an accurate estimate for the Fh fractions, which are assumed to be less crystalline than the associated impurity phases. Shifts in peak positions for the natural samples relative to Fh at higher r (>4 Å) may be attributable, in part, to increasing strain with decreasing CSD size, and this trend is consistent with previous studies of synthetic Fh in which the size and/or Fe(III) vacancy content varied (Michel et al., 2007a).

LOW-TEMPERATURE MAGNETISM

Representative ZFC/FC curves obtained for Loihi seamount samples are shown in Figure 7 and Table 4 summarizes the peak temperature estimated for different samples. Particle size estimates obtained from ZFC curves are also displayed in Table 4. A description of the Néel–Arrhenius Law, as well as a discussion of the assumptions used is included in the Section “Magnetism.”

Table 4. Peak temperature obtained from ZFC curves and the corresponding particle size estimate using Néel–Arrhenius law.
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Figure 7. Induced magnetization curves, ZFC/FC and hysteresis loops. (A) ZFC/FC curves typical of Loihi Fe mat samples. Above peak temperature the material behaves as a paramagnetic phase. Below the peak temperature the material has magnetic order. (B) The Hysteresis loops at variable temperature show the antiferromagnetic character of ferrihydrite, that is the non-saturation at high fields. At 2 K the coercive force is different of zero (see inset) and indicates the sample has magnetic order. At 18 and 42 K HC is zero and indicates the sample is in the superparamagnetic state.



Typical hysteresis loops (Figure 7), for Loihi Seamount samples, obtained down to 2 K show blocked particles and the presence of coercive force (HC) and remanent magnetization (MR). Above TP value, the hysteresis loops display only the behavior expected for unblocked particles, the loops are closed, and HC and MR are zero. For some samples the hysteresis loops are open above TP as a result of the contribution of trace Ti-magnetite impurity (see also Figure A4 in Appendix). The particle diameters calculated by this method range from 3.5 to 4.5 nm for the Loihi Seamount natural FhSRO minerals.

MÖSSBAUER SPECTROSCOPY

Mössbauer spectra were obtained at room temperature and 4.2 K for selected Fe mat samples in order to confirm the valence state of Fe and the magnetic state of the FhSRO. Detailed chemical, structural, and magnetic information can be obtained with this method (Murad and Cashion, 2004), as the spectra depend on the mineralogy, lattice type, abundance of structural defects, and magnetic properties of the sample. The type of magnetic ordering (ferro-, ferri-, or antiferromagnetic) can be further tested by applying external magnetic fields, and effects related to thermal relaxation in nanoparticles (superparamagnetism) are investigated by obtaining spectra at different temperatures.

The room temperature spectra for the Fe mat samples from the Spillway A, Tower, Hiolo A, Ula Nui-A, Ula Nui-B/C, Lohiau A, and BT37 areas of Loihi Seamount have a Fe3+ doublet and magnetic hyperfine parameters corresponding to Fh (Table 5; Figure 8). The presence of a doublet in a Mössbauer spectrum is a feature associated with paramagnetism and/or superparamagnetism. A superparamagnetic phase has magnetic order below the blocking temperature. The Mössbauer spectra of Fe mats taken at 4.2 K have magnetic order and they exhibit a sextet. The magnetic hyperfine parameters of Loihi mat samples at 4.2 K agree with the ones found in the literature for Fh (Berquó et al., 2009). A decrease was observed in the magnetic hyperfine field (BHF) as compared with synthetic Fh; this feature is associated with structural defects. Ferrihydrite, specifically two-line Fh, has significant defects in both the tetrahedral and octahedral Fe(III) sites (Michel et al., 2010), and these natural FhSRO samples from Loihi Seamount seem to have extra Fe(III)-site lattice defects due perhaps to Fe substitution and vacancies.

Table 5. Magnetic hyperfine parameters fitted at room temperature and 4.2 K.
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Figure 8. The Mössbauer spectra show the typical behavior of Loihi FhSRO. At room temperature the spectrum is represented by a doublet and indicates the presence of Fe3+. At 4.2 K the spectrum is a sextet and indicates magnetic order. The sextet has broad lines suggesting the Fe phase is poorly crystallized. The doublet at room temperature represents a phase in a superparamagnetic state.



HEAT TREATMENT OF THE HIOLO MAT

A Loihi Seamount mat from the Hiolo area was thermally treated to determine the temperature at which the natural FhSRO converts to hematite under oxic conditions. The temperature dependent conversion was monitored by powder XRD and room temperature Mössbauer spectroscopy. The XRD pattern obtained for the unheated Hiolo mat sample is presented in Figure 9. The pattern has the two broad lines characteristic of Fh and is in agreement with the SR-XRD data for Ula Nui-A, Ula Nui-B/C, BT37, Spillway A, and Lohiau A (Figure 3). In addition to the Fh pattern, several sharp diffraction lines are evident for the sample under different conditions: (1) no thermal treatment, halite, and Fh; (2) sample treated at 400°C, halite, Fh, and minor contribution of anhydrite (CaSO4); (3) sample treated at 600°C, halite, hematite (α-Fe2O3), and minor contribution of aegirine (NaFeSi2O6); and (4) sample treated at 800°C, halite, hematite, and minor contribution aegirine. The samples heated at 600 and 800°C have dominant, sharp diffraction lines consistent with the mineral hematite.
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Figure 9. X-ray diffraction pattern of Loihi sample before and after thermal treatment. The pattern obtained with no heat treatment and treatment at 400°C have only two broad lines similar to the pattern of material without treatment. In the 600 and 800°C treatments, the sharp lines correspond to hematite and the broad lines of Fh are no longer present. Aegerine “a,” anhydrite “an,” hematite “ht,” and halite “h.”



Mössbauer spectra tell a more detailed story of the mineral conversion (Figure 10). The Mössbauer spectra for the Hiolo mat, unheated, and after 400°C treatment, exhibit a doublet indicating a superparamagnetic phase. The Hiolo mat samples heated to 500°C showed the presence of at least two components, a sextet representing magnetic order at room temperature and a Fe3+ doublet. The doublet represents the contribution of Fh that was not converted to a more stable phase, while the sextet does not have parameters that correspond to a specific Fe phase. The Fe phase(s) observed at 500°C are intermediates in the conversion process from natural FhSRO to hematite. In contrast, the spectra at 600 and 800°C suggest the presence of hematite. At 600°C the BHF is reduced as compared with a stoichiometric hematite, indicating the presence of lattice defects in the conversion product. The data at 800°C show magnetic hyperfine parameters similar to stoichiometric hematite and suggest the thermal treatment completely converted FhSRO to hematite at that temperature.
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Figure 10. The Mössbauer spectra show that before thermal treatment the sample is represented by a (superparamagnetic) Fe3+ doublet. After thermal treatment at 400°C the material still remains a superparamagnetic phase similar to the initial material. The spectra above 500°C have the presence of sextets, they represent the conversion of FhSRO to a more stable phase, hematite.



DISCUSSION

MAT COMPOSITION AND STRUCTURE OF IRON-BEARING PHASES

X-ray fluorescence mapping of major element distributions with depth show that spatial heterogeneity and geochemical zonation occur in layered mats such as at the Ula Nui site. The low-temperature (<2°C) Fe mats at Ula Nui are considered to be modern analogs to ancient umber deposits that form from Fe and Si-rich ultra-diffuse hydrothermal fluids (Edwards et al., 2011). Total cell densities reach values as high as 1.4 × 109 cells/g dry wt. in the Fe/Mn mats, and known Fe-oxidizing bacteria (e.g., Zeta-proteobacteria such as Mariprofundus ferrooxydans) that have been identified in these mats are likely supported by the advection of fluids containing 40–150 mM Fe (Glazer and Rouxel, 2009; Edwards et al., 2011). The reductive transformation of the Si-rich FhSRO would not be predicted to occur substantially under these low Fe fluxes, and therefore the EXAFS signature of Fe(III) in the FhSRO dominates these samples. The Fe(II)-rich zones shown in R2 of Figure 2 occur several millimeters below the surface of the mat where oxygen concentrations drop to only a few micromolar; the Fe(II)-mineralization may represent regions of localized microbial Fe-reduction using fixed organic carbon (e.g., filaments and extracellular material) resulting in the precipitation of Fe(II)-rich phases such as carbonates or sulfides. Given the strong co-localization between Fe(II) and Ca in this region of the mat, carbonates are the most likely candidate phase, but Fe K-edge XANES were not collected in this region for quantitative analysis. Although 16S rRNA sequences of DNA extracted from Ula Nui mats has not been reported, and enrichments for Fe(III)-reducing bacteria from Ula Nui have been unsuccessful (D. Emerson, personal communication), the potential presence and activity of Fe-reducing bacteria is plausible given the isolation of Fe(III)-reducing bacteria from Fe mats at the Loihi summit (Bailey et al., 2009; Emerson, 2009) and the thermodynamic favorability of coupling organic matter oxidation to Fe(III)-reduction within interior anoxic portions of these mats. Reduction of biogenic Fe oxides has also been demonstrated at the Tonga–Kermadec Arc (Langley et al., 2009).

The local coordination environment of Fe(III) in the Loihi mats was compared to a reference library of Fe oxyhydroxide phases (Figure 1), and found to be most similar to that of a deep-sea, biogenic Fe oxyhydroxide (seafloor incubation of sulfide minerals at Juan de Fuca Ridge; Toner et al., 2009). Within our dataset, the Fe mat from Pohaku hosts the only phase matching the standard two-line Fh. The most important difference between the Loihi mat spectra and that of the two-line Fh standard is in the k-range = 7–8 Å−1, where the peak at k = 7.5 Å−1 is greatly reduced in mat spectra relative to two-line Fh (except for Pohaku). Mikutta (2011) recently reported a similar observation for synthetic Fh formed in the presence of varying amounts of organic ligands and attributed the decrease in intensity of this feature with increasing L/Fe ratio to a reduced number of nearest Fe neighbors. Iron EXAFS spectra with characteristics similar to the Loihi FhSRO are reported in the presence of Si (Masion et al., 2001; Doelsch et al., 2003; Voegelin et al., 2010; Boland et al., 2011), P (Rose et al., 1997; Voegelin et al., 2010), and organic molecules (Vilge-Ritter et al., 1999; Mikutta, 2011). While the organic C content of the mats is low (∼0.3 wt. %), the Si:Fe mole ratio for the Fe-rich mats is 0.107–0.298, and the P:Fe ratio is 0.0280–0.168 (Table 2). Based on these EXAFS observations, we hypothesize that Si, and perhaps P, is reducing the degree of structural order in Loihi Seamount natural FhSRO phases to an extent less than that typically observed for synthetic two-line Fh. In addition, we propose that the natural FhSRO we detect in all but one Loihi Fe mat is preserved from recrystallization to Fh or other Fe oxyhydroxides such as goethite by the presence of inorganic ligands (Si, P).

Consistent with Fe(III) polymerization in the presence of strongly sorbing ligands, Mössbauer spectroscopy reveals that the Loihi Seamount FhSRO phases have more structural defects than synthetic Fh. This is observed as a decrease in the magnetic hyperfine field (BHF). Ferrihydrite, specifically two-line Fh, has significant defects in both the tetrahedral and octahedral Fe(III) sites (Michel et al., 2010), and these natural FhSRO samples from Loihi Seamount seem to have extra Fe(III)-site lattice defects due perhaps to Fe substitution and vacancies.

The SR-XRD (Figure 3) and total X-ray scattering data in the form of reduced structure functions (Figure 4) reveal that the high-Q (i.e., high angle) scattering maxima for the five natural mat samples are similar, but not identical, to the synthetic two-line Fh reference. In the case of BT37, Spillway A, and Lohiau A (Tables 1 and 2), the samples with the most clearly resolvable fraction of natural FhSRO, the comparison to pure synthetic Fh suggests that these samples bear some structural similarities. Comparison of the PDFs for these samples confirms similarities in short- and intermediate-range structure and provides further insight as to the structural association of Si and Fe in the nanostructured matrix (Figures 5 and 6).

The Si:Fe mole ratio measured for the mats by ICP-OES are 0.245, 0.107, and 0.207, respectively. The total measured Si:Fe mole ratios for Ula Nui-A and Ula Nui-B/C mats are 0.289 and 0.227, respectively (Table 2). Assuming that these samples are primarily single-phase, the differences in the region of the PDFs between 2.5 < r < 4 Å (Figure 5) suggest that Si is predominantly associated with the FhSRO surfaces, perhaps in the form of a poorly ordered silica coating. Alternatively, in the case that these samples are multi-phasic then the observed PDFs could also be explained by at least two phases; one comprised of a Fh-like core, perhaps with a Si-rich coating, and a second comprised of an Fe-bearing amorphous SiO2 phase, similar to that observed by Pokrovski et al. (2003). Either scenario would also be consistent with the observation that features at higher r (>4 Å) in the PDFs show a return to Fh-like ordering, albeit with smaller CSD sizes. In addition, although the correlations attributable to edge- and corner-sharing Fe polyhedra at ∼3.03 and 3.44 Å, respectively, are not clearly delineated in the PDFs for the mat samples it is possible that they exist but are obscured by other pair correlations involving Si. As discussed above, further evidence for the presence of edge-sharing Fe polyhedra is indicated by the EXAFS for all the Loihi mats. The presence of such polyhedral connectivity would be required in order to produce the intermediate-range Fh-like ordering observed in the region 4 < r < ∼12 Å (Figure A3 in Appendix). Structural information over these longer distances would not be available from previous (and present) EXAFS results since the range of inter-atomic distances measured, particularly in the case of Fh, are typically less than ∼4–5 Å. In summary, the PDFs indicate the presence of limited intermediate-range Fh-like structural ordering, which suggests that silica is not structurally incorporated in ferrihydrite. Differences in short-range ordering of the natural samples relative to Si-free Fh suggest that the Fh particles are coated with Si.

PARTICLE DIMENSIONS AND INTERACTIONS OF IRON-BEARING PHASES

The magnetic behavior of the Loihi Seamount FhSRO was evaluated since particle coatings such as Si or organic matter are expected to diminish or completely inhibit magnetic interactions of antiferromagnetic Fe oxyhydroxides. In a superparamagnetic system when particles are cooled without an applied field, the magnetic moments are randomly oriented and the resulting induced magnetization is around zero at 0 K. With increasing temperature of the system and in the presence of an external applied field, the magnetic moments begin to fluctuate, then align in the direction of the external field, leading to an increase of the total magnetization (Chantrell et al., 1991; Dormann et al., 1997) and a peak is observed in the ZFC curve (Figure 7). Above the peak temperature (TP) the thermal energy of disorder is higher than the ordering energy and a superparamagnetic behavior results, leading to a decrease of the total magnetization with increasing temperature following the Curie–Weiss law. The presence of a maximum in the ZFC curve is therefore associated with the transition between magnetically relaxing superparamagnetic (unblocked state) and thermally stable magnetization (blocked state). The FC curve represents the superparamagnetic system cooled down in the presence of an external magnetic field.

Current models suggest that particle coatings prevent magnetic interactions for antiferromagnetic systems (Berquó et al., 2009), although this may not prevent magnetic interactions for ferrimagnetic phases such as maghemite and magnetite. Since Fh particles are antiferromagnetic, we apply the antiferromagnetic model to understand Loihi ZFC/FC curves. Berquó et al. (2009) verified that synthetic agglomerated Fh particles, without coating and magnetically interacting, showed a TP shifted to higher temperatures as compared with the same particles coated, thus considered without magnetic interactions. The TP estimated from ZFC curves of Loihi samples are similar to the ones obtained by Berquó et al. (2009) for coated synthetic Fh, and this result strongly suggests that the natural FhSRO particles are also individually wrapped in a way that prevents magnetic interactions. The coating agents that could create this magnetic masking include organic matter or Si in the environment where the particles precipitate. The Loihi Seamount Fe mats are enriched in Si, and Si bonding to the natural FhSRO is well supported by our X-ray scattering data and analysis. In addition to agreeing with complementary data, this result makes it possible to obtain a better estimate of magnetic particle size (Table 4) considering that there is no shift in the peak temperature due to magnetic interaction. The ZFC peak reflects exclusively the changes in particle volume without undesired effects that may contribute to its shift.

Differences in the particle size estimates from low-temperature magnetic data and the CSD sizes from PDF analysis for samples Ula Nui-A, Ula Nui-B, Lohiau A, and Spillway A are evident (Table 4) and point toward the presence of structural disorder in the natural FhSRO. These two types of data can be considered as complementary in the sense that the low-temperature magnetic data indicate an upper limit for the maximum physical dimensions of the particles, while the PDF reveals the average dimensions over which the atoms in the structure scatter coherently. It is possible for the CSD to equal the particle size, but this is not always the case, in particular for Fh (e.g., Michel et al., 2008). In principal, for a monodisperse nanocrystalline material (i.e., with virtually no structural disorder), the PDF peaks decay as r approaches the average maximum dimensions of the particle; therefore, particle size and CSD size are effectively equal. For highly disordered or amorphous structures, the CSD size can be substantially smaller than the physical size of the particles due to the effects of static/dynamic disorder, which attenuate the features in the PDF at higher r. It is worth noting that it becomes increasingly difficult to correlate CSD size with actual particle size, in particular for natural samples, from PDF data alone since the CSD size estimates become increasingly uncertain for polydisperse materials and/or if multiple structural phases are present, as is the case for natural samples Ula Nui-A and -B. However, for Lohiau A and Spillway A, natural samples that are dominantly FhSRO, the observed discrepancy between average particle size and CSD size suggests strongly that these samples have intrinsic static and dynamic forms of structural disorder. Past studies of pure synthetic Fh (Michel et al., 2010; Cismasu et al., 2011) have suggested that the bulk structure exhibits size-dependent lattice strain and defects in the form of vacancies. In addition, size- and defect-driven restructuring of the Fh surfaces is also possible, although poorly understood at present. Evidence for lattice strain and structural defects in natural FhSRO is difficult to discern in the present case due, in part, to the presence of minor crystalline impurity phases such as birnessite. Additional complexity due to the presence of compositional impurities and/or adsorbed species such as silica or organic matter are also factors and may account for the discrepancies between average coherent scattering body size and particle size.

PARTICLE STABILITY OF IRON-BEARING PHASES

The local coordination of Fe in Loihi mats was remarkably insensitive to sample processing, storage, and handling procedures such as freezing, drying, and storage in seawater up to 1 year (Figure 1; Figures A1 and A2 in Appendix). The short-range order of the Naha and Lohiau Fe mats (Figure A1 in Appendix; data not shown for Lohiau) did not change after aging for 1 year at 4°C. Although the FhSRO phases might be expected to transform to more stable minerals such as goethite (Penn et al., 2006), no recrystallization was observed. The stability of the local structure of the FhSRO as a function of time and temperature is consistent with non-interacting particles. In addition, the Loihi Seamount Fe mats did not convert to the more stable hematite phase during a 400°C thermal treatment. Pure Fh is expected to rapidly convert to hematite between 300 and 400°C (Cornell and Schwertmann, 2003). However, surface coatings on Fh, such as adsorbed Si or organic molecules, are known to slow or inhibit its transformation to crystalline products (Cornell and Schwertmann, 1979; Anderson and Benjamin, 1985; Campbell et al., 2002). Stable Fe minerals such as goethite were not observed at any of the Loihi field sites or under any of the experimental conditions below 400°C. All EXAFS, PDF, and magnetism data from the present study point to Si particle coatings that limit chemical interactions among natural FhSRO particles in Loihi mats.

In addition to limited particle–particle interactions, chemical, and biological reactions involving Fe(II) may be limited in Loihi mats and contribute to stability of the FhSRO. The low activity of Fe-reducing bacteria in Loihi mats suggests that the FhSRO phases are not subject to intense biological reductive alteration (Emerson, 2009), although some Fe-reducing bacteria are known to solubilize Fe(II) from Si-enriched Fh (Percak-Dennett et al., 2011). Despite the constant source of Fe(II) to all but the “dead” Naha site, Fe(II) induced reduction of FhSRO may be negligible based on results from synthetic Si-enriched Fh studies (Jones et al., 2009; Boland et al., 2011). For example, Si:Fe ratios of 0.7 have been shown to inhibit Fe(II)-induced recrystallization of Fh to goethite at pH 6.5 (Boland et al., 2011). However, the data presented here does not address the potential for exchange between vent fluid Fe(II) and FeSRO, and there is evidence that Si-enriched Fh phases retain chemical reactivity. For example, Si:Fe mole ratios up to 0.5 can be achieved without blocking all reactive Fh surface sites due to surface-bound silicate oligomers (Swedlund et al., 2009). In addition, Si-enriched Fh phases are soluble in the presence of organic molecules, such as oxalate and acetate (Carlson and Schwertmann, 1981; Percak-Dennett et al., 2011). We speculate that the low organic carbon content of the Loihi mats may limit both biological and chemical reductive dissolution reactions. These factors combined suggest that the FeSRO signatures observed at Loihi may be resistant to diagenetic processes and persist over long periods of time.

IRON MICROBIAL MATS AT DIFFUSE HYDROTHERMAL VENTS

Iron and Si-rich microbial mats are observed in shallow and deep marine hydrothermal systems. The number of published observations of Fe microbial mats indicates that these deposits may be common features associated with diffuse venting. Diffuse hydrothermal vents at seamounts and submarine volcanoes associated with island arcs and mid-ocean ridge spreading centers host Fe (and Si) microbial mats, for example: Loihi Seamount (Karl et al., 1988; Edwards et al., 2011), Vailulu’u Seamount (Sudek et al., 2009); Giggenbach Volcano, Kermadec Arc (Jones et al., 2008); Axial Volcano, Juan de Fuca Ridge (Kennedy et al., 2003); South Tonga Arc volcanoes (Langley et al., 2009; Forget et al., 2010); Lilliput vent field, Mid-Atlantic Ridge (Dekov et al., 2010). Among these studies, the Fe mineralogy, when reported, is resoundingly “amorphous” Fe oxyhydroxide, ferrihydrite, and occasionally goethite. A recent review of the microbiology of active seamount Fe microbial mats indicates that Zeta-proteobacteria and/or Epsilon-proteobacteria are shared among sites (Emerson and Moyer, 2010), even though inter-site diversity is high (Davis and Moyer, 2008). A cultured representative of the Zeta-proteobacteria from Loihi Seamount (Emerson et al., 2007), M. ferrooxydans, is an Fe oxidizer that produces ferrihydrite-like phases in fresh filaments of twisted stalks (Chan et al., 2011). Frequent observations of Fe-encrusted filamentous structures at diffuse vents, and the apparent ubiquity of Zeta-proteobacteria in the mats, suggest that Loihi Seamount mats may represent common depositional environments at the modern seafloor. The present study indicates that the presence of Si and organic templates are both primary geochemical factors in the structure of Fe-bearing phases as well as the preservation of the phases as a function of time and temperature.

CONCLUSION

Certain characteristics of Fe oxyhydroxide phases – particle size, crystallinity – are known to respond to solution conditions such as Si concentration, as well as factors that influence the rate of precipitation, such as temperature and pH (Cornell and Schwertmann, 2003). The overarching goal for this study is to determine whether Fe oxyhydroxide phases can be used to interpret the biogeochemical conditions of past depositional settings. In particular, we are concerned with whether the characteristics of fresh Fe oxyhydroxide phases are preserved over time. As a first step toward this goal, we examined the Fe-rich, flocculant microbial mats hosted by active (and recently active) vents of the Loihi Seamount. The mats are composed of nanoparticulate ferrihydrite (Fh)-like phases with short-range structural order (FhSRO) at all but one site (Pohaku) irrespective of depth or temperature. The Loihi FhSRO are primarily Fe(III) with little particle-to-particle variability in the local coordination environment of Fe within a single mat; although careful sampling of the Ula Nui site revealed isolated microzones of solid-phase Fe(II)-enrichment beneath the mat–seawater interface. For our entire sample set, maximum particle diameters of 3.5–4.6 nm (magnetism data) were found to be positively correlated with maximum vent fluid temperature, while CSD sizes (PDF analysis) as small as 1.6 nm were observed, and are inversely correlated with vent fluid temperature. These data indicate that the Loihi FhSRO phases have intrinsic static and dynamic forms of structural disorder, likely from lattice strain and vacancy or substitutional impurity defects. Magnetic data and PDF analysis both point to FhSRO particles coated by Si. The Loihi mat FhSRO phases did not transform to other Fe mineral phases in response to freezing, drying, aging in seawater for up to 1 year, or standard heat treatments under oxic conditions. We hypothesize that Si increases structural disorder and decreases CSD sizes in Loihi Seamount mats, and propose that the natural FhSRO we detect is preserved from recrystallization to Fh, or other Fe oxyhydroxides such as goethite, by the presence of Si, although P and organic molecules could potentially contribute.
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APPENDIX
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Figure A1. Iron K-edge EXAFS spectra for the Ula Nui mats of Loihi Seamount having different sample handling and data collection conditions. The Ula Nui Crust was stored and analyzed frozen under N2 at an SSRL microprobe beamline in fluorescence mode. Ula Nui-A/B were stored frozen, thawed, rinsed, and dried at 40°C with analysis at the APS at a bulk beamline in transmission mode. Ula Nui C was stored in ambient seawater at 4°C for 6 months, and was analyzed as rinsed/air-dry particles at an ALS microprobe beamline in fluorescence mode.
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Figure A2. Summary of all Fe K-edge EXAFS data collected for this study. Samples described in Table 2.
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Figure A3. Comparison of PDFs for BT37, Spillway A, and Lohiau A to the Fh reference plotted as G(r)*r2 versus r to amplify the features at higher r values. Although subtle for the natural samples the features >∼4 Å are reasonable similar to those of synthetic Fh. Note that the PDF for Fh was also multiplied by 0.25 for comparison. Ula Nui-A and -B also showed similar features but due to impurities (e.g., birnessite) were excluded for clarity.
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Figure A4. The RTSIM shows the typical behavior associated with the presence of Ti-magnetite. The curves obtained on cooling (black circles) and on warming (red circles) are displayed. Due to its high magnetization, magnetite can be observed in the mats at very low concentrations.
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Evidence for microbial Fe redox cycling was documented in a circumneutral pH groundwater seep near Bloomington, Indiana. Geochemical and microbiological analyses were conducted at two sites, a semi-consolidated microbial mat and a floating puffball structure. In situ voltammetric microelectrode measurements revealed steep opposing gradients of O2 and Fe(II) at both sites, similar to other groundwater seep and sedimentary environments known to support microbial Fe redox cycling. The puffball structure showed an abrupt increase in dissolved Fe(II) just at its surface (∼5 cm depth), suggesting an internal Fe(II) source coupled to active Fe(III) reduction. Most probable number enumerations detected microaerophilic Fe(II)-oxidizing bacteria (FeOB) and dissimilatory Fe(III)-reducing bacteria (FeRB) at densities of 102 to 105 cells mL−1 in samples from both sites. In vitro Fe(III) reduction experiments revealed the potential for immediate reduction (no lag period) of native Fe(III) oxides. Conventional full-length 16S rRNA gene clone libraries were compared with high throughput barcode sequencing of the V1, V4, or V6 variable regions of 16S rRNA genes in order to evaluate the extent to which new sequencing approaches could provide enhanced insight into the composition of Fe redox cycling microbial community structure. The composition of the clone libraries suggested a lithotroph-dominated microbial community centered around taxa related to known FeOB (e.g., Gallionella, Sideroxydans, Aquabacterium). Sequences related to recognized FeRB (e.g., Rhodoferax, Aeromonas, Geobacter, Desulfovibrio) were also well-represented. Overall, sequences related to known FeOB and FeRB accounted for 88 and 59% of total clone sequences in the mat and puffball libraries, respectively. Taxa identified in the barcode libraries showed partial overlap with the clone libraries, but were not always consistent across different variable regions and sequencing platforms. However, the barcode libraries provided confirmation of key clone library results (e.g., the predominance of Betaproteobacteria) and an expanded view of lithotrophic microbial community composition.

Keywords: neutral pH, microbial, iron, cycling, microscale, 16S rRNA gene, barcode sequencing

INTRODUCTION

Redox cycling of iron (Fe) is a key process governing carbon and energy flow and the speciation and mobility of a wide variety of aqueous and solid-phase constituents in soils and sediments. Both reduction and oxidation of Fe are microbially catalyzed, and available evidence suggests that microbial Fe redox cycling takes place across a wide range of modern natural environments, including acidic and circumneutral pH soil/sediment (Peine et al., 2000; Sobolev and Roden, 2002; Roden et al., 2004; Wang et al., 2009; Lu et al., 2010; Coby et al., 2011) and groundwater seep systems (Emerson and Revsbech, 1994a; Emerson et al., 1999; Blöthe and Roden, 2009; Duckworth et al., 2009; Emerson, 2009; Bruun et al., 2010). Fe-based microbial ecosystems are hypothesized to be ancient, with both Fe(III)-reducing and Fe(II)-oxidizing microbes deeply rooted in the universal phylogenic tree (Emerson et al., 2010). Fe redox cycling is likely to have played a major role in the global biogeochemistry of Earth during the Archaean and early Proterozoic Eons (Walker, 1984; Konhauser et al., 2002, 2005), when massive deposition of Fe rich sediments (banded iron formations) occurred in association with the slow conversion of the atmosphere and oceans from anoxic to oxic conditions (Holland and Kasting, 1992). In addition, sedimentological, geochemical, and microfossil evidence suggest that Fe redox cycling took place in ancient (ca. two billion year old) layered microbial communities (Planavsky et al., 2009; Schopf et al., 2010).

Although the abiotic oxidation of Fe(II) is very rapid at neutral pH (half-life of ca. 5 min in air-saturated solution at pH 7), various studies have demonstrated that microbial (enzymatic) oxidation can compete effectively with abiotic oxidation under microaerobic (<10% air saturation) conditions (Roden et al., 2004). Microbial Fe(II) oxidation in modern neutral pH freshwater environments is typically dominated by Betaproteobacteria, principally members of the Gallionellaceae family (genera Gallionella and Sideroxydans) and the Burkholderiales-related genus Leptothrix (James and Ferris, 2004; Duckworth et al., 2009; Bruun et al., 2010; Fleming et al., 2011). Fe(II)-oxidizing bacteria (FeOB) from the Rhodocyclaceae (Sobolev and Roden, 2004) and Comamonadaceae (genus Comamonas; Blöthe and Roden, 2009) have also been identified in such environments. At neutral pH, microbial Fe(II) oxidation produces Fe(III) oxides which can be readily used as electron acceptors for dissimilatory Fe(III)-reducing bacteria (FeRB; Emerson and Revsbech, 1994a; Straub et al., 1998; Blöthe and Roden, 2009; Emerson, 2009; Langley et al., 2009). FeRB are a diverse taxa which couple the oxidation of organic carbon or H2 to the reduction of soluble and solid-phase Fe(III) forms (Lovley et al., 2004). Microbial Fe(III) oxide reduction results in Fe(II) regeneration, thus perpetuating a coupled Fe redox cycle given an input of organic matter to fuel Fe(III) reduction (Roden et al., 2004; Blöthe and Roden, 2009). The close spatial and metabolic coupling of microbial Fe reduction and oxidation has been proposed in various environments where an oxic/anoxic transition zone is observed (Sobolev and Roden, 2002; Roden et al., 2004; Haaijer et al., 2008; Blöthe and Roden, 2009; Bruun et al., 2010). However, details regarding the interaction between FeOB and FeRB and their activities in situ are not yet fully understood, e.g., compared to the detailed level of knowledge available on microbial sulfur cycling in microbial mats (Decho et al., 2010).

The spatial/temporal dynamics of Fe oxidation and reduction has critical implications for the abundance and persistence of reactive Fe(III) oxides in soils and sediments. This in turn may have a major influence on the migration of metals (e.g., divalent cations) and radionuclides with a high affinity for Fe(III) oxide surfaces, specifically in situations where Fe(II) and mobilized metals enter more oxidizing environments on the fringes of reducing zones, or where O2 containing groundwater impinges on reduced zones. Comparatively little information is available on how FeOB and FeRB interact in these situations. Though not direct analogs to sedimentary environments, groundwater Fe seeps provide a convenient natural laboratory for studies of microbial Fe redox cycling. They are typically easily accessible, contain FeOB and FeRB capable of Fe redox cycling, and display spatial and temporal dynamics that are likely to be similar (though not in an absolute way) to those in the subsurface. In particular, mat structures in groundwater seeps tend to display millimeter-to-centimeter scale redox gradients analogous to those present in aquatic surface sediments (e.g., see Roden and Emerson, 2007) and physically/chemically heterogenous aquifer materials (e.g., see Hunter et al., 1998; Jakobsen, 2007). Thus, groundwater Fe seeps are both interesting in their own right and provide a conceptual analog to the myriad of surface and subsurface environments where Fe redox transformations may play a critical role in biogeochemical cycling.

This contribution provides a combined geochemical and microbiological investigation of a circumneutral pH groundwater Fe seep near Bloomington, IN, USA. This seep has been the subject of a limited range of prior work in the context of microbial mat formation (Scheiber, 2004; Schieber and Glamoclija, 2007). Voltammetric microelectrodes were employed to determine the in situ distribution of O2 and soluble Fe species. The potential for native microbial communities to contribute to Fe cycling was assessed through most probable number (MPN) enumerations as well as in vitro Fe(III) reduction experiments. The limited microbial diversity within the seep allowed us to investigate several approaches for 16S rRNA gene analysis of microbial communities involved in Fe cycling. Both conventional full-length 16S rRNA gene clone libraries and high throughput barcode sequencing approaches (Illumina and 454) using either the V1, V4, or V6 regions of the 16S rRNA gene were employed to interrogate microbial community composition.

MATERIALS AND METHODS

FIELD SITE

Samples were collected in September 2008 from a groundwater seep in Jackson Creek near Bloomington, IN, USA (Figure 1). Flocculant, reddish brown Fe(III) oxide deposits are prominent at this site (Figure 2) due to oxidation of Fe(II) released during weathering of authigenic pyrite in the local subsurface (Schieber and Glamoclija, 2007). Ten locations were used to characterize the geochemistry of the site as a whole. Of these 10 sites, two areas were chosen for sample collection (see Figures 1 and 2): site 2, the top few cm of a semi-consolidated microbial mat; and site 7, a floating “puffball” structure that resembled a loose sphere with pillowy morphology. These sites will be referred to hereafter as the “microbial mat” (or “mat”) and the “puffball,” respectively. While mat-like structures are common to virtually all groundwater Fe seeps, puffball structures are site specific, and typically not present in fast flowing environments. However, they are not uncommon in slow flowing sites like the one studied here, and they provide an interesting contrast to mats in terms of the dimensions and dynamics of Fe redox cycling.
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Figure 1. Map of groundwater seep site in Bloomington, IN, USA. Numbers indicate sampling sites.
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Figure 2. Photos of field site and corresponding light microscopy images. Pool 1 (A,B) is the source zone for the seep; note semi-consolidated Fe(III) oxide mats (inset). Pool 2 (C,D) is downstream from Pool 1; inset shows images of puffball structures. Light microscopy images show stalk and sheath structures typical of microaerophillic FeOB at both sites.



GEOCHEMICAL MEASUREMENTS

Temperature and pH were measured in the field using a portable thermistor and combination electrode. Field voltammetry was performed in situ at the 10 sampling sites, as well as on undisturbed materials from the microbial mat and the puffball. The survey measurements were made by placing the electrode several mm below the water surface. At sites 2 and 7, the voltammetric equipment and a micromanipulator were set up on a small wooden platform installed over a selected portion of the seep where lateral flow was minimal (Figure 3). Voltammetry allowed direct, in situ, measurement of the chemical species present in depth profiles with minimal perturbation during analysis. This system has proven to be very useful for analyzing a wide variety of redox species in a number of environments, including O2, H2O2, Fe2+, Fe3+, FeS(aq), Mn2+, H2S, [image: image] S8, and [image: image] (Brendel and Luther, 1995; Rentz et al., 2007; Druschel et al., 2008; Luther et al., 2008). For analyses in the field, a DLK-100A Potentiostat (Analytical Instrument Systems, Flushing, NJ, USA) was employed with a computer controller and software.
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Figure 3. Photos of voltammetric microelectrode deployment in the microbial mat (left) and the puffball (right). The microbial mat was essentially on the surface, whereas the puffball was overlain by about 10 cm of water.



A standard three-electrode system was used for all measurements and two versions were employed. In the first version, the working, reference, and counter electrodes were in separate glass or plastic housings. The working electrode was 0.1 mm diameter gold amalgam (Au/Hg) made by placing Au wire in a 5-mm glass tube drawn out to a 0.2- to 0.3-mm tip. The electrode was constructed, polished, and then plated with Hg after standard practices (Brendel and Luther, 1995; Luther et al., 2008). An Ag/AgCl reference electrode and a Pt counter electrode (both 0.5 mm wires encased in plastic) were placed in the water near the measurement site. The working electrode was mounted on a three-axis micromanipulator (CHPT manufacturing, Georgetown, DE, USA) operated by hand to descend in increments between 0.1 mm or larger increments for each sampling point. A second, more durable type of electrode was made with the Au wire housed in a stainless steel hypodermic needle (1.65 mm diameter by 75 or 125 mm length), which was used as the counter electrode. The working electrode was a 0.125-mm gold wire encased in Teflon (A-M systems, Inc.). Connector wires were attached to the Au wire and the stainless steel needle, and the top part of the working and counter electrodes were encased in rigid Teflon tubing. A non-conductive epoxy was used to stabilize the Au wire, stainless steel needle, and Teflon as one complete two electrode system (working and counter). The tip was polished and plated as above and mounted on the three-axis micromanipulator. The reference electrode was a separate 0.5 mm Ag/AgCl electrode as described above.

Electrochemical measurements began when the working electrode was carefully lowered to the point where the water surface tension was broken and the tip was as close to the surface as possible (defined as 0 depth). Cyclic voltammetry was performed in triplicate at each sampling point in the profile at 1000 mV/s between −0.1 and −1.8 V (vs. Ag/AgCl) with an initial potential of −0.1 V held for 2 s. In order to keep the working electrode surface clean, the electrode was held at −0.9 V between sampling scans.

Calibration of the electrodes was accomplished by standard addition methods using waters collected at the site and filtered through a 0.2-μm nuclepore filter. For O2 standardization, natural waters were purged with air and then purged with ultra high-purity (UHP) argon to remove O2; the O2 detection limit was 3–5 μM. Sample water was also purged with UHP argon and then spiked with stock solutions of FeCl2, MnCl2, and Na2S (ACS grade reagents). The water for the standards was purged with UHP argon before preparation. Detection limits for Fe(II), Mn(II), thiosulfate, and sulfide are 10, 5, 30, and 0.2 μM respectively.

IN VITRO Fe(III) REDUCTION EXPERIMENTS

Fe(III) reduction experiments were conducted with mat and puffball materials to determine the potential for native microbial communities to reduce the Fe(III) phases present, without exogenous electron donor addition. Duplicate sealed, N2-flushed 60-mL serum bottles were completely filled with a suspension of materials from each site. Small subsamples (0.5 mL) were collected over time (using a N2-flushed syringe and needle) for 0.5 M HCl extraction (1 h) and Fe(II) determination using the Ferrozine assay (Stookey, 1970).

MPN DETERMINATIONS

A three-tube MPN technique was used to enumerate FeOB and FeRB, as well as aerobic and anaerobic heterotrophic organisms in materials from the mat and puffball. MPN values were calculated from standard MPN tables (Woomer, 1994). Aerobic and anaerobic (fermentative) heterotrophs were grown in tryptic soy broth (0.25% TSB) medium (Difco Laboratories, Detroit, MI, USA); tubes were scored positive by visual turbidity. A carbonate buffered (pH 6.8) freshwater medium (Widdel and Bak, 1992), was used for cultivation of FeRB and aerobic FeOB. For enumeration of FeRB, natural Fe(III) oxide (freeze-dried and autoclaved) from the groundwater Fe seep described in Blöthe and Roden (2009) was utilized at a final concentration of ca. 20 mmol L−1. Either H2 (10% in headspace) or a mix of 5 mM acetate and 5 mM lactate was used as the electron donor. Tubes for Fe(III) reduction were scored positive by measurement of Fe(II) formation. FeOB were enumerated in Fe(II)-O2 opposing gradient cultures as described elsewhere (Sobolev and Roden, 2001). Tubes were scored positive by the formation of a compact growth band of cells plus Fe(III) oxide, as compared to the more diffuse band of Fe(III) oxide precipitation that formed in uninoculated controls (Emerson and Moyer, 1997). All MPN tubes were incubated between 1 and 4 weeks at room temperature.

DNA EXTRACTION AND MICROBIAL COMMUNITY ANALYSIS

DNA was extracted from samples collected from sites 2 and 7 using the Mo Bio PowerSoil® (Mo Bio, Carlsbad, CA, USA) DNA Isolation Kit. Near full-length 16S rRNA gene clone libraries were constructed using primers GM3F and GM4R (Muyzer et al., 1995). Clones were constructed using the pGEM-T vector and Escherichia coli JM109 competent cells (Promega). 16S rRNA gene sequences of recombinant transformants were obtained from the University of Wisconsin–Madison Biotechnology Center. Assembled clones were screened for chimeras using UCHIME (Edgar et al., 2011) and flagged sequences were subsequently examined in Pintail (Ashelford et al., 2005). Suspicious sequences were excluded from downstream analyses. The resulting sequences were aligned to the SILVA database (Pruesse et al., 2007), filtered using Mothur (Schloss et al., 2009; Schloss, 2010; version 1.22.0), and a distance matrix was generated. The sequences were clustered to identify unique OTUs at the 97% level, and taxonomies were assigned using the Ribosomal Database Project (RDP) classifier (Wang et al., 2007) employing a modified database optimized for detection of neutral pH FeOB. The classifications were bootstrapped 1000 times and taxonomic assignments were only made for bootstrap values of greater than 60%. Unique sequences were submitted to GenBank (accession numbers JQ906267–JQ906408).

High throughput barcode sequencing of PCR-amplified 16S rRNA gene fragments from sites 2 and 7 was completed by Mitch Sogin and colleagues at the Marine Biological Laboratory (MBL) at Woods Hole, MA, and Noah Fierer and colleagues the University of Colorado, Boulder. These sequencing analyses were performed on the same DNA extracts used to construct the clone libraries. Primers 967F and 1046R were used to target the V6 region of the 16S rRNA gene (Kysela et al., 2005; Sogin et al., 2006), and the amplicons were sequenced at MBL using the Roche 454 GS20 platform (∼60 bp reads). Primers 515F and 806R were used to target the V4 region of the 16S rRNA gene (Bates et al., 2011; Caporaso et al., 2010), and the amplicons were sequenced at EnGenCorp (University of South Carolina) using either the Roche 454 GS FLX platform (∼240 bp reads) or the Illumina GAIIx platform (∼100 bp reads). Illumina sequencing was also completed using primers 27F and 338R that targeted the V1 region of the 16S rRNA gene (∼80 bp reads; Hamady et al., 2008). The use of different sequencing platforms and regions of the 16S rRNA gene provided good technical replication for these samples.

Barcoded reads were processed using Mothur: the data were denoised using the Mothur implementation of the AmpliconNoise algorithm (Quince et al., 2011), barcodes and primers were removed, sequences were aligned to the SILVA database and filtered, chimeras were detected using UCHIME and removed, and all sequences were classified using a modified RDP classifier as described above for the clone library sequences.

RESULTS

GEOCHEMICAL MEASUREMENTS

Water temperature and pH showed little variation across the sampling transect (see Figure 1; Table 1), ranging from 14.9 to 15.9°C, and 6.4–6.6 respectively. Voltammetric measurements revealed O2 concentrations below the detection limit of ca. 3 μM within a cm of the water–air interface at all but one site. Relatively high concentrations of dissolved Fe(II) (ca. 320–450 μM) were present at all sites; low levels of dissolved Mn(II) were detected at sites 4 (49 μM) and 6 (14 μM). Detectable quantities of dissolved or complexed Fe(III) were observed at all but one site; note that these are qualitative estimates only (expressed in units of nA, 3–50 nA) due to lack of site specific Fe(III) standards (Luther et al., 2008).

Table 1. Results of geochemical survey.
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Voltammetric depth profiling at sites 2 (microbial mat) and 7 (puffball) revealed a sharp decrease in O2 within a few mm of the water surface (Figure 4). The transition from oxic to very low (<3 μM) O2 conditions took place at ca. 4 mm depth in the microbial mat, compared to less than 1 mm in water overlying the puffball structure. Dissolved Fe(II) and O2 coexisted within the upper few mm of the mat, below which Fe(II) concentrations gradually increased. In contrast, dissolved Fe(II) concentrations were nearly uniform within the water column above the puffball, following a sharp increase within the upper ca. 2 mm. A second abrupt increase in dissolved Fe(II) concentration was detected during transection of the upper boundary of the puffball structure at ca. 5 cm depth. Dissolved Fe(III) was present within the upper few mm at the puffball site, but below detection within the mat.
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Figure 4. Voltammetric microelectrode profiles for the microbial mat (A) and the puffball structure (B). Dashed line in (B) indicates the approximate surface of the flocculant puffball structure; inset shows an expanded scale of the first 15 mm.



MPN ENUMERATIONS AND IN VITRO Fe(III) REDUCTION

Most probable number enumerations revealed substantial numbers of culturable FeOB and FeRB (102 to 105 cells mL−1) in both the mat and puffball materials (Table 2). The abundance of these organisms was 10- to 1000-fold lower than culturable aerobic and anaerobic heterotrophs. The presence of culturable FeRB was consistent with the results of the in vitro Fe(III) reduction experiments, which showed the potential for Fe(III) reduction during anoxic incubation of materials from both sites (Figure 5). Fe(II) concentrations leveled off after ca. 25 days, likely due to depletion of electron donors, as no exogenous organic matter was added to the oxide suspensions. Detectable Fe(III) reduction took place within an hour after isolation of the puffball material in sealed, completely filled serum bottles. An initial decline in Fe(II) was observed during the first day of incubation of the mat material, likely due to oxidation of Fe(II) by O2 entrained during transfer of the flocculant material to the serum bottles. Despite the initial difference in behavior for the two samples, when integrated over the 25-day incubation period, first-order rate constants for Fe(III) reduction were quite similar (ca. 0.085 and 0.083 day−1 for the mat and puffball materials, respectively; see Figure 5).

Table 2. Most probable number values for different types of microorganisms in materials from the microbial mat and puffball.
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Figure 5. In vitro Fe(III) reduction in materials from the microbial mat and puffball. Symbols show the average ratio of Fe(II) to total Fe in 0.5 M HCl extracts from duplicate cultures; lines show results of non-linear least-squares regression fits of the Fe(II) accumulation data to an integrated first-order rate law Fe(II)t = Fe(II)0 + [Fe(II)max − Fe(II)0] × [1 − exp(-kredt)]. Estimated kred values were 0.085 and 0.083 day−1 for the microbial mat and puffball materials, respectively.



MOLECULAR MICROBIAL COMMUNITY ANALYSIS

Clone libraries

The 16S rRNA gene clone libraries revealed modest phylogenetic diversity in the mat and puffball materials (Figure 6). A total of 12 families comprising 18 genera were identified (Table 3). Proteobacteria were the dominant components of the libraries, accounting for ≥95% of all clones at both sites (Figure 7). Betaproteobacteria in turn accounted for ca. 95 and 50% of Proteobacteria in the mat and puffball libraries, respectively, with Gammaproteobacteria and Deltaproteobacteria being much more abundant in the puffball libraries.
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Figure 6. Phylogenetic tree constructed from 16S rRNA gene clones from sites 2 (microbial mat) and 7 (puffball). The number of clones from each of sites 2 and 7 and the number of reference sequences (where used) are indicated beside each taxon in parentheses (number of site 2 clones, number of site 7 number of clones; number of reference sequences). The values in the triangles indicate the number of unique clones from each site and the number of reference sequences used to construct the tree in arb, respectively (values separated by commas). The tree was prepared using neighbor joining analysis with Jukes–Canter correction. Percentages on nodes represent 1000 bootstrap analyses; only values greater than 50% are shown. More details on major taxa identified in each sample are provided in Table 3.



Table 3. Summary of taxa identified in the 16S rRNA gene clone libraries.
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Figure 7. Relative abundance of taxa at the phylum/class level in the 16S rRNA gene clone and barcode libraries from sites 2 (microbial mat) and 7 (puffball). V1, V4, and V6 refer to different variable regions of the 16S rRNA gene; 454 refers to the Roche 454 GS20 (V6) or GS FLX (V4) platform; Illumina refers to the Illumina GAIIx platform. See Tables 4 and 5 for a more detailed taxonomic breakdown of the components of the different libraries.



Simple inspection of the phylogenetic assignments suggested the presence of recognized Fe(II)-oxidizing and Fe(III)-reducing taxa (see below). A series of BLAST searches was conducted to gain further insight into the potential physiological capacities of the specific taxa detected in the libraries. Although caution must exercised in inferring physiology based on 16S rRNA gene similarity (Achenbach and Coates, 2000), this basic approach, pioneered by Pace (1996, 1997), remains standard practice in microbial ecology. BLAST was used not to exhaustively catalog phylogenetic relatives to the clone sequences, but rather to search for possible evidence of Fe redox metabolic capacity in the identified taxa (see Table 3). We focused on pure culture relatives of the clone sequences, for which reasonable physiological inferences could be made. In some cases, the top BLAST matches corresponded to organisms in pure culture that are known to carry out Fe redox metabolism; in other cases, matches to organisms with such physiology were further down in the list of BLAST hits. Only matches with ≥95% sequence similarity (nominal cut-off for assigning genus-level affiliation; Gillis et al., 2001) were considered, except in cases where the top match had a lower degree of similarity.

The most abundant clones in both libraries were closely related to the well known microaerophilic FeOB from the Gallionella/Sideroxydans group (Emerson et al., 2010). Other abundant FeOB-related phylotypes included ones very similar to Fe(II)-oxidizing denitrifying bacteria from the genus Aquabacterium (Buchholz-Cleven et al., 1997), and ones closely related to the microaerophilic Fe(II)-oxidizing Comamonas strain IST-3 (Blöthe and Roden, 2009). Both libraries also included sequences related to known Fe(III)-reducing organisms, including Rhodoferax at site 2, and Desulfovibrio, Aeromonas, and Geobacter at site 7. Although Desulfovibrio is typically known as a sulfate-reducing bacterium, various strains from this genus are known to be capable of coupling organics or H2 oxidation to Fe(III) reduction (Coleman et al., 1993; Lovley et al., 1993). Aeromonas is a facultative anaerobe capable of reducing Fe(III) in complex medium (Knight and Blakemore, 1998), whereas Rhodoferax and Geobacter are well known organic acid oxidizing FeRB (Lovley et al., 2004). Other sequences present in the libraries were similar to lithotrophic reduced sulfur (Sulfuricella, Ottowia) and methane (Methylobacter, Methylosarcina, Methylomonas) oxidizing organisms, as well as aerobic and anaerobic heterotrophs.

Barcode sequencing

High throughput barcode sequencing was applied to the same DNA extracts used to construct the clone libraries, resulting in (1) 2400–3000 V4 region sequences and 15,000–16,000 V6 region sequences on the Roche 454 platform; and (2) 20,000–50,000 V1 region sequences and 35,000–120,000 V4 region sequences on the Illumina platform. There was good, though not perfect, overlap among taxa in the different barcode libraries at the phylum level, and at the class level within the Proteobacteria (Figure 7). There was also general agreement between the composition of the conventional clone and barcode libraries at these levels of phylogenetic resolution.

Similar relative abundances of Betaproteobacteria sequences within the order Burkholderiales were recorded in all four barcode libraries for the mat and puffball materials (Tables 4 and 5), confirming the predominance of these taxa indicated by the clone library results. The significant number of Desulfovibrionales within the Deltaproteobacteria in the puffball clone library was also reflected in each of the barcode libraries. Beyond these overlaps, no broad agreement between the different barcode and the clone library results was evident for taxonomic groupings below the phylum/class level. For example, the predominance of Gallionellaceae in the clone libraries was not evident in the barcode libraries. In addition, Firmicutes from the class Bacilli were well-represented in all mat barcode libraries, but were completely absent from the corresponding clone library. In contrast, Bacilli and other Firmicutes were fairly well-represented (10% of total) in the clone library for the puffball, but were completely absent from all four of the barcode libraries. The same was true for Methylococcales related sequences in the puffball, which were abundant in the clone library but absent from the barcode libraries. Finally, the significant number of Pseudomonas and Sphingobacteria related sequences in some (but not all) of the puffball barcode libraries were absent from the corresponding clone library.

Table 4. Relative abundance (percentage of total sequences) of different phylogenetic taxa obtained conventional cloning and sequencing (Clone lib) and by pyrosequencing of 16S rRNA genes from site 2 (microbial mat) using different sequencing platforms and primer sets.
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Table 5. Relative abundance of different phylogenetic taxa obtained by cloning and sequencing and pyrosequencing of 16S rRNA genes from site 7 (puffball) using different sequencing platforms and primer sets.
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DISCUSSION

GEOCHEMICAL ELUCIDATION OF AN EXTANT MICROBIAL FERROUS WHEEL

The voltammetric microelectrode measurements provided evidence of Fe redox cycling in both the mat and puffball materials. The steep opposing gradients of Fe(II) and O2 are analogous to those documented previously in circumneutral Fe seep and freshwater sedimentary environments (Emerson and Revsbech, 1994b; Sobolev and Roden, 2002; Druschel et al., 2008; Bruun et al., 2010), as well as in situ gradients in Fe rich microbial mats at the Loihi Seamount (Glazer and Rouxel, 2009). These conditions provide an ideal situation for coupled Fe oxidation and reduction, with poorly crystalline Fe(III) oxides generated during Fe(II) oxidation serving as excellent electron acceptors for FeRB (Straub et al., 1998; Roden et al., 2004; Blöthe and Roden, 2009). In addition, soluble or complexed Fe(III) (or very small colloidal phases) formed during Fe(II) oxidation (cf. Sobolev and Roden, 2001) also represents an ideal electron acceptor for FeRB, and it is notable in this regard that almost all of the sampling sites showed the presence of Fe(III) detectable by voltammetry (Table 1).

This study did not include determination of the kinetics of Fe(II) oxidation or the contribution of microbial activity to this process. Stirred reactor studies with FeOB pure cultures (Neubauer et al., 2002; Druschel et al., 2008) and native groundwater seep microorganisms (Emerson and Revsbech, 1994a; Rentz et al., 2007) have shown that FeOB activity can accelerate Fe(II) oxidation rates two to fivefold, although competition with abiotic oxidation [including catalysis of abiotic oxidation by amorphous Fe(III) oxide surfaces] is high at neutral pH. Druschel et al. (2008) showed that the relative contribution of microbial activity to Fe(II) oxidation was greatest at O2 concentrations of less than ca. 50 μM (ca. 18% saturation), whereas biotic and abiotic rates were identical at full O2 saturation (275 μM). Experiments employing diffusion probes in Fe(II)-O2 opposing gradient cultures have indicated that microbial activity can account for ≥90% of Fe(II) oxidation under diffusive transport limited conditions (Sobolev and Roden, 2001; Roden et al., 2004) where O2 concentrations within the zone of Fe(II)-O2 reaction are typically ca. 20% saturation.

The quiescent conditions (no visible water movement or turbulent mixing) at both the mat and puffball sites suggest that Fe(II)-O2 interactions were likely diffusion limited at the time of sampling. The mat, which was overlain by only a thin layer of water (<1 cm; see Figure 3), showed a relatively compact gradient system only a few mm in spatial extent (Figure 4A). The observed Fe(II) and O2 gradients were similar to those in opposing gradient FeOB culture systems in which microbial catalysis dominates Fe(II) oxidation (Sobolev and Roden, 2001), as well as those in diffusion controlled FeOB–FeRB coculture experiments where active Fe redox cycling has been documented (Sobolev and Roden, 2002; Roden et al., 2004).

In contrast, the puffball site, where the water depth was ca. 10 cm, represented a different, less compact type of diffusion limited Fe(II)-O2 reaction system. Here, low O2 conditions (<3 μM) were achieved within a mm of the water surface (Figure 4B), analogous to other “open water” (i.e., not mat colonized) locations in the seep, where O2 was undetected just below the water surface and dissolved Fe(II) concentrations were 300–400 μM (Table 1). These observations suggest the possibility that the puffballs may originate from conglomerates of bacterial cells and oxides that form at the air–water interface and later coagulate and sink in globular form. Working a few years earlier with samples from the same environment, Schieber and Glamoclija (2007) showed by scanning electron microscopy (SEM) that mat materials are composed of nanometer-sized amorphous Fe(III) oxide particles coordinated with bacterial cells (including stalk and sheath-forming FeOB similar to those shown in Figure 2) and extracellular polymeric substances (EPS). In the case of well-consolidated mats, these materials were arranged in a columnar, honeycomb-like matrix. It seems possible that similar structures were present in the puffball materials, although it is not possible to image such structures via SEM as they lose their integrity during sampling. One would expect that such structures, assembled near the water surface, would eventually sink under their own weight, leading to the observed accumulation of fluffy precipitates at depth in the water column.

An alternative explanation for puffball formation is that low levels of dissolved O2 (below the detection limit in this study) do in fact exist deeper in the water column, leading to Fe(II) oxidation and oxide accumulation at depth. This explanation is consistent with the observation (Schieber, unpublished) that under conditions of water column stagnation, the puffballs appear to form at depth and grow upwards until they intercept the surface. The presence of submicromolar levels of dissolved O2 at depths below the macroscopic O2 gradient has been documented in oxygen-minimum-zones in the ocean (Revsbech et al., 2009; Canfield et al., 2010) and in the permanently stratified Black Sea water column (Clement et al., 2009). In the case of the Black Sea, indigenous aerobic bacteria were shown to be capable of efficient oxidation of dissolved Mn(II) at O2 concentrations well below 1 μM (Clement et al., 2009). It is logical to assume that aerobic FeOB share this same ability, although detailed information on the kinetics of enzymatic Fe(II) oxidation at very low O2 concentration is not available. Nitrate-dependent Fe(II) oxidation could also contribute to Fe(III) oxide accumulation at depth in the stagnant water column. The presence of dissolved, presumably organic complexed Fe(III) (Taillefert et al., 2000) at depths below which O2 could be detected (Table 1; Figure 4) is consistent with ongoing Fe(II) oxidation under very low O2 or anoxic conditions.

The association of Fe(III) oxides with organic materials and their accumulation in the semi-consolidated mat and puffball structures provides an explanation for Fe(III) reduction activity observed in the Fe(III) reduction experiments (Figure 5), with senescent FeOB and other bacterial cells and organics (e.g., originating from the surrounding forest soils) providing the electron donors for Fe(III) reduction. At the puffball site in particular, decomposition of organics coupled to Fe(III) oxide reduction can account for the abrupt increase in Fe(II) concentration within the puffball compared to the overlying water (Figure 4B). The fact that Fe(III) oxide reduction commenced immediately (no lag period) during anoxic incubation of these materials is consistent with the presence of ongoing FeRB activity. Incomplete (25–35%) Fe(III) oxide reduction was observed in both the mat and puffball incubations, in contrast to previous studies with electron donor (acetate/lactate) amended seep materials (not conducted in this study) in which near complete (≥80%) reduction has been documented (Emerson and Revsbech, 1994b; Blöthe and Roden, 2009). These results suggest that Fe(III) reduction was carbon-limited, which makes sense given that large quantities of Fe(III) oxide accumulate in the seep environment. Nevertheless, simple kinetic calculations indicate that partial Fe(II) regeneration via decomposition of organic carbon coupled to Fe(III) reduction has the potential to significantly promote Fe turnover in redox interfacial environments (Blöthe and Roden, 2009). Collectively, the results of this and a limited number of related studies in Fe seeps (Blöthe and Roden, 2009; Bruun et al., 2010), freshwater wetland surface sediments (Sobolev and Roden, 2002), and plant rhizosphere sediments (Weiss et al., 2003, 2005) provide plausible real-world examples of the type of closely coupled microbial Fe redox cycle documented previously for cocultures of aerobic FeOB and FeRB (Sobolev and Roden, 2002; Roden et al., 2004).

MICROBIOLOGICAL EVIDENCE FOR IN SITU MICROBIAL Fe REDOX CYCLING

Significant numbers of culturable FeOB and FeRB were present in both the mat and puffball materials (Table 2). However, the observed FeOB and FeRB densities were generally <1% of total culturable aerobic and fermentative heterotrophs, comparable to results obtained in other studies in which active microbial Fe redox cycling was implicated (Weiss et al., 2003; Blöthe and Roden, 2009). To our knowledge the efficiency of conventional FeOB and FeRB culturing approaches compared to heterotrophs has not been documented, and the possibility exists that the former populations were underestimated in this and other studies, due to culturability issues. This assertion is supported by the clone library results, which provided strong support for a lithotroph-dominated microbial community centered around taxa related to known FeOB (Table 3). Sequences related at the species level (≥97% similarity in 16S rRNA gene sequence) to microaerophilic FeOB Gallionella capsiferriformans ES-2 and Sideroxydans lithotrophicus ES-1 (Emerson and Moyer, 1997) were the most abundant taxa in the mat and puffball libraries, respectively. In addition, both libraries contained significant numbers of sequences closely related (99%) to denitrifying FeOB previously identified in freshwater sediments (Buchholz-Cleven et al., 1997), many of which are known to be capable of microaerophilic Fe(II) oxidation (Benz et al., 1998). The puffball library also contained sequences identical to the microaerophilic FeOB Comomonas sp. IST-3 isolated from a groundwater Fe seep in Alabama (Blöthe and Roden, 2009). Other putative lithotrophs were identified, including sequences related (albeit distantly at 92%) to the reduced sulfur (S0 and [image: image]) oxidizing Sulfuricella denitrificans in the mat, and to the CH4 oxidizing Methylobacter sp. in the puffball. Whether or not sulfur or methane oxidation takes place in the seep is unknown.

The clone libraries also contained significant numbers of sequences related to known FeRB, including Rhodoferax ferrireducens (Finneran et al., 2003) in the mat, and Aeromonas hydrophila (Knight and Blakemore, 1998) and Geobacter sp. (Lovley et al., 2004) in the puffball. The puffball library also contained sequences related to Desulfovibrio, a sulfate-reducing taxon which includes organisms capable of dissimilatory reduction of Fe(III) and other oxidized metals (Coleman et al., 1993; Lovley et al., 1993). Collectively, sequences related to known FeOB and FeRB accounted for 88 and 59% of total sequences in the mat and puffball libraries, respectively. These results confirm 16S rRNA gene clone library results for analogous groundwater seep environments (Haaijer et al., 2008; Blöthe and Roden, 2009; Duckworth et al., 2009; Bruun et al., 2010; Fleming et al., 2011; Gault et al., 2011; Johnson et al., 2012), and are consistent with the presence of active Fe redox cycling microbial communities in such environments.

BARCODE SEQUENCING OF 16S rRNA GENE AMPLICONS

The specialized environment of the groundwater Fe seep provided an opportunity to assess whether high throughput barcode sequencing approaches can provide increased insight into 16S rRNA gene-based inferences of microbial community structure and functionality compared to those obtained through conventional cloning and sequencing. The motivation for applying these approaches is that they afford the opportunity to obtain 100–1000 times more sequences compared to a typical clone library consisting of a few hundred clones or less. Acquiring a much greater number of sequences has the potential to both extend knowledge of microbial diversity as well as more confidently reveal the dominant components of a given community (Sogin et al., 2006; Huber et al., 2007; Cardenas and Tiedje, 2008). The latter consideration is most relevant to this study, given our focus on dissection of a representative Fe redox cycling microbial community.

The barcode sequencing results agreed well with the conventional clone libraries at the phylum/class level (Figure 7). In particular, the relative importance of Betaproteobacteria in both the mat and puffball materials indicated by the clone libraries was verified by the barcode sequencing. This result is in agreement with a combined clone library and V4–454 sequencing study of a groundwater Fe seep in Maine (Fleming et al., 2011). However, in contrast to the findings of Fleming et al. (2011), where the Leptothrix dominated FeOB community indicated by clone library composition was verified by barcode sequencing, the Gallionella/Sideroxydans dominated FeOB communities suggested by the mat and puffball clone libraries was only verified by the V6 barcode libraries, and was not observed in the other libraries (see Tables 4 and 5). Even in the case of the V6 libraries, the relative abundance of Gallionella/Sideroxydans sequences was considerably lower than that observed in the clone libraries (5 vs. 47% for the mat, 5 vs. 16% for the puffball). While the cause for this mismatch remains unknown, it must be acknowledged that current barcode sequencing approaches, like conventional cloning and sequencing (von Wintzingerode et al., 1997), is subject to various types of biases (including PCR bias) that may render accurate quantitative analysis of microbial community structure difficult or impossible (Berry et al., 2011; Zhou et al., 2011). This limitation provides a plausible (albeit disappointing) explanation for various other mismatches between the clone library and barcode sequencing results, as well as differences in community composition among the different barcode libraries (see Results). Additional comparisons of conventional cloning and barcode sequencing approaches will be required to evaluate whether or not these methodologies routinely provide a common picture of microbial community composition.

Despite the apparent limited overlap among taxa present in the clone and barcode libraries, the barcode sequence information could nevertheless be used to gain further insight into characteristics of the mat and puffball microbial communities. A series of BLAST searches was conducted with most abundant OTUs (≥0.5% of total sequences) detected in the barcode libraries; only the V4–454 sequences were used for this analysis, as these reads were 3–4 times longer than the V6–454 and Illumina sequences, thereby affording greater phylogenetic resolution (BLAST analysis of the shorter reads revealed large numbers of high similarity hits that could not be rationally distinguished in terms of their ability to provide insight in Fe redox cycling components of the microbial community). The similarity between the V4–454 and clone library OTUs was determined in conjunction with this analysis. Several interesting results emerged (see Tables 6 and 7). First, many of the most abundant V4–454 OTUs were highly similar to known FeOB, including Acidovorax sequences closely related to the denitrifying FeOB A. delafieldii 2AN (Chakraborty et al., 2011) for the microbial mat; and Comomonas sequences related the aerobic FeOB Comomonas sp. IST-3 (Blöthe and Roden, 2009) together with Aquabacterium and Pseudomonas sequences closely related to denitrifying FeOB (Straub et al., 1996; Buchholz-Cleven et al., 1997; Muehe et al., 2009) for the puffball. The seep contains significant nitrate (ca. 0.02–0.2 mM), and active nitrate-reducing, Fe(II)-oxidizing enrichment cultures were obtained from both the mat and puffball materials (M. Blöthe, unpublished data). In addition, a nitrate-reducing, Fe(II)-oxidizing Dechlorospirillum species (unrelated to sequences reported here) was recently isolated from the seep materials (Picardal et al., 2011). It is unknown whether or not A. delafieldii 2AN or the nitrate-dependent FeOB described by Buchholz-Cleven et al. (1997) are capable of microaerophilic Fe(II) oxidation, but the fact that many such organisms are known to grow lithotrophically via Fe(II) oxidation under microaerophilic conditions (Benz et al., 1998) suggests that this could be the case.

Table 6. BLAST matches to dominant (≥0.5% of total sequences) microbial mat (site 2) V4-454 sequences, and similarity between V4 454 and clone library sequences.
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Table 7. BLAST matches to dominant (≥0.5% of total sequences) puffball (site 7) V4–454 sequences, and similarity between V4 454 and clone library sequences.

[image: image]

Second, potential Fe(III)-reducing Desulfovibrio sequences (see previous section) closely related to D. putealis (Basso et al., 2005) were the most abundant OTUs in the puffball V4–454 libraries. This result is important in that it strongly suggests the proliferation of anaerobic bacteria within the puffball, which in turn is consistent with the geochemical measurements and in vitro Fe(III) reduction experiments (see above). We found no voltammetric evidence for the existence of dissolved sulfide in the seep waters, and the solid-phases present were uniformly orangish-brown with no evidence of black iron monosulfides. In addition, there was no production of a sulfide smell upon acidification of samples from the anaerobic incubations. Together these results indicate that the Desulfovibrio-related taxa present in the puffball materials could have been functioning as Fe(III) reducers. The apparent absence of sulfate reduction activity is consistent with the recent groundwater seep study of Bruun et al. (2010) where no significant sulfate reduction was observed during anaerobic incubation of seep materials without added electron donor.

In both of the above examples, the most abundant barcodes for Betaproteobacteria (Acidovorax, Comomonas, Aquabacterium) and Deltaproteobacteria (Desulfovibrio) related sequences were ≥97% similar to one or more unique OTUs in the clone libraries. These connections suggest that barcode sequencing did in fact sample many of the key putative Fe redox cycling taxa present in the clone libraries, even though this fact was not necessarily evident from the RDP-based phylogenetic assignments. This phenomenon is best illustrated by the Acidovorax related sequences identified in the mat V4–454 library, which were 97–98% similar to Rhodoferax and Aquabacterium related sequences from the clone libraries. A general implication of these results is that detailed BLAST searching, as well as inquiries into the physiological properties of related taxa, will likely be required to make the best possible physiological inferences from barcode sequencing information.

Another interesting finding from the V4–454 BLAST searches is that the large number of Bacillaceae related sequences in the mat library were closely related to Bacillus thioparans BMP-1, an organism capable of chemolithoautotrophic growth coupled to thiosulfate ([image: image]) oxidation (Pérez-Ibarra et al., 2007). Although we do not know if [image: image] oxidation takes place in the seep, the large number of sequences related to this taxon clearly suggests the possibility. This may not be a far-fetched suggestion, given that oxidative dissolution of authigenic iron sulfide minerals in Mississippian-age marine sediments provides the Fe(II) source for the seep (Schieber and Glamoclija, 2007). This result, as well as the recovery of numerous sequences related to putative nitrate-reducing FeOB, provides an example of how 16S rRNA gene surveys could motivate more detailed studies of metabolically unique (in this case lithotrophic) organisms in a given microbial community.

CONCLUSION

A combination of geochemical and microbiological data revealed the existence of an in situ “microbial ferrous wheel” in a circumneutral groundwater Fe seep. The wheel turns by virtue of the coupled activities of lithotrophic (aerobic and possibly nitrate-reducing) FeOB and dissimilatory FeRB across mm-to-cm scale redox gradients within semi-consolidated mat and floating puffball structures. The results confirm and extend previous findings in similar groundwater Fe seep and aquatic sedimentary environments, and provide a real-world example of a microbially driven Fe redox cycling system analogous to that documented previously for cocultures of FeOB and FeRB. The groundwater seep environment also provides useful clues as to the likely physical and metabolic arrangement of microbial Fe redox cycling communities within redox gradients in a wide variety of soil and sedimentary environments.
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DELETION®
OmcAup 1
MtrB up 1
MtrB up 2
MtrB down 1
MtrB down 2
MtrE up 1
MtrE up 2
MtrE down 1
MtrE down 2

COMPLEMENTATIONP
OmcA 1

OmcA 2
MtrC 1
MtrC 2
MtrF 1

MtrF 2
MtrB 1
MtrB 2
Mtrk 1

MtrE 2

“Deletion primers for mtrB, mtrA, mtrD, dmsE, SO4360, cctA, mtrC, mtrF, and omcA were described previously (Co
b Complementation primers for mtrA, mtrD, dmsE, and SO4360 were described previously (C¢ -

Restriction site

Spel
Not
BamHlI
BamHlI
Spel
Sac
BamHI
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Not

Byl

Not
Bgl
Not
Byl

Not
Bgl
Not
Byl

Not

Sequence

CCAAACCTAT
NNNNNNNN

NNNNNNN

Z2 2 2 Z 6y 2

NNACTAGTCAGGTCTCACAGTACCCGCA
NNNNNNNNNNNGCGGCCGCCGTTCAACCTCTCGCGCTTA
NNNGGATCCCTTTACAGCTCCATGCGGAT
NNNGGATCCATGGCATTTGGAACGTCGTAGG
NNACTAGTTCTGGACGTGGCGGCTTATC
NNNGAGCTCGCAGTAAATCGTAAATACCGG
NNNGGATCCGTCGATATATTCACTATTTGC
NNNGGATCCAGGTTTGACCTTAAGCTACC
NNNNNNNNGCGGCCGCTATTACAAGTGTCGATCGAGA

NAGATCTGTTGGCGCTAGAGCATAGCGGTTAAGCAAT

TGCAGGGAAAAAAATGATGAAACGGTTCAATTTCA
GCGGCCGCAACCACAAGGGAAAAACAAA

NAGATCTGTTGGCGCTAGAGCATAG

GCGGCCGCTAATAGGCTTCCCAATTTGT

NAGATCTGTTGGCGCTAGAGCATAGCGGTTAAGCAA

TGCCAAACCTATGCAGGGAAAAAAATGAATAAGTTTGCAAGCT

NNNNNNNNN

GCGGCCGCTTGGGCCTGCATCATCGAGTTAG

NNNAGATCTCCATCCATCTGGCAAGCTAT

NNNNNNNNN

GCGGCCGCGGGCTTTTGAGCATATGAGG

NNNAGATCTCCATCCATCTGGCAAGCTATTACAGCGC
TAAGGAGACGAGAAAATGCAAATAGTGAATATATCG

NNNNNNNNN
CTTAA

GCGGCCGCGTGCCTAAGTTACATTTGGTAG






OPS/images/fmicb-03-00050-t001.jpg
Name

CymA
MtrA
MtrB
MtrC
OmcA

Locus tag

SO_4591
SO_1777
SO_1776
SO_1778
SO_1779

Number of heme

4
10

0
10
10

Location

Inne-membrane

Outermembrane
Outermembrane
Outermembrane
Outermembrane





OPS/images/fmicb-03-00037-t002.jpg
Reaction

Fe(lll) + e~ — Fe(ll)

T
2

)-3HT +3H,0 =Fe(OH)3

Fe(ll) + citrate®~ — Fe(ll)-

citrate
Fe(lll) + citrate®~ — Fe(lll)citrate

Fe(ll)OH-NTA™ +e~ —
Fe(ll)OH-NTA%~
Fe(ll)-EDTA™ + e~ — Fe(ll)-
EDTAZ~

Log K (I=0)

13.00

—3.96

5.89

13.43

0.82

1.35

Reference

Martell and Smith
(1995)

Cornell and Schw-
ertmann (2003)
Martell and Smith
(1995)

Allison et al. (1991),
Timberlake (1964)
Wang et al. (2008)

Wang et al. (2008)

|, ionic strength.





OPS/images/fmicb-03-00037-t001.jpg
Complex Rate constants (k, um~'s~1)
FeCl, (6.3+0.3)x 1072
Fe—citrate (41408 x 1072
Fe-NTA (2564+0.3) x 10728
Fe-EDTA (1.0£0.3) x 1073

“Log K., was calculated from the K values estimated from the fitted curve.
°Log K., was calculated from theoretical Log K using experimental condition.
°Calculated assuming in equilibrium with ferrihydrite.

dCalculated by using thermodynamic data of Fe(lll)citrate in Mintega database.

Equilibrium constant (K)
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Pika (2773 m)

Archaean (2986 m)

Borehole

25
(3-40)
6.69
222
46.2
10.7
85.0
460
10.8
0.046
388
540
0.85
253
1.05
14.3
4.4
0.41
0.15
62.4
1.67
286
1630
7.20
0.86
0.10

Natural vent

55
(15-116)
6.65
2.09
45.6
1.2
89.7
455
1.4
0.076
401
545
0.85
25.0
1.60
79
13.2
57.1
0.23
570
221
164
1771
7.76
1.37
6.62

Fe-H>S available*

H>S-type Fe-type

54 41
(15-81) (18-59)
585 6.38
2.16 1.94
40.9 45.5
12.9 1.1
824 91.6
450 463
13.0 11.7
0.118 0.081
353 481
542 539
0.83 0.85
22.9 23.9
2.98 1.97
5.2 73
2.8 0.0
229 6.6
0.32 0.20
19.5 119
n.d. 334
n.d. (164)
n.d. n.d.

n.d. (7.76) 3.11
n.d. (1.37) 0.22
n.d. (6.62)

Borehole

10

757
2.37
50.0
9.7
83.5
469
9.7
0.028
n.d.
n.d.
0.84
257
0.21
n.d.
n.d.
n.d.
0.12
15
n.d.
n.d.
n.d.
n.d.
n.d.

n.a.

Natural vent

Natural vent

<150°C

28
(3-50)
6.59
2.28
49.8
10.2
875
460
9.7
0.044
362
548
0.84
26.9
0.49
35
25.1
34.6
0.02
82.8
4.60
98
n.d.
8.42
1.46
0.69

>150°C

265
(230-330)
3.33
—0.95
8.5
34.4
123
457
249
0.530
695
576
0.93
35
14.2
36.3
6.8
6001
0.99
6494
46.2
18
1099
36.2
14.9
23.8

<150°C

01
(75-117)
5.61
0.95
413
0.7
00
424
35
0.158
524
533
n.d.
23.0
3.47
8.4
20.7
572
0.23
244
44.7
16
1358
16.8
20.9
678

>150°C

251
(163-343)
3.60
—0.63
13.3
16.0
102
370
25.6
0.391
984
461
0.77
76
12.6
311
8.3
4313
0.89
2056
40.2
18
967
16.6
16.8
33.2

Deep
seawater

773
2.48
50.8
9.6
84.8
457
9.6
0.033
375
542
0.86
274
0.17
11.0
33.8
0.04
0.0018
8.9
1.66
100%*
n.d.
2.3%%
0.0003**
0.0004**

Average values for each sample type at each sampling site, i.e., boreholes, low-temperature (< 150°C) natural vents and high temperature (> 150°C) natural vents are
shown. These data were obtained from the samples collected in 2003, 2004, 2005, and 2010. *The chemical data for the samples of the Snail site with iron and

sulfide concentrations, which are shown in italic, were divided into H,S-type (high H,S/Fe) and Fe-type (high Fe/H,S). For thermodynamic calculation, the average

values in parentheses were used. **Concentrations of O,, CO,, CH,, and H, in deep seawater were obtained previously

007).
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Site Family

Microbial mat  Gallionellaceae

(61 clones) Unclassified
Burkho
Gallionellaceae

deriales

Comamonadaceae
Gallionellaceae

Unclassified

Bacteroidetes
Puffball (80 Gallionellaceae
clones) Methylococcaceae

Comamonadaceae

Desulfovibrionaceae

Aeromonadaceae

Unclassified
Burkholderiales
Rhodocyclaceae

Bacillaceae
Rhodocyclaceae
Unclassified

Clostridiales
Geobacteraceae
Methylococcaceae

Hyphomicrobiaceae
Comamonadaceae
Gallionellaceae
Crenotrichaceae

Genus

Gallionella
Aquabacterium

Candidatus
Nitroga
Rhodoferax
Sideroxydans
Unclassified
Bacteroidetes
Sideroxydans
Methylobacter
Comamonas
Desulfovibrio

Aeromonas

Aquabacterium

Propionivibrio

Bacillus
Rhodocyclus
Blautia

Geobacter
Methylosarcina
Rhodoplanes
Hylemonella
Gallionella
Crenothrix

% Total

377
295

1.5

82
6.6
6.6

156.0
13.8
1n.3
10.0

8.8

75

75

6.3
5.0
3.8

3.8
25
1.3
1.3
1.3
1.3

Representative pure
culture match

Gallionella capsiferriformans ES-2
Denitrifying Fe(ll)-oxidizing bacteria

Sulfuricella denitrificans

Rhodoferax ferrireducens T118
Sideroxydans lithotrophicus ES-1
Bacteroidetes bacterium RL-C

Sideroxydans lithotrophicus ES-1
Methylobacter sp. BB5.1
Comamonas sp. IST-3
Desulfovibrio putealis strain B7-43

Aeromonas hydrophila strain ATCC
7966
Denitrifying Fe(ll)-oxidizing bacteria

Propionivibrio limicola strain
GolChi1

Bacillus sp. MB-5

Rhodocyclus tenuis strain DSM110
Eubacterium plexicaudatum ASF
492

Geobacter sp. strain CdA-2
Methylosarcina lacus strain LW14
Alphaproteobacterium Shinshu-th1
Ottowia thiooxydans strain K11
Gallionella capsiferriformans ES-2
Methylomonas sp. LW15

Taxa related to known FeOB and Fe(lll) reducing organisms are shown in bold in the Physiology column.

Accession No.

CP002159.
U51102.1

AB506456.

CP000267.1

CP001965.
AB611036.

CP001965.
AF016981.1
DQ386262.1
NR-029118.1

X60404.2

U51102.1

NR-025455.1

AF326363.

16209.1
AF157054.

|w)

Y19190.1
NR-042712.
AB121772.
NR-029001.1
C

A

P002159.
F150794.1

Similarity Physiology

(%)

96-97 Fe(ll) Ox, O, red

99 Fe(ll) Ox, NO3 red

92 80/5203‘ Ox, 02/NO3 red
92 Fe(lll) red

94-96 Fe(ll) Ox, O, red
84-94 Fermentation

97-99 Fe(ll) Ox, O, red
94-96 CHz Ox, O red

100 Fe(ll) Ox, O, red

99 SO%~ red; Fel(lll) red
98 Fe(lll) red

99 Fe(ll) Ox, NO3 red

97 Fermentation

99 Ferm; Mn(ll) Ox, O, red
97 Anoxygenic Phototroph
94 Fermentation

96 Fe(lll) red

96 CHz Ox, O red

96 Aerobic Heterotroph
100 S205™ Ox, O2/NO3 red
96-97 Fe(ll) Ox, O, red

94 CHz Ox, O red

Reference(s)

Emerson and Moyer (1997)
Buchholz-Cleven et al. (1997)

Kojima and Fukui (2010)

(2003)
Emerson and Moyer (1997)
Qiu and Sekiguchi,
unpublished

Emerson and Moyer (1997)
Smith et al. (1997)

Blothe and Roden (2009)
Basso et al. (2005); Lovley
et al. (1993)

Knight and Blakemore (1998)

Finneran et a

Buchholz-Cleven et al. (1997)

Brune et al. (2002)
Francis and Tebo (2002)
Hiraishi (1994)
Dewhirst et al. (1999)

Cummings et al. (2000)
Kalyuzhnaya et al. (2005)
(2005)

Spring et al. (2004)

Emerson and Moyer (1997)
Costello and Lidstrom (1999)

Hamaki et a
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Sample

Ula Nui-A
Ula Nui-B/C
Lohiau A
Spillway A
Lohiau C
Tower
Hiolo A

Tpe (K)

10
12
19
21
22
24
23

Particle size (hm)

35
3.7
43
4.4
4.5
4.6
4.6
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Hiolo A 300K
42K
Ula Nui-B/C 300K
4.2K

Byr (T)

46.0(2)

44.4(4)

QS (mm/s)

0.88(1)
—0.02(1)
0.84(1)
—0.02(1)

IS (mm/s)

0.36(1)
0.53(1)
0.36(1)
0.53(1)

Magnetic hyperfine field (B.r), quadrupole splitting (QS), isomer shift (1S), errors

are quoted in parenthesis.
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References Pair assignments

Si-0 Fe-0° Fe-O®P 0...0 Fe...Feeage  Si...Si Fe...Fecm
Fh - 1.955 2n = - 3.031 = = 3.437 -
am-SiOy 1.608 - - 2.626 - - 3.073 - - -
Samples Correlation no.

1 2 3 4 5 6* 7 8 9* 10
BT37 1.616 1.986 2.206 2.653 2.944 3.03 3.147 3.307 3.44 3.605
Ula Nui-A 1.604 1.979 2.125 2.624 2.996 3.03 3.140 3.295 3.44 3.605
Ula Nui-B 1.594 1.963 2.132 - 2.883 3.03 3.153 3.317 3.44 3.593
Spillway A 1.612 1.974 2121 2.648 2.955 3.03 3.142 3.306 3.44 3.606
Lohiau A 1.618 1.977 2131 2.648 2.898 3.03 3.146 3.309 3.44 3.600

Additional pair assignments
Si/0...0 Si...Fe!  Si...Fe? Si...Fe®

**Two Gaussian functions were used to fit the correlation at ~2 A.

'SiO, linked bidentate to two neighboring Fe octahedra via corners.

() indicates feature is not applicable (references only) or not present (samples only).
2Si0, linked monodentate to O doubly/triply coordinated with Fe.

* Peak position fixed.

3Si0, linked monodentate to O singly coordinated with Fe (linear Si-O-Fe).

Average error of £0.005 A in fitted peak position.

Estimated error of +3 A on CSD size from H:

2000).

CSD size (A)

23

16
23
37
16
16
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Date

18.10.2002
21.10.2002
23.10.2002
31.10.2002
04.11.2002

Stn

5

n
15
28
36

Latitude

10°00.01'N
09'59.99'N
10°00.02'N
01'56.84'N
11°00.02'N

Longitude

51°24.68W
41°43.76W
36'13.66'W
23'30.01'W
21°40.01W

Depth (m)

80
80
80
60
80

[DFe]

0.94
129
0.50
0.19
143

[tr]

17+01
17+01
14+01
25402
52404

Log K

1.9£0.1

12.0+£0.1
125404
121401
122401

Log k¢

5.84+0.18
5.84+0.01
5.51+0.10
5.73+0.05
5.60+0.07

Log kg (w)?

-3.98+0.10
—3.66+0.09
—3.73+0.06
—3.83+0.02
—4.20+0.06

Log kg (s)®

—6.06+0.21
—6.16+0.10
—6.99+0.41
—6.37+0.1
~6.60+0.11

All concentrations are in nmol L~". See the appendix for a full description of the experimental methods. *Weak ligands, k, determined by the time dependent loss of
Fe from the natural ligand complexes. °Strong ligands, ks determined from the values of Log k and k, determined independently from the equilibrium (CSV-CLE) and
kinetic approaches (CSV-KIN).
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Parameter Size fraction

Clay Silt

% Dry weight® 16 83

Dominant minerals® illite—smectite potassium feldspar,
mixed layers, plagioclase, quartz,
kaolinite, quartz, and illite—smectite
illite, and TiO, aggregates

HF-extractable Fe, mmol/kg 1360.5+10.7 95.7+3.3

% Total Fe® 74 26

CDB-extractable Fe, mmol/kg  32.7 4

11 474+£2.0

“Percent of total bulk soil dry weight accounted for by the clay or silt size fractions,
in addition to silt and clay, Shovelers Sink soil also contains 1% sand.

®Minerals were identified by TEM and XRD analyses and are listed in decreasing
order based on their detected content in corresponding size fractions.

°Percent of the total Fe content of bulk soil accounted for by the clay or silt size
fractions.
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Location

NW Atlantic
NW Atlantic
Arabian Sea
Scheldt Estuary

Tropical Atlantic

Tropical Atlantic

Depth (m)

Surface
11-2874
25-600
Surface

60-80

20-400

Log k¢

46-6.8
4.6-6.5
5.1-6.0
8.3-9.4

55-5.8

Log kg

—6.0to —6.5
—4.410 =70

—4.7 to =70

—0.8 to —2.2 (strong)
—3.4 to —4.3 (weak)
—6.0 to —7.0 (strong)
—3.6 to —4.2 (weak)
—4.1 to —5.3 (weak)

Ligand

TN2N
TN2N
TN2N
TAC

TAC

Reference

and Wu (1997)
and Luther (1998)
al. (200
ot al. (2007)

Luthe:

Witte
Witter €

Gerring

This study

This study?

Data in the Gerringa et al. work was calculated using a model incorporating at least six kinetic parameters including ferric hydroxide species — see the text for more
information. Iron solubility kinetic measurements (see the appendix for full data description).
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Strain GenBank accession #

wssl4 JQ655459
ss1-6-6 JQ655461
indssb2 JQ655458
sa2 JQ655460

Identification (closest cultured bacterium,% identity)

Bradyrhizobium liaoningense 22817, 99.6%
Bradyrhizobium japonicum USDA 6, 99.4%
Cupriavidus necator ATCC 432917, 99.5%

" Ralstonia eutropha” H16, 99.6%

Ralstonia solanacearum LMG 2299', 98.7%
Geobacter toluenoxydans TMJ1T, 98.9%
Geobacter uraniireducens RF4T, 97.6%

The % values indicate the degree of similarity in 16S rRNA gene sequence.

Role in Fe cycle

Fe(ll) oxidation

Fe(ll) oxidation

Fe(ll) oxidation
Fe(lll) reduction
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Ligand (L) Medium conditions [03*] (pM) logK reqiL logKgeqmL Maximum [Fe(ll)L]/[Fe(lll)L]

Desferrioxamine B (DFB) pH 8.0, freshwater (/=0.1 M) 7.0 18.12 3.7x107"

000 70° 18.12 3.7x10°"

pH 8.0, seawater (/=0.7 M) 4.05° 12.9% 42x10 "

000 4.05° 12.1¢ 4.2x1078

Ethylenediaminetetraacetate (EDTA) pH 8.0, freshwater (/=2 mM) 9.249 10.54¢ 2.4 %107
000 9.244 10.54¢ 0.24

pH 8.0, seawater (/=0.7 M) 5.37° 7.361 48x107°

000 5370 736 48x1072

Citrate pH 8.2, seawater (/=0.7 M) 5.409 8.12" 9.0x 1078

000 5.409 8.12" 9.0x1078

Suwannee River fulvic acid (SRFA) pH 8.1, seawater (/=0.7 M) 759 10.49 5.9x 1076

000 759 10.49 59x 1072

?Calculated at 1= 0.1 M, ignoring formation of any other complexes using stability constants from Farkas et al. (2003).
®Calculated as logK= p/(p — 1)ILI; where [L]; is total ligand concentration and p is proportion complexed as reported in Table 2 of Hud.

“Measured value at pH 8.1 reported by Witter et al. (2000).

ICalculated from complex formation and dissociation rate constants measured by Fujii et al. (2011).
°Calculated from complex formation and dissociation rate constants measured by F l. (2010a).
‘Measured value at pH 7.98 reported by Sunda and Huntsman (2003).
9Calculated from complex formation and dissociation rate constants measured by Rose ¢
"Calculated from complex formation and dissociation rate constants measured by Fi
stability constant varies with ligand concentration due to the existence of multiple complex species).

nd Wait
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al

> (2003b).
a) for a citrate concentration of 100 uM (the apparent conditional
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2Data from Gl

Description

Ultra-diffuse, cold, base of seamount
Extinct, rim of Pele’s Pit

Active, warm, rim of Pele's Pit
Active, warm, Pele's Pit

Active, warm, Pele's Pit

Active, cool, Pele’s Pit site, frequently
sampled

Active, warm, rim of Pele’s Pit
Active, warm, rim of Pele’s pit, not
previously sampled

azer and Rouxel (2009).

*All concentrations in micro molar.

¢Data from E

Depth (m)

4988
1325
1272
1304
1302
174

1116
1180

Tmax (‘C)? PHmax [Silmax® [PImax [Felmax
2006 2007 2006 2007 2006 2007 2006 2007 2006 2007
175 175 - = = = 127% =

<28 - - - - - - - -
540 550 637 6.72 4664 2599 9.1 3.1 726.7 354.7
51.0 50.0 6.01 6.29 2966 3092 6.2 4.8 5578 4071
51.0 520 594 6.69 3830 4131 6 6.1 568.8 5778
220 245 621 6.94 1668 675 25 12 2347 683
14.6 - = = - — - — 224 =
= 26.5 = 732 = 2210 = 4.5 = 796.4
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Year JASONZ2
dive#

2006 J2-241
J2-241
J2-242
J2-242
J2-244
J2-244
J2-245
J2-245
2007 J2-308
J2-308
J2-309
J2-310
J2-316
J2-316

2Seafloor sampling type: (a) slurp suction, (b) PVC scoop 1t, (c) PVC scoop 1b.

Marker/
sample
type?

2-5/a
36/a
39/a
BT37/a
a

a
2-5/a
34/a
34/b
39/c
b, c
5b/a
6/a
57/a

Area®

Lohiau C
Tower

Hiolo A

Hiolo Ridge
Ula Nui-A
Ula Nui-B; C
Lohiau A
Spillway A
Spillway B
Hiolo B

Ula Nui Crust
Lohiau B
Naha A; Naha B
Pohaku

Mat
surface ('C)

249
51.0
11.0

52.0
53.0-50.0
52.0

5.5

17.3-20.0

% Fe (wt.)

45.6
39.8
29.9
30.7
41.0
40.2

Si:Fe

0.145
0.245
0.289
0.227
0.207
0.107

P:Fe

0.041
0.028
0.168
0.138
0.035
0.046

Sample handling and analysis?

Aged at 4°C
for microprobe
Fe EXAFS
(months)

<1,13
<1,13
13

bAll samples are bulk mats except for the “Ula Nui Crust” which is an intact layered mineral crust sampled by PVC scoop.
Splits from slurp suction sampler made shipboard. One set was used for magnetism and Mossbauer, and the second set used for XAS and X-ray scattering.

IMeasurements: A= low-temperature magnetism and Mossbauer spectroscopy; B = bulk Fe EXAFS: C= X-ray scattering; D= microprobe Fe EXAFS.
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Date Stn Latitude Longitude Depth (m) [Ls]nM [Lw]nM Log kg (Lw)

17.04.2010 272 31°12.01'S 39°20.53'W 20 1714131 1.244.79 —4.4340.39
40 1.83+40.24 8.64+1.23 —4.19+0.08

60 3.06+0.53 4844135 —4.50+0.31

80 3.924+0.34 6.98+2.35 —4.2340.19

100 2464041 7.32+0.56 —4.63+0.15

200 1.28+40.29 5.2640.04 —4.7140.02

300 2.23+0.67 6.12+0.68 —4.8340.16

400 2.08+40.84 6.08 4 1.62 —4.7140.36

24.04.2010 279 10°42.47" S 26°65.75'W 25 5.7940.16 4.79+40.36 —4.5340.09
50 3.86+40.12 6.19+0.96 —4.88+0.03

75 5.1740.14 5.47 +1.09 —4.90+40.35

100 4.89+0.37 6.67+0.53 —4.6240.12

130 4.84+40.29 4.53+0.26 —4.7740.10

200 4.4940.14 3.88+0.71 —4.26+0.1

300 6.3440.30 0.76+0.27 —5.28+0.27

400 5.06 +0.91 570+ 1.13 —4.664-0.32

28.04.2010 283 01°46.47'N 23°00.07’W 20 2.52+40.25 5.96+0.25 —5.09+0.156
40 3.5140.08 6.11+0.16 —-5.13+0.15

60 4.56440.20 6.26+0.77 —4.43+40.02

80 5.47+0.21 6.7840.42 —4.654-0.02

100 6.36+0.01 4.86+0.30 —4.67+0.16

200 5.4140.06 769+0.25 —4.3440.08

300 5.42+0.89 4.80+0.25 —4.96+0.04

400 547 +£132 8.36+ 1.40 —4.594-0.12

04.05.2010 287 17°34.97'N 24°15.18'W 20 2.61+0.43 9.23+1.19 —4.49+40.14
40 3.83+0.32 763+0.30 —4.39+0.13

60 3.74+0.17 6.27+0.93 —4.39+0.08

80 4.53+40.17 10.46+40.30 —4.254-0.08

100 2944119 12.26+0.47 —5.07+40.03

200 4.13+40.564 8.89+ 121 —4.63+0.14

300 5.14+0.70 11.65+0.69 —4.37+0.06

400 5.80+0.21 8.15+40.556 —4.38+0.01

09.05.2010 294 33°36.03'N 13°51.37’'W 20 3.90+0.12 6.36+0.26 —4.6340.056
40 3.97+0.23 6.27+1.85 —4.2440.16

60 3.27+0.39 773+1.53 —4.4140.17

80 3.36+0.15 714+0.94 —4.26+0.08

100 3.39+0.13 6.7040.39 —4.464-0.06

200 1.9140.41 79240.57 —4.6440.11
300 4.28+40.38 6.53+3.82 —4.11+0.27a

400 4.19+40.26 6.72+2.63 —4.10+0.172

The values of L L., and ks (s~') were obtained by fitting the raw iron solubility data to Eq. 6 in the main article. Notes: °The kinetic plots indicated a possible two
step process with an initial rapid iron loss from the soluble phase followed by a slower exchange after 6 h. The data presented is calculated using the single kinetic fit
described in the text
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NGB-EG

JC2

RS2

RS3

Sampling
Point (m)?

A(0)
D (6)
E (75)
A(0)
D(8.4)

A(0)
B (2-3)*
C(3.5)
D (4)
A(0)

B (0.3)
A0

A(0)

A0

C (10)
A0
B(2.7)
c@
D (12)
E (18.5)°
F (22.0)
A(0)
B(2.2)
C (2.3
D (8.3)
F (12.6)
A(0)

B (0.9)

T(C)

75
66
62
72
60

82
73
65
57
84
77
64

85

76
70
88
75
65
59
75
56
77
73
77
69
54
54
53

3.4

35
3.4
26
25
24
24
25
24
26
25
27
26
25
3.2
32

*Mineralogy data from Beowulf Spring from Ir
Spring abbreviations: NGB, Norris Geyser Basin, JC Joseph's Coat Hot Springs; RS, Rainbow Springs (also see materials and Methods for different springs).
?| etters correspond to different sampling positions within the primary flow channel.
*SEM/EDAX, scanning electron microscopy-energy-dispersive analysis of X-rays: predominant locations and mat characteristics are provided.

H,S
M

120

130

n

<0.3

<0.3

<0.3

1.3

3.5
<0.3

<0.3
<0.3
<0.3
230

- O N N

<0.3
<0.3
<0.3

“Sampling location of metagenome sample “OSP_8."

nd. Not determined.

D et

0,
M

<3
55
77
<3
87

7
31
46
90
<3
35
nd

nd

44
56
<3
6
48
78
<3
48
<3
22
<3
44
99
<3
14

al. (20

Fe'
M

36
34
31
33
30

28
27
22
20
63
58

13

37

355

91
86
66
50
88
72
91
81
86
76
34
220
200

04); all other sites from this studly.

As!
wM

26
22
19
24
18

20
21
19
nd
25
22
29

29

3

2
0.25
0.13
0.09
0.03
0.33
0.19
3.1
2.5
3
25
0.9
11
12

NH}
mM

0.066
0.067
0.068
0.067
0.068

0.08
0.079
0.07
0.08
0.065
0.067
0.074

0.068

0.066
0.069
1.93
222
244
2.37
2.42
247
172
1.74
1.72
1.76
175
1.47
1.47

S03%-
mM

oo oo »m

32
32
5.6
6

6.4
6.6
5.9
6.3
73
7.3
7.3
75
74
6.3
6.3

H; (aq)
nM

60

-5 5

NN
a © o o

20
66
32
26

26

53
32
52
37
28
27
17

Summary of SEM/EDAX and XRD analysis®

Positions A-C: S°

Positions D, E: ~1-3cm, soft

Amorphous Fe-oxyhydroxide; 0.7 mol As¥/mole Fe*
Positions: A-C: S°

Position D: ~0.2-0.4 cm soft,

Amorphous Fe-oxyhydroxide; 0.7 molAs¥/mole Fe*
Positions B, C: ~1-2cm, soft

amorphous Fe-oxyhydroxide; 0.6 molAsY/mole Fe

Position B: 1-3 cm, soft
Scorodite

Edge of source pool: 1cm, soft
Amorphous Fe-oxyhydroxide
Edge of source pool: 2-3 cm, soft
Scorodite

Position C: 1-2 cm, soft
Ferrihydrite

Position B, C, D: 0.2-0.4cm, hard
Goethite, hematite, quartz

Position E: S°

Position B, C, D: 0.2-0.4 cm, hard
-jarosite, goethite, quartz

Position A, B: 2—-4 cm, soft
Goethite, ferrihydrite
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Taxonomic lineage

OSPB
NAG1
Metallosphaera
Thermoproteales
Acidilobus
NAG2
Sulfolobales str. MK5
haumarchaeota
Other Archaea

e |

OSPC

AG1

NAG2
Metallosphaera
T

ermoproteales
Sulfolobales str. MK5
Other archaea

OSPD
NAG2

NAG1
Metallosphaera
Sulfolobales str. MK5
Novel Euryarchaeota
Sulfolobus

Metagenome
read binning (%
total Archaea)

60.7

n.7

15.2

5.6

1.1

nd

nd

5.8% unassigned
contigs

56.5

28.7

9.9

nd

nd

5% unassigned
contigs

318

19.8
19.2
133
8.1
78

JGI ribosomal
panel (% total
Archaea)

60.3
16.1
9.9
79
3.4

2.4

16S rRNA pyro-
tag sequences (%
total Archaea)

49.2
213
12.6
6.2
25
2.4
1.3
3.7

57.1
17
12
9.2
1.5
3.1

32

32
212
8.6

43

Near full-length metagenome 16S rRNA sequences:
Closest cultured relative or environmental sequence
(% = nucleotide similarity; length bp)

Thermofilum sp. 1505; 84% Koz183; 100% (1492)
Metallosphaera yellowstonensis str. MK1; 100% (1278)
Vulcanisaeta distributa 1C-017; 98.4% SK409; 99.9% (1151)
None

Staphylothermus sp. 1633; 85.2% Koz169; 100% (1046)
None

None

None

Thermofilum sp. 1505; 84% Clone Koz183; 100% (1334)
Staphylothermus sp. 1633; 85.7 % YNPFFA85; 99.6 % (1354)
Metallosphaera yellowstonensis str. MK1; 99.6% (1354)
None

None

None

Seq1: Staphylothermus hellenicus;85.7 % YNPFFA4 99.6%
(1401) Seq2: Staphylothermus sp.1633; 85.7% YNPFFA85;
99.6% (1358)

Thermofilum sp. 1505; 84% Koz183; 100% (1334)
Metallosphaera yellowstonensis str. MK1; 99.56% (1354)
Sulfolobales str. MK5; 99.8% (1408)

Aciduliprofundum sp. EPR07-39; 86.5 BSLdp48 (1297)
None
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Isolate Cell morphology

Sulfolobus str. MK3 ~1um cocci Sulfolobus sp.T1
(96.6%)

Sulfolobus islandicus
HVE10/4 (88%)
Sulfobacillus acidophilus
TPY (98.3%)

Acidicaldus str. MK6 ~1.2-1.5um rods up Acidicaldus organivorans

10 20-30 pm filaments  str. YOO8 (97.6 %)

Sulfolobales str. MK5  ~1 pum cocci

Sulfobacillus str. MK2 ~ ~3-5pm rods

The ability to grow on solid media is also indicated. nd, Not determined.
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Acidophile

(1) AUTOTROPHIC SPECIES
Iron-oxidizing acidithiobacilli
Group | (At. ferrooxidans')
Group Il (ATCC 33020)
Group Il (At. ferrivorans')
Group IV (JCM 7812)
Leptospirillum spp.

L. ferrooxidans’

L. ferriphilum' *
Others

Acd. thiooxidans"
“Fv. myxofaciens"T

(1) MIXOTROPHIC/HETEROTROPHIC SPECIES

Ferrimicrobium acidiphilum
(256 mM Fe?+/100 LM glycerol)
(100 WM FeZt/5mM glycerol)
Sulfobacillus spp.*

Sb. thermosulfidooxidans

Sb. acidophilus

Sb. benefaciens

Ferroplasma acidiphilum*

Fe?*

oxidation

(mg min~" g protein—")

484 4
4404

£3.3
£11.6

192414

446 4

426 4
484 4

457 4
532 4

£6.8

£6.5
+88

20
£23

191+756

77+

449 A
236 4
3414

0.14

£4.0
E11
£16

3714

£4.0

(i) All specific iron oxidation rates were determined at 30°C (except those indicated

* which were determined at 37°C); (i) all prokaryotes were grown in 25 mM fer-

rous iron medium, supplemented (for mixotrophs and heterotrophs) with 0.02 %
(w/v) yeast extract (the media used for Fm. acidophilum were as indicated in the

Table).
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Bacterium

A. cryptum SJH

At. ferrooxidans'

Acidithiobacillus
sp. ATCC 33020

Growth conditions
(incubation time)

Glycerol/Fe3+
Galactose/Fe3+
Hy/O7 (7 days)
H,/O; (21 days)
Ha/Fe3+* (5 days)
H,/O, (7 days)
H2/02 (21 days)
Ha/Fe3+* (5 days)

Fe3+ reduction
(mg min" g protein~")

32137
40+8.0
46+10

23+5.0
84+23
63+73
53+19
76+2.1

*Cultures grown under anoxic conditions; the electron donors used to grow

the acidophiles (glycerol, galactose, or hydrogen) were also those used for the

measurements of specific rates of ferric iron reduction.
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Iron-oxidizing
acidophiles

BACTERIA
Leptospirillum (L.)!
L. ferrooxidans
L. ferriphilum
“L. ferrodiazotro-
phum"

" Ferrovum
myxofaciens"’
"“Thiobacillus
prosperous”’

ARCHAEA
Sulfolobus (S.)
S. metallicus

S. tokodaii
Metallosphaera
sedula

Iron-reducing
acidophiles

Acidiphilium (A.J%3
A. cryptum?
A. acidophilum?

A. angustum/rubrum?

A. organovorum?
A. multivorum?

Acidocella (Ac.)?
Ac. facilis

"Ac aromatica”

Acidobacterium?
Acb. capsulatum

Acidobacterium spp.

Iron-oxidizing/reducing
acidophiles

Acidithiobacillus (At.)!

At. ferrooxidans

At. ferrivorans
Acidiferrobacter
thiooxydans'
Ferrimicrobium
acidiphilum?
Acidimicrobium
ferrooxidans®

Ferrithrix thermotolerans?
Sulfobacillus (Sb.)?

Sb. acidophilus

Sb. thermosulfidooxidans
Sb. benefaciens
Alicyclobacillus (Alb.)

Alb. tolerans

Alb. ferrooxydans

Alb. aeris

Alb. pohliae
Alicyclobacillus sp. GSM

Ferroplasma (Fp.) spp.
Fp. acidiphilum

"Fp. acidarmanus”
Acidiplasma (Ap.)

Ap. cupricumulans
Ap. aeolicum

"Obligate autotrophs; 2obligate heterotrophs; ®facultative autotrophs.
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Electron Oxidation rate Energy generation
donor (mmol min—" g protein—") (Jmin—" g protein—1)

Fe?* 79+0.21 23746
S,0%" 0.21+0.027 260+ 33
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Streamer depth (cm) pH DO; (% of ambient) Ep (mV) Fe2t (gL1) Fe3t (gL™) S042~ (gL~

0-10 2.35 82 +734 0.25 1.15 5.9
10-20 2.40 10 +634 1.21 0.39 6.0
20-30 2.45 <0.1 +484 2.16 <0.01 5.2
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Bacterium and culture medium Fe?t oxidation
(mg min~" g protein™')

AT, FERROOXIDANS™

(i) S4O§’—grown cultures

+0 Fe?t 69+ 1.0
+10 uM Fe?+ 219420
+100 WM Fe2+ 210+£4.0
+1000 wM FeZ+ 190+ 75
(i) SO-grown cultures

+0 Fe2+; 10days 44+8.0
+10 M Fe?*; 10days 2440.6
+100 uM Fe?*; 10days 38+0.95
+1000 uM Fe?*+; 10 days 32415
+0 Fe?*; 21 days <0.01

(iii) Hp-grown cultures

7 days 149+2.0
21days 210+3.1
+25mM Fe®t; 5days* 178+8.3
ACIDITHIOBACILLUS SP. ATCC 33020

(i) S40O3~-grown culture

+100 uM FeZ+ 45+2.0
(i) Ho-grown cultures

7 days 132+4.8
21 days 225+75
+25mM Fe3t; 5days* 139+ 12
+25mM Fe®*; 14 days* 130+ 70

All cultures were grown aerobically, except those indicated by *, which were

grown under anoxic conditions.
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Bacterium

L. FERROOXIDANS (PYRITE; PLANKTONIC CELLS)

Week 1 527+78
Week 2 283+6.1
AT. FERROOXIDANS (PYRITE; PLANKTONIC CELLS)

Week 1 562+ 1.0
Week 2 240+1.0
At. ferrooxidans: pyrite

Planktonic cells 224+1.0
Attached cells 307+1.0

*Relative light units (measurement of ATP concentration).

Fe2+ oxidation
(mgmin~"g~" protein)

RLU*
(n.g protein~1)

5,112
2,291

5,486
2,444

n.d.
n.d.
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Abundance
rank

1

% Total
sequences

28.88

16.73

9.67

6.94

4.54

4.33

2.90

1.43

1.18

1.05

0.84

0.59

0.55

Cumulative V4 Amplicon RDP

% Total assignment
28.9 Desulfovibrio
45.6 Comamonas
55.3 Unclassified
Sphingobacteriales
62.2 Pseudomonas
66.8 Pseudomonas
711 Aeromonas
74.0 Pseudomonas
75.4 Aquabacterium
76.6 Pseudomonas
776 Pseudomonas
78.5 Comamonas
791 Pseudomonas
79.6 Unclassified

Burkholderiales

Relevant BLAST
match

Desulfovibrio putealis
strain B7-43

Comamonas sp. ISF3 ~ DQ386262.1

Pontibacter korlensis GQ503321.1
strain AsK09
Pseudomonas
alcaligenes, various
strains

Pseudomonas
stutzeri, various
strains

Aeromonas hydrophila ~ X60404.2
strain ATCC 7966

Pseudomonas,
various species
Denitrifying
Fe(ll)-oxidizing
bacteria

U51102.1

Pseudomonas,
various species
Pseudomonas
alcaligenes, various
strains

Comamonas sp. IST3 ~ DQ386262.1
Pseudomonas

alcaligenes, various

strains

Comamonas sp. IST3 ~ DQ386262.1

Acession No.

NR_029118.1

Similarity Physiology

(%)
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99
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00

00

00

00
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98

S0%™ red, Fe(lll) red?

Fe(ll) Ox, O red
Aerobic heterotroph

Aerobic heterotroph

Fe(ll) Ox, NO3 red

Fe(lll) red

Aerobic heterotroph

Fe(ll) Ox, NO3 red

Aerobic heterotroph

Aerobic heterotroph

Fe(ll) Ox, O red

Aerobic heterotroph

Fe(ll) Ox, Oy red

Reference(s)

Basso et al.
(2005), Lovley
et al. (1993)
Blothe and
Roden (2009)
Zhang et al
(2008)

traub et al.
996), Muehe
et al. (2009)
Straub et al.
(1996), Muehe
tal. (2009)
night and

g 7

lakemore
998)
Bergey's
(2005)

Buchholz

DWW R Q@

Cleven et al
(1997)
Bergey's
(2005)
Bergey's
(2005)

Bloéthe and
Roden (2009)
Bergey's
(2005)

Blothe and
Roden (2009)

Clone library RDP
assignment(s)

Desulfovibrio

Comamonas

No match

No match

No match

Aeromonas

No match

Aquabacterium

No match

No match

Comamonas

Aquabacterium
No match

Comamonas
Aquabacterium

Similarity
(%)2

99.10

99.57

NAP

NA

NA

100

NA

100

NA

NA

98.29 97.86

NA

9787 97.45

?Determined by querying each V4 454 sequence against the full set of unique clone library sequences using the “Align two or more sequences” facility in BLAST; only matches with ca. 95% or greater similarly are

reported.

bNot applicable.
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