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ABSTRACT
Quartz diorite bedrock underlying the Rio Icacos watershed in the Luquillo Mountains of
eastern Puerto Rico undergoes one of the fastest documented weathering rates for granitic rocks
in the world. Although tropical temperatures and precipitation promote rapid weathering in this
location, increased bacterial densities at the regolith-bedrock interface suggest that
microorganisms contribute to bedrock weathering as well. We hypothesize that Fe(II)-oxidizing
bacteria, which could survive and metabolize in the deep saprolite and saprock, are enhancing
the weathering process through the oxidation of ferrous iron released from biotite and hornblende.
Based on this hypothesis, the overall objectives of my dissertation are to: (1) track physical
relationships between microbial cells, biofilms, and minerals with depth of regolith using
confocal laser-scanning microscopy (CLSM); (2) evaluate microbial community composition in
deep saprolite with one RNA-based and six DNA-based clone libraries; (3) enrich for Fe(II)oxidizing bacteria from deep saprolite and saprock; (4) identify secondary minerals associated
with microbial cells in deep regolith using environmental scanning electron microscopy (ESEM),
transmission electron microscopy (TEM) with energy dispersive X-ray spectrometry (EDS), and
X-ray diffraction (XRD); and (5) propose an explanation for biologically mediated mineral
formation based on dielectric constant relationships.
Guaba Ridge in the Rio Icacos watershed is dominated by a 5-8 m layer of saprolite,
which is defined as bedrock isovolumetrically weathered in place. The base of the regolith
consists of a thin layer of hand-friable, spheroidally weathered material referred to as saprock. At
a ridgetop location, two series of saprolite and saprock samples were collected 1 m apart by hand
augering until the point of refusal (ca. 5 m) and pounding a cylinder into saprock at the base of
each borehole. Microbial cells in saprolite samples were examined by CSLM after staining with
BacLight® viable stain to track associations between cells and three classes of minerals: quartz,
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biotite, or unidentified opaque minerals. Percent coverage of mineral surfaces by viable and
nonviable cells was higher in deeper samples compared to shallower saprolite. Viable cells were
consistently located on biotite grains, opaque coatings, and unidentified opaque mineral grains.
Uncoated surfaces of transparent quartz particles were virtually devoid of cells throughout the
regolith. Microbial community DNA was also extracted from 4.5, 4.7, and 4.9-m deep
saprolite/saprock samples from each borehole for construction of six 16S rRNA clone libraries.
Clone libraries revealed high bacterial diversity, with 13 bacterial (sub)divisions represented
among the total sequence dataset. Representatives of Gammaproteobacteria, Acidobacteria, and
Firmicutes were detected in all six clone libraries. Archaeal rRNA sequences were not detected.
A few sequences were closely related to bacterial species known or potential Fe(II)-oxidizing
capabilities, included Acidithiobacillus ferrooxidans (99% BLAST identity) and Leptothrix spp.
(98% BLAST identity). Clone library results thus provided support for presence of
microorganisms that could oxidize Fe(II) during quartz diorite weathering. Three enrichment
approaches were applied in an attempt to culture Fe(II) oxidizers from saprolite and saprock
samples: an Fe(II)/O2 gradient medium; bilayer plates; and static minireactors. Planktonic cell
densities in minireactors declined tenfold in the first five days but remained constant through 45
days. This suggested a persistence of a fraction of the native communities. After 100 days of
incubation, DNA was extracted and 16S rRNA clone libraries were constructed from liquid and
mineral samples of the minireactor with the thickest iron oxide coatings. Most sequences in these
clone libraries had highest DNA similarity to Stenotrophomonas maltophilia in the
Gammaproteobacteria. Dominance of S. maltophilia sequences in minireactor clone libraries
agreed with high frequencies of these sequences in initial libraries derived from directly extracted
DNA and sequences cloned subsequentaly from RNA from saprolite. Although culturing and
enrichment methods failed to recover Fe(II)-oxidizing organisms, clone library results point to the
importance of S. maltophilia in saprolite and saprock. Samples of saprock and deep saprolite were

v
examined by environmental scanning electron microscopy to investigate microbe-mineral
associations at the submicron scale. In ESEM images, mineral nanotubes were observed to occur
frequently in association with coccus- and rod-shaped structures resembling bacteria. These
nanotubes (width 50-140 nm and lengths 150-2700 nm) were identified as halloysite using
transmission electron microscopy and X-ray diffraction. Observations of multiple nanotubes on
an individual cell surface suggested that external functional groups may interact with Si in pore
water to facilitate halloysite nucleation on bacterial cell envelopes. One mechanism for facilitated
mineral nucleation could be a lower dielectric constant for water near the cell surface, which
would increase tendency of Si to adsorb to the cell.
The studies described in this dissertation provide evidence for two mechanisms by which
bacterial contribute to rapid weathering of quartz diorite minerals in this regolith. The first
mechanism is enhanced mineral dissolution resulting from microbial Fe(II)-oxidizing activity,
and the second is the enhanced nucleation and formation of secondary minerals. Overall, the
microbe-mineral associations and clone library sequence assignments suggested that microbes
play a role in mineral weathering in the Guaba ridge quartz diorite. Microbes at this site are most
likely impacting cycling of the electron donor Fe(II) and also the element Si used to study rock
weathering rates.
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PREFACE
This thesis consists of five chapters, with the first chapter introducing microbes, minerals,
and the Puerto Rican sampling site and the final chapter providing my overall conclusions from
the three body chapters. Chapter two describes a novel microscopic analysis technique to
qualitatively observe and quantify microbe-mineral associations in a regolith profile. The chapter
also provides a glimpse into the bacterial community present at the base of the regolith profile
near and at the weathering front of the bedrock. Chapter 2 will be submitted for peer review soon
as a multi-authored work: Minyard, M. L., M. A. Bruns, H. L. Buss, L. J. Liermann, and S. L.
Brantley (2010) Geobiology. Chapter 3 describes enrichment studies for potential metal cycling
bacteria by three different iron-rich enrichment methods inoculated with deep saprolite and
saprock samples. Chapter 3 will be further edited and submitted as a multiple-authored work in a
scientific journal. The final body chapter of this dissertation, Chapter 4, presents observations of
halloysite minerals on the surface of an individual cell in saprock. We discuss a possible
mechanism that sheds light on the observation. Chapter 4 was accepted as a multi-authored work:
Minyard, M. L., M. A. Bruns, C. E. Martinez, L. J. Liermann, Heather L. Buss, and S. L. Brantley
(2010) Occurrence of halloysite nanotubes and bacteria at the interface between the saprolite and
quartz diorite bedrock, Rio Icacos watershed, Puerto Rico. Soil Science Society of America
Journal. Reviewer comments were addressed and the manuscript was sent to the editor. In
accordance with the guidelines of the Pennsylvania State University’s Graduate School, I,
Morgan L. Minyard am the first author on these future publications having conducted the
majority of the data collection, analysis, and manuscript preparation. The co-authors provided
assistance in the laboratory, field, and/or editing of the manuscript.
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Chapter 1

Microbe-mineral associations and their potential significance in weathering of
quartz diorite bedrock in Eastern Puerto Rico
Rock “weathering,” so named because it is strongly driven by moisture and temperature,
is also mediated by biological processes. Lichens (photoautotrophic microorganisms in symbiotic
relationship with fungi), for example, have long been recognized for their role in the degradation
of rock surfaces (Barker and Banfield, 1996). Siderophore production from microbes and fungi
increase rock dissolution in oxic soils (Kalinowski et al., 2000b). In anoxic environments,
heterotrophic bacteria have been shown to change oxidation states of elements in secondary
minerals (Kukkadapu et al., 2006) and to increase rates of subsurface mineral transformations
(Kim et al., 2004). Overall, microbially mediated mineral weathering in unsaturated subsurface
environments has received little attention, because microbial abundance was considered too low
to be of significance compared to surface soils and saturated subsurface (Beloin et al., 1998).
However, Buss et al. (2005) demonstrated a 100 fold-increase in cell density, compared to
samples immediately above, near a 5- m deep bedrock-weathering front. We believe that by
investigating microbe-mineral associations in deep regolith near its interface with bedrock, we
can begin to elucidate the roles of microbes in bedrock weathering and soil formation.

1.1 Microbe-mineral association
Microbial weathering of minerals through microbe-mineral associations aids in the release of
nutrients necessary to sustain growth of microbes and plants. It also contributes to soil
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development and affects the geochemistry of pore and ground waters (Barker et al., 1997).
Physical associations and interactions between microbes and minerals have been documented
through scanning electron microscopy (SEM), environmental (E)SEM, and confocal laserscanning microscopy (CLSM). Frankel (1977) observed using SEM that microorganisms on
biotite grains from lake sediments tended to concentrate in holes and along the edges of the
minerals. More recently, SEM images have provided evidence of mineral dissolution and etch pit
formation on such minerals as hornblende, phlogopite, and quartz incubated with bacteria
(Kalinowski et al. 2000a; Styriakova et al., 2004; Bennett et al., 1996). Incubation of the
heterotrophic bacterium, Bacillus cereus, with phlogopite resulted in complete dissolution of the
primary mineral (Styriakova et al., 2004). Little et al. (1998) determined that Shewanella
putrefaciens cells accumulated on goethite particles over time. CLSM and ESEM images showed
how bacterial cells can cover the surfaces of geothite particles and create channels penetrating
into particle interiors (Little et al., 1998). Shewanella putrefaciens CN32 reduced 10-15% of
Fe(III) found in goethite and phyllosilicates without the aid of an electron shuttle (Kukkadapu et
al., 2006). Fe(III)-reducing bacteria are capable of reducing structural Fe in a mineral, however,
structural microbial oxidation of Fe(II) is yet to be observed.
Mineral dissolution by microbial activity can lead to formation or precipitation of diverse
secondary minerals. Observations of laboratory and in situ microbe-mineral associations indicate
that bacterial cell envelopes are nucleation sites for metals and weakly crystalline silica (Oehler
and Schopf, 1971; Ferris et al., 1987; Urrutia and Beveridge, 1994; Urrutia and Beveridge 1995).
These associations help explain preservation of bacteria and algae fossils in sediments (Oehler
and Schopf, 1971; Ferris et al., 1986). Studies on minerals from surface environments include
smectite formation alongside extracellular polymers on lichen-encrusted syenite boulders (Barker
and Banfield, 1998) and weakly crystalline halloysite association with fungal hyphae in forest
soils (Wilson et al., 2008). Urrutia and Beveridge (1994) demonstrated that Bacillus subtilis cells
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were capable of immobilizing Si at low pH (5.5). The Si-containing precipitates on bacterial cell
walls were diverse in chemical constituents and morphologies (Urrutia and Beveridge, 1994).
Other studies have shown that microbial proteins and sugars assist in synthesis of nano-sized
metal structures associated with –OH, NH2, and –COOH functional groups (Gao et al., 2005; Lu
et al., 2006). Batch experiments with fungal hyphae and microbes demonstrated associations of
microbes with kaolinite and halloysite (Chaerun et al., 2005; Tazaki, 2005). Such microbe-metal
associations can provide insights into microbial roles in mineral weathering, because cell surfaces
could facilitate the precipitation of metal- and silica-containing minerals, removing the ions from
the soil pore-water. The decrease in ion concentrations could promote primary mineral
dissolution (Minyard et al., submitted/ Chapter 4).
Mineral weathering in surface soils and in the saturated subsurface has been investigated
more extensively (Leyval and Berthelin, 1991; Beloin et al., 1988; Sahl et al., 2008) than
microbes in the deep vadose zone (Fierer et al., 2003). Direct cell counts, colony-forming units of
culturable organisms, and most probable number analyses of soil and subsurface samples
revealed higher microbial numbers in the saturated zone than in more surficial locations of
regolith (Beloin et al., 1988). Lichen and bacterial communities on an exposed boulder at the soil
surface have been shown to contribute to primary mineral weathering and to promote secondary
mineral formation (Barker and Banfield, 1998). Microbes in a Minnesota aquifer were found to
be capable of colonizing surfaces of introduced minerals such as quartz, microcline, albite,
anorthoclase, olivine, oligoclase and biotite, and the microbes increased the rate of silicate
weathering (Bennett et al., 1996). While microorganisms on surficial rocks and in incubation
studies have been shown to serve as nucleation sites for the formation of secondary minerals
(Barker and Banfield, 1996; Barker et al., 1997, Urrutia and Beveridge, 1994), microbial
promoted mineral nucleation near weathering bedrock well below the soil surface has not been
documented (Minyard et al., in preparation/ Chapter 2).
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1.2 Biogeochemical iron cycling
As the fourth most abundant element in the Earth’s crust, iron is a key element in many
primary minerals including olivine, amphiboles, and micas (Schulze, 1989). Release of iron from
minerals into the soil solution initiates or promotes mineral weathering by weakening the
crystalline structure (Buss et al., 2008). The redox reactions of iron are important for microbial
metabolisms since iron acts as both an electron donor, Fe(II), and electron acceptor, Fe(III).
Fe(II)-oxidizing and Fe(III)-reducing bacteria are found in the rhizosphere, subsurface, marine,
lake, springs and acid mine drainage sites (Emerson et al., 1999; Emerson and Moyer, 1997;
Emerson and Moyer, 2002; Kucera and Wolfe, 1957; Johnson 1995).
In oxic environments, bacteria and fungi use siderophores and protons to help release iron
from minerals, thus increasing Fe mobility and availability in the soil solution (Kalinowski,
2000b; Liermann et al., 2000). In anoxic and microaerophilic environments, Fe(III)-reducing
bacteria are important in mobilizing iron (Lovely, 2000). Shewanella putrefaciens is capable of
mobilizing Fe(II) from minerals by reducing Fe(III) in ferrihydrite, goethite, and hematite
(Zachara et al., 1998). Shewanella species also reduce Fe(III) in the clay minerals smectite and
mica (Kostka et al., 2002; Kukkadapu et al., 2006). Iron reduction in anoxic environments not
only impacts the iron cycle in the subsurface, but also is important in bioremediation of some
contaminants (Lovely, 1991).
Research on microbial Fe(II)-oxidation has previously focused on highly acidic
environments, specifically Fe(II)-oxidation during acid mine drainage (Johnson 1995).
Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans grow in acidic environments (pH
< 3) where abiotic Fe(II) oxidation is slower. Because acid mine drainage is a large
environmental problem, research on it has focused on community analysis and culturing of
acidophilic Fe(II)-oxidizers at the sites (Johnson and Hallberg, 2005; Bond et al., 2000; Senko et
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al., 2008). Circumneutral and neutrophilic Fe(II)-oxidizing bacteria also have been cultured from
the rhizosphere, ocean sediments, and microaerophilic surface waters (Emerson and Moyer, 1997;
Weiss et al., 2003; Edwards et al., 2003). Iron-oxide deposits were observed in association with
microbial cells at anoxic-oxic interface zones (Emerson, 2000). Iron-oxidizing bacteria capable of
cycling iron in microaerophilic environments include Leptothrix ochracea and Gallionella sp.
(Emerson and Revsbech, 1994). Thiobacillus denitrificans, Pseudomonas stutzeri, and relatives of
Chromatium sp. oxidize Fe(II) in anoxic environments typically coupled to NO3- reduction
(Emerson, 2000). Although Fe(II)-oxidizing bacteria are found in a variety of environments, few
studies have verified their presence in deep, microaerophilic regolith.

1.3 Luquillo Experimental Forest study site and research
Previous research in the Rio Icacos watershed of the Luquillo Experimental Forest
focused on weathering of the quartz diorite bedrock. In this dissertation, this site will be referred
to as Luquillo Guaba (LG)-1 (Figure 1). Extensive research has been conducted at this location by
the United States Geological Survey (USGS) Water, Energy, and Biogeochemical Budget
(WEBB) program and two major National Science Foundation (NSF) programs: the Long Term
Ecological Research Program (LTER) and the Critical Zone Exploration Network (CZEN). The
LTEP started in the 1980s to promote comparative studies of ecosystems across 24 sites. The
Critical Zone Exploration Network started in 2003 to help network research conducted at 8 seed
sites to explore the biogeochemical processes involved in soil formation and weathering
processes. Recently, The Rio Icacos watershed sampling sites were added to the NSF list of
critical zone observatories.
The WEBB, LTER and the CZEN programs have generated data from the Guaba Ridge
sampling sites LG-1, LG-2, and LG-3. All three LG sites were established in 1992 for a series of
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studies monitoring solute transport and chemical weathering of soils (White et al., 1998;
Stonestrom et al., 1998). The LG-1 site is located on a relatively flat shoulder of a knife-edge
feature (Guaba Ridge) at an elevation of 680 m. LG-2 is a sampling site located on a hillslope
about 20 m down slope from LG-1, and LG-3 is a site located on a steep nose slope 50 m upslope
of LG-1 (White et al., 1998; Schulz and White 1999). The LG-1 site (latitude 18° 16’ 54.2”N,
longitude 65° 47’ 25.3”W), with its relatively flat area of ~30 m2, depth of 5 - 8 m regolith
overlaying bedrock, and predominantly downward flow of water, was the area chosen for
microbial community studies. Guaba Ridge is in the Rio Icacos watershed, one of six watersheds
in the Luquillo Mountains that provide drinking water to over 200,000 people (USDA NRCS,
2002). The 326-ha watershed consists of a tropical lower montane wet Colorado forest (White
and Blum, 1995; White et al., 1998). Guaba Ridge separates 2 first-order tributaries that feed into
the Rio Icacos. A lysimeter field used to study solute transport, saprolite minerals, and pore water
chemistry is located on the LG-1 site (White et al., 1998; Stonestrom et al., 1998; Schulz and
White, 1999). The two boreholes used during this study were collected 1.5 meter south of the
edge of the lysimeter field and about 1 m from the east and west boreholes collected by Buss et
al. (2005) (Figure 1).
The Rio Icacos watershed is almost entirely underlain by Rio Blanco stock, a quartz
diorite intrusion of early Tertiary age (Seiders, 1971). The quartz diorite is medium to coarsegrained and dominated by quartz and plagioclase minerals. It contains lesser amounts of biotite,
hornblende, and K-feldspar with accessory amounts of magnetite, sphere, apatite, chlorite, and
zircon. The Rio Blanco stock undergoes weathering at one of the fastest documented rates
reported for granitic rock (White et al. 1998). The high weathering rates are attributed to the high
mean annual soil temperature (22 °C) and average annual rainfall of 4200 mm/yr for the Luquillo
Experimental Forest (USDA NCRS 2002). The quartz diorite bedrock weathers spheroidally,
producing 2.5 cm-thick “rindlets” that consist of partially weathered bedrock and 20-50 rindlets

7
create a rindlet zone that ranges from 0.2 -2 m (Turner et al., 2003; Buss et al., 2005; Fletcher et
al., 2006; Buss et al., 2008). Above the rindlet zone is a thinner (7 cm) rindlet-saprolite interface
previously called protosaprolite (Buss et al., 2005; Buss et al., 2008; Buss et al., 2009). During
the following studies the protosaprolite zone will be referred to as saprock (Cr horizon). Saprock
is a hand friable mass that retains the texture of the parent rock, and in which primary minerals
are still present (Graham et al., 2010). Saprock is friable under pressure whereas rindlets are too
rocklike to be broken by hand. Above the saprock is 2 – 8 m of saprolite (C horizon) that retains
the texture and structure of the quartz diorite. Saprolite is very friable and easily dug with a spade
(Brady and Weil, 2002). The soil found on Guaba ridge is an inceptisol from the Picacho-Ciales
complex and is a very deep, poorly drained soil classified as a fine loamy, kaolinitic, isothermic
Aquic Dystrudepts (USDA NCRS, 2002). The soil has a thin, organic rich A horizon (< 0.1 m)
and a weakly developed, clay rich Bw horizon. About 4.5 m of saprolite underlie the soil horizons
and the saprolite and pore water pH ranges from 4.0 – 5.4 (White et al. 1998).
Research at the LG-1 site in the Rio Icacos watershed has focused on geochemical mass
balances from the bedrock, saprock, and saprolite (White et al., 1998; Buss et al., 2008). White et
al. (1998), Murphy et al., (1989), Schulz and White (1999), and Buss et al. (2008) determined that
quartz diorite weathering occurred in three stages. Plagioclase, K-feldspar, and most of the minor
primary minerals weather first in the rindlet and protosaprolite (saprock) zones. Hornblende
weathers rapidly and completely within the saprock zone. Biotite and quartz weather next in the
saprolite. Though biotite does not appear to start weathering to kaolinite until the saprolite zone,
oxidation of structural iron in biotite to form altered biotite occurs in the quartz diorite corestones
and oxidation continues throughout the saprock and saprolite (Buss et al., 2008). Weathering of
altered biotite at the LG-1 site occurs by two observed mechanisms; 1) two layers of kaolinite
result from one layer of biotite (Murphy et al., 1998) or 2) a 1:1 ratio of biotite to kaolinite via a
halloysite intermediate (Dong et al., 1998). Buss et al. (2005) determined that cell counts in
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deepest regolith collected at the LG-1 site were higher relative to more shallow regolith. Ironoxidizing bacteria were detected with commercial BART tests in this zone but not verified by
16S rRNA gene analysis.

1.4 Microbial contribution to LG-1 weathering
The goal of this dissertation was to obtain evidence for bacterial involvement in the
weathering of primary minerals in the saprock and overlying saprolite at Guaba Ridge. This
research is relevant to studies of weathering rates based on measurements of Si, Na, K, Ca, and
Mg concentrations in stream waters. Such studies have been used to estimate quartz diorite
weathering rates in the Rio Icacos watershed of the Luquillo Forest (White et al., 1998). Although
weathering models take into account biological retention of K, Mg, and Ca in shallow soils, little
is known about microbially mediated retention and cycling of these and other elements in deeper
unsaturated zones at the bedrock-saprolite interface.
The saprock zones at LG-1 in the Luquillo Experimental Forest are located at depths of
five to eight meters below the forest floor (Buss et al., 2007). Since little or no organic substrates
would be available at these depths (> 0.2% weight organic carbon) (Buss et al., 2005), the most
likely organisms to live in these environments would be lithoautotrophic Fe(II) oxidizers. We
hypothesize that Fe(II)-oxidizing bacteria, which survive and metabolize in the deep saprolite
and saprock, are contributing to primary production in this zone through the oxidation of ferrous
iron, released from weathering of biotite and hornblende. Better understanding of the microbes
that can be active in this zone, and of the consequences of their activities, would inform
biogeochemical modeling of elemental cycling in this and similar environments around the world.
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Based on this hypothesis, the overall objectives of this dissertation are:
1) To track physical relationships between microbial cells, biofilms, and minerals with
regolith depth using confocal laser-scanning microscopy (CLSM) and to evaluate
microbial community composition in deep saprolite with one RNA-based and six DNAbased clone libraries;
2) To enrich for Fe(II)-oxidizing bacteria or for bacteria potentially involved in Fe cycling
in these samples.
3) To identify secondary minerals associated with microbial cells in deep regolith using
ESEM, transmission electron microscopy (TEM) with EDS, and X-ray diffraction (XRD)
and to propose an explanation for biologically mediated mineral formation based on
dielectric constant relationships.
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Figure 1-1: (a) Cartoon depiction of the Rio Icacos Watershed (figure from Buss et al., 2008) in
the Luquillo experimental forest (USFS) is almost entirely underlain by quartz diorite bedrock.
(b) Cartoon depiction of the Guaba Ridge sampling site called LG-1 which is labed as a star in
figure a. The LG-1 sampling site on the Guaba ridge is a relatively flat edge where two boreholes
(2007 LG-1 N and 2007 LG-1 S) were collected for this study. Multiple lysimeters were located
near the trail entrance and to the west of the boreholes. Boreholes from this study were near
boreholes collected in 2003 and 2004 for Buss et al. (2005).

Chapter 2
Bacterial associations with weathered minerals in deep tropical saprolite
formed from quartz diorite

2.1 Abstract
Microbe-mineral associations were investigated in granitic regolith underlying the
Luquillo Mountains in the Rio Icacos watershed of eastern Puerto Rico. An objective of this study
was to elucidate possible microbial roles in weathering at this location, where quartz diorite
bedrock undergoes one of the fastest documented weathering rates for granitic rocks in the world.
Two series of soil/saprolite/saprock samples were collected at a ridgetop location from regolith
boreholes (4.9-m depth) to evaluate biofilm coverage of mineral surfaces with depth. Procedures
were developed to test the hypothesis that faster-weathering minerals would exhibit greater
surface area coverage by microbial biofilms than more resistant minerals such as quartz. Samples
of mineral grains from different depths were suspended in agarose for BacLight® staining and
image capture with confocal laser scanning microscopy (CLSM). Data were collected from
CLSM display images of the lower surfaces of mineral grains to estimate proportions of mineral
surface areas covered by viable and nonviable cells. Cell distributions were then related to three
mineral types (quartz, biotite, or unidentified opaque minerals) based on visual comparisons with
identified specimens. In saprolite at 3.1-4.7 m depths, viable and nonviable cell coverages of
mineral surfaces were less than 1% and 6%, respectively, and highest values for nonviable cells
were observed in lowermost saprolite. Viable cells were observed on planar surfaces and laminar
edges of biotite and on opaque minerals less than 5 µm in size. Transparent quartz surfaces were
virtually devoid of viable and nonviable cells. A second objective was to characterize bacterial
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community composition in the deep saprolite and underlying saprock to identify populations
possibly involved in Fe cycling. Microbial community DNA was extracted from the 4.6-, 4.7-,
and 4.9-m core sections for construction of six 16S rRNA clone libraries. The entire library
dataset was comprised of 260 sequences assigned to at least 13 bacterial divisions. Several
sequences had > 98% similarity to rRNAs of bacteria with known/potential Fe(II)-oxidizing
capabilities, Acidithiobacillus ferrooxidans and Leptothrix spp. Multiple sequences had > 98%
similarity to rRNAs of Stenotrophomonas maltophilia, an organism reportedly detected in other
environments undergoing active Fe-cycling. These clone library results provide further evidence
that biological Fe(II)-oxidation contributes to weathering of quartz diorite bedrock in this tropical
ecosystem.

2.2 Introduction
Physical and chemical contributions to bedrock weathering have been studied to a much
greater extent than in situ biological processes (Gorbushina and Krumbein, 2005). Bedrock
weathering in the Rio Icacos watershed of eastern Puerto Rico accounts for one of the highest
documented weathering rates for granitic rock in the world (McDowell and Asbury, 1994; White
and Blum, 1995; Braun et al., 2005). Such rapid weathering has resulted in regolith profiles with
up to 8-m-thick layers of saprolite, a “clay-rich, chemically weathered rock altered in place to
retain the structure and volume of the parent rock” (American Geological Institute, 1976; Graham
et al., 2010). While elemental fluxes, stream chemistry, and isotopic ratios have been used to
characterize weathering reactions in the Rio Icacos watershed (Turner et al., 2003; Riebe et al.,
2003; Kurtz and Derry, 2004; Ziegler et al., 2005; Pett-Ridge et al., 2009), mechanisms
explaining the very high weathering rates have not been elucidated. While chemical weathering
certainly would be enhanced in this watershed by high annual rainfall (4200 mm average) and
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high soil temperatures (annual mean of 22 ºC) (USDA NCRS 2002), biological processes could
also play an important weathering role. Indeed, microbial contributions to bedrock weathering in
the watershed have been proposed on the basis of increased bacterial densities observed at the
interface between deep saprolite and bedrock (Buss et al., 2005).
Saprolite in the Rio Icacos watershed is derived almost entirely from bedrock corestones
of the Rio Blanco stock, a quartz diorite intrusion of early tertiary age (Seiders, 1971). Primary
minerals in the bedrock include plagioclase (56%), quartz (25%), and smaller proportions of
biotite (9%), hornblende (6%), K-feldspar (2%), and goethite (2%) (White et al., 1998).
Throughout the watershed, the uppermost portions of bedrock lie 2 to 8 m below the soil surface,
with thicker regolith on ridgetops. Due to spheroidal weathering, the uppermost corestones are
surrounded by concentric layers (rindlets) of partially weathered rock (Fritz and Ragland, 1980;
Turner et al., 2003; Buss et al., 2005; Fletcher et al. 2006; Buss et al., 2008). Between this rindlet
zone and the saprolite lies a relatively thin layer (ca. 7 cm) of saprock. This saprock layer, also
referred to as “protosaprolite” in previous reports (Buss et al., 2008; Buss et al., 2010), is more
highly weathered and has greater porosity and less mechanical strength than the underlying
rindlets.
Extensive mineralogical studies and geochemical mass balances of weathering regolith in
the Rio Icacos watershed have been conducted at several sites on Guaba Ridge in the Luquillo
Experimental Forest (White et al., 1998; Murphy et al., 1998; Dong et al., 1998; Schulz and
White, 1999). Regolith at the Luquillo-Guaba (LG-1) site consists of an upper layer of soil (0-0.5
m), a transition layer (0.5-1.1 m) and saprolite extending to a maximum depth of 4.9 – 8.5 m
(White et al., 1998; Buss et al., 2005). In the saprock layer below saprolite, plagioclase,
hornblende, and K-feldspar (but not biotite) undergo rapid and complete weathering to kaolinite
and goethite (White et al., 1998; Buss et al., 2008). Analyses of corestone samples immediately
below saprock (accessed via road cuts) have shown that although biotite is most likely the first
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primary mineral to undergo alteration, further biotite weathering occurs at a slow rate relative to
other non-quartz minerals (Buss et al., 2008). In contrast to complete weathering of the other
minerals, altered biotite grains persist with quartz grains throughout the overlying saprolite layer
(Murphy et al., 1998; White et al., 1998; Turner et al., 2003).
In a previous study of LG-1 regolith, we observed that microbial densities were lower in
the main body of saprolite than they were in surface soil and deep saprolite (Buss et al., 2005).
Direct microscopic counts in soil (0-0.5 m), upper saprolite (0.5-4.3 m), and deep saprolite (4.64.8 m), ranged from 109-1010, 106-108, and 108-109 cells g-1 , respectively. Aerobic heterotrophic
plate counts in soil, saprolite, and deep saprolite were 106-108, 102-104, and 104-106 colony
forming units g-1, respectively. The increase in microbial numbers in deep saprolite occurred
concomitantly with a twofold increase in HCl-extractable Fe(II). The supply of Fe(II) in
lowermost saprolite results from the complete weathering of hornblende in the saprock layer,
calculated to provide enough Fe(II) to support C assimilation by 104-105 Fe(II)-oxidizing bacteria
cells g-1 in “steady-state” regolith (Buss et al., 2005). Moreover, the flux of phosphorous from
apatite dissolution was also determined to be greater than the P required by the Fe(II)-oxidizing
and heterotrophic microorganisms (Buss et al., 2010). Permissive levels of moisture, O2, and CO2
(White et al., 1998) also would support activity of microorganisms at these depths
The objectives of the present study were to obtain mineral-specific information about
microbial distribution using microscopic methods and to evaluate microbial community diversity
using DNA extracted from saprock and deep saprolite samples. Because dissolved organic carbon
concentrations in pore water at these depths are very low (Murphy, 1995), Fe(II) from hornblende
and biotite weathering is proposed to be the most abundant electron donor in these samples.
Therefore, we expected to detect 16S rRNA gene sequences of Fe(II)-oxidizing bacteria in these
libraries. We hypothesized that biological iron oxidation in the saprock and deep saprolite
enhances primary mineral dissolution by lowering pore water concentrations of Fe(II). This study
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is part of an ongoing effort to characterize specific interactions between microorganisms and
minerals at this rapidly weathering site.

2.3 Methods
2.3.1 Sample Collection.
The 326-ha Rio Icacos watershed in the Luquillo Mountains of eastern Puerto Rico
consists of steep rugged terrain dominated by lower montane wet Colorado forest (Brown et al.,
1983). Chemical weathering and solute transport in this watershed have been described in
previous reports (Larsen et al., 1993; White et al., 1998; Stonestrom et al., 1998; Murphy et al.,
1998; Schulz and White, 1999; Turner et al., 2003; Buss et al., 2008; Buss et al., 2010). For the
present study, two regolith boreholes on Luquillo’s Guaba Ridge were obtained from an upland
shoulder location (site LG-1) at an elevation of 680 m, latitude 18° 16’ 54.2”N, longitude 65° 47’
25.3”W. Soil on the Guaba Ridge is an inceptisol belonging to the Picacho-Ciales complex, a
very deep, poorly drained soil classified as a fine loamy, kaolinitic, isothermic Aquic Dystrudepts
(USDA NRCS, 2002). This soil has a thin A horizon (< 0.1 m) and a weakly developed, clay-rich
B horizon above a 4- to 8-m layer of saprolite. Beneath the saprolite is a thin (7-cm) layer of
friable saprock above another layer (0.5-2 m) of concentric rindlets at the outer edges of
spheroidally weathering corestones (Buss et al. 2008). The pore water pH throughout the regolith
profile ranges from 4.0 – 5.4 (White et al., 1998).
Two cores, designated LG-1 N(orth) and LG-1 S(outh), were collected 1.5 m apart by
hand-augering through the regolith. The auger bucket was manually driven into the regolith, and a
core section was brought to the surface at 15-cm intervals. Soil and saprolite samples (approx.
200 g) were collected aseptically from the inner portion of each core section and placed in a
sterile plastic bag. After mixing, a subsample was immediately placed in 4% formaldehyde. After
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removal of inner core samples, the bucket was emptied of all remaining material and gently
lowered back into the borehole. These steps were repeated until the point of refusal, determined
on the basis of density, to be the top of the saprock at this location (4.88 m for LG-1 N core and
4.80 m for LG-1 S core).
After collection of saprolite, a sample of saprock was obtained from each borehole. A 6m pole with a bulk density sampler firmly attached to its tip was lowered down to the bottom of
the borehole. The bulk density sampler ring (5.7 cm diameter and 7 cm height) was then
hammered down to a depth of 7 cm, after which it was brought to the surface. The sampler ring
was carefully separated from the pole and capped for shipping. All samples (saprolite and
saprock) were kept on ice prior to and during transport to Pennsylvania State University within
four days. After arrival, subsamples were taken to determine gravimetric moisture contents by
oven drying at 105°C for 24 hr (Woomer, 1999).
2.3.2 Confocal Laser Scanning Microscopy (CLSM) of microbe-mineral associations
2.3.2.1 Preserved sample preparation
Samples of pre-mixed and preserved regolith were obtained from 12 different depths of
each core (0.15, 0.31, 1.5, 2.0, 2.4, 3.1, 3.7, 4.0, 4.3, 4.4, 4.6, and 4.7 m), where zero-depth was
defined as the interface between organic soil and mineral soil at the surface. Samples were
weighed (0.2 -0.4 g) into small petri dishes (6 cm diameter) and mixed with 2 ml sterile 2%
molten agarose (45°C) to create an evenly distributed suspension in the dish. The solidified
suspension in each plate was then cut into two discs (34.9 mm3, 7.50 mm diameter, 0.8 mm
height) for a total of 48 disks analyzed. Discs were gently placed onto a Lab-Tek® chambered
borosilicate coverglass (Nalgene Nunc, Rochester, NY). The edges of each disk were fixed to the
coverglass with an additional 25 µL of molten agarose to prevent movement and dehydration of
the samples. Analysis by CLSM occurred within 3 hours of preparation of the disks.
2.3.2.2 CLSM settings and fluorescent staining
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Image data were collected from the lower surfaces and edges of agarose-embedded
mineral grains viewed by CLSM. The coverglass holding the agarose discs was placed over the
inverted objective (Uplan FL 40X, n.a. 0.75) of an Olympus FluoView 300 CLSM (Melville,
NY) controlled by the FluoView v. 1.6 software (Melville, NY). Software commands were used
to assign three separate viewing channels for the green helium-neon (HeNe) laser, the blue argon
(Ar) laser, and the differential interference contrast (DIC) system. Image capture settings were
optimized for the LIVE/DEAD® BacLight stain (Molecular Probes Inc, Eugene, OR), with
excitation by the Ar laser at 488 nm and at 543 nm by the HeNe laser. Green and red fluorescence
emitted by viable and nonviable cells, respectively, result from differential uptake of the two
DNA-binding dyes in BacLight stain: SYTO9 emits green fluorescence and passes through intact
as well as non-intact cell membranes; propidium iodide (PI) emits red fluorescence and passes
only through non-intact cell membranes. Filters were 510 nm long pass and 530 nm short pass
(Ar laser) and 565 nm long pass (HeNe laser). Photomultiplier tube (PMT) and other settings
were 756V PMT, 2.2 gain, and 3-4% offset (HeNe); 775V PMT, 1.6X gain, and 4% offset (Ar)
and 389V PMT, 1.2X gain, and 3% offset (DIC). All three viewing channels were scanned
separately at medium speed. Image resolution was optimized by applying the Kalman averaging
algorithm.
Images were captured using 400X magnification (including 10X ocular), which permitted
data collection from larger, more representative field areas (132,400 µm2) than would be
collected at higher magnifications. To create digital, 3-D fields of view, 20 optical sections were
captured in 1.35-µm intervals along a vertical axis of 27 µm (z direction). The depth interval of
1.35 µm, which is slightly greater than the average width of a bacterial cell (Madigan and
Martinko, 2006), was used to minimize double counting of cells in adjacent optical sections.
Prior to staining with BacLight, a sample from each depth was analyzed for
autofluorescence with the above settings by capturing images from all three viewing channels
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over one 3-D field of view. After confirming the absence of autofluorescence, the sample was
stained with BacLight without moving it so that images from the identical field of view could be
captured after staining. With the coverglass in the same position over the objective, disks were
stained with 10 µL of a 1:10 dilution of BacLight reagent in sterile 1X PBS and allowed to react
for 15 min in the dark. At least six sets (stacks) of optical sections at 1.35-µm intervals were
taken for each regolith depth.
2.3.2.3 COMSTAT Analysis
The COMSTAT program, operated in MATLAB, was developed by Heydorn et al.
(2000) to distinguish pixels in individual CLSM optical sections for analysis of biofilms that are
transparent to visible or laser light. For one 2-D field-of-view (FOV), COMSTAT calculates the
area of all pixels having the color of a fluorescent probe used to label specific cells. Whereas
Heydorn et al. analyzed pixels in successive optical sections in one direction along a z axis, we
analyzed pixels in a single image made from a “stack” of optical sections to accommodate
examination of cells on the bottom surfaces and lower edges of opaque solids (i.e., image data
were collected from only the lower surfaces of the agarose-embedded mineral grains). A display
image from each laser channel was created by combining 20 optical sections (captured along the
z axis with height of 27 µm) into one 2-D field of view having an area of 132,400 µm2. Thus, the
display image represented a 2-D “stacked” image of cells and biofilms on the lower surfaces of
grains suspended in 3,574,800 µm3 agarose. Fluorescent signals from cells at different z locations
(i.e., within biofilms or along steeply angled grain edges) were therefore captured within a
consistent thickness of agarose for each FOV. Mineral grains from each sample were distributed
in the molten agarose in a uniform manner to permit comparison of viable and nonviable cells at
different depths.
Examples of Fluoview 8-bit color display images from one FOV (Fig. 1a and 1c) show
SYTO9-fluorescing (viable) and PI-fluorescing (nonviable) cells from the Ar and HeNe laser
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channels, respectively. Areas occupied by viable and nonviable cells in each FOV were
determined by first applying the LOOKTIF tool to the color laser display images and generating
black-and-white output files (Fig. 1b and 1d, respectively) at different threshold values. By
comparing output files to the original color display images, the threshold value that best
differentiated fluorescent pixels from background pixels was determined. Next, the black-andwhite image generated at this threshold value was provided to COMSTAT for calculation of
percent area occupied by viable and nonviable cells in the FOV. In Fig. 1b and 1c, for example,
the percent areas occupied by viable and nonviable cells were 0.015% and 1.84%, respectively.
2.3.2.4 Image J Analysis
To quantify areas corresponding to different mineral surfaces in one FOV, we applied
ImageJ software (National Institute of Health, Bethesda, MD) to the 2-D display image from the
DIC channel, as shown in Fig. 1e. With the DIC image shown on the computer screen, particles
corresponding to different mineral classes were outlined using the ImageJ manual selection tool
(Fig. 1f). Selected areas were summed and divided by the FOV area to calculate percentage
occupied by biotite (outlined in yellow in Fig. 1f); opaque, unidentified minerals (outlined in
white); and transparent quartz (outlined in black). Prior to image analyses, DIC images of known
quartz and biotite specimens were compared to minerals in the display images. Quartz surfaces
were transparent to light, while biotite grains were opaque to light and exhibited layered structure
or separating edges. Since the identities of other minerals in saprolite samples could not be
determined, these were designated as opaque, unidentified minerals. The latter minerals consisted
of either relatively small (< 5 µm) particles, aggregates (< 50 µm) or opaque mineral coatings.
Previous mineralogical studies suggest that these minerals could be goethite, kaolinite, halloysite,
or heavily coated, highly weathered primary minerals (Dong et al., 1998; Murphy et al. 1998;
White et al., 1998). At least six display images were analyzed at each depth. Total surface areas
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of minerals analyzed at each depth, summed from all fields-of-view in at least six display images
per depth, varied from ca 76,000 to 620,000 µm2 (Table 2-1).
2.3.2.5 Percent Mineral Surface Area Covered by Cells (%MAC)
For each composite image, we calculated percentage of “mineral area covered by viable
cells” and percentage of “mineral area covered by nonviable cells”. The “%MAC” for each
composite image was calculated by dividing the area occupied by viable or nonviable cells by the
area occupied by total minerals:

%MAC =

%Area Occupied by Cells
"100
%Area Occupied by TotalMinerals

(1).

All COMSTAT and DIC image data were shown to have normal distributions using the

!
statistical
software Minitab (α = 0.05; State College, PA), except for one outlier image which was
removed from the 3.1 m dataset before calculating %MAC. The Minitab basic statistics function
was used to evaluate differences between means of %MAC at adjacent depths (2-sample t-test, α
= 0.05). Because mineral surface areas examined at different depths varied, areas occupied by
each mineral type and by viable and nonviable cells were normalized per 100,000 µm2 of field of
view (FOV). The linear regression function in Minitab also was used to determine relationships
between cells and mineral areas using Minitab default settings and α = 0.05. Reported values
represent means from each depth in the regolith profile.
2.3.3 Bacterial Community DNA Analysis of Deep Regolith
DNA was extracted from selected saprolite samples according to the methods of Zhou et
al. (1996). Approximately 5 g of each sample were placed in a 50 ml conical centrifuge tube, to
which was added 13.5 ml sterile extraction buffer (0.1 M Tris-HCl pH 8.0, 0.1 M EDTA pH 8.0,
0.1 M sodium phosphate, 1.5 M NaCl) and 30 µl proteinase K (~20 mg/ml). The samples were
shaken horizontally at 250 rpm for 30 minutes at 37° C, after which 3 ml of 10% SDS was added
to each sample with gentle mixing. The samples were incubated in a 65° C water bath for 2
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hours, with gentle inversion every ~20 minutes. The treated samples were then centrifuged at
6000 x g for 10 minutes at room temperature and the supernatants transferred to clean 50 ml
tubes. The residual pellets were extracted two more times, using 4.5 ml extraction buffer and 1.5
ml SDS, mixed by vortexing and incubated at 65° C for 10 minutes each time. The supernatants
from all three extractions for each sample were pooled and mixed with an equal volume of
chloroform:isoamyl alcohol (24:1 v/v). After centrifugation at 4000 x g, the supernatant was
transferred to clean tubes and the DNA precipitated by the addition of 0.6 volume isopropanol at
room temperature for 1 – 2 hours. The DNA was pelleted by centrifugation at 10,000 x g for 1
hour at 20º C, washed with cold 70% ethanol, and resuspended in 200 µl Tris-HCl pH 8.0.
Concentration of DNA was measured by spectrophotometric absorbance at a wavelength of 260
nm. Community DNA from three 5-g amounts of each saprolite sample (4.6 and 4.7 m depths)
were extracted and pooled for 16S rRNA gene analysis. Due to small sample size of saprock
samples (4.9 m depth), DNA was extracted from duplicate 0.2 - 0.3 g samples using a PowerSoil
DNA extraction kit from MoBio (Carlsbad, CA) and pooled for subsequent PCR.
Duplicate PCR reactions were prepared using 5 U Taq polymerase (Gene Choice,
Frederick, MD) with standard buffer, 3.5 mM MgCl2, 0.25 mM dNTPs, 10 pmol of each primer,
1 ng reaction-1 of bovine serum albumin, and 4 µL of DNA extract per reaction. Temperature
cycling consisted of initial denaturation for 5 min at 94°C; 35 cycles of 94 °C-30s/54 °C-30s/ 72
°C-60s; and a final extension of 7 min at 72°C. Universal bacterial primers 27F (5’AGAGTTTGATCMTGGCTCAG -3’) and 907R (5’–CCCCGTCAATTCMTTTGAGTTT-3’)
were used to amplify bacterial 16S rRNA genes (Lane 1991). Archaeal 16S rRNA gene primers
were 23F (5’-TCYGGTTGATCCTGCC-3’) (Lane, 1991) and 1197R (5’TTCGGGCAARCTGACC-3’) (Baker et al., 2006). Duplicate reaction mixtures were pooled
prior to ligation with a pCR® 4-TOPO vector (Invitrogen, Carlsbad, CA). Plasmids were cloned
into TOPO TA chemically competent DH5α-T1 Escherichia coli TOP10 cells (Invitrogen,
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Carlsbad, CA). GenBank accession sequences most similar to cloned sequences were identified
using the basic local alignment search tool (BLAST) (Altschul 1990) and assigned to bacterial
divisions. Proteobacteria subdivisions (alpha, beta, delta, and gamma) were treated as divisions
during data analysis.
Sequences (n = 260) were analyzed using DOTUR and LIBSHUFF programs in mothur
(Schloss et al., 2009). LIBSHUFF determines whether two or more bacterial clone libraries are
statistically similar to or different from one another by comparing their sequence distances
calculated in DNA distance matrices. Sequences were aligned against a comparison library from
Greengenes (DeSantis et al., 2006a; DeSantis et al., 2006b), and distance matrices were
calculated using mothur. Distance matrices were used to estimate library coverage for
communities at three depths in each core (6 libraries total) as well as to evaluate statistical
significance of library differences. To estimate community coverage, sequences were first sorted
by DOTUR into operational taxonomic units (OTUs) based on > 97% sequence similarity. We
divided the number of OTUs by the Chao 1-estimated number of OTUs, also at > 97% similarity.
Chao 1 OTU estimation was chosen over other estimator values because of our relatively small
library sizes. When analyzing the results in LIBSHUFF, we used corrected P-values of 0.0085
when comparing the three communities sampled from a single bore hole and 0.0017 when
comparing all six communities (Schloss et al., 2009).
Genbank accession numbers for 16S rRNA gene sequences are XXXXXXXX to
XXXXXXXX.
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2.4 Results
2.4.1 Characteristics of cells, biofilms, and minerals
Dispersal of saprolite samples in agarose permitted more thorough documentation of cell
distribution on well-separated minerals in a transparent medium under 400X magnification (Fig.
2-2). No autofluorescence was observed when mineral samples were viewed under laser
illumination prior to staining with BacLight. Green fluorescent pixels from the viable cell stain
SYTO9 produced discrete points (typically 1-3 µm2 in area) (Fig. 2-1a and 2-1b), which were
interpreted to be individual cells or multiples of 2-4 cells. Irregularly shaped patches emitting red
fluorescence from the nonviable cell stain propidium iodide (Fig. 2-2a and 2-2b) were larger in
area (up to 5000 µm2 or more), and generally followed the outlines of the mineral surfaces with
which they were associated. These irregular and discontinuous areas of red fluorescence were
interpreted to be biofilms containing nonviable cells and possibly extracellular polysaccharides
entrapping DNA from damaged cells (Fig. 2-2a and 2-2b). Discrete points of green fluorescence
were sparsely distributed in red-fluorescing biofilms. Viable cells from 4.4-, 4.6, and 4.7-m
samples also were observed in internal cracks on planar surfaces of biotite grains, which were
identified based on their size, cracked appearance, multiple layers, and frayed edges (labeled as B
in Fig. 2-2a). Both viable cells and red-fluorescing biofilms could be found along biotite layer
edges. Quartz grains, distinguishable by their transparency and sharp, angular edges, were
virtually devoid of bacteria (labeled as Q in Fig. 2-2a). As shown in Figure 2-2 some quartz
grains were in close proximity to or suspended in agarose behind other opaque minerals (Labeled
as U in Fig. 2-2a). Opacity of these relatively small particles (< 5µm) was attributed to the
presence of Fe(II), Fe(III), Mg(II), and Al-containing minerals such as biotite, goethite, or
kaolinite.

28
2.4.2 Microbe-mineral associations in the regolith profile
Summed mineral surface areas (µm2) from all fields of view examined at each depth
ranged from 75,877 to 620,255 µm2 (Table 2-1). Data from CLSM images were obtained only
from the lower surfaces and angled edges of mineral grains. For data reporting, four sections of
the regolith were identified: soil (Bw) at 0.15 and 0.31 m; upper saprolite at 1.5-2.0 m; Mn-rich,
weather-resistant saprolite at 2.4 m, described as a “ghost rindlet” by Buss et al. (2005); and
lower saprolite at 3.1-4.7 m. In all regolith sections, the percentages of mineral area (calculated
from Eqn. 1) covered by nonviable cells were higher than for viable cells (Table 2-1). Areas
viewed for total minerals, viable cells and nonviable cells were highest in the soil samples, which
were more weathered and aggregated than saprolite. In upper saprolite, the mean %MAC values
at each depth for viable cells (1.93 and 3.6 %) and nonviable cells (4.10 and 17.04 %MAC) were
higher than in lower saprolite (means ranging from 0.037-0.88% and 0.570-5.94% for viable and
nonviable cells, respectively). Mineral coverages by viable and nonviable cells in the Mn-rich
saprolite (2.4 m) were significantly different from those observed in the topmost sample of lower
saprolite (3.1 m), with p-values of 0.042 and 0.003, respectively (α = 0.050). Mineral coverage
by nonviable cells also differed between upper saprolite (2.0 m) and Mn-rich saprolite at 2.4 m
(p-value of 0.010), clearly distinguishing the “ghost rindlet” from the upper and lower saprolite
sections. Due to high variability of mineral surface coverages in each field of view, the mean
%MAC values were not statistically different from each other in the lower saprolite (3.1-4.7 m)
(Table 2-1).
Total areas of mineral surfaces examined at different depths varied (Table 2-1). Thus,
areas occupied by viable and nonviable cells calculated in COMSTAT were normalized per
100,000 µm2 of field of view (FOV) to depict gross distribution patterns with depth (Fig. 2-3a).
Areas of viable cells per 100,000 µm2 of FOV were greatest in soils at 0.15 and 0.31 m (ca. 5,000
µm2), decreased to 1,300 µm2 or less in the upper saprolite (1.5-2.4 m), and remained less than
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500 µm2 throughout the lower saprolite (Fig. 2-3a insert). In the lower saprolite section, viable
cell area per 100,000 µm2 FOV was greatest near the saprock (401 µm2 at 4.6 m). The gross
pattern of change for nonviable cell area per 100,000 µm2 FOV was similar to that of viable cell
area, though nonviable cell areas were always higher in value except at 4.6 m (Fig 2-3a. insert).
Respective values for nonviable cell areas in soil, upper saprolite, Mn-rich saprolite, and lower
saprolite, respectively, were ca. 12,000 µm2, 2300-5600 µm2, 4200 µm2 and < 1000 µm2 per
100,000 µm2 FOV (Fig. 2-3a). In the lower saprolite section, nonviable cell area per 100,000 µm2
FOV was highest at 4.4 and 4.7 m near the saprock (773 and 751 µm2, respectively) (Fig. 2-3a
insert).
Surface areas for each of the three mineral classes (biotite, quartz, and opaque
unidentified) were calculated per 100,000 µm2 of FOV for normalized plotting of mineral
composition with depth (Fig. 2-3b). Opaque, unidentified minerals represented the dominant
mineral class observed in the soil and upper saprolite, with area (µm2) per 100,000 µm2 FOV
ranging from 19,000 – 32,000 µm2. In the soil, biotite area per 100,000 µm2 FOV was lower
(4500 – 5000 µm2) than it was for quartz (5400 – 5700 µm2). In upper saprolite, biotite area was
higher (13,000 – 17,000 µm2) compared to the biotite at soil depths. In the “ghost rindlet” and
lower saprolite, biotite area per 100,000 µm2 of FOV was higher than in the two upper sections of
the regolith (Fig. 2-3b). In the lower saprolite, biotite area per 100,000 µm2 FOV was highest at
4.4 and 4.6 m (56,000 and 43,000 µm2 respectively), and then lower in value at 4.7 m near the
saprock (12,000 µm2). Quartz area (µm2) per 100,000 µm2 of FOV varied little throughout the
regolith profile (Fig. 2-3b).
Results of linear regression analysis of cell areas vs. mineral areas for the three mineral
classes agreed with observed trends (Fig 3a and 3b). When expressed as area per 100,000 µm2
FOV, opaque, unidentified minerals showed the highest coefficients of determination for both
viable and nonviable cells, R2 = 60 and 58%, P = 0.002 and 0.004, respectively (Fig. 2-4). When
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the areas for the two soil samples were removed from the analysis, the relationship between
viable cells and opaque, unidentified mineral was still observed, with R2 value of 83% and pvalue of <0.001; on the other hand, the relationship between opaque minerals and nonviable cells
was not observed (R2 = 34%, P= 0.076).
A weak negative relationship was observed between biotite areas and cell areas per
100,000 µm2 FOV (R2 = 40% and P-value of 0.027 for viable cells and R2 = 48 and P-value of
0.012 for nonviable cells). However, this relationship was not observed when values from the two
soil samples were removed from the dataset (P = 0.285 and 0.147 for viable and nonviable cells,
respectively). When only the lower saprolite samples (3.1-4.9 m) were analyzed, linear regression
analysis indicated no relationships between viable or nonviable cell areas versus areas for any of
the mineral classes. No relationships were observed between quartz areas and cell areas per
100,000 µm2 FOV. Overall, results confirmed a positive relationship between microbial cells and
the surfaces of opaque, unidentified minerals. This class consisted of secondary minerals or
aggregations of secondary minerals with smaller, unidentifiable primary minerals.
2.4.3 Bacterial community composition in deep regolith
Clone libraries of 16S rRNA gene amplicons were obtained from DNA extracts of
saprolite samples at 4.6 and 4.7 m and saprock at 4.9 m for the LG-1 N and LG-1 S core series
(total of six libraries). The clone libraries were diverse with representatives from fourteen
divisions: Acidobacteria, Actinobacteria, Firmicutes, Chloroflexi, alpha-, beta-, delta-, and
gamma-Proteobacteria, Nitrospirae, Planctomyces, Gemmatimonas, Deinococcus,
Verrucomicrobia, and Flavobacteriaceae (Fig. 2-5). LG-1 N and LG-1 S libraries differed with
respect to their most abundant bacterial divisions. In LG-1 N libraries, representatives of the same
division (gamma-Proteobacteria) dominated at all three depths (30.6%, 60.6%, and 37.1% at 4.6,
4.7, and 4.9 m, respectively) (Fig. 2-5). In contrast, LG-1S libraries were each dominated by
representatives of two different divisions (Acidobacteria at 4.6 and 4.7 m, and Firmicutes at 4.9
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m). Differences between the LG-1 N and LG-1 S libraries were also reflected in divisions that
were represented exclusively in each borehole. Sequences related to Flavobacteriaceae,
Deinococcus, and alpha-Proteobacteria were found only in the LG-1 N libraries. Sequences
related to Planctomyces, Verrucomicrobia, and Nitrospira were unique to the LG-1 S libraries.
Statistical analyses of the six bacterial libraries collected from LG-1 N and LG-1 S (Fig. 2-5)
showed that all but two of the 15 pairwise comparisons of clone library compositions were
statistically different (p-value < 0.0017). The libraries from depths 4.6 m and 4.7 m in the LG-1 S
borehole were similar to one another and the libraries from LG-1 N depths 4.7 m and 4.9 m were
similar (p-values > 0.0017). When we compared the three libraries collected just from the LG-1 N
depths to one another, 4.7 m and 4.9 m LG-1 N libraries were no longer similar and all three
libraries were significantly different from each other (p-value < 0.0085). The LG-1 S libraries
from 4.6 m and 4.7 m remained similar during the three library comparisons (p-value > 0.0085).
The statistical differences between libraries from core sections in the LG-1 N and LG-1 S
borehole resulted not only from different dominant divisions, but also from the representation by
other divisions. The second most abundant divisions in LG-1 N libraries were betaProteobacteria (22.2%) at 4.6 m, Acidobacteria (9.1%) at 4.7 m, and Firmicutes (21.3%) at 4.9 m
(Fig. 2-5). Divisions that were less abundant (1.6 - 8%) in the LG-1 N libraries included alphaProteobacteria, Chloroflexi, Actinobacteria, delta-Proteobacteria, Flavobacteria,
Gemmatinomadetes, and Deinococcus. In the LG-1S libraries, the second most abundant
divisions were gamma-Proteobacteria (24.5%) at 4.6 m, Chloroflexi (14.6%) at 4.7 m and
Acidobacteria (36.5%) at 4.9 m. Divisions of lesser abundance (1.9 – 8.2 %) included
Actinobacteria, delta-Proteobacteria, beta-Proteobacteria, Planctomycetes, Nitrospira,
Verrucomicrobia and Gemmatinomadetes. Most sequences could be assigned to a division,
however several unassigned sequences were found in both boreholes (Fig. 2-5). In the 4.6 m LG1 N library, some sequences were similar to unassigned sequences recovered from a diverse soil
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profile (Hansel et al., 2008) and an Oklahoma grass prairie soil (Elshahed et al., 2008). One other
unassigned sequence from the 4.7 m LG-1 S library was related to sequences from a coalmine
seam in Japan (Shimizu et al., 2007).
Sequences assigned to the most frequently represented division in the LG-1N libraries,
gamma-Proteobacteria, were highly similar to sequences of Stenotrophomonas spp.,
Pseudomonas spp. and Acidithiobacillus spp. In libraries from 4.7 and 4.9 m depths, 48% and
16.4% of the sequences, respectively, had > 99% similarities to Stenotrophomonas maltophilia.
Sequences closely related to S. maltophilia also have been detected in coal-mine drainage sites
(Nicormat et al., 2007) and ferromanganese-rich mineral deposits in caves (Northup et al., 2003).
One sequence was also a close relative (99%) to Acidithiobacllius ferrooxidans (99%), the bestknown Fe(II)-oxidizing bacteria in acid mine drainage environments (Johnson and Hallberg,
2003). Beta-Proteobacteria sequences were closely related to representatives of Leptothrix,
Variovorax, Ralstoniaceae, and Delftia. The 4.6 m LG-1 N library included sequences related to
Variovorax paradoxus (> 99%) detected in Mn-oxidizing media (Nogueira et al., 2007).
Ralstonia (> 99%) is a genus detected in granite-fracture water (Sahl et al., 2008) and ironreducing media (Lin et al., 2007). One sequence from the 4.6 m LG-1 N library was highly
similar to Delftia acidovorans (> 99%) detected by Heinzel et al. (2009) at an acid mine drainage
treatment plant where bacterial 16S rRNA clone libraries consisted predominantly of betaProteobacteria sequences.
Most of the sequences affiliated with Acidobacteria, the dominant division in the 4.6 and
4.7 m libraries from LG-1S, had highest sequence similarities to Holophaga (94%), uncultured
Acidobacteria from soils with elevated CO2 concentrations (94 – 96%) (Lesaulnier et al., 2008),
and uncultured Acidobacteria from a uranium-contaminated subsurface environment (92 - 98%)
(Barns et al, 2007). The division Acidobacteria was recently distinguished as a division separate
from Firmicutes and is projected to be as diverse in species and metabolisms as Proteobacteria
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(Quaiser et al., 2003). Sequences related to uncultured gamma-Proteobacteria, the second most
abundant division in the LG-1S 4.6 m library, were closely related to environmental clones
classified as Pseudomonas spp. found in arsenic-rich (>99%) (Rathinasabpathi et al., 2006) and
pristine soils (>99%). Pseudomonas spp. are important in releasing Fe(III) from soil colloids
using siderophores under Fe-limiting conditions (Cox et al., 1981). Uncultured Firmicutes
sequences, representing the dominant division in LG-1 S 4.9 m, were closely related (87 – 97%)
to Firmicutes detected in wind-deposited soils, c. 77,000 years in age (Tarlera, et al., 2008).
Several of the Firmicutes-related sequences from this library were closely related to Bacillus spp
(> 99%). However, 60% of the Firmicutes sequences in the 4.9 m library were < 90% similar to
identified Firmicutes in the public databases (87 – 89%), possibly representing a new genus-level
lineage in the division.
Archaeal DNA was not amplified from any community DNA extracts. Although archaea
may be present in the saprolite, their numbers could have been too low to be detected with the
methods used in this study.
To evaluate the degree to which this sequencing effort captured extant bacterial diversity
in the deep regolith, library coverage estimates were calculated using the mothur software. For
each clone library, sequences were sorted by DOTUR into operational taxonomic units (OTUs)
showing ≥ 97% similarity, the percentage typically used for species-level identifications
(Hugenholtz et al., 1998). Library coverage estimates were calculated by dividing the number of
observed OTUs by the Chao 1 predicted OTUs for the libraries (Table 2-2). The estimated library
coverages were 65, 15, and 53% for 4.6, 4.7, and 4.9 m LG-1 N, respectively, and 48, 36, and
59% for 4.6, 4.7, and 4.9 m LG-1 S, respectively (Table 2-2). Statistical analyses using
LIBSHUFF of the six libraries collected from LG-1 N and LG-1 S (Fig. 2-5) showed that only
two of the 15 pairwise comparisons of clone library compositions were similar. The libraries from
depths 4.6 m and 4.7 m in the LG-1 S borehole were similar to one another, and the libraries from
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LG-1 N depths 4.7 m and 4.9 m also were similar to each other (p-values > 0.0017). All other
libraries were significantly different from each (p-value < 0.0017). When we compared the three
libraries collected just from the LG-1 N depths to one another, 4.7 m and 4.9 m LG-1 N libraries
were no longer similar and all three libraries were significantly different from each other (p-value
< 0.0085). Libraries from 4.6 m and 4.7 m remained similar when the comparisons were
restricted to the three LG-1S libraries (p-value > 0.0085).

2.5 Discussion
High rainfall, warm temperatures, and abundant vegetation drive bedrock weathering to a
large extent in tropical environments. Nevertheless, chemical weathering rates reported for quartz
diorite in the Rio Icacos watershed are higher than those measured for granitoid rocks in another
tropical watershed, the Nsimi of southwest Cameroon (Braun et al., 2005). In the Rio Icacos
watershed, chemical weathering fluxes of silica and sodium are 16- and 40-fold higher,
respectively, than they are in the Nsimi watershed, even though the latter has comparable mean
annual temperatures (23°C) and precipitation (1700 mm). Thus, it is possible that the faster rates
of quartz diorite weathering observed at Guaba Ridge are due in part to activities of
microorganisms adapted to exploitation of available nutrients at the bedrock interface
2.5.1 Evidence for biological weathering in deep Guaba Ridge regolith
In TEM studies of surface soils, microorganisms associated with soil organic matter or
clays typically appear as microcolonies of 2-10 cells (Foster et al., 1983). Our CLSM data are
consistent with prior TEM studies, since we frequently observed viable cells as individuals or
microcolonies of 3-4 cells on mineral surfaces (Fig. 2-2). Viable cells were predominantly
associated with opaque, unidentified minerals (Fig. 2-4), and they also were observed on and
within cracks of biotite mineral grains. Areas comprised of nonviable microbes, which appeared
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to be more similar to continuous biofilms than to individual cells, were also observed on biotite
and on opaque, unidentified minerals. Both cell types were rarely observed on surfaces of quartz.
Previous mineralogical studies of the Guaba Ridge regolith established the presence of
only two major primary minerals, quartz and biotite, within the saprolite (Murphy et al., 1998;
White et al., 1998). Because we could distinguish quartz and biotite based on their abilities to
transmit light in CLSM images and on their relatively large grain sizes, they were designated as
two of three mineral classes to be tracked with depth. The third class consisted of all other opaque
mineral grains that could not be identified as biotite. Total areas of transparent quartz grains
summed from images captured at each depth ranged from 596 to 39,400 µm2. With an average
quartz grain width of around 450 µm (Schulz and White, 1999), most quartz grains would be too
large to fit within the field of view (width of ca. 360 µm) used in our study. Thus, surface areas of
quartz in our CLSM images would have been obtained from smaller-than-average quartz grains
or portions of much larger grains. Although Schulz and White (1999) observed that quartz
constituted a larger weight fraction of the soil than the saprolite (ca. 54% wt. and 23% wt.,
respectively), the areas of quartz surfaces per field of view in our CLSM images varied little with
depth (Fig. 3b.
In a first attempt of its kind, we developed a procedure to track microbe-mineral
associations with depth using CLSM digital imaging, BacLight viability staining, and software
tools. By using the procedure to calculate percentages of mineral surface areas covered by cells
(%MAC), systematic information on cell-mineral relationships with depth could be obtained.
Based on previous findings of relative cell abundance through the regolith profile (Buss et al.,
2005), we expected to observe higher %MAC in surface soils, which contain higher amounts of
live roots, organic matter, and nutrients. In upper saprolite, we expected to observe lower %MAC
values for viable and nonviable cells since %weight of organic carbon was less than that of
surface soils (Buss et al., 2005). However, at the 2.4 m depth corresponding to the blacker, Mn-
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rich saprolite, the %MAC value for nonviable cells relative to values in the more shallow
saprolite (Table 2-1). Buss et al. (2005) recorded a similar increase in cell number at 2.2 m, where
weight percentages of of biotite, quartz, kaolinite, and Fe(II) and Mn(II) oxides were also higher
compared to surrounding saprolite (Schulz and White, 1999; Buss et al., 2005). Because of the
distinctive characteristics observed on visual inspection and chemical analysis, the saprolite at 2.4
m was referred to as a “ghost rindlet”, a layer of relatively more resistant minerals persisting
during saprolite weathering (Buss et al., 2005). Slower weathering minerals in the ghost rindlet
layer would represent a richer nutrient source for supporting higher numbers of microorganisms
at this depth.
In the lower saprolite immediately beneath the ghost rindlet, %MAC was lower for both
viable and nonviable cells, which agreed with decreased cell densities reported for these depths
by Buss et al. (2005). Mineral surface coverages by viable and nonviable cells, however, became
greater at 4.6 m and 4.7 m depths near the saprock. Higher %MAC values in the present study
were consistent with increased cell numbers, DNA yields, and culturable cells reported for these
depths, as well as higher concentrations of Mn and acid extractable Fe(II) (Buss et al., 2005).
Oxidation of structural Fe(II) in biotite can cause changes in structural OH- and the
strength of interlayer bonding. The changes in layer charge due to Fe(II) oxidation to Fe(III) must
be balanced by expulsion of octahedral cations or loss of protons from the structural OH-.
Expulsion of octahedral cations would create empty sites within the lattice. The protons of the
structural OH- would be attracted toward the empty sites and would then shift away from the
interlayer K+ cations. This difference in OH- orientation could cause greater attraction and
retention of interlayer K+ cations (Fanning et al., 1989). Another theory is that the loss of protons
in structural OH- during Fe(II) oxidation could convert the OH- to an O2- and cause an increase in
attraction for K+ (Fanning et al., 1989). Both mechanisms for balancing charge suggest that the
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K+ cations in the interlayer would be more strongly held in altered biotite, making it more
resistant to weathering than unaltered biotite.
Biotite oxidation during quartz diorite weathering was observed to initiate in the
corestones to produce altered biotite and micro-cracks in the bedrock (Buss et al., 2008). If Fe(II)oxidizing bacteria are involved in the oxidation of structural Fe(II) in biotite, they would mediate
changes in biotite charge. Although such bacteria would use Fe(II) in biotite as an electron donor,
they would also indirectly decrease the rate of biotite weathering and subsequent release of K+
cations, which would be more tightly held in the interlayer. On the other hand, the micro-cracks
observed in rindlets and saprock by Buss et al. (2008) could promote weathering of other primary
minerals feldspar, hornblende, plagioclase, and apatite to release the nutrients Mg2+, K+, Ca2+ and
PO42-. These nutrients could support biological oxidation of aqueous or exchangeable Fe(II) from
hornblende, which weathers completely within the saprock layer. Fe(II) flux from hornblende
weathering was calculated to be high enough to support growth of 104-105 Fe(II)-oxidizing
bacteria g-1 (Buss et al., 2008). These nutrients thus could support biofilm formation on biotite
surfaces. However, as nutrient-rich primary minerals dissolve at the bedrock-saprolite interface,
many of the cells immobilized in biofilms would eventually die from a preceding decline in the
availability of electron donors and nutrients from weathering minerals. In the lowermost saprolite
depths, nonviable microbial biofilms were observed on biotite surfaces. Biotite was the dominant
mineral in CLSM images at 4.7 m, the last depth collected prior to saprock, and nonviable cell
coverage increased to 5.94% MAC (Table 2-1). This suggests that microbes in biofilms formed
on mineral surfaces in actively weathering saprock may not be able to maintain viability in the
saprolite. Other heterotrophic microbes could become established in saprolite on secondary and
highly weathered minerals by obtaining electron donors from the necromass observed on opaque,
unidentified mineral grains and biotite. Frequent observations of single viable cells in the midst of
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large areas of nonviable biofilms in our CLSM images (Fig. 2-2) was consistent with this
interpretation.
Biotite altered in the rindlet zone could eventually continue to weather throughout the
saprolite by two proposed mechanisms. In deeper saprolite, where phyllosilicate grains are more
likely to be saturated with altering fluid, biotite layers were observed by Dong et al. (1998) to
weather to spheroidal halloysite as observed at the lattice fringe in TEM photomicrographs. The
proposed weathering reactions for saprolite required the addition of H+ and included the loss of
K, Al, Mg, Fe(II), Ti, Si, and H2 O. Another transformation observed in saprolite by Murphy et al.
(1998) was the direct weathering of one layer of biotite to two layers of kaolinite. This reaction
also releases K, Mg, Fe(II), Fe(III), Ti, Si. The release of K, Mg, and Fe(II) would provide the
macro- and micronutrients required for the surrounding microbial community observed in CLSM
images. Release of Fe(II) from the weathering biotite could also serve as an important electron
donor to potential, surviving Fe(II)-oxidizing bacteria.
2.5.2 Bacterial community analysis and inferred metabolisms
The four divisions highlighted in gray in Figure 2-5 contain representatives with known
or potential iron-oxidizing metabolisms or mineral dissolution capabilities. One sequence in the
4.6-m LG-1N library was closely related to Acidithiobacillus ferrooxidans (gammaProteobacteria). A. ferrooxidans grows in acidic environments (pH < 3) where abiotic Fe(II)
oxidation is slow relative to neutral conditions. Because of the severe problems posed by acid
mine drainage, research has focused on Fe(II)-oxidizing acidophiles at acid mine drainage sites
(Johnson and Hallberg, 2003; Bond et al., 2000). Deep saprolite at the bedrock interface is a
novel environment for the detection of sequences related to A. ferrooxidans, which is well known
to thrive at pH lower than the 4.5-5 pH values reported for this saprolite (White et al., 1998).
Active Fe(II) oxidation in saprock could create micro-environments where pH is lowered as a
result of ferric (oxyhydr)oxide formation, thus enhancing the ability of A. ferrooxidans to survive.
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For example, Liermann et al. (2000) showed that biofilms of soil microorganisms could lower the
pH by 1 unit at a hornblende mineral surface, creating a change in the biofilm microenvironment.
Genes associated with bacterial attachment and colonization of surfaces are present in the
genome of A. ferrooxidans ATCC 23270 (Valdes et al. 2008). An extracellular polysaccharide
(EPS) gene cluster was also identified in the same genome. Both types of functional genes are
postulated to be involved in biofilm formation on mineral surfaces (Valdes et al., 2008).
Microbial reliance on deep saprolite and saprock primary minerals plagioclase, K-feldspar,
hornblende, biotite, and apatite for their nutrients and respiration could contribute to the
establishment of the biofilms as well as the weathering of the minerals. Only one sequence
related to A. ferrooxidans was recovered in the entire dataset, suggesting that it is a rare
community member. However, PCR biases could also account for low levels of detection of
specific populations (Dunbar, 2004; Frank et al., 2008).
For all sequences in the six clone libraries, the greatest number of phylogenetic
affiliations made at the species level was with Stenotrophomonas maltophilia (gammaProteobacteria). Although S. maltophilia has been studied as an opportunistic hospital pathogen,
environmental sequences related to it have been recovered from circum-neutral, iron-oxidecontaining enrichments (Emerson and Moyer, 1997) and in ferromanganese mineral deposits in a
New Mexico cave (Northup et al., 2003). Sequences closely related to this species have also been
recovered in samples from coal-mine drainage sites (Nicomrat et al., 2007) and an aquifer where
sequences closely related to known Fe(III)-reducing microorganisms were also found (Lin et al.,
2007). S. maltophilia is a recognized heterotroph, and although its abilities to oxidize Fe(II) either
for energy or cometabolically have not been confirmed, metal dissolution capabilities have been
reported (Rice et al., 1995).
Two beta-Proteobacterial sequences related to Janthinobacterium spp. (98-99%) were
recovered from the 4.9-m LG-1N library. These sequences were 93% similar to those of
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Collimonas spp., which has been shown to have strong mineral weathering capabilities (Uroz et
al., 2009). Several other beta-Proteobacterial sequences were closely related to uncultured
Leptothrix bacteria (99% identity). The Leptothrix genus includes two sheath-forming species, L.
ochracea and L. discophora, which may be capable of autotrophic, Fe(II)-oxidization (Emerson
and Revsbech, 1994; Harder, 1919; Mulder and Deinema, 1992; Corstjens et al., 1991). Although
the Fe(II)-oxidizing metabolism has not been confirmed for the genus, L. ochracea has been
cultured in media with Fe(II) as the major electron donor (Emerson and Revsbech, 1994) and L.
discophora was shown to have an iron- and manganese-oxidizing protein (Corstiens et al, 1991).
Several other sequences in LG-1N libraries were closely related to members of the
Nitrospira division, which includes the recognized Fe(II)-oxidizing species, Leptospirillum
ferrooxidans (Rawlings et al., 1999). However, the LG-1N sequences had 81% similarity to the
rRNA of L. ferrooxidans, but 98% similarity to other uncultured Nitrospira species. The recovery
of a low number of sequences that were closely related to recognized lithoautotrophic Fe(II)oxidizers provides evidence for the activity of such organisms in oxidizing structural Fe(II) from
hornblende or biotite and providing reduced carbon and other nutrients for heterotrophs. Activity
of these organisms also could result in precipitation of the secondary mineral goethite in saprock
and saprolite.
Mineral dissolution and weathering can also be indirect results of microbial activities.
Sequences related to various species of Bacillus were observed in the BLAST analysis, and
Bacillus spp. are capable of hornblende dissolution through the production of siderophores. Both
A. ferrooxidans and Bacillus spp. were shown to promote mica weathering during laboratory
studies (Styriakova, 2004) where K+ was released and could be used as a microbial nutrient.
Activity of these bacteria observed in the saprolite would most likely contribute to the weathering
of biotite through K+ uptake by cells.
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Because LIBSHUFF analysis of clone library coverage of resident communities indicated
that some OTU’s were not recovered, other undetected species may have been present in the
saprolite and saprock. Nevertheless, the clone library data indicated that resident communities
contained a large proportion of heterotrophs. Furthermore, dominance of sequences affiliated
with gamma- and beta-Proteobacteria in the LG-1 N borehole and Acidobacteria and Firmicutes
in the LG-1 S borehole suggested high spatial heterogeneity of microbial community composition
between the two regolith cores. Such variability could be a consequence of fortuitous
translocations of “pioneer” cells from the surface, followed by survival and growth of the
organisms which encountered favorable conditions. Pairwise comparisons of clone library
composition showed that most communities were significantly different from each other and that
the only communities similar to each other were those occurring at adjacent depths in one
borehole.
2.5.3 Contribution of current study to evidence for biological weathering
One explanation for the microbe-mineral associations we observed in this study is the
provision of nutrients to microbes as minerals weather or precipitate. A second explanation is that
cells physically associate with mineral surfaces in order to extract nutrients. The LG-1 site is low
in organic carbon (0.19 and 0.09 %wt for 4.57 and 4.88 m respectively) (Buss et al., 2005) and
has an infiltration rate of 1.1 m yr-1) (White et al., 1998), thus isolating microbial communities in
deep saprolite from the nutrients and electron donors available in surface soils. Biological Fe(II)oxidation by autotrophs therefore would be most likely to occur in the saprock and the saprolite
immediately above it. Hornblende dissolution at a rate of 6 x 10-13 mol hornblende m-2 s-1 could
provide enough Fe(II) as a potential electron donor for a detectable population of Fe(II)-oxidizers
(Buss et al., 2008). The lighter Fe isotope values recorded for the Rio Icacos watershed rindlet
zone, " 56Fe = -0.40‰, are consistent with biological activity (Buss et al., 2008). Apatite, also
present in the quartz diorite bedrock at the LG-1 site, has a calculated weathering rate of 5.5 x 10-
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mol m-2 s-1 (Buss et al., 2009). Based on previous growth yields (Buss et al., 2005), the flux of

P from this mineral is expected to be sufficient to support the microbial communities (Buss et al.,
2009). Water availability to microorganisms at this depth also is high averaging about 32%
moisture content as a result of water percolation. Moreover, gas sample measurements of 18% O2
and 3.8% CO2, previously reported by White et al., (1998) at a comparable depth, would favor
aerobic, lithoautotrophic utilization of Fe(II) as the electron donor and CO2 as the carbon source.
The macronutrients potassium and phosphate also would be available from biotite, feldspar and
apatite. Both lithoautotrophic Acidithiobacillus sp. and heterotrophic Bacillus sp. have shown
abilities to extract potassium from mica in laboratory studies (Styriakova, 2004).
The microbe-mineral associations observed in this study contribute to the understanding
of microorganisms’ involvement in natural mineral dissolution and precipitation. Microbial
attachment near mineral edges and cracks, as observed in CLSM images, would reduce
requirements for solute diffusion prior to microbial uptake and immobilization. Microbial
immobilization of solutes in pore water, for example, would serve to accelerate weathering
reactions by keeping concentrations of weathering products low, thereby increasing diffusion
gradients (Minyard et al., in press). Other, more critical roles in weathering, however, include
biological oxidation of newly solubilized Fe(II) and microbially induced release of Fe(II) from
mineral structures. While reduction by bacteria of structural Fe(III) to Fe(II) in primary minerals
has been demonstrated (Kukkadapu et al., 2006), oxidation of structural Fe(II) has not been
reported to date. Microbial oxidation of structural Fe(II) would promote weathering of the
saprock primary mineral hornblende and promote formation of goethite, which makes up 3.9
weight % of the saprolite near the saprock. However, such activity could decrease the rate of
biotite weathering by increasing retention of interlayer cation K+ (Fanning et al., 1989). Oxidation
of Fe(II) in solution might also retard primary weathering by promoting formation of iron oxide
coatings on mineral surfaces. Bacteria such as Acidithiobacillus ferrooxidans, Leptospirillum
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ferrooxidans (Johnson and Hallberg, 2003; Bond et al., 2000; Senko et al., 2008) and Leptothrix
ochracea and Gallionella sp. (Emerson and Revsbech, 1994) are known or expected to oxidize
Fe(II) in solution. The activity of A. ferrooxidans and other potential Fe(II)-oxidizing bacteria
observed in the clone libraries may be playing a larger role in deep saprolite and saprock by
influencing the weathering rates of primary minerals and rate of secondary mineral formation.

2.6 Conclusions
Extensive chemical, mineralogical, and hydrologic research conducted at the LG-1 site in
the Rio Icacos watershed provides a useful foundation for evaluating microbial community
composition and mineral associations. Our CLSM data confirmed a positive relationship between
microbial cells and opaque, unidentified minerals representing secondary minerals or mineral
aggregations. The 16S rRNA clone libraries revealed the presence of diverse bacteria at the
bedrock interface, including Acidithiobacillus ferrooxidans, Stenotrophomonas maltophilia,
Leptothrix, Nitrospirae, and Bacillus spp., which have metabolic capabilities that have been
implicated in metal cycling and mineral dissolution. Development of diverse and spatially distinct
communities could be due to chance translocations of microorganisms from surface soils,
adaptive cooperation between lithoautotrophs and heterotrophs, and reutilization of dead biomass
to maintain microbial viability. Lithoautotrophs like Acidithiobacillus ferrooxidans, for example,
could survive on nutrients released from weathering minerals and produce cell mass, which upon
their deaths would provide fixed carbon for heterotrophs. In turn, mineral dissolution activity by
heterotrophic bacteria such as Bacillus spp. and Stenotrophomonas maltophilia could increase
electron donors and nutrient supplies for surviving lithoautotrophs. Although saprolite and
saprock provide nutrient-poor environments in comparison to surface soils, biogeochemical
processes occurring in the deep unsaturated subsurface appear to be complex. We are just
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beginning to understand the relationships between subsurface microorganisms and their lownutrient environments. Future studies employing RNA-based analyses of active metabolisms and
the nutrient sources supporting these metabolisms will enhance our understanding of the
mechanisms by which microorganisms contribute to bedrock weathering.
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2.9 Figure captions
Figure 2.1. Examples of two-dimensional CLSM display images of LG-1N saprolite (4.7-m
depth) generated from one 132,400 µm2 field-of-view at 400x: a and c) fluorescence color
display images generated with Ar and HeNe lasers, respectively, and used as input for manual
threshold determinations in COMSTAT; b and d) COMSTAT-processed images showing white
areas corresponding to fluorescent cells/biofilms in previous two images after selecting optimized
threshold values; e) DIC display image of mineral surfaces supporting cells and biofilms; and f)
input for ImageJ analysis showing manually selected areas for each of three mineral classes:
quartz (Q); biotite (B), and unidentified opaque minerals (U).

Figure 2.2 CLSM images of nonviable (red) and viable (green) microbial cells from 4.7 m depth
(scale bars are 50 µm). (a) Display image combining views from DIC and both laser channels (Ar
for SYTO 9 visualization of viable cells and HeNe for PI visualization of nonviable cells). (b)
View showing association of viable and nonviable cells with fractured and opaque biotite (labeled
B) and opaque, unidentified minerals (labeled as U). Few microbes were observed on the
transparent quartz grains (labeled Q).

Figure 2.3. (a) The areas of cells, normalized per 100,00 µm2 of field-of-view (FOV), decreased
with depth for both viable (open squares) and nonviable (closed triangles) cells. In the deep
saprolite near the saprock where minerals are actively weathering, viable cell area was higher in
value (401 µm2) at 4.6 m and nonviable cell area was higher (773 µm2) at 4.4 m than other
samples collected in the lower saprolite (3.1 – 4.9 m). (b) From the data collected from Image J,
the minerals observed in the DIC channel were divided into three categories: biotite (grey
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squares); opaque, unidentified minerals (closed diamonds); and quartz (open circles). The opaque,
unidentified mineral areas (µm2 per 100,000 µm2 of FOV) followed a similar trend to viable cell
areas, both increasing at 4.6 m.

Figure 2.4. Linear regression plots of normalized CLSM data for viable and nonviable cell areas
(µm2 normalized per 100,000 µm2 of FOV) vs. opaque, unidentified mineral areas (µm2 per
100,000 µm2 of FOV).

Figure 2.5. Pie charts showing proportional representation of bacterial divisions, as determined
from BLAST results, in six 16S rRNA clone libraries generated from DNA extracts of LG-1N
(three charts at left) and LG-1S cores (three charts at right). Pie charts (from top to bottom) are
for libraries generated from saprolite (4.6 and 4.7-m) and from saprock (4.9-m). The subdivisions
of Proteobacteria are represented as individual divisions throughout the paper. Divisions
highlighted in grey represent divisions with representatives having known Fe(II)-oxidizing or
mineral dissolution capabilities.
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Table 2-1: Confocal laser-scanning microscopy (CLSM) data collected from LG-1 N and LG-1 S
regolith boreholes .
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Total area of mineral surfaces examined equals the sum of mineral areas in all fields of view
collected at a given depth (represents total surface areas of quartz, biotite, and opaque,
unidentified.)

t

Total area of cells (viable and nonviable) equals the sum of all green- or red-fluorescing areas,
respectively, in all fields of view collected at a given depth.

t

Mean %MAC is the mean mineral surface area covered by cells (Equation 1) averaged from all
images collected at the corresponding depth ± the standard error.

§ p-values were determined using 2-sample t tests in Minitab software (State College, PA) (α =
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0.05) to evaluate differences between %MAC values from CLSM data at a given depth
and from the depth immediately above it. The p-values labeled with * indicate significant
differences.
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Table 2-2: 16S rRNA clone library data from deep saprolite and saprock collected from LG-1 N
and LG-1 S boreholes
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Percent coverage is an estimate value calculated from OTU/Chao 1
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Figure 2-1: CLSM images were analyzed using COMSTAT and ImageJ
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Figure 2-2: CLSM images of LG-1 regolith with different mineral types labeled
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Figure 2-3: Cell per area (µm2) of 100,000 µm2 of FOV versus depth or regolith and (b) mineral
area (µm2) per 100,000 µm2 of FOV versus depth of regolith.
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Figure 2-4: Liner regression of cell per area (µm2) of 100,000 µm2 of FOV versus mineral area
(µm2) per 100,000 µm2 of FOV for soil and saprolite samples.
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Figure 2-5: Distribution of bacterial divisions identified at the LG-1 site.
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Chapter 3
Enrichment methods for indigenous microorganisms in saprolite and
saprock at the interface with quartz diorite bedrock

3.1 Abstract
Quartz diorite bedrock underlying the Rio Icacos watershed of Eastern Puerto Rico is
known to have one of the fastest weathering rates of granitic rock in the world. The interface
between this bedrock and its regolith is a useful environment for investigating the role of Fe(II)oxidizing bacteria in primary mineral weathering. Evidence of rapid quartz diorite hornblende
dissolution, biotite alteration, and increased bacterial densities suggest that Fe(II)-oxidizing
bacteria are active at this interface. Our objective was to enrich for autotrophic iron-oxidizing
bacteria from this weathering front using a suite of cultural methods. Saprolite and saprock
samples (5 m) were collected from an upland location (Guaba Ridge) and used to inoculate three
different types of enrichment systems: the Fe(II)/O2 gradient medium of Emerson and Moyer
(1997); the bilayer plate of Johnson (1995); and a static minireactor system developed for this
study containing medium with nutrient composition similar to that of Rio Icacos deep regolith.
Planktonic cell densities in minireactors containing saprolite and saprock were measured by direct
microscopic counts over time. Cell densities declined tenfold in the first five days of incubation
but remained constant through 45 days, suggesting persistence of a fraction of the native
communities. Planktonic growth thus was not observed in any system except those inoculated
with the positive control organism, Acidithiobacillus ferrooxidans. After 100 days of incubation,
saprock and liquid samples were collected from the minireactor with the thickest iron oxide
coatings for DNA extraction and 16S rRNA clone library construction. Sequences that were
highly similar (98-99%) to Stenotrophomonas maltophilia comprised 70% and 40% of the clone
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library sequences from planktonic and attached communities, respectively. The dominance of S.
maltophilia sequences in saprock clone libraries agreed with their high frequencies in clone
libraries derived from RNA extracted from the deep saprolite. Although culturing and enrichment
efforts in this study failed to recover a known Fe(II)-oxidizing organism, clone library results
point to the importance of S. maltophilia in saprolite and saprock, with further work needed to
determine its functional role in this system.

3.2 Introduction
The presence of microbes that utilize Fe(II) as an electron donor and/or promote its
precipitation as iron oxides are found in a variety of environments including rhizospheres,
subsurface soils, marine sediments, lakes, and fresh water springs (Emerson et al., 1999; Emerson
and Moyer, 1997; Emerson and Moyer, 2002; Kucera and Wolfe, 1957). Lithotrophy based on
aerobic Fe(II) oxidation is much more energetically feasible at pH<3 than it is at higher pH,
where abiotic Fe(II) oxidation kinetics are more rapid (Johnson, 1995). Moreover, low pH results
in higher Eh values for the O2/H2 O couple, thus increasing energy yield of aerobic Fe(II)
oxidation by acidophiles relative to neutrophiles (Ferguson and Ingledew, 2008). Fe(II)-oxidizing
bacteria residing in such circumneutral environments as plant rhizospheres, freshwater seeps, and
marine sediments (Emerson and Moyer, 1997; Edwards et al., 2003; Weiss et al., 2003; Fimmen
et al., 2008) employ microaerophily as a metabolic strategy for contending with rapid abiotic
Fe(II) oxidation in air. Although Fe(II)-oxidizing bacteria have been isolated from a variety of
environments, few studies have verified their presence at the interface between bedrock and
incipient regolith.
Upland regolith of the Luquillo Mountains in Eastern Puerto Rico consists of a 0.5-1 m
thick layer of soil over a 5-8 m thick layer of saprolite (White et al., 1998), with saprolite defined
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as isovolumetrically weathered bedrock retaining the composition and structure of its parent
material (Graham et al., 2010). Mineral weathering of regolith on Guaba Ridge in the Luquillo
Mountains has been studied extensively (White et al. 1998). This regolith, located in the Rio
Icacos watershed, overlies quartz diorite bedrock of Rio Blanco stock, documented to undergo
one of the fastest weathering rates for granitic rocks in the world (White et al., 1998). The
bedrock consists of plutonic corestones that weather spheroidally to form exterior “rindlets” zone.
At the interface between the rindlet zone and the deepest saprolite is a hand-friable
“protosaprolite,” a 6-8 cm thick layer referred to as “saprock” (Turner et al., 2003; Fletcher et al.,
2006; Buss et al., 2008). In the saprock, the iron-rich mineral hornblende weathers rapidly and
completely, releasing Fe(II) into the solution. Weathering of the minerals plagioclase, K-feldspar,
and apatite also release important microbial nutrients Ca, K, and P (White et al., 1998; Buss et al.,
2010).
Previous studies of the Guaba ridge regolith observed a hundredfold increase in microbial
densities in the saprolite immediately above the saprock layer (Buss et al., 2005). DNA analysis
of the saprock and saprolite above it confirmed the presence of iron-oxidizing and potential ironoxidizing bacteria (Minyard et al., in preparation). Saprock is a novel environment for the study
of iron-oxidizing bacteria since it has a moderately low pH (5.1) and low organic carbon but is
microaerophilic with high Fe(II) availability (White et al., 1998; Buss et al., 2008).
Lithoautotrophic, iron-oxidizing bacteria are better suited to survive in environments that are
limited in organic substrates. One of the objectives of this study is to enrich for and identify
potential Fe(II)-oxidizing bacteria from deep saprolite and saprock near a bedrock weathering
front.
In a previous study on deep saprolite microbial communities at the bedrock interface at
Guaba Ridge, DNA-based analyses indicated a high level of bacterial diversity, with most
sequences affiliated with species having known heterotrophic metabolisms (Minyard et al., in
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preparation). In that study, microorganisms also were observed to be present in biofilms on
weathering minerals in deepest regolith. The objective of the present study was to selectively
promote growth of Fe(II) oxidizers from deep regolith samples. Emerson and Moyer (1997)
cultured neutrophilic and circumneutrophilic Fe(II)-oxidizing bacteria from freshwater springs
and marine sediments using a gradient culture method employing opposing gradients of Fe(II)
and oxygen. Johnson et al. (1987) cultured acidophilic iron-oxidizing bacteria in ambient air at
low pH (~2) using bilayer agarose plates. Both culturing methods have been used by others to
enrich for Fe(II)-oxidizing bacteria in samples collected from environments similar to those
described by the original authors (Edwards et al. 2003; Senko et al., 2008). The present study
represents the first attempt at culturing Fe(II) oxidizers in saprolite and saprock samples (5-m
depth) collected from the interface with weathering bedrock. Outgrowth of Fe(II) oxidizers from
this environment could require media with nutrient concentrations from weathering minerals
similar to those present in deep regolith.
We designed a culturing system that mimics better than published methods the microenvironment in Guaba Ridge regolith. Fe(II) was added as sole electron donor and CO2 as sole
carbon source to mini-reactors inoculated with saprock and saprolite to provide attachment
surfaces for microbial biofilms. Our hypothesis was that Fe(II)-oxidizing bacteria were present in
saprolite and saprock and would grow in the laboratory when suitable conditions were provided.
Since DNA-based community analysis in our previous study could have recovered
environmentally stable, extracellular DNA, we also performed an independent RNA extraction
from saprolite for reverse-transcription PCR and identification of putatively active populations.
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3.3 Methods
3.3.1 Sample site
Saprock samples were obtained from the LG-1 research site (Buss et al., 2005) on Guaba
Ridge in the Luquillo Experimental Forest. The site is located in the Rio Icacos watershed, a 326ha area watershed with lower montane wet Colorado forest on steep rugged terrain (White and
Blum, 1995; White et al., 1998; and Shultz and White, 1999). The watershed is almost entirely
underlain by quartz diorite bedrock (Rio Blanco stock) of early Tertiary age (Seiders, 1971).
Primary minerals in the quartz diorite are plagioclase (60%), quartz (25%), and smaller
proportions of biotite (9%), hornblende (6%), and K-feldspar (2%), with minor amounts of
ilmenite, sphene, apatite, zircon, and chlorite (White et al., 1998). The LG-1 site (latitude 18° 16’
54.2”N; longitude 65° 47’ 25.3”W) is on a relatively flat shoulder near the ridgetop at an
elevation of 680 m and is about 30 m2 in area. Extensive measurements of chemical weathering
and mineral transformations have been carried out at the LG-1 site on Guaba Ridge (White et al.,
1998; Murphy et al., 1998; Stonestrom et al., 1998; Schulz and White, 1999; Turner et al., 2003;
Fletcher et al., 2006; Buss et al., 2008; Buss et al., 2010).
Soils at the LG-1 site are classified as very deep, somewhat poorly drained inceptisols
(Picacho series), fine loamy, kaolinitic, isothermic Aquic Dystrudepts (USDA NRCS, 2002). The
regolith profile consists of a thin A horizon (2 cm), Bw1 and Bw2 horizons (0.02 – 0.5 m), C
horizon (0.5- 1.1 m), above a thick layer (5 - 8 m) of saprolite. Beneath the saprolite is a layer of
actively weathering saprock (7 cm), previously referred to as the protosaprolite, and a thicker
“rindlet” zone (0.2 – 2m) (Buss et al., 2005; Buss et al., 2008). Water flow at the LG-1 site is
mainly vertical but also lateral near the bedrock interface, and the pH of saprolite pore water
ranges from 4.0 – 5.4 (White et al. 1998).
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Samples of saprock were obtained at depths of 4.88 and 4.80 m at the bases of two
boreholes 1.5 m apart. Boreholes, referred to as LG-1 N(orth) and LG-1 S(outh), were made by
hand driving an auger into the regolith and bringing the auger bucket to the surface in successive
15-cm intervals for emptying. When the “point of refusal” was reached, samples of saprock were
obtained from bottom of each borehole with a bulk density sampler (Soil Moisture, Santa
Barbara, CA) consisting of a brass core (5.7 cm diameter and 7 cm height each) attached to the
end of a 6-m pole. For sample collection the pole was lowered into the borehole and then
carefully hammered until it moved down 7 cm, while keeping the pole straight at the surface. The
sampler was brought to the surface, and the core was carefully separated and capped. Samples
were stored at 4 °C and then shipped on ice within four days of sampling to Pennsylvania State
University for subsequent culturing.
3.3.2 Gradient enrichment cultures and solid medium plates
Enrichments containing gradients of aqueous Fe(II) and oxygen were constructed using
methods described by Emerson and Moyer (1997). Growth medium used in the experiment was a
modified Wolfe’s mineral medium (MWMM) containing 1 g ammonium chloride (NH4Cl), 0.2 g
magnesium sulfate (MgSO4 H2 O), 0.1 g calcium chloride (CaCl2 2H2 O), and 0.05 potassium
phosphate, dibasic (K2 HPO4 3H2O) dissolved in 1 L of distilled water and adjusted to a pH of 4.5
with hydrochloric acid. The electron donor source was ferrous sulfide (FeS), prepared according
to Hanert (1992). The FeS was mixed with MMWM at a 1:1 ratio. Agarose (molecular biology
grade, Shelton Scientific, Shelton, CT) was added to the mixture until a 1% (wt/vol) final
concentration, and the mixture was autoclaved for 30 min at 121 ºC and kept warm (55 C) while
setting up the cultures. An overlayer medium for the gradient tubes consisted of MWMM with
0.15 % (wt/vol) agarose sterilized by autoclaving for 30 min at 121 ºC. Prior to pouring, NaHCO3
was added as a 1 M stock solution to the overlay medium (final concentration 5 mM) with 1 mL
per L of Wolfe’s Vitamin Solution (Wolin et al., 1963). The pH was adjusted to 4.5 using
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sterilized HCl. The solution was kept warm until use. To make an individual gradient tube, 0.75
mL of the FeS agarose mix was carefully added to the bottom of the test tube and allowed to
solidify. To prevent mixing, an additional 0.35 mL of 2% (wt/vol) agarose was added on top of
this FeS plug. After solidification, 3.75 mL of the overlay medium, kept molten, was gently
pipetted into the test tube. The tube was then purged with filter-sterilized 100% CO2 gas for 5 min
and stoppered. Tubes equilibrated overnight prior to inoculation.
To prepare mineral-attached microorganisms for inoculation, approximately 1-g amounts
of soil, saprolite or saprock were spread evenly over a 2% agarose plate. Using a sterile spatula, a
strip of the agarose (about 10 mm wide and 100 mm length) containing adhered minerals was cut
from the plate. Inoculated strips were gently dropped into the overlay medium in the gradient
culture tubes, which were then capped with sterile foam plugs and plastic slip caps. Controls used
for this experiment were a positive control of Leptospirillum ferrooxidans ATCC 53922 and a
sterile negative control consisting of a non-inoculated agarose strip. Gradient culture tubes were
prepared with samples of soil, saprolite and saprock from depths of 0.3, 2.0, 2.4, 3.7, 4.4, 4.6, 4.7,
and 4.9 m from both LG-1 N and LG-1 S boreholes. Cultures were incubated in the dark at 25 ºC
and examined every few days for characteristic iron-oxide bands.
A solid medium method described elsewhere (Johnson, 1995) also was used to
enrich for acidophilic, iron-oxidizing microbes. The medium consisted of 1.8 g (NH4)2SO4, 0.7 g
MgSO4, 0.35 g Trypticase-soy broth (Difco), and 10 mL Wolfe’s mineral solution (ATCC,
Manassas, VA) dissolve in 1 L. The pH was adjusted to pH 2 with sulfuric acid before
autoclaving for 30 min. A 20% (wt/vol) ferrous sulfate stock solution was prepared on the day of
use. The FeSO4 was dissolved and adjusted to a pH of 2.5 with sulfuric acid quickly to prevent
oxidation of the iron. The stock solution was then filter sterilized into a sterile bottle. A separate
agarose stock solution of 2.8% (wt/vol) also was autoclaved and kept at 55 ºC.
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To make the solid medium plates (100 mm d. Petri dishes) we mixed 15 mL of the
nutrient medium with a final concentration of 25 mM FeSO4 and 5 mL of molten agarose (55 ºC).
Mineral samples were added to the bottom of the Petri dish and the nutrient mixture was poured
on top and allowed to cool. An overlayer of additional medium plus agarose was added onto the
first layer. This consisted of a mixture of 7.15 mL nutrient solution containing 25 mM ferrous
sulfate and 2.5 mL of 2.8 % molten agarose. The overlay was allowed to cool and Petri dishes
were then wrapped in parafilm for incubation at 25 ºC in the dark. Acidithiobacillus ferrooxidans
ATCC 55720 and sterile media were used as the positive and negative controls respectively.
Cultures were examined every few days for several months.
3.3.3 Minireactor preparation
Enrichments for iron-oxidizing organisms were carried out in mini-reactors made from
60-mL borosilicate glass serum bottles (Wheaton, Millville, NJ). Medium used in the enrichment
cultures was developed based on chemical concentrations reported for regolith pore water at 5.49
m at the LG-1 site on Guaba Ridge (Schulz and White, 1999). A 100X stock solution for the
medium consisted of 0.09 mM calcium nitrate, 0.49 mM magnesium chloride, 1.3 mM potassium
chloride, 0.09 mM manganese(II) sulfate, 6.5 mM sodium chloride, and 0.02 mM calcium
chloride in 1 L of distilled water. Medium in the reactors was prepared by diluting the stock
solution 100 fold with distilled water. The 1X medium was adjusted to pH of 4.0 using 10 N
sulfuric acid before autoclaving for 30 mins. Each reactor contained 50 mL of the 1X medium to
which filter-sterilized FeSO4, was added (pH 2.5) to achieve 10 mM final concentration.
Duplicate mini-reactors were prepared by evenly distributing 0.4-0.6 g subsamples of LG-1 N
and LG-1 S saprolite (4.7-m) and saprock (4.9-m) on the bottom of the bottles.
Serum bottle mini-reactors were designed to minimize perturbation of biofilms on
mineral surfaces and for convenient, repeated sampling of liquids for cell counting and in-line
measurement of aqueous O2 and CO2 (described below). Mini-reactor design also facilitiated the
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maintenance of microaerophilic conditions in the serum bottles, which were sealed with modified
butyl rubber stoppers (Wheaton). Stoppers were modified by drilling 1 hole into the stopper for
insertion of a 16-cm length of Tygon tubing (4.76 mm O.D., 1.59-mm I.D., Cole Parmer, Vernon
Hill, Il). After addition of growth medium and sample, the autoclaved stopper-assembly was
inserted into the bottle and the external portion of the tubing end was clamped closed. After the
stopper was sealed, the bottom end of the inner tubing was 1 cm above the mineral grains and 4
cm below the liquid surface. A 21-gauge needle was then inserted into the rubber stopper as a
conduit for introducing filter-sterilized air into the reactor. This needle was fitted with a 0.22-µ
cellulose acetate filter (VWR Scientific) attached to a stop valve kept closed to the atmosphere
(Figure 3-1). Prior to incubating the inoculated reactors, bottles were purged once with filteredsterilized 100% CO2 gas for 5 min. Purging was done through the needle-filter assembly while an
outflow needle of the same gauge was inserted into the stopper. Bottles were then immediately
sampled for day 0 data. Between sampling, reactors were stored in the dark at 20 ºC. All reactors
were fed 2 mL of filter-sterilized air every two days for the first 29 days. Feeding of filter air only
occurred on sampling days after this time. A positive control of Acidithiobacillus ferrooxidans
ATCC 55720 and a negative control of sterile 4.7 m LG-1 N saprolite (autoclaved twice over a 48
hour period) were monitored in duplicate at the same time as the experiments.
3.3.4 Sampling and microelectrode measurements
Liquid samples were collected from the reactors for inline measurement of O2 and CO2 ,
followed by Fe(II) and pH measurements on days 0, 1, 3, 5, 9, 15, 29, and 45. Samples for cell
counts were collected on days 0, 1, 5, 15, and 45. Prior to sampling, the bottles were gently
swirled to mix the medium without suspending the mineral grains. To collect liquid for cell
counts, a syringe was inserted into the external Tygon tubing and a vacuum was drawn manually
as the tubing clamp was opened. After 0.75-mL was drawn into the syringe, the tubing clamp was
closed before the needle was removed.
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To measure O2 and CO2, two Flow-Thru microelectrodes with 1.59-mm I.D.
(Microelectrode Inc, New Hampshire) were attached in series to the external Tygon tubing. After
attaching additional Tygon tubing to the CO2 probe, a needle and syringe were used to slowly
draw liquid (ca. 1.5 mL) through the probes, preventing mixing of the sample with the
atmosphere, until liquid O2 and CO2 mV readings stabilized (ca. 2 min). The tubing was then
clamped closed and the sample collected retained in the syringe for pH and Fe(II) measurement.
The sample pH values were measured using a glass microelectrode probe (Microelectrodes, Inc,
New Hampshire).
3.3.5 Iron determination
Aqueous ferrous iron concentrations were measured within an hour of sampling the
minireactors using the methods of Lovely and Phillips (1987). Samples were centrifuged briefly
(20 s at 3500 g) to remove any large particles. Aqueous Fe(II) was measured with ferrozine
reagent containing 1.0 g/L of ferrozine (J. T. Baker) dissolved in 50 mM HEPES (N-2hydroxyethylpiperazine-N’-2-ethanesulfonic acid) buffer at pH 7.00 and filtered with a 0.22-µ
pore cellulose acetate bottletop filter (Corning). After centrifugation, a 2.5 µl portion of sample
was added to 2.4 mL ferrozine reagent, mixed rigorously for 10 secs, and absorbance was
measured at 562 nm (Perkin-Elmer). The concentration of Fe(II) (mM) was determined based on
a standard curve of FeSO4 concentrations
3.3.6 Cell counts
Bacteria were diluted for cell counts by adding 0.5 mL of culture to 0.5 mL of filtersterilized (0.22 um, Corning) PBS buffer, which consisted of 1.18 g sodium phosphate-dibasic,
0.22 g sodium phosphate-monobasic, and 8.5 g sodium chloride in 1 L of distilled water and
adjusted to a pH of 7.14. The dilution was mixed and 0.9 mL was placed on a 0.20-µm
polycarbonate filter (Whatman Nucleopore Track-Etch Membrane, Kent, UK) inserted into a
funnel apparatus connected to a vacuum pump. For staining, the filters were exposed to 300 uL of
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a DAPI solution (300 nM 4’,6’–diamidino-2-phenylindole) in PBS buffer in the dark for 5 mins.
Vacuum was used to remove DAPI solution and rinse filters with Nanopure water. The
polycarbonate filters were positioned on a microscope slide, after which sterile mounting oil
(Molecular Probes) and a coverslip were placed on the filter. DAPI stained cells, visualized by
their blue fluorescence, were examined on a Nikon Eclipse 80i microscope (Japan) with a
mercury lamp and appropriate filters at 1,000X magnification (100X objective, Nikon Flan Fluor
oil immersion, Japan). Cells were counted from about 15 randomly selected fields of view. Cell
counts represent an average from filters from the duplicate cultures, about 30 fields in all per
duplicated experiment. The filter apparatus was cleaned with 70% ethanol followed by nanopure
water between uses.
3.3.7 Bacterial Community DNA Analysis
At the end of the experiment, liquid medium and mineral grains from duplicate 4.9 m
saprock LG-1 N minireactors from the site-specific enrichments were separated for 16S rRNA
clone library analysis. Cell pellets from a total of 24 mL reactor volumes were obtained by
centrifugation (5 min, 18 °C, 10,250 g) and washed twice with fresh, 1X medium without Fe(II).
The pellet was suspended by vortexing in a final volume of 600 µL of fresh 1X reactor medium
without Fe(II). DNA was extracted from 100 µl of the cell suspension using a PowerSoil DNA
extraction kit (Mo Bio, Carlsbad, CA). Once the medium was removed from the reactors, 0.129 g
from culture reactor 1 and 0.249 g from culture reactor 2, of saturated saprock grains were
removed aseptically and immediately placed into the centrifuge tube from the PowerSoil DNA
extraction kit. DNA was extracted from both the liquid and solid samples from the reactors
according to manufacturer instruction with the adjustment of using 50 µl of the final elution
buffer to collect the DNA instead of 100 µL. Concentrations of DNA were measured by
spectrophotometric absorbance at 260 nm.
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PCR reactions were prepared using 5 U Taq polymerase (New England Bio, City) with
standard buffer, 2.0 mM MgCl2, 0.25 mM dNTPs, 10 pmol of each primer, 1 ng reaction-1 of
Bovine Serum Albumin, and 3 µL of DNA extract per reaction. Temperature cycling consisted of
initial denaturation for 30 secs at 95°C; 35 cycles of 95 °C-30s/54 °C-30s/ 68 °C-60s; and a final
extension of 5 min at 68°C. Universal bacterial primers 27F (5’AGAGTTTGATCMTGGCTCAG -3’) and 907R (5’–CCCCGTCAATTCMTTTGAGTTT-3’)
were used to amplify bacterial 16S rRNA genes (Lane 1991). Amplicons in PCR reaction
mixtures were ligated with a pCR® 4-TOPO vector (Invitrogen, Carlsbad, CA). Plasmids were
cloned into TOPO TA chemically competent DH5α-T1 Escherichia coli TOP10 cells (Invitrogen,
Carlsbad, CA). GenBank accession sequences most similar to cloned sequences were identified
using the basic local alignment search tool (BLAST) (Altschul 1990) and assigned to bacterial
divisions.
To monitor contamination of the PCR reactions, negative controls were run concurrently
with the sample reactions. In our case, though every attempt to prevent bacterial contamination of
the PCR reactions was made, we still observed a faint DNA band in the electrophoresis gels. The
negative control was transformed, sequenced, and analyzed as described above in order to
identify potential contaminating sequences in the reactor libraries.
Sequences (n = 59 of 71) were analyzed using programs in mothur (Schloss et al., 2009),
specifically the tools dotur and libshuff. Sequences were aligned against a comparison library
from Greengenes (DeSantis et al., 2006a; DeSantis et al., 2006b), and distance matrices were
calculated using mothur. The distance matrices were then used to estimate library coverage for
communities between the reactors and between the liquid medium and biofilms from saprock
grains. To estimate community coverage for each library, we divided the number of operational
taxonomic units (OTUs) based on > 97% sequence similarity (95% confidence) by the Chao 1estimated number of OTUs, also at > 97% similarity. Chao 1 OTU estimation was chosen over
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other estimator values because of the relatively small library size. We also used the Libshuff
program to determine statistical differences among libraries. When analyzing the results, we used
corrected P-values of 0.025 for the pairwise analysis (Schloss et al., 2009).
3.3.8 RNA extraction and RT-PCR
One sample collected from the LG-1 S borehole, depth of 4.6 m, was extracted for
reverse transcription (RT)-PCR to identify the active bacteria near the weathering front. RNA was
extracted using a PowerSoil RNA extraction (Mo Bio, Carlsbad, CA) according to manufacturer’s
instructions with the adjustment of using 50 uL of the final elution buffer instead of 100 uL.
Extracted RNA was immediately transcribed into cDNA using a High Capacity cDNA RT kit
(Applied Biosystems, CA) using 16 uL of RNA template. The copy DNA (cDNA) was
synthesized using a thermal cycler program of 10 min at 25 °C; 120 min at 37 °C, and 5 sec at 85
°C. Concentrations of cDNA were measured by spectrophotometric absorbance at a wavelength
of 260 nm.
PCR reactions were prepared using 5 U Taq polymerase (Gene Choice, Frederick, MD)
with standard buffer, 3.5 mM MgCl2, 0.25 mM dNTPs, 10 pmol of each primer, 1 ng reaction-1 of
bovine serum albumin, and 2 µL of DNA extract per reaction. Temperature cycling consisted of
initial denaturation for 5 min at 94°C; 35 cycles of 94 °C-30s/54 °C-30s/ 72 °C-60s; and a final
extension of 7 min at 72°C. Universal bacterial primers 27F (5’AGAGTTTGATCMTGGCTCAG -3’) and 907R (5’–CCCCGTCAATTCMTTTGAGTTT-3’)
were used to amplify bacterial 16S rRNA genes (Lane 1991). PCR products were ligated with a
pCR® 4-TOPO vector (Invitrogen, Carlsbad, CA). Plasmids were cloned into TOPO TA
chemically competent DH5α-T1 Escherichia coli TOP10 cells (Invitrogen, Carlsbad, CA).
GenBank accession sequences most similar to cloned sequences were identified using the basic
local alignment search tool (BLAST) (Altschul 1990).
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3.4 Results
3.4.1 Enrichments for iron-oxidizing bacteria
Gradient enrichment cultures (Emerson and Moyer, 1997) were monitored for growth for
50 days. No growth (discrete bands of precipitated iron oxides) was observed in any of the
gradients except for the two containing soil from the 0.3-m depth (Fig. 3-2). The positive control
Leptospirillum ferrooxidans (which has an optimum pH of < 2) also did not grow in the gradient
tubes, most likely due to the higher pH of 4.5. After several months of incubation, no colonies
appeared in the agarose of the solid medium of Johnson and the medium stayed clear in color.
The Acidithiobacillus ferrooxidans positive control plate turned an orange color with very small
colonies while the negative control was clear in color.
The minireactor system was developed because growth of organisms in deep regolith
samples was not achieved in the previous two methods. Direct counts of planktonic cells in liquid
samples in the reactors showed different morphologies (rod- and coccus-shapes) of various sizes.
On Day 0, mean cell count in duplicate reactors inoculated with LG-1 N saprolite was 7.8 x 104
mL-1 but declined to 3.8 x 104 mL-1 after just one day (Fig. 3-3). Cell counts in these reactors were
even lower after 5 d (1 x 104 mL-1) and did not recover thereafter. Similar patterns in cell counts
were observed for the reactors inoculated with LG-1N saprock and LG-1S saprolite, where Day 0
counts were about 2-3 x 104 mL-1 and Day 5 counts about 1 x 104 mL-1. Despite relatively high
cell counts on Day 0, conditions were not conducive for planktonic growth in these reactors.
In reactors inoculated with A. ferrooxidans, planktonic cell numbers were 9 x 103 -1 x 104
mL-1 on Days 0 and 1 but increased to 3 x 104 cells mL-1 by 15 days (Fig. 3-3). However, cell
counts subsequently declined between 15-45 days.
Aqueous Fe(II) in all reactors on Day 0 ranged from 3.0-4.5 mM (Fig 3-4). Fe(II)
concentrations in all reactors inoculated with saprolite or saprock did not change appreciably
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through 45 days of incubation. The Fe(II) concentration in the reactor inoculated with A.
ferrooxidans, on the other hand, remained at 3.5 mM until a significant decrease was observed on
Day 9 at 2.8 mM. The Fe(II) concentration continued to decrease in the positive control through
the rest of the incubation period, measuring at 0.73 mM Fe(II) on day 45.
Measurements of dissolved O2 concentrations in reactors also reflected the lack of
outgrowth of saprolite/saprock organisms in the minireactors. Since liquids saturated with air at
20°C and pH 7 are expected to have O2 concentrations of 0.29 mM, the dissolved O2
concentrations in these minireactors were confirmed to be at microaerophilic levels, between 0.15
and 0.2 mM (Fig. 3-5). Because of continuous feeding of filtered air to the reactors, dissolved O2
in all reactors except the ones inoculated with A. ferrooxidans increased with time (Fig 3-5a).
Dissolved O2 measurements in the positive control reactor declined to 0.04 mM by 15 days (Fig.
3-5a). Concentrations then increased at 29 and 45 days and continued to increase although filtersterilized air was no longer fed to the reactors except when sampling. Minireactors had high
dissolved CO2 concentrations (mM) at Day 0 due to initial headspace purging with CO2.
Dissolved CO2 concentrations changed little throughout the 45 d incubation period (Fig 3-5b).
The concentration of CO2 in the reactor inoculated with A. ferroooxidans positive control was not
appreciably lower, even when cell counts were at their highest levels on Day 15 (Fig 3-5b). With
respect to pH, mean initial pH values in the reactors ranged from 3-3.7. After 45 days, the pH in
saprolite/saprock and negative control reactors measured at 3.15-3.4. by Day 45, the pH in the
reactor inoculated with A. ferrooxidans had decreased to 2.4, reflecting the production of protons
during biological Fe(II) oxidation (data not shown).
After 100 days’ incubation, the color of the liquid in the minireactors inoculated with
LG-1N saprolite was clear, while color of liquid in the LG-1S saprolite enrichments was slightly
orange (Fig. 3-1). The reactors inoculated with LG-1N saprock had deeper orange-colored liquid
and thicker iron oxide coatings on the internal surfaces of the bottles than all the other reactors,
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with the exception of the positive control. The iron oxide coatings developed on the sides of the
bottle directly above the saprock grains and extended to the top of the liquid (4 cm above the
saprock) (Fig. 3-1). The negative control reactors and the ones inoculated with LG-1S samples
had faint orange coatings, most likely resulting from abiotic oxidation of Fe(II). The
Acidithiobacillus ferrooxidans positive control had the darkest orange color and thickest coatings
(Fig 3-1).

3.4.2 Community analysis
At the end of 100 days, minireactors containing saprock from the LG-1 N core (duplicate
reactors 1 and 2 from Fig. 3-1) were selected for DNA analysis based on the appearance of iron
oxide coatings in the reactors. DNA extracted from the liquid portion of the reactors dominated
by planktonic cells, yielded 55 and 120 ng mL-1 of liquid for LG-1N saprock reactors 1 and 2,
respectively (Table 3-1). The DNA concentrations from the biofilms from the saprock grains used
as the inoculum had DNA concentrations of 2465 and 706 ng g-1 moist solids for reactors 1 and 2,
respectively.
Clone libraries of PCR amplicons obtained from bacterial primers for16S rRNA genes
were constructed for reactor 2 since it was the reactor with the highest concentration of DNA in
the liquid portion of the culture. Divisions represented in reactor 2 included
Gammaproteobacteria, Firmicutes, Alphaproteobacteria, Betaproteobacteria, Actinobacteria,
Fusobacteria, and Bacterioidetes. In both the planktonic and biofilm libraries,
Gammaproteobacteria were most abundant, representing 67.9 and 44% of the libraries,
respectively. The planktonic library was more diverse with representatives from seven divisions
total. In the clone library from biofilms, Actinobacteria was the second most abundant division, at
13% of sequences. Twelve percent of the 25 sequences in the clone library from biofilms could
not be assigned to a division. Because of these differences, the libraries were shown to be
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statistically different (P < 0.025) using the tool libshuff in mothur based on pairwise comparisons
(Schloss et al., 2009).
Because PCR amplicons had been obtained in the negative control samples, the
possibility existed that some or all of the sequences in clone libraries from the reactor were due to
contamination. Contamination of environmental samples with extraneous bacterial DNA can
occur during preparation of PCR reactions (Tanner et al., 1998; North et al., 2004). Our strategy
for dealing with the amplification of contaminating DNA in our negative controls was to
determine the identity of cloned sequences in the negative controls for comparison with
sequences from miniractors. Cloned sequences from the negative PCR control were related to
Bradhyrizobium sp. (99% BLAST identity), Bacteroidetes sp. (99% BLAST identity),
Burkholderia alicycliphilus (95% BLAST identity), and Propionibacterium acnes (99% BLAST
identity). P. acnes, B. alicycliphilus, and Bradhyrizobium also were identified in the clone
libraries obtained from liquid and biofilms. Therefore, sequences found in the negative control
represented 6 and 26.5% of sequences in clone libraries from planktonic and biofilm libraries,
respectively. These sequences were removed from the reactor dataset prior to assessing the
similarity between planktonic and biofilm libraries.
Several of the sequences were common to the planktonic and biofilm libraries (Tables 32 and 3-3). The majority of the sequences from the planktonic clone library, 67.6%, were closely
related to Stenotrophomonas maltophilia (99% BLAST identity) and represented all sequences in
the library assigned to the Gammaproteobacteria. This bacteria species is known as an
opportunistic pathogen but has also been found in ferromanganese caves (Northup et al., 2003)
and coal-mine drainage sites (Nicomrat et al., 2007; Heinzel et al., 2009). Similar to the clone
library from the liquid sample, the majority (40%) of sequences from the saprock biofilm library
were most closely related to S. maltophilia (Table 3-3).
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One sequence from the clone library derived from the planktonic cell sample was closely
related (98% BLAST identity) to Microbacterium oxydans, a metal tolerant bacteria found in
Mn(II)-oxidizing cultures (Dick et al., 2006). The clone library derived from the saprock biofilms
contained a sequence closely related to Moraxella sp. (99% BLAST identity) and two close
relatives to Duganella zoogloeiodes (98% BLAST identity), one of which was related to a
sequence recovered from an iron seep (Bruun et al., 2010). Multiple cloned sequences in this
library were close relatives of Corynebacterium sp (99% BLAST identity). Results from the
BLAST analysis also indicated sequences related to Firmicutes representatives and several
unidentified bacteria (Table 3-3).
After removing sequences suspected of being contaminants from the libraries, coverage
was calculated using the Chao estimator to evaluate how well our sequencing effort represented
the reactor communities. Library coverage of the planktonic sample was 54% of the expected
number of species in the community. The library coverage of the saprock biofilms was even
higher at 82% coverage.
3.4.3 RT-PCR community analysis of 4.6 m LG-1 S
The cDNA obtained from the saprolite community in LG-1S (4.6 m) yielded amplified
sequences closely related to 16S rRNA of Stenotrophomonas maltophilia (99% BLAST identity),
Staphylococcus epidermis (99% BLAST identity) and a Staphylococcus sp. (99% Blast identity)
(Table 3-4). Of the 8 sequences identified in BLAST Stenotrophomonas maltophilia was the most
abundant.
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3.5 Discussion
3.5.1 Fe(II)-rich cultures
Deep regolith at the interface of bedrock underlying the Luquillo Mountains is a novel
environment from which to isolate Fe(II)-oxidizing bacteria. However, we did not succeed in
enriching for Fe(II) oxidizers using either published method (Emerson and Moyer, 1997; Johnson
et al., 1987) or our own minireactor system designed to mimic regolith conditions. Few
breakthroughs have been made in culturing Fe(II)-oxidizing bacteria (Emerson, 2000). Besides
Gallionella ferruginea, A. ferrooxidans, and L. ferrooxidans, isolating organisms with this
metabolism has proven difficult (Emerson, 2000; Blake and Johnson, 2000). It is estimated that <
1 % of bacteria can be cultured using standard methods (Amann et al., 1995) and cultured strains
often do not represent dominant or most active organisms in any given environment. For
example, A. ferrooxidans is commonly isolated from acid mine drainage and is a well-known
Fe(II)-oxidizing species that grows on solid media (Mishra and Roy 1979; Rawlings and Kusano,
1994). While plate counts of culturable A. ferroooxidans suggest that it is the dominant Fe(II)
oxidizer at AMD sites, DNA-based analyses of samples from these environments show that it is
not the most abundant organism at these sites (Mahmoud et al., 2005).
The published media used in this study did not result in outgrowth of Fe(II)-oxidizing
bacteria from saprolite or saprock samples. In the study describing gradient enrichment cultures,
Fe(II)-oxidizing bacteria were collected for phylogenetic analysis after 10 to 14 days of growth
when a characteristic iron growth band appeared (Emerson and Moyer, 1997) (Fig. 3-2). Our
gradient cultures were allowed to incubate for 50 days, and although orange iron oxide
precipitates appeared in the tubes due to abiotic Fe(II) oxidation, the characteristic bands
indicating growth of Fe(II)-oxidizing bacteria did not appear. Typical colonies on Johnson’s solid
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medium should start to appear after 3 days of incubation (Johnson et al., 1987), but colonies in
our plates did not form even after several months of incubation
Isolating Fe(II)-oxidizing bacteria from deep regolith is challenging since most media
were designed for cultivating iron-oxidizers from such environments as acid mine drainage,
which has abundant Fe(II) and little competition from heterotroph. Our strategy to culture Fe(II)
oxidizers from deep regolith was to develop a medium based on the chemical analyses of
porewaters and regolith minerals reported by Schulz and White (1999). The design of a novel
medium based on site-specific characteristics should be better suited for culturing indigenous
Fe(II)-oxidizers. A culture medium that mimics regolith conditions therefore was designed and
amended with FeSO4 as an additional electron donor and CO2 as a carbon source. Oxygen
concentrations were restricted to create microaerophilic environments using methods similar to
those described by Kucera and Wolfe (1957) for culturing Gallionella, with the modification of
an added filtration apparatus for longer-term enrichment periods.
The static minireactor enrichment approach made it possible to monitor changes in
Fe(II),O2 and CO2, and cell concentrations without altering headspace gas composition or
perturbing the process of biofilm development on mineral grain surfaces. Although Fe(II)
oxidizer outgrowth was not achieved from saprolite and saprock enrichments, A. ferrooxidans did
grow to low cell-densities in the reactors. The concentration of Fe(II) decreased over time in the
positive control, and decreases in O2 were also observed as cell density increased. Cell count of
A. ferrooxidans indicated that it underwent two generation times in the first 15 days but then
declined due to insufficient Fe(II) availability. The 0.067 mM Fe(II) concentration in the positive
control reactors at Day 45 indicated that most of the substrate for A. ferrooxidans had been
consumed. While the results of these minireactor studies indicated that planktonic cells did not
increase, it may have still been possible for biofilm growth to occur on mineral grain surfaces.
3.5.2 Bacteria from minireactors
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The Fe-oxidizing metabolism is likely to be more widespread across extant
microorganisms than the literature reports to date. Clone library sequences recovered from the
saprock LG-1 N enrichment were related to Microbacterium oxydans (Actinobacteria division),
Duganella zoogloeiodes (Betaproteobacteria division), and Stenotrophomonas maltophilia
(Gammaproteobacteria), all of which have been recovered from other environments expected to
support active metal cycling processes. One of the clone library sequences was closely related to
Microbacterium oxydans, a species recovered from Mn-oxidizing enrichments inoculated with
samples from deep-sea hydrothermal vents (Dick et al., 2006). Two sequences related to
Dunganella zoogloeiodes also were recovered, one of which was 98% similar to an
environmental clone from a Fe(II)-rich freshwater seep in Denmark (Bruun et al., 2010). This
environmental clone was recovered with additional sequences that were closely related to other
known iron oxidizers, namely Gallionella ferruginea and Sideroxydans lithoautotrophicus
(Takashima et al., 2010).
In the present study, RT-PCR amplification based on RNA extracted from LG-1 S
saprolite (4.6 m depth) provided stronger evidence than our previous DNA results (Minyard et al.,
in preparation) that Stenotrophomonas maltophilia is abundant and metabolically active in deep
regolith. Although the cultured organism is not known to oxidize Fe(II) for energy, the strains in
deep regolith appear to be able to survive in extremely oligotrophic environments where
weathering minerals are the predominant source of nutrients and electron donors (Buss et al.,
2005).
The cultivated isolate Stenotrophomonas maltophilia is a gram-negative, heterotrophic,
facultative anaerobe. Although most research conducted on this species relates to its being an
opportunistic hospital pathogen, S. maltophilia sequences also have been reported in a deep, coal
seam methane reservoir in Australia (Midgley et al., 2010), the rhizosphere (Park et al., 2005),
arsenic-contaminated soils (Aksornchu et al., 2008), and aquifers (Lin et al., 2010). Further, S.
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maltophilia sequences have been recovered from iron-rich ferromanganese cave environments in
New Mexico (Northup et al., 2003). It has also been identified in association with well-known
Fe(II)-oxidizing bacteria in acid coal-mine drainage sites (Nicomrat et al., 2007; Heinzel et al.,
2009). S. maltophilia has also been reported in anaerobic, Fe(II)-reducing environments (Lin et
al., 2007; Ivanov et al., 2005) and a salt marsh where S. maltophilia was relatively abundant and
potentially forming greigite (Fe3S4) minerals (Simmons et al., 2004). Finally, a sequence related
to S. maltophilia from marine sediments was recovered from circumneutral enrichment media
(Emerson and Moyer, 1997), although this sequence was only 92% identical to our sequences
suggesting they are from the same genus, but not similar species (unpublished data).
S. maltophilia is known for its high intraspecific heterogeneity (Turrientes et al., 2010). It
appears to be highly adaptable to hostile and nutrient-limited environments and has a high
mutation rate, which may explain why it is capable of adapting to diverse nonclinical
environments (Turrientes et al., 2010). S. maltophilia is also a strong competitor for iron in the
environment (Ryan et al., 2009). The genomes of clinical and environmental isolates encode
several Ton-B dependent receptors that are known to actively transport iron-siderophore
complexes in gram-negative bacteria. A comparison of the genomes of a clinical and an
environmental isolate of S. maltophilia showed that most of the 82 genes in the environmental
isolate’s genome, which were not found in the clinical isolate’s genome, encoded proteins
involved in iron transport and siderophore uptake (Ryan et al., 2009). A high competitive ability
to take up iron could increase the survival potential and fitness of this species.
Based on its recovery in clone libraries from the minireactors, S. maltophilia appears to
make up a large portion of the surviving community. The concentration of Fe(II) did not decrease
in these reactors, so that we cannot conclude that any biotic Fe(II)-oxidation occurred. Although
Fe(II)-oxidation has not been reported for S. maltophilia (Rice et al., 1995), metal dissolution
capabilities have been. Overall, the diversity of environments where S. maltophilia is found and
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iron-transporting proteins found within its genome suggest that S. maltophilia is well equipped to
survive and compete in a wide range of environments, such as Guaba ridge saprock.

3.6 Conclusions
Deep regolith associated with actively weathering quartz diorite bedrock is a novel
environment for studying potential iron-oxidizing bacteria. Previously published enrichment
media were unsuccessful in enriching for Fe-oxidizing bacteria from saprock and saprolite
samples in the present study. Extensive chemical analyses previously conducted at the site
provided the basis for designing a culture medium that better imitated the deep regolith
environment. Clone libraries of16S rRNA genes from incubated enrichments were dominated by
sequences most related to Stenotrophomonas maltophilia. The frequent recovery of this species or
its 16S rRNA sequences point to a possibly significant association or function in metal-cycling
environments.
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3.8 Figure Captions
Figure 3-1. Picture of minireactor set-up with tubing used for the frequent sampling and a
permanent filtration system for adding air. The saprock LG-1 N reactors were more orange in
color and had a thicker iron oxide coating than the saproltie LG-1 N, saprolite LG-1 S, saprock
LG-1 S and the negative control minireactors. The A. ferrooxidans control had the darkest color
and thicker coating of all the experiments

Figure 3-2. Gradient enrichment cultures with a characteristic iron-oxidizing bacteria band visible
in the 0.30 m enrichment but not in the deep saprolite.

Figure 3-3. Cell concentration (cells mL-1) decreased after inoculation and then increased for the
positive control at day 15. The saprolite LG-1 N, saprolite LG-1 S, saprock LG-1 LG-1 N, and
saprock LG-1 S cell density declined after day 0 and then remained relatively constant during
incubation suggesting a persistence in part of the original community. Error bars are determined
from the standard error between duplicate reactors. The saprock LG-1 N and the negative control
are highlighted with lines to demonstrate changes in cell number for the reactor choosen for DNA
analysis.

Figure 3-4. Concentration of Fe(II) in minireactors over the course of the experiment decreased in
A. ferrooxidans positive controls (closed circle) but varied little in all other reactors. Error bars
are determined from the standard error between duplicate reactors. The saprock LG-1 N and the
negative control are highlighted with lines to demonstrate the lack of change in aqueous Fe(II)
concentrations for the reactor choosen for DNA analysis.
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Figure 3-5. (a) The concentration of aqueous oxygen was always lower than the calculated
concentration of O2 in water at neutral pH and 20 ºC (0.29 mM) and atmospheric conditions. The
concentration of O2 increased in the saprock LG-1 N, saprock LG-1 S, and the negative control
increased with time. Reactors were no longer feed filter air after 43 days but still increased in
concentration. The positive control O2 concentrations decreased until day 15. (b) The
concentration of CO2 was high and remained around 30 mM during incubation for all minireactors. Error bars are determined from the standard error between duplicate reactors. The
saprock LG-1 N and the negative control are highlighted with lines to demonstrate the lack of
change in aqueous O2 and CO2 concentrations for the experiment choosen for DNA analysis.
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Table 3-1: DNA concentrations from both saprock LG-1 N reactors

Sample
4.9 m LG-1 N aqueous
Reactor 1
4.9 m LG-1 N aqueous
Reactor 2
4.9 m LG-1 N saprock
grains Reactor 1
4.9 m LG-1 N saprock
grains Reactor 2

ng µL

ng g-1 medium or
moist saprock

3.7

55

8

120

5.3

2465

2.93

706

-1
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Table 3-2: Sequences from the planktonic portion in the LG-1 N culture reactor 2 at the end of the
experiment with near relatives and BLAST identity
Sequence
name
1033
1034
1035
1037
1038
1040
1041
1043
1045
1046
1047
1048
1050
1051
1053
1054
2025
2025
2027
2028
2030
2031
2034
2036
2037
2039
2040
2041
2042
2043
2044
2045
2048

Nearest relative
Uncultured Firmicutes
Mitsuaria sp.
Uncultured Firmicutes
Porhyromonas sp.
Corynebacterium sp
Microbacterium oxydans
Fusobacteria sp.
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Phyllobacterium mysinacearum
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Phyllobacterium mysinacearum
Stenotrophomonas maltophilia
Sedimibacterium
Stenotrophomonas maltophilia

% BLAST
identitiy
98
99
99
97
99
98
95
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
98
99
98
99
99
92
99
99
99
99
98

E. coli
location 5' - 3'
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
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Table 3-3: Sequences from the biofilms on saprock grains in the LG-1 N culture reactor 2 at the
end of the experiment with near relatives and BLAST identity
Sequence
name
1076
1077
1078
1079
1080
1081
1082
1084
1085
1086
1087
1090
1091
1092
1093
1095
1096
2075
2076
2085
2086
2091
2093
2094
2095

Nearest relative
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Moraxella s p
Unidentified bacteria
Unculutred Firmicutes
Clostridium sp.
Staphyloccus sp.
Uncultured bacter i a
Uncultured bactiera
Actinomycets o r i s
Duganella zoogloeiodes
Corynebacterium sp.
Duganella zoogloeiodes
Fusobacterium periodontium
Corynebacterium sp.
Corynebacterium sp.
Corynebacterium sp.

% BLAST
identitiy
99
99
99
99
99
99
99
99
99
99
99
97
99
99
99
99
99
98
98
98
98
99
98
98
98

E. coli
location 5' 3'
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 901
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
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Table 3-4: 16S rRNA clone library from RNA extracted from 4.6 m LG-1 S borehole
Sequence
name
8501
8509
8511
8512
8513
8514
8515
8517

Nearest relative
Stenotrophomonas maltophilia
Staphlococcus epidermidis
Staphlococcus epidermidis
Staphlococcus sp.
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia

% BLAST
identitiy
99
99
99
99
99
99
98
99

E. coli
location 5' - 3'
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
27 - 907
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Figure 3-2: Picture of minireactors from saprolite LG-1 N, saprolite LG-1S, saprock LG-1 N,
saprock LG-1S, the negative ccontrol, and the Acidithiobacillus ferrooxidans positive control.
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Figure 3-1: Pictures of iron-oxidizer enrichment medium after 50 days incubation.
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Figure 3-3: Graph of cells mL-1 in minireactors.
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Figure 3-4: Graph of aqueous [Fe(II)] (mM) in minireactors.
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a

b
Figure 3-5: Graph of concentrations of aqueous O2 and CO2 in minireactors.
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Chapter 4
Occurrence of halloysite nanotubes and bacteria at the interface
between saprolite and quartz diorite bedrock, Rio Icacos watershed,
Puerto Rico

4.1 Abstract
Quartz diorite bedrock underlying the Luquillo Mountains of eastern Puerto Rico
undergoes weathering at one of the fastest documented rates for granitic rocks in the world.
Though tropical temperatures and precipitation promote rapid weathering in this location,
increased bacterial densities in regolith immediately above bedrock suggest that microorganisms
contribute to mineral weathering as well. Deep saprolite and saprock samples were obtained at
the bedrock interface in an upland location (Guaba Ridge) in the Rio Icacos Watershed for
examination by environmental scanning electron microscopy (ESEM). In ESEM images, mineral
nanotubes were observed to occur frequently in association with coccus- and rod-shaped
structures resembling bacteria. These nanotubes (width 50-140 nm and lengths 150-2700 nm)
were identified as halloysite using transmission electron microscopy. Observations of multiple
nanotubes on the surfaces of an individual cell are consistent with the cell’s exterior functional
groups interacting with Si in pore water to facilitate halloysite nucleation. We propose that one
mechanism by which bacteria contribute to rapid weathering of quartz diorite minerals in this
regolith is by lowering the free energy for secondary mineral formation. The presence of bacterial
surfaces may result in more rapid removal of Si from solution, thereby increasing dissolution
rates of primary minerals.
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4.2 Introduction
External functional groups on bacterial cell envelopes have been shown to interact with
silicon and metal ions to create nucleation sites for mineral formation (Urrutia and Beveridge,
1994 and 1995). Such interactions have been used to explain the deposition of minerals
responsible for preservation of bacterial and algal fossils (Oehler and Schopf, 1971; Ferris et al.,
1986); phyllosilicate mineral formation associated with lichen-encrusted boulders (Barker and
Banfield, 1996) and mineral transformations by fungal hyphae in forest floor soils (Wilson et al.,
2008). In addition to studies using native environmental samples, laboratory studies employing
pure cultures and commercial minerals have reported microbe-mineral interactions during silicon
immobilization (Urrutia and Beveridge, 1994); etch pit formation in hornblende (Buss et al.,
2007); and reductive dissolution of Fe(III) in phyllosilicates (Kukkadapu et al., 2006). Other
laboratory incubations of native minerals and resident microorganisms have described microbemineral interactions leading to formation of kaolinite (Chaerun et al., 2005); halloysite (Tazaki,
2005); and amorphous aluminum, silicon, and iron minerals (Kawano and Tomita, 2001). While
interactions between microorganisms and minerals have been documented in natural surface
environments and laboratory experiments, very little work has been published on potential
microbial roles during in situ weathering of deep bedrock.
One locale where mineral weathering in the regolith has been studied extensively is the
Rio Icacos Watershed of eastern Puerto Rico. Quartz diorite bedrock underlying the Guaba Ridge
of the Luquillo Mountains was shown to have one of the fastest documented weathering rates for
granitic rocks in the world (White et al., 1998). In this mountainous terrain, bedrock has
weathered to form corestones of Tertiary aged quartz diorite (Rio Blanco stock) (Seiders, 1971).
At the Guaba ridgetop location, where regolith is thickest, the bedrock corestones are overlain by
saprolite (5-8 m thick) and a layer of soil (0.5-1 m). The upper/outermost portions of the
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corestones consist of a “rindlet zone” made of 10 to 30 layers (i.e., rindlets) of spheroidally
weathering quartz diorite up to 2 m thick. At the interface between saprolite and the outermost
rindlet lies a thin (7 cm), hand-friable, intensely weathered material called “saprock” (Figure 4-1),
which has been referred to in previous studies as “protosaprolite” (Buss et al., 2005; Buss et al.,
2008; Buss et al., 2009). Primary minerals in the quartz diorite include plagioclase, quartz, biotite,
hornblende, and relatively minor amounts of K-feldspar, chlorite (chlorite present due to late
stage alteration processes) and accessory minerals such as apatite (White et al., 1998). Bedrock
weathering is initiated by the oxidation of ferrous to ferric iron in biotite in the outer surfaces of
corestones. This alteration is hypothesized to cause expansion, driving the spheroidal fracturing
that creates rindlets (Fletcher et al., 2006). After formation, rindlets subsequently become filled
with microfractures, promoting further weathering (Buss et al., 2008). Although biotite oxidation
appears to be the first mineral transformation to occur in the bedrock, subsequent weathering of
the biotite is slow relative to weathering of all other primary minerals besides quartz. Thus,
altered biotite grains are found, along with quartz, throughout the 2 – 8 m layer of overlying
saprolite. In contrast to the slower weathering of altered biotite, hornblende and plagioclase
weather rapidly and completely within the rindlet and saprock zones. Kaolinite and goethite are
the dominant secondary minerals formed from weathering throughout the regolith profile (White
et al., 1998).
In a previous study of Guaba Ridge regolith, we observed a hundredfold increase in
microbial densities in saprolite sampled immediately above saprock compared to saprolite from
shallower depths (Buss et al., 2005; Minyard et al., in preparation). The deepest saprolite samples
also exhibited greater moisture and higher concentrations of phosphorus and HCl-extractable
Fe(II) (White et al., 1998; Buss et al., 2005; Buss et al., 2009). When samples of deep saprolite
and saprock were examined by environmental scanning electron microscopy, mineral grains were
found to be coated with nanotubes frequently in association with bacterial cells. The objective of
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the present study was to determine the chemical composition of these nanotubes and to describe a
possible mechanism for biologically mediated nanotube formation. We propose that bacteriafacilitated nucleation of secondary minerals on cell surfaces is one mechanism by which bacteria
contribute to deep bedrock weathering.

4.3 Methods
4.3.1 Study Area and Sample Collection.
Deep regolith samples were obtained from the Luquillo Guaba (LG-1) site in the Luquillo
Experimental Forest, located in the Rio Icacos watershed, a 326-ha area of lower montane wet
Colorado forest on steep rugged terrain (White and Blum, 1995; White et al., 1998; and Schulz
and White, 1999). The LG-1 site is on a relatively flat shoulder, about 30 m2 in area, near the
ridgetop at an elevation of 680 m (latitude 18° 16’ 54.2”N; longitude 65° 47’ 25.3”W). Nearly the
entire watershed is underlain by quartz diorite bedrock (Rio Blanco stock). Extensive
measurements of chemical weathering and mineral transformations have been carried out at
Guaba Ridge and nearby localities (e.g. Stonestrom et al., 1998; Turner et al. 2003; White et al.,
1998; Murphy et al., 1998; Schulz and White et al., 1999; Buss et al., 2009). Primary minerals in
the quartz diorite are plagioclase (60%), quartz (25%), and smaller proportions of biotite (9%),
hornblende (6%), and K-feldspar (2%), with minor amounts of ilmenite, sphene, apatite, zircon,
and chlorite (White et al., 1998).
Soils at the LG-1 site are classified as very deep, somewhat poorly drained inceptisols
(Picacho series), fine loamy, kaolinitic, isothermic Aquic Dystrudepts (USDA NRCS, 2002).
Sampled regolith consisted of a thin A horizon (2 cm), Bw1 and Bw2 horizons (0.02 – 0.5 m), C
horizon (0.5- 1.1 m), above a thick layer (1.2 – 5 m) of saprolite, defined as bedrock
isovolumetrically weathered in place (also referred to as a Cr horizon). Directly beneath the
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saprolite is a thin layer of hand-friable saprock (7 cm) above a rindlet zone of variable thickness
(0.2-2 m). The saprock lying at the outermost edge of the rindlet zone has been previously called
“protosaprolite” (Turner et al., 2003; Fletcher et al., 2006; Buss et al., 2005; Buss et al., 2008;
Buss et al., 2009). Surface water flow at the LG-1 site is primarily downward, although some
water flows laterally at the organic layer- mineral soil interface. The pH of saprolite pore water
ranges from 4.0 – 5.4 (White et al. 1998).
Deep samples of saprolite (4.7 m) and saprock (4.9 m) were collected at the bases of two
boreholes 1.5 m apart at the LG-1 site. Boreholes, referred to as LG-1N(orth) and LG-1S(outh),
were made by hand driving an auger into the regolith at 15-cm intervals, each time bringing the
auger bucket to the surface and emptying it before lowering it back into the borehole. This
process was repeated until the “point of refusal” (i.e, when saprock was reached) at 4.88 m for
LG-1N and 4.80 m for LG-1S. When the auger bucket was brought to the surface at this point, the
deep saprolite sample was collected aseptically from the inner portion of the bucket, avoiding the
bucket edges, using a flame sterilized spatula and sterile plastic bags. Because the deepest
saprolite samples were collected from the middle portion of the auger bucket, the depth
designation for deep saprolite samples was 4.7 m, or 0.15 m above the point of refusal. To obtain
samples of saprock, a bulk density sampler (Soil Moisture, Santa Barbara, CA) consisting of a
brass core (5.7 cm diameter and 7 cm height each) was attached to the end of a 6-m pole and
lowered into the borehole. The pole handle was then carefully hammered until it moved down 7
cm, while keeping the pole straight at the surface. The sampler was brought to the surface, and
the core was carefully separated and capped. Samples were stored at 4 °C and then shipped on ice
within four days of sampling to Pennsylvania State University for subsequent analysis.
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4.3.2 Environmental Scanning Electron Microscopy
Uncoated, nonconductive samples were imaged with environmental scanning electron
microscopy (ESEM) without prior fixation and dehydration, thus minimizing sample preparation
artifacts (Little et al., 1998). Approximately 0.1-g subsamples were adhered directly to surfaces
of aluminum sample holders with carbon glue. The holder was immediately placed in the
chamber of an FEI Quanta 200 SEM with water vapor under pressure, which forced condensation
to keep the samples moist. Mineral particles were imaged using the gaseous secondary electron
detector at 20.0 kV, 5 - 10 ºC, with chamber pressure ranging from 5.08 – 6.14 torr. About 75
images were examined for bacterium-like structures with characteristic shapes (rod or coccus)
and sizes (0.5-2 µm). Selected images were scanned by energy dispersive X-ray spectrometry
(EDS) to determine elemental composition. Morphology and/or elemental analysis were used to
identify minerals. Because long, thin secondary minerals in ESEM images were difficult to
identify unequivocally as halloysite nanotubes or goethite needles, subsequent TEM analysis was
used to differentiate halloysite from goethite.

4.3.3 Secondary Minerals by X-ray Diffraction and Transmission Electron Microscopy
Secondary mineral fractions (< 2 µm) were obtained from 0.25 – 0.5 g samples of
saprolite and saprock by ultrasonication in 20 mL of 100% ethanol for 30 min. Larger-sized
minerals were allowed to settle for 10 min prior to collecting 2 mL of suspension. The
ethanol/mineral suspensions were then briefly spun down in a microcentrifuge to pellet the fine
mineral fraction, then most of the ethanol was removed by pipetting. The remaining slurries were
spread onto low background quartz slides (fabricated at PSU-MRL). Samples were analyzed on a
Scintag PADV theta-2theta Powder Diffractometer (CuKα radiation) operating at 35 kV and 30
mA with a count time of 0.5s per 0.02°2θ. XRD patterns were compared to known patterns of
secondary silicon- and iron-containing minerals using Jade+ version 9 software (Materials Data
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Inc., Livermore, CA) in conjunction with databases from the ICDD (International Centre for
Diffraction Data) and ICSD (Inorganic Crystal Structure Database).
For transmission electron microscopy (TEM), 25-µL aliquots of the secondary mineral
fractions described above were placed on copper-lacey carbon, 200-mesh grids (Electron
Microscopy Sciences, Hatfield, PA) and allowed to air dry for 10 min. Samples were analyzed on
a Philips EM 420T tungsten-based TEM at 120kV. Data on morphology, crystal structure, and
elemental composition were collected using a stationary focused electron probe and a Gresham
Sirius 30 Si(Li) x-ray energy detector at camera length of 320 mm and an ultra-thin window.
Diffraction patterns were processed using the DigitalMicrograph software program (Gatan, Inc),
which converts pixels to distances (nm-1) between two hand-selected points. Crystal d-spacings
were extrapolated from the diffraction patterns and compared to known mineral d-spacings for
standard halloysite, specifically 10 and 3.62 Å (Dixon, 1989).

4.4 Results
4.4.1 ESEM Observations
Larger-sized (> 20 µm) primary quartz diorite minerals in saprolite and saprock samples
were identified as biotite and K-feldspar on the basis of EDS analysis during ESEM imaging.
These minerals exhibited characteristic surface features, with biotite edges showing separating
layers and K-feldspar showing fractures on planar surfaces. Secondary minerals (≤ 5 µm) could
not be identified readily in ESEM images. However, crystal morphologies of apparent secondary
minerals included nanotubes, plates, and needles/stars, which could correspond to halloysite,
kaolinite, or goethite, respectively. Abundant secondary minerals were observed on both planar
surfaces and edges of biotite grains, but only infrequently on minerals consistent with weathering
K-feldspar.

106

Crystalline nanotubes, needles, and plates were observed at 8000x magnification
on the surface of one mixed primary mineral (inferred to be biotite with minor chlorite)
grain from LG-1S saprock (Figure 4-2a). Upon higher magnification (36,700x), coccus-shaped
structures situated within two microns of the grain’s edge were observed to be coated with
crystalline nanotubes (Figure 4-2b). Magnification of several other grains showed various coccus(Figure 4-3a) and rod-shaped (Figure 4-3b) structures with these nanotubes. Rod- and coccusshaped objects in the 0.5 – 2 µm size range were visible in 80% and 61% of images taken from
LG-1 N saprolite and saprock, respectively. In the LG-1S core, cell-like structures were observed
in 75% and 100% of saprolite and saprock images, respectively (5,000 – 50,000x magnification).
In 90% of images containing nanotubes (n = 29), coccus- or rod-shaped structures were observed
in close association with the nanotubes.
In another ESEM image of LG-1N saprolite, the surface of one coccus supported as many
as eight individual tubules (50 nm in width and lengths of 150 - 1200 nm) (Fig. 4-4). Most of the
tubules appeared to be growing parallel to the surface of the coccus rather than perpendicular to
it.

4.1.2 XRD and TEM Analyses
Secondary minerals identified by XRD in the saprolite included a kaolin group mineral
and goethite (Figure 4-5a and 4-5c). These XRD patterns showed peaks at 7.17 (001), 4.35, and
3.58 Å for LG-1 N (4.7 m) and peaks at 7.18 (001), 4.42, and 3.58 Å for LG-1 S (4.7 m). The dvalue calculated from the XRD pattern (7.18Å) could correspond to that of either the dehydrated
form of the halloysite mineral or kaolinite (Dixon, 1989). Goethite presence was also inferred
from the XRD patterns of saprolite with broad peaks of low intensity. In the saprock XRD
patterns, the dominant secondary minerals identified were a weakly crystalline kaolin group
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mineral and gibbsite (Figure 4-5b and 4-5d). In the saprock, gibbsite was present, with the LG-1
S sample containing a greater quantity of more crystalline gibbsite than the LG-1N sample
(Figure 4-5d).
In ESEM images of saprock and saprolite, it was not possible to determine whether the
shapes of secondary minerals on cell surfaces were needles (goethite) or tubules (halloysite), nor
could the XRD data provide definitive identification based on peak location. Therefore, TEM
data was needed to identify the nanotube minerals (Figure 4-6a and 4-6b) unequivocally as the
secondary mineral halloysite. Electron diffraction spots (Figure 4-6a) of 10.05, and 3.23 Å are
consistent with hydrated halloysite (Dixon, 1989). The lengths of the halloysite tubes from all
samples ranged from 0.15 – 2.7 µm with an average length of 0.664 µm and 0.05 – 0.140 µm
width (n = 83). There was a slight difference in these averages and ranges between samples from
the two cores and as a function of depth. Average lengths of halloysite tubules in LG-1N saprolite
and saprock samples were 0.930 µm and 0.494 µm, respectively, with ranges of 0.3 – 2.7 µm and
0.170 – 1.80 µm respectively. In LG-1S saprolite and saprock from 4.7 m to 4.9 m depths,
average tubule lengths were 0.510 and 0.436 µm, respectively, with ranges of 0.200 – 1.40 µm
and 0.150 – 0.900 µm (Table 4-1). Elemental analysis of the halloysite nanotubes indicated Si
and Al (Figure 4-6a) with some Fe impurities (Figure 4-6b).
Alhough XRD patterns did not exhibit the 10 Å d-spacing of hydrated halloysite,
nanotubes in ESEM and TEM images appeared to be fully hydrated halloysite (d-spacing = 10
Å). Goethite in TEM images was predominantly of the star morphology and observed only once
in the needle form.
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4.5 Discussion
4.5.1 Bedrock weathering and secondary mineral formation from granodiorite
Halloysite, a 1:1 mineral within the kaolin subgroup (Dixon, 1989), can have either a
tubular or spheroidal morphology, with tubular being the more common form (Singh and Gilkes,
1992). Fully hydrated halloysite has two interlayer H2 O molecules, with a d-spacing of 10Å.
Dehydration of halloysite causes collapse of the interlayer, resulting in a d-spacing of 7Å (Dixon,
1989; Joussein et al., 2006). Kaolinite, on the other hand, has a distinctive plate or book
morphology with a d-spacing of 7Å. Although XRD peaks indicated a d-spacing of 7Å for kaolin
minerals in saprolite and saprock samples, a d-spacing of 10Å was more consistent with the
appearance of halloysite nanotubes in ESEM and TEM images. Halloysite most likely did not
appear in XRD patterns because too little (< 5%) of the mineral was present in the samples to
produce the characteristic 10 Å d-spacing.
Halloysite is a natural weathering product in younger soils often observed to have
developed from volcanic deposits including ashes and pumice beds (Tazaki, 2005). It also has
been observed to have formed from the weathering of primary micas (Dong et al., 1998) and
feldspar (Tazaki, 2005) in the field and laboratory under tropical and batch reactor conditions,
respectively. Halloysite can also occur due to kaolinite deformation (Singh and Gilkes, 1992), but
since the halloysite in these samples would have been formed at a weathering front concurrently
with kaolinite, we argue that the halloysite we observed is a product of primary mineral
weathering.
The halloysite nanotubes formed from weathering quartz diorite in Guaba Ridge regolith
could be a product of biotite weathering. Two weathering pathways for biotite in Guaba ridge
regolith have been described (Murphy et al., 1998, Dong et al., 1998). In the study by Dong et al.
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(1998), weathering at the edges of biotite layers was observed to result in formation of spheroidal
halloysite (8.6 – 8.8Å) at what appears to be the mineral’s lattice fringe in their TEM images.
This pathway would be favored at the base of the regolith, where downward water flow is
impeded by impermeable bedrock and phyllosilicate grains could become saturated with altering
fluids. The second mechanism was first described in the TEM study by Murphy et al. (1998),
where biotite in saprolite samples were observed to weather directly to kaolinite via epitaxial
overgrowth.
In the present study we have identified another pathway for secondary kaolin formation
during weathering of deep saprolite and saprock of Guaba Ridge, namely via tubular halloysite.
Because hornblende and plagioclase weather completely in the saprock layer (White et al., 1998),
these minerals could contribute Al and Si to pore fluids in saprock. Although some studies have
linked halloysite formation to the weathering of K-feldspar (Jeong, 2000; Jeong and Kim, 2003;
Papoulis et al., 2004), tubular halloysite was not observed on minerals consistent with K-feldspar
in our ESEM images and K-feldspar is a mineral of lesser proportion (2%) in the quartz diorite
than biotite (9%) (White et al., 1998). Our XRD results also are inconsistent with feldspar as the
main source of halloysite formation since the secondary mineral peaks were stronger in saprolite,
where biotite was the main mineral undergoing weathering. Less than 1% of primary K-feldspar
and plagioclase were shown to persist into the saprolite zone (White et al., 1998). Therefore,
biotite is inferred to be the mineral that is dominantly contributing to halloysite formation.
The halloysite nanotubes observed in ESEM and TEM images of saprock were less
numerous and smaller in size than they were in images of saprolite. In LG-1 N and LG-1 S cores,
halloysite nanotubes appeared in 78 and 88% of ESEM images of saprolite, but only in 52 and
67% of ESEM images of saprock (Table 4-1). Nanotubes in saprock (440-490 nm) were shorter
and had smaller size ranges than nanotubes in saprolite (510-930 nm) (Table 4-1). Based on our
observations we propose that both spheroidal (Dong et al., 1998) and tubular halloysite resulted
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from altered biotite weathering, since spheroidal and tubular morphologies appeared to form at
the same time.
Dong et al. (1998) suggested that one layer of 2:1 biotite, in samples from 7.14 m from
the LG-1 regolith, weathers directly to one 1:1 halloysite spheroid, basing this conclusion largely
on the presence of Fe impurities. Their proposed reaction required the addition of H+ and loss K,
Al, Mg, Fe(II), Ti, Si, and H2 O. The loss of Al and Si could contribute to the precipitation of the
nanotube secondary mineral product observed on the planar surfaces and edges of the weathering
biotite. A kinetic and thermodynamic model incorporating the interfacial free energy and Gibbs
free energy of formation of kaolinite and halloysite (Steefel and Van Cappellen, 1990) was
consistent with the conclusion that halloysite was the preferential Al- and Si-containing
secondary phase to precipitate from solution under certain environmental conditions and that
kaolinite could grow from halloysite once nucleation had taken place. This model concurs with
data of Kawano and Tomita (2001) who observed that halloysite formation was favored over
kaolinite during volcanic ash weathering.

4.5.2 Bio-halloysite
The term bio-halloysite was coined by Tazaki (2005) in studies reporting hollow spheres
of a halloysite-like mineral forming on the surfaces of bacterial cell walls. Bio-halloysite has been
observed on cell and fungal surfaces in the presence of weathering minerals (Chaerun et al., 2005;
Tazaki , 2005; Wilson et al., 2008). Chaerun et al. (2005) observed halloysite, fungal hyphae, and
bacteria biofilm matrices in incubation experiments testing the effects of clays on biofilm
establishment. Wilson et al. (2008) observed weakly crystalline halloysite preferentially
precipitated on ferromagnesian minerals. Fungi and bacteria in their samples appeared to colonize
ferromagnesian minerals more heavily as well. In all studies, bio-halloysite appeared to be a
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product of mineral weathering, with microorganisms involved in promoting secondary mineral
formation.
Other studies have reported increases in Si adsorption to cell surfaces over time
compared to Si adsorption and desorption behavior in abiotic controls (Urrutia and Beveridge,
1994). In geothermal sediments from Yellowstone Park, iron-silica minerals were observed on
bacterial remains by Ferris et al. (1986), who speculated that bacterial cells were sites for mineral
nucleation. They also suggested that individual cells were at least several months old, since silica
crystal growth proceeds quite slowly. In the present study, all bacterial cells associated with
nanotubes appeared to be intact (Figures 4-2, 4-3, and 4-4). Since crystals appeared to be in
different growth stages on the cell surface, we presume that the saprolite bacteria were either able
to survive for months or were inactive during crystal growth. Oehler and Schopf (1971) observed
that cells suffer little damage during silica crystal growth in a simulated weathering system.
Nanotubes were observed in saprolite samples taken from the same depths which other
studies of the LG-1 site had documented as having higher bacterial densities, DNA yields,
culturable bacteria, and greater proportions of mineral surface coverage by biofilms (Buss et al.,
2005; Minyard et al., in preparation). In the present study, it was observed that up to 8 nanotubes
of various sizes were in direct contact with one coccus-shaped structure sampled at a depth of 4.7
m in LG-1 N borehole (Figure 4-4). The frequent co-occurrence of cell-like structures and
secondary minerals observed in this study is consistent with a mediating role by microorganisms
in secondary mineral formation, as in bio-halloysite (Tazaki, 2005). Furthermore, microorganisms
can also influence the composition of secondary minerals. For example, the presence of
microorganisms was shown to correlate with an increase in the amount of impurities in Si
precipitates (Urrutia and Beveridge, 1994). Tazaki (2005) observed S as an impurity in biohalloysite in the presence of sulfate-reducing bacteria in a mixed culture. Iron is the most
common impurity in halloysite, with concentrations up to 12.8 wt% (Joussein et al., 2005), and it
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was one of the elements present in low amounts in some of the halloysite nanotubes analyzed in
the present study (Figure 4-6b). The presence of Fe(III) could be due to activity of iron-oxidizing
bacteria present in the deep saprolite and saprock (Buss et al., 2005; Buss et al., 2009; Minyard et
al., in preparation).

4.5.3 Nucleation of halloysite in the Rio Icacos Watershed
As regolith weathers, increased secondary mineral nucleation leads to increased mineral
surface area (Steefel and Van Cappellen, 1990). Mineral surface area contributes to nutrient
retention by providing more cation exchange sites, water-holding capacity, and potential
nucleation sites. If microorganisms are capable of lowering the mineral nucleation barrier, they
will help increase the rate of surface area formation. With typical cell diameters of 0.3 - 1 µm
(Bakken and Olsen, 1989), soil bacteria offer high specific surface area which, according to
Walton (1979), often acts to nucleate minerals preferentially as compared to larger, continuous
mineral surfaces. The contribution of microbial surfaces toward promotion of nucleation is
presumably relevant in surface as well as subsurface soils, since >96% of bacteria are bound to
minerals (Harvey et al., 1984).
Halloysite can be formed directly from 2:1 layers of biotite (Kretzschmar et al., 1997;
Dong et al., 1998) or as a precipitate nucleated on biotite when additional Al released from
feldspar and plagioclase weathering is present (Jeong, 2000; Jeong and Kim, 2003). The frequent
and intimate association of saprolite microorganisms with halloysite nanotubes could be due to
lowering of the activation energy of precipitation onto cell surfaces (Urrutia and Beveridge,
1994). The concentrations of Si and Al in pore water at the LG-1 site at 7.47 m depth have been
measured at 169.6 µM and 2.48 µM, respectively (Schulz and White, 1999). These ion
concentrations may not be high enough for homogenous precipitation of minerals from solution
(Fowle and Fein, 2001). However, ion activity gradients near mineral surfaces could create
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microenvironments where some ions could reach saturation and precipitate. For example,
Liermann et al. (2000) showed that biofilms of soil microorganisms formed on the primary
mineral hornblende lowered the pH by 1 unit at the mineral surface, creating a change in
microenvironment. At this time it is not possible to determine unequivocally whether cells
associated with halloysite in Guaba Ridge regolith have played an important role in its formation.
Observed associations might be explained by the increased likelihood of cell attachment on
minerals due to the greater availability of solutes from weathering activity and the indirect
microbe-mineral associations that would occur.
The possibility of minerals nucleating on bacterial cell envelopes can be considered in
light of changes in the free energy of adsorption of an ion. Previous studies have used a solvation
and electrostatic model to estimate potential for an ion to adsorb on a mineral surface, thereby
starting secondary mineral nucleation. These calculations have involved the total Gibbs free
0
energy of ion adsorption ( "Gads,i,k
, where i is the solvated ion and k is the solid sorbate) (James

and Healy, 1972; Sverjensky, 1993). A simplified equation developed by Sahai (2002) for the

! energy of adsorption (James and Healy, 1972) has been expressed as the sum
standard state free
of the change in Gibbs free energy of solvation when the ion moves from bulk solution to the
0
mineral interface ( "Gsolv,i,k
) and the Gibbs free energy change due to intrinsic properties of the
0
ion ( "Gii,i,k
):

!
!

0
0
0
"Gads,i,k
= "Gsolv,i,k
+ "Gii,i,k

(1)

0
The term "Gii,i,k
is related to changes in free energy due to nonsolvation effects; this

! of the charge (z) to the effective electrostatic radius (re,i) of the ion in
term depends on the ratio
0
! Sverjensky and Sahai used the Born theory to show how "Gads,i,k
solution.
varies with the inverse

of the dielectric constant for the solid (εk), the interfacial region (εint), and the bulk solvent (water,
εw) (Sverjensky and Sahai 1996; Sverjensky and Sahai !
1998; Sahai, 2002). The value of εk can
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describe the changes in orientation of the solvent molecules when they are near a surface. In bulk
water, which has a relatively high dielectric constant (εw = 78.5 at 25 ºC), ions tend to become
solvated (Teschke et al., 2001). As water molecules become more structured near mineral
surfaces, the dielectric constant is lower (i.e. εk < εw). For mica, the dielectric constant (εk) of the
solvent molecules is about 10 near the mica surface (20°C) (Teschke et al., 2001). The lower
dielectric constant of water molecules near mineral surfaces is thought to decrease the solvation
0
energy, !Gsolv ,i ,k of an ion and therefore decrease the "Gads,i,k
(eqn 1) is expected, making it more

energetically favorable for the ion to adsorb to the surface (James and Healy, 1972).

! cell surfaces. In a study by Zhou and Schulten
These principles could be applied to
(1995), the dielectric constant of water in association with ester groups of a model membrane
bilayer was estimated to be about 10, a value that would also promote ion adsorption to that
functional group. In the present study, multiple short nanotubes were observed alongside longer
ones on one bacterial cell surface (Figure 4-4). The presence of short nanotubes on a cell surface,
compared to the lower number of similar-sized nanotubes on surrounding minerals, suggests that
cell surfaces may be preferred sites for mineral nucleation. Multiple nanotubes on one cell
structure therefore would imply that the cell surface supports more irreversible nucleation events
than adjacent mineral surfaces. Kawano and Tomita (2001) and Urrutia and Beveridge (1994)
both showed that in comparison to Al and Fe, Si preferentially adsorbs onto cell envelopes.
Furthermore, Si sorption may be necessary for halloysite formation (Kawano and Tomita, 2001).
Although the dielectric constants estimated for mica by Teschke et al. (2001) and for the model
lipid by Zhou and Schulten (1995) were similar, nucleation on natural biotite surfaces could be
less favorable due to coatings of kaolinite and goethite that form during saprolite weathering. In
fact, goethite and kaolinite precipitates have been observed during weathering of biotite to
kaolinite at the lattice fringe in the LG-1 saprolite (Dong et al., 1999). This explanation is
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supported by the lower dielectric constant predicted for the model membrane (10) (Zhou and
Schulten, 1995) than for kaolinite (11.8) and goethite (11.7) (Sverjensky, 1993). Si adsorption to
cell surfaces and subsequent formation of bio-halloysite is a possible mechanism whereby
microorganisms accelerate mineral weathering by pulling ions from solution.

4.6 Conclusions
Previous studies of shallow weathering systems and laboratory experiments have
demonstrated interactions between microorganisms and minerals that could contribute to rock
weathering. However, the roles of microorganisms in weathering of deep bedrock have been
investigated to a lesser extent. The LG-1 site in Rio Icacos watershed is well-characterized,
making it an ideal site for the study of microorganism-mineral associations in weathering quartz
diorite. In ESEM images, we observed that bacterium-like structures were associated with the
primary minerals biotite and feldspar along with secondary minerals kaolinite and halloysite. At
higher magnification, ESEM images revealed that individual cell-like structures were covered
with multiple nanotubes. Similar nanotubes were identified as halloysite by TEM and electron
diffraction patterns in separate secondary mineral fractions. Here we describe a potential
mechanism for halloysite nanotube formation involving bacteria-facilitated precipitation of Si, Al,
and Fe onto cell surfaces. This mechanism supports our hypothesis that microorganisms
contribute to the weathering of primary minerals in the quartz diorite during the development of
Rio Icacos regolith.
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4.8 Figure captions
Figure 4-1. Cartoon depiction of the regolith profile from the Guaba ridgetop in the Rio Icacos
Watershed in Eastern Puerto Rico. The spheroidal weathering of the quartz diorite bedrock
initiates through the oxidation of Fe(II) in biotite creating an altered biotite that remains
throughout the regolith (Buss et al., 2008). Spheroidal weathering is depicted here as horizontal
lines for rindlet fractures. Rindlets are also micro-fractured (not shown). In the outermost rindlet
zone (i.e., saprock, see text), primary minerals hornblende and plagioclase weather. The saprock
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is overlain with 2 – 8 m of saprolite and up to 1 m of a Picacos Inceptisol. The altered biotite
weathers to halloysite and kaolinite throughout the saprolite (Murphy et al., 1998).

Figure 4-2. (a) An ESEM image of a biotite/chlorite mineral from LG-1 S and a depth of 4.9 m
showing some signs of weathering. Scale bar equals 5 microns. (b) Upon magnification (scale
bar = 1 microns), bacterium-like structures (white arrows) are seen near the edges of the
weathering layers and associating with secondary minerals of plate and tubular morphology
(black arrows highlight nanotubes).

Figure 4-3. ESEM images of coccus- (a) and rod- shaped (b) microorganisms are seen associated
with secondary minerals in samples from the LG-1 N borehole from deep saprolite (4.7 m) and
saprock (4.9 m) respectively.

Figure 4-4. ESEM image (50,000x) of the edge of a biotite grain in deep LG1-N saprolite (4.7 m)
showing a coccus-shaped structure. Multiple nanotubes appear on the surface of the cell-like
structure.

Figure 4-5. XRD patterns from deep saprolite and saprock in LG-1 N (a and b) and LG-1 S (c
and d) boreholes: 5 a and 5c show XRD patterns of saprolite (4.7 m depth) with characteristic
peaks for kaolin group minerals and goethite; 5b and 5d show XRD patterns of saprock (4.9 m
depth) with peaks for a kaolin group and gibbsite. (5b).

Figure 4-6. Transmission Electron Microscope image of tubular halloysite collected from the fine
clay fraction in the saprolite (4.7 m) LG-1 N (a). Halloysite, identified from the electron
diffraction pattern, was fully hydrated (10Å). The chemical composition, as determined by EDS
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analyses, showed that the dominant elements were Si and Al. (b) A different halloysite from 4.9
m LG-1 N showed that some nanotubes contained Fe.
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Table 4-1: Halloysite in ESEM and TEM images and its detection by XRD.
Depth (m)

Sample type

LG-1 N 4.7
LG-1 S 4.7
LG-1 N 4.9
LG-1 S 4.9

Saprolite
Saprolite
Saprock
Saprock

ESEM
images with
halloysite
nanotubes
(%)
78 (n=9)
88 (n=8)
52 (n=21)
67 (n=15)

Average
length of
halloysite
nanotube
(nm)
930
510
490
440

Range of
lengths of
halloysite
nanotubes
(nm)
300 - 2700
200 - 1400
170 - 1800
150 - 900
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Figure 4-1: Cartoon depiction of sampling site at Guaba Ridge in the Rio Icacos watershed.
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Figure 4-2: ESEM image of bioite-chlorite primary mineral grain with coccus-shaped structures
near the edges.
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Figure 4-3: ESEM images of several coccu- and rod-shaped structures.
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Figure 4-4: ESEM image of cell-like structures and nanotubes.
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Figure 4-5: XRD of secondary minerals in the saprolite (a and c) and saprock (b and d).
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Figure 4-6: TEM images of halloysite nanotubes.

Chapter 5
General Conclusions
Physical and chemical contributions to bedrock weathering have been studied to a much
greater extent than in situ biological processes. Previous studies of soil/rock surface environments
and laboratory experiments have demonstrated interactions between microbes and minerals that
could contribute to rock weathering. However, the roles of microorganisms in weathering of deep
bedrock have not been well documented. Previous research conducted on the weathering of
quartz diorite at the LG-1 site in the Luquillo Experimental Forest provided the chemical and
mineralogical data necessary to proceed with community analysis and microbe-mineral
observations 5 m below the surface near weathering bedrock. An increase in cell numbers and
microbial nutrients were reported in deepest saprolite samples compared to more shallow
samples. We hypothesized that microbes at the interface between saprolite and quartz diorite
bedrock were contributing to the dissolution of primary minerals and the formation of secondary
minerals. We also expected to identify potential Fe(II)-oxidizing bacteria at this interface.
Qualitative and quantitative observations of microbe-mineral associations in confocal
laser-scanning microscope (CLSM) images showed that bacteria associated with biotite and
unidentified, opaque minerals and mineral coatings, but were rarely observed associating with
quartz. A new index was developed in this study to report microbe-mineral associations in CLSM
images. This index (%MAC) is the percentage of mineral surface area covered by cells or
biofilms. The %MAC for nonviable cells increased in the deepest saprolite near bedrock relative
to more shallow samples.This observation might be explained by an accumulation of inactive or
dead cells in the absence of substrate. The 16S rRNA clone libraries generated from DNA
extracts of deep saprolite and saprock revealed a diversity of bacteria, including sequences
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closely related to Acidithiobacillus ferrooxidans, Stenotrophomonas maltophilia, Leptothrix,
Nitrospirae, and Bacillus spp. These species are recognized as capable of oxidizing Fe(II)
oxidation or contributing to mineral dissolution.
Saprock near actively weathering quartz diorite bedrock is a novel environment for
investigation of Fe(II)-oxidizing bacteria, such as Acidithtiobacillus ferrooxidans and Leptothrix
sp. Two previously published enrichment culturing techniques were used without success to
culture Fe(II)-oxidizing bacteria from saprock and saprolite samples. Extensive chemical analysis
previously conducted at the site provided the results necessary to design minireactors with a
medium that mimicked the regolith pore water and provided indigenous mineral surfaces and
microaerophilic conditions to support growth of saprolite microbes. Cell densities in the
minireactors declined tenfold in the first five days of incubation but remained constant through
the 45 days, suggesting a persistence of a fraction of the native communities. 16S rRNA clone
libraries from this culture had seven divisions represented including Gammaproteobcteria,
Betaproteobacteria, Firmicutes, Actinobacteria, Fusobacteria, Bacteriodetes, and
Alphaprotebacteria. The most abundant species sequenced was the Gammaproteobacteria, S.
maltophilia (98 -99% BLAST identity). Sequences related to S. maltophilia not only dominated
clone libraries from the minireactors but also the libraries derived from DNA and RNA extracted
directly from deep saprolite. Its overall presence in all three clone libraries from this study point
to the importance of S. maltophilia in saprolite and saprock. S. maltophilia and potential ironoxidizing bacteria identified in clone libraries from the saprolite, saprock and enrichment cultures
may be the organisms observed in CLSM images of biofilms on weathering quartz diorite
minerals. Iron-oxidizing lithotrophic bacteria in particular could be promoting primary mineral
weathering and secondary mineral formation, like goethite.
In ESEM images of the saprolite and saprock, bacterium-like structures were observed
associating with the primary minerals including biotite along with secondary minerals kaolinite
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and halloysite. At higher magnification, ESEM images revealed that individual cell-like
structures were covered with multiple nanotubes. Similar nanotubes were identified as halloysite
by x-ray diffraction (XRD) and transmission electron microscopy (TEM). A potential mechanism
for halloysite nanotube formation involved microbial facilitated precipitation of Si onto cell
surfaces. This theory based on the dielectric constant supports our hypothesis that
microorganisms contribute to the weathering of primary minerals in the quartz diorite by
adsorbing Si to the cell surface, removing it from solution and indirectly promoting primary
mineral dissolution to replace the Si in solution.
Overall, the microbe-mineral associations and clone library sequence assignments
suggested that microbes play a role in mineral weathering in the Guaba ridge quartz diorite.
Microbes at this site are most likely impacting cycling of Fe through bacterial metabolism
pathways and cycling of the element Si used to study rock weathering rates by mineral nucleation
mechanisms. Our results from the three studies may also be applied to other weathering systems.
We developed a new index to track microbe-mineral associations through a profile and to identify
the minerals with which microbes preferentially associate. Our 16S rRNA libraries detected the
presence of microbes that possibly promote mineral weathering or were similar to those
recovered in studies of other weathering systems. The ESEM and TEM results also suggested that
these microbes are potential mineral nucleation sites, promoting secondary mineral formation. If
similar nucleation events are occurring in other weathering systems then microbes could be
contributing to secondary mineral formation and soil formation.
Although Guaba Ridge is a stark environment in comparison to surface soil, the
biogeochemistry occurring in the deep unsaturated subsurface is complex. We are just beginning
to understand the relationships between microbes and their environments. Future studies on the
active metabolisms occurring in the deep saprolite and the sources of Fe(II) used would extend
our knowledge of the role of microbes in bedrock weathering. Further work also needs to be done
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on determining the role of S. maltophilia in our weathering system and in Fe(II)-rich
environments, such as acid mine drainage sites. CARD-FISH on paraformaldehyde-preserved
saprolite samples coupled with the %MAC index determinations could confirm the activity of
specific bacterial strains in the rindlet zone immediately above bedrock, saprock and the regolith
profile. Incubation experiments of potential Fe(II)-oxidizing bacteria enriched from the saprock
with crushed quartz diorite bedrock, quartz diorite biotite mineral grains, and a mixture of the two
could determine if iron-oxidizing bacteria are capable of oxidizing structural Fe(II) in ironcontaining minerals.

Appendix A
Additional confocal microscopy images and BLAST results of 16S rRNA
sequences for Chapter 2
Extensive research of the regolith from Guaba ridge in the Rio Icacos watershed of the
Luquillo Mountains in Eastern Puerto Rico provided the background information needed to
proceed with microbe-mineral associations. The soil moisture was previously reported (Buss et
al., 2005). However, we measured soil moisture for our specific depths in the LG-1 N and LG-1 S
boreholes (Table A-1). The moisture data correlates with depths studies using the CLSM and for
DNA analysis. The additional data collected from both boreholes not included in chapter 2 is
reported in tables A-2 and A-3. Table A-2 shows different ways to report the mineral data
collected from Image J. This data includes the mean percentage of mineral area occupying an
image per mineral type identified. Table A-3 includes estimated cell numbers per gram of moist
soil using the COMSTAT percent cell area occupying an image. Because we could not count
individual cells using the 400X magnification, we estimated cell abundance (cells per g-1 moist
saprolite) in each sample with the data collected in COMSTAT. The number of cells from a
CLSM image was estimated using the percent area occupied by cells (converted to decimal form)
multiplied by the area of the image (µm2), and divided by the average area of a spherical
bacterium (3.14 um2) (Madigan and Martinko, 2006). Using recorded sample weights, known
volumes of agarose discs (34.9 mm3) and composite CLSM images, we estimated numbers of
cells per gram of moist sample. This number is also reported as log of cells per gram moist
sample. Additional images of the display images collected on the CLSM and analyzed using
COMSTAT and Image J are included (Figures A-1 through A-9). Images include various mineral
types and were used for qualitative observations in addition to the quantitative analysis.
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Raw data used to construct pie charts of the 16S rRNA gene clone libraries (Fig. 2-5) are
reported in tables A-4 through A-9. Data in tables included the close relative BLSAT identities
used to determine the different divisions represented and species located in the deep saprolite and
saprock.
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Table A-1: Soil moisture data from boreholes collected at LG-1 site.
Depth (m)
0.15
0.31
1.5
2
2.4
3.1
3.7
4
4.3
4.4
4.6
4.7
4.9

%Soil Moisture LG-1 North
borehole ± standard deviation*
106±4
42.9±0.05
29.3±1
34.6±0.2
34.3±1
27.2±0.7
35.1±0.9
29.4±0.6
31.2±0.2
31.7±0.5
31.7±0.2
32.0±0.04
15.5±0.8

%Soil Moisture LG-1 South
borehole ± standard deviation*
91.2±10
46.7±0.08
31.6±1
29.0±0.8
27.0±0.8
27.8±0.9
33.3±0.03
32.1±0.1
30.2±0.2
31.0±0.02
31.8±0.1
30.3±0.6
21.0±2

*Average of two well-mixed sub-samples from each depth.
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Table A-2: Additional mineralogical data collected from CLSM images and analyzed using
Image J.
Dept
h (m)

0.15
0.31
1.5
2.0
2.4
3.1
3.7
4.0
4.3
4.4
4.6
4.7

*

Total
area of
mineral
surface
(µm2)
examined
at each
depth
333,286
620,225
407,513
371,131
427,704
368,662
92,906
75,877
78,546
78,311
91,489
162,929

Fraction
of biotite
in total
mineral
area*

Fraction of
unidentifie
d opaque
minerals in
total
mineral
area*, t

Fraction
of quartz
in total
mineral
area*

14.2
11.6
33.4
36.3
65.5
63.0
71.1
72.8
73.1
90.8
78.8
87.3

68.5
75.0
48.9
52.2
26.0
13.0
21.3
17.3
6.8
4.7
21.1
7.6

17.3
13.4
17.6
11.5
8.5
24.0
7.6
9.9
20.1
4.5
0.0
5.9

Mean
percentage
of field
area
occupied
by mixed
opaque
minerals*, t
25.50
29.27
17.87
46.69
9.30
30.92
18.50
6.87
3.58
2.89
11.41
1.04

Mean
percentage of
field area
occupied
by biotite*

Mean
percentage
of field
area
occupied
by quartz*

4.48
4.54
7.52
16.5
23.51
19.63
34.67
28.98
38.74
55.95
42.54
11.93

5.43
5.21
6.41
5.36
3.06
7.42
3.68
3.93
10.65
2.74
0.00
0.81

Mineral abundances are expressed as the fraction of the specific mineral class of the total
mineral area summed from all image analyzed at that depth.

t

Unidentified opaque minerals refers to the total image area occupied by minerals not identified
as quartz or biotite.

t

%MAC is the mineral surface area covered by cells (Equation 1) averaged from all images
collected at that depth.
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Table A-3: Additional microbial data collected using the CLSM and analyzed using COMSTAT.
Depth
(m)

*

Viable
MAC ±
Standard
error

Viable
cells g-1
moist
soil*

Log
viable
cells g-1,

Mean area
(µm2) of
viable
cells

Nonviable
MAC ±
Standard
error
0.412
±0.0867

Nonviable
cells g-1
moist
soil*
55.2

Log
nonviable
cells
g-1, t
9.74

Mean area
(µm2) of
non-viable
cells

0.15

0.173
±0.0449

20.4

9.38

6,109

0.31

0.129
±0.0237

10.1

9.01

4,587

0.358
±0.108

26.9

9.43

16,130

1.52

0.0403
±0.0132

8.11

8.91

1,690

0.0805
±0.0642

42.3

9.63

7,953

1.98

0.0283
±0.0117

9.89

9.00

1,567

0.0446
±0.0125

15.0

9.18

3,307

2.44

0.158
±0.00578

3.45

8.54

724.9

0.146
±0.0304

32.1

9.35

5,840

3.05

0.00041±0.
000170

0.0404

6.64

11.90

0.0293
±0.0134

1.94

8.29

740.2

3.66

0.00456
±0.00400

1.37

8.14

50.12

0.0123
±0.00624

3.77

8.58

98.66

3.96

0.00109
±0.000213

0.265

7.42

8.90

0.0147
±0.00294

2.99

8.48

114.4

4.27

0.00484
±0.00397

1.02

8.01

17.80

0.0177
±0.00932

3.05

8.48

116.9

4.42

0.00511
±0.00453

2.19

8.34

59.79

0.0189
±0.0100

7.24

8.86

206.1

4.56

0.00903
±0.00737

3.32

8.52

84.95

0.00743
±0.00192

2.43

8.39

82.06

4.72

0.00288
±0.00131

0.395

7.60

51.42

0.0605
±0.0228

6.18

8.79

1,039

t

16,570

The number of cells in an image is estimated by dividing the area of the cells in an image by the
average surface area of a spherical cell using the average diameter of a bacteria (1 um)
(Madigan and Maritnko, 2006).
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t

Cells per gram soil were estimated from CLSM images stained with LIVE/DEAD BacLight®

and assuming the average surface area of a cell is 3.14 µm2. Numbers in this column are 108 cells
g-1.
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Table A-4: Bacteria 16S rRNA clone library from 4.6 m LG-1 N borehole.

Sample
Name
6015
6048
6049
6051
6053
6054
6055
6060
6061
6501
6503
6504
6703
6706
6709
6711
6712
6716
6719
6721
6722
6724
6726
6728
6732
6734
6736
6738
6739
6743
6744
6745
6902
6905
6909
6912

Borehole
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N
4.6 m LG-1 N

Closest Relative in BLAST
Acidthiobacillus ferrooxidans
Acidobacteria
Acidobacteria
Acidobacteria
Chloroflexus
Pseudomonas gessardii
Pelomonas sacchorophilia
Delfita sp.
Brevundimonas diminuta
Pseudomonas fluorescans
Pseudomonas fluorescans
Pseudomonas fluorescans
Acidobacteria
Variovorax paradoxus
Sediminibacterium
Pseudomonas aeruginosa
Variovorax paradoxus
Acidobacteria
Deltaproteobacteria
uncultured bacteria
uncultured bacteria
Unidentified
Acidobacteria
Pseudomonas acruginosa
Choloflexis
Cholorflexis
Pseudomonas
Delfitia acidovorans
Variovorax paradoxus
Variovorax paradoxus
Variovorax paradoxus
Pseudomonas fluorescans
Acetobacteraceae sp.
Ochrobacterum anthropi
Pseudomonas fluorescans
Pseudomonas fluorescans

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
99
GU167980
97
DQ837256
94
EU979107
93
GQ120646
92
AM749752
99
AF074384
98
NR_024710
99
EF061135
99
EF491966
99
AF521651
99
CP000076
99
AY196702
93
EU223945
99
FJ527675
96
AM990455
99
GQ180118
99
TUT1027
94
EF019519
91
AM749749
97
AB294346
98
AB294346
97
EF494346
99
AF529350
99
EU344794
97
DQ450732
97
DQ450735
99
AY196702
99
EU341200
99
DQ256487
99
DQ256485
99
DQ256486
99
AJ278812
98
EF019854
99
EF198140
99
AY196702
99
GU198104
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Table A-5: Bacteria 16S rRNA clone library from 4.7 m LG-1 N borehole.

Sample Name
6047
6050
6051
6052
6056
6057
6058
6306
6337
8402
8403
8404
8407
8408
8409
8410
8411
8412
8413
8414
8415
8416
8418
8419
8420
8421
8422
8423
8425
8429
8430
8493
8495

Borehole
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N
4.7 m LG-1 N

Nearest Relative in BLAST
Flavobacteriaceae
Acidobacteria
Acidobacteria
Firmicutes
Variovorax paradoxus
Pseudomonas putida
Microbacterium ginsengisol
Uncultured/ Acidobacteria
Deltaproteobacteria
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Lactococcis sp.
Stenotrophomonas maltophilia
Corynebacterium sp.
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Betaproteobacteria uncultured
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Pantoea agglomerans
Stenotrophomonas maltophilia
Streptococcace thermophilus
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Actinetobacter
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Thermus aquaticus
Stenotrophomonas maltophilia
Enterobacter sp.
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
98
EF017801
93
DQ451440
93
DQ451440
95
EU044246
99
AB196432
99
AM411059
98
AB271048
93/91
EU881291
98
AM749750
98
EU14788
98
AY675242
99
AY675242
99
GQ206319
99
AF537600
99
EU714788
99
EU714788
99
AY612302
99
GQ206319
99
GQ416758
98
AY924375
99
GQ206319
99
DQ911624
99
GQ240152
99
GQ416758
99
GQ048731
99
AM396494
98
GQ206319
99
AY162042
99
NR_025900
99
EU714788
99
FP929040
99
EU714788
99
EF509511
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Table A-6: Bacteria 16S rRNA clone library from 4.9 m LG-1 N borehole.

Sample Name
6617
6618
6517
6518
6532
6539
6602
6604
6609
6610
6614
6615
6624
6625
6635
6636
8120
8124
8132
8141
8151
8154
8155
8156
8157
8161
8166
8167
8189
8192
8222
8433

Borehole
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N

Nearest Relative in BLAST
Orthobactria SP.
Acidobacteria
Bacillus sp.
Paenibacillus sp.
Pseudomonas fluorescen
Acidobacteria
Firmicutes
Pseudomonas
Gemmatimonades
Pseudomonas
Acidobacteria
Elizabethkingia meningoseptica
Bacillus longiquaesitum
Bacillus sp.
Acidobacteria
Acidobacteria
Acidivorax sp.
Acidobacteria
Staphylococcus sp.
Staphylococcus sp.
Azonexus caeni
Acidovorax sp.
Azonexus caeni
Micrococcacean sp.
Chloroflexus
Pseudomonas
Mycobacterium sp.
Leptothrix sp.
Pseudomonas aeruginosa
Halomonas sp.
Ralstonia sp.
Arthrobacteria SP.

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
99
EU275247
98
AF529322
97
AB36283
94
EU571146
99
GU198104
98
AF529322
99
EF016848
99
AY539821
92
FJ205250
99
AM913894
98
AF529322
99
EU128742
99
AJ544784
98
AB073167
98
AF529322
98
AF529322
99
AM084006
94
EF075515
99
AB009944
99
EU513396
99
AB166882
99
AM084006
96
AB166882
99
EU438932
96
DQ450732
99
AM167976
99
AY457075
98
EU341266
99
AF193514
99
AM951388
99
FJ193229
99
AJ609627
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Table A-6 (continued): Bacteria 16S rRNA clone library from 4.9 m LG-1 N borehole.

Sample Name
8435
8436
8437
8438
8439
8440
8441
8442
8443
8444
8445
8446
8447
8448
8449
8450
8451
8452
8453
8454
8455
8457
8458
8459
8460
8461
8462
8463
8464

Borehole
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N
4.9 m LG-1 N

Nearest Relative in BLAST
Pseudomonas sp.
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Gammaproteobacteria uncultured
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Streptococcace thermophilus
Lactococcis sp.
Streptococcace thermophilus
Stenotrophomonas maltophilia
Streptococcace thermophilus
Streptococcace sp.
Stenotrophomonas maltophilia
Afipia sp.
Janthinobacteria sp.
Clostridium sp.
Alphaproteobacteria
Stenotrophomonas maltophilia
Gillisia sp.
Alphaproteobacteria
Stenotrophomonas maltophilia
Klebsiella sp.
Leutropia sp.
Gillisia sp.
Leutropia sp.
Stenotrophomonas maltophilia
Janthinobacteria sp.
Afipia sp.

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
95
EU620679
99
GQ206319
99
GQ240152
99
GQ206319
95
AM990455
98
GQ206319
99
GQ416758
98
DQ911624
99
DQ911624
99
DQ911624
98
GQ206319
99
AY687382
99
EU373350
99
EU714788
99
EF31496
99
AM989104
99
AM420023
97
AM936207
99
GQ206319
98
EU196300
97
AY91774
99
EU714788
99
EU435386
99
DQ016346
99
EU196346
99
DQ016725
98
EU714788
99
EU275366
99
EF371496
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Table A-7: Bacteria 16S rRNA clone library from 4.6 m LG-1 S borehole.

Sample Name
6042
6043
6044
6045
6224/6272
6227
6233
6235
6239
3245
6505
6506
6508
6806
6808
6811
6823
6824
6913
6917
6925
6926
8203
8465
8466
8468
8469
8470
8472
8473
8474

Borehole
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S

Nearest Relative in BLAST
Chloroflexus
Chloroflexus, Thermomicrobia
Pseudomonas
Pseudomonas gessardii
Firmicutes
Verrucomicrobial sp.
Acidobacteria
Acidobacteria
Gammaprotebacteria
Deltaproteo
Pseudomonas fluorescenes
Pseudomonas sp.
Pseuudomonas sp.
Betaproteobacteria
Pseudomonas fluorescans
Pseudomonas fluorescans
Pseudomonas saccharophila
Deltaproteobacteria, uncultured
Acidobacteria
Pseudomonas sp.
Acidobaceria
Alcaligenes sp.
Uncultured Acidobacteria
Actinobacteria
Firmicutes
Acidobacteria
Holophage sp.
Chloroflexi
Actinobacteria
Acidobacteria
Firmicutes

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
92
EU043714
92
EU043714
99
AF057645
99
AF074384
98
EU044344
98
EF074932
97
EF075504
97
DQ829635
98
EF073270
94
AJ518797
99
AJ521651
99
AF521651
99
AF094726
99
AY612302
99
AJ278812
99
AJ278812
99
AF368755
91
EF221459
96
AM902633
99
EU816382
94
FJ517004
99
EF599759
93
AM159269
95
EF221457
97
EU044230
98
EF073390
94
AJ519370
96
DQ450732
96
AJ519639
91
AM934751
91
EF662617
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Table A-7 (Continued): Bacteria 16S rRNA clone library from 4.6 m LG-1 S borehole.

Sample Name
8475
8476
8477
8478
8479
8480
8481
8482
8483
8484
8485
8486
8487
8488
8489
8490
8491
8492

Borehole
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S
4.6 m LG-1 S

Nearest Relative in BLAST
Firmicutes
Planctomycetes
Firmicutes
Acidobacteria
Chloroflexi
Actinomycetes
Acidobacteria
Firmicutes
Holophage
Actinobacteria
Chloroflexi
Acidobacteria
Acidobacteria
Acidobacteria
Acidobacteria
Firmicutes
Acidobacteria
Chloroflexi

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
90
EU044229
92
FJ405890
96
EU044321
97
EJ475538
95
DQ450732
86
AF467344
95
AJ519381
91
EU044229
94
AJ519370
81
EF019551
95
DQ450732
96
EF457412
93
AF529350
97
EF074585
97
EF457412
92
DQ316815
98
AF529322
93
DQ450737
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Table A-8: Bacteria 16S rRNA clone library from 4.7 m LG-1 S borehole.

Sample Name
6021
6022
6023
6029
6030
6344
6825
6826
6827
6828
6829
6830
6831
6832
6833
6834
6835
6836
6837
6838/6886
6839
6841
6842
6843
6844
6845
6847
6848
6930
6932
6934

Borehole
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S

Nearest Relative in BLAST
Chloroflexus
Acidobacteria
Firmicutes/ Thermovenabulum
Chloroflexus
Holophage Acidobacteria
Acidobaceria
Acidobacteria
Firmicutes
Acidobacteria
Acidobacteria
Acidobacteria
Acidobacteria
Plactomycete
Actinobacteria
Acidobacteria
Burkhodderiates bacteria
Unidentifed
Uncultured Gamma-Proteo/Steriobacter sp.
Acidobacteria
Acidobacteria
Acidobacteria
Uncultured Nitrospira
Acidobacteria
Chloroflexi
Firmicutes
Acidobacteria
Acidobacteria
Actinomycete/Acidobactera
Acidobacteria
Unidentified bacteria
Actinobacterium

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
93
DQ450737
92
DQ404615
98/84
EU044321
95
DQ450735
94
AJ519370
95
DQ451441
96
EF019519
96
EU044321
94
EF457322
98
DQ451441
92
FJ485040
90
GU205315
89
EF032767
93
EU044284
98
EF457315
99
EU044388
93
FJ478673
98/92
DQ451468
92
FJ205224
93
AJ519370
95
DQ451441
95
AM167945
93
AM749754
96
DQ450732
80
DQ648907
96
AM902633
99
EU449736
95
DQ829645
98
EF457315
92
DQ499301
95
EU359937
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Table A-8 (continued): Bacteria 16S rRNA clone library from 4.7 m LG-1 S borehole.

Sample Name
6935
6937
6938
6939
6940
6941
6942
6943
6944
6945

Borehole
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S
4.7 m LG-1 S

Nearest Relative in BLAST
Acidobacteria
Chloroflexi
Acidobacteria
Chloroflexi
Acidobacteria
Uncultured Deltaproteobacteria
Acidobacteria
Uncultured Deltaproteobacteria
Chloroflexi
Acidobacteria

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
93
EF457460
98
DQ450735
92
EF457303
84
EU491393
97
EF074585
97
EU298983
98
EF457383
95
AY494620
95
DQ450732
98
EF457383
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Table A-9: Bacteria 16S rRNA clone library from 4.9 m LG-1 S borehole.

Sample Name
6545
6546
6548
6645
8001
8002
8003
8007
8009
8011
8014
8015
8018
8019
8023
8024
8026
8029
8031
8033
8037
8041
8042
8043
8044
8048
8050
8051
8052
8053
8056

Borehole
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S

Nearest Relative in BLAST
Variovorax sp.
Bacillus longiquastium
Variovorax paradoxus
Bacillus sp.
Fimicutes
Acidobacteria
Firmicutes
Firmicutes
Firmicutes
Halobacteria
Acidobacteria
Firmicuties
Acidobacteria
Acidobacteria
Aciddobacteria
Acidobacteria
Firmicutes
Firmicutes
Firmicutes
Acidobacteria
Nitrospira sp.
Acidobacteria
Firmicutes
Acidobacteria
Deltaproteobacteria
Acidobacteria
Acidobacteria
Acidobacteria
Firmicutes
Firmicutes
Acidobacteria

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
99
AB196432
98
AM747042
99
AB196432
98
AJ544784
88
EU044230
94
EF019519
88
EU044230
88
EU044230
99
AJ519381
88
EU044230
98
AF529322
87
EU044230
97
EF032756
91
EF074585
99
EF074909
98
AF529322
88
EU044230
88
EU044230
88
EU044230
99
AF529322
98
EF075848
98
AF529322
91
EU04429
98
AF529322
93
EF221307
98
AF529322
98
AF529322
98
AF529322
98
EU044321
92
EU044367
94
EF018936
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Table A-9 (continued): Bacteria 16S rRNA clone library from 4.9 m LG-1 S borehole.

Sample Name
8057
8058
8063
8066
8068
8070
8072
8075
8079
8080
8082
8083
8084
8085
8086
8088
8090
8093
8094
8095
8096

Borehole
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S
4.9 m LG-1 S

Nearest Relative in BLAST
Holophage sp.
Holophage sp.
Staphylococcus lepidermus
Firmicutes
Firmicutes
Firmicutes
Deltaproteobacteria
Firmicutes
Firmicutes
Firmicutes
Fimicutes
Acidobacteria
Solibium sp.
Firmicutes
Gemmatimonadetes
Gemmatimonadetes
Firmicutes
Firmicutes
Firmicutes
Acidobacteria
Firmicutes

Percent identity
to nearest
Close relative
BLAST realative BLAST identity
99
AJ519381
99
AJ519381
99
AB177644
87
EU044230
92
EU044367
91
EU044229
90
EF188782
88
EU044230
87
EU044321
92
EU044325
88
EU044230
98
AF529322
95
AM990455
99
AM397032
99
EF074893
98
EF074893
88
EU044230
89
EU044321
89
EU044230
94
EF019519
88
EU044230
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Figure A-1: CLSM image of 0.15 m quartz grain and unidentified opaque minerals
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Figure A-2: CLSM image from 0.31 m quartz grain
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Figure A-3: CLSM image of 1.5 m biotite grain
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Figure A-4: CLSM image from 1.5m quartz grain
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Figure A-5: CLSM image from 4.0 m quartz grain
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Figure A-6: CLSM image from 4.3 m biotite grain
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Figure A-7: CLSM image from 4.4 m biotite grain
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Figure A-8: CLSM image from 4.6 m biotite grain

157

Figure A-9: CLSM image from 4.7 m biotite grain
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Appendix B
Oxidation of structural Fe(II) in biotite by A. ferrooxidans ATCC 55720
B.1 Objective
This appendix is the precusor to a paper for an ongoing study. The objective of this study
it to determine if iron-oxidizing bacteria are capable of using structural Fe(II) in quartz diorite
biotite and hornblende as their sole electron donor. The objective is based on the hypothesis that
iron-oxidizing bacteria are capable of using structural Fe(II) as an electron donor in primary
minerals, possibly contributing to the weathering of bedrock and affecting the rates of saprolite
formation.

B.2 Methods
B.2.1 Mineral source
Bedrock samples were collected from a road cut in the Rio Icacos water shed in the
Luquillo Mountains of Eastern Puerto Rico. The watershed is almost entirely underlain by quartz
diorite bedrock (Rio Blanco stock) of early Tertiary age (Seiders, 1971). Primary minerals in the
quartz diorite are plagioclase (60%), quartz (25%), and smaller proportions of biotite (9%),
hornblende (6%), and K-feldspar (2%), with minor amounts of ilmenite, sphene, apatite, zircon,
and chlorite (White et al., 1998). The bedrock material was collected by Buss et al., (2009) from a
road cut on Route 191 using a sledgehammer. Biotite minerals were hand picked from the
bedrock using the method described by Murphy et al., (1998).
B.2.2 Iron-oxidation experimental set-up
Biotite and Bedrock minerals were collected from the Rio Icacos watershed in the
Luquillo Experimental Forest of Eastern Puerto Rico. The first experimental set-up was quartz
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diorite bedrock collected from a road cut by Buss et al., 2008 that was crushed by an acid washed
mortar and pestle and sieved with 35-100 mesh. The second set of reactors was bedrock biotite
separated from the quartz diorite by a Franz magnetic separator as described by White et al.
(1998) and is 30 – 100 mesh. The third experimental set-up was 20% the quartz diorite biotite and
80% crushed quartz diorite bedrock mixed together. Half a gram of each experimental solid was
weighed into a 10 mm diameter vial. The vials were capped with aluminum foil and sterilized by
Cobalt-60 gamma-irradiation, does of 50 kilograys (Breazeale Nuclear Reactor, Penn State
University).
After sterilization, 0.35 mL of medium was added. The chemicals added to the medium
was based on the reported chemical data for the pore water at 5.49 m in the regolith from the
lysimeter field at the LG-1 site on Guaba Ridge (Schulz and White, 1999). A 100X stock solution
for the medium consisted of 0.09 mM calcium nitrate, 0.49 mM magnesium chloride, 1.3 mM
potassium chloride, 0.09 mM manganese(II) sulfate, 6.5 mM sodium chloride, and 0.02 mM
calcium chloride in 1 L of distilled water. This solution was diluted 100 fold into distilled water
as medium. The 1X medium was adjusted to a pH of 4.04 using 10 N sulfuric acid before
autoclaving for 30 mins at 121 °C.
For each experimental condition there were 6 vials, 2 inoculated with 50 µL of the mixed
community collected by Minyard et al. (in preparation), 2 inoculated with Acidithiobacillus
ferrooxidans ATCC 55720, and 2 negative controls. The headspace of the bottles were then
purged the headspace of the bottles for 1 min with filtered sterilized 1 % CO2 balanced with N2
gas to remove most oxygen and to add the carbon source CO2. The vials were crimped using
aluminum septa caps (company, city). After allowed six hours to equilibrate, the vials were
uncapped and 50 µl was sampled for day 0 pH and Fe(II) measurements. 50 µL of the 1X
medium were added to replace the liquid lost and the vials were purged with filter sterilized 1%
CO2, balanced with N2 gas for 1 min and recapped. Vials were incubated in the dark at 20 °C.
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Experiment deconstruction . . . At the end of the experiment, about 0.10 – 0.20 mL of
medium will be collected for Fe(II) and pH. Half of the solids will be dried under anaerobic
conditions for Synchrotron X-ray microprobe fluorescence maps, XANES and XRD analysis and
the other half will be immediately preserved in 4% formaldehyde for CLSM analysis.
B.2.3 Fe(II) analysis and pH
Ferrous iron concentrations were measured within an hour of sampling the medium.
Fe(II) was measured using the ferrozine method with 1.0 g/L of ferrozine (J. T. Baker) dissolved
in 50 mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) buffer at pH 7.00. The
ferrozine solution was filter sterilized using a 0.22 um pore cellulose acetate bottletop filter
(CORNING) before use. 40 uL was added to 2.4 mL ferrozine reagent, mixed rigourously for 10
secs, and then the absorbance was measured at 562 nm. The concentration of Fe(II) (mM) was
determined based on a Fe(II) standard curve consisting of Fe(II) standards with absorbance
greater and less than the expected sample Fe(II) measurements.
The sample pH values were measured using a glass microelectrode probe
(Microelectrodes, Inc, New Hampshire).
B.2.4 Confocal laser-scanning microscopy
Furture methods.
B.2.5 Synchrotron X-ray microprobe fluorescence maps and X-ray absorption near edge
spectra (XANES)
Future methods.

B.3 Results
Initial concentrations of Fe(II) in the vials were 0.00 mM for the crushed quartz diorite
and the quartz diorite plus biotite experiments. The initial concentration of Fe(II) for the biotite
experiments were 0.00 mM for the vials inoculated with a mixed community and 0.01 mM for the
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A. ferrooxidans and negative control vials. The pH of the vials after the first 6 hours was high,
ranging from 7.42 – 8.05 (Table 1).

B.4 Discussion
Observing changes in Fe(II) oxidation in mineral structures presents a challenge. Buss et
al. (2008) were able to distinguish Fe(II) and Fe(III) in biotite using synchrotron X-ray
microprobe fluorescence maps. The maps were able to show differences in Fe(II) and Fe(III)
content on the edges of the biotite collected from the bedrock and saprolite in the Rio Icacos
watershed (Buss et al., 2008). This tool coupled with overall mineralogical data would show
microbial induced changes in structural Fe(II) by iron-oxidizing bacteria.
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Table B-1. Experimental set-up and measurements made on day 0 of the experiment.
Vial

Experimental
conditions

1

Quartz diorite

2
3
4

Quartz diorite
Quartz diorite
Quartz diorite

5

Quartz diorite

6

12

Quartz diorite
20% Biotite: 80% Quartz
diorite
20% Biotite: 80%
Quartdiorite
20% Biotite: 80%
Quartzdiorite
20% Biotite: 80% Quartz
diorite
20% Biotite: 80%
Quartdiorite
20% Biotite: 80% Quartz
diorite

13

Biotite

14
15
16

Biotite
Biotite
Biotite

17

Biotite

18

Biotite

7
8
9
10
11

Inoculum
Mixed
community
Mixed
community
A. ferrooxidans
A. ferooxdians
Negative
Control
Negative
control
Mixed
community
Mixed
community

Fe(II) (mM)

pH

0.00

7.84

0.00
0.00
0.00

7.91
7.98
7.96

0.00

7.94

0.00

8.05

0.00

7.89

0.00

7.85

A. ferrooxidans

0.00

7.9

A. ferooxdians
Negative
Control
Negative
control
Mixed
community
Mixed
community
A. ferrooxidans
A. ferooxdians
Negative
Control
Negative
control

0.00

7.9

0.00

7.95

0.00

7.96

0.00

7.42

0.00
0.01
0.01

7.52
7.52
7.52

0.01

7.55

0.01

7.54
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Appendix C
Additional environmental scanning electron microscopy images of mineral
grains in deep sarpolite and saprock
Additional environmental scanning electron microscopy images showed bacteria-like
structures, assumed to be bacteria based on shape and size, were associating with the primary
minerals K-feldspar (Figure C-1) and biotite (Figures C-2). Primary minerals identities were
estimated based on EDS data and morphology. In figure C-1, the ratio of Al to Si and the strong
K+ peak indicated the mineral is K-feldspar even though this primary mineral is of low quantity in
the quartz diotrite. The biotite mineral grain observed in Figure C-2 was undergoing weathering
as observed by the separating layers of the basal plane. Increase in magnification of the grain
showed coccus shaped bacteria associating with the grain and secondary minerals halloysite.
Images of several mineral grains showed bacteria associating with halloysite nanotubes (Fig. C3).
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Figure C-1: ESEM images of mincrobes associating with K-feldsapar. The K-feldspar grain was
identified based on the EDS data.
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Figure C-2:
halloysite.

Microbes associating with a weathering biotite grain and secondary mineral
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Figure C-3: Microbes (arrows) observed on minerals grains frequently associated with halloysite
nanotubes.
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