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EPIGRAPH
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ABSTRACT OF THE DISSERTATION

Biological Alteration of Basaltic Glass: Laboratory and Field Studies on Basalt Hosted
Microbial Ecosystems

by
Brad E. Bailey
Doctor of Philosophy in Earth Sciences
University of California, San Diego, 2014
Hubert Staudigel, Chair

Bradley Tebo, Co-Chair

Only in the last 30 years of science have we discovered that not all life on Earth is
based upon photosynthesis. The deep biosphere has emerged as an incredibly diverse
ecosystem with life thriving in environmental conditions ranging from sub-zero to
120°C+ temperatures, hyper saline brine pools to low pH environments. This body of
work contributes to several key questions about life in the deep biosphere: 1) Which
microbes are present in the deep biosphere, 2) what are their sources of energy, 3) how do
they attain required nutrients for metabolic function and growth and 4) what is the effect

of substrate composition on each of the above questions.
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In order to address these first order questions, we focused our efforts on Loihi
Seamount, off the SE coast of the Big Island of Hawai’i, which provides us with raw
materials and microbes for laboratory experiments as well as an in-situ deep-sea
laboratory so that we can study effects of microbiology on basalt weathering. Due to the
high iron content (~10-12%), basalts are an attractive source of reduced iron as an energy
source for chemolithoautotrophic growth. We explored microbial diversity associated
with basaltic glass substrates across a range of different environments in and around
Loihi using t-RFLP, clone library data, and culturing/isolation techniques. Results show
that y- and a-Proteobacteria tend to dominate these surfaces and one of our Fe(Il)-
oxidizing isolates, a Pseudomonas sp. LOB-7, is represented as one of the most dominant
members of the microbial communities on several basalts indicating that perhaps Fe(II)-
oxidizing microbes are important players in the microbially mediated dissolution and
alteration of basaltic glass.

Investigations into substrate specificity by microbes under energy- and nutrient-
limiting conditions reveal that Pseudomonas and Shewanella isolates are able to obtain
Fe and/or phosphorus directly from a basaltic glass silicate matrix. This finding provides
a direct relationship between substrate composition and the activity of particular
microbes, which will allow us to provide insights into how substrate composition can
control microbial diversity and consequently chemical fluxes between seawater and the

basaltic ocean crust.
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Chapter 1

Introduction

1.1 Preface

Through recent studies over the past 25 years, it has become increasingly apparent
that microbial processes can significantly contribute to water-rock interactions in the
deep oceanic basins. These interactions control geochemical fluxes into and out of both
seawater and the host ocean crust which ultimately points to microbial activity as being a
controlling factor in global ocean chemical composition. Therefore, if we are to
understand the geochemical interactions affecting ocean chemistry, we must look to the
biology controlling these reactions. Several questions must be asked and investigated in
order to help elucidate this biogeochemical mystery: 1) Which microbes are present in
the deep biosphere? 2) Which microbes are responsible for basaltic dissolution and what
is their role in the overall microbial community? 3) What are their sources of energy? 4)
How do they attain required nutrients for metabolic function and growth? And 5) what is
the effect of substrate composition on each of the above questions? Several studies have
been focused on each individual question listed, however, no definitive answers have
been given and much remains unknown. This introduction will detail and expand on
what is currently known of the above topics from scientific literature and outline each
chapter of this dissertation as to how we contributed to the overall scientific knowledge

base on this intriguing topic.



1.2 Biological Alteration of Basalt

Basalts are the dominant rock type (~70%) on the earth’s surface, comprising
most of the upper oceanic crust as well as several continental formations (e.g. Columbia
River Flood Basalts) (Francis, 2001) and thus are the main constituent in water-rock
interactions at the earth’s surface. Staudigel and Hart (1983) predicted that ~20% of the
upper oceanic crust is basaltic glass and can vary up or down depending upon presence of
hyaloclastites and pillow lavas vs large scale sheet flows. Basaltic glass is very important
to the overall reaction rates in the basaltic crust as its relative thermodynamic instability
results in higher reaction rates than mineral assemblages (Stroncik and Schmincke,
2002).

Hydrous alteration of basaltic glass can fall into one of two catergories: abiotic
alteration and biotic alteration. Abiotic alteration typically is the result of a process
called palagonitization, in which the basaltic glass oxidizes, hydrates and swells resulting
in the first stable mineral of mafic glass alteration (See Stroncik and Schmincke (2002)
for a comprehensive review on palagonite formation). Palagonitization fronts extend
normally from the glass-water interface into the glass at a constant rate in the early
phases of alteration, but slow down as authigenic minerals collect on the glass-water
bondary and increase the travel distance for water to interact with the glass (Furnes,
1974). This authigenic mineral formation will eventually fill the interstitial spaces within
the basalt (cracks, vesicles) and ultimately halt all reactions, leaving an unaltered basalt
glass core surrounded by palagonite rinds.

Biotic alteration, on the other hand, is almost purely textural, resulting in

“granular” and “tubular” features which are etched into the basalt surface, most



commonly along preexisting cracks in the glass surface (Furnes et al. 2001a). These
features have been estimated to increase the water-rock contact area by to up to 200 fold
(Staudigel and Furnes, 2004) which can greatly enhance the water-rock interactions and
subsequent authigenic mineral formation. No microbes have been specifically identified
as being the target organisms responsible for this biotic alteration; however, a number of
lines of evidence indicate that microbial activity is indeed the cause of these
alteration/dissolution features. First, the granular features in the glass are typically 1-3
microns wide and the tubular features are ~1-3 microns wide and can extend back into
the glass >70 microns (Furnes and Staudigel, 1999). The dimensions associated with
these features are congruent with typical bacterial cell size and diameter. Current
thoughts on the tubular features suggest that these tubes are created by a single bacterium
(or a string of bacteria) boring into the glass. Other studies suggest these tubular features
are the result of fungal hyphae extending back into the glass (Gadd, 1999). Additionally,
nucleic acid staining (Thorseth et al., 1995; Furnes et al, 1996; Giovannoni et al., 1996,
Torsvik et al., 1998) and X-ray element mapping of these basalts reveal increased levels
of C, N, P, as well as carbon isotopic measurements (Furnes et al., 2001b) located within
the tubular alteration features suggesting that microbial life was at least present in, if not
the source of, these textural features. (For a complete review of biotic alteration, see
Staudigel et al., 2004). Now that we’re aware of microbial abilities to alter basaltic glass,
let’s look at the deep oceanic biosphere to see how far this biotic alteration extends and

how it affects the biogeochemical element cycling at depth.



1.3 The Deep Oceanic Biosphere

Microbial alteration features have been witnessed in nearly every type of
submarine basalt structures from seamounts (e.g. Fisk et al. 1998) to very young (< 50
ka) crust (Thorseth et al. 2001) to very old (> 110 Ma) crust (Furnes et al., 2001a;
Staudigel and Furnes, 2004; Staudigel et al., 2004) to ancient ophiolites (Staudigel et al.
2006a). The deep oceanic biosphere (DOB) has been shown to extend well beyond
sediments into the volcanic basement with biotic alteration of the basalt (and therefore
microbial activity) present up to S00m (Furnes and Staudigel, 1999; Furnes et al., 2001).
Biotic alteration was reported to represent up to 90% of the total glass alteration in the
upper 250m of basaltic crust; however, this number starts to fall dramatically to less than
10% at a depth of 500m into the basaltic basement (Furnes and Staudigel, 1999).
Additionally, Furnes et al. (2001a) show that alteration textures are present in oceanic
basalts of all ages (6 Ma through > 70 Ma), but that the alteration likely was produced
within the first 6 Ma of the crust’s history. Upon initial extrusion and cooling at mid-
ocean ridges, massive quantities of seawater gets cycled and filtered through the newly
formed basalt crust (Stein et al. 1995), which could sow the “seeds” of biotic dissolution
by entraining microbes into the crust. The entrained microbial populations in these
environments can initially increase reaction rates and aid in the dissolution of the basaltic
substrates which further increases the surface contact area between rock and seawater,
further enhancing dissolution. However, this resultant dissolution produces a large
amount of secondary authigenic minerals which can collect on the water-rock boundary
and effectively seal off the ocean crust from further reactions at an accelerated rate when

compared to abiotic alteration (Staudigel et al., 2004). This boundary can be initiated in



the form of microbial communities which form biofilms and sequester these alteration
products, essentially acting as a sink for several seawater elements and oxides. Staudigel
et al. (2008) provide a comprehensive review of basaltic glass bioalteration in both the
laboratory and over 3.5 Ga of glass formation.

This biotically controlled basalt alteration may have a significant impact on Fe,
Mn, S and C biogeochemical cycling between seawater and the oceanic crust. Bach and
Edwards (2003) hypothesize that up to ~5 x10'" g C/year can be fixed through biomass
production associated with iron and sulfur oxidation in the upper ocean crust. Laboratory
studies completed by Maurice et al. (2001) show enhanced rates of Al and Si release in
biologically enhanced mineral dissolution and Daughney et al. (2004) showed enhanced
release of Fe and Mn when basalt was exposed to bacterial communities. Further studies
all corroborate enhanced silicate weathering by biological processes (e.g. Ullman et al.,
1996; Liermann et al., 2000) with some bacterial weathering processes specifically
targeting nutrients in nutrient-limiting environments (Rogers et al., 1998; Bennett et al.,
2001) . Interestingly, Welch and Banfield (2002) found a reduced rate of mineral
dissolution upon reaction with an acidophyllic bacterium; however, they attributed this
effect to surface adsorption of added Fe'* reacting with the olivine surface, forming an
impenetrable barrier.

Basalt and reactions of basalt with seawater provide several potential energy
sources which may represent the primary form of energy for microbial ecosystems in the
oceanic crust. Mid-ocean ridge basalts contain ~10-12 wt% of Fe, of which, 90% of that
Fe is in the reduced Fe(Il) form. Other redox available elements are present in basalts,

including Mn, U, S, Ti, Ni, etc, which could be used as electron donors or acceptors.



Chemical reactions with basalts and ultramafic rocks in these environments could
produce other energy sources for utilization by the microbial communities. Hydrogen is
an electron donor for anaerobic chemolithoautotrophic bacteria and is produced in the
oxidation of Fe by serpentinization of peridotites in the basalts:

3 Fe;Si04 +2 H,O — 2 Fes04 + 3 SiO2 + 2 Hy
Methane may also be produced in a similar serpentinization reaction

(Fe, Mg),Si04 + nH,O + CO,  Mg3Si,05(OH)4 + Fe;04 + CHy
and used as a electron donor for methanotrophs. Low temperature (<100°C) serpentinite
formation has been suggested (Stevens and McKinley, 1995) to produce enough H; to

support a subsurface microbial population.

1.4 Iron Biogeochemistry and Related Microorganisms

This dissertation primarily focuses on iron as the major energy source found in
the DOB. Its abundance in basalt and reduced form (Fe(Il)) make it an attractive target
for chemolithoautotrophic growth. The amount of energy gained from the reaction

Fe*" +0.250,(aq) + H = Fe’" + 0.5H,0
is reported as AG® = -82 kJ/mol Fe (Edwards et al., 2004) within the given constraints of
environments found on Loihi Seamount. The overall bioavailability of iron within
basaltic glass is unknown; however, several studies have shown enhanced microbial
growth on basaltic glass of obligate Fe(II)-oxidizing bacteria resulting in the highest
growth rates and cell yields (Edwards et al., 2003). The mechanisms by which microbes
are able to utilize the reduced iron held within the silicate matrix are currently not known.

Recent studies suggest that the production of organic acids and metal chelaters/ligands,



which break down the silicate matrix, could be responsible for the alteration/dissolution
(e.g. Duff et.al. 1963; Thorseth et al. 1992; Stillings et.al. 1996; Rogers and Bennett
2004).

Microorganisms which are able to oxidize Fe(Il) and reduce Fe(IIl) are
widespread in the environment. While fungi have been reported to oxidize Fe(Il) (e.g. de
la Torre and Gomez-Alarcon, 1994) and reduce Fe(Ill) (e.g. Ottow and von Klopotek,
1969), we primarily focus on bacteria as our model organisms for iron-cycling within the
DOB. Iron-cycling microorganisms are phylogenetically diverse, represented in nearly
every major bacterial phyla, with the most abundant representation within the
Proteobacteria phyla, but also commonly present in Acidobacteria, Firmicutes and
Nitrospirales. The energetics associated with Fe(II) oxidation are fairly low and thus
require large amounts of iron “fixing” to produce a relatively small amount of biomass
(Madigan et al., 2000). This is the likely explanation for low relative biomass
calculations from iron-(hydr)oxide microbial mats found on the central volcanic cone,
Nafanua, on Vailulu’u Seamount (Staudigel et al., 2006).

Perhaps the most “famous” marine Fe(Il)-oxidizing bacteria is Gallionella
ferruginea, which converts Fe(II) to Fe(IIl) and leaves behind a “twisted stalk” composed
of biogenic iron oxide precipitate (Ridgeway, Means, and Olson, 1981). Halbach,
Koschinsky, and Halbach (2001) found G. ferruginea at an active marine hydrothermal
vent field and . As mentioned before, Edwards et al. (2003) describe several microbial
species which are obligate iron-oxidizing lithoautotrophs and are closely related
phylogenetically to Marinobacter aquaeolei and Hyphomonas jannaschiana. M.

aquaeolei and H. jannaschiana are both heterotrophic organisms, so it is important to



remember that phylogeny does not necessarily equate to function. Several Fe(Il)-
oxidizing and Fe(Ill)-reducing bacterial species have been isolated from basalts and
microbial mats on Loihi Seamount including Mariprofundus ferrooxydans PV-1
(Emerson and Moyer, 2002), Shewanella loihica PV-4 (Gao et al., 2006), Pseudomonas
sp. LOB-7 (Templeton, unpublished data). It is important to note that while manganese
is not as abundant in basalts (~0.2 wt%) as iron, it does represent another
biogeochemically important redox element in these environments. Templeton et al.
(2005) describe 26 unique Mn(II)-oxidizing heterotrophic bacterial species isolated from

basaltic surfaces in and around Loihi Seamount.

1.5 Phylogenetic Characterization of Microbial Communities on Loihi

and in the Basaltic Deep Biosphere

Since the discovery of the DOB, efforts have undergone to discover the microbial
diversity associated with these basalt surfaces. However, only within the past 10 years
have we been able to reliably begin phylogenetically identifying bacterial species due to
improved laboratory methodology, lower cost, and high throughput gene sequencing.
Even now, there are only a handful of studies characterizing bacterial communities on
marine basalt surfaces.

Thorseth et al. (2001) performed polymerase chain reaction (PCR) denaturing
gradient gel electrophoresis (DGGE) on samples from Knipovich Ridge and compared
the basalt community to background seawater. They sequenced strong bands from the

DGGE analysis which were determined to be present only on the basalt surface and found



most of their bacterial sequences belonging to the y- Proteobacteria class with a few other
sequences from the e-Proteobacteria and CFB groups. Lysnes et al. (2004a, 2004b)
performed similar PCR-DGGE studies on the arctic and southeastern Indian spreading
ridges and found y-, B, and a-Proteobacteria, CFBs and Actinobacteria sequences to be
the dominant taxonomic groups present on these basalts, again with y-proteobacteria
returning the most sequences. Several studies also looked at Archaeal populations on
basalt surfaces and found marine Group-1 Crenarchaeota to dominate each basalt surface
(Thorseth et al., 2001; Fisk et al., 2003; Mason et al., 2007).

Two studies incorporated multiple research sites into their data sets to try and
elucidate overall trends in microbial diversity on basaltic substrates. Mason et al. (2007)
profiled each of the above studies, combined those results with additional data from
Brown Bear Seamount and found y- and a-Proteobacteria to be by far the most abundant

phylotypes associated with basalt surfaces (Figure 1.1).
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Figure 1.1. Bacterial and Archaeal phylogenetic diversity associated with marine basalts.
Number of detected sequences are color coded. Figure modified from Mason et al.
(2007).
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Santelli et al. (2008) extracted DNA from East Pacific Rise (EPR) basalts as well
as basalts from two locations on Loihi Seamount and generated clone libraries from each
sample. They then used rarefaction curves to determine species richness (diversity) in
each sample. Results indicated that the bacterial communities on marine basalts are
incredibly diverse with > 400 predicted unique taxa. Major clades on these basalts are
also dominated by g-Proteobacteria, with all subclasses of Proteobacteria representing >
60% of all detected OTUs on both EPR and Loihi basalts. Phylogenetic analysis was also
completed on OTUs from EPR deep seawater to compare against basalt hosted microbial

communities. Results show that EPR deep water has low diversity with only 6 OTUs
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overlapping with basalt OTUs. This result indicates that basalts host a unique microbial
community

Each of these studies indicates that basaltic substrates are extremely important to
the deep biosphere either as a source of energy, potential nutrients, or a place for surface

attachment.

1.6 Outline of the Thesis.

The work presented in this dissertation was directed at contributing to the growing
body of evidence which scientific questions addressed in the preface: 1) Which microbes
are present in the deep biosphere? 2) Which microbes are responsible for basaltic
dissolution and what is their role in the overall microbial community? 3) What are their
sources of energy? 4) How do they attain required nutrients for metabolic function and
growth? And 5) what is the effect of substrate composition on each of the above
questions? We used a combination of laboratory studies and an in-situ “natural”
laboratory, Loihi Seamount, to explore the nature of microbial colonization and
population of basaltic glass substrates. Chapter 2 describes a new laboratory protocol
devised to deal with common problems associated with DNA extraction from natural
environments characterized by high metal content, low biomass, and spore forming
bacterial cells. Chapter 3 demonstrates how specific species of Fe(Il)-oxidizing and
Fe(IlI)-reducing bacteria can obtain needed energy sources and/or nutrients from basaltic
glasses and how substrate chemical composition can affect microbial community
development on the surface. Chapter 4 uses a combination of t-RFLP and clone libraries

to characterize microbial diversity on a suite of basalt samples from off-shore Hawai’i
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and Loihi Seamount. Chapter 5 is a methodology comparison paper between t-RFLP and
clone library analysis of basalt-hosted microbial diversity. Chapter 6 demonstrates how
Maossbauer spectroscopy can be used to analyze iron oxidation states in fine-grained

samples after years of deployment/reaction on Loihi Seamount.
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Chapter 2

A New Laboratory DNA Extraction Protocol for Spores and
Metal-Rich Low Biomass Samples.

Abstract

This study compares two commercially available environmental DNA extraction
kits to an in-house protocol in order to determine effective DNA yields from each
method. Our goal was to produce a simple, inexpensive extraction protocol using
existing laboratory equipment, reagents and techniques to reliably produce high-quality,
high molecular weight, amplifiable DNA from environmental samples with a high metal
oxide abundances. Each protocol was tested using a Manganese oxide forming spore
laboratory culture and two different environmental samples (spore forming Bacillus sp.,
iron-oxide dominated microbial mat and rock/mineral surfaces). All samples have
historically proven difficult to either lyse the cells for their DNA contents or else the
DNA adsorbs onto remaining material in the extraction process. Our in-house method
makes use of both chemical and physical disruption methods in order to maximize cell
lysis and a DNA stabilizer, which acts as a DNase inhibitor. Results show that in all
sample types, our in-house method produces 2.5-7 times total DNA yields over the
conventional extraction kits. The resultant DNA is of sufficient purity to be easily
amplified with no further cleanup or desalting processes necessary. Additionally, our
method approximately halves the cost per extraction relative to the other kits tested in this

study.
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2.1 Introduction

Effective and unbiased DNA extraction is arguably the most critical step in
molecular biological characterization of environmental samples. Unfortunately, most
current extraction protocols result in biased extraction (Frostegarde et al, 1999) of easily
extracted DNA or low DNA yields due to low biomass or insufficient lysis. At best,
these problems result in biased results, and in the worst case, insufficient DNA yields
prohibit any meaningful molecular characterization. Over the past few decades, several
methods for extracting DNA from cells have been conceived (e.g. sodium dodecyl sulfate
(SDS), lysozyme, bead beating, proteinase K, phenol/chloroform, freeze-thaw, freeze-
boil, mortar grinding, achromopeptidase, EDTA, etc) (Miller et.al., 1999) such that it is
now almost a trivial exercise to perform DNA extractions in the lab.

Unfortunately, most DNA extraction protocols remain biased and rarely possess
the capability to extract DNA from every cell type found in environmental samples.
Gram-positive and spore forming bacteria are historically difficult to retrieve DNA from
due to tough cell walls and high peptidoglycan content (Fisher et al, 1995). Other
methods result in a high degree of DNA shearing due to prolonged mechanical shearing
stress from bead beating (e.g. Krsek and Wellington, 1999; Miller et.al. 1999).

The goal of this study was to develop a method using existing techniques and
common laboratory supplies for extracting DNA from difficult environmental samples
containing high metal content with high recovery rates and large DNA fragments with
minimal shearing. The unique characteristics of these environmental samples require a
new, more effective protocol to retrieve as much DNA for molecular work as possible.

To this end, we decided on a mixture of previously defined protocols which involve a
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careful balance between mechanical and chemical stress for cell lysis and a DNA clean
up step embedded in the protocol to produce high quality amplifiable DNA. The result is
a method that provides up to three times amplifiable DNA over commercial soil DNA
extraction kits using three traditionally difficult sample types at a fraction of the cost and

is readily adapted to the specific needs of most laboratories.

2.2 Materials and Methods

Our protocol (CMF) is a combination of chemical and mechanical stress for cell
lysis, coupled to a filtration step to produce high yield, clean DNA. Three different
environmental samples and a pure laboratory culture were chosen for this study as the
three environmental samples are historically difficult to extract DNA from and the pure

culture possessed high levels of metal oxides.

2.2.1 Samples

Samples: 1. The first sample came from Bacillus sp. SG-1 spore preps, which are
known manganese oxidizers (Francis and Tebo, 2002) and had abundant Mn-oxides
present. 2. The second sample of iron-oxide encrusted microbial floc collected on
Vailulu’u Seamount via submersible suction sampler was used as our high iron content
sample (described in Staudigel et.al., 2006). Organic carbon content was determined to
be relatively small compared to the overall iron content (Staudigel et.al., 2006). 3. The

third sample was a basaltic glass sampled on the southern flank of Loihi Seamount
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(Hawai’i). Nucleic acid stains reveal a relatively low biomass associated with the glass

surfaces and in most places only a monolayer biofilm was present.

2.2.2 Sample Preparation

The Bacillis sp. SG-1 spores were prepared after Dick et.al. (2006). The iron
oxide floc was homogenized using a vortexer and 1.5 ml was aliquoted into 2 ml tubes
and centrifuged to concentrate cells and oxides. The pellet was then transferred to each
kit for extraction. The basaltic rock had the outer glass rind chipped away and the glass
was then ground into a powder using a mortar and pestle and a 300mg aliquot was used

in each of our extraction experiments.

2.2.3 Extraction Protocols

We tested our chemical-mechanical filtration (CMF) extraction protocol against
two popular, commercially available environmental extraction kits: QBioGene
FASTDNA SPIN kit for Soil (http://www.QBioGene.com , Catalog #6560-200) (referred
to hereafter as Kit Q) and MoBio Ultraclean Soil DNA Kit (http://www.mobio.com, Cat.
#11-114) (Kit M). For Kit Q and Kit M, we followed the manufacturer’s recommended
protocol; however for Kit M, we replaced the Inhibitor Removal Solution (IRS) with
distilled deionized water in the iron floc samples. All final elutions were done with

100ul of 18.3 MQ DDI autoclaved water.

CMF: The following protocol was used for the CMF tests. 2.0 ml screw cap

tubes with o rings were prepared by filling with 200mg each of acid washed 0.1, 0.5, 2.0
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mm zirconium glass beads and then autoclaved. 300 mg of sample was then added to
each tube. We then added 580 ul lysis solution (300mM EDTA, 300 mM NacCl, 300 mM
Tris buffer, pH 7.5) to the tubes along with 70 pl 15% Sodium Dodecyl Sulfate (SDS),
15ul of Polyadenylic Acid (PolyA, 10mg/ml, Roche Diagnostics Cat. #108626) and 35 pl
Dithiothreitol (DTT) (IM DTT in 0.01 M Acetate, Acros Organics Cat. #327190100).
The tubes were then homogenized using a vortexer and incubated at 70°C for 30 mins.
After cooling to < 40°C, 14 ul lysozyme (5%) was added. The tubes were again vortexed
and incubated at 37°C for 20 mins. The tubes were then placed in the FastPrep FP120A
instrument (BioGene, Cat# 6001-120) and beat for two cycles at speed 5.5 for 30 secs in
order to lyse the cells. The tubes were placed on ice for 2-4 mins between FastPrep
treatments. We then added 150 ul KCI (1M), vortexed and place on ice for 5 mins. The
samples were centrifuged for 5 mins at 14k x g. Up to 400 ul of clear supernatant was
transferred to a Microcon Centrifugal Filter Device (http://www.millipore.com, Cat#
42416) and centrifuged at 1000 x g for 15 mins and the filtrate was discarded. We
repeated the process until all supernatant has been through the filter. On the last run, we
added enough TE buffer (10mM Tris pH 7.5, ImM EDTA) to have a total volume of 400
ul. To rinse the DNA, we added 400 ul TE buffer to the filter unit and centrifuged at
1000 x g for 15 mins and discard filtrate. Invert filter into a clean tube and add 100 ul TE
buffer to the filter, centrifuge for 15 mins and discard filter. The DNA was stored at -
20°C for later use. DNA yields were quantified via the Picogreen Assay (Invitrogen,
Carlsbad, CA, USA, SKU# P11495) and a Perkin Elmer/Tecon HTS 7000 Bio Assay

Plate Reader.
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2.3 Results and Discussion

The CMF method is a combination of chemical stress to disrupt cell wall structure
and mechanical stress to lyse the cells and extract the DNA. Chemical disruption was
carried out through the use of Sodium Dodecyl Sulfate (SDS), a known protein
denaturant, Dithiothreitol (DTT) which disrupts protein disulfide bonds and can act as a
chemical reductant, and lysozyme which attacks the peptidoglycan structure of cell walls
and renders the cell permeable. Mechanical stress was completed on a bead beater in
combination with three different size zirconium beads designed to achieve different
goals: small beads to break open individual cells, and large beads to disrupt cell
aggregates and ensure homogenization throughout the process. Tests ran with longer
bead beating periods resulted in significant DNA shearing and reduced fragment sizes as
the time increased. KCI was added to the tube and placed on ice to precipitate out
potassium-SDS-protein complexes (Trask, et.al., 1984). The DNA purification steps
involved filtration through a Montage filter unit which served to collect, desalt and purify
the DNA while keeping the DNA in solution. Each extraction protocol was run in
triplicate to determine error and reproducibility.

We compared DNA yields from the CMF, Kit Q and Kit M for all three samples.
In all cases, the CMF method outperformed the commercial extraction kits, and in one
case up to seven times the final DNA yield. Figure 2.1 shows the results of our DNA
extraction protocol versus Kit Q and Kit M for the three environmental samples. The
Bacillus spore extractions yielded a 140% increase in recovered DNA with the CMF
method over Kit M and ~70% increase over Kit Q.  The iron floc results mirrored the

bacillus results where the CMF method outperformed Kits M and Q by ~700% and 300%
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respectively. Extractions performed on the iron floc samples with Kit M using the
manufacturer protocol resulted in a low density polymer forming after addition of the salt
solution. This polymer served to absorb the DNA, and subsequently clog up the silica
filter unit, rendering the DNA yield from this method below detection limits. The MoBio
tech support recommended replacing the Inhibitor Removal Solution with DDI water as
they suspected a reaction with the high levels of iron present in the sample. This
substitution removed the low density polymer and allowed subsequent DNA recovery on
this sample. The relative low biomass on the rock surfaces makes it difficult to resolve
any major differences in the DNA yields between the kits, but the CMF method resulted
in a slightly higher total yield of 0.22 ug versus 0.12 and 0.09 ug or a 180% and 240%

increase overkits Q and M respectively (Figure 2.1).
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DNA Yields from Different DNA Extraction
Protocols for Environmental Samples
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Figure 2.1. DNA yields in ng/ul from Bacillus spores (blue), Iron oxides from Loihi (red)
and basaltic glass from Loihi (yellow) for the CMF protocol, Kit Q and Kit M. Error bars
represent one standard deviation.

While the specific chemistry and reagents are not published for either Kit Q or Kit
M, it is possible to draw some comparisons to the CMF method through observation. All
three methods use a detergent as a protein denaturant which precipitates out proteins via
similar methods to the CMF KCI precipitation as well as beads and a bead beater for
mechanical stress. However, Kit M only uses a single bead size fraction for bead beating,
which might limit its capabilities in lysing cells of differing sizes. Also, neither Kit Q nor
Kit M utilizes any chemical reductants or enzymes which require specific temperature
incubation periods, which could reduce their effectiveness in lysing spores or cells in a
metal oxide rich sample. Both kits seem to use a similar DNA purification protocol

through addition of a salt solution and adsorption to a silica filter or silica gel matrix.
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The Montage filter unit used by the CMF method leaves the DNA in solution throughout
the process which may allow for greater recovery efficiency.

All three extraction methods produced amplifiable DNA of sufficient purity from
the Bacillus and iron oxide floc samples (data not shown). However in the basalt samples
where biomass is the limiting factor, only the CMF protocol produced enough DNA to
reliably amplify using PCR (Figure 2.2). The CMF method has shown to be more
successful at lysing spores and cells in the presence of normal inhibitors (high metal
content). It is likely that the larger yields are attributed to an enhanced chemical
treatment coupled to variable bead sizes aimed at disrupting cell aggregates and lysing
individual cells. The relative cost of the CMF method also turned out to be
approximately $3 per sample vs $5 per prep for Kits Q and M. The high yields from the
CMF method coupled to the high purity of the resultant DNA serves to lessen some of the

bias normally associated with conventional environmental DNA extraction protocols.
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Figure 2.2. Gel electrophoresis of PCR results from Loihi Basalt extractions using Kits
Q&M and the CMF protocol. Primers used were 68F and 1510R. Kit Q and Kit M did

not produce amplified DNA while CMF resulted in amplified DNA and was used for
further molecular analysis (data not shown).
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Abstract

The element Fe and Fe-bearing minerals occur ubiquitously throughout the field
of astrobiology. Cycling between the various oxidation states of Fe provides a source of
energy available for life. Banded iron formations may record the rise of oxygenic
photosynthesis. The distribution of Fe between Fe-bearing minerals and its oxidation
states can help to characterize and understand ancient environments with respect to the
suitability for life by constraining the primary rock type and the redox conditions under
which it crystallized, the extent of alteration and weathering, the type of alteration and
weathering products, and the processes and environmental conditions for alteration and
weathering. Fe Moessbauer spectroscopy is a powerful tool to investigate Fe-bearing
compounds. It can identify Fe-bearing minerals, determine Fe oxidation states with high
accuracy, quantify the distribution of Fe between mineralogical phases, and provide clues
about crystallinity and particle sizes. Two miniaturized Moessbauer spectrometers are on
board of the NASA Mars Exploration Rovers Spirit and Opportunity. The Fe-bearing

minerals goethite, an iron oxide-hydroxide, and jarosite, an iron hydroxide sulfate, were
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identified by Moessbauer spectroscopy in Gusev Crater and at Meridiani Planum,
respectively, providing in situ proof of an aqueous history of the two landing sites and
constraints on their habitability. Hematite identified by Moessbauer spectroscopy at both
landing sites adds further evidence for an aqueous history. On Earth, Moessbauer
spectroscopy was used to monitor possibly microbially-induced changes of Fe-oxidation
states in basaltic glass samples exposed at the Loihi Seamount, a deep sea hydrothermal
vent system, which might be analogous to possible extraterrestrial habitats on ancient

Mars or the Jovian moon Europa today.

3.1 Introduction

The field of astrobiology includes the study of the origin, evolution and
distribution of life in the universe (e.g., Des Marais and Walter, 1999). Hot spots of
research in the Solar System comprise above all the planet Mars, followed by Europa and
Titan, moons of Jupiter and Saturn, respectively. On Earth much of the research
concentrates on the study of so-called extreme environments that can serve as analogues
for possible habitats on the planets and moons mentioned above, and on extremophiles—
mostly microbial life-forms that thrive in these environments (e.g., Rothschild and
Mancinelli, 2001).

The element Fe and Fe-bearing minerals occur ubiquitously throughout the field
of astrobiology. The formation of pyrite at hydrothermal vents, for example, may have
played a crucial role at the origin of life, providing energy for the fixation of carbon as
well as mineral binding surfaces for organic constituents (Waechtershaeuser, 1988,

1992). Banded iron formations (BIFs) are among the oldest rocks on Earth. Layers of
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ferric iron in BIFs may record the evolution of oxygenic photosynthesis (Walker, 1979).
Fe-rich carbonate globules and magnetite particles, resembling those found in terrestrial
magnetotactic bacteria, in the Martian meteorite ALH84001 were interpreted as evidence
for possible relic biogenic activity by McKay et al. (1996) and helped to re-energize the
discussion about life on Mars. The young Earth as well as present day Mars, Saturnian
Titan, or Jovian Europa have a lack of free oxygen in common. In anaerobic
environments iron can act as both an electron donor in its ferrous form and a terminal
electron acceptor in its ferric form to support metabolism (Megonigal et al., 2003, and
references therein). Furthermore, Fe oxide and hydroxide minerals have the potential to
preserve microfossils and physical biomarkers (e.g., Allen et al., 2004). The distribution
of Fe between Fe-bearing minerals and its oxidation states can help to characterize and
understand ancient environments with respect to the suitability for life by constraining the
primary rock type (e.g., olivine- versus non-olivine-bearing basalt), the redox conditions
under which primary minerals crystallized (e.g., presence or absence of magnetite), the
extent of alteration and weathering (e.g., value of Fe*'/ Ferow), the type of alteration and
weathering products (e.g., oxides versus sulfates versus phyllosilicates), and the
processes and environmental conditions for alteration and weathering (e.g., neutral versus
acid-chloride versus acid-sulfate aqueous process under ambient or hydrothermal
conditions) (Morris et al., 2006).

Moessbauer spectroscopy is a powerful tool in analyzing Fe-bearing compounds.
The method identifies Fe-bearing minerals, determines Fe oxidation states with high
accuracy, quantifies the distribution of Fe between mineralogical phases, and provides

clues about crystallinity and particle sizes. It is particularly useful in systems where the
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iron oxide may be too low in concentration or in crystallinity to be detected by XRD, for
example in soils, sediments, rust and in organisms (Cornell and Schwertmann, 1996, p.
148ff). Moessbauer spectroscopy has for example been used in the characterization of
terrestrial hydrothermal springs (Wade et al., 1999).

Moessbauer spectroscopy is a well-established technique in use in laboratories
around the world. A miniaturized Moessbauer spectrometer has been developed for
spaceflight to investigate planetary surfaces in situ (Klingelhoefer, 1999; Klingelhoefer et
al., 1995, 1996, 2003). As part of the payload of NASA’s twin Mars Exploration Rovers
(MER) it has successfully returned results from the surface of Mars (Morris et al., 2004,
2006; Klingelhoefer et al., 2004) and is available for inclusion in future planetary
missions. In the following, after a brief introduction to the principles of Moessbauer
spectroscopy, we summarize the MER Moessbauer results with respect to astrobiology.
We present new results from laboratory Moessbauer studies on basaltic glass samples

exposed at a deep sea hydrothermal vent.

3.2 Moessbauer Spectroscopy

Rudolf Ludwig Moessbauer (Nobel Prize 1961) discovered recoilless absorption
and emission of g-rays by specific nuclei in a solid in 1958 (Moessbauer, 1958a, b,
2000). There are numerous reviews and textbooks available of this ‘‘“Moessbauer effect’’
in general (e.g., Greenwood and Gibb, 1971; Gonser, 1975; Guetlich, et al., 1978), of its
applications in mineralogy and geochemistry (e.g., Bancroft, 1973; Hawthorne, 1988;
Mitra, 1992; McCammon, 1995), and of the investigation of planetary surfaces in

particular (Burns, 1993; Klingelhoefer et al., 1995; Wdowiak et al., 2003). Constraints of
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remote Moessbauer spectroscopy such as on the surface of Mars are discussed by Dyar

and Schaefer (2004). Here we provide a brief overview.

3.2.1 Moessbauer Effect

When a nucleus of a particular isotope (e.g., °'Fe with an isotopic abundance of
2.14% in natural iron) in an excited state decays to the ground state, separated by the
transition energy Et (e.g., 14.4 keV for the transition of the nuclear spin I = 3/2 excited
state to the I = 1/2 ground state of °’Fe, Figure 3.1), by emitting g-radiation of the energy
E' it experiences recoil of energy Eg expressed as Eg = (E;)/(2Mc?), where M is the mass
of the nucleus and c is the velocity of light. Conservation of energy requires that only E;-
Er is available for E,. Likewise, in order to bring an identical nucleus from the ground
state into the excited state, radiation with an energy of E, = E; + Er is necessary. The
linewidth I’ of the emitted y-radiation can be determined with the lifetime t of the excited
state (107 s for °'Fe) via Heisenberg’s uncertainty principle I' T = h/2%t, where h/2m is
Planck’s constant divided by 2m. For TFe the linewidth T = 4.67x10” eV and Er=19x
107 eV. Because I is much less than Eg, it is not sufficient to bridge the energy gap of
2ER; resonant emission and absorption of y-rays is not possible. However, as Moessbauer
discovered, when the nucleus is bound rigidly to the crystal lattice of a solid, the crystal
as a whole takes up the recoil energy. Recoil energy is thereby transferred to the lattice
by exciting phonons (quantum units of lattice vibrations). The energy of excited phonons
adds up to Er on average, but with a certain probability no phonons are excited and

emission or absorption processes happen recoilless. Conditions for resonant emission and
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absorption of y-rays are restored. This probability, the recoil-free fraction f, can be
expressed as f = exp(-k’<x>>), where k is the wave vector of the y-ray and <x>> is the
mean vibrational amplitude of the nucleus. This f-factor is also referred to as the Lamb—
Moessbauer factor or the Debye— Waller factor. The Moessbauer effect has been
observed in specific isotopes of over 40 elements. °’Fe Moessbauer spectroscopy is the
most widely applied, because of the relative ease of measurement, and because Fe is one

of the most abundant and wide-spread elements.
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Figure 3.1. Energy level diagram for °>’Fe showing emission of 14.4 keV g-rays from a
*’Co Moessbauer source and absorption of the g-rays in three different nuclear
environments.

3.2.2 A Simple Moessbauer Spectrometer

A simple Moessbauer spectrometer consists of a source emitting the specific g-
rays, a sample or absorber to be investigated, and a y-ray detector (Figure 3.2). The
isotope ’Co decays by electron capture with a halflife of 270 days to >’Fe. This happens

with a certain probability via the I = 3/2 excited nuclear spin state of *'Fe, emitting the
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desired 14.4 keV y-radiation when finally transitioning to the ground state. Nuclear
energy levels are influenced by the chemical environment. If the Moessbauer isotopes in
source and absorber reside in different chemical compounds, resonant conditions may be
violated. They can be restored by moving the source relative to the absorber with velocity
Vs, thereby adding or subtracting energy Ep to E, via the Doppler effect Ep = (v¢/c)E.. The
x-axis in Moessbauer spectra is therefore labeled in units of velocity (usually mm/s)
rather than energy. The detector may be installed in line with source and absorber, with
the absorber between source and detector (transmission geometry, Figure 3.2). Thin slices
or thinly distributed powders of the absorber material have to be prepared to let enough
radiation pass through to the detector. Resulting Moessbauer spectra show absorption
minima. Alternatively, the detector may be installed on the same side of the absorber as
the source (backscattering geometry, Figure 3.2). The detector then records reemitted y-
rays, or may be tuned to detect competing ways of deexcitation such as conversion
electrons, or secondary processes such as X-rays. The resulting Moessbauer spectra show

reflection maxima.

3.2.3 Moessbauer Parameters

The interaction of a nucleus with its chemical environment affects the nuclear
energy levels. Positions of resonant peaks in Moessbauer spectra reflect these changes
relative to the source material and can thus be used to determine the character of the
chemical environment of the absorber. Different kinds of interaction manifest themselves

in three important parameters, which can be extracted from a Moessbauer spectrum.
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These hyperfine parameters or Moessbauer parameters are the isomer shift §, the

quadrupole splitting AEq, and the magnetic hyperfine splitting Byy.
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Figure 3.2. A simple Moessbauer spectrometer consisting of a source, a sample or
absorber, and a detector. The absorber may be between source and detector (transmission
geometry), or on the same side of the absorber as the source (backscattering geometry).

3.2.3.1 Isomer Shift

The isomer shift & results from electric monopole interaction, i.e., Coulomb
interaction of the positive nuclear charge with electrons inside the nuclear region. It can
be expressed as & = (4/5)nZe’R*(OR/R){|¥(0)|s*-[¥(0)|s’}, where Ze is the nuclear
charge, R is the mean radius of the nucleus in its ground and excited states, R is the
difference between the radii of excited and ground states, and | W(0)]* is the electron
density at the nucleus of the source (S) or the absorber (A). Isomer shifts thus also vary
according to the source material used (e.g., >’Co in Rh matrix) and have to be cited

relative to a common reference material, which in the case of Fe Moessbauer
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spectroscopy is commonly pure metallic Fe foil. The isomer shift d can be used to
determine the oxidation state of iron in a given absorber. The SR/R ratio for *'Fe is
negative, and thus increasing electron density at the nucleus results in a lower value of 0.
Only electrons in s-shells have a finite probability of being located at the nucleus. When
metallic iron is oxidized to Fe2+, two 4s electrons are removed and 0 increases. Further
oxidation to Fe3+, however, removes an electron from the 3d shell. The remaining
electrons are bound tighter to the nucleus and the electron density at the nucleus
increases. As a result, d values for Fe'"-bearing compounds are lower than for Fe2+-
bearing compounds. The ligand-type (e.g., O versus S bound to Fe) and the coordination
symmetry (e.g., Fe in tetrahedrally coordinated sites versus Fe in octahedral sites) also
influence the electron density and therefore the isomer shift. For Fe bound to O such as in
silicates, sulfates, carbonates, etc., isomer shifts for Fe*" cations typically range from 0.75

. . . + .
to 1.3 mm/s in room temperature Moessbauer spectra; isomer shifts for Fe*" cations range

from 0.15 to 0.5 mm/s (e.g., Burns and Solberg, 1990; Burns, 1993, 1994).

3.2.3.2 Quadrupole Splitting

Quadrupole splitting AEq results from electric quadrupole interaction. It is
observed only when the nuclear charge is not distributed spherically symmetric (i.e., the
nucleus possesses a non-zero quadrupole moment Q) and electron and lattice charges are
arranged other than in cubic symmetry, thus producing an electric field gradient at the
nucleus interacting with the quadrupole moment. This interaction partially removes the
degeneracy of the I = 3/2 excited state of >'Fe, separating it into two levels with magnetic

spin quantum numbers of m; = £3/2 and £1/2. The energy difference between these two
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levels is AEq = Eq(£3/2) - Eq(+1/2) = eQV /2, where V,, is a component of the electric
field gradient. Two transitions to the ground state are possible (Figure 3.1), manifesting
themselves as two separate resonant peaks (a doublet) in a Moessbauer spectrum. The
distance between the two peak centers is equal to AEq. In the case of combined electric
monopole and quadrupole interaction, the location of the center between the two doublet
peaks on the x-axis in the Moessbauer spectrum defines the isomer shift 8. The different
electronic configurations of, e.g., Fe’" and Fe’" ions and different coordination
environments result in different electric field gradients at the nucleus. AEq values are
generally larger for compounds containing Fe*" ions than for compounds containing Fe*".
The combination of isomer shift 8 and quadrupole spliting AEq enables to reliably

distinguish between Fe*" and Fe’” ions in mixed-valence compounds (e.g., Burns and

Solberg, 1990; Burns, 1993, 1994).

3.2.3.3 Magnetic Hyperfine Splitting

Magnetic hyperfine splitting Byr results from the interaction of a magnetic field at
the nucleus, it may be intrinsic or externally applied, with the magnetic dipole moment
un of the nucleus. The degeneracy of nuclear states of spin I is completely removed into
(21+1) energy levels (nuclear Zeeman effect) Ey = -gnunmiBye , where gy is the nuclear
Lande” factor and m; =1, I-1,...,-I. The ground state of TFe with 1= 1/2 splits into two,
the excited state with I = 3/2 into four levels. Selection rules for magnetic dipole
transitions (Al = 1, Am; = 0, £1) allow only six transitions, which manifest themselves as

six separate resonant peaks (a sextet) in the Moessbauer spectrum (Figure 3.1). The
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parameter By is the distance between the outermost peak centers of the sextet. In the case
of simultaneous electric monopole interaction, electric quadrupole interaction, and
magnetic dipole interaction the isomer shift & can be calculated as & = (1/4)(v; + v, + vs +
ve), where enumerated ve, for example, corresponds to the center position of peak number
6 of a sextet when counted from lower to higher velocity in a Moessbauer spectrum. The
quadrupole splitting DEQ can be calculated in most cases as AEq = (1/2)[(ve - vs) — (V2 -
v1)]. The magnetic hyperfine field Byr of magnetically ordered compounds may not be
observed in a Moessbauer spectrum when particle sizes are in the range of magnetically
ordered domains. Thermal excitation may cause the reversal of the magnetization of such
one-domain particles. The fluctuations of the magnetization happen with the relaxation
time T, T =ty exp(KV/KT), where t; is a constant, kK is the magnetic anisotropy energy per
unit volume, V is the volume of the particle, and kT is the thermal energy. If the
relaxation time is smaller than the lifetime of the Moessbauer transition, the magnetic
field sensed by the nucleus of the Moessbauer isotope is reduced to zero. The particles
become superparamagnetic. At room temperature this effect is observed for particles 030
nm, i.e., nanocrystalline particles. The magnetic hyperfine splitting Bys may be restored in
the Moessbauer spectrum by lowering the temperature of the absorber in the experiment,
thereby increasing the relaxation time t. Nanocrystalline or superparamagnetic iron
oxides occur in many environments important in an astrobiological context such as
pedogenic weathering environments (e.g., Murad, 1988), the Orgueil carbonaceous
chondrite (Wdowiak and Agresti, 1984), hydrothermal vent systems (Agresti et al., 1994;
Wade et al., 1999), clays at the Cretaceous-Tertiary (KT) boundary (e.g., Wdowiak et al.,

2001), or the surface of Mars (e.g., Morris et al., 1989a, 2000, 2001, 2004, 2006).
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3.2.3.4 Relative Areas

Every Fe-bearing compound is characterized by a particular set of the Moessbauer
parameters O, AEq, and By, like a fingerprint. An absorber investigated by Moessbauer
spectroscopy may contain several Fe-bearing compounds. Hence a Moessbauer spectrum
may be resolved into several single peak, doublet, and sextet subspectral components.
The relative subspectral peak area is roughly proportional to the relative amount of Fe in
this compound. Deviations from that proportionality arise, because Debye—Waller factors
are compound specific. De Grave and Van Alboom (1991) and Eeckhout and De Grave
(2003) evaluated Debye—Waller factors for many Fe-bearing minerals. Generally, Fe'"
ions have higher Debye—Waller factors than Fe*" ions and an f-factor correction may be

applied to account for this difference.

3.2.4 The Miniaturized Moessbauer Spectrometer MIMOS 11

The miniaturized Moessbauer spectrometer MIMOS II was specifically designed
for planetary missions. Besides miniaturization this involves low power consumption and
a rigid design to withstand high acceleration forces and shocks, large temperature
variations such as typical during the Martian diurnal cycle, and cosmic radiation. To
avoid complicated sample preparation the instrument is set up in backscattering
geometry. The instrument is simply applied to the sampling surface. Klingelhoefer et al.
(2003) give a detailed description of the instrument. The special features of MIMOS II
open up a range of terrestrial applications. It has been used in the monitoring of iron ore
production (Klingelhoefer et al., 1998), the monitoring of hydromorphic soils in the field

(Klingelhoefer et al., 1999; Feder et al., 2002, 2005), and in situ monitoring of corrosion
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and air pollution studies (de Souza et al., 2001, 2002). Due to its set-up in backscattering
geometry it is a non-destructive method suitable for the investigation of rare and precious
materials, such as archaeological artifacts (Klingelhoefer et al., 2002a, b; de Souza et al.,

2003; de Souza, 2004) or Martian meteorites (Schroeder et al., 2004; de Souza, 2004).

3.3 Mars

Martian surface materials contain between 13 and 18 wt% FeO (e.g., Rieder et al.,
1997), making it 2 to 3 times more abundant than in Earth’s crust. On the basis of that
high Fe content Morris et al. (1989b), Knudsen (1989), Knudsen et al. (1990, 1992), and
others argued in detail for the use of Moessbauer spectroscopy to investigate the surface
of Mars. Moessbauer spectroscopy was recommended for the in situ investigation of the
Martian surface in an ESA study on exobiology in the solar system and the search for life
on Mars (Westall et al., 2000; Wilson, 1999). The miniaturized Moessbauer spectrometer
MIMOS 1II was part of the payload of the ill-fated ESA Mars Express exobiological
lander ‘‘Beagle 2’ (Sims et al., 1999; Pullan et al., 2003). Two miniaturized Moessbauer
spectrometers (Klingelhoefer et al., 2003) are part of the payload of the Mars Exploration
Rovers “‘Spirit”> and ‘‘Opportunity’’ (Squyres et al., 2003), conducting successful
surface investigations on the planet since January 2004. The primary objective of the
Athena science investigation is to explore two sites on the Martian surface where water
may once have been present, and to assess past environmental conditions at those sites

and their suitability for life (Squyres et al., 2003).
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3.3.1 Gusev Crater

Gusev Crater was selected as the landing site for the Mars Exploration Rover
(MER) Spirit mission, because the crater could have collected sediments from a variety
of sources during its 3.9 Ga history, including fluvial, lacustrine, volcanic, glacial,
impact, regional and local aeolian, and global air falls. It may thus be a unique site to
investigate the past history of water on Mars, climate and geological changes, and the
potential habitability of the planet (Cabrol et al., 2003).

During its primary mission Spirit found no evidence for lacustrine sedimentation
in the plains surrounding its landing site (Squyres et al., 2004a). Instead Spirit’s
Moessbauer spectrometer identified olivine, pyroxene, non-stoichiometric magnetite, and
unspecified nanophase iron oxide in rocks and soils.1 Olivine is usually the first mineral
to weather away in aqueous environments (e.g., Eggleton, 1986). The ubiquitous
presence of olivine in soil suggests that physical rather than chemical weathering
processes currently dominate at Gusev crater (Morris et al., 2004). However, water
probably has been involved to a limited degree in the formation of veins, filled vugs, and
surface coatings that are associated with rocks at the Spirit landing site (Squyres et al.,
2004a; Haskin et al., 2005). Spirit’s Moessbauer spectrometer identified crystalline
hematite and elevated Fe3+/FeTota1 ratios associated with a multilayered coating on a
basaltic olivine-bearing rock dubbed Mazatzal (Morris et al., 2004), providing part of the
evidence. In that coating, Fe*" in olivine is negatively correlated with Fe3+ in nanophase
ferric oxides, requiring alteration of adhering soil or the underlying rock itself (Haskin et
al., 2005). Effects of aqueous activity are also seen in subsurface soils exposed in

trenches dug using the rover wheels in the intercrater plains. These effects include the
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oxidation of Fe’" as is indicated by elevated Fe*'/ Feroar ratios measured in the
subsurface soils compared to the topmost soil layer (Haskin et al., 2005; Morris et al.,
2006; Wang et al., 2006). The combined evidence implicates interaction with liquid
water, but not pools of surface or ground water, or hydrothermal conditions (Haskin et
al., 2005). Possible sources of water include precipitation and condensation from the
atmosphere (e.g., acid fog) or melting of ground ice during episodes of higher obliquity
(Arvidson et al., 2004).

Des Marais et al. (2005) assessed the availability of nutrient elements, energy and
liquid water on the Gusev plains. In particular, energy and reducing power to sustain
microbial synthesis can be provided by reduced minerals such as olivine, when altered by
water. Serpentinization of ultramafic rocks at temperatures <300 °C would end in the
production of magnetite and H, (Sleep et al., 2004). H; acts as a near universal source of
energy and reducing power for microorganisms. Chapelle et al. (2002) describe a
subsurface hydrogen-based methanogenic microbial community in deeply buried igneous
rocks on Earth. The Fe-bearing mineralogy of dark soils derived from Moessbauer
spectra from both MER landing sites, Gusev Crater and Meridiani Planum, is essentially
identical and contains olivine, pyroxene, nanophase iron oxide and non-stoichiometric
magnetite as described above. Yen et al. (2005) conclude that olivine-bearing precursor
rocks may be wide-spread on the surface of Mars. Magnetite forms also by solely igneous
processes and its presence alongside olivine does not necessarily infer that it was formed
by serpentinization processes as described above (Schroeder et al., 2005). Des Marais et
al. (2005) conclude, that, despite the current sparsity of water, because of the potential of

mafic and ultramafic terrains to sustain chemosynthetic microorganisms in subsurface
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environments, the Gusev Crater plains and related terrains merit closer scrutiny in future
orbiter and lander missions.

On sol 156 after landing at Gusev Crater MER Spirit left the plains and started
ascending into the Columbia Hills, rising about 90m above the surrounding plains
(Arvidson et al., 2006). The Columbia Hills are composed of older material than the
surrounding plains. Rocks in the Columbia Hills are diverse in composition, some
outcrop rocks exhibit layered structures (Squyres et al., 2006). Iron oxidation ratios
Fe3+/FeT0tal of rocks in the Columbia Hills range from 0.2 to 0.9, i.e., from little alteration
comparable to rocks encountered in the plains to highly altered. Well-crystalline hematite
and goethite were identified by Moessbauer spectroscopy in highly altered rocks,
providing evidence for aqueous processes. Goethite in particular provides mineralogical
proof for aqueous processes because it has structural hydroxide and is formed under
aqueous conditions (Morris et al., 2006). However, Columbia Hills outcrops and rocks do
not represent lacustrine sediments (Squyres et al., 2006). They may have formed by the
aqueous alteration of basaltic rocks, volcaniclastic materials, and/or impact ejecta by

solutions that were rich in acid-volatile elements (Ming et al., 2006).

3.3.2 Meridiani Planum

Meridiani Planum was selected as the landing site for the MER Opportunity
mission because of the detection of hematite from orbital observations by the Mars
Global Surveyor TES (Christensen et al., 2000, 2001). Hematite formation in most cases
involves aqueous processes. At its landing site in 20m diameter Eagle crater,

Opportunity discovered flat-lying, finely laminated sedimentary rocks, which contained
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abundant sulfate salts (Squyres et al., 2004b). These rocks provide in situ evidence for an
ancient aqueous environment at Meridiani Planum, where conditions were suitable for
biological activity for a period of time in martian history (Squyres et al., 2004c). Key to
these findings is the identification of jarosite within the sedimentary rocks by
Opportunity’s Moessbauer spectrometer (Klingelhoefer et al., 2004). Jarosite is an iron
hydroxide sulfate mineral, whose general formula can be written (K, Na, H3;O)(Fes.
xAl)(SO04)2(OH)s, where x<1. Other cations such as Pb are possible. Jarosite provides
mineralogical in situ evidence for the presence of water on Mars and for aqueous acid
sulfate processes under oxidizing conditions. The average outcrop matrix contains ~2
wt% H2O0 within the jarosite alone (Klingelhoefer et al., 2004). Jarosite forms only under
low pH conditions (5 or less) (e.g., Catling, 2004) and puts thus strong contraints on the
chemistry and mineralogy of sedimentary outcrop material at Meridiani Planum (Clark et
al., 2005), the diagenesis of the sedimentary outcrop formations (McLennan et al., 2005),
and the geochemical modeling of evaporation processes on Mars (Tosca et al., 2005).
Knoll et al. (2005) give an astrobiological perspective on Meridiani Planum. Although
the high levels of acidity inferred from the presence of jarosite would have challenged
prebiotic chemical reactions thought to have played a role in the origin of life on Earth,
microbial populations on Earth have adapted to low pH levels and episodic water
limitation. Fe*" is soluble under low pH and thus would have been available as an
electron donor for microbial metabolism. Hence the Meridiani plain may have been
habitable during the time deposition of the outcrop material took place.

Dispersed throughout the sedimentary rocks are mmsized spherules, which are

interpreted to be concretions formed by postdepositional diagenesis, again involving



45

liquid water (Squyres et al., 2004c). The spherules are eroded from the rocks and cover
large parts of the Meridiani plains (Soderblom et al., 2004). Measurements with
Opportunity’s Moessbauer spectrometer showed, that the spherules are hematite-rich
(Klingelhoefer et al., 2004) and are thus the source for the hematite observed from orbit.
The occurrence of sulfates and iron oxides, both of which can preserve chemical, textural
and microfossil signatures (e.g., Allen et al., 2004; Fernandez-Remolar et al., 2005),
make Meridiani Planum a prime candidate for a Mars sample return mission (Knoll et al.,
2005).

Based on mineralogy and jarosite occurence, the Tinto river system in Spain, an
extreme acidic environment under the control of iron, provides an analogous habitat for
Meridiani Planum on Earth (Ferna” ndez-Remolar et al., 2004). The site may facilitate the
understanding of Meridiani mineral precipitation and diagenesis. At Rio Tinto a
microbial ecosystem thrives based on the iron cycle (Gonza" lez-Toril et al., 2003).
Biosignature and microfossils are preserved in iron oxides in the sedimentary rocks. The
site has been extensively studied by Moessbauer spectroscopy to allow for comparison
with data obtained from Meridiani Planum (Ferna’” ndez-Remolar et al., 2005). Jarosite
also forms during acid-sulfate alteration of volcanic rocks. Jarositic tephra on Mauna
Kea, Hawaii, are also well-studied by Moessbauer spectroscopy (Morris et al., 1996).

A single rock, dubbed Bounce Rock, discovered on the plains of Meridiani
Planum is completely unrelated to the ubiquitous sedimentary outcrop rocks. It was likely
ejected from a crater ~75km southwest from Opportunity’s landing site (Squyres et al.,
2004b). Moessbauer spectra identified the only Fe-bearing mineral as pyroxene

(Klingelhoefer et al., 2004). The spectra are unlike any other Moessbauer spectrum
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obtained on Mars to date, but similar to spectra taken in laboratories on Earth from
meteorites related to Mars. The Moessbauer spectra and data from Opportunity’s Alpha
Particle X-ray Spectrometer (APXS) (Rieder et al., 2004) of ‘‘Bounce’’ rock combined
revealed the first basaltic shergottitic rock on Mars (Rodionov et al., 2004; Zipfel et al.,
2004; Squyres et al., 2004b), similar in mineralogical and chemical composition to
Lithology B of the shergottite meteorite EETA 79001. The shergottites are a subgroup of
a larger group of meteorites whose origin has been interpreted to be Mars. Bounce rock is
the first rock related to these Martian meteorites discovered on Mars itself, adding further
evidence to their origin, and hence shows that exchange of matter—and possibly life or
prebiotic chemical compounds— between Mars and Earth occurred.

The recent findings from MER and the European orbiter Mars Express (e.g.,
Formisano et al., 2004) combined prompted one commentator to say: ‘‘Given what we
now know about Mars, planetary protection considerations require the assumption that

Martian life exists, until we learn otherwise’” (Kargel, 2004).

3.4 Loihi deep sea mount

Deep sea hydrothermal vents and the surrounding oceanic basaltic crust have been
hypothesized as the possible origin of life on the prebiotic Earth and provide Earth-bound
analogues to possible subsurface biospheres on Mars and Europa. The pressure,
temperature, temperature gradients, lack of sunlight and oligotrophic nature of these
surroundings are extreme in nature and force life to incorporate alternate methods of
metabolism for survival. It is thermodynamically possible for chemolithotrophs and

chemolithoautotrophs to utilize the large energy potential found in the form of Fe*" to
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Fe" transitions within the basaltic glass found in oceanic crust and seamount pillow
basalts. Iron is the leading nutrient candidate in the basaltic glass as an electron donor due
to its relative abundance (~12 wt% Fe-Total), high degree of reduced iron (~90% Fe2+)
and energy yield per reaction. Thus, the use of Moessbauer spectroscopy as a tool to
measure this potential yield can ultimately lead to an upper limit on energy available for
biomass production in a particular environment.

Weathering rates of basaltic glass in seawater has been an ongoing study with
early work done by Moore (1966) describing the palagonitization of pillow basalts taken
offshore near Hawaii. However, continued laboratory studies of the weathering rinds on
both natural and synthetic basalts has produced a wide array of rates of palagonitization
varying from 10 4 to 70 mm/1000 years (Techer et al., 2001). Numerous experiments
(e.g., Advocat et al., 1991) have shown that dissolution of natural and synthetic glasses
depend on three main factors: (1) temperature and pH of the surrounding solution, (2)
hydrolysis of the glass matrix and (3) the secondary mineral phases generated by the
weathering eventually sealing the fresh glass off from further weathering. One can argue
that over the past several decades, a fourth method of dissolution/alteration has been
discovered in the form of microbiology (e.g., Ross and Fisher, 1986; Thorseth et al.,
1992, 1995; Furnes et al., 1996; Giovannoni et al., 1996; Torsvik et al., 1998; Furnes and
Staudigel, 1999; Furnes et al., 2001). Daughney et al. (2004) report microbiota enhanced
removal of Mn and Fe from natural basalt when compared to abiotic controls, furthering
the theory that microbes play an important role in chemical cycling between the oceanic
basalt crust and seawater (Staudigel and Hart, 1983). Agresti et al. (1994), using

Moessbauer spectroscopy, identified superparamagnetic Fe oxide material at deep sea
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smoker vents, which is correlated with anaerobic bacteria found to thrive there. Bailey et
al. (2004) have cultured several strains of Fe-oxidizing bacteria from various basalt
surfaces with SEM data showing significant colonization of fresh basalt after a one year
exposure to hydrothermal vent water in Hawaii.

Biotic alteration of basaltic glass competes with abiotic alteration in the deep
biosphere as bottom seawater interacts with the glass to form palagonite, an oxidized,
hydrated form of basaltic glass (Thorseth et al., 1991). Numerous researchers have shown
that photomicrographs of pillow basalt thin sections allow for quantification and
identification of various types of alteration (e.g. Torsvik et al., 1998; Furnes and
Staudigel, 1999; Fisk et al., 1998). Furnes and Staudigel (1999) took several samples
from DSDP/ODP drill holes and quantified the amount of abiotic vs biotic alteration in
glass margins from pillow basalts. Their results show that 60—85% of total alteration in
the upper 250m of oceanic crust can be attributed to biological alteration. This trend
gradually decreases down to approximately 10% biological alteration at 550m depth
where temperature, oxygen availability, and porosity limit biological growth and effects.

To study the effects of iron in basaltic glass on microbial communities, several
synthetic basalt glasses of varying composition and oxidation states were created in
platinum crucibles in a molybdenum heating element furnace. The raw starting material
for the synthetic glasses was quenched tholeiitic basalt glass taken from an active lava
flow from the Pu’u O’o vent, Kilauea Volcano, Hawaii, USA. The raw material was then
powdered in a disc mill and remelted at 1450 1C to achieve homogeneity and lack of
crystal structure. Some glass samples were also amended with other nutrients necessary

for survival such as apatite (a phosphate-rich mineral) and reduced manganese, another
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potential electron donor, but these fall outside the realm of this study. The iron oxidation
state of each glass substrate was either unaltered from its natural state or oxidized by
firing at sub-solidus temperatures (700 1C) for 4 h prior to remelting, yielding samples
containing primarily reduced and oxidized iron, respectively.

The substrates were again powdered and sewn into sachets with 50 mm mesh and
housed in open 400 PVC tubes. Each different type of glass was exposed for one year on
Loihi Seamount, Hawaii in a diffuse hydrothermal vent field at the base of the Tower
Vents inside Pele’s Pit (water temp ~10 °C, ambient ~3 °C). The PVC tubes were placed
into active hydrothermal vents using the Pisces V submersibles operated by the Hawaii
Undersea Research Laboratory (HURL). The samples were collected in the following
year after a 13-month deployment. Upon retrieval, fine-grained sediment in the sample,
predominately composed of starting material but enriched in secondary mineral phases
(iron oxyhydroxides and clays) and altered glass (palagonite) created in the weathering
process of the fresh glass, was separated from the bulk sample by immersion in distilled,
deionized (DDI) water, sonicated to separate secondary mineral phases from nucleation
sites on the glass and suspending the fines in DDI water followed by suction filtration
through 0.22 mm Teflon filters.

The iron oxidation state of the fine fraction of glass was analyzed via Moessbauer
spectroscopy using a common laboratory transmission setup, and compared to the bulk
oxidation state of the coarse remaining material, which is believed to have negligible
amounts of weathering due to large grain size to gauge reaction rates and weathering over
a 1 year time period. The Moessbauer spectra were evaluated fitting ferric and ferrous-

bearing phases with Voigt lineshapes. In accordance with De Grave and Van Alboom,
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(1991) and Morris et al. (1995) the ratio f(Fe*")/ f(Fe*") = 1.21 was used. Figure 3.3 and
Table 3.1 show an initial Fe*"/Fer ratio of 0.13 (Sample 2) and 0.70 (Sample 4) percent
in the bulk natural and oxidized glasses, respectively. The fine fraction, representing a
higher degree of alteration/weathering, shows an increase of the Fe*'/ Ferota ratio to 0.17
in the natural glass (Sample 1) and 0.72 in the oxidized glass (Sample 3). The increase of
Fe’" by 4% over 1 year in the bulk natural sample is in good agreement with theoretical
estimates (see below), but the change is low in comparison to the errors for relative peak
areas, usually quoted as 72% absolute. The observed increase of Fe'* in the oxidized
glass (2%) is smaller than in the natural glass, which is as expected from the reduced
availability of Fe’" to start with. Repeated measurements with different velocity settings

on the same samples confirm the observed trends.
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Figure 3.3. Moessbauer spectra of basaltic glass samples exposed for 1 year at the Loihi
seamount, from top: Sample # 1, natural glass, fine fraction; sample # 2, natural glass,
coarse fraction; sample # 3, oxidized glass, fine fraction; sample # 4, oxidized glass,

coarse fraction. Spectra are offset for clarity.

Table 3.1. Moessbauer parameters, area ratios for Fe’" and Fe’" bearing subspectral
components, and Fe3+/FeT0tal rations of Mossbauer spectra obtained from basaltic glass

samples exposed at the Loihi deep sea hydrothermal mount.

Sample Fe** Fe' A Fe’'B Fe*' /Ferot
AEq AEq AEq
d (mm/s) (mm/s) A (%) d (mm/s) (mm/s) A (%) d (mm/s) (mm/s) A (%)
1. Natural Glass (fines) [0.31]abc [1.23] 17d [1.05] [1.92] 74 [1.13] [2.89] 8 0.17
2. Natural Glass
(coarse) [0.31]abc [1.23] 13 1.05 1.92 71 1.13 2.89 15 0.13
3. Oxidized Glass
(fines) 0.30 1.25 72 [1.05] [1.92] 28 [1.13] [2.89] 1 0.72
4. Oxidized Glass
(coarse) 0.31 1.25 70 [1.05] [1.92] 27 [1.13] [2.89] 3 0.70

* Values in square brackets are constraints used in fitting processes

® Isomer shifts, d, are quoted relative to pure metallic Fe foil

¢ Uncertainties of d and DEQ are in 0.02 mm/s
¢ The uncertainty of peak area ratios are +/- 2% absolute
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Calculating potential biomass yields from chemolithoautotrophic growth is an
extremely difficult and complex problem. Several papers aimed at quantifying this type
of biomass production have been generated (e.g., Battley, 1998). Bach and Edwards
(2003) used results from Heijnen and Van Dijken (1992) to estimate that up to
48+21x10" g cellular C per year are created through aerobic and anaerobic iron and
sulfur oxidation. Building upon this previous work, initial estimates of the rate of iron
oxidation on Loihi within our crushed synthetic basaltic glasses have been shown to be
about 3% per year. Using this oxidation rate and the aerobic Fe oxidation values set forth
by Bach and Edwards (2003) (292+117 kJ/g C produced, AG of 66.2 kJ/mole Fe
oxidized, a factor of 1:2.2 in g C biomass: g dry weight of cells), a total of approximately
3x107 g cellular weight/kg fresh basalt glass can be produced per year. Approximately
2.5km?” of new oceanic crust/year are generated at spreading ridges and if the upper 5m of
this new crust is about 10% basalt glass, the total potential biomass production per year
over the spreading ridges alone is about 3 x 10’ g cellular weight! This is only the
maximum upper bound on biomass production, however, from an astrobiology
perspective, it shows that there indeed exists energy available from iron oxidation
wherever water and Fe-rich rock interact that life can harness for growth and

proliferation.

3.5 Conclusions

The Moessbauer spectrometers on the Mars Exploration Rovers Spirit and
Opportunity were successfully used in the in situ identification and characterization of

aqueous minerals such as jarosite and hematite (Klingelhoefer et al., 2004). The
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identification of jarosite was crucial to evaluate the habitability of Opportunity’s landing
site at Meridiani Planum during the formation of the sedimentary outcrop rocks, because
jarosite puts strong constrains on pH levels (Knoll et al., 2005). Its identification is also
crucial for the evaluation of analogous habitats that can be studied on Earth such as the
Rio Tinto system in Spain (Ferna” ndez- Remolar et al., 2004, 2005). Fe oxidation states
and Fe3+/ FeTotal ratios provide further evidence for aqueous processes on Mars (Haskin
et al., 2005). In contrast, the identification of olivine in rocks and soils on the Gusev
crater plains provide evidence for the long-term sparsity of water in that area on Mars
(Morris et al., 2004). On the other hand, aqueous alteration of olivine may provide an
energy source for microbial metabolism (Des Marais et al., 2005).

Moessbauer spectroscopy supported the identification of the first rock on Mars,
which is actually similar in elemental and mineralogical composition to Martian
meteorites discovered on Earth (Rodionov et al., 2004; Zipfel et al., 2004; Klingelhoefer
et al., 2004; Squyres et al., 2004b).

Although Moessbauer spectroscpy cannot detect life directly, the identification of
Fe-bearing minerals is crucial in the hunt for it. Iron oxides such as hematite, and
Febearing sulfates can preserve microfossils (e.g., Allen et al., 2004; Ferna’ ndez-
Remolar et al., 2005). So-called biominerals comprise Fe oxides such as magnetite, as
well as sulfides, carbonates, and phosphates of iron (Cornell and Schwertmann, 1996).
Moessbauer spectroscopy thus remains an important contact instrument to choose rocks
in situ that merit further analysis in sophsiticated laboratories inside future rovers, or, on

Earth after Mars sample return.
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Results from Moessbauer spectroscopy confirm estimates of biomass yield from
the utilization of the Fe*/Fe’ redox potential in basaltic glass by chemolithoautotrophs
at deep sea hydrothermal vent systems. While not all aqueous oxidation of iron within
basaltic glass is evidence for life, the iron does present an energy source for
chemolithoautotrophic growth and relative proportions of Fe*"/Fe’” allow for a measure
of potential energy for use by a microbial community. Such measurements are just one
example of how the technique can help to understand habitats, which are possibly
analogous to sub-ice environments on Europa and Jupiter’s other icy moons Ganymede
and Calisto.

The potential for the application of Moessbauer spectroscopy within the field of

astrobiology is by far not exhausted.
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Abstract

Many recent studies have shown that submarine basaltic rocks can host a diverse,
well-developed microbial community and yet the ocean crust has been shown to be
extremely oligotrophic, especially below its surface. This study demonstrates that iron-
oxidizing and -reducing bacterial strains, isolated from Loihi Seamount, are able to utilize
different nutrients (phosphate), electron donors (reduced iron as Fe(II)) and electron
acceptors (oxidized iron as Fe(Ill)) found within basaltic glasses. To test whether
microbial life is able to acquire specific required nutrients and energy sources directly
from basaltic substrates under nutrient-limiting conditions, we prepared three different
basaltic glass substrates: one amended with increased levels of phosphate (apatite), one
with predominantly Fe(Ill) and one with predominantly Fe(Il) and exposed these glasses
in an annular reactor to a suite of metal-oxidizing and reducing isolates and a microbial

mat consortium. Lithoautotrophic growth of Pseudomonas LOB-7, an obligate Fe(Il)
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oxidizing bacterium, was found on all basaltic substrates in excess of that found on a
background borosilicate glass, while enhanced growth was observed on the apatite
infused glass over other basaltic substrates when phosphate was absent in the growth
medium. Anaerobic, heterotrophic growth of Shewanella 601R-1 with lactate revealed
an ~2x increase in cell growth on the Fe(Ill)-enriched basalt. A parallel experiment
performed using a natural inoculum from a Fe(III)-rich microbial mat revealed enhanced
growth on all basalt surfaces over the background borosilicate glass. These results
indicate that basaltic substrates could be an attractive substrate for microbial colonization
under minimal nutrient conditions and suggests that enhanced growth of the colonizing

bacteria may result from the nutrient content of the basalt.

4.1 Introduction

Until recently, the upper basaltic oceanic crust has been considered largely
oligotrophic and unsuitable for the development of life. Yet microscopic and chemical
studies of volcanic glass revealed that it is likely that there is a thriving microbial
biosphere (Thorseth et al., 1992; for a complete review see Staudigel et al. 2008 and
references therein) that leaves characteristic textures that dominate glass alteration in the
upper 500m of the oceanic crust (e.g. Furnes et al., 1996; Furnes and Staudigel, 1999).
The biogenic origin of these textures has been supported by a range of geochemical
arguments and molecular probes (Staudigel, et al., 2008). Additionally, a multitude of
recent molecular and microbiological studies have begun to phylogenetically characterize
this deep biosphere at both hydrothermal spreading ridge axes (e.g. Thorseth et al., 2001;

Huber et al., 2002; Lysnes et al., 2004a & 2004b; Mason et al, 2007; Santelli et al., 2008;
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Mason et al., 2009; Santelli et al., 2009) and seamounts (e.g. Emerson and Moyer, 2002;
Templeton et al., 2005; Mason et al., 2007; Santelli et al., 2008; Mason et al., 2009).
While it is clear that a wide diverse seafloor basalt biosphere exists and that those
textures discussed above are of biological origin, no specific microbes have been
identified as those responsible for basalt bioalteration (although Fe(Il)-oxidizing bacteria
have been suggested as likely contributors, e.g. Edwards et al., 2004), and in particular no
clear indication has been found for the controls of these biological functions. Several
first order questions remain about these overall bioalteration processes: How do the
biotextures relate to surface biofilms associated with submarine volcanic rock surfaces?
What is the energy source? Where does the carbon come from? How do these microbes
obtain critical nutrients in these oligotrophic environments?

It is widely speculated that the very large content of reduced transition metals in
volcanic glass (Fe (II); Mn (I1)) might offer a significant energy source when oxidized by
O; or nitrate in seawater (Bach and Edwards, 2003). Indeed, several studies demonstrate
the presence of Fe(Il)- and Mn(Il)-oxidizing microbes in submarine volcanic settings
(e.g. Templeton et al., 2005; Emerson et al., 2007; Mason et al., 2007; Santelli et al.,
2008) and that microbes do form biofilms on glass (e.g. Staudigel et al., 1995) and
volcanic rock (e.g. Daughney, et al., 2004, Rogers and Bennett, 2004). Microbially
mediated digestion of these basaltic materials may release reduced metals and possibly
some nutrients that may be used to drive carbon fixation and primary productivity (e.g.
Stevens and McKinley, 1995; Edwards et al., 2004; Rogers and Bennett, 2004).

However, while there is much circumstantial evidence, it remains to be demonstrated that
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microbes can directly obtain reduced transition metals or other nutrients from volcanic
rock through colonization and direct interaction with the glass.

In this study we explored the ability of marine microorganisms to colonize and
directly utilize particular nutrients (phosphate) and energy sources (Fe(Il)/Fe(Ill) as the
primary electron donor/acceptor in this setup) from silicate glass surfaces of specific
composition. We used a natural Fe(Ill)-rich microbial inoculum and microbial isolates,
specifically Fe(Il)-oxidizing strains of Pseudomonas and a Fe(Ill)-reducing Shewanella
sp. obtained from the hydrothermally active Loihi Seamount (Hawai’i). In our
experiments, we explore the role of substrate Fe(II)/Fe(Ill) as a key redox pair that may
provide energy for autotrophic carbon fixation and the role of substrate-based phosphate
as a nutrient under nutrient-starved conditions. Experiments were designed to
specifically explore how the concentration of Fe(Il), Fe(Ill) or PO, in specifically
formulated glasses would control the colonization density of biofilms that formed with
30-113 days of growth in oligotrophic annular reactors. Our observations of microbial
colonization and biofilm density show a strong correlation between substrate composition

and the microbial metabolic function of the isolates studied.
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4.2 Methods and Materials

4.2.1 Basalt substrates

Colonization studies were carried out using polished sections of three distinct
glass compositions mounted with epoxy on a standard borosilicate microscope slide.
Basalt glass substrates were all derived from a natural tholeiitic basaltic glass (sample
number: HSHI-16) that was quenched from an active lava flow on Kilauea Volcano,
Hawai’l (Pu’U Oo; 11-21-2002). This glass was powdered in a disc mill and split into
three separate batches for chemical modification (see Table 1). The first batch was
remelted to yield our “Normal” Basalt (NB). The Oxidized Basalt (OB) was prepared by
firing the glass powder at subsolidus temperatures (750-850°C) and re-ground three
consecutive times in order to oxidize Fe(Il) to Fe(Ill) as much as possible. The Apatite
Basalt (AB) was prepared using NB and amended with 5 wt% of apatite
(Cas(PO4)3(OH)33F033Clo33) crystals (< 97um). All substrates were fused in a bottom
loading furnace at 1450°C for 30 mins in a platinum crucible for homogenization
purposes and to resorb crystalline material and vesicles. The silicate melt was then
poured into graphite molds and annealed at temperatures of 850°C and 450°C for 15 mins
each to relieve internal stresses and minimize shattering during sectioning and polishing.
The basalts were then placed side by side and cut into 60 mm thick thin-sections and
polished such that the resultant slide had all four types of substrates aligned on one slide
(NB, OB, AB, borosilicate). Major element compositions of these glasses were
determined by electron microprobe for major element analysis; Fe speciation within the

glass was determined by Mdssbauer spectroscopy (Table 1; Schroeder et al., 2006).
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4.2.2 Bacterial Communities, Isolation and Media

Bacterial isolation and experiments are all based on a modified Wolfe’s mineral
medium (Wolin et al.,, 1963) which is an artificial seawater medium described in
Emerson and Moyer (1997; hereafter referred to as “MMWM?”), and prepared with 18.3
MW DDI water. The MMWM medium was prepared by using (per 1L of 18.3 MW DDI
water: 27.5g NaCl, 5.38g MgCl,(6H,0), 0.72g KCl, 0.2g NaHCOs, 1.4g CaCl,, 1.0
NH4C1, 0.05 KoHPO4. The solution was then autoclaved and amended with 1ml of
vitamin solution (per 200ml 18.3 MW DDI water: 20mg biotin, 4mg niacin, 2mg thiamin,
4mg pABA, 2mg pantothenic, 20mg pyridoxine, 2mg B12, 4mg riboflavin, 4mg folic
acid, filter sterilized) and Iml trace elements (per 1L 18.3 MW DDI water: 10mg CuSQOq-
5H,0, 44mg ZnSO4-7H,0, 20mg CoCl,-6H20, 13mg Na,Mo0O4-2H,0, filter sterilized
and the pH adjusted to 7.6). Dissolved CO, was the only carbon source available for the
aerobic experiments to promote autotrophy. For anaerobic experiments, MMWM was de-
oxygenated by bubbling with N», and Na-lactate (100mM final concentration) was added
as the carbon and energy source. For the phosphate-limited experiment, K;HPO, was
excluded from the basal medium.

For our experiments, we used two bacterial strains and a sub-sample from a
natural microbial community harvested from an iron oxyhydroxide microbial mat.
Pseudomonas sp. strain LOB-7 is an obligate, Fe(Il)-oxidizing, lithoautotrophic rod-
shaped bacterium, which was isolated from a low-temperature Fe-oxyhydroxide-rich mat
on Loihi Seamount off the southeast coast of the Big Island of Hawai’i (Templeton,
unpublished data). Shewanella strain 601R-1 is a Fe(Ill)-reducing bacterium isolated at

room temperature from the Upper Hiolo Vents on Loihi Seamount. Anaerobic
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enrichment cultures used MMWM with 10mM poorly-crystalline ferric oxides (prepared
after Frederickson et al., 1998) as the sole electron acceptor and 10mM Na-lactate as the
primary e-donor. The strain was isolated through dilution to extinction. Sequencing and
BLAST (McGinnis and Madden, 2004) of this isolate’s 16S rRNA region revealed that
its 16S rRNA structure is 99% similar to Shewanella loihica PV-4, another facultative
Fe(Il)-reducing strain isolated from Loihi Seamount (Gao et al. 2006). The bacterial
enrichment, 05PV610R3 (hereafter 610R3), came from an Fe-rich microbial floc found
on Nafanua, the central cone of Vailulu’u Seamount (Staudigel et.al., 2006). This
enrichment was originally for Fe(Il)-oxidizers as it was microaerophilic with no added
carbon; however, some heterotrophy and iron reduction may have been present under
those conditions. Diversity studies have been completed on the original sample from this
site collected 3 months later from which this enrichment was inoculated (Sudek et al.,

2009).

4.2.3 Experiments

All incubation experiments were carried out in an autoclaved, 1L annular reactor
(Biosurface Technologies, Model 1120 LS) in the dark at 17°C, in the (laboratory)
atmosphere (passive exposure to air was filtered through a 0.22 mm syringe filter) or in a
100% N,-filled glove bag for the anaerobic Shewanella experiment, flushing nitrogen
every 4 days. Each bacterial culture was grown under microaerophilic conditions (LOB-
7 and 610R3) or anaerobically (601-R1) in 10ml syrum vials and were inoculated at

stationary phase. As the experiments compare one surface to another within an isolated
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experiment and not across experiments, the initial concentration of bacteria was not
measured upon inoculation. Experimental conditions were:

1) FeOx(+p) - Fe(Il)-oxidizing Pseudomonas isolate LOB-7 , on MMWM media, 30 days
1n air;

2) FeOx(-p) - Fe(Il)-oxidizing Pseudomonas isolate, LOB-7, on MMWM (-)POy, 30 days
in air on MMWM without phosphate;

3) FeRed - Fe(Ill)-Reducing Shewanella isolate, 601R-1, 30 days on anoxic MMWM
(+)lactate (in Ny);

4) Enrichment - a microbial community, 610R3, on MMWM in air with multiple samples
taken at time intervals up to 113 days; and

5) An abiotic control was carried out over 30 days with MMWM medium to demonstrate
sterility of the system and to explore the potential for abiotic authigenic mineral

deposition.

Determination of growth was based on total cell counts performed using 4',6-
diamidino-2-phenylindole (DAPI) (Porter and Feig, 1980) on a Zeiss Axioplan Universal
Compound Microscope with a mercury fluorescent light source. We counted at least
three independent areas defined by the field of vision with a diameter of 0.23 mm.
Uncertainties were determined as the 2 sigma variation in counts between these fields.
Cell counts were also carried out on the borosilicate glass and the epoxy-mounting
medium to obtain an iron and phosphate-free substrate background. We plotted cell
counts on background glass and cell counts on basaltic glass substrates in Figure 4.1. The

uncertainties of the cell count values are reported as 2s (standard deviation from triplicate
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measurements). During cell counts via light microscopy, false positive counts from
autofluorescence were minimized due to the distinct rod shapes of the cells; however, the
small size of the cells associated with oxides and secondary minerals could have

artificially increased cell counts in the final tally.
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Figure 4.1. Cell counts on various basalt and background substrates after growth for 30
days. All numbers have been normalized to background counts on the borosilicate glass.
LOB-7(+) is an obligate autotrophic Fe(Il)-oxidizing Pseudomonas isolate on EM media
with PO, added in. LOB-7(-) is the same Pseudomonas Fe(Il)-oxidizer on EM media
without PO4 added to the media. 601R-1 is inoculated with a, iron-reducing Shewanella
strain. NB = normal basaltic glass, OB = oxidized basaltic glass, AB = apatite basaltic
glass. The red line indicates an upper bound on error calculations for background counts
made on the borosilicate glass. Error bars represent 2s. No discernable difference in cell
counts were observed under normal conditions. However, under PO, starving conditions,
a dramatic increase of approximately 225% growth over background and an almost 200%
increase over normal basalt was witnessed on the apatite doped basalts. A similar effect
was witnessed on the oxidized basalts using 601R-1 given the much higher degree of
available Fe(III) within the basalt substrate.
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4.3 Results

The chemical composition of the three glasses (NB, OB and AB) were determined
by electron microprobe (Table 4.1). These analyses confirmed that the bulk
concentration of most elements were similar to Normal Basalt and only the
concentrations of phosphorus and the Fe(Ill)/Fe(total) ratios were significantly altered.
Schroeder et al., (2006) determined a Fe(IIl) /Fe(total) ratio of 0.70 in the oxidized glass
by Moessbauer spectroscopy while this ratio is 0.13 in the natural glass. Phosphate
concentration in the apatite-doped basalt was increased to 2.22% compared to 0.35% in

the natural material. Some small non-resorbed apatite remained visible in the glass.

Table 4.1. Major element analysis by microprobe of the amended basaltic glass after
rocessing. Elements are reported as oxides and numbers are given in weight %.

Sample Name Si0, TiO, AlLO; Cr,0; Fe;0; FeO MnO MgO CaO Na,O K,0 P05 Total
Normal Basalt 5192 239 1353 005 173 955 014 705 1068 189 039 032  99.62
Oxidized Basalt 5150 242 1352 007 869 335 014 699 1065 186 038 031 99.88
Apatite Basalt 49.25 223 1275  0.03 164 904 017 668 13.09 181 038 222 99.27

All biological experiments resulted in preferred colonization on the basalt
surfaces compared to the background borosilicate glass (Figures 4.1 and 4.2) even though
FeOx(-p) cell counts are within the uncertainty of the background colonization for the
oxidized basalt (Figure 4.1). T-Test statistical analysis on these data show that each of
the basaltic data sets are statistically different from the background glass sample where
most values were between 0.08-0.13 and the largest t-test result was 0.19. Two of the
experiments showed substantially enhanced growth. The Fe(Il)-oxidizing Pseudomonas

LOB-7 grew 2-2.5x better on the PO4-doped basalt relative to the other basalts. Similarly,
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the Fe(Ill)-reducing Shewanella 601R-1 grew ~2x better on the Fe(Ill)-rich basalt (OB)
(with its four-fold high amount of Fe(III)) than the other basalts. This shows that, at least
in an anaerobic environment, our strain of Shewanella can use Fe (III) from basalt as an
electron acceptor. The abiotic experiment revealed no significant precipitation or detritus

on the glass surfaces after 30 days and showed little to no alteration in SEM images (data

not shown).
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Figure 4.2. A 115 day enrichment culture using 610R3 microbial community as an
inoculum where cells were counted on each substrate at various intervals and are reported
in cells counted per field of view (0.23 mm). Cellular growth in all cases was higher on
basaltic substrates than background borosilicate glass and the embedding epoxy. Error
bars represent 20.

The Fe-rich microbial mat 610R3 collected from Vailulu’u Seamount was used to
directly inoculate the annular reactor containing seven identical sets of basalt slides.
Slides were sequentially harvested at Day 1, 5, 14, 28, 57, 85 and 113, respectively. Cell
counts from this experiment (Figure 4.2) show that there is no discernable difference

between basalt substrates. However, there is a clear preference for colonization of any of
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the basalt glasses relative to borosilicate glass and epoxy. Overall the system reaches a
steady-state cell abundance after about 60 days. We attempted to characterize the
microbial communities associated with each glass slide but were unable to extract
sufficient DNA.

Figure 4.3 displays four scanning electron microscope (SEM) photomicrographs
taken from FeOx(+p) where scattered single cells formed on the borosilicate glass (Figure
4.3A), surrounding epoxy (Figure 4.3B), natural basalt (Figure 4.3C) and oxidized basalt
(Figure 4.3D). Each biofilm consists of a discontinuous monolayer of the Fe(II)-
oxidizing Pseudomonas isolate; however, the basalt substrates clearly indicate a greater
density of cells versus the nutrient-poor epoxy and borosilicate glass. Similar features
and densities of the Fe(Ill)-reducing Shewanella 601R-1 were seen on the oxidized basalt

(data not shown).



Figure 4.3. SEM photomicrographs of various glass types colonized with Pseudomonas
isolate LOB-7(+). All photos are taken from the same experiment after a 42 day
incubation period. (A) Borosilicate glass. (B) Surrounding epoxy. (C) Normal basalt.
(D) Oxidized basalt. Cell coverage on each basalt surface is much higher than on
borosilicate glasses and the surrounding epoxy. Scale bars represent 10um.

79
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4.4 Discussion

The potential for preference of some microbes to colonize and grow on particular
substrate compositions basaltic glass base-composition colonization and growth in
nutrient-limiting environments has far reaching implications for a deep subsurface
biosphere. The abundance of bioalteration textures in basalts from the oceanic crust
suggests that microbial processes dominate, or at least play an important role in the
alteration of basaltic glass (e.g. Thorseth et al., 19911992; Furnes and Staudigel, 1999;
Staudigel et al., 2008). These microbial activities are important, as the resultant glass
alteration dominates the low temperature geochemical fluxes between seawater and the
extrusive oceanic crust. (Staudigel and Hart, 1983). The mechanisms and driving forces
behind this dissolution/alteration are largely hypothesized to be organic ligands and local
environment pH changes (e.g. Rogers et al., 2001; Buss et al., 2007; Wu et al., 2008),
however). However, the focus of most of our discussion keys in on how compositional
characteristics of basalt might provide particular nutrients and energy in the form of
electron donor/acceptors by taking advantage of elements within the basaltic glass matrix
(e.g. Rogers et al., 1998; 2001).

While our study does not necessitate actual release of Fe from the glass matrix for
electron transfer, we do observe an increase in iron on the surface of the glasses
compared to abiotic controls . This suggests that microbial activity mediates the release
of some Fe from the glass surfaces microbial Fe release from mineral surfaces is .
Maurice et al. (2001a, 2001b) reported that an aerobic Pseudomonas mendocina
bacterium has the ability to enhance mineral dissolution in kaolinites (0.04 wt% Fe,;Os3) in

a Fe-limiting setting and additionally releases significant amounts of Al and Si when
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compared to a non-Fe-limited environment. Buss et al. (2007) showed significant surface
alteration and pitting when subjected to siderophores and Brantley et al. (2001) show an
enhanced Fe release from mineral surfaces which is additionally isotopically light when
in the presence of bacteria/siderophores. Kalinowski et al. (2000) report that Fe release
from hornblende is accelerated by up to a factor of ~20 in the presence of bacteria.

Fe(Il) is probably the most attractive energy source in basalts since basalts typically
contain 10-12 wt% Fe and 90% of this is Fe(II) which is capable of supporting the growth
of chemolithoautotrophic Fe(Il)-oxidizing bacteria (e.g. Edwards et al. 2003, Bach and
Edwards 2003). Bach and Edwards (2003) propose that up to 48+21 x 10'° g of cellular
carbon is produced per year within ridge flanks due to Fe and S oxidation. The potential
biomass associated with this subsurface environment can have a significant impact on
chemical cycling within the deep oceanic crust. Additionally, energy may be derived
from Fe(III) reduction when coupled to organic carbon oxidation. Fresh basalt contains
typically about 1 wt% Fe(Ill) and bulk altered basaltic alteration products crusts host
~15-25 wt% Fe(Ill) (Alt and Honnorez, 1984; Staudigel et al., 1996). This Fe(III) can act
as a terminal electron acceptor which is crucial to electron flow in anaerobic microbial
metabolism. Without access to nitrate, coupling oxidation of lactate to reduction of ferric

iron results in favorable energy yields within the given constraints of our experiments:

C3H:0;3 +12Fe* +3H,0 = 3CO, +11H" +12Fe*"  AG°=-846 kJ/mol

Stapleton et. al. (2005) report on several strains of Shewanella capable of metal reduction

(including Fe(IIl)) within marine sediments and active iron-rich hydrothermal vent sites.
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The importance of Fe redox related metabolism of basalt hosted microbial
communities has been shown to potentially support a massive subsurface microbial
ecosystem (e.g. Stevens and McKinley, 1995; Bach and Edwards, 2003; Edwards et al.,
2003), but so far it has been uncertain whether microbes access the Fe passively through
interactions with hydrothermal solutions or whether they are actively involved in
interactions with the substrates themselves. This distinction is important as active
hydrothermal venting in a volcanic system is restricted in time and space, and therefore
microbial activity would only occur during initial eruption and along ridge/active
seamount flanks. In contrast the basaltic substrates themselves are much more common
and available for much longer time (i.e. until subduction or burial), well beyond
termination of volcanic activity, and thus microbial activity could continue throughout
the entire lifespan of the substrate if the microbe/mineral interaction was active instead of
passive. Furthermore, there is a wide range of geochemical and microbe-functional
implications associated with active vs passive interactions. Active microbial dissolution
of substrates can be a much more efficient mechanism of utilization and chemical fluxes
from basalt alteration may be profoundly altered when mediated by microbial activities.
Passive interactions or dissolution as a convenient by-product of other cellular
mechanisms would ultimately result in lower geochemical fluxes.

These results indicate that the presence of basalt in the environment is beneficial
for the growth of the microbes and the consortia used in our experiments. Although the
scope of these experiments may not point to a unique nutrient or energy source given the
complex major and trace element composition of basalt, more specific experiments could

be carried out to delineate particular metabolic requirements. For example, future
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experiments could focus on pure silica glasses amended with phosphate or iron to target
specific elements required for growth. However, it is fair to say that (1) several
components in basaltic glass may be readily available for microbial utilization and/or
consumption, and (2) most critical chemical components are available in abundances well
above the concentration in the media. Hence, future studies should examine other
potential nutrient candidates or electron donor/acceptor pairs that occur in basalts and
which could be utilized by microbes (e.g. Mn, S, U, Mo) for growth and metabolism.

The goal of our study was to explore the extent to which microbes directly interact with
substrates by simulating oligotrophic conditions and by providing them with nutrients or
energy sources from the glass itself. All of our basaltic glasses provided a more attractive
growth substrate than borosilicate glass (except FeOx(-p) in which error bars overlap
between oxidized basalt and background). The results presented here indicate that single
isolates grew better on substrates that contained the needed nutrients (i.e., phosphate) or
electron donor/acceptor (Fe(Il)/Fe(Ill)) during nutrient-poor or starving conditions. In
fact, it is very likely that these microbes are able to utilize the P or Fe(Il)/Fe(Ill) directly
from the basaltic glass and that substrate composition positively affects the overall
growth potential in oligotrophic environments. While not specifically tested in this set of
experiments, it should be noted that the operating assumption is that if the microbe would
not grow if it can not access the necessary element within the enclosed system via media,

utilizing them from the rock matrix or otherwise, it would not grow.
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4.4.1 Iron Cycling in Auto- and Heterotrophic Growth

Cells were seen on nearly all surfaces within the annular reactor chamber with
varying degrees of coverage with both the obligate Fe(Il)-oxidizing autotroph LOB-7
(Figure 4.3) and the microbial community 610R3. However, in most cases, more
growth/colonization was observed on the basaltic substrates than any other surface
present in the system indicating a strong preference for the basalt substrate. We infer
that this results from the higher concentration of Fe(Il) in the basalts. Additionally the
two experiments FeOx(+p) and the enrichment 610R3, from a natural Fe(IIl)-rich
environment, grown on MMWM revealed that no enhanced growth on any one basaltic
substrate relative to the other basaltic surfaces (Figures 4.1 and 4.2), suggesting that the
amount of Fe(Il) present in all substrates was enough to sustain biological productivity in
the form of lithoautotrophy.

In PO, experiments FeOx(+p) and FeOx(-p) (Figure 4.1), some (background)
colonization of LOB-7 was witnessed observed on the borosilicate glass. While no iron
was present in the given medium, trace quantities of Fe may be derived from the (biotic
or abiotic) dissolution of the basalt slides that were present in the system or the inoculum
itself, possibly providing LOB-7 with the necessary iron for growth. on the borosilicate
slide. Alternatively, cells may have initially grown on the basalt surface and detached
ultimately settling out on the borosilicate slide or cells were deposited directly onto these
surfaces with the initial inoculum. Additionally, it is not known if there were may have
been trace quantities of P or Fe in the borosilicate glasses or if we observed random
settling of cells that is not related to the substrate. Thus, while we don’t quite understand

the reasons why there are any cells on the borosilicate glass, the basaltic substrate appears
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to provide a better growth medium for initial lithoautotrophic colonizers may possibly
providing a foundation upon which other cells could attach, grow and form a biofilm..

The experiment with the enrichment culture (Figure 4.2) was designed to
determine whether a community of Fe(Il)-oxidizing bacteria would preferentially
colonize a particular substrate. In the annular reactor, the MMWM medium plus the
basalt and no other added electron donor effectively provided a growth environment that
enriched for lithoautotrophs. Whether the concentration of Fe(Il) in the glass was
sufficient or the microorganisms are extremely adept at utilizing the Fe(Il) in the
substrate is not clear. The end result was that it was not possible to distinguish differences
between each type of basalt which suggests that given that both Fe(Il)-oxidizers and
Fe(IIT) reducers were likely present; the various basaltic substrates all provided enough
Fe(IT)/Fe(III) to support biological growth from oxidation and reduction. The microbial
growth leveled off after ~60-80 days which is likely due to a nutrient (likely carbon/CO,
through passive exposure to air, fixed N, vitamins or perhaps even a quorum sensing
limitation on growth) limitation within the growth medium. However, it is important to
note that it was not likely a limitation on P given that all basalts, including the phosphate
buffed substrate, exhibited similar cell counts.

The Fe-Red experiment completed with the Fe(Ill)-reducing Shewanella sp.
601R-1 revealed preferred colonization of the Fe(Ill)-enriched (oxidized) basaltic glass
over other substrates. Gao et al. (2006) showed that using lactate as a carbon source,
Shewanella sp. PV-4 strain, which is phylogenetically similar to our 601-R1 strain, is
capable of reducing Fe(IIl), Mn(IV), Co(III), U(VI), Cr(VI) and fumarate. The oxidized

basalt was previously characterized by Schroeder et.al. (2006) who measured a
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Fe’*/Fe"™ ratio of 0.70 compared to 0.12 in the natural glass. Thus, this basalt contains
the largest source of oxidized Fe within our system and therefore presents the most
attractive target substrate for 601R-1 to colonize in an electron acceptor limited

environment.

4.4.2 Nutrient Leaching from Apatite Infused Basaltic Glass

The role of phosphate-containing substrates in the environment has been well
studied in terrestrial environments. In particular, in anoxic, carbon-rich, phosphorus- and
nitrogen-poor ground waters, feldspars with apatite inclusions appear to be preferentially
colonized over other similar substrates without such inclusions (e.g. Rogers and Bennett
2004, Rogers et. al. 1998, Stillings et.al. 1996, Welch et. al. 2002). Rogers et al (1998)
showed in a one-year exposure experiment that microcline (KAISi3;0s) with 0.24% P,0Os
was heavily colonized and weathered by microbes whereas a microcline with no
detectable phosphorus was not.

Our FeOx(-p) laboratory inoculation corroborates findings from terrestrial
systems: less growth was observed on substrates when phosphate was limiting (e.g.
Rogers et al., 1998). The apatite-doped basaltic glass hosts an ~7x increase in phosphate
concentration and results in a near 2.5x cell density on the substrate surface when
compared against the normal basalt. In the FeOx(-p) experiment (Figure 4.1), the apatite
basalt (AB) was significantly more colonized compared to the other basalts suggesting
two things: 1) our MMWM (+)PO4 media (~0.3mM K,HPO,) is not phosphate-limited as
evidenced by the similar growth patterns across all basalts and 2) the MMWM (-)PO4

experiment reveals that LOB-7 is able to leach phosphate out of a silicate matrix. Our
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study did not address the mechanism by which this bioleaching utilization occurs or
whether it is an abiotic dissolution/diffusion or a potentially biologically mediated
exchange reaction of which the microbes take advantage. Several studies have shown
that the presence of microbes increases the release of Fe and P due to microbe-mineral
interactions, hypothesized to occur due to the production of organic acids and metal
chelaters/ligands which break down the silicate matrix and release the needed elements
(e.g. Duff et.al. 1963, Rogers and Bennett 2004, Stillings et.al. 1996,). Welch et. al.
(2002) found that apatite dissolution is a function of pH and organic ligand content.
Barker et al. (1998) found that microbes create a microenvironment in which pH in the
immediate vicinity of the cells may be substantially different from the surrounding
medium. Applying this concept to our own findings where the solution pH never varied
more than 0.1 pH, suggests whether through organic ligands, acids, or abiotic passive
dissolution, dissolution enhancement could accelerate nutrient leaching and/or

weathering by several orders of magnitude (Welch et. al. 2002).

4.5 Conclusions

These studies have shown that microbial life is capable of obtaining required
elements directly from basaltic glass in nutrient- and energy-limiting environments.
These laboratory results are in agreement with previous in situ and laboratory work done
in terrestrial systems (Edwards et al., 2004), on phosphate-rich feldspars (Rogers et al.,
1998) and crushed basalt exposed in aquifers within the Columbia River Basalt Group

(Stevens and McKinley, 1995). The enhanced growth on the basaltic glasses over the
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borosilicate glass in all cases suggest that nutrients present within the basaltic silicate
matrix are beneficial for metabolic activity and cell proliferation.

The glasses amended with apatite or altered with respect to Fe oxidation state
tested whether substrate composition could affect the microbial community composition
associated with surface colonization by selecting for organisms capable of utilizing
specific nutrients or energy sources within the glass. Both Fe(Il)-oxidizing Pseudomonas
sp. LOB-7 and Fe(Ill)-reducing Shewanella sp. 601R-1 appear to be adept at accessing
iron and phosphate directly within the silicate matrix and consequently showed enhanced
growth on the glass containing the elements needed for metabolism relative to the
borosilicate glass.  The similar growth patterns across the various basalts for
Pseudomonas sp. LOB-7 and the natural sample inoculum from an Fe-rich site on
MMWM medium indicated that our 3 basalts contained sufficient reduced iron, even for
the Fe(Ill)-enriched (oxidized) basalt (approx. 23/77% Fe(I1)/Fe(Ill)), for cells to grow.
This demonstrates the efficiency with which the microbes are able to obtain elements
from the glass matrix. The ability to leach nutrients or use energy sources found in rocks
may be a specific adaptation of certain microbes, which may have potentially led to

specialized endo- and epi-lithic bacterial communities.
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Abstract

We present an interlaboratory comparison between full-length 16S rRNA
sequence analysis and terminal restriction length polymorphism (T-RFLP) for basalt-
hosted microbial communities on seafloor basaltic lavas, with the goal of evaluating how
similarly these two different DNA-based methods in two independent labs would
estimate the microbial diversity of these basalt samples. Two samples were selected for
these analyses based on differences detected in the overall levels of microbial diversity
between them. Richness estimators indicate that TRFLP analysis significantly
underestimates the richness of the relatively high-diversity seafloor basalt microbial
community: at least 50% of species from the high-diversity site are missed by TRFLP.
However, both methods reveal similar dominant species from the samples, and they
predict similar levels of relative diversity between the two samples. Importantly, these

results suggest that DNA-extraction or PCR-related bias between the two laboratories is
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minimal. We conclude that TRFLP may be useful for relative comparisons of diversity
between basalt samples, for identifying dominant species, and for estimating the richness
and evenness of low-diversity, skewed populations of seafloor basalt microbial

communities, but may miss a majority of species in highly diverse sample

5.1 Introduction

Application of the proper metrics for assessing, measuring, and quantifying
microbial populations in complex natural systems is a current and long-standing
challenge in microbial diversity (reviewed in Hughes et al., 2001). Community genetic
fingerprinting methods, such as terminal restriction fragment length polymorphism
(TRFLP; Liu et al., 1997), have been used repeatedly to investigate comparative
community composition owing to the procedure being relatively rapid, high-throughput
and inexpensive. For highly diverse microbial communities, however, there are
conflicting results whether different fingerprinting methods determine similar (for
example, Hartmann et al., 2005) or different (for example, Danovaro et al., 2006) levels
of diversity, although part of the disagreement between methodological approaches may
be due to focusing in some cases on the coding 16S rRNA gene and in others on the more
highly variable, non-coding intergenic regions of the DNA sequence. In addition, the
utility of fingerprinting methods to accurately calculate community diversity in complex
communities has been criticized due to inability of the methods to detect low abundance
(<1% of the community), rare taxa (Dunbar et al., 2000; Blackwood et al., 2003;
Engebretson and Moyer, 2003; Bent et al., 2007). Recent innovations, such as

pyrosequencing, now suggest that microbial communities contain even greater diversity
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than previously accepted (Sogin et al., 2006, Huber et al., 2007). It is unknown if this
diverse “rare biosphere” correlates to diversity in ecological or biogeochemical function,
though it is suggested that the it serves as a reservoir of genomic innovation to allow
microbial communities to adapt to changing environmental conditions (Sogin et al.,
2006). If fingerprinting methods exclude rare taxa, are they useful for predicting
metabolic potential in a microbial ecosystem?

A further challenge for microbial ecologists is the reproducibility of microbial
biodiversity surveys on similar samples using different methods. As one example,
surveys conducted on similar deep marine subsurface sediments using different methods
have resulted in contradictory interpretations of whether the domain Bacteria or Archaea
dominate the deep biosphere microbial community (Biddle et al., 2006, Inagaki et al.,
2006, Schippers and Neretin, 2006, Serensen and Teske, 2006, Lipp et al., in press). In
order to assess global and local biodiversity patterns and to correctly correlate microbial
community form with function, it is essential that methods are accurate, even is biased
(Hughes et al., 20006).

In the present study, two independent laboratories utilized different approaches
that target the 16S rRNA gene to evaluate diversity of seafloor basalt samples, for the
purposes of cross-comparing methods and interlaboratory biases in biodiversity
assessments. Previous studies have shown that seafloor basalts harbor some of the most
diverse microbial communities on Earth (Santelli et al., 2008). Here, a set of two seafloor
basalt samples collected from the Lo'ithi Seamount (Figure 5.1) were analyzed
independently by both TRFLP analysis and 16S rRNA gene clone libraries as well as in

silico TRFLP analysis of the 16S rRNA sequences. Commonly used diversity indices
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were applied to the results of both the community fingerprinting analysis by TRFLP as
well as to the similarity matrices calculated from the gene sequences. As compared to
previous computer simulated comparisons between TRFLP patterns and 16S rRNA
sequences (Liu et al., 1997; Engebretson and Moyer, 2003; Blackwood et al., 2007) and
comparisons between restriction digests of 16S rRNA gene clones amplified from soils
(Dunbar et al.,, 1999, 2000), this study evaluated empirically-derived diversity

assessments generated independently from the same samples.

5.2 Materials and Methods

5.2.1 Sample Collection

As described previously (Santelli et al., 2008) the basaltic lava samples for this
study were collected from distinct pillow lava outcrops around the big island of Hawai’i
during cruise KOK 02-24 on R/V Ka ‘imikai-o-Kanaloa in November 2002 using the
remotely-operated Pisces V submersible. Rock samples were placed in bioboxes
containing distilled freshwater, allowed to fill with ambient bottom seawater, sealed to
minimize contamination from the upper water column, and brought to the surface for
immediate processing. Upon retrieval shipboard, basalt samples were handled aseptically
using flame- and/or ethanol-sterilized equipment. One portion of the sample was stored
at -80 °C in a sterile Whirlpak™ bag for 16S rRNA clone library construction at the
Woods Hole Oceanographic Institute (WHOI); the other portion was stored in sterile

cryovials at -80C for TRFLP analysis at the Scripps Oceanographic Institute (SIO).
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Figure 5.1. Photographs of rock surfaces used in this study. Rock PV549-X2 was taken
from Pisces Peak (PP) and rock PV547-X3 was taken from marker #17 (M17). (inset
photo of Big Island modified from http://www.liz-randol.com/pdf/map bigi_lg.gif)
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5.2.2 T-RFLP Analysis
DNA was extracted from samples using the QBioGene FASTDNA SPIN kit for

Soil (http://www.QBioGene.com , Catalog #6560-200) and purifying/desalting resultant

DNA with a microcon centrifugal filter device (http://www.millipore.com, Cat# 42416).

The 16S rRNA gene was amplified via polymerase chain reaction (PCR) using universal
PCR primers with an annealing temperature of 56°C. The forward primer 68F (5- TNA
NAC ATG CAA GTC GRR CG) was fluorescently labeled on the 5° end with 6-FAM (6-
carboxyfluorescein); the reverse primer was 1492R (5 -RGY TAC CTT GTT ACG ACT
T). PCR amplification products were visualized and assayed for size by 1% gel
electrophoresis against a 1-kb ladder DNA standard. Fluorescently labeled PCR products
were then digested for 6 to 8 h with various restriction enzymes: Alul, Haelll, Hhal,
Mbol, Mspl, and Rsal (New England Biolabs, Beverly, Mass.). The array of end-labeled
SSU rDNA fragments was separated by polyacrylamide gel electrophoresis against the
Genescan-500 ROX size standard with an ABI model 377 automated DNA sequencer,
and the data were analyzed with the Genescan software (Applied Biosystems, Foster
City, Calif.). Electrophoretic resolution of the TRFLP fragments ranged from 50-500
base pairs (bp) in length. For the application of richness estimators, it was assumed that
the detection limit of the TRFLP analysis (i.e. a peak height of ~15 fluorescence units)
corresponded to one PCR amplicon; all peaks were then divided by this value to calculate
the frequency or abundance of the various OTUs. The use of higher cutoff criteria (i.e.
~50 fluorescence units as used in Danovaro et al., 2006) resulted in exclusion of small

peaks/rare abundance and was not further pursued.
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5.2.3 16S rRNA Gene Clone Library Construction and in-silico T-RFLP Analysis
Procedures for creating 16S rRNA gene clone libraries from the two samples have
been presented previously (Santelli et al., 2008). The sequences used in this study (from
Santelli et al., 2008) are deposited in GenBank under the accession number EU491020-
EU491090 (from Lo'ihi South Rift) and EU491091-EU491336 (from Lo'ihi Pisces
peak). The computer program DOTUR (Schloss et al., 2005) was used to calculate
species richness estimators from genetic sequence distances using a 97% sequence
similarity definition. Using the add-on program tRF-cut (Ricke et al., 2005) for ARB
(Ludwig et al., 2004), an in silico TRFLP digestion of the nearly-full length 16S rRNA
sequences was performed using the restriction enzyme presets in the program for Alul,
Haelll, Hhal, Mbol, Mspl, and Rsal assuming that the 68F primer as above was the
labeled primer. The predicted fragments were then grouped by base-pair length to
generate abundance curves replicating a TRFLP pattern. Fragments of the same size
were grouped into one operational taxonomic unit (OTU); the frequency of each OTU

was assumed from the number of sequences in each OTU.

5.2.4 Calculation of Diversity Indices

The number and abundance of OTUs calculated in the various datasets were used
to evaluate classical non-parametric richness and evenness indices, including the
abundance-based coverage (ACE) species richness estimator (Chao and Lee, 1992), the
Chaol species richness estimator (Chao, 1984), the Shannon-Weaver Index of diversity

(H’; calculated as formulated in Schloss et al., 2005), the Shannon evenness index (J’;
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calculated as formulated in Schloss et al., 2005), and the Simpson index of diversity (D,

calculated as formulated in Schloss et al., 2005).

5.3 Results

Two seafloor basalt samples were the focus of this comparative study, which had
recently been identified as representing relatively high- and low-diversity end members
among a suite of basalt samples from Hawaii (Figure 5.1, Santelli et al., 2008). The
“high diversity” sample originated from the Pisces Peak location on the L5 ihi Seamount
off the south coast of the big island of Hawai’i (sample PV549X2). The “low diversity”
end member was collected from the South Rift location on the south end of Lo'ihi
(sample PV547X3).

16S rRNA gene clone libraries were constructed in one lab (see Materials and
Methods below) from the two samples. From the clone library data, which contained 246
sequences from the high diversity sample and 71 sequences from the low diversity
sample, the microbial diversity and richness were estimated from sequence alignments
using the program DOTUR (Schloss et al., 2005) at a 97% sequence similarity definition
for species, as described elsewhere (Santelli et al., 2008). To allow comparison of the
clone library data with the measured TRFLP analyses conducted in a separate laboratory
(see below), an in silico terminal restriction digestion was performed on the clone library
sequences (Ricke et al., 2005) to generate theoretical fragment patterns that could be
directly compared with the measured TRFLP patterns. Figures 2 and 3 present the
measured and predicted TRFLP patterns from the South Rift and Pisces Peak samples,

respectively.
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Figure 5.2. Comparison of TRFLP patterns from the South Rift sample. Red lines
indicate the measured TRFLP patterns with the respective enzymes and correspond to the
axes on the right side of graph; blue lines indicate TRFLP patterns generated from in
silico digest of nearly full-length 16S rRNA sequences using the tRF-cut program in
ARB and correspond to axes on left side of graph. Some peaks are larger than y-scale
given, small y-scales given to highlight rare OTUs (shorter peaks).
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Figure 5.3. Comparison of TRFLP patterns from the Pisces Peak sample. Red lines
indicate the measured TRFLP patterns with the respective enzymes and correspond to the
axes on the right side of graph; black lines indicate TRFLP patterns generated from in
silico digest of nearly full-length 16S rRNA sequences using the tRF-cut program in
ARB and correspond to axes on left side of graph. Some peaks are larger than y-scale
given, small y-scales given to highlight rare OTUs (shorter peaks).

To evaluate how each method predicted microbial community diversity, a suite of
classical non-parametric richness and evenness indices were calculated from the observed

OTU distribution generated by each of the sampling methods (Table 5.1). As shown

previously (Santelli et al., 2008), estimates based on clone library sequence alignments
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via DOTUR indicated that the Pisces Peak sample had higher richness with roughly 400
species (from ACE and Chaol) as compared to the South Rift basalt, which was
estimated to support approximately 100 species (from ACE and Chaol). Calculation of
the Shannon-Weaver index (H’) and the Simpson index (D) from the sequence
alignments also indicated that the Pisces Peak sample had a higher diversity than the
South Rift basalt (respectively, diversity index of 4.77 versus 1.83 for A’ and 0.0071
versus 0.38 for D). In addition, the Shannon evenness index (J’) indicated that the Pisces
Peak sample had a more even microbial population (i.e. index closer to 1) than the South

Rift sample.
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Table 5.1. Diversity and evenness indices calculated from various methods for the two
seafloor basalt samples considered in this study.

Notes:

a: ACE, predicted species richness using Abundance-based Coverage Estimator,
calculated using formulation from Chao et al. (1992)

b: Chao, predicted species richness using Chaol estimator, calculated using formulation
from Chao et al. (1992)

c: Shannon H’, Shannon Weaver Index of diversity, higher numbers indicate higher
diversity, calculated using formulation from Schloss et al. (2005)

d: Shannon J’, Shannon evenness, values can range from 0 to 1, with 1 representing
perfect evenness, calculated using formulation from Schloss et al. (2005)

e: Simpson, Simpson Index of diversity, values can range from 0 to 1 with higher values
indicating a skewed population with dominant members, calculated using formulation
from Schloss et al. (2005)

f: Sobs, Observed OTUs

g: number of OTUs with only one member

h: number of OTUs with only two members

i DOTUR, based on neighbor-joining alignment at 97% sequence similarity of nearly
full length 16S rRNA sequences in ARB following application of a filter for bacteria for
the positions 1218-42590 and the Jukes Cantor correction.

J: isSTRFLP<so: estimated using the TRFLP fragments less than 500 bp long generated
from the in silico digest of the sequences recovered from 16S rRNA clone library;
average of 5 digests with different restriction enzymes =+ standard deviation of the
average

k: isTRFLP,: estimated using all of the TRFLP fragments generated from the in silico
digest of the sequences recovered from 16S rRNA clone library; average of 5 digests with
different restriction enzymes =+ standard deviation of the average

I: TRFLP: estimated from the actual TRFLP fragments; average of 5 digests with
different restriction enzymes =+ standard deviation of the average
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When calculating species richness from the predicted in silico TRFLP OTU distributions
(isTRFLP, Table 5.1), the ACE and Chaol estimates were similar to the DOTUR-derived
value for the low diversity sample from South Rift, but the predicted species richness for
the high diversity sample from Pisces Peak was significantly lower, with a predicted
richness of roughly 170 species as compared to ~400. Additionally, the Shannon A’ and
Simpson richness indices estimated lower richness from the in silico TRFLP OTU
distributions for the Pisces Peak sample, but similar values were calculated for the South
Rift sample by both methods. Notably, the calculation of species evenness (J') was
similar by either method for both samples.

The prediction of species richness from the ACE and Chaol estimators from the
measured TRFLP analysis was significantly lower than from the other methods for both
samples, with a predicted ~70 species in the Pisces Peak basalt and ~45 species in the
South Rift basalt (Table 5.1). The Shannon and Simpson richness indices also estimated
significantly lower diversity for the Pisces Peak sample from the measured TRFLP
patterns than from the other methods; however, the species evenness prediction (J’) was
similar but slightly lower. In contrast, for the lower diversity South Rift sample, the
Shannon and Simpson richness indices estimated from the measured TRFLP data
predicted a slightly more diverse community than estimated using the other gene based
and isTRFLP methods. Although the OTU sample sizes (S,»s, Table 5.1) for the low
diversity sample are relatively small, they are still expected to be significant enough that
the ACE and Chaol richness estimators are not biased by sample size (i.e. Syps 1 greater

than the square root of twice the estimate of richness; Colwell and Coddington, 1994).
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When doing a peak-by-peak correlation between the measured TRFLP fragment
peaks and those predicted from the in silico digestion of the clone library sequences
(Figures 5.2 and 5.3, Table 5.2), 37 and 72 % of the peaks from the measured TRFLP
patterns can be correlated perfectly or within 1-2 bp to peaks predicted from the in silico
digestion for the South Rift and Pisces Peak samples, respectively. The viability of
correlating peaks offset by 1-2 bp is validated by the variation between true and observed
fragments based on the relative composition of the DNA sequences (Kaplan and Kitts,
2003). When weighted by frequency of appearance of a particular fragment, this
corresponds to 67 and 92 %, respectively, of PCR amplicons from the measured TRFLP
analysis being matched by fragments in the in silico TRFLP analysis. While the
dominant species were recovered in both analyses, a larger proportion of rare species was
recovered in the clone library data. Roughly one third to one half of the TRFLP peaks

predicted from the in silico digestion are not matched in the measured TRFLP analysis.
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Table 5.2. Peak-to-peak correlation between measured TRFLP patterns and predicted
TRFLP patterns from an in silico digestion of 16S rRNA clone library data.

50fu 15fu 50fu 15fu

South Rift South Rift Pisces Peak  Pisces Peak

% % % %
TRFLP peaks perfect match 8+10 12+4 56+11 42+4
TRFLP peaks off by 1-2bp 37+29 25+13 32412 30+4
TRFLP peaks not matched 55420 63+12 12+7 28+3
TRFLP “species” identified 75+9 67+11 9343 92+3
in silico peaks perfect match 6+8 24+13 15+4 29+4
in silico peaks off by 1-2bp 20£15 45+15 8+3 21+4
in silico peaks not matched 74+7 30+7 77£3 50+6

5.4 Discussion

Seafloor basalts harbor some of the most diverse microbial communities on
Earth (Santelli et al., 2008). Previous analysis indicates that the two samples used in this
study represent both relatively low (Lo'ihi South Rift basalt) and high (Lo'ihi Pisces
Peak basalt) diversity end-members (Santelli et al., 2008). A major goal of the present
study was to evaluate how similarly two different DNA-based methods (i.e. TRFLP and
16S rRNA gene clone libraries) in two independent labs would estimate the microbial
diversity of these basalt samples. The comparison of richness estimators calculated from
the two datasets reveals that TRFLP analysis significantly underestimated the richness of

the relatively high-diversity seafloor basalt microbial community (Table 5.1). Depending
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on the richness estimator considered, richness predicted by TRFLP analysis for the low-
diversity sample was roughly the same (using Shannon and Simpson indices) or lower
(ACE and Chaol estimators) than the richness predicted by sequence similarity.
Although the richness estimates were different between the two methodologies, the
predictions of community evenness were similar. It should be emphasized that the
diversity indices calculated based on 16S rRNA gene clone similarity used a definition of
97 % similar sequence for determining the number of species. If a higher threshold had
been used (i.e. 99% sequence similarity), the number of species predicted from the clone
library data would have been even greater. The 97 % cut-off is a commonly recognized
level for comparative analysis in environmental microbial communities. Nonetheless, it is
likely that at least 50% of species from the Pisces Peak samples are missed by TRFLP
(Table 5.2), as rarefaction analysis of the sequence similarity data for this sample (from
Santelli et al., 2008), which is a measure of the number of species observed per sampling
effort, indicates that more sampling would be needed to measure the full diversity of the
sample.

There are at least two reasons why the richness estimated by TRFLP is lower than
that estimated from clone library sequence alignment, as suggested previously for
simulated comparisons of TRFLP and clone sequences (Engebretson and Moyer, 2003;
Blackwood et al., 2007). The first explanation is that TRFLP misses the majority of rare
species, likely due to detection limits for resolving unique sequence variants, for
example, if the 16S rRNA gene from a rare species did not generate enough
fluorescently-labeled PCR amplicons for the TRFLP analysis to detect. Table 5.1 lists

the number of species that were observed only once (n;) or twice (ny) in the various
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methods. For instance, in the clone libraries, 104 and 20 different species were observed
only once in the Pisces Peak and South Rift samples, respectively, whereas only 17 and
11 species, respectively, were observed only once in the measured TRFLP analysis from
both samples. This trend is also evident in Figures 2 and 3, where more small peaks
appear in the in silico TRFLP patterns than in the measured TRFLP patterns.

The second explanation for the lower estimations of richness from TRFLP as
compared to the clone library data is the occurrence of binning in TRFLP, where two
different species are counted as one in TRFLP OTU because they generate the same size
fragment. This can be shown empirically in the in silico TRFLP analysis of the clone
library data. For example, the peak seen in the in silico BstUI digestion of the Pisces
Peak sample at a fragment size of 70 bp (Figure 5.3) contains predicted fragments
derived from a diverse range of species from the phyla Bacteriodetes, Firmicutes, and
Planctomycetes as well as the Alpha-, Delta-, and Gamma- divisions of the phyla
Proteobacteria (data not shown). BstUI digestion generates 70 bp fragments from
fourteen different species as defined by gene sequence similarity, which in the predicted
TRFLP analysis would be binned as one peak, or species. In the high-diversity sample
from Pisces Peak, the degree of binning is evident in the difference between the richness
estimators calculated from the sequence alignment and the in silico digestions (Table
5.1). For instance, the in silico-based calculations predict nearly two-thirds less richness
when estimated by the ACE and Chaol estimators. For comparison, in randomly
simulated microbial communities with richness levels of 100 species, the restriction
enzymes considered in this study would correctly assign 60 % or less of the expected

OTUs (Engebretson and Moyer, 2003). Both of the above trends of binning and
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exclusion of rare taxa are also evident in a comparison of diversity indices calculated by
TRFLP and restriction digestion of 16S rRNA gene clones in soils (Dunbar et al., 1999,
2000).

Although there are differences between the two methodological approaches to
examining diversity of seafloor basalts, it is notable that both methods retrieved similar
dominant species from the samples, and that they predicted similar levels of relative
diversity between the two samples. For instance, as shown in Figure 5.2, the major
species that dominated the low-diversity South Rift sample was retrieved by both
methods, regardless of the enzyme considered for TRFLP. Similarly, the measured and
in silico TRFLP patterns from the Pisces Peak sample are qualitatively similar, with
dominant peaks often matching between the two methods (Figure 5.3). Although
predicting a much lower richness level, the calculation of richness from the measured
TRFLP analyses also indicates that the Pisces Peak basalt microbial community is more
diverse than the South Rift basalt community (Table 5.1). Importantly, these results
suggest that there was minimal apparent DNA-extraction or PCR-related bias between
the two laboratories. This is rarely evaluated in molecular diversity studies and is often a
considerable uncertainty in making cross-comparisons between studies.

Results of these studies indicate that TRFLP could be useful for relative
comparisons of diversity between samples, for identifying dominant species, and for
estimating the richness and evenness of low-diversity, skewed populations of seafloor
basalt microbial communities. This observation supports the claim by Engebretson and
Moyer (2003) that TRFLP is a robust technique for identifying dominant populations and

for calculating diversity statistics in low diversity communities. Furthermore, these
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findings verify that TRFLP will miss the majority of low abundance taxa in highly-

diverse communities.
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Abstract

Through the combination of T-RFLP data, clone libraries and isolate data, this
study looks at chemosynthetic microbial diversity as functions of spatial and temporal
variability across Loihi Seamount and an historic 1877 Mauna Loa submarine eruption.
Using T-RFLP and clone libraries from Santelli et al. (2008), we compared bacterial
diversity of iron-oxide encrusted microbial mats with samples from the surfaces of native
rock samples and a laboratory - remelted natural basaltic glass. Temporal comparisons of
the diversity can also be inferred from in situ exposure periods of ~1 week to >125 years.
These results indicate that basaltic bacterial communities display low diversity in
hydrothermally influenced basalts (Shannon H’ index of 1.92) and a high diversity in an

open ocean circulation environment (Shannon H’ index of 4.16). Basaltic substrates also
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appear to select for specific bacterial communities as they exhibit low diversity compared
to microbial mats in the immediate area. Additionally, samples with a low exposure time
in hydrothermal systems resulted in a low diversity and T-RFLP analyses coupled to
isolate data (Templeton et al., 2005; 2009) indicate that metal-oxidizing bacteria may

dominate initial active colonization on fresh basalt surfaces.

6.1 Introduction

Over the past two decades the concept of a deep oceanic biosphere has become a
target for exploring paradigm-shifting theories that have altered the way we view the
biogeochemical world around us. Originally considered lifeless, the oceanic crust now
reveals itself as a biome of substantial size and potential impact on the biosphere and
associated chemical cycles. Key evidence for the presence of this deep oceanic biosphere
comes from microbiological observations from drill holes (Cowen et al. 2003) as well as
geologic constraints based on microbial trace fossils suggesting that the deep oceanic
biosphere extends at least to a depth of 500m (Furnes and Staudigel, 1999). Biotically-
controlled basalt alteration may have a significant effect on Fe, Mn, S and C
biogeochemical cycling (Staudigel et al., 2004) and Bach and Edwards (2003)
hypothesize that up to ~5 x10'' g C/year can be fixed through biomass production
associated with iron and sulfur oxidation in the upper ocean crust, which may represent a
major contribution to the overall carbon cycle within the oceans. While these findings
are likely to be quite consequential, very little is known about the microbial consortia
present, their function and impact and how they relate to the formation of trace fossils in

the oceanic crust.
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The exploration of the deep volcanic oceanic biosphere has come to a very
promising start. Many investigators began exploring seafloor microbial communities at
mid-ocean ridges (Thorseth et al., 1995; Mason et al., 2008; Santelli et al., 2008; Santelli
et al., 2009), backarc volcanic systems (Davis and Moyer, 2008; Huber et al., 2010), and
at seamounts (Moyer et al., 1995; Emerson and Moyer 2002; Templeton et al., 2005;
Sudek et al 2009). Initial results (Santelli et al., 2008; Mason et al., 2009) reveal that
these ecosystems have diverse bacterial communities with a broad spectrum of possible
metabolisms present. Culturing efforts are offering a first glimpse at the metabolic
capabilities of these microbes focusing on (Fe(Il)) and manganese (Mn(Il)) oxidation
(Edwards et al., 2003; Templeton et al., 2005; Sudek et al., 2009), and the production of
siderophores (Sudek et al., 2009), all of which reveal microbial capabilities to utilize
volcano-derived sources of energy and nutrients. Edwards et al. (2003) report on several
obligate chemolithoautotrophs isolated from weathered rock surfaces and sediments
which showed the greatest growth rate and cell densities using basaltic glass as their sole
energy source (Fe(Il)). Templeton et al. (2009) demonstrated that microbes colonizing
glass surfaces likely utilize Mn(II) from hydrothermal fluids as well as from in-situ basalt
alteration.

Even with all of the recent work on epilithic and endolithic bacteria on basalts in
the ocean basins, several fundamental questions remain. What environmental controls
affect bacterial diversity? Which microbes are responsible for basalt dissolution and
alteration? How does spatial resolution of microbial diversity differ based on local
environment? We begin exploring these questions by utilizing terminal restriction

fragment length polymorphism (T-RFLP) and clone libraries of microbial biomass
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colonizing basalt surfaces as well as hydrothermal mats. We focused our study on the
submarine flanks of Hawaii, using exposures at Loihi seamount and the submarine
extension of Mauna Loa volcano with a well-studied series of eruptions in 1877 with
vents down at least to about 1000m water depth. All of the sites studied were explored by
submersible (and ROV) over many years, with numerous visits allowing for multi-year
exposure experiments and the correlation of our results with other coordinated
investigations on the same sites and samples. While our study only represents one step
along a long path towards understanding microbes and microbe-rock interaction in these
environments, we do offer some new insights into the community structure of the main
types of materials in such chemosynthetic oligotrophic volcanically hosted ecosystems

and how these communities may develop through time.

6.2 Sample Sites

We have chosen two main types of sample sites: an offshore cold water pillow
lava with no active hydrothermal input and an iron-dominated hydrothermally active
seamount with basalts from the summit, crater rim and a deep rift zone. Loihi is a
volcanically-active seamount that hosts several hydrothermal environments dominated by
iron-oxide encrusted microbial mats. Loihi is part of the Loa Trend off the SE flank of
the big island of Hawaii (described by Garcia et al., 2006), rises from the ~5100m
seafloor to a depth of ~956m and is largely composed of pillow basalts and/or talus
breccia. The peak of Loihi is characterized by three pit craters with varying degrees of
hydrothermal activity (Figure 6.1). Samples for this study’s hydrothermal sites were

taken from a deep site along the south rift of Loihi (M17) as well as the western rim
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(M18) of the southwestern summit pit crater, also known as Pele’s Pit (Figure 6.1). All
hydrothermal sites are characterized by diffuse hydrothermal vent fields with cold (~1.7-
3.5°C), low-flow shimmering water welling up from among the talus. Iron-oxide
encrusted microbial mats largely exist as flocculent mats congregated within localized
depressions between the talus or pillow lavas. An additional hydrothermal vent microbial
mat was used from the base of the Tower Vents (M48). Scanning electron microscopy
(SEM) analysis of these mats show long filamentous iron oxide-dominated sheaths
coupled to amorphous oxide agglomerations. SEM also reveals twisted stalk and helical
structures. These sites contain breccia and pillow basalts that are all stained red with
predominantly hydrogenous oxidized iron coatings (Templeton et al., 2009). An
additional sample was taken at Pisces Peak (PP), the highest point on Loihi at 956m
depth. PP consists of mounds of brecciated talus with characteristic red staining without
any apparent hydrothermal activity. Glassy basalts were also collected from the
submarine 1877 lava flow in Kealakekua Bay (KKB) (described by Wanless et al., 2006)
on the western flank of Mauna Loa (M1, 1033m) (Figure 6.2). This site largely consists
of pillow basalt flows and represents a basaltic surface and associated bacterial
community with an exposure age of ~125 years and no hydrothermal input. All Loihi

basalt and mat samples from this study are listed in Table 1.
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Figure 6.1. Map of Loihi with sample sites. Map .grd data compliments of John R.
Smith from SOEST. Insert map modified from Eakins et al.
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Figure 6.2. Map of 1877 Kealakekua Bay submarine lava flows and sample site. Map
modified from Wanless et al. (2006).
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Loihi: PP, C) Loihi South Rift: M17, D) west crater rim of Pele’s Pit on Loihi: M18,
and basalt sample photos E) 552X2, F) 549X3, G) 547X3, and H) 546X1.
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6.3 Materials and Methods

6.3.1 Sample Collection

All samples were collected by the Pisces IV/V submersibles operated by the
Hawaii Undersea Research Laboratory (HURL) on board the R/V Ka’imikai O’Kanaloa
(KOK). Rock samples were transported to the surface and protected from shallow
seawater contamination via a sealed biobox. Microbial mats were collected via suction
sampling and/or sterile PVC tubes sealed with a ball valve. All samples were
immediately aseptically split into aliquots and placed in filtered seafloor seawater for
culturing, frozen at -80°C for DNA extraction, and preserved via

glyceraldehyde/paraformaldehyde for FISH and SEM analyses.

6.3.2 DNA Extraction

DNA was extracted from rock surfaces and microbial mat samples following the
procedure developed in Chapter 2 of this dissertation. 2 ml screw cap tubes with O-rings
were prepared by filling with 200mg each of acid washed 0.1, 0.5, 2.0 mm zirconium
glass beads and then autoclaved. 300 mg of sample was then added to each tube. We
then added 580 ul lysis solution (300mM EDTA, 300 mM NaCl, 300 mM Tris buffer, pH
7.5) to the tubes along with 70 pl 15% Sodium Dodecyl Sulfate (SDS), 15ul of
Polyadenylic Acid (PolyA, 10mg/ml, Roche Diagnostics Cat. #108626) and 35 pl
Dithiothreitol (DTT) (IM DTT in 0.01 M Acetate, Acros Organics Cat. #327190100).
The tubes were then homogenized using a Vortexer and incubated at 70°C for 30 mins.

After cooling to <40°C, 14 ul lysozyme (5%) was added. The tubes were again vortexed
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and incubated at 37°C for 20 mins. Cells in these tubes were then lysed in the FastPrep
FP120A instrument (BioGene, Cat# 6001-120) in two beating cycles at a speed setting of
5.5 for 30 secs and cooled on on ice for 2-4 mins between treatments. We then added
150 ul KCI1 (1M), vortexed and place on ice for 5 mins. The samples were centrifuged
for 5 mins at 14,000 g. Up to 400 ul of clear supernatant was transferred to a Microcon

Centrifugal Filter Device (http://www.millipore.com, Cat# 42416) and centrifuged at

1000 g for 15 mins and the filtrate was discarded. We repeated the process until all
supernatant has been through the filter. On the last run, we added enough TE buffer
(10mM Tris pH 7.5, ImM EDTA) to have a total volume of 400 ul. To rinse the DNA,
we added 400 pl TE buffer to the filter unit and centrifuged at 1000 g for 15 mins and
discard filtrate. Invert filter into a clean tube and add 100 ul TE buffer to the filter,
centrifuge for 15 mins and discard filter. The DNA was stored at -20°C for later use.
DNA yields were quantified via the Picogreen Assay (Invitrogen, Carlsbad, CA, USA,

SKU# P11495) and a Perkin Elmer/Tecon HTS 7000 Bio Assay Plate Reader.

6.3.3 Terminal-Restriction Fragment Length Polymorphism (T-RFLP)

The 16S rRNA gene was amplified via polymerase chain reaction (PCR) using
universal PCR primers 68F and 1492R. The forward primer 68F was fluorescently
labeled on the 5° end with 6-FAM (6-carboxyfluorescein); the reverse primer was 1492R
(5’-RGY TAC CTT GTT ACG ACT T). PCR amplification products were visualized and
tested for size and purity by 1% gel electrophoresis against a 1-kb ladder DNA standard.

The methodology for producing t-RFLP patterns has been previously described in

Emerson and Moyer (2002). The fluorescently labeled primers were digested in a suite
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of 8 restriction enzymes (Alul, BstU1, Haelll, Hhal, Hinfl, Mbol, Mspl and Rsal —
New England Biolabs, Beverly, MA) overnight and resultant products were cleaned using
Sephadex G-50 Gel Filtration (Sigma-Aldrich, Cat# 27.114-4) resin. Cleaned end-
labeled fragments were then read out on an ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA) against the Genescan-500 ROX size standard using a 50cm
polyacrylamide electrophoresis capillary. T-RFLP analyses were performed on extracted
DNA following procedures outlined by Davis and Moyer (2009) where only fragments
between 50-500 were analyzed and the community fingerprints were compared using a
Pearson product-moment correlation via BioNumerics (Applied Maths, Sint-Martens-
Latem, Belgium). Diversity from T-RFLP fingerprints were calculated after Engebretson
and Moyer (2003) by determining averaged detected OTUs (>3% of maximum peak in

each pattern) across all 8 restriction enzymes.

6.3.4 Clone Libraries and in-silico T-RF Generation

Cloned DNA sequences from two of these samples have been previously
published in Santelli et al. (2008) and are listed in GenBank under accession numbers
EU491020-EU491090 (M17 — 547X3) and EU491091-EU491336 (PP — 549X3). An in-
silico digest of the clone sequences using the TRF-CUT add-on (Ricke et al., 2005) to the
ARB phylogenetic analysis tool (see Ludwig et al., 2004 for a review of ARB) was
performed using seven restriction enzyme cut sites (Appendix 1) relative to the 49-68F

primer site (5- TNA NAC ATG CAA GTC GRR CG) (Orcutt et al. 2009).
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6.4 Results

Microbial diversity on four different basaltic glasses along with an iron-
dominated microbial mat were compared using T-RFLP to determine diversity and
identify major species within the community. Two samples were chosen to coincide with
clone library data, reported previously by Santelli et al. (2008), which allows us to
phylogenetically identify major terminal restriction fragment (T-RF) peaks in the
corresponding samples. The two basalt samples for which clone libraries were completed
represent both high and low diversity (Shannon H’ indices of 4.16 and 1.92 respectively
from Orcutt et al., 2009) within the microbial communities. The low diversity sample
from MI17, 547X3, shows an unclassified y-proteobacterium OTU, clone 1 BOS
(Accession #: DQ395576) which dominates the clone library (44 out of 71 clones).
Approximately 75% of the clones revealed y-proteobacteria as the dominant class of the
microbial community present on the basalt surface, while species richness estimates of
this sample were calculated to be ~100 (Santelli et al., 2008; Orcutt et al., 2008). The
clone 1 _BO08 is most closely related (99%) to an uncultured y-proteobacterium clone from
a deep sea coral study on Gulf of Alaska seamounts (Penn et al., 2006), while its closest
cultured relative is Mn(Il)-oxidizing Microbulbifer sp. KBB-1 (accession # DQ412068)
which was isolated from Kealakekua Bay basalts (Templeton et al., 2005). The rest of
the assigned peaks are predominantly members of the Proteobacteria phyla with
identification of an oligotrophic Mn-oxidizing Marinobacter isolate, LOB-4 (Templeton

et al., 2005).
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The high diversity basalt sample 549X3 has species richness estimates that predict
>400 unique taxa within the given community (Santelli et al., 2008) with a relatively high
number of OTUs (11.25 £ 2.8) identified in the T-RFLP pattern. The classifications of
the clones/isolates found on this basalt surface (Figure 6.6, Appendix 6.1, Appendix 6.2)
are dominated by y-, 8- and a-proteobacteria. y-proteobacterium clone 7-D04, whose
closest match in BLAST is an uncultured y-proteobacterium clone Accession
#ABO015253, is the most abundant member of the community in all t-RFLP patterns from
this sample. The a peak at position 56 indicates a Rhizobiales clone. The C-
proteobacterium, Mariprofundus ferrooxidans strain PV-1 (Emerson et al., 2007), is
present at position 69, clustered with several a— and y- proteobacterial clones. A
majority of the remaining clones are y-proteobacteria including Acinetobacter
radioresistens (7_H04), Marinobacter aqueolei (7_C07), an oligotrophic Mn-oxidizing
Marinobacter isolate (LOB-4) (Templeton et al., 2005) and a lithotrophic Fe-oxidizing
Pseudomonas tolassii (LOB-7).

Figure 6.4 aligns the BstUI restriction digests from 4 rock surfaces and a
corresponding mat sample. Overlapping peaks at position 56 in samples 547X3, 549X3
and 552X2 shows that a-proteobacteria are significant components of the overall
community on natural, weathered rock surfaces. However, this peak at position 56 does
not occur in either the short-term exposure (SIO10B) nor the mat sample. Additionally,
y-proteobacteria peaks at positions 348 and 352 are present in all samples. Figure 6.5 is a

dendogram showing the overall community relationships across several different samples
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including two additional Loihi samples from Davis and Moyer (2008) as well as a pure
culture of the T-proteobacteria originally described by Emerson et al. (2007).

Sample 552X2, collected from the 1877 submarine lava flow, was included in this
study to provide a reference basalt to compare against all other basalts associated with
Loihi. The 1877 flow represents basalts of known age/weathered surfaces and are
unaffected by hydrothermal input from Loihi, resulting in an “open ocean” basalt hosted
microbial community. Geochemical data from Wanless et al., (2006), indicate that the
1877 basaltic glasses are of typical tholeiitic composition common to subaerial Mauna
Loa lavas. The bacterial community associated with 552X2 basalt is highly diverse
(similar in number of peaks when compared to 549X3 t-RFLP pattern), but dominated by
a-proteobacteria. While y-proteobacteria are also in abundance in this sample, two of the
three major peaks in this spectrum represent alphas. SIO10B is a glassy basalt powder
collected from M18 on the western crater rim. This environment is also cold, but is
subject to ambient, low flow, hydrothermal input welling up from between the talus. The
community richness found on this basalt is low, comparable with spectra from 547X3,
and exhibits 2-3 dominant peaks and few other contributors. Both of these samples
possess the Fe-oxidizing isolate LOB-7 (position 348) OTU as either the primary
(SIO10B) or secondary (552X2) major peak of the spectra. T-proteobacteria is found in

SIO10B, but is a minor member of the overall community.
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Figure 6.4. T-RFLP comparison for all samples in this study with the BstU1 restriction
enzyme. The x-axis is measured from 50-500 bps and the y-axis is in fluorescence units.
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Figure 6.5. T-RFLP dendogram comparing samples from this study along with selected
samples from Davis and Moyer (2009).
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6.5 Discussion

6.5.1 Basalt-Hosted Microbial Communities

Epilithic microbial populations have been shown to be fairly ubiquitous across all
basalt environments found on seamounts and submarine lava flows (e.g. Staudigel et al.,
2004; Mason et al., 2007; Santelli et al., 2008; Sudek et al., 2009). Previous studies have
demonstrated that most basalt hosted microbial communities are quite diverse and that
the diversity and overall biomass correlate positively with basalt alteration by oxidative
seawater interactions (Santelli et al., 2009). However, this work has revealed that basalts
in distinct local environments at Loihi Seamount have their bacterial diversity
specifically affected by the unique local environment and not necessarily the degree of
alteration associated with the surfaces. There exists a clear distinction in community
structure between open-ocean, oxidative seawater interactions with the basalt surfaces
and basalt surfaces affected by either diffuse low temperature venting and/or secondary
mineral precipitations. Our results of relatively highly diverse community structure
associated with basalts that have a primary surficial interaction with open-ocean
oxidative seawater corroborate the results found by Santelli et al. (2008); however, low
diversity in hydrothermally influenced systems indicates the immediate environment
seems to have a marked effect on diversity to the point that only 1-3 species seem to be
dominant in these environments. While this sounds immediately intuitive, the differences
demonstrated here between the basalt surfaces and the immediate surrounding microbial
mats indicate that the unique basaltic chemistry influences the specific bacterial makeup
of epilithic bacteria and that the rock surface does not just represent a place for microbial

mat to settle out.
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Templeton et al. (2009) suggest that biofilms existing within ferromanganese
crusts on the basalt surfaces in hydrothermal locations are largely sustained via the
surrounding environment by authigenic mineral precipitation and transport of nutrients
from the surrounding vent fluids rather than local basalt dissolution. It may be possible
that these secondary mineral crusts host very specific microbial populations that out-
compete any epilithic microbial populations below the crust resulting in the observed low
diversity associated with hydrothermally influenced basalt surfaces. It has been shown
across numerous studies that the temporal changes in bacterial abundance, diversity and
biogeochemical effects vary across different sample sites and local conditions (Review
by Schrenk et al., 2010). It has also been suggested by Templeton et al. (2009) that the
similarities in the Hawaii and EPR basalts reported in Santelli et al. (2008) may be the
result of the sampling of these ferromanganese crusts on the surfaces. However, this work
suggests that the broad diversity found at the EPR correlates much better with the non-
hydrothermal basalts around Loihi/Hawaii rather than the basalts with the more
developed crust in hydrothermal locales with the corresponding low bacterial diversity.
While Santelli et al. (2008) provide a larger global view of bacterial diversity on basalt
surfaces, we find that a higher spatial resolution on unique environments will allow for
better prediction capabilities when confronted with new samples and exploration sites.

Bacterial diversity on basalts can be affected by the external geochemical
environment or by the composition of the substrate: Huber et al. (2002) reported that
temperature and fluid chemistry are the most important factors associated with
controlling archaeal populations on mid ocean ridge seamounts. Rogers et al., (1998)

demonstrated that feldspar substrates with apatite inclusions were more heavily colonized
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than feldspars without any phosphate present. Additionally Maurice et al., (2001a,
2001b) showed enhanced mineral dissolution in an iron-containing kaolinite (0.04 wt%
Fe203) under Fe-limiting conditions. These latter studies suggest that substrate
composition is a controlling factor in microbial diversity and activity.

This work describes basaltic glass microbial diversity to a first order degree and
identifies several specific microbial species as being the more abundant species present
on the basalt surfaces. Diversity analyses of our basalt samples indicate that - and y-
Proteobacteria represent the dominant members of basalt hosted microbial communities.
Several other clades, including d-, C- and e-Proteobacteria, Nitrospirae, Planctomycetes,
Actinobacteria and Acidobacteria, were found on the basalt surface, but clone libraries
and t-RFLP patterns both indicate that they represent a much smaller portion of the
microbial populace. These findings corroborate previous findings that members of the a-
and y-Proteobacteria clades are the most abundant classes found on basalt surfaces in
marine environments (Mason et al., 2007).

Both of the cold (~4°C) non-hydrothermal basalts from PP (549X3) and M1
(552X2) exhibit high diversity evidenced by clone libraries from 549X3 (Santelli et al.,
2008; Orcutt et al., 2008) and backed up by comparative t-RFLP peak analysis. No
single OTU seems to dominate these microbial populations. Our reference basalt,
552X2, has two of the top three peaks representing o-proteobacteria with an indication
that isolate LOB-7 (y-proteobacteria) as the second highest peak. The dominant T-RF in
552X2 is represented by clone 3 F07 and by isolate LOB-8 (Templeton et al., 2005);

however, LOB-8 is only a minor contributor when comparing the spectra between the
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rock and mat samples. 3 F07 is phylogenetically related to a Rhizobiales clone from a
shallow hydrothermal vent system near Japan (Hirayama et al., 2007). This clone was
found in all three of the basalts not associated with the pit crater and distinctly absent
from the M 18 basalt, suggesting that this a-proteobacterium is fairly cosmopolitan across
basalt surfaces subject to open ocean circulation; however, it may be that it does not
represent an abundant species or cannot thrive in hydrothermally influenced waters.
These a- and y-proteobacteria abundances are similar to microbial communities on EPR
basalts characterized in Santelli et al. (2008), as well as basalt epiliths summarized in
Mason et al. (2007).

In contrast, the hydrothermally influenced basaltic substrates (547X3 from M17
and 546X1 from M18) show a relatively low bacterial diversity present on the surface
when compared to those samples from non-hydrothermal sites. Several environmental
factors can contribute to this phenomenon: temperature at depth controlling fluid
chemistry, [O;], salinity, pH, substrate chemistry, as well as tidal heaves controlling
exposure to alternatively deep then shallow seawater such as those found on Vailulu’u
Seamount (Staudigel et al., 2006). Garcia et al., (1998) determined that Loihi
predominantly hosts tholeiitic basalt glasses indicating that any difference in microbial
communities between the hydrothermal and non-hydrothermally influenced basalts are
likely a result of vent fluid chemistry; however, without specific petrographic evidence
that our individual basalts are chemically similar, we cannot rule out substrate
composition as a contributing factor to differences between microbial community

structure.
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Overlapping peaks at position 56 in samples 547X3, 549X3 and 552X2 but absent
in 546R1 and SIO10B indicates that a-proteobacteria are significant components of the
overall community on natural, weathered rock surfaces but absent in the short term
SIO10B experiment and the mat sample. Thus, a-proteobacteria could be interpreted as
late colonizers on fresh surfaces and are specifically growing on basaltic surfaces. The
high peaks related to - and y-proteobacteria in the short-term exposure SIO10B sample
indicate that they may be initial colonizers on fresh surfaces, while the alphas attach once

the surface has been colonized/weathered.

6.5.2 Microbial Mat and Glassy Basalt Community Comparison at M18

Fe-oxide encrusted microbial mats have been discovered in a variety of deep
hydrothermal environments around seamounts and mid-ocean ridges. Scanning electron
microscope (SEM) photomicrographs reveal predominantly filamentous tubes and
amorphous iron oxyhydroxides (Edwards et al., 2004; Chan et al., 2004; Sudek et al.,
2009, this study). Twisted stalk features coupled to T-RFLP data show that the C-
proteobacterium, Mariprofundus ferrooxidans (Emerson et al., 2007), is a contributor to
the filamentous mineral structure of several mats in our study, which lends weight to the
idea that the subgroup C-proteobacteria is found in several environments with access to
Fe(Il) (Davis et al., 2005; Kato et al., 2009; Emerson and Moyer, 2010; Forget et al.,
2010; Edwards et al., 2011). A recent study by Toner et al. (2012) found nanoparticulate
ferrihydrite to be dominant across most microbial mats at Loihi and determined long-term

stability of the iron mineral phases. This stability could allow for temporal tracking of
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the distribution of specific microbes present as the hydrothermal vent/environment
evolves over time.

Side by side comparison of the iron oxide microbial mat (546R1) and basalt
hosted communities (SIO10B) from M18 (Figure 6.3) reveals low diversity associated
with the basalt surface and a much higher diversity within the mat sample. This
discrepancy suggests that, under these environmental conditions, basalt surfaces can
provide a particular niche in which certain bacterial communities are able to thrive.
Edwards et al. (2003) show several isolates that exhibit higher growth and cell densities
on basaltic glass than other substrates, which again indicates basalts may host their own
independent ecosystems from the surrounding environment. The obligate iron-oxidizing
lithoautotroph, LOB-7, appears to be a significant member of each community; however,
its larger relative abundance in the rock community suggests that its particular
metabolism is well-suited to basalt colonization and inhabitation. This finding infers that
chemolithoautotrophs can out-compete the other species present in the microbial mat for
surface attachment on basaltic substrates. Whether they are actively leaching Fe as an
energy source from the basalt and/or have evolved a surface attachment mechanism
remains unclear, but its presence, metabolic processes and apparent abundance on the
basalt surface makes it a key suspect in determining who is responsible for basaltic glass
alteration and dissolution in these types of environments.

However, even given the apparent substrate’s ability to select for specific
bacterial communities, there is much debate over where the bulk of the bacterial
communities’ energy sources come from. Templeton et al. (2009) report that mass

balance between Fe- and Mn-oxides within the surface precipitates and concurrent
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underlying basalt substrate dissolution indicates that the levels of Fe and Mn within the
precipitates are too abundant to have been leached entirely from the underlying basalt
substrate. Thus, the most likely source of energy for the basalt-hosted bacteria
communities come from particulate and dissolved Fe(II), Mn(Il) and carbon from the
surrounding fluids/seawater. This supports Huber et al. (2002) in their claim that
temperature and fluid chemistry are the major controlling factors in the selection for
bacterial growth in the deep ocean. With several lines of evidence to support each claim,
it is likely that fluid chemistry and, perhaps to a lesser extent, substrate composition have

a role in the selection of specific bacterial growth on basalts in the deep ocean.
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6.6 Conclusions

T-RFLP and clone library data from iron-oxide encrusted microbial mats and
surfaces of natural and synthetic basalts from the seafloor around Hawaii helped us
gather insights into the character and development of active seamount-hosted microbial
communities. In particular, hydrothermally influenced basalts show low microbial
communities with low diversity (Shannon H’ index of 1.92) while basalt surfaces distant
from hydrothermal activity show higher diversity (Shannon H’ index of 4.16). This
general difference is found even in basaltic substrates closely co-located with microbial
mats suggesting that basalt surfaces are capable to select for specific bacterial
communities that are different from associated mats representing the direct interaction of
hydrothermal fluids and seawater. A comparison of T-RFLP data and clone libraries
(from Santelli et al., 2008) from natural and synthetic basalt surfaces suggests that early
bacterial colonization may predominantly emphasize Fe-oxidation metabolisms. While
our study remains at a relatively limited scope these results offer another step towards our
understanding of microbial communities in dark, oligotrophic, volcanically-hosted
ecosystems and how they may develop through time. It is our hope that this process
ultimately will help us link our understanding of microbe-rock interaction in the

geological record to a robust understanding of the underlying microbial processes.
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Chapter 7

Conclusions and Future Work

This chapter is devoted to the discussion of how the overall dissertation fits into
the current body of scientific literature and where the next steps in the field of geobiology

should take us.

7.1 Overview of the Thesis

The work completed in this dissertation contributed to the field of geobiology by
using laboratory techniques along with in-situ environmental work to explore the
interactions between microorganisms and basaltic glass. Our main goals were to
qualitatively and quantitatively characterize microbial diversity found on basaltic glass
surfaces and to try and elucidate the effect that the microbial communities had on the
basalt surface and, in turn, how the basaltic glass chemistry had an effect on the microbial
populace.

Accomplishing these goals proved to be difficult for a variety of reasons. First,
microbial biomass on basalt surfaces was fairly low (confirmed via fluorescent
microscopy and scanning electron microscopy), making DNA extraction difficult.
Second, current phylogenetic diversity analyses are centered on clone library generation,
a time- and cost-consuming process, which is not feasible when screening several
samples for a study. Third, this work requires model organisms to study the interactions

between microbe and basaltic glass, and culturing/isolation techniques are tedious and
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time-consuming, not to mention the difficulty in isolating a good candidate
microorganism.

Chapter 2 described a new laboratory protocol for DNA extraction from metal-
rich, low biomass samples. An efficient and robust method for DNA extraction is
extremely important for these studies as these environments host an assortment of
bacterial types from which we need to extract DNA: gram-negative and gram-positive
bacteria, spore-formers, cells encased in minerals and extracellular polysaccharides,
epilithic cells attached to the surface, endo-lithic cells buried within the silicate matrix,
etc, and in order to get a complete picture of the bacteria represented, it is vital to retrieve
as much DNA as possible from these surfaces without introducing any bias to the system.
Our new method used a combination of chemical and mechanical cell disruption for
DNA extraction, which ultimately outperformed two commercially available extraction
kits by 70% to >700% in terms of total DNA yield. This new method allowed us to more
efficiently (and cheaply!) retrieve clean, PCR-ready DNA from basalt surfaces as well as
iron-rich microbial mats for our work in Chapter 6.

Chapter 3 was primarily a technology demonstration to show how Maossbauer
spectroscopy could be used to help characterize iron-bearing minerals before and after
reaction with biota. We created basalts of various oxidation states in the laboratory by
firing powdered basalts at sub-solidus temperatures to oxidize the iron and then remelted
the basalts. Mossbauer was used to characterize these basalt glasses for experiments
(Chapter 4) and experimental deployments (Appendix 1). Results showed that unaltered
natural basalt glass (NB) is approximately 92% Fe(Il)/Ferow, while our oxidation

procedure produced oxidized basalt (OB) at 70% Fe(Ill)/Fero. These samples were then
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deployed on Loihi Seamount and allowed to react for 2 years. Reaction products were
analyzed and ultimately were oxidized with respect to the parent material. Mdssbauer
spectroscopy proved to be a valuable tool in the characterization of iron oxidation states
in the designer glasses we modified in the lab and used in Chapter 4 and for deployment
samples on Loihi. These experiments demonstrated that Mossbauer spectroscopy can be
used to characterize Mars mineral formations which may indicate what type of energy
sources are available for a subsurface Martian biosphere.

Chapter 4 explored the abilities of Shewanella and Pseudomonas isolates to
obtain energy sources and/or nutrients directly from the basaltic glass silicate matrix.
Three basalts were altered in the laboratory to either change the iron speciation (Fe(Il) >
Fe(Ill)) or enhance the phosphate concentration present in the glass. We used
Pseudomonas sp. LOB-7, an Fe(Il)-oxidizing bacterium, to detect its ability to grow
using basaltic glass as its sole source of reduced iron and/or phosphate. We also used
Shewanella sp. isolate 601R-1 to determine its ability to grow on lactate and the oxidized
iron in the oxidized glass. Major results from this research indicate that microbial life is
able to obtain electron donors/acceptors and/or nutrients (at least phosphate) directly
from the basaltic glass, which allows us to conclude that basalt substrates can play an
important role in the biological acquisition of energy and/or metabolites in the
oligotrophic deep oceanic biosphere. LOB-7 additionally played an important role in
Chapter 6.

Chapter 5 compared the efficiency and accuracy with which terminal restriction
fragment length polymorphism (t-RFLP) and clone libraries were able to accurately

predict phylogenetic diversity. We characterized microbial communities from two
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different rock samples on Loihi Seamount using each method and compared the results.
Major findings from this study showed that t-RFLP generally underestimates the
biodiversity in high diversity samples, but does moderately well in low to medium
diversity samples. Correlation of the data between the two datasets indicated that both
methods predicted the same dominant peaks within each basalt glass, but T-RFLP should
be the preferred method of determining relative abundance of a species within a bacterial
community as it can more easily track presence/absence/abundance over a given time
series of data given its high-throughput, low-cost method. We used both t-RFLP and
clone library generation in Chapter 6.

Chapter 6 used clone libraries and comparative t-RFLP to characterize and
compare the microbial communities across several different hydrothermally and non-
hydrothermally influenced basaltic glasses in and around Loihi Seamount and
Kealakekua Bay. Results showed that non-hydrothermally influenced basalts host
dramatically more diverse bacterial communities than the hydrothermal basalts.
Additionally, basaltic glass substrates are home to a much less diverse community than
microbial mats exposed to similar hydrothermal input. The peaks we identified as being
the most dominant members of the microbial communities associated with all of these
basalts and mats belong to the g- and a-Proteobacteria subclass. Additionally, we were
able to identify one of our isolates, the Fe(Il)-oxidizing Pseudomonas sp. LOB-7 used in
Chapter 4, as being either the primary, secondary or tertiary peak in several samples,

indicating that this isolate is dominant within the microbial communities.
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7.2 Relevance and Contribution to Geobiology at Large

A large portion of this dissertation, Chapters 2, 3, and 5, were needed to lay the
ground work for exploration in the other chapters. Only a handful of previously existing
studies have looked at microbial communities associated with environmental basalt
surfaces (Thorseth et al., 2001; Fisk et al., 2003; Lysnes et al., 2004a, 2004b; Santelli et
al., 2008) primarily due to the difficulty of working with these samples as has been
alluded to already. Our work on DNA extractions from basaltic substrates (Chapter 2)
coupled to the sample comparison and analysis techniques used in t-RFLP and clone
libraries (Chapters 5 and 6) could lay the ground work for methodologies which would
allow a much broader spectrum of basalt-hosted community analysis studies to be
completed.

Several additional studies have sequenced the prokaryotic community structure of
basalt enrichment cultures where they inoculated cultures with basalt fragments and
characterized those enrichments (e.g. Einen et al., 2006, Mason et al. 2007); however, it
has been predicted that only ~5% of environmental organisms are culturable, leaving a
majority of the natural basalt communities unaccounted for. Only Mason et al. (2007)
(who did a literature search and compiled data from preexisting studies) and Santelli et al.
(2008) have completed a large scale comparison of microbial diversity across several
distinctly different research sites. However, upon closer inspection, from both studies
combined, there are only five geographical locations from which full, natural basalt
communities were profiled (Cobb Seamount, Loihi Seamount/Hawaii, East Pacific Rise,
Arctic spreading ridges, SE Indian Ridge). Even our own work (Chapter 6), while

contributing to the growing database on basalt-hosted microorganisms, remains as a
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relatively isolated geographic study. From previous studies combined with our own, it is
possible that diversity on basalts is highly diverse when the basalts are buffered by open
ocean seawater and a severe decrease in basalt diversity when located near hydrothermal
activity, which could render geographical location irrelevant and only dependant upon the
seawater/substrate chemistry. In order to get an overall picture of basaltic glass as a
niche for microbial habitation, many more basalts from geographically and chemically
distinct locations need to be profiled and combined into a single database from which we
can begin to determine which microbes are the major players in the global basalt
dissolution/alteration.

From our research on basalts from Loihi Seamount, it appears as though microbial
diversity is not the same everywhere. Santelli et al. (2008) report that basalts are nearly
as diverse as farm soils. However, our research suggests that diversity is a product of
location and surrounding environment/input. Orcutt et al. (2008, paper in review,
Chapter 5) show that a basalt from Pisces Peak on Loihi has a clone library rarefaction
curve that predicts a total of ~400 unique species, while another basalt from the deep
south rift of Loihi only indicates ~100 unique species of bacteria. Our data (Chapter 6)
corroborates these findings and show several significant peaks (along with abundant
minor peaks) on the Pisces Peak sample but only a single dominant peak with a few
minor peaks on the Loihi south rift sample indicating both high and low diversity
respectively. Additionally, our data show another phylogenetically diverse sample from
a non-hydrothermal basalt (1877 submarine flow, Kealakekua Bay), and also another low
diversity sample from a hydrothermal system near the crater rim on Loihi. Thus, seafloor

basalts host wildly variable microbial communities that are likely significantly influenced
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by seawater chemistry. From this data, it is possible to speculate that initial basaltic
glass-colonizing bacteria are suitably adapted to the hydrothermal environment in which
the basalt was extruded, resulting in a low diversity bacterial community structure. But
when the basalt is moved away from the hydrothermal environment (e.g. through tectonic
movement), other bacteria may move in and build up into a fully developed mature
microbial community with (relatively) high diversity.

Building further upon this idea, chemolithoautotrophic growth may be the
primary metabolic pathway for initial basalt colonizing bacteria. The Fe(II)-oxidizing
Pseudomonas sp. LOB-7, which was isolated from a basalt surface, (Templeton,
unpublished data) was found in several t-RFLP electropherograms (Chapter 6) in both
high diversity and low diversity samples. The presence of the LOB-7 peak in the low
diversity sample from the crater rim of Loihi indicates that LOB-7 is well adapted to a
low-flow hydrothermally influenced basaltic surface. LOB-7’s ability to obtain both
Fe(Il) and phosphate from a basaltic glass substrate (Chapter 4) and its apparent ubiquity
within the Loihi environment make it a good model organism for future studies into the
interaction between mineral (glass) and microbe.

Our work in the laboratory on microbial ability to obtain energy and/or nutrients
from basaltic glass (Chapter 4) corroborate other field studies which show microbial
colonization of minerals/substrates that contain quantities of elements otherwise limited
in the environment (e.g. Rogers et al., 1998; Stillings et al. 1996; Welch et al., 2002;
Rogers and Bennet, 2004) Rogers et al (1998) showed in a one-year exposure
experiment that microcline (KAISi3Og) with 0.24% P,Os that after exposure was heavily

colonized and weathered by microbes whereas a microcline with no detectable
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phosphorus was unaffected. The ramifications of this finding suggest that in addition to
seawater chemistry, substrate composition plays a role in determining the diversity of the
colonizing microbial consortia. The ability for a microbe to obtain nutrients from the
basalt suggests that as authigenic minerals start to fill in the oceanic crust and prevent
fluid circulation (and therefore fresh nutrients being transported to the biota), select
missing nutrients may be gleaned from the host basaltic glass, allowing biological
alteration of the basaltic glass to continue well into the overall lifetime of the oceanic

crust.

7.3 Open-ended Questions and Future Directions

As this field of study is still relatively young, there are several gaps in our
knowledge base which must be filled before we can begin understanding and linking the
biogeochemical processes which control the chemical fluxes into and out of the deep
oceanic biosphere. Perhaps the largest question which must be answered first is, “Which
microbes are responsible for basaltic glass alteration?” It appears from our research that
a combination of phylogenetic analysis methods should produce the most information
about the given system. As suggested before, in order to begin elucidating the primary
contributors to basaltic glass dissolution and alteration, a phylogenetic database should be
instated which collects and catalogs 16S rRNA sequences of known microorganisms
associated with basalt surfaces. Additionally, as new basalts are being categorized, t-
RFLP patterns should be generated which allows for rapid screening and comparing of

different basalt samples. Therefore, if a sample contains unidentified major t-RFLP
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peaks from the pre-existing database, obtaining a few clone sequences (~20-30) should
identify the missing major peaks and fill in the database.

Another major question revolves around the mechanism by which the microbes
are able to obtain elements from the basaltic glass. Current hypotheses center around
microenvironments around the microbial cell creating a pH gradient and dissolving the
silicate thereby liberating the necessary nutrient. Obtaining a model microorganism(s)
which is able to perform this dissolution is essential.

Using fully oxidized and reduced glasses (with respect to iron(II)/iron(I1I)) would
really allow us to determine a microbe’s ability to obtain various nutrients/energy sources
from basaltic glass irrespective of Fe oxidation state. A paper by Hasaan (2002) reports
on a method for creating completely reduced basaltic glass by making additions of
between 5-10 wt% sulfur. Gustav Arrhenius (pers. Comm.) suggested that firing crushed
basalt powder in a pure oxygen environment may produce a >99% oxidized basalt for
remelting. These new methods for basaltic glass modifications, would have allowed our
work from Chapter 4 to more accurately determine microbial basalt substrate specificity
and further work using these new basaltic glasses along with a suite of other
microorganisms/metabolisms will help to constrain the range of microbes responsible for
basalt glass alteration.

Additionally, most of the work done thus far on phylogenetic characterization of
basalt-hosted microbial communities has been done on surface basalts. This does not
address the problem of reactions happening well into the basaltic basement. The upper
300 m of ocean crust hosts a much more narrowly defined environment which could lead

to relatively low diversity in an upwelling (hydrothermal) or effectively sealed (by
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authigenic minerals in ancient crusts) type of environment. Down-welling environments
may boast higher diversity by being flushed with background seawater. More robust
methods for obtaining uncontaminated basalt samples from drill holes need to be
developed in order to determine the phylogenetic diversity within the interior of the

basaltic ocean crust.
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