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C. PROJECT DESCRIPTION

C1.Objectives and Significance

Microbial-mineral interactions involving oxidation of manganese and iron occur in marine, arid land environments (i.e. in desert varnish), and in subsurface environments such as caves (i.e. cave ferromanganese deposits, a.k.a. corrosion residues).  The role that microbes play in the process of manganese oxidation in particular, remains a scientific enigma. 

Ferromanganese deposits found in Lechuguilla and Spider Caves represent a remarkable microbially assisted transformation of very small amounts of reduced iron and manganese in the parent rock (limestone) to highly concentrated iron and manganese oxides.  Large expanses of walls and ceilings of these two caves are covered with a multi-colored, low-density coating of such deposits.  Our previous studies have established that microorganisms are present in the underlying altered rock and in the ferromanganese deposits; that some of the microorganisms present group with known iron- and manganese-oxidizing organisms, although not closely; and that iron and manganese enrichment cultures inoculated with cave ferromanganese deposits produce iron and manganese deposits over time (Northup et al. 2000a; Boston et al. 2001; Spilde et al. 2001b, 2002b).  The exact mechanisms involved in this transformation, and the benefits to the microorganisms involved are not yet clear.  

Our long-term objectives are to discover how chemolithotrophic organisms survive and fluorish in cave environments, to elucidate the mechanisms whereby they produce secondary mineral deposits (speleothems) in caves, and to document the largely uncharted biodiversity of caves using molecular techniques.  We wish to place information gained from these goals into the broader context of microbe-mineral interactions.  Because these are large, long-term objectives, we have set forth the following more focused goals to understand the mechanisms and organisms involved in the production of two specific secondary mineral deposits in caves: iron and manganese oxides.  Specifically, we propose to:


Determine the progression of mineral transformation in iron and manganese enrichment cultures inoculated with cave ferromanganese deposits.


Compare these transformation products (minerals) to mineral forms occurring naturally in cave ferromanganese deposit.


Investigate whether similar transformations occur in desert/rock varnish iron and manganese enrichment cultures.


Characterize the microbial species involved in the production of these minerals in culture.


Determine whether previously characterized putative manganese-oxidizing genes are present in organisms found in iron and manganese enrichment cultures.

C1.2. Testable Hypotheses:

Microbes play a major role in the creation of ferromanganese deposits in marine and terrestrial environments (c.f Tebo et al., 1997). It is well known that microbes are capable of depositing metal-oxides both intra and extracellularly. However, the exact mechanism by which these amorphous or microcrystalline oxides are transformed into minerals is less well understood. Models have been proposed for various depositional environments, such as the oxic zone of marine sediments (c.f. Dymond et al., 1984 or Crerar and Barnes, 1974), terrestrial soil nodules (Zhang and Karathanasis, 1997) and desert varnish (Dorn and Oberlander, 1981). Krinsley (1998) proposed a three-step model for biogenic formation of desert varnish. The first step involves the concentration of iron and manganese on the cell walls of bacteria as waste products. The second step requires the mobilization of divalent manganese ions as the bacteria degrade. The last step in the “biodiagenetic” model is the translocation of Mn (and Fe) unit cells into clay minerals. Krinsley (1998) admits, “the sequence is speculative and requires testing”. Most of the biogenetic models of ferromanganese deposition have never been replicated in the laboratory beyond the test tube due to time and environmental constraints. 

We therefore propose a multidisciplinary geochemical, microbial and molecular approach to test exactly how manganese (and iron) oxides are transformed from cellular coatings on microbes into crystalline minerals. We hypothesize that, over time, the Mn-oxide becomes reorganized from microcrystalline films to a coherent lattice structure and that this transformation occurs simultaneously with an increase in valence state. To determine the role that microorganisms play in the formation of ferromanganese deposits, we will set up a series of manganese and iron enrichment cultures that vary in the source of reduced iron and manganese and the presence/absence of organic carbon.  We propose to document the process of mineral formation in manganese enrichment cultures using a variety of techniques including XRD, scanning and transmission electron microscopy. The microbes actively forming manganese oxides will be characterized using molecular phylogenetic techniques targeting the 16S SSU gene and putative manganese-oxidizing genes from DNA extracted at different points in time. An overview of our primary objectives, predictions, and methods to be used is found in Table 1.

Table 1  - Objectives, Predictions, and Proposed Methodologies

	OBJECTIVES
	PREDICTIONS 
	RATIONALE
	METHODS

	1&2a. Culture cave microorganisms on Mn & Fe enrichment cultures.
	At least some Fe & Mn oxidizing microorganisms in the cave ferromanganese deposits can be cultured. Previous work suggests that both organotrophs and autotrophs are present in cave deposits. 
	Using cultures, we can understand the carbon requirements of the culturable microorganisms and the Fe & Mn species that they are able to oxidize.
	Inoculate Fe- & Mn- enriched cultures with cave and rock varnish ferromanganese material



	1& 2b. Characterize mineral transformations that occur in culture. 
	Microorganisms produce amorphous Mn & Fe oxides on cells walls and in extracellular slimes in cultures. Oxides crystallize over time into nanocrystalline & then larger macroscopic crystals. Valence state of Mn may increase concurrently with crystallization.
	The process of amorphous oxide transforming into crystalline minerals can be more readily observed in culture as opposed to natural deposits and we will be able to document the transformations at finer timescale and by different organisms.
	Track the development of crystals using XRD, SEM and TEM. Monitor valence change using TEM/EELS.

	3a. Compare culture mineralogy with that in natural deposits
	Manganese oxides in both culture and natural deposits (varnish and cave deposits) occur as sheet structures (phyllomanganates such as birnessite & todorokite).
	The change in the Mn oxide crystal structure from amorphous to sheet (buserite) to phyllomanganate (todorokite) can be systematically monitored in culture and compared to natural minerals. 
	SEM and TEM analysis of culture, cave, and varnish Mn-minerals 

	3b. Replicate Fe- and Mn-mineral growth on natural carbonate substrates.
	Over the period of 4 years at least initial growth of Fe and Mn oxides should be observed in the cave environment.
	Timing of ferromanganese deposits may be constrained by observing controlled growth for an extended period of time. 
	Inoculate limestone & dolomite slabs with cave microorganisms and grow in situ. Monitor with SEM and TEM analysis.

	4. Determine presence of Mn- and Fe-oxidizing organisms in both culture and cave deposits. 
	16S SSU sequences from culture DNA will NOT be identical to those from caves, but will cluster with already documented and new cave sequences. Novel manganese- and iron-oxidizing sequences will be identified.
	Determine which organisms are involved in oxide formation.
	Biodiversity screening  with 16S SSU clone libraries from enrichment cultures at regular time periods during mineral transformations.

	5. Determine presence of any relevant functional genes from desert varnish and cave organisms.
	Presence of putative manganese-oxidizing genes, mofA and mnxG from cave and desert varnish DNA extractions can be confirmed. Additional genes involved in manganese oxidation may be discovered.
	Caves and rock varnish represent untested environments in which to identify putative manganese-oxidizing genes.
	PCR amplification of mofA and mnxG genes with developed or to be developed primers


The significance of the proposed studies:


The role of microorganisms in the production of iron and manganese oxide desert varnish is vigorously debated.  We suggest that certain aspects of the microbial manganese and iron processes that we observe in rock/desert varnishes are related to the pedogenic (soil-building) and geomicrobiological processes that we are studying in cave ferromanganese deposits.  The former has been much harder to study because it is exposed to extremes of weathering and post-depositional modification and does not persist long into the geological record. 

Caves can provide a unique window on manganese/iron microbe-mineral interactions that are unaffected by surface weathering, temperature and moisture oscillations, uv and ionizing radiation, and the numerous impacts of macroscopic organisms (including humans). 


A thorough comparison of manganese and iron oxidation and the microorganisms involved in mineral formation will lead to a more comprehensive understanding of microbially mediated manganese oxidation in general.

If life exists or has existed on Mars, we posit that its biosignatures will be found in the subsurface.  Caves and their ferromanganese deposits serve as a parallel environment for the study of potential biosignatures of extraterrestrial life.
C2. Expertise Available Within Our Team

Our multidisciplinary team is ideally suited to investigate these questions because:

1.
Among us we have the needed expertise in microbiology (Boston and Dahm), molecular microbial ecology (Northup), and microscopy, geochemistry and mineralogy (Spilde and Crossey).

2.
The P.I. (Northup) has studied cave life since 1984 and cave microbiology since 1990, specializing in cave geomicrobiology since 1996.  All the investigators (Boston, Crossey, Dahm, Northup, and Spilde) have studied the ferromanganese deposits in caves since 1998.  Among us we have 44 years of cave biological/geological research experience.

3.
The microscopy instrumentation at the University of New Mexico’s Department of Earth & Planetary Sciences/ Institute of Meteoritics is exceptional with a relatively new scanning electron microscope with EDX capability, two new transmission electron microscopes including a new FEG instrument with EELS capability, and a soon to arrive new electron microprobe. There is also a new confocal microscope at Cornell University.   

4.
Commitment to the study of geomicrobiology is strong at the University of New Mexico, where a course in geomicrobiology was established three years ago as part of the IGERT freshwater studies program.

5.   A new Cave and Karst Studies Program has been initiated at New Mexico Tech (NM Inst. Mining and Tech.) headed by Boston.

C3. Background

Manganese and iron are abundant elements that undergo microbial oxidation and reduction. How manganese- and iron-oxidizing bacteria participate in the cycling of iron and manganese is a critical question in geomicrobiology. Within terrestrial environments, iron is more abundant, and its oxidation is known to be a source of energy for microorganisms. However, reduced iron may also be readily oxidized abiotically under common surface conditions. As a result, many of the Earth’s surface environments contain oxidized iron whose biogenicity is unclear. In contrast, Mn(II) is kinetically more stable than Fe(II). In surface environments manganese is soluble at Eh/pH conditions well above those at which Fe will autooxidize. 

Deposits of iron and manganese (ferromanganese deposits) are plentiful throughout the geologic record, and the deposits are found in such diverse environments as nodules in marine sediments, soil and subsurface deposits, hot springs, and desert varnishGhiorse and Ehrlich, 1992). Deep-sea ferromanganese nodules have been intensely studied because of the economic resource they represent (c.f. Ehrlich 2000 for a recent review). Manganese and iron oxyhydroxides in marine and freshwater sediments are often biogenic indicators (Skinner, 1993). The biomineralization of Mn is also known in hot springs (Chafetz et al, 1998; Ferris et al, 1987; Mita et al, 1994), fresh water sediments (Maki et al, 1987), and soils (Ghiorse 1988; Stiles et al, 2001). In addition, microbial deposition of manganese oxides is often associated with man-made environments. The corrosion of passive metals in natural waters is associated with manganese-oxidizing biofilm formation at the metal surface (termed ennoblement) and has been reported for nearly 30 years, although the underlying mechanism of ennoblement remains controversial (Braughton et al, 2001). Indeed biofouling of water pipes (not necessarily metal) represents a serious problem in certain areas (Murdoch and Smith, 1999). 

Rock varnish is a ubiquitous and widespread ferromanganese deposit that occurs on exposed rock surfaces in virtually every terrestrial weathering environment. Models for abiotic and biotic formation of desert varnish have been proposed. Abiotic models involve fractionation of Mn from Fe by small changes in Eh/pH that release Mn but not Fe from source material, mainly airborne sediment (Hooke et al, 1969; Smith and Whalley, 1988). However, there are problems with abiotic models including: (1) Eh/pH conditions on desert rock surfaces are not conducive to inorganic oxidation of manganese (Dorn, 1990; Uren & Leeeper, 1978); (2) fixation of Mn by clay minerals results in manganese concentrations several orders of magnitude below values found in rock varnish (El-Demerdashe et al, 1982); (3) varnish grows in periglacerial and riverine environments where alkalinity and pH are insufficient to oxidize Mn (Dorn and Oberlander, 1981); and (4) laboratory experiments have not been able to produce Mn-rich varnish abiotically (Jones, 1991).

Accumulating evidence suggests that microorganisms are responsible for the Mn- and Fe-oxides in rock varnish (Dorn and Oberlander, 1981; Taylor-George et al, 1983; Nagy et al, 1991; Adams et al, 1992; Grote and Krumbein, 1992; Raymond et al, 1992). Circumstantial evidence includes the presence of microstromatolites (Raymond et al, 1992), bacterial casts (Krinsley 1998), and viable bacteria. Strains of bacteria have been identified in cultures taken from varnish: Dorn and Oberlander (1981) found Bacillus, Metallogenium, and Pedomicrobium; Taylor-George et al. (1983) found fungi; Palmer et al (1985) identified isolates of Bacillus, Planococcus, Streptococcus and Hyphomonas as Mn-oxidizing bacteria; and Hungate et al (1987) isolated 79 bacterial isolates, 74 of which oxidized Mn, and identified strains of, Geodermatophilus, Arthrobacter and Micrococcus. Nagy et al (1991) found two Bacillus strains and fungi that oxidized Mn, and also noted the presence of amino acids and polymer-like substances similar to humic acids. Studies to date have concentrated on culture-based isolation of organisms. Few studies of community DNA analysis in desert varnish communities have been conducted.

There is a newly recognized type of ferromanganese deposit found in caves.  Lechuguilla Cave, in Carlsbad Caverns National Park, New Mexico contains the most prodigious deposits, although nearby Spider Cave also has extensive quantities of Fe-rich material. Similar deposits have been confirmed in Jewel cave, South Dakota and other probable deposits have been reported (although not confirmed) from other caves in South Dakota and Wyoming. Iron and manganese oxides make up the bulk of these deposits and occur in many forms, e.g. as tiny dendrites, as dense black biofilm layers on stalactites, and as thick, fluffy coatings on bedrock walls and ceilings. The color of the fluffy deposits varies from light pink to brick red, chocolate brown to black. 

Our work shows that a diverse community, including a high percentage of mesophilic Archaea, is present in the Lechuguilla and Spider Cave ferromanganese deposits (Northup et al. 2000a, b, and c). Identified from community DNA are clones whose closest relatives are manganese oxidizers that include Hyphomicrobium/Pedomicrobium, and from manganese-enrichment cultures, Bacillus, Alcaligenes, Mesorhizobium, and Devosia riboflavina (Northup, submitted and unpublished).

We suggest that certain aspects of the microbial manganese and iron depositional processes that we observe in cave ferromanganese deposits are similar to geomicrobiological processes that occur on the surface, such as in desert/rock varnish formation. The processes that seem to be common to these environments include microbially mediated formation of oxides of Mn and Fe, with a resulting enrichment of Fe and Mn well above background levels, an associated concentration of trace elements in the oxides, and the formation of clays, all of which cannot be readily explained by abiotic processes alone. A thorough comparison of manganese oxidation and the microorganisms involved in its formation will lead to a more comprehensive understanding of microbially mediated manganese oxidation.

C4. Preliminary Data and Hypotheses

Previous work by our team has shown that apparent manganese oxidizers from cave-derived Mn enrichment cultures form manganese oxides in the laboratory that gradually (over many months) transform into complex morphologies (Spilde et al., 2002a, b, and c; Boston et al., 2001, 2002a; Northup et al., 2000a and c, 2002).  Cultures exhibit a progression from amorphous manganese oxides to elaborate crystalline forms that are structurally and mineralogically similar to the remarkable todorokite natural cave deposits so extensive in our study sites (Lechuguilla and Spider Caves).

C4.1. Geochemical Characterization of Ferromanganese Deposits

Our work has shown that both manganese and iron are highly enriched in the cave ferromanganese deposits relative to the bedrock in which Spider and Lechuguilla caves are hosted (Boston et al, 2001; Northup et al, 2000a and c; Spilde et al, 2000b; Dotson et al, 1999). In a recent unpublished report to the National Park service, Northup and Spilde noted a new discovery of ferromanganese deposits in Jewel Cave, South Dakota. This may indicate a fundamental process at work in more caves beyond those in New Mexico. 

The host carbonate at Lechuguilla and Spider Caves is a Permian Capitan reef complex, predominantly dolomite and calcite with minor or trace clastic minerals. Iron in the bedrock ranges from 50 to 2400 ppm, and manganese is present in low concentrations (30 to 500 ppm) as Mn(II) in the calcite and dolomite (Melim 1991). The bedrock contains up to 2.3% insoluble residue, mainly quartz and illite. Figure 1 shows the iron and manganese content of the insoluble residue, dolomite and calcite in the three left-most data points, respectively. Between the surficial ferromanganese deposits and the unaltered bedrock is a leached, friable zone called “punk rock” (Hill, 1987). The layer consists of uncemented dolomite or calcite, depending on the composition of the underlying bedrock. The thickness of the punk rock varies widely, from a few millimeters to greater than 10 cm, as measured by core drilling. Several data points for punk rock are plotted in Fig. 1 to the right of the bedrock. 

The mineralogical and chemical composition of the ferromanganese deposits is quite different from the bedrock or punk rock. Todorokite, [(Mn2+,Ca,Na,K)(Mn4+,Mn2+)6O12•3H2O], lithiophorite [(Al,Li)Mn4+O2(OH)2], goethite and hematite make up the bulk of the oxide minerals. Kaolinite, dickite, and illite clays are common, and carbonates and quartz are either absent or limited. There is a good correlation between color and chemical composition: iron is associated with red-brown, brown and black (40, 80, and 25 wt% oxide, respectively); manganese is mainly associated with the black residues, which contain up to 20 wt% oxide (Dotson et al, 1999). 

The todorokite, lithiophorite, and goethite represent a strong enrichment of manganese and iron relative to the host carbonates. Figure 1 shows that iron is enriched 2-3 orders of magnitude over the bedrock and manganese over 3 orders relative to bedrock. Moreover, both iron and manganese concentrations are significantly higher than in the insoluble residue. This indicates that the ferromanganese deposits are not secondary iron and manganese minerals resulting from carbonate dissolution by corrosive air as proposed by Queen (1994). Indeed, simple removal of the carbonate alone could not provide sufficient iron and manganese to achieve these levels of enrichment. We have postulated, therefore, that the ferromanganese deposits are the result of microbial dissolution of bedrock, mobilizing iron and manganese from the punk rock, and that the enrichment of Fe- and Mn-oxides is a byproduct of microbial respiration (Northup et al, 2000a, b, & c; Boston et al, 2001).
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Figure 1. Fe and Mn content in punk rock and ferromanganese deposits in Spider (triangles) and Lechuguilla (circles) compared to bedrock and the bedrock insoluble residue (stars). Manganese in the bedrock and insoluble residue is at or below the analytical detection limit.

C4.2. Mineral Transformations in Cultures

Cultures of manganese-oxidizing organisms were isolated from the dark ferromanganese deposits using selective enrichment media, in which reduced manganese was provided to the bacteria in growth media containing low organic carbon and no organic carbon (Boston et al., 2001). At least two different organism strains were isolated on the two different media types, and both precipitated manganese. 

Cultures only a few weeks old showed visible growth of dark Mn-rich material, while uninoculated control samples exhibited no visible growth. XRD analysis of the young cultures (at 1 month) revealed the presence of amorphous oxidized manganese with no apparent crystalline manganese oxide (Fig. 2A) (Spilde et al., 2002b). The initial x-ray amorphous precipitate subsequently crystallized over 3 months in the bacterial cultures, as evidenced by the presence in XRD spectra of the 10 Å peak of manganate, the same manganese oxide phase found in the cave (Spirakis and Cunningham, 1991). The XRD spectrum produced by the manganese-oxidizing isolates includes a low angle peak attributable to (most likely) buserite, Na4Mn14O27•21H2O, a poorly-crystalline 10 Å manganate, and a manganese phosphate (switzerite; Mn3(PO4)2•7H2O), shown in Fig. 2B. The cultures were x-rayed again at 8 months with significant changes in the number and intensity of peaks present in the XRD pattern (Fig. 2C). To test whether microbial activity had an influence on the degree of crystallinity, a live culture was killed and fixed at 1 month and stored at room temperature. Over the same time span that the inoculated medium was monitored, the amorphous manganese oxides in the fixed culture did not develop into crystalline manganate.
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Figure 2. XRD spectra of Mn-enrichment cultures (X-axis is Angstroms). A) Spectrum of amorphous oxides at one month, B) spectrum of weak crystalline peaks at 3 months, and C) spectrum at 3 months showing developing crystalline peaks. 

SEM imaging indicates that the oxides are present near the surface of the plates in grape-like clusters of sub-micrometer spheres, which may be encrusted microbial bodies. Optical examination of the plates, however, confirms that the manganese precipitate extends deep into the agar, forming nodules interconnected by dark filaments. The switzerite forms 20 - 50 µm starburst- like disks at the surface. Both liquid and plate cultures precipitate identifiable Mn-oxides: buserite, birnessite [(Na,Ca)0.5Mn2O4•1.5H2O], and vernadite [MnO2(Mn,Fe,Ca,Na)(O,OH)2•nH2O]. Buserite is present initially in XRD patterns, but birnessite and vernadite peaks become visible after 3 months. Phosphate is added to the media to ensure adequate basic nutrients; as a result, the most abundant Mn mineral that forms in the agar plate cultures is switzerite.

The absence of manganate in uninoculated identical media supports the notion that the presence of the bacteria is instrumental in the production of this mineral. At the very least, they accelerate the rate of manganese mineral production. The progression of mineral formation in culture is analogous to that occurring naturally at our sites. The transformation from amorphous manganese oxides to todorokite could be (1) actively precipitated by the organisms, (2) precipitated as a passive result of the presence of the organisms (e.g., as nucleation sites for crystallization), or (3) irrelevant to the process. Coupling crystal transformation mechanisms in cultures with TEM and metabolic uptake studies of the natural material in the cave may help clarify the role microorganisms play in the processes.

In a previous study, we found a progression of increasing valence states associated with an increase in the degree of crystallinity among different morphologies of Mn-minerals in the cave ferromanganese deposits (Spilde et al, 2001b). Oxidation state increased from around +2.67 in microcrystalline to amorphous material to +3 in platy forms to around +4 in crystalline, fibrous forms. We believe that it is likely that as the amorphous Mn-oxides rearrange to coherent crystalline lattices there is also a simultaneous increase in valence state. Additional study of this phenomenon, both in natural samples and on minerals in culture is necessary to confirm that this is an important step in the crystallization of the Mn-oxide minerals.

C4.3. Molecular Characterization of Microbial Communities in Enrichment Cultures

To investigate our hypothesis that these deposits may be formed by microbial processes, we performed a small subunit ribosomal RNA (SSU rRNA) sequence-based study of extracted DNA from both environmental samples and cells from enrichment cultures. DNA was extracted from samples from three sites (approximately 300, 231, and 228 m below the surface); rRNA genes were amplified by PCR, cloned, and sequenced.  Because the phylogenetic analysis revealed that the closest manganese- and iron-oxidizing bacterial relatives were not very closely related, additional rRNA gene studies were carried out on manganese and iron enrichment cultures containing minimal or no organic carbon and inoculated with the ferromanganese deposits from Lechuguilla and Spider Caves. Sequence analysis of clones from community DNA and enrichment culture clones showed the presence of putative iron- and manganese-oxidizing bacteria whose closest relatives are known to oxidize or reduce iron or manganese, including Hyphomicrobium, Pedomicrobium, Bacillus, Leptospirillum ferrooxidans, Stenotrophomonas, Pantoea, and Devosia riboflavina (Hyphomicrobium group).  Other clones from the manganese enrichment cultures grouped with Mesorhizobium and Alcaligenes (97% similar); although the latter has been reported to oxidize manganese, the former has not.  The SSU rRNA study provides support for our contention that microorganisms may contribute to the dissolution of limestone walls and the formation of manganese and iron oxide-rich materials, and opens up the possibility of discovering new manganese oxidizers (e.g. Mesorhizobium).

C5. Research Plan

C5.1. Integrated Study Approach:

To determine the roles that micorooganisms play in the production of iron and manganese oxides from the caves, we will begin with extensive enrichment culture efforts using the ferromanganese deposits from Lechuguilla and Spider Caves.  These enrichment cultures will be documented at regular time intervals using microscopy and XRD techniques described below.  We also will harvest parts of cultures at regular intervals for phylogenetic characterization to identify closest relatives.  The manganese and iron oxides that develop will be compared to morphologies of naturally occurring cave ferromanganese deposits that we have documented in previous studies. PCR amplification of functional genes will be used to investigate whether manganese-oxidizing genes are present in the cave putative manganese-oxidizing bacteria.

Personnel Management Plan: 

D.E. Northup will have overall responsibility for project management and will lead the molecular analysis work and perform the functional gene investigations with the advice and collaboration of Dr. W. Ghiorse (Cornell).  Supervision of the UNM graduate student is also part of her duties. P.J. Boston will have overall responsibility for culturing studies and will supervise the New Mexico Tech graduate student in field and laboratory studies.  M.N. Spilde, Manager of the Inst. of Meteoritics SEM/Microprobe facility, will have overall responsibility for the visualization and spectroscopy studies, including SEM, TEM/EELS, EDS, WDS, and supervision of XRD. Personnel from the TEM lab, who are included in the standard instrument rate, will assist him with the EELS measurements. The NMT graduate student, under Spilde’s guidance, will carry out XRD analyses. All three of the above senior personnel are involved in collection of samples in the two study caves and at the desert varnish surface site. L.J. Crossey will act as an advisor on the interpretation of the geochemical aspects of the project.  C.N. Dahm will serve as an advisor on the project in general and chemical and microbiological methods in particular.  The graduate student at UNM will do the majority of the molecular work; the graduate student at NMT will do the bulk of the enrichment culturing work and will assist with the microscopy characterizations.

Table 2. Timetable for geochemical and microbial studies of Mn- and Fe-oxide formation.

	Year 1
	· Inoculate enrichment cultures with cave ferromanganese deposits and rock varnish.

· Characterize mineral species present in developing cultures using XRD,SEM/TEM/confocal microscopy.

· Compare mineral transformations in cave cultures with those in rock varnish cultures.

· Place rock substrates in cave ferromanganese deposits in Lechuguilla Cave.

· Begin 16S SSU clone libraries from cultures.

· Update website and develop culture storage protocol.

· Initiate education and outreach activities.

	Year 2
	· Complete cultures and mineral characterization of cave cultures.

· Complete mineral characterization of rock varnish cultures.

· Continue incubation of rock substrates in Lechuguilla Cave.

· Complete 16S SSU clones libraries; begin phylogenetic analysis.

· Update website and continue development of culture collection.

· Continue education and outreach activities.

	Year 3
	· Continue incubation of rock substrates in Lechuguilla Cave.

· Complete phylogenetic analysis.

· Design primers and conduct functional gene studies.

· Update website and continue development of culture collection.

· Continue education and outreach activities.

· Write-up results for publication.

	Year 4
	· Characterize mineral species that form in situ on rock substrates in Lechuguilla Cave.

· Determine microbial species present on stone substrates.

· Analyze functional gene study results and redesign primers if necessary.

· Update website and continue development of culture collection.

· Continue education and outreach activities.

· Write-up results for publication.


C5.2. Field Studies: Study Sites and Sampling Techniques

Two study sites are necessary for this proposal: the primary site at Lechuguilla Cave and a secondary sit where desert varnish is available for comparison as a natural sample of surficial ferromanganese material (see Table 1, Objective 2 & 3). Lechuguilla Cave represents a restricted and protected but very low energy environment where a diverse microbial community has been able to survive (Northup et al, 2002). Abundant ferromanganese deposits have formed in the cave, aided by this microbial community, and are unweathered and essentially undamaged. The primary rock varnish site is in a region of limited rainfall, but nevertheless exposed to surface weathering. 

Lechuguilla Cave, NM: Lechuguilla Cave is located within the boundaries of Carlsbad Caverns National Park, near Carlsbad, NM. It is a spectacular, nearly pristine example of a large hypogenic cave system formed when hydrogen sulfide was oxidized to sulfuric acid at an air/water interface or in mixing zones of aerobic and anaerobic waters (Davis 1980; Egemeier, 1981; Hill 1987,1990; Palmer, 1991). Lechuguilla is an immense system (~165 kilometers of mapped passages to date), the deepest cave in the continental United States, and contains some of the world’s most unusual cave formations and mineral deposits. A definitive study by Polyak et al. (1998) places the age of various portions of the cave between 6 and 8 million years. This age range provides a long period in which microbial adaptation has taken place. In contrast to most other known caves, Lechuguilla Cave has been relatively isolated from the outside for at least the last several thousand years until opened in 1986. When the cave was opened, an airlock system was put in place to reduce the impact of human access on cave air. Radon studies (Cunningham and LaRock, 1991) have shown that the known cave passages are atmospherically isolated, which isolates microbial communities from surface influences. Invertebrates are found only in the entrance pit and to a distance of 700 horizontal meters from the entrance (Northup et al. 1995). The aboveground climate of the site is desert, and little organic material is brought into the cave from the surface by either in fall or water-borne transport. Thus, microorganisms in Lechuguilla Cave have been living in a highly oligotrophic environment, apparently for eons. 

Since the beginning of exploration in 1986, steps have been taken to preserve the pristine nature of the cave and its microbial communities. In accordance with National Park Service policy, access is limited to approved scientific projects, mapping/exploration teams, and restoration and monitoring by Park Service cave specialists and volunteers. The remoteness of much of the cave from the only known entry point serves as an additional protection from contamination. Much of the cave is off-limits pending special permission to enter for research purposes. Studies by Northup et al. (1997) showed that the Park’s current management of the cave is successful in restricting human-associated contaminating bacteria to the few designated camping sites and most heavily used trails within the cave. Trails and sites rarely visited proved to be free of high-temperature Bacillus sp., Staphylococcus aureus, and Escherichia coli.

Rock Varnish Site: The primary rock varnish site is located a few miles south of Socorro, New Mexico. The site lays on a dissected volcanic caldera known as the Socorro Cauldron, where volcanic activity has been dated from 33 MA to around 7 MA (Eggleston et al., 1983). The rocks in the area consist of hydrothermally altered rhyolite. Black rock varnish is common on the reddish brown rocks of the study site. This site is unique because the region contains elevated manganese levels that may provide a more substantial source of manganese than most other rock varnish sites, although rock varnish composition seems to be independent of the underlying rock composition (Potter and Rossman, 1977, 1979; Dorn and Oberlander, 1981). Manganese leached from the surrounding rock by weakly acidic rainwater may provide a source of Mn(II). With elevated manganese levels available in the local country rock, the rock varnish may be more active than other areas. 

Exoenzyme studies of rock surfaces in New Mexico and desert varnish at a site in Utah reveal high levels of microbial activity on many different substrates, indicating the ability of resident microbes to utilize varied carbon sources (Boston, unpublished data). Comparison of microbially mediated manganese deposits from the rock varnish site will elucidate the effect of weathering on mineral morphology and assemblage.

Within-site Sampling Location Screening Methods: To identify communities within the cave ferromanganese deposits and rock varnish that are metabolically active and to visually characterize cells present in the ferromanganese deposits, we will incubate samples on site with INT [2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazoliumchloride)] and will counter-stain with acridine orange or DAPI (4',6'-diamidino-2 phenylindole). The latter two dyes, which stain both active and inactive bacteria, will allow us to determine total cell numbers (Porter and Feig 1980).  We will then compare total numbers to actively respiring microbes determined by INT staining, thus yielding the metabolically active fraction of the microbial community.  Our INT procedure (Rusterholtz and Mallory 1994; modified from Webster et al. 1985) uses bright-field microscopy on a Zeiss Axiolab epifluorescent microscope (Northup et al. 2000a; Boston et al. 2001).  If needed, we will utilize terminal restriction fragment length polymorphism (TRF or T-RFLP) analysis to identify communities with greater microbial diversity.  The goal of the screening will be to identify a subset of five communities each from rock varnish and cave ferromanganese deposits that contain putative manganese oxidizers that will be the inoculum source for enrichment cultures.

C5.3. Enrichment Culture Experiments: Objectives 1 and 3


Preliminary results from enrichment cultures, lacking organic carbon and inoculated with ferromanganese deposits from Lechuguilla and Spider Caves, demonstrated that microorganisms from these deposits produce iron or manganese deposits beginning approximately two weeks after inoculation.  We plan a more systematic set of enrichment culture experiments that will be the basis for the experiments outlined in objectives 1, 2, 4, and 5.


In general, the methods we will use for enrichment and isolation by selective microbiological media are those described by Brigmon et al. (1994 a, b) modified with organic compounds and vitamins as needed to recover obligate and facultative chemolithotrophs. Organisms tend to inhabit specific environmental gradients of compounds that are compatible to them so we routinely use gradient tubes.  For mineralogical development, however, we use solid media dispensed in plates to allow uninhibited growth of crystalline minerals and subsequent ease of extracting the organisms and minerals from the plates for further study.  Cultures of manganese-oxidizing and iron-oxidizing organisms are isolated using a large array of selective enrichment media (Hose et al., 2000; Northup et al., 2000a; Rusterholz and Mallory, 1994; Boston, unpublished recipes).  We use a basal salts mixture that includes small amounts of the parent rock material and provide one of various iron and manganese substrates including MnCl2•4 H2O, MnCO3, Mn2O3, Mn(NO3)2.4H2O, Fe2O3, FeCl2, FeCO3, FeS2, ground, mixed amorphous Mn/Fe material, and others.


In previous cave work, we have discovered that in situ collection and incubation are critical to successful growth of indigenous organisms.  When culturing in situ, we allow significant time (days to years) for the in-cave incubation in the growth medium to minimize shock, and we attempt to maintain the temperature, humidity, and dark conditions of the native habitat when we bring them back to the laboratory (Rusterholz and Mallory, 1994).  The desert varnish will also be collected in situ but incubation conditions will mimic the high light environment to which they are accustomed.


We conduct metabolic challenge studies (e.g. absence of organic carbon, presence and absence of different sources of reduced manganese and iron, presence or absence of growth factors) in the laboratory in controlled environments that mimic the natural cave environments to attempt to reproduce biomineralization or other processes that may be contributing to biosignature production.  A protocol to mimic salient features of the desert varnish environment will include temperature oscillations, high illumination, and periodic drying periods.  We will employ these conditions for some experiments, but will also maintain culturable organisms under more conventional laboratory conditions (e.g. constant incubator temperature and ample moisture in the medium). 

*
We have not previously worked extensively with the numerous anaerobes that inhabit the Fe/Mn deposits within the caves, but Boston now has access to a fully functional anaerobic culture laboratory at New Mexico Tech that will allow us to look systematically for anaerobic iron and manganese utilizing organisms. 

C5.4. Characterization of the Progression of Mineral Transformation in Cultures: Objectives 1, 2, and 3

Light Microscopy: We perform an initial examination on periodically collected samples from the cultures by light microscopy in order to understand the spatial arrangement of cells and minerals. Thin sections of varnish will be prepared and examined using petrographic microscopy. This technique will provide information about thickness and variations in the microlaminations that may be present in the varnish. In addition, thin sections will be needed for electron microprobe analysis used to determine chemical variations within the microlaminations of the varnish.

 Laser Confocal Microscopy: Laser confocal microscopy can give us an idea of the nature of the microorganisms and spatial relationships between microorganisms and their mineral by-products. Much can be learned of the microbial composition of the communities and the spatial relationships within the varnish and CR by utilizing autofluorescent characteristics of various types of microorganisms as well as staining samples with specific fluorescent dyes. As part of our LExEn-funded project, we have developed techniques for staining bulk rock material and thin sections using propidium iodide to label the DNA to determine spatial distributions of microorganisms within rock (Williams et al. 1998).

Scanning Electron Microscopy (SEM): Electron microscopy methods will be crucial in tracking and analyzing mineral transformations in the enrichment cultures. The SEM will be used extensively on mineral samples from ferromanganese deposits and culture samples to look for mineralogical consequences of microbial activity. The SEM is particularly useful for identification of minerals precipitated in and on the surface of the culture media, especially when coupled with the energy dispersive x-ray spectrometer (EDS) on the SEM. Our previous work has shown that this is an excellent tool to determine the presence of and the spatial distribution of microorganisms within mineral matter, particularly when the microorganisms are mineralized (Boston et al., 2001; Melim et al., 2001). We have used the SEM/EDS extensively in our LExEn-funded research to examine cave minerals and sediments of microbial origin and to search for mineral precipitates in cultures (Northup et al. 2000a; Boston et al. 2001). Typically, sediment and rock samples can be mounted directly on an SEM sample stub while in the cave and then evaporatively coated with Au-Pd in the lab prior to imaging. Culture samples and biofilm specimens, containing large amounts of organic material (i.e. EPS), are fixed, dehydrated, and treated either by critical point drying or by the use of a chemical drying agent HMDS (Dekker et al. 1991) before coating. Qualitative and semiquantitative EDS analysis will be done to determine the chemical composition of mineral phases present in the cultures. 

Transmission Electron Microscopy (TEM): Mineral precipitates that are small (nm size range), tightly bound to a bacterial surfaces, and poorly crystalline or amorphous in structure represent nascent, bacteriogenic precipitates (Douglas and Beveridge 1998). Relating such epicellular grains to ones not closely associated with microbial cells can yield useful information regarding the role of microbes in geological processes. Careful preparation by dehydrating, embedding, and ultrasectioning of culture samples will reveal spatial and chemical relationships among microbial cells and minerals. Probing the mineral precipitates with EDS, together with Selected Area Electron Diffraction (SAED), can reveal their chemical make-up and degree of crystallinity. 

High-resolution chemical techniques, such as electron energy loss spectroscopy (EELS), are available on the TEM that can provide additional information on the spatial distribution of elements in the local environment and the relationship to microorganisms. The study of microbial Fe(II) and Mn(II) oxidation, particularly the existence of oxidation intermediates of Mn(III), has been hindered by the lack of analytical techniques that can identify oxidation state with subcellular spatial resolution (Daulton et al., 2002). The most common method for measuring Mn(II) oxidation in bacterial cultures is either a qualitative method using Leucoberbelin blue (LBB), a redox dye that produces a blue product when oxidized by manganese with valences of +3 or greater (Brouwers et al. 1999), or an iodometric method (Murray et al, 1984). However, neither of these bulk techniques provides the submicron-scale information necessary for understanding microbial oxidation processes. Electron energy loss spectroscopy (EELS) has sufficient resolution to determine oxidation state directly on submicrometer minerals associated with microbial oxidation. EELS measures the energy loss of incident electrons that inelastically scatter from atoms in the specimen and is a direct probe of the electron configuration around atoms. Consequently, EELS can identify the oxidation state of 3d and 4d transition metals (Egerton, 1996; Garvie et al., 1994). 

We have employed the EELS method in a previous study to determine Mn oxidation state in CR from one site in Lechuguilla Cave (Spilde et al., 2001b). We will expand on this work to track both crystallinity and oxidation state of Fe and Mn minerals in the cultures. Our preliminary work on Mn-enrichment cultures indicates increasing degrees of crystallinity in the precipitated Mn-minerals over a period of 8 months (Boston et al, 2001; Spilde et al, 2002b). We expect that this may follow a concurrent increase in oxidation state within the cultured minerals as in the natural sample studied. We also propose to examine additional CR samples from Spider and Lechuguilla to determine the oxidation state within different CR colors and compositions. This information, in conjunction with careful examination of bacterial ultrastructure, can be used to elucidate aspects of microbial community organization and ecology.

X-ray diffraction (XRD): XRD is invaluable for determining the mineralogical composition, crystallinity, and crystallite size of bulk samples. It is our experience that XRD is an expedient method to analyze the bulk mineral makeup and degree of crystallinity on minerals precipitated on agar plate cultures (Boston et al, 2001). Sections of agar containing mineral precipitates can be cut from the plates and easily mounted in the x-ray diffractometer for analysis. We found in our preliminary study that Mn precipitates were visible within several weeks of the plating; at 1 month, these materials were checked with XRD and found to be amorphous. However, at 3 months, crystalline peaks of buserite (a 10Å manganate) were observed. After 8 months, the peak intensities had increased, indicating an improvement in crystallinity, and more peaks were visible, mainly peaks for bernessite and vernadite (Spilde et al, 2002b). We will expand on our prior use of XRD to track the development of crystalline minerals in cultures.

C5.5. Investigation of Whether Similar Transformations Occur in Rock Varnish: Objective 2

We suggest that certain aspects of the microbial manganese and iron processes that we observe in rock varnishes are related to those we have studied in cave ferromanganese deposits. Similar processes appear to be active and therefore should result in creation of similar mineral morphologies (prior to weathering).  A thorough comparison of manganese oxidation products in several environments will lead to a more comprehensive understanding of microbially mediated manganese oxidation.

C5.6. Molecular Techniques: Objectives 4 and 5

Tracking the organisms involved in manganese and iron oxide formation in enrichment cultures will be accomplished with molecular phylogenetic studies.  Further evidence of manganese oxidation by microorganisms will be provided by the functional gene studies in which we will attempt PCR amplification of putative manganese-oxidizing genes.  

C5.6.1. DNA Extraction and PCR Amplification:  Using techniques originally developed at Los Alamos National Laboratory for soil, and modified to deal with the difficult and refractory materials from caves (Northup et al. 2000a; Hose et al. 2000; modified from Guthrie et al. 2000), we will extract and purify nucleic acids from three 0.5 g aliquots of sample by using the bead-mill homogenization procedure of Kuske et al. (1998), followed by standard ethanol precipitation and DNA purification.  Purified, extracted DNA will be amplified with the polymerase chain reaction (PCR), using 27F and 23F as forward primers, and 1492R as the reverse primer (Lane 1991), using an MJ thermal cycler. 

C5.6.2. Terminal Restriction Fragment Length Polymorphism (TRF) Analysis:  If metabolic dye studies do not provide sufficient information to choose sampling locations, we will perform terminal restriction fragment length polymorphism (TRF or T-RFLP) analysis on small subunit (SSU) rDNA at each sampling site in Lechuguilla and Spider Caves, and in the rock varnish.  TRF is a DNA-based technique that allows researchers to compare the diversity of microbial communities.  To do this, community DNA is extracted and amplified by PCR using fluorescently labeled primers.  PCR products are digested using restriction enzymes that produce terminal fragments that are characteristic in size (Marsh 1999; Kitts 2001).  Community 16S rDNA for TRF analysis will be amplified by PCR using the 27F primer that has been fluorescently labeled with FAM (6’-carboxyfluorescein) and the 931R primer.   Three independent PCR reactions will be performed and the amplfication products will be pooled.  These pooled reactions will be run on a 2% agarose gel, will be stained with ethidium bromide, will be visualized with UV illumination, and will have the correct size fragment cut from the gel.  These gel fragments will be purified using a QIAquick gel extraction kit (Qiagen) and will be quantified on a 2% agarose gel with an uncut lambda DNA mass standard.  We will calculate the DNA quantitites with Image Gauge software (Fujifilm, USA).  Approximately 50-80 ng of the pooled PCR fluorescent amplification products from each site will be digested with RsaI, HhaI, HaeIII, and MspI enzymes (Dunbar et al. 2000).   Fragments will be separated by electrophoresis in denaturing 4% polyacrylamide gels with an ABI 377 DNA sequencer.  TRF sizes with peak heights > 25 fluorescence units will be determined using Genescan version 3.3 analytical software (Applied Biosystems).  Three replicate TRF profiles will be run from the digest DNA on three separate polyacrylamide gels to control for gel-to-gel variability.  

C5.6.3. Molecular Phylogenetic Techniques: To characterize the microorganisms present in enrichment cultures, we will employ molecular phylogenetic methodology using genetic sequence data from the small subunit ribosomal RNA (SSU rRNA) to identify nearest relatives of culture clones (Reysenbach et al. 1994; Barns et al. 1994).  Manganese-oxidizing bacteria are scattered throughout the bacterial domain and occur within the low G+C gram-positive bacteria, in the alpha, beta, and gamma subdivisions of the Proteobacteria, and within the Actinobacteria (Francis et al. 2001).   Our previous studies have shown that clones from the cave ferromanganese deposits have closest relatives that are known manganese and iron oxidizers (Northup 2002).  However, the organisms present in the ferromanganese deposits are not closely related to known iron and manganese oxidizers, and we therefore expect to identify new iron and manganese oxidizers.  We anticipate that a similar situation will exist in the rock varnish communities.  Further, we predict overlap in phylotypes between the two habitats, but expect some phylotypes to occur in only one of the habitats. 

To analyze culture organisms, a clone library of small subunit rRNA gene copies will be generated from enrichment culture cell biomass.  Amplification products will be cloned using the TOPO TA Cloning kit (Invitrogen), according to the manufacturer's protocols.  Recombinant plasmids will be transformed into TOP10 One Shot chemically competent Escherichia coli cells (Invitrogen), and plated on LB/ampicillin agar plates (Sambrook et al. 1989).  Ninety-six colonies from each clone library will be randomly selected and and stored in glycerol stock preparations.  PCR products from twenty-five clones with inserts of the correct size (approximately 1.5 kb) will be purified with a QIAprep plasmid miniprep kit (Qiagen, Inc., Chatsworth, Calif.).  125-300 ng of purified DNA will be used as a template in cycle sequencing reactions with ABI PRISM dye terminator cycle sequencing kit (Perkin-Elmer, Foster City, Calif.). Primers used for sequencing will be T7 and T3.  Full-length insert sequences will be obtained for a subset of clones by using primers for internal sequencing (533F, 907R, and 765F) of the rRNA gene.  Each sequence will be submitted to the CHIMERA_CHECK program of the Ribosomal Database Project (RDP; Maidak et al. 1999; http://www.cme.msu.edu/RDP) to detect the presence of possible chimeric artifacts. All sequences will be initially analyzed using BLAST (NCBI; Altschul et al. 1997) and SIMILARITY_RANK (RDP; Maidak et al. 1999) to identify related sequences available in public databases, and to determine phylogenetic groupings of clone sequences. Alignment of the final dataset will be accomplished using Clustal X (Thompson et al. 1997) and manually using the BioEdit multiple sequence editor), guided by primary and secondary structure considerations. Unweighted maximum parsimony (MP) analyses will be performed using PAUP* (version 4.0b3a; Swofford 2000).  Maximum likelihood (ML) analyses will be performed using fastDNAml (version 1.1, distributed by the RDP; Olsen et al. 1994).  Bootstrap analyses will be conducted on 100 resampled datasets.

C5.6.4. Functional Gene Studies: Protein-coding Genes Involved in Manganese Oxidation: 

Because our previous molecular phylogenetic studies have revealed the presence of only a limited number of clones whose closest relatives are known manganese oxidizers, we will utilize recent developments in the molecular characterization of putative manganese-oxidizing genes to test for their presence in novel organisms present in the cave microbial community.  Recent work of others has identified genes that appear to be involved in bacterial manganese oxidation.  Studies of Pseudomonas putida (MNB1 or GB-1 strains) have revealed the presence of the putative manganese-oxidizing gene, cumA (Brouwers et al. 1999).  Other researchers have identified a copper-stimulated manganese-oxidizing system, isolated a manganese-oxidizing protein, and identified a putative manganese-oxidizing gene, mofA, in Leptothrix discophora (Adams and Ghiorse 1987; Corstjens et al. 1997; Zhang et al. 2002).  mnxG   has been characterized in a Bacillus species, SG-1, by van Waasbergen et al. (1996).  All of the genes belong to the multi-copper oxidase family.  Although no gene has been characterized, studies of Pedomicrobium species ACM 3076 have shown the presence of a copper-dependent enzyme involved in manganese oxidation (Larsen et al. 1999).  Primers have been designed that amplify the mofA gene (Siering and Ghiorse 1997; Corstjens et al. 1997) and the mnxG gene (Francis and Tebo 2002).  Siering and Ghiorse (1997) have established the ability of mofA primers to detect the presence of this gene in environmental samples.  In this proposal we will use the published PCR methods to amplify mofA and mnxG genes coding for enzymes involved in oxidation of Mn(II),  sequence, and characterize them if present.  Results of these studies will allow us to determine presence of these putative manganese-oxidizing genes in the speleosol community and in Mn(II)-containing enrichment cultures inoculated with manganese-rich speleosols.  The cultures will be set up to encourage the growth of micro-organisms that deposit manganese oxides under oligotrophic conditions similar to those that exist in the speleosol environment (see Enrichment Culture Section for details). Because Mn(II) oxidation genes in various bacteria are thought to be of diverse origins, it seems likely that these specific gene sequences may not be present.  If we fail to get amplification from extracted DNA using the primers designed to amplify the mofA and mnxG genes, new primers will be designed that target conserved regions in the family of multi-copper oxidase genes such as the copper-binding regions of mofA and mnxG ( See discussion of the copper-binding sites of multicopper oxides genes in Tebo et al. 1997).  

Analysis of the diversity of organisms in the enrichment cultures and their manganese oxidizing genes will be achieved by comparing these results with those of the SSU rRNA measures of microbial diversity (Molecular Phylogenetic Techniques Section).  

C6. Broader Societal Impact and Education/Outreach Activities:

C6.1. Societal Impact: Subsurface biodiversity, as expressed in the highly variable environments of caves, is a major natural treasure about which we know little.  Federal agencies in the United States and other entities across the world are charged with protecting many of these important subterranean wilderness areas on the basis of very incomplete knowledge of their properties, especially biology.  Further, approximately 25-30% of the world’s population derives its water supply from karstic aquifer systems in which caves play a major role.  Awareness of cave geochemistry, biology, and ecology is essential to better husbandry of this critical global resource.

C6.2. Education and Outreach:  Both cave and desert fieldwork and laboratory components of this proposal provide excellent opportunities to involve students at levels from high school to graduate school.  We have a strong track record of employing graduate and undergraduate students all year long, and high school students during summers to assist with our on-going cave sciences program.  Because our own research approach is highly interdisciplinary, we emphasize the need to integrate cross-disciplinary skills to study environments as whole systems and to view geomicrobiology in the larger context of its physical and ecological setting. 

Located at a minority-serving (Hispanic) institution, we have had excellent success in involving students from underrepresented groups in our research. We also attract many female students, possibly because of the large number of women on the team.  Regular interactions with women students, IGERT (Integrative Graduate Education and Research Traineeship)  students, and especially undergraduates are ongoing activities with our team.

We work on numerous public outreach and educational efforts with the federal and state agencies that manage our study sites (e.g. NPS, USDA Forest Service, BLM, etc.)  Additionally, all team members make themselves available on a regular basis to groups of school children, Elder Hostel events, special National Park Service events, natural history museums, and many other venues.

Fieldwork in extreme environments attracts press attention, both print and broadcast.  Since 1995, upward of 100 individual print and broadcast pieces on various aspects of our work have appeared, including PBS (Nova), CNN, ABC, the BBC, The Discovery Channel, Discovery Canada, television in Spain, Italy, Germany, and the Netherlands, many children’s magazines, National Geographic, Air and Space Smithsonian, MIT Technology Review and many others.

C6.3. Electronic and Other Products:  Information generated from this work will be disseminated through a number of channels, both electronic and in other media.  Our existing website, http://www.i-pi.com/~diana/slime/, maintained by Dr. Northup will post results, items of interest, and images, and we will expand the site to include elements incorporated into Microbial Observatory websites.  Results will also be prepared for submission to appropriate conventional academic journals.

C6.4. Culturable Organisms and Sequences:  Culturable organisms will be added to a growing culture collection of cave organisms that we are building and 16S SSU gene sequences will be added to GenBank.  To handle the large number of types currently in culture, we are developing a protocol for lyophilization and long-term storage. We will make strains available to other researchers when possible.  

C6. Concluding Statement

Much remains to be learned about the processes involved in the oxidation of reduced iron and manganese by microorganisms.  Studying these processes on the surface is difficult due to weathering and other factors.  Caves provide a window into microbial oxidation of iron and manganese that is readily accessible and not weathered or otherwise disturbed. We propose to study the role of iron- and manganese-oxidizing bacteria in cave ferromanganese deposits, comparing our results to processes in rock varnish. Our work will encompass 5 main goals: 1) we will determine the progression of mineral deposition, crystallization and valence-state changes in iron and manganese enrichment cultures; 2) we will look for evidence of similar mineral transformations in natural samples of cave ferromanganese and rock varnish, 3) we will compare the natural transformation of minerals in the cave deposits and varnish with minerals products in the enrichment cultures, looking especially for comparable mineral species, the degree of crystallization, and transformation from one species to another (e.g. birnessite to todorokite); 4) we will characterize the microbial species involved in the production of these minerals in culture using molecular phylogenetic techniques; and 5) we will determine whether known manganese-oxidizing genes are present in organisms found in the iron and manganese enrichment cultures. In addition to providing insight into aspects of ferromanganese deposition, our research will provide federal and state agencies with information to better manage the microbial and ecological resources of caves.

C8. RESULTS OF PRIOR NSF SUPPORT:

Grant DEB 9809096 Geomicrobiological Interactions of Microbial Communities in Cave Deep Subsurface Environments: Funded through the Life in Extreme Environments (LExEn) Program at the NSF (10/1/98 Œ 9/30/02). Principal Investigator, Dr. Clifford Dahm, Biology Dept., Univ. New Mexico, Albuquerque, NM. Co-Investigators: Diana Northup, Penelope Boston, Laura Crossey and Michael Spilde

This is a multidisciplinary study of secondary mineral deposits in caves. The project is designed to characterize the microbial community associated with low-density ferromanganese deposits, formerly known as “corrosion residues” (CRs), that cover walls and ceilings of Lechuguilla and Spider Caves, Carlsbad Caverns National Park, NM. Specific objectives of the project included: (1) investigating how microorganisms participate in the dissolution of limestone walls in Lechuguilla and Spider caves to form ferromanganese deposits, (2) characterizing the energy sources available to bacteria in wall rock and ferromanganese deposits, and (3) identifying and phylogenetically characterizing indigenous microbiota associated with ferromanganese deposits and wall rock. 

Key Findings: 

Bulk chemical analysis of samples from Spider and Lechuguilla Caves revealed enrichment of manganese over bedrock on the order of four orders of magnitude and enrichment of iron by three orders of magnitude (Dotson et al., 1999; Spilde et al., 2000a, b). Core drill samples taken in Spider Cave provided evidence that the region of bedrock leached of iron and manganese (punk rock) extended into the wall as much as 10 cm (Spilde et al., 2000a).  SEM and XRD studies confirmed that CRs were not simply detrital deposits, but include minerals not present in host rock. Chains of bead-like bacterial forms were detected in CRs and stalked bacteria were found both in CRs and in the corroded punk rock beneath them. 

XRD studies of manganese-oxidizing bacteria in culture demonstrated that early growth phases contained amorphous manganese oxides that transformed into crystalline minerals over a period of several months (Boston et al., 2001; Spilde et al., 2001b, 2002b). Analysis of Mn-rich CR from Lechuguilla Cave showed that the natural material contained amorphous and nanocrystalline (poorly crystalline) manganese and iron oxides. Electron energy loss spectroscopy conducted in the TEM revealed that there was a range of oxidation states and that a higher oxidation state of manganese coincides with increasing crystallization (Spilde et al., 2001a). 

Metabolic activity studies demonstrated the presence of actively respiring cells in both CR and punk rock, with higher numbers in darker iron and manganese rich CR (Northup et al., 2000a, 2002). Results from the phylogenetic analysis of the small-subunit ribosomal RNA (rDNA) gene from clones showed that the nearest relatives of several clones are Crenarchaeota and Euryarchaeota, Some of the sequences are novel and are dissimilar to most other known 16S rDNA sequences; several groups of clones from our study are closely related to clones from a deep gold mine in South Africa (Takai et al, 2001; Northup et al., 2002). Other clones from community DNA and enrichment cultures grouped with organisms that are known to oxidize or reduce iron or manganese, including Hyphomicrobium, Pedomicrobium, Bacillus, Leptospirillum ferrooxidans, Stenotrophomonas, Pantoea, and Devosia riboflavina (Hyphomicrobium group) (Northup et al., 2000a, 2002, unpublished). Other clone sequences were most closely related to those of nitrite-oxidizing bacteria, nitrogen-fixing bacteria, actinomycetes, lactobacilli, and (-Proteobacteria.  Finally, exoenzyme activity studies showed highly variable levels paralleling results of other activity studies. Commonly used substrates include acetate, stearate, and butyrate (Boston et al., 2001).

Project publications to date: 

 There are a total of 17 papers published, submitted or in preparation that have resulted from this prior support.  These papers are denoted by * in the references. In addition, 28 papers were presented at professional meetings.

