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Abstract
Sulfidic caves form in carbonate bedrock where H2S-rich groundwaters interact with
oxygenated surface waters and cave air. H2S oxidation in sulfidic caves causes rapid carbonate
dissolution and aggressive speleogenesis, and provides chemical energy for diverse communities
of chemolithoautotrophic sulfur-oxidizing microorganisms. At the cave watertable, the fate of
dissolved sulfide is controlled by three processes that independently influence cave formation:
degassing of H2S(g) to the cave atmosphere, biological oxidation in sulfur-oxidizing stream
biofilms, and abiotic sulfide oxidation. In contrast to previous research, we found that H2S(g)
degassing accounts for the majority of sulfide disappearance from Frasassi streams and that little
to no acid is produced in the microaerophilic stream communities.
On the cave walls and ceilings, extremely acidic (pH 0-1.5) biofilms known as ‘snottites’
form where gypsum corrosion residues isolate microbial sulfide oxidizers from limestone
buffering. We used a combination of metagenomics and other culture-independent methods and
found that Frasassi snottites are dominated by Acidithiobacillus thiooxidans, with smaller
populations of an archaeon in the uncultivated ‘G-plasma’ clade of Thermoplasmatales, a
bacterium in the Acidimicrobiaceae family, and several rare taxa. The Acidithiobacillus
population is autotrophic and oxidize sulfur by the sulfide-quinone reductase (SQR) and sox
pathways, while the archaeal and Acidimicrobiaceae populations are likely heterotrophic.
We sampled sulfidic cave snottites at spatial scales ranging from meters to 1000s of
kilometers to test whether geographical barriers affect microbial biogeography. Given the
extreme geochemistry and subsurface location of the biofilms, we hypothesized that snottites
from different locations could contain genetically isolated populations and distinct community
structures. By (i) sequencing 16S rRNA genes, (ii) sequencing 16S-23S intergenic transcribed
spacer (ITS) regions, and (iii) multi-locus sequencing typing (MLST), we found that the
dominant Acidithiobacillus populations are genetically divergent, but also identified recent long
distance dispersal. We then used a combination of 16S rDNA cloning and fluorescence in situ
hybridization (FISH) to investigate snottite community structure, and found that at a global scale,
communities from different caves are significantly different and the major axes of variance in the
dataset are related to cave location.
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What were the conditions under which deposition of calcium carbonate ceased in
some of the caves, was succeeded by deposition of calcium sulfate, and that
followed by a return of lime deposition and a re-solution of the gypsum? A more
fundamental question deals with the precipitation of the sulfate. Obviously, the
familiar explanation of escape of CO2 does not apply. For these questions the
writer has no answers.
J Harlan Bretz, 1949, p. 402
On the formation of gypsum deposits in Carlsbad Cavern
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Chapter 1: Introduction

Sulfidic caves form in carbonate bedrock where reduced, hydrogen sulfide-rich
groundwaters are exposed to oxygenated surface waters and cave air. The complete oxidation of
hydrogen sulfide to sulfuric acid (equation 1) causes rapid carbonate dissolution and aggressive
speleogenesis (equation 2).
ΔGo′ = -798 kJ/mol

H 2 S + 2O2 ! H 2 SO4

H 2 SO4 + CaCO3 ! Ca 2 + + SO42 " + CO2 + H 2O

(1)
(2)

Because H2S oxidation represents a rich source of chemical energy, sulfidic caves support thriving
communities of chemolithoautotrophic microorganisms that form the trophic base of isolated,
aphotic ecosystems that include macroinvertebrate and even vertebrate life (Sarbu et al., 1996;
Hose and Pisarowicz, 1999). These unique sulfide-based ecosystems contain multiple endemic
species and even the first known example of a terrestrial chemoautotrophic symbiosis
(Dattagupta et al., 2009). Additionally, microbial sulfide oxidizers in sulfidic caves actively
enhance rates of acid production and limestone dissolution and therefore speed up karstification
(Hose et al., 2000; Engel et al. 2004). Sulfidic processes are responsible for as many as 10% of
known caves, including some of the longest and most spectacular like Lechuguilla Cave in New
Mexico with >180 km of passage (Palmer, 1991; Forti et al., 2002). Furthermore, limestone
dissolution in sulfidic caves is analogous to porosity development in other more widespread
subsurface sulfidic environments such as stratified aquifers and carbonate petroleum reservoirs
(Hill, 1995; Randall, 2006). Sulfidic caves represent windows to the subsurface through which
we can study the important geochemical processes and access the chemotrophic ecosystems
within.

1

1.1 Sulfidic caves and sulfuric acid speleogenesis
Cave formation by equations 1 and 2 is known as sulfuric-acid speleogenesis. The earliest
widely-accepted theory for sulfuric acid speleogenesis is attributed to Stephen Egemeier (1973,
1981). Based on observations and field studies in Lower Cane Cave, WY, Egemeier proposed a
mechanism of subaerial acid production and speleogenesis that he termed ‘replacement solution.’
At the watertable, H2S volatilizes from reduced cave waters into the fully oxygenated cave
atmosphere, where it is oxidized by equation 1 on cave walls and ceilings. Where sulfuric acid
reacts with limestone, gypsum precipitates as a corrosion residue (equation 3).

H 2 SO4 + CaCO3 + H 2O ! CaSO4 i2H 2O + CO2

(3)

Caves enlarge as gypsum crusts build up and eventually detach. Similar theories were
independently developed much earlier by Principi (1931) and later by Sandro Galdenzi, although
these contributions are less well known because they were either unpublished or in Italian.
Principi (1931) recognized that a small cave near Triponzo Spring in central Italy “did not form
by normal karst dissolution, but developed as a consequence of the sulfidic water action, that
replaced limestone with gypsum, which could be easily removed by flowing water” (from
Galenzi and Maruoka, 2003). Galdenzi (1990) proposed that past cave development in the
Frasassi cave system, Italy, occurred both by phreatic sulfide oxidation as well as during periods
of ‘water table’ conditions in which extensive air-water exchange permitted H2S volatilization
and subaerial corrosion.
Prior to Egemeier, other theories were proposed to account for the unusual morphology
and sulfate mineralogy of sulfidic caves. Much of the literature was focused on Carlsbad Caverns
and other caves in the Guadalupe Mountains of New Mexico, whose large size and extensive
gypsum deposits did not fit the typical models for karstification (Jagnow et al., 2000). J Harlan
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Bretz (1949) proposed a phreatic origin for Carlsbad Cavern, but could not satisfactorily explain
the gypsum deposits. He concludes his 1949 paper by saying that a “more fundamental question
deals with the precipitation of the sulfate. . . . For these questions the writer has no answers.”
Later theories to explain the gypsum deposits included pooling of sulfate-rich water, pyrite
oxidation, and carbonate replacement during brine mixing (Jagnow et al., 2000 and references
therein). However, once Egemeier’s research became widely accepted, most subsequent theories
invoked H2S as the primary sulfide source. Sedimentary pyrites are thought to be the source of
sulfuric acid for a few smaller caves (e.g. Morehouse, 1968; Auler and Smart, 2003), although
this mechanism does not likely form many large voids.
Although Egemeier (1981) proposed that sulfuric acid speleogenesis is predominantly a
subaerial phenomenon (equation 3), others (e.g. Davis, 1981; Galdenzi, 1990) have since argued
that subaqueous sulfide oxidation and limestone dissolution by equation 2 is an important and
possibly more widespread mechanism. Recently, Engel et al. (2004) revisited Lower Kane Cave
and showed that degassing accounts for less than 10% of sulfide disappearance from the cave
stream. Engel et al. argue that, instead, most sulfide is oxidized in the stream largely due to
subaqueous microbial oxidation—biological sulfide oxidation can proceed several orders of
magnitude faster than abiotic oxidation (Luther et al., 2011). In addition, Engel et al. provided
evidence that sulfide-oxidizers in the streams directly contribute to limestone dissolution by
localizing acid production at bedrock surfaces. Recently, Engel and Randall (2011) found that
sulfur-oxidizing biofilm communities also enhance rates of dissolution and porosity development
in the stratified Edwards and Trinity Aquifers. Prior to Engel et al., other authors had suggested a
role for microbial acid production in speleogenesis (Hubbard et al., 1990; Angert et al., 1998;
Hose and Pisarowicz, 1999; Hose et al., 2000; Vlasceanu et al., 2000; Engel et al., 2001).

3

Interestingly, Egemeier mentioned the possibility for bacterial catalysis in cave formation in his
Ph.D. thesis (1973) when he stated, “the oxidation of hydrogen sulfide by oxygen to sulfur
occurs readily . . . The oxidation of sulfur to sulfate also occurs readily . . . iron-oxidizing
bacteria can catalyze this reaction.”
However, subaerial dissolution must be important for sulfidic cave formation under at
least some conditions, and other known sulfidic caves encompass a variety of geochemical and
hydrodynamic conditions very different from those of Lower Kane Cave. For example, the
Frasassi and Acquasanta Cave Systems in central Italy as well as Cueva de Villa Luz in Tabasco,
Mexico, have higher H2S concentrations in the air and water than in Lower Kane Cave. In
Frasassi, Galdenzi et al. (2009) proposed that seasonal differences in recharge result in temporal
differences in the predominance of subaerial versus subaqueous oxidation, and Galdenzi et al.
(1997) found that limestone dissolution rates are approximately equivalent above and below the
Frasassi water table. In Cueva de Villa Luz, subaerial microbial life as well as above-water
corrosion features such as rillen are abundant and obvious whereas cave streams are carbonate
saturated and precipitate travertine in some areas (Hose et al., 2000; Palmer, 2003; D. Jones,
unpublished observations). In Acquasanta, high temperatures and turbulent streams encourage
rising sulfidic vapors and subaerial acid production (Galdenzi, 2001).
The dissolved H2S in sulfidic cave waters can derive from either volcanic sources, or
more commonly, sulfate reduction in organic-rich sedimentary sequences such as petroleum
reservoirs. The hydrogen sulfide responsible for the formation of Carlsbad Caverns and other
karst in the Guadalupe Mountains, New Mexico, is thought to originate from hydrocarbon
deposits in the Delaware Basin (Hill, 1995). Sulfides in Lower Kane Cave are also sourced from
petroleum deposits (Palmer, 2003), and sulfide in the Frasassi cave system likely originates from

4

bacterial sulfate reduction in the underlying Burano Fm. evaporites (Galdenzi et al., 2003).
Cueva de Villa Luz is located in close proximity to both volcanic and petroleum sources, and
evidence for both has been proposed (Hose et al., 2000; Spilde et al., 2004; Rosales Lagarde et
al., 2008; L. Rosales Lagarde, pers. comm.). Isotopic evidence indicates that sulfides in Movile
Cave, Romania, are mantle derived (Sarbu and Kane, 1995).

1.2 Microbiology of sulfidic caves
In sulfidic caves, energy from sulfide oxidation supports thriving sulfur-based
ecosystems and diverse microbial communities (Figure 1.1, 1.2). On the walls and ceilings,
microbe-packed biovermiculations (organic-rich deposits) cover exposed limestone, and viscous
acidic biofilms (pH 0-2) known as “snottites” drip from overhanging gypsum surfaces. Other
unusual microbial features include acidic “ragu” sediments and green rock coatings (e.g. Hose et
al., 2000). In the microaerophilic sulfidic streams, conspicuous white biofilms of diverse
morphologies coat every available sediment surface. In anoxic sulfidic lakes, white floating mats
sometimes occur at the air-water interface (e.g. Hutchens et al., 2004) while novel rope-like
biofilms have been found in deep anoxic layers (Macalady et al., 2009).
The white stream biofilms are the best studied of the different sulfidic cave communities,
and have been found to contain diverse sulfur cycling taxa (Brigmon et al., 1994; Sarbu et al.,
1996; Angert et al., 1998; Engel et al., 2001; Engel et al., 2003; Engel et al. 2004; Hutchens et
al., 2004; Macalady et al., 2006; Meisinger et al., 2007; Macalady et al., 2008; Engel et al., 2009;
Jones et al., 2010). Large filamentous sulfur oxidizing bacteria such as Thiothrix spp. and
Beggiatoa spp. often construct the biofilm matrix (e.g. Brigmon et al., 1994), and Engel et al.
(2004) identified filamentous Epsilonproteobacteria as the dominant biofilm-forming taxa in
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Lower Kane Cave springs. Macalady et al. (2008) proposed a comprehensive niche model for
cave streams based on dissolved sulfide, oxygen and flow velocity. The Macalady et al. model
predicts: (i) Thiothrix-supported biofilms in high oxygen, low sulfide, and fast-flowing streams;
(ii) Epsilonproteobacteria-supported biofilms in low oxygen, high sulfide, fast-flowing streams;
and (iii) Beggiatoa-supported biofilms in slow flowing waters. Although this model was
developed for the Frasassi cave system, subsequent studies have shown that it is applicable to
other caves including Acquasanta and possibly Movile (Chen et al., 2009; Jones et al., 2010) as
well as to sulfidic environments besides caves (Grünke et al., 2011).
Snottites have been less well explored compared with the stream communities. Vlasceanu
et al. (2000) sampled snottites from the Frasassi cave system and identified the presence of
sulfide-oxidizing bacteria Acidthiobacillus and Sulfobacillus. Hose et al. (2000) sampled
snottites from Cueva de Villa Luz (2000; see also Hose and Pisarowicz, 1999 and Boston et al.,
2001) and identified the bacterial genera Acidithiobacillus and Acidimicrobium as well as the
presence of macroinvertebrates. Macalady et al. (2007) described snottites communities from
different locations in Frasassi and found that the biofilms were dominated by populations of
Acidithiobacillus thiooxidans, sometimes with smaller populations of Thermoplasmatales-group
archaea, Acidimicrobium spp., and rare populations bacteria, protists and fungi.
Much less is known about other subaerial cave communities. Biovermiculations are not
just limited to sulfidic caves (Northup and Lavoie, 2001), although they are especially robust in
Frasassi and Villa Luz where they have been observed to form rapidly in close proximity to
sulfidic streams (Hose et al., 2000; Jones et al., 2008; D. Jones, unpublished observations). In a
study on Frasassi biovermiculations, Jones et al. (2008) identified diverse microbial communities
containing potential sulfur-oxidizing taxa, and found based on stable isotope ratios of C and N
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that the organic material in biovermiculations derives from the sulfidic cave ecosystem rather
than from surface sources. Ongoing research in Villa Luz promises to shed more light on the
microbiology as well as the patterning mechanisms of these interesting and widespread
formations (D. Northup and P. Boston, pers. comm.; Boston et al., 2009; Strader et al., 2011).
Green rock coatings in Villa Luz have been found to contain multiple acidophilic microbial taxa
including Ferroplasma (D. Northup, pers. comm.), and ‘ragu’ deposits from Villa Luz contain
dense but unexplored microbial communities (Hose et al., 2000). Further work is needed to
characterize the microbial communities inhabiting gypsum wall crusts, black stream sediments,
and the spectacular elemental sulfur precipitations that occur in the Yellow Roses room of Villa
Luz (Hose and Pisarowicz, 1999) and above the Aquasanta cave stream (Jones et al., 2010).

1.3 Sulfidic caves as model systems for microbial ecology and biogeography
MacArthur and Wilson (1967) emphasized the value of deriving ecological theory from
studies of island ecosystems: “By studying clusters of islands, biologists view a simpler
microcosm of the seemingly infinite complexity of continental and oceanic biogeography.” This
may be especially true for microbial ecology. Microbial communities often have very high
species diversity and intricate biological structure that is difficult to sample effectively (Huber et
al., 2007). Furthermore, because prokaryotic organisms are very small, highly abundant,
metabolically plastic, and disperse easily (Finlay, 2002), patterns of microbial speciation and
evolution are difficult to resolve. Previous studies of microbial “islands” have included small,
artificial pools (Maguire, 1963), rainwater-filled treeholes (Bell et al., 2005; Bell, 2010), and hot
springs (Whitaker et al., 2003; Papke et al., 2003). Many more studies are needed to build an
understanding of microbial speciation and evolution in nature.
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Recently, microbial biogeography has become a hotly debated subject. Biogeography is
the study of the spatial distribution of life around the planet, and for macroorganisms, global
biogeographic patterns are strongly influenced by geographic barriers to dispersal. However,
traditional microbial ecology theory argues that geographic barriers do not hinder microbial
distribution, and that for microorganisms, “everything is everywhere, but, the environment
selects” (Baas-Becking, 1934; de Wit and Bouvier, 2006). In recent years, however, studies
using high-resolution genetic measures have begun to find that microorganisms exhibit
endemism (Cho and Tiedje, 2000; Papke et al., 2003). Whitaker et al. (2003) found that
Sulfolobus populations are endemic to specific hot spring locations, and that the genetic distance
among populations is related to the geographic distance that separates them. Other studies have
since identified similar patterns of genetic drift for extremophiles and non-extremophiles alike
(e.g. Escobar-Palmero, 2005; Vos et al., 2008), and such findings suggest that dispersal barriers
and possibly allopatric speciation might be important for microbial ecology and evolution.
However, even among extremophiles, there is also evidence for rapid global dispersal.
For example, Foti et al. (2006) found a few instances of identical Thioalkalavibrio strains in soda
lakes on different continents, and many examples are known of hyperthermophiles being
enriched in cultivation studies from cold environments where they do not belong (Isaksen et al.,
1994; Rahman et al., 2003). In general, the idea that dispersal barriers affect microbial evolution
is not widely accepted (Palacios et al., 2008; Oakley et al., 2010), and experimental evidence
from inoculation and transplantation experiments has produced mixed results. For example, Gray
et al. (2007) used a transplant experiment to demonstrate that the presence of different microbial
genotypes in geographically separated areas is due to environmental selection rather than
dispersal limitations. In contrast, Langenheder et al. (2005) showed that the identical culture
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media inoculated with a wide range of natural microbial communities resulted in different
community compositions that never converged. Bell et al. (2010) used a colonization experiment
to show that dispersal limitations affected bacterial community structure, but only up to a few
weeks.
Sulfidic caves represent model island-like systems through which to address questions of
microbial ecology and biogeography. Sulfidic caves can be physically isolated in the subsurface,
they house stable environments free from light- and surface-derived organic carbon, and they
boast a variety of relatively low biodiversity microbial communities (Sarbu et al., 1996;
Macalady et al., 2006; Macalady et al., 2007). Furthermore, sulfidic caves are found around the
world, which allows for sampling across a large range of spatial scales. Snottites in particular are
promising model systems. Snottites are among the least diverse biological communities known
(Macalady et al., 2007), which makes them both less complex as well as suitable targets for indepth analysis with techniques such as metagenomics (e.g. Tyson et al., 2004). Furthermore, the
extreme geochemistry of the biofilms represents another potential dispersal barrier in addition to
that already imposed by their subsurface location.

1.4 Organization of the thesis
My thesis addresses several aspects of the sulfur biogeochemistry and microbial ecology
of sulfidic caves. Additional publications that I contributed to during my graduate career are
included as appendices.
In Chapter 2, I describe rates of H2S degassing, microbial oxidation and limestone
dissolution in the Frasassi cave system, Italy. The relative importance of subaerial versus
subaqueous dissolution for sulfidic cave formation has been the subject of recent debate, and we
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found that H2S degassing and subaerial corrosion predominates in Frasassi. In Chapter 3, I use
community genomics and other culture-independent analyses to determine the microbial
community composition and metabolic functioning of extremely acidic (pH 0-1) subaerial
‘snottite’ biofilms. For Chapters 4 and 5, I sampled snottite microorganisms at multiple spatial
scales in order to determine if and how dispersal restrictions and historical effects influence
microbial biogeography. In Chapter 4, we found that dominant snottite populations of
Acidithiobacillus spp. from different cave locations are genetically divergent (endemic), but also
that identical rare genotypes can nonetheless be found in caves separated by more than 80 km. In
Chapter 5, we found that dissimilarity among whole snottite communities can best be explained
by differences in cave location.

1.5 Anticipated publications
Chapter 2: “Sulfide oxidation, acid production, and speleogenesis in the Frasassi cave system,
Italy” will be submitted to Geology in fall, 2011, with authors Daniel Jones, Lubos
Polerecky, Brian Dempsey, Sandro Galdenzi and Jennifer Macalady.

Chapter 3: “Community genomic analysis of an extremely acidophilic sulfur-oxidizing biofilm” is
published as: Jones DS, Albrecht HL, Dawson KS, Schaperdoth I, Freeman KH, Pi Y, Pearson,
A, and JL Macalady (2011). Community genomic analysis of an extremely acidophilic sulfuroxidizing biofilm. The ISME Journal. (advanced online publication)
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Chapter 4: “Biogeography of extremely acidophilic Acidithiobacillus populations in subaerial
cave biofilms” will be submitted to The ISME Journal in fall, 2011, with authors Daniel
Jones, Irene Schaperdoth and Jennifer Macalady.

Chapter 5: “Global biogeography of extremely acidic sulfidic cave biofilm communities” will be
submitted to Environmental Microbiology in spring, 2012, with authors Daniel Jones,
Irene Schaperdoth and Jennifer Macalady.
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1.6 Figures

Figure 1.1 Photographs of subaerial microbial communities from sulfidic caves.

12

Figure 1.2 Photographs of subaqueous stream communities from sulfidic caves.
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Chapter 2: Sulfide oxidation, acid production, and speleogenesis in the Frasassi
cave system, Italy

2.1 Abstract
Sulfidic caves form where H2S-rich groundwaters are exposed to oxidizing conditions.
Early research suggested that karstification in sulfidic caves occurs primarily above the water
table where H2S degassing and subsequent oxidation to sulfuric acid corrodes subaerial surfaces.
However, this view was recently challenged by a study in Lower Kane Cave, WY, where
microbial oxidation was found to be responsible for the majority of sulfide disappearance from
cave streams. Here we present rates of H2S degassing, microbial oxidation, and limestone
dissolution throughout the Frasassi cave system, Italy, in order to test where and how sulfide is
oxidized in a variety of cave stream environments. We found that rapid H2S volatilization
accounts for as much as 97% of total dissolved sulfide disappearance from streams. Microbial
oxidation rates in the streams were between 0.09 and 1.25 µmol m-2 s-1, and are at least an order
of magnitude faster than expected abiotic oxidation rates. Limestone dissolution rates were
equivalent both above and below the water table. No measurable acid production occurred within
the microoxic sulfide-oxidizing stream biofilms, but pH decreased in the anoxic sediments below
the biofilms. We propose that, under conditions of high H2S concentrations and turbulent stream
flow, most corrosion in sulfidic caves occurs above the water table.

2.2 Introduction
Caves—subsurface voids navigable by humans—are one of the most conspicuous and
best-recognized karst features. Karst is a landscape in which chemical dissolution of bedrock is
the dominant geomorphic process, and most commonly results from the dissolution of limestone
and dolostone by CO2-derived acidity. Karst terrains cover over 15% of our planet’s surface, and
up to 25% of the Earth’s population depends on groundwater from karst aquifers (White, 1988;
Ford and Williams, 2007). Caves represent windows to the subsurface through which we can
access and study the important geochemical processes responsible for karstification.
Possibly as many as 10% of known caves are ‘sulfidic’ caves (Palmer, 1991; Forti et al.,
2002). Sulfidic caves form where reduced, hydrogen sulfide-rich ground waters interact with
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oxygen in cave air and/or recent surface recharge. The complete oxidation of hydrogen sulfide to
sulfuric acid (equation 1) causes rapid carbonate dissolution and aggressive speleogenesis.
ΔGo′ = -798 kJ/mol

H 2 S + 2O2 ! H 2 SO4

(1)

Caves formed by sulfidic processes include some of the longest caves, such as Lechuguilla Cave
in New Mexico with >180 km of passage, and contain some of the largest known subterranean
voids, such as the Big Room in Carlsbad Caverns, New Mexico (Palmer, 2007). Because H2S
oxidation represents a rich source of chemical energy (equation 1), sulfidic caves harbor thriving
communities of sulfide-oxidizing microorganisms that support entire chemotrophic cave
ecosystems that include invertebrate and even vertebrate life (Sarbu et al. 1996; Hose and
Pisarowicz, 1999; Dattagupta et al., 2009). These sulfide-oxidizers also increase rates of acid
production and limestone dissolution and therefore speed up cave formation (Hose et al., 2000;
Engel et al. 2004). Limestone dissolution in sulfidic caves is analogous to porosity development
in other more widespread subsurface sulfidic environments, such as stratified aquifers and
carbonate petroleum reservoirs (Hill, 1995; Engel and Randall, 2011).
Different mechanisms for sulfidic cave formation have been debated over the past several
decades (Jagnow et al., 2000). In pioneering studies, sulfidic caves were proposed to form
primarily by subaerial corrosion (Principi, 1931; Egemeier, 1981). At the water table, H2S(g)
degasses from circumneutral streams into the cave atmosphere, where it oxidizes on walls and
ceilings (equation 1). Where sulfuric acid reacts with limestone on subaerial surfaces, gypsum
forms as a corrosion residue (equation 2).

H 2 SO4 + CaCO3 + H 2O ! CaSO4 i2H 2O + CO2

(2)

The caves enlarge over time as gypsum crusts build up and eventually detach, fall to the cave
floor, and dissolve upon exposure to gypsum-undersaturated groundwaters.
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Several authors have also argued that subaqueous sulfide oxidation is important for cave
formation (e.g. Davis, 1981; Galdenzi, 1990). Recent research by Engel et al. (2004)
demonstrated that most sulfide disappearance from streams in Lower Kane Cave, WY, is due to
subaqueous oxidation rather than degassing. Engel et al. showed that degassing explains less
than 10% of the change in total dissolved sulfide (H2ST), and argued that most of the decrease in
H2ST in the streams is due to microbial oxidation. Engel et al. also showed that the stream
microorganisms dissolve limestone by localizing acid production at bedrock surfaces. However,
so far such research is limited to one cave system, and questions remain as to the roles of
degassing and microbial activity in the formation of other sulfidic caves (e.g. Hose et al., 2000;
Galdenzi et al., 2008; Galdenzi et al., 2010).
Here we describe sulfide oxidation and acid production in streams in the Frasassi cave
system, Italy. Frasassi is an ideal location to study mechanisms of sulfidic cave formation
because it is a large cave with multiple sulfidic springs that represent a range of water
chemistries (Fig. S2.1, S2.2). We measured rates of H2S(g) degassing and microbial oxidation in
Frasassi cave streams, and used a simple reactive transport model to explain geochemical
changes along downstream transects. We initially hypothesized that (i) biological sulfide
oxidation would account for the majority of H2ST disappearance in streams, and that (ii) sulfuric
acid would be produced within aerobic stream biofilms (equation 1). However, we were
surprised to find that at all Frasassi locations sampled, degassing accounts for the majority of
H2ST disappearance from streams, limestone dissolution rates are similar above and below the
water table, and pH does not decrease within the sulfide-oxidizing stream biofilms but instead in
deeper anoxic stream sediments.
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2.3 Geologic Setting
The Grotta Grande del Vento-Grotta del Fiume (Frasassi) cave system (12o57’E,
43o24’N) is located in the Mt. Frasassi—Mt. Valmontagnana anticline in the Northeastern
Appenines. The caves include over 25 km of irregular and ramifying passage in the nearly-pure
platform limestones of the Hettangian Calcare Massiccio Formation (Fig. S2.1). Multiple H2Srich springs emerge at the cave water table and are accessible by technical caving routes.
Aqueous H2S is likely derived from bacterial sulfate reduction in organic-rich lenses within
underlying evaporates of the Triassic Burano Formation (Galdenzi and Maruoka, 2003; Mariani
et al., 2007; Galdenzi et al., 2009).

2.4 Methods
2.4.1 Field methods
H2ST and O2(aq) concentrations were measured with a portable spectrophotometer (Hach,
Loveland, CO) using methylene blue (Hach method 690) and indigo carmine (Hach method
8316), respectively. Duplicate sulfide analyses were within 3% of each other, and duplicate
oxygen analyses were within 25% of each other. Temperature, pH and conductivity were
measured in the field using a 350i multimeter (WTW, Weiheim, Germany). Water samples for
dissolved calcium and other cations were filtered in the field (0.2 µm), preserved with
concentrated nitric acid, and measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) at the Penn State Materials Characterization Laboratory. Dissolved
inorganic carbon (DIC) was determined by headspace CO2(g) measurements (supplemental
methods). Stream discharge was calculated from cross sectional area and surface flow velocity
(Gallagher and Stevenson, 1999).
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H2S(g) degassing rates were measured using a portable flux chamber designed for cave
research (Fig. S2.3). The chamber was constructed from a cylindrical plastic container connected
to an ENMET MX2100 portable gas detector (ENMET Corp., USA). We measured degassing
flux from the rate of increase of H2S(g) in the chamber with time, and corrected for detector
response (supplemental methods). H2S, O2 and pH profiles were measured in the stream biofilms
and sediments using microsensors (de Beer et al., 2006). Rate of H2S consumption due to
microbial oxidation was calculated from microsensor concentration profiles measured in the
biofilms assuming steady state diffusion, and averaged from three replicate measurements from
one square centimeter of biofilm (supplemental methods).
Carbonate dissolution rates were determined by multi-year experiments at two different
cave locations. Tablets of Maiolica limestone were suspended in and above the stream at site RS
for up to five years (published in Italian by Galdenzi et al. 1997). Tablets of Carrara marble were
enclosed in polyvinyl chloride (PVC) microcosms, and were suspended in the air and water at
sites RS and LV for three years (supplemental text).

2.4.2 Cave stream model
We used a 1-dimensional advection and reaction transport model to apply our measured
degassing and oxidation fluxes to sulfide mass balance in the streams (Fig. 2.1):

! Cr
!C
= " r v + # Ri
!t
!x
i

(3)

in which Cr is the concentration of a particular reactant (i.e. H2ST or O2(aq)) in the water column
(moles m-3), t is time (s), x is downstream distance (m), v is stream flow velocity (m s-1), and Ri
is a general term for reactions that affect Cr. To model changes in concentration with distance
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(∂Cr/∂x), we solved equation 3 assuming steady state (∂Cr/∂t = 0) via finite differencing
(Thomann and Mueller, 1987).
Our model includes three processes that affect H2ST: (1) H2S(g) degassing from the
stream surface, (2) microbial sulfide oxidation in stream biofilms, and (3) abiotic sulfide
oxidation in the water column (Fig. 2.1). The change in Cr due to all three processes is:

! Cr
1
1
1
= "J gas
" J mic
" J abio
!x
vh
vh
v

(4)

where h is the stream depth (m), Jgas is the flux of H2S degassing (moles m-2 s-1), Jmic is microbial
oxidation (moles m-2 s-1), and Jabio is abiotic oxidation (moles m-3 s-1).
Model inputs for Jgas and Jmic were measured fluxes of H2S degassing and microbial
oxidation. Because we were not able to measure microbial oxidation at every site, we input the
complete range of measured rates in order to capture this uncertainty. Due to technical
challenges we were unable to measure any microsensor profiles at site PC. Therefore, to further
capture uncertainty at PC we also included an upper bound of 2x the fastest measured microbial
oxidation rate in model calculations for the PC stream. Jabio for H2ST was calculated from kinetic
equations determined by Millero et al. (1987). Rates for air-water exchange of CO2 and O2 were
was calculated using theoretical considerations from Schwartzenbach et al. (1993) (supplemental
material). Changes in pH due to H2S and CO2 degassing were calculated using the reaction block
in phreeqc v.2.12.1 (Parkhurst and Appelo, 1999) (supplemental material).

2.5 Results
H2S degassing rates for Frasassi streams fall into two categories. The fastest degassing
rates were from site PC, and rates at this site range from 0.9 to 61.7 µmoles m-2 s-1. At sites GB
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and RS, degassing was generally slower and rates range from 1.6 to 7.4 µmoles m-2 s-1. At both
sites, degassing rate is strongly correlated with stream surface flow velocity:

J gas = kv

(5)

where k = 1.54•10-4 for site PC and k=2.6•10-5 for sites GB and RS (Fig. S2.4). These two
distinct relationships between degassing and flow velocity correspond to differences in water
chemistry: PC streams are ‘strong waters’ with high conductivity and H2ST, whereas GB and RS
streams are ‘mixed waters’ that have lower conductivity and intermediate H2ST (Fig. S2.2).
We measured microbial sulfide oxidation rates at several mixed water sites, and rates
range from 0.1 to 1.25 µmoles m-2 s-1 for H2ST (Table S2.3). Calculated abiotic oxidation rates
for H2ST range from 2.3•10-2 to 4.7•10-4 µmoles m-2 s-1.
In order to apply our measured fluxes to sulfide mass balance in the cave streams, we
modeled changes in H2ST, O2, and pH along downstream transects. At site PC, a stream emerged
from a single spring and flowed linearly for just over 6 m before re-submerging, without any
additional inputs from other sulfidic springs. This site therefore allowed us to compare model
output with measured changes in H2ST, O2 and pH due only to air-water interaction. Model
results show that at site PC, more than 80% and as much as 97% of the decrease in H2ST is due
to degassing (Table 2.1, Fig. 2.2). Microbial oxidation accounts for between 2.8-16.1% of the
H2ST decrease, and abiotic oxidation accounts for less than 0.03% (Table 2.1). O2 increases
downstream due to influx from the cave atmosphere, and pH increases downstream due to H2S
and CO2 degassing (Fig. S2.5) (supplemental discussion). There was no measurable change in
Ca2+ (Table S2.2)
We also modeled changes in H2ST at mixed water sites GB, RS and GS (Fig. S2.1).
Rather than attempting to mimic the complex stream flow at these locations, we modeled the
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streams as if there were a single emergence at the head of the stream, and used measured
discharge, flow velocity and an idealized geometry to approximate the stream and sediment
surface areas at sites GB, RS and GS (Table 2.2, S2.1). Model results predict that, at all sites,
degassing accounts for the majority of H2ST disappearance, although microbial oxidation is
proportionally higher compared with the PC stream (Table 2.2).
In order to determine how subaqueous microbial oxidation relates to acid production, we
measured pH microsensor profiles in stream biofilms at several mixed water locations in May
and June, 2010. In all biofilms profiled, we observed no pH change across the biofilm-water
interface or within the biofilm, despite sharp decreases in both H2ST and O2. However, pH did
decrease in the deeper anoxic sediments below the biofilms (Fig. 2.3).
Carbonate dissolution rates were approximately the same above and below the watertable
at all locations, although subaerial rates were much more variable (Table S2.4, Fig. S2.6).
Dissolution rates were faster at RS, which has fast flowing and turbulent waters, compared to site
LV, which is a stagnant ‘strong water’ lake. Subaerial tablets were covered with gypsum
corrosion residues, and subaqueous tablets were colonized by white microbial biofilms. We
initially attempted to prohibit microbial colonization of some Carrara marble tablets by sealing
the PVC microcosms with 0.2 µM filters, but this effort was abandoned after the filters became
fouled by biofilms that prevented streamwater from passing through the microcosms. Dissolution
rates of subaerial and subaqueous Maiolica tablets ranged from 7.0-21.6 and 14.1-15.3 mg cm-2
yr-1, respectively. Dissolution rates of subaerial and subaqueous Carrara tablets ranged from 0116 and 63-93 mg yr-1 at site RS, and from 11-31 and 14-19 mg yr-1 at site LV. The Carrara
tablets did not corrode uniformly in the microcosms, so we did not normalize these rates by
surface area.
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2.6 Discussion
We found that degassing accounts for the majority of H2ST disappearance from Frasassi
cave streams. Our measured degassing fluxes are typically more than an order of magnitude
faster than microbial oxidation (0.9 to 61.7 µmoles m-2 s-1 for degassing versus 0.1 to 1.25
µmoles m-2 s-1 for microbial oxidation), and modeling results show that degassing is responsible
for as much as 97% of the decrease in H2ST. There is uncertainty in our degassing measurements,
especially for the fastest rates, which rapidly saturated our portable gas detector and necessitated
corrections for sensor response (supplemental material). However, despite these uncertainties,
theoretical H2S volatilization rates derived by Lahav et al. (2006) are in agreement with our
measured fluxes (Fig. S2.4). The Lahav et al. equation is an appropriate theoretical volatilization
rate for our system because it was derived using an experimental sewer with water depths
between 1.4 and 8.9 cm, whereas other volatilization equations (Rathbun, 1998) were derived
from streams deeper than 10 cm. The depth of the PC stream is between 1 and 10 cm for most
transects (Fig. S2.7).
Biological H2S oxidation is much faster than calculated abiotic oxidation rates, which is
consistent with most other studies comparing biological and abiotic sulfide oxidation (Jørgenson
et al., 1979; Jensen et al., 2006; Luther et al., 2011). Thus, of the proportion of H2ST oxidized in
the stream, the vast majority is due to biological processes. We expect that microbial activity
would be the most important sink for sulfide in areas where there is no air-water interaction, such
as after cave streams re-submerge into karst conduits.
In order to determine if subaqueous microbial sulfide oxidation produced sulfuric acid,
we measured pH microsensor profiles in the stream biofilms and sediments. We detected no pH
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changes within the microoxic sulfide-oxidizing zones of the stream biofilms, but found a pH
decrease in the anoxic sediments below the biofilms (Fig. 2.3). Although more data will be
needed to conclusively determine the fate of sulfide in Frasassi stream biofilms, microsensor
results suggest two hypotheses: (i) One, the stream communities are not producing sulfuric acid
but are instead oxidizing sulfide to intermediate sulfur species like zero-valent sulfur with no
accompanying change in pH (equation 6).

2H 2 S + O2 ! 2S o + 2H 2O

(6)

The presence of elemental sulfur inclusions in filamentous sulfur-oxidizing bacteria indicates
zero-valent sulfur production (Macalady et al., 2006), and Frasassi stream sediments contain
between 30-70 wt.% sulfur (unpublished data). Additionally, molecular analyses by Macalady et
al. (2006) show that many Frasassi biofilms are dominated by close relatives of Beggiatoa alba,
which is capable of oxidizing sulfide to elemental sulfur but not sulfate (Schmidt et al., 1987).
(ii) Two, acid is produced in the anoxic sediments below the biofilms, and therefore interacts
with the bedrock surface (Fig. 2.3c). This decrease in pH is likely due to organic matter
fermentation, sulfate reduction and/or disproportionation of elemental sulfur. While sulfuroxidizers at the sediment-water interface supply organic and sulfur substrates for the
heterotrophs and disproportionators, they are not directly involved in acid production.
The predominance of H2S degassing from Frasassi streams indicates that, at these
locations, most sulfuric acid production and limestone dissolution occurs above the water table.
Accordingly, subaerial and subaqueous limestone dissolution rates are approximately similar
(Table S2.4, Fig. S2.6), and the walls and ceilings near cave streams are acidic (Macalady et al.,
2007; Jones et al., 2008; Jones et al., 2011). The predominance of H2S degassing is consistent
with early models for sulfidic cave formation (Egemeier, 1981), with observations that the
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majority of cavern development in sulfidic caves occurs above the water table (Palmer, 2007),
and with abundant morphological evidence for aggressive subaerial corrosion such as rillen in
other sulfidic caves (e.g. Hose et al., 2000). Indeed, extensive gypsum deposits in the upper
levels of Frasassi as well as other morphological evidence testify to the importance of H2S
degassing and subaerial acid production in past episodes of cave genesis (Galdenzi, 1990;
Galdenzi and Maruoka, 2003; Galdenzi et al. in preparation).
Results presented here suggest that H2S degassing and subaerial corrosion are most
significant for karstification where groundwaters with high sulfide concentrations emerge and
interact with the cave atmosphere along turbulent streams. Therefore, we propose Fig. 2.4 as a
predictive framework to classify when and where subaerial corrosion should be the most
important mechanism for karstification. For example, in Frasassi streams, degassing and
subaerial corrosion predominate due to high H2ST and fast stream flow, whereas subaqueous
oxidation predominates in Lower Kane Cave due to low H2ST (Engel at al., 2004). Subaerial
corrosion is minimal in Movile Cave in Romania because it has a stagnant water table, consistent
with observations of low H2S(g) and little subaerial gypsum except at very close proximity to the
water table (Sarbu et al., 1995). Likewise, at sulfidic lakes Lago Verde and Lago Claudia in
Frasassi, there is no detectable H2S(g) and little to no subaerial gypsum deposits (Galdenzi and
Maruoka, 2003; unpublished data). As suggested by Hose et al. (2000), rapid H2S(g) degassing
and subaerial corrosion is expected at Cueva de Villa Luz in Mexico, as well as in the sulfidic
and turbulent Acquasanta cave system in Italy (Galdenzi et al., 2010; Jones et al., 2010). When
and where sulfidic caves are characterized by highly sulfidic and turbulent water tables, H2S(g)
degassing and subaerial limestone dissolution are critical processes that control corrosion rates,
the distribution of life, and cavern morphology.
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2.8 Tables and Figures

Table 2.1. Modeled sulfide dissappearance from the PC cave stream
PC (5/9/2009)
18.8 (16.0-27.4) µM
Modeled change in H2ST concentration
27 µM
Measured change in H2ST concentration
Percentage of starting H2ST lost

3.37 (2.9-4.9) %

PC (6/1/2009)
51.3 (48.6-59.4) µM
82 µM

PC (9/13/2009)
88.7 (86.3-95.6) µM
101 µM

9.4 (8.9-10.8) %

15.5 (15.1-16.7) %

% H2ST loss due to degassing only
% H2ST loss due to biological oxidation only

82.4 (56.7-97.0) %
93.8 (81.0-99.1) %
96.8 (89.5-99.5) %
17.6 (3.0-43.3) %
6.2 (0.93-19.0) %
3.2 (0.5-10.4) %
2.3*10-2 (1.6-2.7*10-2) %
3.0*10-3 (2.6-3.2*10-3) %
4.7*10-4 (4.3-4.7*10-4) %
% H2ST loss due to abiotic oxidation only
Numbers in parentheses represent uncertainties in microbial oxidation rate, using minimum (0.9 µmol m-2 s-1) and 2x the maximum
measured rates (2.5 mmol m-2 s-1)

Table 2.2. Modeled sulfide dissappearance from mixed water streams
GB (5/29/2009)
Stream dimensions (width, length, surface flow
velocity)
Modeled change in H2ST concentration
Percentage of starting H2ST lost
% H2ST loss due to degassing only
% H2ST loss due to biological oxidation only
% H2ST loss due to abiotic oxidation only

RS (6/9/2008)
-1

90 cm, 9.5 m, 16 cm s
0.64 (0.53-0.75) µM
0.43 (0.35-0.50) %

79.1 (67.9-96.4) %
20.9 (3.6-32.1) %
-3
-3
6.6*10 (5.6-8.0*10 ) %

GS (5/19/09)

100 cm, 9.5 m, 13 cm s

-1

-1

150 cm, 6.5 m, 8 cm s

1.1 (0.78-1.4) uM
0.72 (0.52-0.91) %

2.6 (1.8-3.3) µM
3.3 (2.3-4.2) %

67.2 (53.4-93.5) %
32.8 (6.5-46.5) %

65.4 (92.9-51.4) %
34.6 (7.0-48.5)

-3

-3

-2

-2

4.6*10 (3.6-6.3*10 ) %
3.8*10 (3.0-5.5*10 ) %
-2 -1
Numbers in parentheses represent uncertainties in microbial oxidation rate, using minimum (0.9 µmol m s ) and maximum measured
rates (1.25 µmol m

-2

-1

s ). Stream length represents the distance each stream flows before submerging
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Figure 2.1. Schematic depicting reactions affecting H2S and O2 in the stream model.

Figure 2.2. Comparison of modeled versus measured changes in H2ST for the PC stream at three
different times of the year. Red circles are measured H2ST values, and blue lines are model
output. The solid blue curve was modeled using the average microbial oxidation rate, and blue
dashed lines are with the minimum (0.9 umol m-2 s-1) and 2x the maximum microbial oxidation
rates (2.5 umol m-2 s-1). Black dashed lines are with H2S(g) degassing calculated by the
volatilization equation derived by Lahav et al. (2006), assuming ‘sewer slope’ values of 1 and
3% (the complete range of slopes tested by Lahav et al.).
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Figure 2.3. Representative microsensor profiles from Frasassi stream biofilms. (a) and (b) are
from Frasassi site GS, measured in May, 2010. Note that O2 and H2S sharply decrease within the
biofilm, but pH only decreases in the deeper sediments. Profile (b) is a deeper view of the
profiles in (a) to better show the pH decrease. In (c), a profile was measured to the sediment rock
interface (which broke the microsensor and produced the immediate drop in sensor signal at the
arrow). The darker curve is a shallower pH profile from the same site.
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Figure 2.4. Conceptual framework for predicting when and where subaerial corrosion is
expected as the dominant mechanism for karstification in sulfidic caves. Boxes represent the
range of H2ST and flow velocity for sulfidic waters reported for several cave systems. Data on
Frasassi streams are from this study. H2ST from Cueva de Villa Luz are from Hose et al. (2000).
H2ST data from Acquasanta are from Galdenzi et al. (2010) and Jones et al. (2010), and flow
velocity is from unpublished data by D.S. Jones and S. Galdenzi. Lower Kane Cave data are
from Engel et al. (2004), Movile Cave data are from Sarbu et al. (1995) and unpublished
observations by S. Galdenzi, and Lago Verde and Lago Claudia data are from Galdenzi et al.
(2008).
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2.10 Supplemental materials and methods
2.10.1 Geochemical and field measurements
Water samples for dissolved inorganic carbon (DIC) were filtered (0.2 µM) into preweighed pre-sealed serum bottles, and acidified with concentrated phosphoric acid. The resulting
CO2(g) concentration in the headspace was measured with a SRI 310 gas chromatograph
equipped with a thermal conductivity detector and a PoraPak Q column (3’ x 1/8”) with helium
carrier gas at 80oC (SRI instruments, USA). The DIC of the water in the serum bottle was then
determined via Henry’s Law (Stumm and Morgan, 1996):
(S1)
pCO2 = kH [H 2CO3 *]
where kH is the Henry’s law constant, pCO2 is the partial pressure of headspace CO2(g) (atm),
and H2CO3* includes both CO2(aq) and H2CO3 (M). The original DIC concentration was
determined by dividing the total moles of H2CO3* and CO2(g) by the volume of water injected.
We tested this method using standards of 1 to 5 mM NaHCO3, and error was 6%. Variability
among replicate field measurements was 10%.
Surface flow velocity was determined using floating indicators. Discharge was calculated
by measuring the stream cross section and multiplying surface flow by 0.85 (Gallagher and
Stevenson, 1999). Maximum variability in multiple discharge measurements from the same
stream was 25%.
2.10.2 Carbonate dissolution rates
We performed two sets of experiments to compare rates of carbonate dissolution in the
cave air and water. In the first experiment, rectangular tablets of Maiolica limestone
(approximate dimensions 8 x 4 x 1 cm) were suspended by nylon string in and above the cave
stream at different locations at site RS (Fig. S2.1). Subaqueous tablets were suspended 20-30 cm
below the stream surface, and subaerial tablets were suspended roughly 1 m above the stream
surface. Some tablets were retrieved after 2.5 years, and the rest after 5 years. Results from this
experiment were reported in Italian by Galdenzi et al. (1997).
In the second experiment, tablets of Carrara marble were suspended in the air and water
at sites RS and LV (Fig. S2.1). Both cylindrical tablets (approximate dimensions 2.6 cm diameter
by 0.5 cm thick) and rectangular tablets (approximate dimensions 3.5 x 3.2 x 0.5 cm) were
enclosed in microcosms constructed from polyvinyl chloride (PVC) with the ends enclosed by
large grid plastic mesh. We initially attempted to prohibit microbial colonization of some tablets
by sealing the microcosms with 0.2 µM filters, but this effort was abandoned after the filters
immediately became fouled by biofilms that prevented water from passing through the
microcosms. Microcosms were suspended by monofilament in the cave water and air.
Subaqueous tablets were approximately 30 and 50 cm below the water surface at RS and LV,
respectively, and subaerial tablets were 100 cm above the water surface at both locations. All
Carrara marble tablets were retrieved after 3 years.
Tablets were weighed before and after to determine mass loss of carbonate. After tablets
were retrieved from the cave, they were rinsed in tap water, brushed lightly to remove any
biofilm or gypsum, and dried overnight at 70oC prior to weighing.
2.10.3 H2S(g) degassing rate
The rate of H2S(g) degassing (Jgas) was measured using a flux chamber connected to an
ENMET MX2100 portable gas detector (ENMET corp., USA). The chamber was constructed
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from a cylindrical plastic container with a total volume and radius of 3.0 L and 10 cm,
respectively. The gas detector was connected to the top of the chamber by 3 mm diameter
Tygon® tubing. Air from the chamber was drawn into the gas detector using an ENMET BX2100 pump with a draw rate of 60 cm s-1 for 3 mm diameter tubing (ENMET Corp., pers.
comm.). The tubing was connected to the chamber using Luer-Lok™ fittings and a three-way
valve, with all connections wrapped in parafilm.
To determine values for Jgas, we measured H2S(g) concentration in the chamber at three
or more time points and calculated the rate of degassing from the slope of a least-squares
regression of H2S(g) (moles) with time (Fig. S2.3c). However, before the rate could be
calculated, several corrections were necessary.
i. The ENMET MX-2100 measures H2S(g) as parts-per-million by volume (ppmv). We
calculated total moles of H2S in the chamber for each time point by the ideal gas law:
(S2)
pchamberV = nRT
where p is partial pressure of H2S in the chamber (atm), V is the volume of the chamber
(L), n is moles of gas, T is the temperature (K), and R is the gas constant (0.08206 L atm
K-1 mol-1).
ii. Based on its draw rate, the BX-2100 removes air from the chamber at 4.2 mL s-1, and the
chamber was allowed to slowly settle down on the water surface during measurement.
Therefore, V in equation S2 was adjusted by:
(S3)
Vt = V0 (0.0042t)
where V0 is the initial chamber volume (3.0 L) and Vt is the chamber volume at time t (s).
iii. We also corrected for the draw rate of the pump:
(S4)
t = t m ! l /0.6
where tm is the time at which the measurement was taken (s), t is the corrected time (s), l
is the length of the tubing connecting the pump and chamber (m), and 0.6 m s-1 is the
draw rate of the pump.
In areas with rapid degassing rates, measurements were taken continuously. In areas with
slow degassing rates, discreet measurements were taken roughly every 60 s using the three-way
valve. To compensate for uncertainty introduced by our system, we performed between 2-5
measurements at each sampling location. Variability due to both measurement uncertainty and
real-time degassing fluctuations among multiple measurements can be observed in the spread of
values in Fig. S2.4.
2.10.4 Correction for slow sensor response
The H2S gas detector in the ENMET MX2100 has a response factor that must be
accounted for. The detector approaches the true H2S concentration in the chamber
asymptotically, and requires 15 s to record 50% of the actual H2S concentration (T50 value, data
provided by ENMET corp.). Therefore, while H2S(g) concentrations are increasing in the
chamber, the detector lags behind the true values. For the fastest rates we measured, the detector
limit of 120 ppmv H2S(g) was reached in less than 20 s. Therefore, any lag in sensor response
would have an especially severe impact on our fastest measurements. To account for this effect,
we simulated detector response (Fig. S2.8) by first order decay in silico:
(S5)
H 2 Smeasured = H 2 Sactual (1 ! e! kd t )
where H2Sactual is the true H2S(g) concentrations in the chamber, H2Smeasured is the measured
concentration, t is time, and kd is the decay constant (ln(2)/15 for a T50 value of 15 s). We
simulated detector response to increasing H2S(g) concentration, and as with measuring flux from
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the streams, we recorded H2Smeasured values at different time points in silico and calculated the
slope of a least-squares regression of those points (Fig. S8c). Simulation results show that the
sensor increasingly underestimates that true flux (Jmeas) for faster degassing rates, so we used
these simulations to derive a correction for sensor response. No correction was necessary for
degassing fluxes (Jraw) <4 µmol m-2 s-1, but for uncorrected degassing fluxes (Jraw) >4 µmol m-2
s-1, degassing rates were corrected by:
(S6)
J true = J meas 0.025 + 0.9
2.10.5 Theoretical volatilization calculations
We compared our measured degassing rates to those predicted by the theoretical H2S(g)
volatilization equation of Lahav et al. (2006). The Lahav et al. equation is the most appropriate
H2S(g) volatilization equation to apply to our system because Lahav et al. derived their equation
from an experimental sewer with water depths ranging from 1.4 to 8.9 cm. In contrast, most
other volatilization equations were determined from streams deeper than 10 cm (see Rathbun,
1998). Lahav et al. determined that H2S(g) volatilization is defined by the relationship:
!d[H 2 ST ]
w
= K " Sv / µ
1.024 (T ! 20) (C H 2 S ! pH 2 S(g) K H ) (S7)
dt
ACS
where –d[H2ST]/dt is the change in H2ST (total sulfide) (mol m-3) with time, v is flow velocity (m
s-1) T is temperature (oC), C H 2 S is the concentration of H2S(aq) (mol m-3), PH 2 S(g) is the partial

pressure (atm) of H2S(g) in the cave atmosphere, KH is the Henry’s constant (mol m-3 atm-1), and
µ and γ are the dynamic viscosity (N s m-2) and unit weight (N m-3) of water at 20oC,
respectively. The Acs/w term is depth (m), in which Acs and w are the cross sectional area (m2)
and flow surface width (m) of the sewer pipe. Lahav et al. determined the value of the constant K
(m) is 8•10-7. We solved equation S7 for flux by multiplying by water depth (m), so that flux of
H2ST from the stream surface is:
J gasH 2 S = K ! SV / µ i1.024 (T " 20) (C H 2 S " pH 2 S(g) K H ) (S8)
where J gasH 2 S is the areal flux of H2S from the water surface (mol m-2 s-1).
We calculated theoretical fluxes of CO2 and O2 across the air-water interface by:
J gas = kv (C ! pK H ) (S9)
where C is the concentration of the dissolved gas in the water (mol m-3), p is the partial pressure
of the gas in the air (atm), and kv is the volatilization mass transfer coefficient (s-1)
(Schwartzenbach et al., 1993). We calculated the mass transfer coefficient kv for O2 and CO2 by
assuming proportionality to kv of H2S by:
n
! DH 2 S $
kwH 2 S = #
& kwGas (S10)
" DGas %
where kw is the mass transfer coefficient in the water phase (s-1), D is the diffusion coefficient,
the subscript Gas denotes either CO2 or O2, and n is 0.5 and 1 for the surface renewal and two
film models, respectively (Schwertzenbach et al., 1993). For H2S, O2 and CO2, diffusion across
the water-air interface is limited by diffusion in the water phase, so kW ≅ kv for these gasses
(Balls and Liss, 1983; Schwartzenbach et al., 1993).
At low temperatures, the diffusion coefficients for H2S and CO2 in water are very similar
(e.g. 1.75 and 1.76 •10-5 cm2 s-1 at 20oC, respectively (Tamimi et al., 1994)), so we assumed kw
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for CO2(aq) is equivalent to kw of H2S. For O2 influx from the atmosphere ( J gasO2 ), we assumed
the overall flux was proportional to that of H2S ( J gasH 2 S ) by:

J gasO2 = kJ gasH 2 S

(S11)

and determined the value of k was determined by fitting model output to measured O2(aq)
changes in the stream (see supplemental discussion).
2.10.6 Abiotic oxidation
Changes in H2ST and O2 due to abiotic oxidation (Jabio) was calculated from kinetic
equations determined by Millero et al. (1987):
(S12)
J abio = k[H 2 S]T [O2 ](3.6 • 10 3 )!1
1
3 1
(S13)
log(k) = 10.50 + 0.16 pH ! (3.0 •10 ) + 0.44I 2
T
where Jabio is the rate of change of H2ST (moles L-1 s-1), k is the rate constant, T is the temperature
(K), and I is ionic strength. In equation S12, 3.6•103 converts the units of Jabio from hour-1 to s-1.
2.10.7 Model derivation
Cave streams were modeled with a 1-dimensional advection and reaction transport
model:
! Cr
!C
= " r v + # Ri
(S14)
!t
!x
i
where Cr is the concentration of a particular reactant (e.g. H2ST) in the water column (moles m-3),
t is time (s), x is downstream distance (m), v is stream flow velocity (m s-1), and Ri is a general
term for different reactions that affect Cr. To model changes in concentration with distance
(∂Cr/∂x), we solved equation S13 assuming steady state (∂Cr/∂t = 0).
!C
v r = " Ri (S15)
!x
i
Our model includes three processes that affect H2ST: (1) H2S(g) degassing from the
stream surface, (2) microbial sulfide oxidation in stream biofilms, and (3) abiotic sulfide
oxidation in the water column. Likewise, our model includes three processes that affect O2: (1)
O2(g) influx from the stream surface, (2) microbial sulfide oxidation in stream biofilms, and (3)
abiotic sulfide oxidation in the water column (Fig. 2.1). Reactions for areal fluxes from the
stream or sediment surface (H2S(g) degassing, O2 influx, and microbial oxidation) and
volumetric changes in the bulk water (abiotic oxidation) are:
1
(S16)
Rareal = (J areal )
h
(S17)
Rvolumetric = (J volumetric )
For example, the change in H2ST due to the areal flux of H2S(g) degassing (Rgas) from the stream
surface is:
1
(S18)
Rgas = (!J gas )
h
where Jgas is the measured H2S(g) degassing flux (moles m-2 s-1), and h is the height (depth) of
the cave stream (m). The term Jgas/h relates to the change in concentration in the water column
by:
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! molesH 2 ST

=

! C H 2 ST

xhw = ("J gas )xw
(S19)
!t
!t
where molesH 2 ST is the moles of total sulfide and w is the width of the stream (m). At steady
state, the change in H2ST with distance (equation S15) due to degassing is:
! C H 2 ST
1
= ("J gas )
(S20)
!x
vh
Equation S19 is equivalent to:
! C H 2 ST
w
= ("J gas )
(S21)
!x
Q
(S22)
Q = vhw
3 -1
where Q is the discharge (m s ). The total change in H2ST due to all three fluxes is:
! C HT 2 S
1
1
1
1
= (Rgas + Rmic + Rabio ) = "J gas
" J mic
" J abio
(S23)
!x
v
vh
vh
v
The assumption of steady state is valid over a time scales less than an hour because we have not
detected any significant variability in sulfide or oxygen concentrations at sampling locations over
time scales from minutes to hours.
We used measured values of discharge, flow velocity, and width to calculate stream
depth (h) at each point in the modeled transect by Equation S22 (Fig. S2.7). We approximated
the stream bottoms as a half cylinder, and so surface area (SA) (m2) for 2-dimensional fluxes
from the sediment surface was:
!w
(S24)
SA =
2
Sediment surface area at site RS is estimated to be 50% higher, based on estimates of the surface
area of boulders in the stream bed at that location (Fig. S2.9).
Due to technical difficulties, microsensor profiles were not collected at all sites, including
PC (Table S2.3). To account for this uncertainty, we ran all models with the fastest and slowest
measured Jmic values (0.09 to 1.25 µmol m-2 s-1). For the PC stream model, we also included an
upper bound rate of twice the fastest measured microbial oxidation rate (2.5 µmol m-2 s-1) due to
increased uncertainty in microbial oxidation rates at this site.
The model described here was implemented in Scilab v.5.2.2 (http//www.scilab.org) by
solving equation S23 using finite differencing, and is freely available upon request.
pH changes were determined in phreeqc (Parkhurst and Appelo, 1999) using the reaction
block to incrementally remove H2S(aq) and CO2(aq) from the streamwater, based on the
calculated amount of H2S and CO2 lost to degassing in the model.
2.10.8 In-situ microsensor analyses
We used in situ microsenors to measure O2, H2S and pH profiles. We first attempted
microsensor measurements of cave biofilms in 2009, but despite many successful measurements
in sulfidic springs outside the cave, we had no success with H2S sensors and limited success with
oxygen sensors inside the cave. The next year we returned with the Caver Operated Microsensor
System (COMS), which is a smaller and more portable version of the motorized Diver Operated
Microsensor System (DOMS) described by Weber et al. (2007). Before deploying the COMS,
we protected the microsensor contacts from moisture and H2S vapors in the cave air by packing
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the contacts with hygroscopic beads. We also assembled the electronics of the COMS as
completely as possible prior to entering the cave.
Microsensor measurements were performed as in Hausler (2010). Briefly, Clark-type O2
electrodes (Kühl and Jørgenson, 1986) were calibrated by a linear two-point calibration in
oxygen-saturated water and anoxic sediment. H2S electrodes (Kühl et al., 1998) were calibrated
by linear two-point calibration in sulfidic streamwater and a Na2S standard. H2ST concentrations
of the stream and the standard were measured by the methylene blue method (Hach method 690),
and H2S(aq) concentrations determined from H2ST and pH. pH electrodes (de Beer et al., 2006)
were calibrated with pH 4 and 7 standards. Tip diameters for O2, H2S, and pH microsensors were
20-30 µm.
Microbial H2S oxidation fluxes were measured from microsenor profiles assuming steady
state diffusion by Fick’s first law:
dC H 2 S
J mic = D
(S25)
dz
where D is the diffusion coefficient for H2S and ! C H 2 S / ! z is the H2S concentration gradient
with depth. ! C H 2 S / ! z was measured at the steepest rate of change in the H2S profile, assumed to
represent diffusion to the biofilm across the diffusive boundary layer (de Beer et al., 2006).
Fluxes measured at each site were averaged from three separate microsensor profiles collected
within 1 cm2 of biofilm.

2.11 Supplemental discussion
2.11.1 Justification of model parameters for O2 reaeration and CO2 degassing
By fitting model output to measured O2(aq) changes in the stream, we chose a value of
0.6 for k in equation S11 for the PC stream (Fig. S2.5). Our fitted value of J gasO2 = -0.6 J gasH 2 S is
reasonable if the degassing rate of H2S is a function of H2ST rather than only H2S(aq). H2S
degassing is enhanced by the fast acid-base reaction between hydrogen sulfide and bisulfide in
the aqueous phase:
(S26)
H 2 S(aq) ! H + + HS !
Because acid-base reactions are much faster than diffusion across the air-water interface, mass
transfer is a function of the diffusion of both H2S(aq) and HS-. This is commonly expressed by a
chemical enhancement factor α that modifies equation S9:
H 2 ST
K
(S27)
!=
= (1 + a+ )
H 2 S(aq)
H
J gas = ! kv (C " pK H )
(S28)
where Ka is the equilibrium constant for equation S26 (Schwartzenbach et al., 1993; Stumm and
Morgan, 1996). H2ST/H2S(aq) is between 2.07 and 2.82 for Frasassi streams (Table S1).
Accordingly, Balls and Liss (1983) found that H2S(g) degassing is enhanced by α values of 1.65
and 9.94 at pH 7 and pH 8, respectively.
Gas flux across an air-water interface is described by equations S9, S10 and S28.
DH 2 S / DO2 is 0.757 (unisense gas tables, http://www.unisense.com), so kwH 2 S = 0.87kwO2 by the
surface renewal model, which is most appropriate for fast-flowing and turbulent conditions
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(Schwartzenbach et al., 1993). H2ST concentrations in the PC stream range from 466-571 µM
and O2(aq) ranges from 0.9-40.6 µM (Table S1, S2). At site PC, pO2 in the cave atmosphere is
20.6-20.8% and H2S(g) is <10 ppmv at 10 cm above the stream (measured by the ENMET MX2100 gas detector). Therefore, the pKH term in equation S9 is 339 µM for O2 and < 1 µM for
H2S. By equations S9 and S28, J gasO2 is between -0.83 J gasH 2 S and -0.60 J gasH 2 S for the surface
renewal model, and our fitted value -0.6 J gasH 2 S for J gasO2 falls just within the appropriate range.
For mixed water sites RS, GS and GB, however, O2 influx is expected to be faster
compared to H2S degassing. H2ST in mixed water streams stream ranges from 79-159 µM,
O2(aq) ranges from 1.0-20.8 µM (Table S1, S2), and again, pO2 and pH2S in the cave
atmosphere are 20.6-20.8% and <10 ppmv, respectively (measured by EN-MET MX2100),
respectively. In these streams, O2 flux is predicted to by faster than H2S flux: J gasO2 is between 2.3 J gasH 2 S and -4.9 J gasH 2 S for the surface renewal model.
CO2 degassing is a function of the CO2(aq) species only, because except at high pH
values (ca >8.5), the hydration of CO2 is much slower than mass transfer in the water phase
(Stumm and Morgan, 1996). In the PC stream, CO2(aq) concentrations are 1.04 to 1.28 times
higher than H2ST (Table S1). We assumed the pKH term in equation S9 was negligible because
pKH << C for both gases, and so CO2(g) degassing ( J gasCO2 ) is expected to be 1.16 J gasH 2 S
(average of 1.04 and 1.28, above). In contrast, CO2(aq) concentrations in the mixed water
streams are between 3.59 and 5.89 times higher than H2ST (Table S1). At these locations, CO2(g)
degassing is expected to have a much more significant impact on streamwater pH compared to
H2S(g) degassing. Perhaps CO2 degassing also explains the downstream increase in pH observed
at Lower Cane Cave (Engel et al., 2004).
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2.13 Supplemental tables and figures

Table S2.1. Geochemical data for Frasassi streams
temperature conductivity
date
pH
site*
(mS/cm)
(oC)
PC
5/9/09
13.6
2.93
7.2
PC
6/1/09
13.6
3.00
7.17
PC
9/13/09
13.7
3.05
7.11
RS
6/9/08
13.4
1.78
7.08
GB
5/30/09
13.4
1.84
7.21
GS
5/19/09
13.4
1.72
7.32

*

site

date

Na (mM)

-

Cl (mM)

SO42(mM)

H2ST

O2(aq

558
547
571
112
159
79

DIC (mM)

Ca (mM)

K (mM)

Mg (mM)

4.7
5.4
4.5
4.1
4.6
4.1

3.5
3.5
3.4
3.1
2.9
2.7

0.7
0.7
0.7
0.4
0.4
0.3

1.3
1.3
1.3
0.9
0.8
0.7

H2S(aq)

CO2(aq)
(mM)

Discharge

0.58
0.70
0.66
0.66
0.57
0.41

1400
890
510
4.4•104
4
7.0•10
1.2•104

2.6
0.9
1.5
1.0
0.6
20.8

**

SIcal

Sigyp

**

PC
5/9/09
17.8
19.5
1.8
-0.05
-1.3
PC
6/1/09
18.3
19.7
N.M.
-0.03
-1.3
PC
9/13/09
18.5
19.9
1.8
-0.19
-1.3
RS
6/9/08
10.2
10.1
1.4
-0.26
-1.4
GB
5/30/09
9.6
10.1
1.2
-0.08
-1.5
GS
5/19/09
8.9
10.0
1.1
-0.03
-1.5
*
All data is collected from the emergent spring at the head of the cave stream.
**
SIcal and SIgyp = calcite and gypsum saturation indices, where SI = log(IAP/Ksp),

226
231
260
54
65
28

(cm3 s-1)

IAP is the ion activity product,

and Ksp is the solubility product.
N.M. = not measured. Uncertainties on cation measurements is ± 0.15 mM.

Table S2.2. Geochemical data from PC stream transects

PC - 1

9/5/09
9/5/09
9/5/09
9/5/09

distance from
emergence (m)
0
2.1
3.6
6.1

PC - 3

6/1/09
6/1/09
6/1/09
6/1/09
6/1/09

0
1.1
2.1
3.6
6.1

3000
3010
3000
3000
3000

7.17
7.19
7.20
7.22
7.22

547
538
506
479
466

0.9
9.1
13.3
16.1
17.2

3.49
3.49
3.37
3.37
3.49

0
1.1
2.1
3.6
6.1

3050
3050
3050
3050
3050

7.11
7.14
7.16
7.20
7.27

572
531
523
516
471

1.0
11.1
13.8
19.7
40.6

3.37
3.37
3.37
3.37
3.49

transect

PC - 4

date

9/13/09
9/13/09
9/13/09
9/13/09
9/13/09
*
Error on Ca is ± 0.15 mM

conductivity
(mS/cm)
2930
2930
2930
2930
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H2ST

O2(aq)

7.20
7.22
7.21
7.24

558
522
512
521

2.6
5.1
11.3
7.4

Ca*
(mM)
3.49
3.49
3.49
3.49

pH

Table S2.3. Microbial oxidation fluxes of H2ST determined by
amperometric microsensors
cave
location

year

GS
GS
GS
GS
GS
CS
CS
CS
CS
CS
GS
GS
VC
VC
VC
VC
VC

H2ST flux
-2

O2 flux (umole Calculated H2ST flux
-1

-2

-1

-2

-1

(umole m s )

m s )

(umole m s )*

2009
2009
2009
2009
2009

N.D.
N.D.
N.D.
N.D.
N.D.

0.14
0.49
0.35
0.30
0.43

0.069-0.41
0.245-1.47
0.17-1.04
0.15-0.91
0.21-1.28

2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010

0.09
0.2
0.2
1.1
1.25
0.35
0.6
0.15
0.15
0.35
0.55
0.55
2

All values represent average of three separate profiles within 1 cm of
biofilm. N.D. = no data
*H2ST flux values from 2009 are calculated from O2 fluxes, assuming a
range of H2S:O2 stoichiometries for sulfide oxidation of 0.5:1 and 3:1.
No H2S measurements were collected on this date due to equipment
malfuction

45

Table S2.4. Results of multi-year dissolution experiments
Miaolica limestone
Cave
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS

Location
Water 1
Water 1
Water 1
Water 2
Water 2
Air 1
Air
Air
Air
Air
Air
Air

Mass loss (mg cm-2 yr-1)

1
1
1
2
2
2

Cave
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
LV

Location
Water 1
Water 1
Water 1
Water 1
Water 1
Water 1
Air 1
Air 1
Air 1
Air 1
Water 1

LV
LV
LV
LV
LV
LV
LV

Water 1
Water 1
Water 1
Air 1
Air 1
Air 1
Air 1

15.2
14.5
15.3
14.1
15.2
11.0

Time (yr)
2.5
5
5
2.5
5
2.5

7.0
17.5
13.9
8.6
16.3
21.6

2.5
5
5
2.5
2.5
5

Carrara marble
Mass loss (mg yr-1)*

*

85
78
86
89
63
95
0
98
69
116
18

Time (yr)
3
3
3
3
3
3
3
3
3
3
3

14
19
16
11
31
18
18

3
3
3
3
3
3
3

No attempt was made to normalize corrosion rates to surface
area for the Carrara Marble tablets because of non-uniform
corrosion due to the PVC microcosms
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Figure S2.1. Map of the Frasassi cave system, showing sampling locations. Base map courtesy
of the Gruppo Speleologico CAI di Fabriano.
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Figure S2.2. Frasassi streams cave be divided into three ‘types.’ Strong waters have high
conductivity and H2ST, whereas mixed waters have been more diluted by low-conductivity
groundwaters. Non-sulfidic cave waters include ceiling drips from non-sulfidic regions of the
cave, speleothem pools, and non-sulfidic cave lakes.
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Figure S2.3. (a) Schematic of the portable flux chamber we used to measure the rate of H2S(g)
degassing. (b) Field photo of the flux chamber. (c) Data from one set of flux chamber
measurements. The rate of H2S(g) degassing was calculated from the slopes of the black leastsquares regression lines. For each location, H2S(g) concentration in the chamber was measured at
a minimum of 3 time points, and multiple measurements were collected at each site.
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Figure S2.4. H2S degassing rate versus surface flow velocity. Solid lines are least squares
regression lines of degassing versus flow at sites PC (black) and sites GB and RS (gray). Dashed
lines are predicted H2S degassing rates based on equation S8 from Lahav et al. (2006), using
H2ST, temperature and pH values from site 1 of the PC4 transect (Table S1). Lower and upper
lines are with ‘sewer slope’ values of 1 and 3%, respectively, which represents the complete
range of slopes tested by Lahav et al. when deriving equation S7.

50

Figure S2.5. Comparison of modeled versus measured changes in (a) pH and (b) O2 for the PC
stream at three different times of the year. Red circles are measured values and blue lines are
model output. The solid blue curve was modeled using the average microbial oxidation rate, and
blue dashed lines are with the minimum (0.9 umol m-2 s-1) and 2x the maximum microbial
oxidation rates (2.5 umol m-2 s-1). Black dashed lines are with H2S(g) degassing calculated by the
volatilization equation derived by Lahav et al. (2006), assuming ‘sewer slope’ values of 1 and
3% (the complete range of slopes tested by Lahav et al.).
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Figure S2.6. Mass loss from subaqueous versus subaerial tablets during Maiolica limestone and
Carrara marble dissolution experiments. All dissolution experiments with Maiolica tablets were
performed at site RS. The cave stream at RS is fast flowing and turbulent, while site LV is a
stagnant sulfidic lake. Because the Carrara marble tablets were enclosed in PVC microcosms that
prevented uniform corrosion, no attempt was made to normalize dissolution rates to surface area
for these tablets.
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Figure S2.7. Surface flow velocity, width and depth of the PC stream. Red circles are our field
measurements, and solid lines are model inputs.
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Figure S2.8. Simulated effects of the H2S detector response to degassing measurements. (a)
Simulated response of the H2S sensor to a fixed H2S concentration, assuming first order decay
with a T50 value of 15 s (pers. comm. ENMET Corp.). (b) Simulated response of the H2S
detector to an increasing H2S concentration, as in the flux chamber. Response to both a fast and a
slow degassing rate are depicted. (c) Impact of the H2S sensor on measured degassing rates. For
the fast degassing rate simulation depicted here, the ‘actual’ rate (Jtrue) is 1.5x greater than the
‘measured’ rate (Jmeas), whereas for the slow degassing rate, Jtrue is the same as Jmeas.
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Figure S2.9. Field photos of some of the cave stream locations studied. (a and b) PC stream in
May and September, 2009. The white material in the stream is microbial biofilm. (c) GS stream
in May, 2009. The in-situ microsensor is deployed in the foreground. (d) RS stream in June,
2008. Due to its rocky stream bottom, compared to the other locations, the RS stream has higher
sediment surface area. The red ‘E’ in photos a, b and c indicates an emergent spring, and black
arrows indicate flow direction.
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Figure S2.10. Representative photographs of Carrara Marble tablets at the end of the 3-year
dissolution experiment. Note that because they were placed in microcosms, corrosion was nonuniform and only occurred on one end of the tablets. (a) and (b) were in the air at site RS. Tablet
length and width is 3.5 x 3.2 cm. Tablet (c) was in the water at site RS. Tablet is 2.6 cm in
diameter.
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Example phreeqc (Parkhurst and Appelo, 1999) input file for pH change calculations.
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Chapter 3: Community genomic analysis of an extremely acidophilic sulfuroxidizing biofilm
Published in The ISME Journal (2011)

3.1 Abstract
Highly acidic (pH 0-1) biofilms known as ‘snottites’ form on the walls and ceilings of
hydrogen sulfide-rich caves. We investigated the population structure, physiology, and
biogeochemistry of these biofilms using metagenomics, rRNA methods and lipid geochemistry.
Snottites from the Frasassi cave system (Italy) are dominated (>70% of cells) by
Acidithiobacillus thiooxidans, with smaller populations including an archaeon in the uncultivated
‘G-plasma’ clade of Thermoplasmatales (>15%) and a bacterium in the Acidimicrobiaceae
family (>5%). Based on metagenomic evidence, the Acidithiobacillus population is autotrophic
(RuBisCO, carboxysomes) and oxidize sulfur by the sulfide-quinone reductase (SQR) and SOX
pathways. No reads matching nitrogen fixation genes were detected in the metagenome whereas
multiple matches to nitrogen assimilation functions are present, consistent with geochemical
evidence that fixed nitrogen is available in the snottite environment to support autotrophic
growth. Evidence for adaptations to extreme acidity include Acidithiobacillus sequences for
cation transporters and hopanoid synthesis, and direct measurements of hopanoid membrane
lipids. Based on combined metagenomic, molecular, and geochemical evidence, we suggest that
Acidithiobacillus is the snottite architect and main primary producer, and that snottite
morphology and distributions in the cave environment are directly related to the supply of C, N,
and energy substrates from the cave atmosphere.

3.2 Introduction
Acidophilic microorganisms control biogeochemical cycling in a variety of natural and
anthropogenically influenced environments. Acidophiles from high-temperature environments
such as hot springs and fumaroles (Schleper et al., 1995; Inskeep et al., 2010), and iron-rich
systems such as bioleaching operations and acid mine drainage (AMD) (Johnson and Hallberg,
2003; Tyson et al., 2004) have been the target of numerous studies linking microbial activity
with geochemistry. Extremely acidophilic communities from low-temperature, sulfur-rich
environments are common but less well studied, and include concrete-corroding subaerial
biofilms in sewers (Okabe et al., 2007) and subaerial ‘snottites’ from sulfide-rich caves
(Macalady et al., 2007).
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Snottites are extremely acidic (pH 0-1) microbial biofilms that form on the walls and
ceilings of caves where sulfide-rich springs degas H2S into the cave air (Figure 3.1) (Hose et al.,
2000; Macalady et al., 2007; Jones et al., 2008). Sulfide oxidation produces sulfuric acid, which
dissolves the limestone walls of the cave. Microcrystalline gypsum precipitates as a corrosion
residue that eventually limits pH buffering by the underlying limestone and enables the
development of extremely acidic wall surfaces. Previous research using rRNA methods showed
that snottites have very low biodiversity and are dominated by Acidithiobacillus spp., sometimes
with other less abundant populations of bacteria and archaea (Hose et al., 2000; Vlasceanu et al.,
2000; Macalady et al, 2007).
Snottites in the Frasassi cave system are components of a thriving, sulfur-based
chemosynthetic ecosystem isolated from surface-derived organic matter (Galdenzi and Maruoka,
2003; Macalady et al., 2006). Biofilms are a prominant feature of the cave environment both
above and below the water table. Ongoing work at Frasassi, including measurements of water
table sulfide degassing rates, indicates that subaerial sulfuric acid production is significant and
possibly more important than acid production below the water table. Because sulfuric acid
dissolves limestone and enlarges the cave, there may be important feedbacks between the
physiology and activity of snottite microorganisms and meter- to kilometer-scale geochemical
processes. However, little is known about the metabolic potential of snottite populations. For
example,

the

nearest

relatives

of

several

Frasassi

snottite

organisms,

including

Thermoplasmatales-group archaea and Acidimicrobiaceae (Actinobacteria), originate from irondominated environments (Clark and Norris, 1996; Tyson et al., 2004). Therefore, their
physiologies and ecological roles in the iron-poor, H2S-fed snottite communities are unclear.
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The sulfur-dependent energy metabolism of snottite Acidithiobacillus can be inferred from 16S
rRNA sequence phylogenies, but many other important aspects of their physiology are unknown.
Metagenomics—genomic DNA sequencing directly from a mixed community gene
pool—is an important source of genetic information from environmental samples (Allen and
Banfield, 2005). In this study, we used metagenomics in combination with rRNA methods and
lipid analyses to probe the metabolic potential and ecological roles of snottite microorganisms.
The objectives were: (1) to resolve the composition and structure of the snottite community,
including populations overlooked by rRNA methods due to primer and probe biases; (2) to
investigate the metabolic potential and ecological role(s) of snottite Acidithiobacillus and other
populations, including their pathways for carbon fixation, nitrogen fixation, sulfur oxidation, and
heterotrophy; and (3) to propose adaptations for survival in the extreme acidity (pH 0-1) of the
biofilm matrix. These objectives were met using a relatively small metagenomic dataset, in
which the genomic coverage of the dominant Acidithiobacillus population was estimated to be 23x.

3.3 Materials and methods
3.3.1 Sample collection, DNA extraction, and rRNA analyses
We collected roughly 3 g of biofilm (sample RS24) from 1 m2 of cave wall at site RS2 in
the Frasassi cave system, Italy (Figure S3.1). Biofilm pH was measured in the field with pH
paper (range 0-2.5). Environmental DNA was extracted from RS24 as described in Bond et al.
(2000), after first diluting the RNAlater (Ambion/Applied Biosystems, Foster City, CA, USA)
preserved sample with 3 parts phosphate-buffered saline (PBS) to 1 part sample. To remove
excess polysaccharides from the final extract, we re-precipitated the DNA under high salt
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concentrations as follows: the pellet was resuspended in 200 µL Tris (200 mM, pH 8.0), 100 µL
NaCl (5 M), and 600 µL ethanol (100%), incubated at -20oC for 30 minutes, and pelleted for 20
minutes at 4oC. Near-full length 16S rRNA gene sequences were cloned from sample RS24
using archaeal specific primers 344f (ACGGGGYGCAGCAGGCGCGA) (Raskin et al., 1994)
and deg1392r (ACRGGCGGTGTGTRC) (modified from 1392r, Lane, 1991) using the cloning
procedure described previously (Macalady et al. 2008). Fluorescent in situ hybridization (FISH)
was performed using probes THIO1, ACM732, EUBMIX, ARCH915, and FER656 as described
in Macalady et al. (2007).

3.3.2 Lipid analyses
Total lipid extracts were prepared from the RS24 biofilm using a modified Bligh-Dyer
extraction as described by Talbot et al. (2003), with dichloromethane substituted for chloroform.
Analyses of ether lipids and bacteriohopanepolyols (‘hopanoids’) were performed with an
Agilent 6310 high pressure liquid chromatograph/mass spectrometrometer (HPLC/MSn)
following the procedures of Hopmans et al. (2000) and Talbot et al. (2003) with minor
modifications (see supplemental text).

3.3.3 Metagenomics
DNA from sample RS24 was pyrosequenced at the Pennsylvania State University Center
for Genomic Analysis with a GS20 platform (454 Life Sciences, USA) (Marguiles et al., 2005).
All metagenome reads were compared via BLASTX (Altschul et al., 1997) to the NCBI nonredundant (nr) database, after first removing identical read copies and putative rRNA gene
sequences. Prior to BLASTX analyses, protein sequences from ‘Thermoplasmatales archaeon
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Gpl’ in the Acid Mine Drainage microbiome were added to the nr database (Tyson et al., 2004;
available at http://img.jgi.doe.gov/m; Markowitz et al., 2008). Reads matching nr with a bit score
<40 were removed prior to subsequent analyses. Because we were unable to assemble more than
5% of reads into non-chimeric contigs >500 bp, we analyzed only unassembled metagenomic
sequences. We annotated reads to functional categories identified in the Clusters of Orthologous
Groups of proteins (COGs) classification system (Tatusov et al., 2003) using reverse position
specific BLAST (RPS-BLAST) with a bit score cutoff of 35. We binned RS24 metagenome
reads to taxonomic groups using MEGAN v.3.2.1 (Huson et al., 2007) using a bit score threshold
of 40, min support of 1, and top percent of 10%. We identified P-type ATPase transporters using
links between TC family and COGs provided at the TransportDB (Ren et al., 2004). We
calculated functions that were overrepresented in the snottite metagenome by comparing COG
assignments from eight other publicly available metagenomes also generated with GS20
pyrosequencing technology.
In order to ensure that function and taxonomy were accurately assigned for metagenomic
reads, we determined appropriate parameters for BLAST analyses, COG assignments, and
taxonomic binning with MEGAN using simulated datasets constructed from full-length protein
and genome sequences. For example, appropriate MEGAN parameters were determined by
BLAST analysis of simulated datasets against two versions of the nr database: the original nr
database with query sequences present, and a modified database from which the query organisms
were removed. Complete details for all methods are provided in the supplemental text.
Metagenomic sequences are deposited in the National Center for Biotechnology Information
Sequence Read Archive under accession number SRA026550. Genbank accession numbers are
HM754546-HM754573 for 16S rRNA and HM852513-HM852515 for SHC sequences.
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3.4 Results
3.4.1 Field observations and geochemistry
Snottites at site RS2 are viscous biofilms attached to cave walls at their base, and hang
down as far as 3 cm into the cave atmosphere (Figure 3.1). Snottites collected for sample RS24
were attached exclusively to microcrystalline gypsum wall crusts, and were associated with
elemental sulfur precipitates on biofilm and adjacent gypsum surfaces. Temperature (13 °C) and
humidity (close to 100%) are virtually constant throughout the year. Individual snottites had pH
values between 0 and 1. H2S(g) concentration at site RS2 was 8 to 24 parts-per-million by
volume (ppmv), CO2(g) was 3300 ppmv, CH4(g) was 1.9 to 2.2 ppmv, and NH3(g), NO2(g), and
SO2(g) were below detection (0.25, 0.1, and 0.1 ppmv respectively).

3.4.2 Pyrosequencing of RS24 snottites
We obtained 12.9 Mb of quality metagenomic sequence from the GS20 pyrosequencer.
After screening to remove duplicates that arise as an artifact of pyrosequencing, the dataset
reduced to 11.9 Mb and 118,624 total reads. These sequences had an average length of 100.3 bp,
an average G+C content of 51.5%, and a mode G+C of 54%. Using criteria described in the
methods, 40.5% of reads had significant matches to the non-redundant (nr) database, 39.4% of
these (17.1% of total reads) were assigned to COG categories (Figure S3.2), and 0.23% matched
rRNA genes (0.08% to 16S rRNA genes).

3.4.3 Snottite community composition
In earlier work that included FISH and 16S rRNA cloning (Macalady et al., 2007), we
found that the most abundant bacterial 16S rRNA phylotypes (>98% 16S rRNA similarity) in
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snottites collected throughout the Frasassi cave system are relatives of Acidithiobacillus
thiooxidans, and the genera Acidimicrobium and Ferrimicrobium (Acidimicrobiaceae family,
Actinobacteria). Consistent with this earlier work, FISH analyses of snottite sample RS24
indicated that Acidithiobacillus and Acidimicrobiaceae are the most abundant bacterial
populations (Figures 3.2, S3.3, S3.4). Detailed phylogenetic analyses of Acidimicrobiaceae 16S
rRNA sequences from Macalady et al. (2007) showed that they belong to a monophyletic sister
group to the genus Ferrimicrobium (Figure S3.5).
FISH analyses with the archaeal domain probe ARCH915 indicated that archaea make up
17% of the RS24 community (Figures 3.2f and S3.3). Ferroplasma populations identified
previously in Frasassi snottites using FISH (Macalady et al., 2007) were not detected in sample
RS24. Analysis of metagenome sequences matching 16S rRNA genes revealed that RS24
archaea are most closely related to members of the ‘G-plasma’ group in the Thermoplasmatales.
From the G-plasma metagenomic sequences, we learned that universal primer 1392r (Lane,
1991) has a 1 base-pair mismatch to 16S rRNA sequences from G-plasma. Other primers 1492r
(Lane, 1991) and archaeal-specific 21f (DeLong, 1992) also have mismatches with the G-plasma
clade. Therefore we added a degenerate nucleotide to the sequence of primer 1392r (new primer
deg1392r), and subsequently used it to amplify 16S rRNA sequences from RS24 environmental
DNA. In the resulting library of 28 clones, 26 sequences belonged to a single G-plasma
phylotype (Figure S3.6). Based on the new knowledge that most sequenced RS24 archaea are Gplasma, we added metagenomic sequences from the Iron Mountain acid mine drainage G-plasma
(Tyson et al., 2004) to the nr database, which increased the number of reads in the snottite Gplasma bin by 172%.
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Taxonomic classification of phylogenetic markers in the metagenome confirm the RS24
community composition determined from FISH population counts (Figure 3.2). We used
metagenomic 16S rRNA genes, RNA polymerase beta subunit (rpoB) (Case et al., 2007), and a
set of 31 universal genes identified by Ciccarelli et al. (2006) to construct independent estimates
of community composition (Figure 3.2c-e). Together these phylogenetic markers showed that
RS24 is dominated by Gammaproteobacteria (71.4-75.4%), Thermoplasmatales (15.6-20.0%),
and Actinobacteria (5.7-7.0%) with the addition of several low-abundance taxa (Figure 3.2).
These include Chlamydiae identified with both rpoB and the universal marker gene set (Figure
3.2c and d). The Chlamydiae sequences are most closely related to protist endosymbionts,
including Candidatus Protochlamydia amoebophila UWE25 (Collingro et al., 2005). Eukaryotic
sequences were rare but detectable in the metagenome (Figure 3.2), and we observed large
nucleated cells resembling protists and fungi in FISH analyses.

3.4.4 Gene and genome coverage of snottite organisms
We estimated the expected genome coverage for each snottite population (defined as total
nucleotides sequenced / genome size) in sample RS24 based on FISH population counts, the
average genome size of related organisms, and the size of the metagenomic dataset (Figure S3.7)
(Whitaker and Banfield, 2005). Expected sequence coverages for Acidithiobacillus, G-plasma,
and Acidimicrobiaceae are 3.0x, 0.72x and 0.24x, respectively. Assuming a Poisson distribution
of DNA sequencing, 95% of the Acidithiobacillus sp. genome is present in the metagenome, and
51% and 22% of the G-plasma and Acidimicrobiaceae are present, respectively. Based on
metagenome reads that we could assign to 18 single copy genes from Acidithiobacillus, the
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average coverage of that population is 2.1x (ranging from 0.8x to 4.3x, see supplemental
material).
To evaluate how well our metagenome represents the gene content of the different
populations, we simulated random shotgun sequencing by a 454 GS20 platform and calculated
the proportion of total genes represented by at least one read (Figure S3.8). From this simulation,
we found that for a coverage of 3x, 100% of the genes and 95% of the total nucleotide positions
are represented. For coverages of 0.72x and 0.24x, although only 51% and 21% of the total
nucleotide positions are represented, 98% and 82% of the genes are represented by at least one
read (Figure S3.8). Accordingly, the Acidithiobacillus and G-plasma bins have all amino-acyl
tRNA-synthases represented by at least one read, with the exception of asparaginyl-tRNA
synthetase in Acidithiobacillus (Table 3.1). As for other Acidithiobacilli, snottite
Acidithiobacillus populations may synthesize Asn-tRNA by transamidation of mischarged AsptRNAAsn (Salazar et al., 2001). The Acidimicrobiaceae bin contains reads for 9 AA-tRNA
synthetases.

3.4.5 Sulfur oxidation pathways
We identified reads matching sulfur oxidation genes in the snottite Acidithiobacillus bin
(Table 3.2), including sulfide-quinone reductase (SQR), tetrathionate hydrolase (TTH),
thiosulfate:quinone oxidoreductase (TQO), and three of four central components of the SOX
system (soxAX, soxB, and soxYZ). There is no evidence for soxCD, nor for flavocytochrome C
(fccC) or dissimilatory sulfite reductase (DSR). We did not retrieve any sequences matching the
recently identified bacterial sulfur oxygenase-reductase (SOR) genes (Chen et al., 2007),
including the predicted SOR in At. caldus (Valdéz et al., 2009).
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We found no evidence for sulfur oxidation in the G-plasma bin. No evidence was found
for archaeal SQR, TQO, or SOR, even though homologs of SQR and SOR are known from
several Thermoplasmatales organisms (Kletzin, 2007; Chan et al., 2009).
The Acidimicrobiaceae bin contains three reads matching SQR. We found no other
evidence for sulfur-oxidation enzymes in the Acidimicrobiaceae bin.

3.4.6 Carbon metabolisms
We identified matches to RuBisCO and phosphoribulokinase in the Acidithiobacillus bin
(Table 3.2). These enzymes are diagnostic of carbon fixation by the reductive pentose phosphate
pathway (Shively et al., 1998). The Acidithiobacillus bin also contains several reads matching
carbonic anhydrase (COG0288) and carboxysome shell proteins (COG4577). We found no
evidence for any of the known carbon fixation pathways in the Acidimicrobiaceae and G-plasma
bins (see supplemental text).
The metagenome contains 40 reads matching RuBisCO large and small subunits. While
some of these sequences binned as Acidithiobacillus, because RuBisCO is a highly conserved
protein, the majority of these reads are not assigned to specific taxonomic bins (Figure 3.2a) by
our MEGAN criteria. Therefore, to better identify C fixing organisms, we aligned metagenome
reads matching RuBisCO against reference RuBisCO sequences. From this alignment we
identified at least two divergent, overlapping RuBisCO large subunit sequences, both most
similar to RuBisCO from Acidithiobacillus spp. by nucleotide sequence. Therefore, we suggest
that the snottite Acidithiobacillus has multiple copies of RuBisCO, at least one of which is type I.
The metagenome also contains two reads most similar to environmental RuBisCO sequences
amplified from grassland soil by Videmšek et al. (2009). These two reads are only distantly
related to RuBisCO from Acidithiobacillus spp., Acidimicrobium ferrooxidans, and archaea.
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The Acidimicrobiaceae bin contains multiple reads matching genes for the breakdown of
complex organics (Table S3.1). These include four hits to enoyl-CoA hydratase, two hits to
chitinase, two hits to extradiol ring-cleavage dioxygenases, and matches to glycosidases and
galactosidases.

3.4.7 Nitrogen metabolisms
We found no evidence for nitrogen fixation (nifH, nifD, or nifK) in the metagenome,
whereas several COGs for ammonia and nitrate assimilation are strongly overrepresented (Figure
S3.9). Reads matching ammonia permeases are found in both the Acidithiobacillus and G-plasma
bins, and all three bins contain hits to glutamine synthetase, indicating the potential for
ammonium assimilation. The Acidithiobacillus bin contains reads matching nitrate reductase
narB, and 45 hits to nitrite reductase nirB from other Acidithiobacilli including At. thiooxidans
(Levicán et al., 2008). We also identified one read similar to nitrate reductase alpha subunit narG
(COG5013), which is part of a membrane bound nitrate reductase (narGHJI) used for either
respiratory or assimilatory functions (Richardson et al., 2001; Malm et al., 2009). Although this
read is not assigned to the Acidimicrobiaceae bin using our MEGAN criteria, the top 10 blast
matches are to members of the Actinobacteria. We found no COGs related to nitrate or nitrite
assimilation in the G-plasma bin, nor any reads matching archaeal nitrate and nitrite reductases
listed by Cabello et al. (2004). We found no evidence for dissimilatory ammonia oxidation by
ammonia monooxygenase (amo) in the metagenome.

3.4.8 Biofilm formation
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The Acidithiobacillus bin contains reads matching flagella and type IV pilus biosynthesis
genes, which are important in early biofilm formation (Davey and O’toole, 2000). It also has
reads matching genes for the biosynthesis of expolymeric substance (EPS) precursors UDPglucose, UDP- galactose (GalEU), and dTDP-rhamnose (rfbABCD) (Barreto et al., 2005).

3.4.9 Membrane lipids
Membrane lipid structures and other membrane modifications are known to contribute to
the maintenance of pH homeostasis in acidophiles. We identified multiple metagenomic reads
matching squalene hopene cyclase (SHC), an essential enzyme in bacteriohopanepolyol
(‘hopanoid’) biosynthesis (Pearson et al., 2007). SHC is present in both the Acidithiobacillus and
Acidimicrobiaceae bins, in addition to a sequence affiliated with the Betaproteobacteria (Figure
S3.10a). Direct amplification and cloning of SHC genes from the RS24 DNA extract retrieved
three unique, partial SHC sequences (see supplemental text). Sequence SDPr_DirF shares 94%
identity at the amino acid level with Acidithiobacillus ferrooxidans ATCC 53993, and the other
two sequences are from the Proteobacteria (clone SDPr_Cl121) and an unknown clade (clone
SDCy21B) (Figure S3.10b) (Pearson et al., 2009). Sequence SDPr_DirF was obtained by direct
sequencing of the PCR product without cloning. Notably, the ability to obtain any amount of
clean sequence in the absence of cloning is consistent with the expectation that a close relative of
At. ferrooxidans is the dominant bacterium in the biofilm, and that it is the major source of the
hopanoid lipids detected in this sample.
We confirmed that snottite organisms are actively producing hopanoids in the
environment by HPLC-MSn analysis of intact polar lipids. We detected four
bacteriohopanepolyol structures in the RS24 biofilm total lipid extract, including
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adenosylhopane, bacteriohopanetetrol, aminotriol, and cyclitol ether (Figure S3.11). We also
analyzed the RS24 lipid extract for tetraether-linked membrane lipids that have previously been
shown to be critical for archaeal life in acidic environments (Macalady et al. 2004). The sample
contained five isoprenoid glycerol dialkyl glycerol tetraether lipid (GDGT) structures (Figure
S3.12). No archaeal or bacterial diethers were detected. GDGTs from RS24 contain between 0
and 4 cyclopentane rings (no cyclohexane rings), and have structures previously identified in
Thermoplasmatales-group isolates.

3.5 Discussion
3.5.1 Carbon and energy metabolisms of snottite populations
Our results indicate that Acidithiobacillus are the main primary producers in the snottite
community (Figure 3.3). Acidithiobacillus make up approximately 70% of cells and appear to be
lithoautotrophs, consistent with the observation that snottites do not occur on cave walls where
sulfide gas concentrations are less than 0.2 ppm (Macalady et al., 2007). Carbon fixation occurs
by the reductive pentose phosphate pathway, facilitated by multiple copies of RuBisCO, carbonic
anhydrase, and carboxysomes.
There is evidence that the snottite Acidithiobacillus uses multiple sulfide oxidation
pathways (Table 3.2). SQR catalyzes the two-electron oxidation of sulfide to zero-valent sulfur
(Griesbeck et al., 2002; Wakai et al., 2007), TTH disproportionates tetrathionate to thiosulfate,
sulfate, and elemental sulfur (Kanao et al., 2007), and TQO oxidizes thiosulfate to tetrathionate
(Müller et al., 2004). In sulfur-oxidizing acidophiles including At. ferrooxidans, these
components are proposed to operate together in a pathway known as the ‘SQR-system,’ in which
sulfate is an end product (Rohwerder and Sand, 2007; Valdéz et al., 2008a; Valdéz et al., 2008b).
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Acidithiobacillus also has components of a partial SOX system, including soxAX, soxB, and
soxYZ but no evidence for soxCD. In microorganisms with a complete SOX system (e.g.
Friedrich et al., 2001; Sauvé et al., 2007), soxCD catalyzes the six-electron oxidation of a
soxYZ-bound sulfane to a sulfone, which is later released as sulfate. Organisms known to use a
partial SOX system without soxCD produce zero-valent sulfur as an intermediate or end product
(Hensen et al., 2006; Friedrich et al., 2005). In these organisms, DSR is thought to be necessary
for further oxidation of the elemental sulfur produced (Pott and Dahl, 1998; Hensen et al., 2006),
but DSR was not detected in the snottite metagenome.
The presence of both a SQR and partial SOX system could provide flexibility in the
sulfur metabolism of the Acidithiobacillus population, and the occurrence of S° deposits on
snottite surfaces might result from multiple end products of biological sulfide oxidation.
Specifically, the absence of DSR in the metagenome indicates that S° could be produced when
the partial SOX pathway is expressed. The absence of DSR also indicates that sulfate reduction
plays a minor role, if any, in the snottite community. This is in sharp contrast to sulfur-oxidizing
communities below the cave water table, which host substantial populations of sulfate reducing
bacteria that supply sulfide oxidizing lithoautotrophs with an alternative sulfide source when
concentrations in the bulk water are low (Macalady et al. 2006, Macalady et al. 2008).
We found no evidence for lithotrophy or carbon fixation by the snottite G-plasma
population, so we suggest that they are heterotrophic. Although coverage of the G-plasma is low,
simulated sequencing (Figure S3.8) and matches to AA-tRNA synthetases (Table 3.1) indicate
that our metagenome contains a nearly complete representation of the gene content of this
population. Our results are consistent with other work showing that heterotrophy is the most
common carbon metabolism among known members of the Thermoplasmatales (Schleper et al.,
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1995; Tyson et al., 2004). However, more work will be required to obtain a detailed
understanding of the role of G-plasma in snottite biogeochemistry.
Based on metagenomic evidence, it is likely that the snottite Acidimicrobiaceae
population is capable of organotrophic or mixotrophic growth (Table S3.1). The
Acidimicrobiaceae bin contains three SQR fragments, which could indicate either lithotrophic
sulfur oxidation or sulfide detoxification (Griesbeck et al., 2000). The nearest relatives of the
snottite Acidimicrobiaceae are from acidic, iron-rich environments and include obligate
heterotrophs Ferrimicrobium acidophilum and Ferrithrix thermotolerans (Johnson et al., 2009)
and mixotrophic Acidimicrobium spp. (Clark and Norris, 1996; Cleaver et al., 2007). The ability
to oxidize both sulfide and organic carbon represents a distinct niche and could allow
Acidimicrobiaceae to avoid direct competition with lithoautotrophic Acidithiobacillus
populations in the biofilm.

3.5.2 Nitrogen cycling
Possible sources of fixed nitrogen in the cave system are nitrate in downward-percolating
groundwater and ammonia degassing from the water table. Dripping groundwater collected near
Frasassi cave entrances can have up to 50 µM NO3- (unpublished data). Although the RS2
sample site is not near a cave entrance and we have not observed active dripping at the site,
diffuse seepage of downward-percolating water could theoretically deliver nitrate-nitrogen to
snottite microorganisms. The potential for ammonia degassing in sulfidic caves was first
recognized by Stern et al. (2003) based on low nitrogen isotopic values measured on the walls of
Lower Kane Cave, Wyoming (δ15N below -15‰). Extremely low δ15N values (below -20‰)
have also been measured on Frasassi cave walls (Vlasceanu et al., 2000; Jones et al., 2008), and
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are thought be the result of N isotopic fractionation during the ammonia degassing process.
Streamwaters at site RS2 have pH 7.3 and 30-80 µM NH4+ (Macalady et al., 2006). Thus, field
and laboratory observations point to ammonia degassing from the circumneutral water table and
subsequent trapping in the acidic biofilm matrix as a plausible mechanism to supply fixed
nitrogen to snottites.
No evidence for N2 fixation (nifH, D, or K) was found in the RS24 metagenome. Since
the nif genes are highly conserved and genome coverage of the dominant snottite organism
(Acidithiobacillus) is nearly complete, the metagenomic results indicate that Acidithiobacillus do
not fix nitrogen in this snottite community. Nonetheless, we recognize that low abundance
populations of N2 fixers may be present. We cannot rule out the potential for N2 fixation by
Acidimicrobiaceae (~ 6% of cells) or other even rarer populations. However, ammonia
permeases and nitrate assimilation functions are overrepresented in the metagenome (Figure
S3.9). Thus metagenomic data support the hypothesis that fixed sources of nitrogen in the
snottite environment supply N for the lithoautotrophic growth of the main biofilm population.

3.5.3 Adaptations for survival at extremely low pH
In order to thrive at extremely low pH values, snottite microorganisms must maintain a
cytoplasmic pH that is several orders of magnitude higher than that of their external
environment. Proton leakage in many acidophiles is offset by maintaining an inside-positive
membrane potential as a charge barrier (Cox et al., 1979). This mechanism is thought to work by
uptake of potassium and other cations (Baker-Austin and Dopson, 2007). Accordingly, reads
matching ion transporters are abundant in the metagenome, and in particular, P-type ATPases for
active potassium transport are overrepresented in the metagenome (Figure 3.4).
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There is growing evidence that hopanoids in bacteria (Welander et al., 2009) and
tetraether-linked lipids in archaea (van de Vossenberg, 1998; Macalady et al., 2004) function to
reduce membrane permeability to protons. Based on evidence from two independent methods
(metagenomics and PCR), snottite Acidithiobacillus have the squalene-hopene cyclase (SHC)
gene essential for hopanoid production. Both methods also show that other bacterial populations
in the snottite community including Acidimicrobiaceae contain the SHC gene. Pearson et al.
(2007) estimate that the fraction of hopanoid producing bacteria in nature is less than 10%. Thus
the presence of SHC in both major snottite bacterial populations is significant, and supports the
hypothesis that hopanoid production is an important bacterial adaptation to extreme acid. Etherlinked lipids in the snottite total lipid extract were exclusively tetraethers (Figure S3.12),
indicating that snottite G-plasma have membrane chemistry expected for extreme acidophiles.
Interestingly, functions devoted to membrane/cell wall/envelope biogenesis are strongly
overrepresented in the snottite metagenome (Figure 3.4), which had the highest proportion of
COGs in this category among all the metagenomes we compared.

3.5.4 Snottite ecology and biogeochemistry
Metagenomic data reveal important insights into the structure and function of Frasassi
snottite communities beyond those we obtained using rRNA methods. Together with
geochemical and lipid analyses, these data provide a conceptual model of snottite ecology that
will guide future work at Frasassi and other sulfidic caves distributed globally (Figure 3.3). A
role for Acidithiobacillus as the main primary producer, sulfuric acid generator, and biofilm
architect in the Frasassi snottite community is supported by metagenomic analysis. Other major
populations (e.g. G-plasma, Acidimicrobiaceae, and eukaryotic organisms) are likely
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heterotrophs or mixotrophs that rely on organic carbon fixed by Acidithiobacillus. Nitrogen is
provided to the community either by rare nitrogen-fixing populations, or by NH3 degassing from
the circumneutral water table, or both.
Since the cave atmosphere supplies H2S and O2 that support energy generation, as well as
CO2 and (potentially) NH3 required for autotrophic growth, the formation of hanging biofilms
with high surface area to volume ratio is a crucial feature of snottite ecology. Hanging biofilms
also have minimal contact with cave wall minerals such as calcite and gypsum that would buffer
the pH >2. Other cave wall biofilms (pH 4-6) in the sulfidic zones at Frasassi have species
richness comparable to soil (Jones et al., 2008), demonstrating that neither complete darkness nor
dispersal limitations are the root cause of low species richness in snottites. Metagenomic data
show that Acidithiobacillus have flagella, pilin, and EPS biosynthesis genes required to form
biofilms. Equipped with adaptations for life in acid (e.g. hopanoid production, K+ transporters),
Acidithiobacillus thrive in the extremely acidic snottite matrix, which excludes microorganisms
that may otherwise compete for nutrients and the abundant thermodynamic energy available
from sulfide oxidation in the cave air.
The Frasassi cave snottite community provides an interesting comparison to the extreme
AMD community described by Tyson et al. (2004). The closest relatives of several snottite
organisms derive from acid mine drainage environments (Figure S3.5, S3.6) despite striking
differences in the geochemistry of the two environments including metal ion concentrations
(toxic levels in AMD, potentially growth-limiting levels in limestone caves) and available
electron donors (Fe2+ in AMD, H2S in snottites). Despite these differences, both communities are
dominated by a large population of lithoautotrophic bacteria (>70% of total cells), with smaller
populations of heterotrophs. Both communities have very low species richness, consistent with
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exclusion of most species by extremely low pH (0-1). Nitrogen-fixers represent 10-12 % of cells
in the AMD community but were not detected in the snottite community, reflecting either
nitrogen fixation by rare community members and/or the availability of sufficient fixed nitrogen
in the cave environment (Figure 3.3). Membrane adaptations (e. g. hopanoid biosynthesis) to
extremely acidic conditions are found in the major bacterial populations in both snottite and
AMD communities.

3.5.5 Advantages and limitations of metagenomic analysis with short reads
The RS24 metagenomic dataset was obtained using first generation 454 Life Sciences
pyrosequencing technology, which produced short reads averaging 100 bp. This technology has
proven to be an effective tool for metagenomics (e.g. Edwards et al., 2006; Dinsdale et al.,
2008). Due to recent advances in sequencing technology, platforms such as Illumina/Solexa and
ABI SOLiD produce reads between 50-100 bp in length, and these platforms are becoming
increasingly popular for metagenomic analyses because they combine low cost with extremely
high throughput (e.g. Lazarevic et al., 2009; Qin et al., 2010). Therefore, short-length sequence
reads are likely to remain an important tool for metagenomics in the future, and will be
associated with both advantages and disadvantages in comparison with other metagenomic
approaches.
There are significant challenges to using short sequences for metagenomic analysis.
Shorter reads contain less information, with the result that it is more difficult to assign taxonomic
affiliations and gene functions. In the snottite metagenome, reads assigned to
Gammaproteobacteria could be reassigned to Acidithiobacillus, Actinobacteria to
Acidimicrobiaceae, and archaea to G-plasma. This binning approach was dependent on 16S
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rRNA cloning and FISH population counts indicating that a single species overwhelmingly
dominated each of these higher-level clades. The use of FISH (an in situ technique) also allowed
us to evaluate potential DNA extraction bias in the metagenome. In addition to constraints
derived from FISH, we used stringent criteria for sequence annotations and tested our methods
with a variety of simulated datasets to insure that functional and taxonomic assignments were as
accurate as possible (see supplemental text). We could only assign 40% of all metagenomic
reads using these conservative criteria, although this is high compared to other studies that used
454 GS20 technology for metagenomics (c.f. Biddle et al., 2008; Dinsdale et al., 2008). Analyses
of simulated datasets with MEGAN indicate that unless a strain of the query organism is present
in the nr database, binning rates using 454 GS20 data are expected to be similarly low (Table
S3.3). Biases due to the unequal representation of microbial taxonomic groups in genome
databases are a major challenge for metagenomics in general (e.g. Fuchsman and Rocap, 2006;
Huson et al., 2007). Database biases are especially significant for short sequences because we
cannot use ab initio gene predictors and must determine function based on similarity to known
sequences. The effects of database bias are evident in our analyses in several ways. First, the
taxonomic classification of all reads is skewed towards Acidithiobacillus compared to other taxa
(Figure 3.2b) because the genus Acidithiobacillus and its parent group Gammaproteobacteria are
better represented in the nr database compared to G-plasma and Acidimicrobiaceae. Second,
when we added Iron Mountain AMD G-plasma sequences (Tyson et al., 2004) to the nr database,
the number of reads assigned to G-plasma increased by 174%. Likewise, the addition of the Am.
ferrooxidans genome to the nr database increased the number of reads we could assign to
Acidimicrobiaceae by 175%. Database biases will diminish with the rapidly increasing number
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of microbial genome and metagenome sequences, but remain an important challenge for current
efforts.
However, as this study demonstrates, there are significant advantages to using short
pyrosequencing reads for metagenomic analyses. The RS24 metagenome cost less than $3000
USD and yet produced data that revealed important metabolic attributes of snottite organisms
including carbon and nitrogen fixation, energy metabolisms, and adaptations to life in extreme
acid. These data will enhance future cultivation and sequencing efforts. Although still subject to
DNA extraction biases that affect all DNA-based characterization technologies, pyrosequencing
platforms do avoid biases associated with PCR and cloning. Notably, metagenomic data
identified G-plasma as the major archaeal component of sample RS24, allowing us to address
mismatches between G-plasma and published archaeal 16S rRNA primers. More generally,
pyrosequencing provides a way to quantitatively assess archaeal contributions to microbial
communities, despite long-known and significant biases against archaea in published PCR
primers, probes and during cloning (Teske and Sørensen, 2007; Biddle et al., 2008). Finally, as
microbial genomes continue to be added to public databases, metagenomes composed of short
reads may become the most efficient path to metabolic profiling of entire communities, because
representative fragments of a large number of genes can be detected with low overall sequencing
effort.
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3.7 Tables and figures

Table 3.1. AA-tRNA synthetase COGs present in each taxonomic bin
tRNA synthetase

COG ID

bin
Acidithiobacillus G-plasma Acidimicrobium
24
3
14
1
-a
7
1
22
1
9
5
20
3
1

Ala-tRNA synthetase
COG0013
Arg-tRNA synthetase
COG0018
Asp/Asn-tRNA synthetases
COG0017
Asp-tRNA synthetase
COG0173
Cys-tRNA synthetase
COG0215
Glu- and Gln-tRNA synthetases
COG0008
Gly-tRNA synthetase
alpha subunit
COG0752
7
beta subunit
COG0751
16
class II
COG0423
His-tRNA synthetase
COG0124
18
Ile-tRNA synthetase
COG0060
19
Leu-tRNA synthetase
COG0495
18
Lys-tRNA synthetase
class I
COG1384
class II
COG1190
17
Met-tRNA synthetase
COG0143
19
Phe-tRNA synthetase
alpha subunit
COG0016
6
beta subunit
COG0072
8
Pro-tRNA synthetase
COG0442
10
Se-tRNA synthetase
COG0172
6
Thr-tRNA synthetase
COG0441
14
Trp-tRNA synthetase
COG0180
5
Ty-tRNA synthetase
COG0162
3
Val-tRNA synthetase
COG0525
17
1
Asn-tRNA likely formed via transamination pathway in Acidithiobacillus
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4
2
4
4

1
3
3

4
4

-

2
1
3
12
1
3
6

1
1
3

Table 3.2. Metabolic capabilities of snottite microorganisms based on metagenomic data
Acidithiobacillus

G-plasma

Acidimicrobium

CO2 fixation
Reductive pentose phosphate pathway

Yes
Yes

No evidence
-

No evidence
-

S-oxidation
Sulfide:quinone reductase (SQR)
SOX system
soxCD
Thiosulfate:quinol reductase (TQO)
Tetrathionate hydrolase (TTH)
Sulfur oxygenase reductase (SOR)
Flavocytochrome C (fccC)
Dissimilatory sulfite reductase (dsrAB)

Yes
Yes
Yes (soxAB, X, YZ)
No evidence
Yes
Yes
No evidence
No evidence
No evidence

No evidence
-

Probable
Yes
No evidence
No evidence
No evidence
No evidence
No evidence
No evidence

No evidence
Yes
Yes
Yes
Yes

No evidence
Yes
Yes
Yes
No evidence

No evidence
Yes
No evidence
Yes
Probable

N-metabolism
N2-fixation (nifH, D, K)
Ammonia assimilation
ammonia permease
glutamine synthetase
Nitrate assimilation
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Figure 3.1. (A and B) Field photographs of the collection site for snottite sample RS24. Note
elemental sulfur (black arrows) occurring in close association with biofilm surfaces. (C)
Schematic depicting the formation of sulfidic cave snottites. Snottites form on subaerial cave
surfaces in areas exposed to H2S(g) degassing from circumneutral cave streams. Snottites have
extremely acidic pH values (0-1) because they are isolated from limestone cave walls and
gypsum corrosion residues that would otherwise buffer the pH > 2.
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Figure 3.2. Comparison of RS24 community composition based on FISH and metagenomic data.
(A) Taxonomic classification and binning of all metagenomic reads. Using the criteria described
in the methods, 40.5% of total metagenome reads were assigned to taxa. Starred (*) groups
include reads that cannot be assigned to a more specific taxonomic group. Taxa that make up
<0.5% of all matches are omitted from the figure. (B) Community composition based on
taxonomic classification of all metagenomic reads, after removing reads assigned to non-specific
groups (e.g. ‘other Bacteria’). (C-E) Community composition based on phylogenetic markers
from the metagenome: (C) 31 universal genes (Ciccarelli et al., 2006), (D) 16S rRNA genes, and
(E) RNA polymerase beta subunit (rpoB) sequences. (F) Community composition determined
from FISH cell counts. Numbers in parentheses represent one standard deviation. FISH probes
used to generate the data were THIO1 = genus Acidithiobacillus, ACM732 = Acidimicrobiaceae
family, EUBMIX = bacteria, and ARCH915 = archaea.
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Figure 3.3. Conceptual model of the biogeochemistry of Frasassi snottite biofilms, based on
evidence from metagenomic, rRNA, lipid and geochemical analyses. Carbon fixation, EPS
production, and acid generation occur largely due to the metabolism of lithoautotrophic, sulfideoxidizing Acidithiobacillus. Energy substrates (H2S, O2) and C and N for primary production
(CO2, NH3) are from gasses in the cave atmosphere. Trace metals and other non-volatile
nutrients such as phosphorous ultimately derive from limestone cave walls, corrosion residues, or
downward percolating groundwater solutions.
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Figure 3.4. (A) Proportion of reads assigned to COG categories. COG categories are listed to the
right. Categories marked by a + or - symbol are strongly over- or underrepresented in the snottite
metagenome, respectively. (B) Standardized abundance scores of COGs classified as P-type
ATPases according to the TransportDB (Ren et al., 2004). The COG id, category, description,
and gene name if available are provided in the legend.
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3.8 Supplemental Methods
3.8.1 Field site, sample collection, and geochemistry
Snottite sample RS24 was collected in August, 2005 from Ramo Sulfureo site RS2 in the
Frasassi cave system, Italy (Figure S3.1). We collected approximately two grams of biofilm from
one square meter of cave wall. Within five hours of collection, samples for fluorescent in situ
hybridization were fixed with 4% paraformaldehyde as in Macalady et al. (2007), and samples
for DNA and lipid extractions were preserved in RNAlater (Ambion, USA). Biofilm pH was
measured in the field with pH paper (range 0-2.5), and was between 0 and 1 for snottites in the
collection area. Concentrations of CO2(g), H2S(g), NH3(g), and NO2(g) were measured using
Dräger tubes (Dräger Safety, Germany). H2S(g) concentrations were between 8 to 24 parts-permillion by volume (ppmv) (4 measurements), CO2(g) was 3300 ppmv (2 measurements), and
NH3(g) and NO2(g) were below 0.25 and 0.1 ppmv respectively. CH4(g) concentration at site
RS2 was measured in August, 2006. Replicate glass flasks with Glass Expansion valves were
flushed 10x with a hand pump. CH4(g) measurements were made using standard gas
chromatographic techniques with a flame ionization detector (Agilent 5890 Series II) (Sowers
et al., 2005). Data are reported on the new NOAA 04 gravimetric scale (Dlugokencky et al.,
2009) with an overall uncertainty of ±0.02 ppmv. CH4(g) results on the two flasks were 1.9 and
2.2 ppmv, which is in good agreement with atmospheric CH4(g) concentrations at the nearest
NOAA/ERSL continuous monitoring station located at Hegyhatsal, Hungary (46oN, 16oE, 248
meters above sea level) (Dlugokencky et al., 2009). SO2(g) at site RS2 was measured on several
occasions in 2006 through 2008 with a MX-2100 portable gas sensor (Enmet Corp., USA), and
was always below detection (lower detection limit 0.1 ppmv).
TM

TM

3.8.2 Full cycle rRNA methods
Fluorescent in situ hybridization (FISH) was performed using the probes and cell
counting technique described in Macalady et al. (2007). Environmental DNA was extracted as
described in Bond et al. (2000), after first diluting the RNAlater-preserved sample with 3 parts
phosphate-buffered saline (PBS) to 1 part sample. To remove excess polysaccharides from the
final extract, we re-precipitated the DNA under high salt concentrations as follow: the pellet was
resuspended in 200 uL Tris (200 mM, pH 8.0), 100 uL NaCl (5 M), and 600 uL ethanol (100%),
incubated at -20oC for 30 minutes, and pelleted by centrifugation for 20 minutes at 4oC.
A 16S rDNA clone library was constructed from sample RS24 using archaeal specific
PCR primers. Each reaction contained 50 µL of DNA template (1-150 ng), 1.25 units highaffinity ExTaq DNA polymerase, 1x buffer (TaKaRa Bio Inc., Shiga, Japan), 0.2 mM each
dNTP, 0.2 µM forward primer 344f (ACGGGGYGCAGCAGGCGCGA) (Raskin et al., 1994),
and 0.2 µM reverse primer deg1392r (ACRGGCGGTGTGTRC). Primer deg1392r is a
modification of primer 1392r (Lane, 1991). Thermal cycling was as follows: 5 minutes initial
denaturation at 94oC, followed by 25 cycles of denaturation (45 seconds at 94oC), annealing (45
seconds at 50oC), and elongation (2 minutes at 72oC), and 20 minutes final elongation at 72oC.
Cloning, transformation, and colony PCR were performed using the materials and procedure
described by Macalady et al. (2008). Clones were sequenced at the Penn State University
Biotechnology Center using plasmid-specific primers T3 and T7. Twenty-eight archaeal 16S
rRNA gene sequences were obtained from sample RS24. Sequences were manually curated and
assembled with CodonCode Aligner v.2.0.4 (CodonCode Corporation, USA). The library was
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checked for chimeric sequences using Bellerophon (Huber et al., 2004), and no chimeric
sequences were detected.
16S rRNA sequences were first aligned with the NAST aligner (DeSantis et al., 2006) and
manually refined in ARB (Ludwig et al., 2004). Alignments were trimmed so that all sequences
were of equal length, and nucleotide positions with less than 40% base-pair conservation were
masked. Only sequences greater than 1300 base pairs were used for phylogenetic analyses of
bacterial sequences. Archaeal alignments were trimmed to 1018 characters, and the only
sequences with missing information were shorter ‘DSJA’ sequences from Macalady et al. (2007).
Maximum likelihood (ML) analyses were performed in PAUP* v.4b10 (Swofford, 2000) using
the general time-reversible (GTR) model, five random-addition-sequence replicates, and tree
bisection-reconnection (TBR) branch swapping. Base frequency, substitution rates, and shape
parameter for the gamma distribution were estimated from the data. Tree topology for our ML
analyses was identical to ML analyses performed with parameters selected via MODELTEST
(Posada and Crandall, 1998). Bayesian phylogenetic analyses were performed with MrBayes
v.3.1 (Ronquist and Huelsenbeck, 2003) using the GTR model and gamma-distributed rate
variation. Analyses were run for 500,000 generations with 4 independent chains, trees were
produced every 100 generations, and posterior clade probabilities were calculated from a
consensus tree computed after discarding the first 20% of trees. Maximum parsimony and
neighbor joining analyses were performed in PAUP*. Parsimony analyses were performed by
heuristic search with 100 random-addition-sequence replicates, TBR branch swapping, and 2000
bootstrap replicates. Neighbor joining was performed with Jukes-Cantor (JC) corrected distance
matrix and 2000 bootstrap replicates.
Partial squalene-hopene cyclase (SHC) genes were amplified from RS24 DNA extract as
described in Pearson et al. (2007). PCR reactions were prepared with Sigma RedTaq™
ReadyMix™, with forward primer SHCF and reverse primers SHCCyR, SHCPrBR, and
SHCPr_R as described previously. Separate clone libraries were constructed from
SHCF/SHCCyR, SHCF/SHCPrB, and SHCF/SHCPr_R primer combinations. Cloning reactions
were performed as described in Pearson et al. (2007). Sequencing in both directions was done at
the Dana-Farber/Harvard Cancer Center DNA Resource Core (http://dnaseq.med.harvard.edu/)
using primers M13F and M13R, and data were curated manually. An additional partial SHC
sequence was obtained by direct sequencing a SHCF/SHCPr_R amplicon produced by nested
amplification of a 700 base pair product from the original SHCF/SHCPr_R amplicon. This clone
(SDPr_DirF) gave a clean read only in middle of the amplicon and yielded a short translated
length of 126 amino acids. Sequences were translated into open reading frames (ORFs) by the
ExPASy translate tool (http://ca.expasy.org/tools/dna.html) and preliminary alignments were
obtained in ClustalW (http://align.genome.jp/). Clones were classified as identical if they had
more than 99% amino acid identity.
3.8.3 Lipid extraction and analysis
For total lipid extraction from RS24 biofilm, the sample was first rinsed three times with
PBS to remove RNAlater, and freeze-dried until further analysis. Lipids were separated by a
modified Bligh-Dyer extraction as described by Talbot et al. (2003), with dichloromethane
substituted for chloroform.
Analysis of ether lipids followed the procedure developed by Hopmans et al. (2000),
using an Agilent 6310 high pressure liquid chromatograph/mass spectrometrometer (HPLC/MSn)
with an atmospheric pressure chemical ionization (APCI) chamber. Separation was achieved on
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a Prevail Cyano column (2.1 x 150 mm 3-µm; Alltech, Deerfield, IL), maintained at 30°C with a
flow rate of 0.2 ml/min. Isoprenoid glycerol dialkyl glycerol tetraether lipids (GDGTs) were
eluted isocratically with 99% hexane: 1% isopropanol for 5 min, followed a linear gradient to
98.4% hexane: 1.6% isopropanol over 40 min. After each analysis the column was cleaned with
90% hexane: 10% isopropanol for 10 min, followed by a 10 minute reequilibration to 99%
hexane: 1% isopropanol. Instrument conditions were as follows: corona = 5000 nA, capillary =
3500 V, nebulizer = 60 psi, dry gas = 6 l/min, dry temperature = 200°C, and vaporizer
temperature = 400°C. Isoprenoid glycerol dialkyl glycerol tetraether lipids (GDGT’s) were
identified based upon comparison to extracted lipids from a laboratory culture of Thermoplasma
acidophilum, with GDGT’s containing zero to five cyclopentane rings.
Analysis of bacteriohopanepolyols (‘hopanoids’) was performed on the HPLC/MSn
described above using the procedure and conditions from Talbot et al. (2003) with minor
modifications. First, lipid extracts were acetylated by reaction of 200 µl pyridine and 200 µl
acetic anhydride at 60ºC for 1 hr. Reversed-phase HPLC was performed using a Phenomenex
Gemini 5µm C18 column (150mm x 3.0mm i.d.) and a 5µm pre-column of the same material.
Instrument conditions were as follows: positive APCI scanning from 150-1300 m/z, ‘smart’
fragmentation with corona voltage = 8000 nA, nebulizer pressure = 60 psi, dry gas = 5 l/min, dry
temperature = 350°C, and vaporizer temperature = 490°C. Three target mass segments were
created: 0-10 min 285m/z, 10-17 min 1002 m/z, 17-50 min 655 m/z, all with optimization
normal. Auto MSn settings with 2 precursor ions were as follows: absolute threshold 100,000,
relative threshold 5%, exclude after 2 ions, and release after 0.5 min. The acquisition parameter
has a fragment amplitude 1.0 V, with an average of 5, and isolation width of 3.0 m/z. Auto
MS(n>2) settings with 1 precursor ion are as follows: absolute threshold = 1000, relative
threshold = 5%, and fragment amplitude = 1.0V.
3.8.4 Metagenomic sequencing
Environmental DNA from sample RS24 was pyrosequenced at the Pennsylvania State
University Center for Genomic Analysis with a GS20 Sequencing System (454 Life Sciences,
USA) (Marguiles et al., 2005) and analyzed with updated GS20 analytical software version
1.1.01.20.
3.8.5 Estimation of metagenomic sequence coverage
We estimated the expected fraction of genome coverage for each member of the RS24
snottite community as described by Whitaker and Banfield (2006) (Figure S3.7). First, average
genome coverage (c) of each taxon i in the community is determined by equation S1:
GA
(S1) Ci = n i i
! Gi Ai
i =1

where gi is the genome size of species i, ai is the abundance of species i in the community
determined by FISH, and n is the total number of taxa in the community (Whitaker and Banfield,
2006). Genome size of each phylotype was assumed to be roughly that of their closest relative.
Based on the following genome sizes—Acidithiobacillus ferrooxidans, 3 Mb (J. Craig Venter
Institute CMR: http://cmr.jcvi.org/), Acidimicrobium ferrooxidans, 2.1 Mb, Ferroplasma
acidarmanus, 1.9 Mb, and Picrophilus torridus, Thermoplasma acidiphilum, Thermoplasma
volcanum, 1.6 Mb each (http://img.jgi.doe.gov/mer)—we assume genome sizes of 2 Mb for the
Acidimicrobiaceae and G-plasma, and 3 Mb for Acidithiobacillus and rare organisms. Proportion
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of the genome of each organism in the RS24 metagenomic dataset was estimated based on a
Poisson distribution of base pair coverage (equation S2; Sokal and Rohlf, 1996):
(S2) Y = e!C
where Y is the proportion of base pairs not sequenced in the dataset, and c is the average
coverage of that organism (equation S1). Proportion of the total genome present in the dataset is
simply 1-Y.
In order to confirm expected coverage calculations, we measured coverage of the snottite
Acidithiobacillus population by blasting the metagenome against single copy genes from all three
Acidithiobacillus spp. for which complete genome sequences are available: At. caldus ATCC
51756, At. ferrooxidans str. ATCC 23270, and At. ferrooxidans str. ATCC 53993. We used 18 of
the 31 universal sequences from Ciccarelli et al. (2006): COG0016, COG0048, COG52,
COG0081, COG0087, COG0091, COG0092, COG0093, COG0096, COG0097, COG0098,
COG0099, COG0102, COG0103, COG0184, COG0197, COG0256, and COG0533. This subset
represents all the sequences that Ciccarelli et al. identified as single copy for every organism
tested.
To further evaluate how our metagenome represents the genetic potential of major
snottite populations, we simulated random shotgun sequencing of three complete genomes. Then,
we calculated the resulting proportion of the genome and total gene complement represented for
different amounts of sequencing. We used complete genomes of Thermoplasma acidophilum str.
DSM 1728, Bdellovibrio bacteriovorus str. HD100, and Thiomicrospira crunogena str. XCL-2,
with accompanying annotations from the UCSC Archaeal Genome Browser
(http://archaea.ucsc.edu/), available through Galaxy (http://galaxy.psu.edu/). To simulate shotgun
sequencing by a 454 GS20 platform, we used a script to randomly select fragments averaging
100 bp in length (with standard deviation of 10 bp), until a designated coverage was achieved.
Coverage is defined as (total nucleotides sequenced)/(genome size). For each simulation,
sequencing was replicated 100 times and the average and standard deviation of the total
nucleotide positions and total genes represented were recorded. A gene was considered
sequenced if at least 50 bp were represented by a simulated read. Results are summarized in
Figure S3.8. Sequencing to 0.75x coverage represents only 53% of the total nucleotide positions
in a genome, but over 90% of genes represented by at least two reads. This approach is unique
because it addresses gene content separately from nucleotide positions in a genome, and shows
that small amounts of sequencing are sufficient to represent the gene content of an organism. The
python script used here to simulate random shotgun sequencing is freely available upon request.
Additionally, we estimated how well the RS24 metagenome represents the gene content
of each snottite organism by extracting and quantifying reads matching tRNA synthase genes
(Table 3.1, main text), using the COG annotation described below.
3.8.6 Annotation, taxonomic classification, and binning of metagenomic reads
All metagenome reads were compared via BLASTX (Altschul et al., 1997) to the NCBI
non-redundant (nr) database. Prior to analysis, identical read copies were removed from the
RS24 dataset. Putative 16S and 23S rRNA sequences were identified with BLASTN (e-value
cutoff 1e-20) against ARB-SILVA databases (Pruesse et al., 2007) and excluded from BLASTX
analyses. The (final) nr database used in these analyses was downloaded on January 10th, 2010.
Before analysis, protein sequences from the ‘Thermoplasmatales archaeon Gpl’ bin from the
Acid Mine Drainage microbiome (Tyson et al., 2004; available at http://img.jgi.doe.gov/m) were
added to the nr database.
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A binning approach based on phylogenetic identity was used to assign metagenomic
reads to taxonomic groups. Binning was performed using MEGAN (Husen et al., 2007).
BLASTX output was input to MEGAN v.3.2.1, and reads were assigned to taxa using a bit score
threshold of 40 (min score filter, with min support of 1), retaining hits within 10% of the top bit
score (top percent filter). We chose these parameters based the following criteria: (1) We
randomly extracted 11,000 reads from the RS24 database (10% of the total reads), randomized
the nucleotide sequence of each read as described by Biddle et al. (2008), and blasted the
randomized dataset against the NCBI nr database. There was only one random match above bit
score 40 (Figure S3.13). (2) We tested false assignment rate using two simulated datasets
provided with MEGAN software: one dataset generated from Bdellovibrio bacteriovorus
HD100, and one generated from Escheria coli K12. Each dataset contained 2000 reads with
average length of 100 bp. The E. coli K12 dataset was blasted (by Husen et al., 2007) against a
database from which all E. coli K12 sequences had been removed. The combination of
parameters described above was chosen because it produced no false assignments with the
Bdellovibrio dataset, and only 1.1% and 0.16% assignments outside Escherichia and
Gammaproteobacteria with the E. coli dataset. The MEGAN parameters we chose for binning
are more stringent than those recommended for GS20 pyrosequencing data by Husen et al.
(2007). Annotation and binning with MEGAN was tested further with additional simulated
datasets, described below.
We created bins for the three most abundant organisms in the metagenome. Reads
assigned to Gammaproteobacteria are considered to have come from Acidithiobacillus,
Actinobacteria from Acidimicrobiaceae, and all archaea from ‘G-plasma.’ Such an approach is
reasonable because snottite sample RS24 has low biodiversity, and each of these high-level
clades is represented predominantly by a single snottite population. Each of these bins is
expected to have minor contributions from rare taxa, such as C- and E-plasma sequences in the
G-plasma bin (Figure S3.6). In some cases, functions were assigned to Acidithiobacillus based
on copy number. Because of its high sequence coverage (Figure S3.7), Acidithiobacillus is also
assigned functions with at least 20 matching reads, which corresponds to at least 2x coverage of
a 1000 bp gene.
Reads were annotated to functional categories identified in the Clusters of Orthologous
Groups (COG) of proteins classification system (Tatusov et al., 1997; Tatusov et al., 2003).
Nucleotide sequences of reads that significantly matched the nr database, as described above,
were compared against the pre-compiled database of COG position specific scoring matrices
(PSSM) using reverse position-specific (RPS) BLAST (Marchler-Bauer et al., 2002; MarchlerBauer et al., 2009). The decision to assign COGs using RPSBLAST of nucleic acid sequences
was based on a comparison of false COG assignments using simulated GS20 pyrosequencing
datasets constructed from full-length protein sequences (see below).
In order to identify specific metabolic capabilities that are not represented by COG
categories: First, sequences corresponding to each gene of interest were downloaded from the
REFSEQ database in genbank, or from literature sources (e.g. sources cited for C-fixation genes,
below). Matching metagenome sequences were identified by BLASTX of the RS24 metagenome
against each sequence dataset using the same BLASTX criteria described above. Successful
matches to each gene of interest were checked against the top blast hits of that sequence versus
the complete nr database, and were not considered if that read had higher homology to unrelated
proteins.
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To identify carbon-dioxide fixation pathways in the metagenome, we specifically
targeted enzymes that are diagnostic for each known pathway. Specifically, we searched for
evidence of the reductive pentose phosphate pathway (RuBisCO and phosphoribulokinase;
Shively et al., 1998), the reductive acetyl-CoA pathway (CO dehydrogenase/acetyl-CoA
synthases; Ragsdale and Pierce, 2008), the rTCA cycle (citrate lyase; Hügler et al., 2007), the 3hydroxypropionate cycle (propionyl-CoA synthetase and malonyl-CoA reductase from
organisms known to possess the 3-hydroxypropionate cycle; Klatt et al., 2007; Zarzycki et al,.
2009), and the 3-hydroxypropionate/4-hydroxybutyrate and dicarboxylate/4-hydroxybutyrate
cycles (4-hydroxybutyryl-CoA dehydratase; Berg et al., 2010).
3.8.7 Simulated datasets for COG assignment
In order to assign COG categories to short metagenomic reads in the most rigorous way
possible, we tested several methods using simulated GS20 pyrosequencing datasets. Simulated
datasets were generated with a python script that randomly selects short nucleic acid sequences
from a fasta file of full-length protein sequences. In order to mimic GS20 pyrosequencing data,
the average length of simulated nucleic acid sequences was 100 bp (normally distributed, with
standard deviation ±10 bp). Simulated reads are each generated from a random protein in the
input file, and from a random starting point in that protein.
To test accuracy in COG assignments, we used two simulated datasets composed of 5000
simulated reads generated from Acidithiobacillus ferrooxidans ATCC 23270 and Bdellovibrio
bacteriovorus HD100. Protein sequences and COG assignments are available at the JGI IMG
system (Markowitz et al., 2010; http://img.jgi.doe.gov). It is important to note that neither of
these genomes are included in the COG database (Tatusov et al., 2003). We assigned COGs to
reads in the simulated dataset using several techniques, and compared the resulting COG
assignments of each simulated read to the COG assignment for the full length protein that the
simulated read was generated from. We assigned COGs using four techniques:
i. BLASTX of nucleic acid sequences against the myva sequence database (myva is a
database of all sequences used to generate COGs).
ii. BLASTP of amino acid translations of each sequence against the myva sequence
database. Translations were generated by first comparing nucleic acid sequences with
BLASTX against the complete non-redundant (nr) database, and extracting the amino
acid sequences produced by BLASTX local alignment.
iii. RPSBLAST of nucleic acid sequences against the COG database.
iv. RPSBLAST of amino acid translations against the COG database.
Error in COG assignments using each technique is reported in Table S3.2. Proteins that are
assigned multiple COG categories in IMG system (Markowitz et al., 2010;
http://img.jgi.doe.gov) were excluded from analyses. RPS-BLAST produced a lower error rate
than BLASTX. RPS-BLAST of amino acid translations produced a slightly lower error rate than
RPS-BLAST of nucleic acid sequences. However, analyses comparing nucleic acid sequences
produced substantially more COG assignments than analyses using translations, so we chose to
use RPS-BLAST of nucleic acid sequences for COG assignments. The python script used to
generate simulated datasets is freely available upon request.

3.8.8 Simulated datasets for testing rates of read assignment and binning
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Despite the low microbial diversity of the snottite community, we could only confidently
assign 40.5% of the metagenome reads (Figure 3.2a, main text). Although an annotation rate of
40.5% is high compared with other metagenomic studies that use unassembled 454 GS20
sequences (c.f. Biddle et al., 2008; Dinsdale et al., 2008), it is low for datasets of full length gene
sequences. This is because for shorter reads, we cannot use ab initio gene predictors and must
assign function based on similarity between the short metagenome reads and full-length
sequences in public databases.
To illustrate this phenomenon and to evaluate our annotation rate, we compared
BLASTX and MEGAN analyses of simulated datasets. We simulated 10,000 random shotgun
reads, as described earlier, from three genomes: Sulfurovum sp. str. NBC37-1, Picrophilus
torridus str. DSM 9790, and Acidithiobacillus ferrooxidans str. ATCC 53993. We also simulated
a metagenome with 20,000 reads, in which 75%, 18.5%, and 6.5% of the sequences were from
At. ferrooxidans str. ATCC 53993, P. torridus str. DSM 9790, and Sulfurovum. sp. str. NCB371, respectively. Then, we blasted each simulated dataset by BLASTX against the most recent
version of the GenBank non-redundant (nr) protein database. First, datasets were first blasted
against the complete nr database, and then again against a modified nr from which all sequences
corresponding to Sulfurovum sp. str. NBC37-1, P. torridus str. DSM 9790, and all At.
ferrooxidans strains were removed. (This includes sequences from At. ferrooxidans str. ATCC
23270 in addition to sequences from At. ferrooxidans str. ATCC 53993.) Additionally, we
blasted the simulated At. ferrooxidans and metagenome datasets against a second modified nr
from which only At. ferrooxidans str. ATCC 53993 were removed (along with Sulfurovum sp.
str. NBC37-1, P. torridus str. DSM 9790).
These three organisms were chosen to represent different ‘amounts’ of database bias.
Acidithiobacillus ferrooxidans str. ATCC 53993 is from a clade (Gammaproteobacteria) that is
generally well represented in the nr database. The nr database we used includes complete
genome sequences from two strains of At. ferrooxidans and one of At. caldus. Picrophilus
torridus str. DSM 9790 is from the archaeal clade Thermoplasmatales that includes complete
genome sequences of multiple members of the genera Thermoplasma and Ferroplasma.
Sulfurovum sp. str. NBC37-1 is the only member with a complete genome sequence from the
Sulfurovumales clade (Epsilonproteobacteria). Therefore, we predict that the modified nr
database should be most biased against Sulfurovum and least biased against At. ferrooxidans str.
ATCC 53993. Likewise, in the RS24 metagenome, we expect bias to be strongest against
Acidimicrobium, and increasingly less for the G-plasma and Acidithiobacillus populations
(Figures S3.4, S3.5, and S3.6).
Results from these simulations are summarized in Table S3.3. Results from simulations
show that for the MEGAN parameters we used for binning (40 bit score threshold, 1 min
support, 10% top percent), false assignment rates were less than 5% for all analyses. When
sequences from P. torridus, Sulfurovum sp. str. NBC37-1, and At. ferrooxidans strains were
removed from the nr database, only between 48.1 and 55.2% of the simulated datasets and 53.6%
of simulated metagenome matched nr above bit score 40.
3.8.9 Calculation of overrepresented functions
In order to determine functions that are overrepresented in the RS24 metagenome, we
compared COG assignments for RS24 against that of eight publicly available metagenomes
generated with GS20 pyrosequencing technology. A maximum of 200,000 reads were used from
each metagenome. Reads for other metagenomes were assigned to COGs exactly as for RS24:
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first, identical sequence copies, if present, were removed prior to analysis. Nucleotide sequences
from each metagenome were compared against the NCBI nr database with BLASTX, and
significant matches to nr were determined using the same criteria as for RS24. COGs were
assigned by comparing all nucleotide sequences that significantly matched nr against the COG
database with RPSBLAST. Although we did not remove rRNA sequences from these other
metagenomes prior to analysis, no rRNA sequences were mistakenly translated and assigned to
COGs when these same criteria were used for RS24 COG assignments.
To determine overrepresented functions, the COG assignments for each metagenome
were organized into a matrix of COG assignments (j columns) by sample (i rows). Raw numbers
of reads assigned to each COG were first converted to proportions (Xij) of the total COG
assignments for each metagenome (row totals). Then, each matrix element Xij were standardized
to zero mean and unit variance (Zij; ‘z-score’) by equation S3 (McCune and Grace, 2002):
Xij ! X j
(S3) Zij =
Sj
where X j and Sj are the average and standard deviation of each column. COGs with positive Zij
scores in a particular metagenome are overrepresented in that metagenome, and COGs with
negative Zij scores are underrepresented (Figure S3.14, S3.15).
Analyses were performed using the decostand function available with the vegan package
(Oksanen et al., 2007) in R version 2.5.1 (R core development team, 2007; http://www.rproject.org/). For this analysis, we used several other publicly available metagenomes generated
by GS20 pyrosequencing technology: a marine sediment metagenome (sample “1 original”) from
Biddle et al. (2008), a metagenome from “red” environments from the Soudan iron mine in
Minnesota (Edwards et al., 2006), and several metagenomes from Dinsdale et al. (2008):
Highborne Cay stromatolite, Line Islands Tabuaeran and Kingman Reef, Salton Sea, cow rumens
80F6, and healthy striped bass gut. RS24 sequences were only compared against other
unassembled GS20 metagenomes in order to maintain consistency among analyses and avoid
biases due to gene size (i.e. larger genes have more reads in unassembled data compared to
assembled data).
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3.10 Supplemental Figures and Tables

Figure S3.1. Map of the Grotta Grande del Vento-Grotta del Fiume (Frasassi) cave complex,
with sample site RS2 indicated. Base map provided by the Gruppo Speleologico CAI di
Fabriano.
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Figure S3.2. Histograms that depict the distribution of bit scores for BLAST analyses of
metagenome reads. (A) Histogram from BLASTX analysis of all metagenome reads against the
NCBI nr database, compared to similar BLASTX analyses of only those reads in the bacteria and
archaea bins. Only reads matching the nr database at bit score above 40 were considered in
metagenomic analyses. (B) Histogram from BLASTX analysis of all metagenome reads against
the NCBI nr database, compared to RPS-BLAST of all reads against the COG database. For
RPS-BLAST, only reads matching the COG database at bit scores above 35 were considered.
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Figure S3.3. Fluorescent in
situ hybridization (FISH)
photomicrographs of sample
RS24. Scale bars are 5 µm,
and FISH probes used are
listed in the upper left. FISH
probe specificity is as follows:
EUBMIX = most bacteria,
ARCH915 = most archaea,
THIO1 = all Acidithiobacillus,
ACM732 = all
Acidimicrobiaceae. White
arrows indicate bacteria not
labeled by ACM732 or
THIO1, which make up 1% of
total cells. Complete
information on FISH probes is
published in Macalady et al.
(2007).
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Figure S3.4. Maximum likelihood phylogram of 16S rRNA sequences from the genus
Acidithiobacillus in the Gammaproteobacteria. Bootstrap values from Bayesian, neighbor
joining, and maximum parsimony analyses (in that order) are shown for each node. Frasassi
snottite clones, sequenced by Macalady et al. (2007), are shown in bold.
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Figure S3.5. Maximum likelihood phylogram of 16S rRNA sequences from the
Acidimicrobiaceae family in the Actinobacteria. Bootstrap values from Bayesian, neighbor
joining, and maximum parsimony analyses (in that order) are shown for each node. Frasassi
snottite clones, sequenced by Macalady et al. (2007), are shown in bold.

105

Figure S3.6. Maximum likelihood phylogram of 16S rRNA sequences from the
Thermoplasmatales family in the Euryarchaeota. Bootstrap values from Bayesian analysis,
neighbor joining, and maximum parsimony analyses (in that order) are shown for each node.
Frasassi snottite clones from this study are shown in bold, and numbers in parentheses indicate
the number of clones sequenced. Other Frasassi snottite clones sequenced by Macalady et al.
(2007) are included in the tree. Group names for the ‘alphabet plasma’ clades are from Druschel
et al. (2004).
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Figure S3.7. Expected metagenomic sequence coverage of taxa in the RS24 sample. (A)
Community composition of RS24 based on FISH cell counts. ‘Other’ represents low-abundance
organisms that compose the ‘other Bacteria’ category in Figure 2f. (B) For each taxon in A,
numbers represent the average genome coverage, and bars represent the fraction of the total
genome present in the metagenome, assuming a Poisson distribution of sequence coverage.
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Figure S3.8. Results from simulated 454 GS20 sequencing showing the total percentage of
genes and genome (total nucleotide positions) represented for different amounts of sequencing.
More than 8x coverage is necessary to consistently sequence every nucleotide position in the
genome, while only little more than 1x coverage is necessary to represent every gene with at
least two reads. Results from simulated sequencing of three genomes of different sizes are
shown: Bdellovibrio bacteriovorus str. HD100, Thermoplasma acidophilum str. DSM 1728, and
Thiomicrospira crunogena str. XCL-2. Data points closely overlap. For each data point, standard
deviations of the percentage of genes and nucleotides sequenced, based on 100 replicates, are
smaller than the height of each point.
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Figure S3.9. Standardized abundance scores of COGs involved in ammonia and nitrate uptake.
The COG id (COG category) COG description is provided in the legend.
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Figure S3.10. Taxonomic classification of squalene hopene cyclase (SHC) sequences in snottite
sample RS24. (A) Taxonomic distribution of SHC homologues in the metagenome. Figure
created in MEGAN (Husen et al., 2007). Numbers indicate reads assigned to each taxonomic
group. (B) Maximum parsimony tree based on full-length SHC sequences. Bootstrap values (100
replicates) are shown for each node. Sequences in blue are from sample RS24. Included in the
tree are environmental SHC sequences from Mishwam Lake (green) and Bahamas soil (red)
(Pearson et al., 2007; Pearson et al., 2009).
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Figure S3.11. Extracted ion chromatograms showing hopanoid peaks in the snottite sample
RS24 total lipid extract. Hopanoid structures corresponding to each peak are indicated.
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Figure S3.12. Extracted ion chromatograms showing isoprenoid glycerol dialkyl glycerol
tetraether (GDGT) lipid peaks in the RS24 total lipid extract. GDGT structures corresponding to
each peak are indicated.
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Figure S3.13. Results from BLASTX analysis of 11,000 randomized RS24 metagenome reads
against the NCBI non-redundant (nr) database. Only 4.3% of randomized reads matched nr
below the BLASTX default e-value of 10.
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Figure S3.14. Histograms illustrating our z-score calculations of over- and underrepresented
COG functions in the snottite metagenome. (A) Histogram including all COG categories present
in the RS24 metagenome. (B) Histogram including only more abundant COG categories, defined
as COG categories with at least five total reads assigned (sum of total reads assigned for all
metagenomes used in the z-score calculation).
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Figure S3.15. Z-scores of over- and underrepresented COG categories in the snottite
metagenome. Corresponds to Figure 3a in the main text.
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Table S3.1. Genes for the breakdown of organic compounds in the Acidimicrobiaceae bin
No. of reads Enzyme name
Function
4
Enoyl-CoA hydratase
fatty-acid oxidation
2
Extradiol ring-cleavage dioxygenase
aromatic compound breakdown
2
Homogentisate 1,2-diooxygenase
amino acid degredation
2
Chitinase
chitin breakdown
1
Phenylacetate-CoA oxygenase
amino acid degredation
1
Diterpenoid dioxygenase
growth on terpenoids
1
Haloalkane dehalogenase
breakdown of halogenated compounds
2
5-carboxymethyl-2-hydroxymuconate delta-isomerase
amino acid degredation
1
Pentachlorophenol monooxygenase
breakdown of phenols
3
alpha-amylase
polysaccharide breakdown
2
beta-glucosidase
polysaccharide breakdown
2
beta-galactosidase
polysaccharide breakdown
1
alpha glucosidase
polysaccharide breakdown
2
Alpha-galactosidase
polysaccharide breakdown
1
alpha-L-fucosidase
polysaccharide breakdown

Table S3.2. Number of false COG assignments using simulated datasets
Analysis
blastp
translated dataset
blastx
original dataset
rpsblast
translated dataset
rpsblast
original dataset

false assignments/total COG assignments
sim 1 (A. ferrooxidans)

sim 2 (B. bacteriovorus)

80/1852

48/928

4.32%

5.17%

81/1717

48/938

4.72%

5.12%

31/1143

28/670

2.71%

4.17%

46/1578

39/942

2.92%

4.14%
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Chapter 4: Biogeography of extremely acidophilic Acidithiobacillus populations
in subaerial cave biofilms
4.1 Abstract
Extremely acidic (pH 0-1.5) Acidithiobacillus-dominated biofilms known as snottites are
found in sulfidic caves around the world. Given the extreme geochemistry and subsurface
location of the biofilms, we hypothesized that snottite Acidithiobacillus populations could be
genetically isolated. We therefore investigated biogeographic relationships among snottite
Acidithiobacillus spp. separated by geographic distances ranging from meters to 1000s of
kilometers. We determined genetic relationships at three levels of resolution by (i) sequencing
16S rRNA genes, (ii) sequencing 16S-23S intergenic transcribed spacer (ITS) regions, and (iii)
multi-locus sequencing typing (MLST). Based on 16S rRNA gene sequences, snottites in Italy
and Mexico are dominated by different species of Acidithiobacills: At. thiooxidans in Italy and a
relative of At. caldus in Mexico. Based on ITS sequences, Acidithiobacillus thiooxidans strains
from different cave systems in Italy are genetically divergent. Based on MLST, populations are
genetically distinct within each cave system, and genetic distance is positively correlated with
geographic distance. Rare Acidithiobacillus genotypes did not conform to the distance-decay
pattern observed for the numerically abundant genotypes, and provide strong evidence for recent
dispersal. Although further work is required to determine the mechanisms with certainty, our
data are consistent with a legacy of genetic drift among geographically restricted populations,
maintained despite recent colonization events.

4.2 Introduction
Biogeography is the study of the spatial distribution of life forms across landscapes. For
macroorganisms, global biogeographic patterns are strongly influenced by geographic barriers to
dispersal. Dispersal barriers limit gene flow between regions, and local evolutionary processes
such as drift or adaptation cause endemism in geographically restricted areas. However, because
single-celled organisms are very small, highly abundant, metabolically plastic, and disperse
easily, whether and how microorganisms are affected by geography has been the subject of
intense debate (Finley, 2002). Traditionally, microbial ecologists have regarded the effects of
dispersal limitations to be minimal, and considered the biogeographical distribution of
microorganisms largely a result of environmental selection (Baas-Becking, 1934; de Wit and
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Bouvier, 2006). However, improvements in molecular genetic methods and lower DNA
sequencing costs have provided the necessary tools to detect genetic divergence among microbial
populations with much greater resolution. As a result, there is now evidence that physical
isolation may be important in shaping biogeographical distributions and in facilitating speciation
in microorganisms as well as macroorganisms (Papke and Ward, 2004; Whitaker, 2006).
In recent years, population studies using high-resolution genetic measures have suggested
that microorganisms show a high degree of endemism (Cho and Tiedje, 2000; Papke et al.,
2003). In particular, pioneering research on hot spring microbiota by Whitaker et al. (2003)
showed that the genetic distance among thermophilic archaeal populations is correlated with the
geographical distance that separates them. Evidence for endemism as well as similar distancedecay patterns have been identified for other microbial taxa, including both extremophiles and
non-extremophiles (Escobar-Palmero et al., 2005; Vos and Velicer, 2008). These findings
suggest that allopatric speciation might therefore be an important and underappreciated force in
microbial evolution (Whitaker et al., 2006). However, not all microorganisms seem to be
geographically restricted (e.g. Roberts and Cohan, 1995; Sikorski and Nevo, 2005), and evidence
for long distance microbial dispersal is present even in studies that identified geographical
clustering using high resolution genetic analyses. For example, Vos and Velicer (2008) found a
robust pattern of increasing genetic divergence among populations of the spore forming soil
bacterium Myxococcus xanthus, but also found that identical genotypes were present at distant
sites and that some globally separated populations were not significantly differentiated. Foti et al.
(2006) found that, despite geographic clustering, identical phylotypes of Thioalkalavibrio were
present in soda lakes on different continents.
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Here we report on the biogeography of extremely acidic biofilms known as snottites from
H2S-rich caves. These “sulfidic” caves are fed by anoxic springs that degas H2S(g) into the cave
atmosphere and provide energy for sulfur-oxidizing communities on the cave walls and ceilings.
Snottites are consistently observed where H2S(g) concentrations in the cave air are between 0.2
to 25 parts-per-million by volume (ppmv), and rarely occur where concentrations are outside of
this range (Figure 4.1) (Hose et al., 2000; Macalady et al., 2007). Previous research has shown
that snottites are inhabited by low biodiversity communities containing a few species of
acidophilic bacteria and archaea (Hose et al., 2000; Vlasceanu et al., 2000; Macalady et al.,
2007). The dominant microorganism is Acidithiobacillus thiooxidans, which is a sulfideoxidizing autotroph and the likely architect of the snottite biofilms (Jones et al., 2011).
Sulfidic cave snottites present an opportunity to test whether geographical barriers affect
microbial biogeography. Because sulfidic caves are found around the world, and because
snottites are found in multiple isolated locations within each cave system, they can be sampled at
spatial scales ranging from meters to 1000’s of kilometers. Snottites occur in temporally stable
subsurface environments, and only form on overhanging surfaces within a specific range of
H2S(g) concentrations (Figure 4.1a). Thus, geochemical variability among snottite habitats
appears to be limited. Additionally, because snottites are extremely acidic (pH 0-1.5) whereas the
surrounding areas are circumneutral, snottite microorganisms seem unlikely to survive transit
between caves. This ‘geochemical isolation’ constitutes a potential barrier to microbial dispersal
in addition to the physical barrier already imposed by their location in the terrestrial subsurface.
We therefore hypothesized that snottite populations should display clear evidence of genetic
isolation.
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We sampled snottite Acidithiobacillus populations from sulfidic caves in Italy and
Mexico and measured the genetic distance among them by sequencing 16S rRNA genes, by
sequencing 16S-23S intergenic transcribed spacer (ITS) regions, and using multi-locus sequence
typing (MLST). We found that the dominant Acidithiobacillus populations are genetically
divergent, and that the genetic distance among strains correlates with the geographic distance
separating them. However, we also found that rare strains of Acidithiobacillus could be cultured
from snottites, and that these rare strains do not conform to the distance-decay pattern observed
for the dominant Acidithiobacillus populations. Rare strains include genetically indistinguishable
strains from caves more than 80 km apart.

4.3 Methods
4.3.1 Sample collection
Snottite biofilm samples were collected from four sulfidic caves: Cueva de Villa Luz and
Cueva Luna Azufre in Tabasco, Mexico, and le Grotte di Frasassi and Grotta Nuova di Rio
Garrafo (hereafter Acquasanta) in the Marche region, Italy (Table S4.1, Figure S4.1). At the time
of collection, the pH values of 5-10 snottites at the collection site were measured with pH paper
(range 0-2.5), and all values were between 0-1.5. Sampling locations were selected to represent
multiple spatial scales as well as a range of H2S(g) concentrations. Cave air concentrations of
H2S(g), CO2(g), and SO2(g) were measured at the time of collection using Dräger tubes (Dräger
Safety, Pittsburg, PA USA) and/or an ENMET MX2100 portable gas detector (ENMET Corp.,
Ann Arbor, MI USA). Biofilm aliquots for DNA extraction were preserved in RNAlater
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(Ambion, USA) and stored at -20oC, and aliquots for enrichment culturing were stored at 4oC
until inoculation.

4.3.2 Enrichment and isolation of Acidithiobacillus strains
Acidithiobacillus strains were enriched in either liquid thiosulfate or elemental sulfur
media (ATCC 1353 Thiobacillus albertis medium or 125 Thiobacillus medium,
http://www.atcc.com) (Harrison et al., 1982). Isolation was achieved by plating enrichments onto
solid thiosulfate media (6% agar, 2x 1353 thiosulfate media, pH 4). Colonies were picked, replated once, and re-grown in liquid 1353 medium prior to DNA extraction. Initially, successful
isolation was assessed visually by uniform colony morphology on solid media and
microscopically by uniform cell morphology. All strains were passaged and plated the same
number of times, except for strain RS2a, which was isolated in 2005 and passaged weekly for
one year.

4.3.3 DNA extraction, 16S rDNA and ITS sequencing
DNA was extracted from isolates using the Mo Bio UltraClean Microbial DNA Isolation
Kit, according to the manufacturers instructions (Mo Bio Laboratories, Inc., Carlsbad, CA USA).
Partial 16S rRNA genes and complete ITS sequences were amplified from each strain via
polymerase chain reaction (PCR) using forward primer 27f (AGA GTT TGA TCC TGG CTC
AG) and reverse primer Sag2 (TGG CTG GGT TGC CCC ATT C) modified from Sagredo et al.
(1992). PCR was performed with 5 min initial denaturation at 95oC, followed by 25 cycles of 60
s denaturation at 95oC, 30 s annealing at 50oC, 2 min elongation at 72oC, and with 12 minutes
final elongation at 72oC. Products were purified with the QIAquick PCR purification kit (Qiagen

122

Inc., Valencia, CA USA) and directly sequenced using primers 27f, Sag2 and 1392r (ACG GGC
GGT GTG TRC) at the Penn State Core Genomics Facility with an ABI Hitachi 3730XL DNA
analyzer and BigDye fluorescent terminator chemistry (Applied Biosystems, Foster City, CA,
USA).
DNA extraction, amplification and cloning of environmental 16S rRNA sequences from
samples RS2 and PC1 were described in Macalady et al. (2007). For all other samples, DNA was
extracted from environmental biofilms exactly as in Jones et al. (2011). Acidithiobacillus 16S
rDNA sequences were cloned from Villa Luz and Luna Azufre snottites using bacterial-specific
primers 27f and 1492r (GGT TAC CTT GTT ACG ACT T) following the amplification, cloning
and colony PCR procedure of Macalady et al. (2008). The 16S + ITS sequences were amplified
from Frasassi and Acquasanta snottites using primers 27f and Sag2 as described above for
isolates. PCR products were purified using the Qiaex II gel extraction kit (Qiagen Inc., Valencia,
CA, USA). Cloning was performed by ligating the purified product into pCR4-TOPO plasmid
and used to transform either One Shot Mach1 T1 or TOP10 chemically competent E. coli
(Invitrogen Corp., Carlsbad, CA USA). Inserts were extracted by colony PCR with M13 primers
(Invitrogen Corp., Carlsbad, CA USA) and sequenced at the Penn State Core Genomics Facility.

4.3.4 Multi-locus sequence typing (MLST)
Multi-locus sequence typing (MLST) was performed by amplifying and sequencing six
loci (recA, rpoB, atpD, ileS, rpl1p, rps2p) from each isolate (Table S4.2). Loci were chosen to
represent housekeeping genes typically represented by a single copy per genome. Primers for
each locus were designed based on nucleotide sequences for full-length genes from
Acidithiobacillus ferrooxidans strains ATCC 23270 and ATCC 53993 and from assembled At.
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thiooxidans sequences from ongoing metagenomic analysis (Jones et al., in prep). Primers for
recA and atpD were modified from Amouric et al. (2011). Loci were amplified using primers
and PCR conditions provided in Table S4.2. PCR products were purified with the Omega
E.Z.N.A. Cycle-Pure Kit (Omega Bio-Tek, Inc., Norcross, GA USA) and sequenced at the Penn
State Core Genomics Facility.

4.3.5 Phylogenetic and statistical analyses
Raw DNA sequences were assembled and manually checked with CodonCode Aligner v.
2.0 (CodonCode Corporation, Dedham, MA, USA). 16S rRNA gene sequences were aligned
using the NAST aligner at Greengenes (DeSantis et al., 2006), chimera checked with
Bellerophon 3 (Huber et al., 2004) and imported and further aligned in ARB (Ludwig et al.,
2004). Sequences from the six loci for MLST were concatenated using a custom python script
and aligned using clustalx v.2.1 (Larkin et al., 2007).
Phylogenetic analyses were performed in PAUP* v.4b10 (Swofford, 2000). Maximum
likelihood analysis of the concatenated MLST dataset was performed using the Tamura-Nei
nucleotide substitution model with parameters selected by the likelihood ratio test with
ModelTest v.3.7 (Posada and Crandall, 1998). Likewise, the Tamura-Nei substitution model and
appropriate parameters for maximum likelihood analysis of 16S rRNA genes were selected using
ModelTest. Maximum parsimony bootstrap analyses (2000 replicates) were performed with 25
random addition replicates and tree-bisection reconnection (TBR) branch swapping. Neighbor
joining bootstrap analyses (2000 replicates) were performed with Jukes-Cantor distance.
Bayesian analysis was performed using MrBayes v. 3.0b4 (Huelsenbeck, 2001) with six
substitution rate categories and gamma-distributed rate variation. Bayesian analysis was run for
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500,000 generations, trees were saved every 100 generations, and posterior probabilities
calculated after discarding the first 20% of trees. Prior to analysis, 16S rRNA and sequences in
the MLST dataset were clipped to equal length. No positions were masked.
ITS sequences were aligned in a custom ARB database. Phylogenetic analysis of ITS
regions was performed in three different ways. (i) First, all positions with >50% gaps were
masked, and sequences were analyzed by neighbor joining and maximum parsimony as
described above. (ii) Second, all gapped positions were masked from the alignment, and
sequences were analyzed by neighbor joining and maximum parsimony analyses, and a 50%
majority rule consensus tree was constructed from equally parsimonious topologies. (iii) Third,
gaps in the ITS alignment were enumerated and the presence or absence of gaps tallied for each
sequence. The presence-absence indel matrix was subjected to maximum parsimony analysis in
PAUP* and a 50% majority rule consensus tree was calculated. This analysis assumes that every
insertion-deletion is a separate evolutionary event, and provides an independent phylogenetic
evaluation. The identity of the tRNA sequences in the ITS region was confirmed with
tRNAscan-SE v.1.21 (Schattner et al. 2005).
Mantel tests were performed in R v. 2.6.1 (R Core Development Team, 2007) with the
Vegan package (Oksanen et al., 2008). All Mantel tests were performed using Pearson’s productmoment correlation. For Mantel tests of genetic distance versus environmental distance among
sites, geochemical variables were first normalized to the column maximum, and environmental
dissimilarity among samples was calculated using Euclidean distances.
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4.4 Results
4.4.1 16S rDNA sequence analysis of Acidithiobacillus populations
We isolated 46 strains of Acidithiobacillus spp., 40 from Italy and 6 from Mexico (Table
4.1). We sequenced 16S rRNA gene sequences from all isolates, and also cloned
Acidithiobacillus 16S rDNA sequences from 11 environmental samples (Table 4.1).
Acidithiobacillus spp. from Italy are strains of At. thiooxidans, while strains from Mexico group
in a sister clade to At. caldus, hereafter referred to as At. group II (Figure 4.2). No phylogenetic
relationships could be resolved among Acidithiobacillus sequences from caves on the same
continent (Figure 4.3a). Acidithiobacillus 16S rRNA sequences from Italy share >99% identity,
as do 16S rRNA sequences from Mexico.

4.4.2 ITS sequence analysis
Because 16S rRNA sequence analysis (above) indicated that Acidithiobacillus from Italy
and Mexico are separate species, we only analyzed ITS sequences from Italy. We sequenced
16S-23S ITS regions from most Acidithiobacillus isolates as well as from several environmental
samples (Table 4.1). For most RS30 and RS31 isolates as well as GS isolates GS6d, GS6f and
GS3b, the ITS region was successfully amplified but no clean sequence was returned. Therefore,
we cloned six ITS sequences from each of two RS isolates, RS30a and RS31a, and identified two
distinct ITS sequences from each (Figure 4.3b). The presence of different ITS regions in these
strains likely represents intragenomic divergence among multiple copies of the rrn operon
(Sagredo et al., 1992; Stewart and Cavanaugh, 2007).
Phylogenetic analysis of the ITS region was complicated by alignments containing
multiple gaps, likely due to large insertion or deletion events (indels). The beginning and end of
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the ITS region is conserved, and the start includes sequences for tRNAala and tRNAile and the end
contains a box A antiterminator sequence (Venegas et al., 1988; Sagredo et al., 1992) (Figure
S4.2a). Most of the variable positions in the alignment are in a heavily gapped middle region
(Figure S4.2b). The total aligned length of the ITS region is 400 bp, but if the heavily gapped
region is completely removed, the aligned length becomes 330 bp with only 21 variable sites. In
order to resolve genetic relationships using the ITS sequence, we performed and compared three
different phylogenetic analyses: (i) neighbor joining and maximum parsimony analysis of ITS
sequences, excluding alignment positions for which >50% of the sequences have gaps; (ii)
neighbor joining and maximum parsimony analysis of ITS sequences with all gaps removed (340
positions, 62 variable positions); and (iii) maximum parsimony analysis of insertion-deletion
events, in which each indel is considered a single evolutionary event (see Figure S4.2 and S4.3
for the alignment, indel matrix, and resulting phylogram). We used the phylogeny from method
(i) in Figure 4.3b, and indicate shared nodes from analyses (ii) and (iii).
ITS regions from Italian Acidithiobacillus strains form four clades (Figure 4.3b).
Although it is difficult to resolve the internal branching order among them, these four clades are
consistently present with all phylogenetic techniques (Figure S4.3). ITS sequences from isolates
in clades ITS 2 and ITS 3 group with environmental sequences from those sites, but the ITS
sequences from RS30, RS31, GB30, and GB31 isolates are divergent from environmental clones
originating from the same samples. For RS30 and RS31, isolate ITS sequences group by
themselves in clade ITS 4, while GB30 and GB31 isolates group in clade ITS 1 with Acquasanta
sequences. In contrast, environmental ITS sequences from RS30, RS31, and GB30 group in
clades ITS 2 and 3 with other Frasassi sequences. Therefore, isolates from these RS30, RS31,
and GB30 do not represent the dominant snottite populations at those sample sites.
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Environmental ITS sequences from RS, GS, and GB group in the same two clades of
Frasassi sequences, ITS 2 and 3. As with RS30 and 31 isolates, the presence of two different ITS
sequence groups is likely due to intragenomic divergence within the dominant Acidithiobacillus
population. From analysis of protein coding genes in a parallel metagenomic study of snottite
communities, we have found no evidence for two coexisting strains of Acidithiobacillus in
snottite sample RS9 (Jones et al., in prep).

4.4.3 Multi-locus sequence typing (MLST) of Acidithiobacillus isolates
Because 16S rRNA sequence analysis indicated that Italy and Mexico Acidithiobacillus
are separate species, we performed MLST only on isolates from Italy. We sequenced 6 loci from
all 40 Acidithiobacillus isolates. Total aligned length of the 6 concatenated loci is 5779 bp,
which includes 630 variable sites. Unaligned length ranges from 5777-5779 bp. Phylogenetic
analysis of the concatenated sequences produced three major clades: (i) clade MLST 1, which
includes all Acquasanta isolates as well as all GB30 and GB31 Frasassi isolates; (ii) clade MLST
3, which contains Frasassi isolates from sites RS30, RS31, and RS2; and (iii) clade MLST 2,
which contains all other Frasassi isolates. Acidithiobacillus isolates from Frasassi sites GB30 and
GB31 are identical to isolates from Acquasanta site AS1. However, based on the comparison
between environmental and isolate ITS regions described above, RS30, RS31 and RS2 in clade
MLST 3 as well as GB30 and GB31 in clade MLST 1 represent rare Acidithiobacillus
populations at those sites.
Isolates from RS30, RS31, RS2, GB30, and GB31 (representing rare populations) were
excluded from subsequent statistical analyses. For the remaining 21 isolates, pairwise genetic
distances are positively correlated with geographic distances (Mantel test, r = 0.967, p < 0.001)
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(Figure 4.4). Similar results were obtained when only Frasassi sequences were tested (Mantel
test, r = 0.51, p = 0.002) (Figure 4.4). Genetic distance among isolates is also positively
correlated with environmental conditions, based on concentrations of H2S(g), CO2(g) and SO2(g)
among sites (Mantel tests: all isolates, r = 0.65, p < 0.001; Frasassi only, r = 0.45, p = 0.01).

4.5 Discussion
4.5.1 Biogeography of snottite Acidithiobacillus populations
Acidithiobacillus 16S rRNA gene sequences from Italy and Mexico share less than 5%
nucleotide identity. Therefore, the snottite Acidithiobacillus are two different species: At.
thiooxidans and At. group II (Figure 4.2). This pattern cannot be due to geographic isolation of
those species, because At. thiooxidans sequences have been found around the world, as have
sequences in At. group II (Figure 4.2). Therefore, the geographical pattern we observe is either
due to environmental selection for At. thiooxidans in Italy and At. group II in Mexico, or due to
stochastic colonization events that led to the establishment of At. thiooxidans and At. group II in
separate karst provinces. A more speculative third possibility is that these strains diverged with
the opening of the Atlantic. We are unable to distinguish between these hypotheses using
existing information. However, the ecological success of both species suggests that snottite
formation is an adaptation to the sulfidic cave environment, rather than a strategy associated with
a single Acidithiobacillus species.
We identified three major clades of At. thiooxidans in Italian snottites based on
phylogenetic analysis of the MLST dataset. However, the ITS sequences of isolates from
samples RS30, RS31, RS2, GB30, and GB31 do not match ITS sequences amplified directly
from those samples (Figure 4.3b). Therefore the isolate strains are not the dominant
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Acidithiobacillus populations at those sites, and represent rare strains that were selected for in
culture. Excluding these rare strains, only two clades remain: a clade of Acquasanta sequences
(MLST 1) and a clade of Frasassi sequences (MLST 2) (Figure 4.3c).
Rare strains from sample site RS30 and 31 were unique in the study. However, we were
surprised that identical MLST genotypes could be cultured from Acquasanta site AS1 and
Frasassi site GB. These two cave sites are separated by more than 80 km. It is extremely unlikely
that this result is due to lab contamination. In addition to stringent protocols designed prior to the
culturing study and aimed at eliminating laboratory cross contamination, the AS1 inoculum was
collected and used to produce isolates in 2007, while GB30 and 31 samples were collected and
cultured in 2008. Moreover, if lab contamination were the source of the matching AS and GB
isolates, we would expect to see the same contaminant in other 2008 cultures, and we do not
(Table 4.1). It is worth noting that GB is closer to the surface than any other site, and sample
locations GB30 and 31 are less than 30 m from the cave entrance. It is possible that a recent
colonization event caused by human traffic is responsible for the presence of identical rare
strains in Frasassi site GB and Acquasanta site AS.
Figure 4.4 depicts the relationship between genetic distance and geographic distance for
snottite isolates based on MLST, excluding rare strains from RS30, RS31, RS2, GB30, and
GB31. For the remaining 21 isolates from 7 locations, genetic distance is strongly correlated with
geographic distance (Figure 4.4). This pattern suggests that evolutionary relationships among the
dominant snottite Acidithiobacillus populations could result from restricted disperal within and
among caves. However, in addition to geographic distance, genetic distance is also correlated
with subtle differences in gas concentrations in the cave air. From our dataset, we cannot
determine if restricted dispersal alone is responsible for the differentiation of Acidithiobacillus
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populations or rather if environmental selection plays a role. The ITS region has too little
phylogenetic signal to confirm the within-cave divergence and distance-decay pattern observed
by MLST (Figure 4.3b).
The presence of rare Acidithiobacillus strains that do not conform to the distance-decay
relationship in Figure 4.4 makes it clear that the evolutionary history and biogeography of
sulfidic cave snottites is complex. Perhaps these rare strains are evidence for recent transport of
Acidithiobacillus among cave sites, and the distance-decay structure is maintained because low
abundance strains did not become established amidst the much larger populations of the
dominant snottite Acidithiobacillus strains. There is evidence, therefore, from this study and
from several previous studies (e.g. Crump et al., 2004; Lindström and Bergström, 2004) that
microbial biogeographic patterns can be determined by how effectively transplanted strains can
take hold and compete with the entrenched endemic populations. To our knowledge, no previous
studies have made use of high-resolution genetic methods to investigate the phenomenon in the
environment.

4.5.2 Comparison of genetic techniques
Not surprisingly, we identified genetic divergence among isolates by ITS sequencing and
MLST that was not detected using 16S rRNA gene sequence analysis (Figure 4.3). This and
other previous studies make it clear that the 16S rRNA gene sequence is not sufficient to resolve
distance-decay patterns among microbial populations (Whitaker et al., 2003; Vos and Velicer,
2008). However, the presence of identical 16S rRNA amplicons in similar extreme environments
across the globe (e.g. Palacios et al. 2008) suggests that global dispersal may occur over long
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time scales, consistent with the million-year timescale over which the 16S rRNA gene evolves
(Ochman et al., 1999; Itoh et al., 2002; Kuo and Ochman, 2009).
We found that there were both advantages and disadvantages with ITS sequence analysis
and MLST. Although the ITS region is more variable than the 16S rDNA sequence, ITS
sequence analysis provides less genetic resolution than MLST and is challenging for
phylogenetics. Alignment is unreliable because the ITS region has no secondary structure,
contains multiple large gaps, and is subject to intragenomic divergence. Here we were able to use
the ITS region to identify divergent populations from different cave systems, but not to reliably
resolve the genetic relationships among them (Figure 4.3b). ITS cloning also allowed us to
evaluate which isolates reflected the dominant snottite populations. MLST is a powerful
technique for strain-level identification, robust phylogenetic analysis, and for potentially
identifying recombination among strains (e.g. Falush et al. 2003). However, as we found here
with RS30, RS31, RS2, GB30, and GB31, MLST is subject to the biases inherent with culturing.
Perhaps a future solution for resolving population-level biogeography is direct cloning of
housekeeping genes from environmental samples, although this approach will prohibit
concatenation of multiple loci.

4.5.3 Implications
We found that different species of Acidithiobacillus dominate snottites from different
caves, and we identified a distance decay pattern among dominant snottite populations within
Italy. However, this pattern emerged only after removing sequences representing rare
Acidithiobacillus strains. The distance decay relationship is maintained among the dominant
populations in the presence of rare strains either because the dominant populations is too
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entrenched and/or the rare strains are less fit. We found statistically significant correlations
between genetic distance and both geographic distance and environmental conditions, suggesting
that the distance decay pattern is a result of either (i) genetic drift among geographically
restricted populations, (ii) environmental selection or (iii) a legacy of stochastic colonization and
establishment of different Acidithiobacillus populations (i.e. founder effects). Although further
work is required to determine the mechanisms with certainty, our data are consistent with a
legacy of genetic drift among geographically restricted populations, maintained despite recent
colonization events.
Even if rare, the presence of identical strains in seemingly isolated and distant (>80 km)
cave environments is evidence for recent transport. Human traffic into caves has provided a
mechanism for microbial transport that did not exist until recently. Dust, lint, and other aerosols
from tourist caves advect into more distant passages (Michie et al., 1999). In Frasassi, lint can be
found cemented into speleothems in remote passages far removed from the heavily-trafficked
show cave (S. Montanari, pers. comm.). Much like human-aided colonizations by microbial
pathogens and invasive plants and animals, perhaps non-pathogenic microorganisms are also less
geographically isolated in the contemporary world than they were in the recent evolutionary past.
As more studies employ high-resolution genetic methods to investigate microbial biogeography,
human activities will likely emerge as one of the most important microbial dispersal
mechanisms.
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4.7 Tables and Figures

Table 4.1. Summary of Acidithiobacillus isolates and environmental sequences
No. of
No. of
No. of
Cave system
Sample Year Site
environmental 16S environmental
isolates
rDNA sequences ITS sequences
Frasassi, Italy
GS6
2008 GS1
6
25
25
GS3
2007 GS2
2
RS30 2008 RS2
7
15
15
RS31 2008 RS3
3
8
8
RS9
2009 RS2
35
35
RS2
2005 RS2
1
68
RS20 2007 RS1
2
GB30 2008 GB1
6
28
28
GB31 2008 GB2
2
PC30 2007 PC1
3
PC1
2005 PC1
71
Acquasanta, Italy

Villa Luz, Mexico

AS1
AS3
AS4
AS5

2007
2007
2007
2008

AS2
AS4
AS3
AS1

VL20

2007 VL1

Luna Azufre, Mexico

3
3
2
70

1*

20

LA10 2007 LA1
4
36
LA13 2007 LA2
2
*
One ITS sequence from this sample obtained from assembly of metagenomic sequences
by Jones et al. (in prep).
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Figure 4.1. (a) Schematic depicting the snottite habitat in sulfidic caves. Snottites form in close
proximity to H2S-degassing cave streams, and typically occur where H2S(g) concentrations are
between 0.2 and 25 ppm. (b and c) Representative photographs of snottites sampled in this study,
from (b) Acquasanta, Italy, and (c) Villa Luz, Mexico.

Figure 4.2. Maximum likelihood phylogram of the genus Acidithiobacillus. Representative
sequences from this study are shown in bold. Nodes supported by both maximum parsimony and
neighbor joining bootstrap values >90% are starred.
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Figure 4.3 (previous page). Phylogenetic analyses of snottite Acidithiobacillus based on (a) 16S
rRNA sequences, (b) ITS sequences, and (c) MLST. For (b) and (c), bold names are isolates and
italicized names are environmental sequences. The tree in (b) is a neighbor joining phylogram
constructed after excluding alignment positions with >50% gaps. Numbers at each node indicate
>50% neighbor joining and maximum parsimony bootstrap support for nodes connecting the
four major clades. Stars indicate nodes compatible with both neighbor joining and maximum
parsimony concensus trees with all gaps excluded, and the solid circle indicates the node
compatible with maximum parsimony consensus analysis of indel events (Figure S4.3). The
dashed box indicates clones of RS isolates with divergent ITS regions. The tree in (c) is a
maximum likelihood phylogeny, and numbers at each node indicate posterior probabilities and
bootstrap support from Bayesian, maximum parsimony, and neighbor joining analyses, in that
order. For (b) and (c), major clades discussed in the text are outlined and numbered.

Figure 4.4. Genetic distance versus geographic distance for a subset of Acidithiobacillus isolates
from (a) the Frasassi and Acquasanta cave systems, and (b) the Frasassi cave system only.
Isolates from RS30, RS31, RS2, GB30, and GB31 are excluded because they represent rare
snottite populations. Genetic distance among strains was determined from MLST (Figure 4.3c).
Addition of a small random number was used to spread out overlapping points along the x-axis.
Dashed lines are least squares regression lines, and Pearson’s correlation for the depicted
relationships are statistically significant (a: r = 0.97, p << 0.001; b: r = 0.51, p << 0.001).
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4.9 Supplemental tables and figures

Table S4.1. Geographic distance separating sampling locations
GS2
GS1
RS1
RS2
RS3
PC1
GB1
AS4
AS2
AS3
VL1
VL2
LA1
LA2

GS2
0
10 m
215 m
215 m
215 m
150 m
50 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

GS1

RS1

RS2

RS3

PC1

GB1

AS4

AS2

0
215 m
215 m
215 m
150 m
50 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
10 m
10 m
140 m
175 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
3m
140 m
175 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
140 m
175 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
100 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
2m
11 m
9959 km
9959 km
9959 km
9959 km

0
12 m
9959 km
9959 km
9959 km
9959 km
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AS3

0
9959
9959
9959
9959

km
km
km
km

VL1

0
25 m
320 m
320 m

VL2

LA1 LA2

0
320 m
0
320 m 8 m

0
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Table S4.3. Measured geochemical variables from sample locations
Cave system
Frasassi, Italy

Acquasanta, Italy

Sample Year
GS6
GS3
RS30
RS31
RS20
GB30
GB31
PC30

2008
2007
2008
2008
2007
2008
2008
2007

Site

H2S(g)

GS1 0.8 (0.6-1)
*
GS2
bd
RS2 11.5 (11-12)
RS3
14 (12-16)
RS1
3.4
GB1
4 (3-5)
GB2
4 (3-5)
PC1
1.5 (1-3)

AS1
2007 AS2
AS3
2007 AS4
AS4
2007 AS3
*
bd = below detection, lower detection limit =
**
nm = not measured. SO2(g) has never been

CO2(g)

SO2(g)

1400 ppm
700 ppm
2500 ppm
3000 ppm
>3000 ppm
1400 ppm
1400 ppm
600 ppm

bd*
*
bd
**
nm
**
nm
*
bd
nm
nm
*
bd

2 (1-3)
0.4 %
4.5 (2-36)
2.9 (1-4.8)
0.4 %
5 (3-7)
24 (18-30)
0.6 %
11.5 (10-13)
1 ppm for H2S, 0.1 ppm for SO2
detected at these sites, lower detection limit 0.1 ppm

Figure S4.1. (A) Schematic of our sampling scheme, with sample sites and approximate
geographic distances among caves indicated. (B) Map of the Frasassi cave system, showing the
location of each sampling site. Circles represent cave chambers, and sites within the same circle
were collected in the same chamber whereas sites from ajoining circles were collected in
different rooms from the same cave region. (E.g. GS3 and GS6 were collected from different
chambers in Grotta Sulfurea while GB30 and GB31 were collected from the same room in Grotta
Bella).
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Figure S4.2. Alignment of Acidithiobacillus ITS sequences for (a) the complete ITS region and
(b) only the gapped region in (a). In (b), sequences for tRNAala and tRNAile are highlighted in
green (the start of the tRNAala sequence in the figure is cut off), and the box A antiterminator
sequences is in blue.

Figure S4.3. Phylogenetic analysis of ITS sequence based on the presence and absence of indels.
(a) Matrix of indel presence/absence. Letters correspond to indels in Figure S4.2. (b) Maximum
parsimony consensus tree (majority rule), based on the information in (a). The phylogram shown
here is based only a subset of ITS sequences.
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Figure S4.2
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Figure S4.3
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Chapter 5: Global biogeography of extremely acidic sulfidic cave biofilm
communities

5.1 Abstract
Acidophilic bacteria and archaea thrive on extreme geochemical ‘islands’ that are
valuable systems for studying if and how geographic barriers affect the biogeography of
microorganisms. Here we describe microbial communities inhabiting extremely acidic (pH 01.5), pendulous biofilms known as “snottites” from hydrogen-sulfide rich caves around the
world. In previous research, we found that the dominant Acidithiobacillus populations from
different cave locations were genetically divergent. In order to determine if and how geographic
barriers affect not only populations but also whole snottite communities, we used a combination
of 16S rDNA cloning and fluorescence in situ hybridization (FISH) to investigate the community
structure of 26 snottite samples from 4 sulfidic caves in Italy and Mexico. All samples have very
low biodiversity, and all are dominated by sulfur-oxidizing bacteria in the genus
Acidithiobacillus. Ferroplasma and other archaea in the Thermoplasmales family range in
abundance from 0 to 50% of total cells. Populations of Acidimicrobium species make up as much
as 15% of total cells, and rare phylotypes include members of Sulfobacillus, TM6, and TM7
lineages. At a global scale, communities from different caves are significantly different, and the
major axes of variance in the dataset are related to cave location. Even though H2S(g)
concentrations vary over two orders of magnitude among sampling locations, H2S(g) is not
correlated with microbial community structure. This study does not exclude the possibility that
H2S(g) may be important at a local scale, or that other environmental factors might contribute to
the observed global biogeographic pattern. Our findings suggest that caves are separate biotic
provinces and that restricted dispersal into and within acidic cave environments has resulted in
divergent community compositions among geographically separated snottites.

5.2 Introduction
Acidophilic microorganisms influence many important earth processes. For example,
acidophilic sulfur- and iron-oxidizers are implicated in the weathering of sulfide minerals in ore
bodies and coal seams that result in acidic mine drainage (Schrenk et al., 1998; Baker et al.,
2003). There is industrial interest in employing these natural populations for large-scale
bioremediation of acid mine drainage and other heavy metal contaminated environments
(Johnson and Hallberg, 2005; Kumar and Nagendran, 2007; Senko et al., 2008), as well as for
processes such as biomining (Rawlings and Johnson, 2007). In order to better predict and utilize
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the activities of acidophilic microorganisms, knowledge of the factors that govern their natural
spatial distribution is required. Additionally, acidic environments are useful model systems for
studying microbial evolution and ecology because they often contain low biodiversity
communities (Tyson et al., 2004) and represent extreme geochemical “islands” in a sea of
neutrophilic habitats (Whitaker and Banfield, 2005).
Multiple studies conducted at local scales in acidic systems have identified geochemical
factors that influence microbial distribution, including pH, conductivity, and toxic metal
concentrations (Edwards et al., 1999; Bond et al., 2000a; Palacios et al., 2008). However,
microbial spatial distribution might not only be a result of natural selection by contemporary
environmental factors but also a legacy of past environmental conditions and stochastic
colonization events (Martiny et al., 2006). Barriers to dispersal limit the flow of new species into
an environment, and as a result, communities from the same geographic region are more likely to
contain the same organisms because they share a similar biotic history (Langenheder et al., 2005;
Takacs-Vesbach et al., 2008). Because acidophiles are important for many natural and
anthropogenic processes, the extent to which historical versus environmental factors affect their
distribution merit further study.
Extremely acidic microbial biofilms known as snottites form on the walls and ceilings of
hydrogen-sulfide rich caves, in areas where hydrogen sulfide degasses from cave streams to the
cave atmosphere (Figure 5.1). Snottites hang from the surface of gypsum corrosion residues, and
are thus not exposed to buffering by the parent limestone. Snottites are consistently observed
where H2S(g) concentrations are between 0.2 to 25 parts-per-million by volume (ppmv), and
rarely occur at concentrations outside of this range (Hose et al., 2000; Macalady et al., 2007).
Previous research has shown that snottites are inhabited by low biodiversity communities
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containing a few species of acidophilic bacteria and archaea (Hose et al., 2000; Vlasceanu et al.,
2000; Macalady et al., 2007). Recent research on snottites from three locations in the Frasassi
cave system showed spatial but limited seasonal variability among the communities (Macalady et
al., 2007).
Sulfidic cave snottites present a perfect opportunity to test whether geographic barriers
affect microorganisms. Because caves are stable environments and snottites are only found on
overhanging surfaces in close proximity to sulfidic streams, geochemical variability among
snottite locations is relatively limited (Figure 5.1a). Additionally, snottites are extremely acidic
(pH 0-1.5), and this ‘geochemical isolation’ constitutes a potential additional barrier to microbial
dispersal. In previous research, we used high-resolution genetic analyses to resolve relationships
among geographically-separated populations of Acidithiobacillus spp.—the most abundant
snottite organism and likely architect of the biofilms. We were surprised to find that although the
main Acidithiobacillus populations were divergent, identical Acidithiobacillus strains could be
cultured from caves separated by 80 km (Jones et al., in prep.). In the present study, we sampled
the whole snottite community using rRNA methods in order to determine if and how the
biogeography of whole snottite communities are affected by geographic factors.
More specifically, this research was designed to test whether dissimilarity among snottite
microbial communities is (a) random, with no relationship to location or any other measured
variables, (b) related to cave location and the geographical distance that separates them, and/or
(c) correlated with geochemical factors, especially H2S(g) concentration. We sampled snottites at
multiple spatial scales ranging from a few meters to thousands of kilometers, and compared
communities at a relatively coarse resolution using 16S rDNA cloning and fluorescence in situ
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hybridization (FISH). We found that globally, dissimilarity among communities was related
primarily to cave location.

5.3 Results
5.3.1 Field observations and geochemistry
Snottites were collected from multiple locations in four sulfidic caves: Cueva de Villa
Luz and Cueva Luna Azufre in Tabasco, Mexico, and le Grotte di Frasassi and Grotta Nuova di
Rio Garrafo (Acquasanta) in the Marche region, Italy. H2S(g) concentrations at sampling sites
ranged from 0.2 to 24 ppmv (Table 5.1), with the exception of samples GS07-35 and AS08-5, for
which H2S(g) was below detection. Snottites were observed (but not collected) in the yellow
roses room of Cueva de Villa Luz, at H2S(g) concentrations between 30-50 ppm. H2S(g)
commonly exceeds 80 ppm in this room, and snottites are not observed under these conditions
(Hose et al., 2000; Louise Hose pers. com.). Similarly, no snottites have been observed near a
thermal cave stream in Acquasanta, where H2S(g) concentrations commonly exceed 100 ppm.
We have observed that snottites form on a time scale as short as months to weeks in Frasassi and
Acquasanta, and in Villa Luz they can form in days (Hose et al., 2000; L. Hose, pers. com.).

5.3.2 16S rDNA cloning
We cloned archaeal and bacterial 16S rRNA genes from 6 snottite samples (Table S5.1).
Acidithiobacillus phylotypes (Figure 5.2a) are the most abundant clones in all bacterial libraries,
and are the only bacterial sequences retrieved from samples PC05-1, AS07-3, and AS08-5. The
other three libraries contain relatives of the bacterial genera Acidimicrobium and Ferrimicrobium
(Figure 5.2c). Samples RS05-2 and VL07-20 contain phylotypes in the TM6 group and genus
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Sulfobacillus (Figure S5.1). Samples VL07-20 and LA07-10 contain members of the TM7
lineage and VL07-20 also includes several other bacterial taxa including sequences that are
likely eukaryote symbionts. Ferroplasma relatives are the most abundant archaeal clones in
universal and archaeal-specific clone libraries (Figure 5.2b). Other archaeal clones are related to
the ‘C-plasma’ group of the Thermoplasmatales (Figure 5.2b). Additionally, metagenomic
analysis of Frasassi snottites from site RS identified members of the ‘G-plasma’ clade (Figure
5.2b) as the dominant archaeal population in two different samples (Jones et al., 2011;
unpublished data). This was confirmed with two archaeal-specific clone libraries from samples
RS05-24 and RS09-1, in which 93% and 100% of clones, respectively, were from a single Gplasma phylotype.
Although many of the same microbial genera are present in snottites from both Italy and
Mexico, clones from the two countries differ by more than 98% 16S rDNA sequence identity
(Table S5.1). Acidithiobacillus clones are <95% similar (Figure 5.2a), Ferroplasma sequences
are <97% similar (Figure 5.2b), and clones affiliated with Acidimicrobium/Ferrimicrobium are
<95% similar (Figure 5.2c). The only exception is C-plasma sequences VLSa30 and DSJa51,
which share 99.6% similarity (Figure 5.2b, Table S5.1). Rarefaction analyses of 16S rDNA clone
libraries show that all samples have low biodiversity (Figure S5.2). Sample VL07-20 has the
highest biodiversity among the snottite samples.

5.3.3 Fluorescence in situ hybridization (FISH)
We sampled 26 snottite communities from 14 cave locations using FISH (Table 5.2).
Representative FISH photomicrographs are shown in Figures S5.3 and S5.4. All communities
contain over 50% THIO1-positive cells (Acidithiobacillus), with the exception of sample AS05-
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5. In AS05-5 sample, over 25% of DAPI-strained cells do not hybridize with any FISH probes,
possibly indicating that a large proportion of the community was inactive at the time of
collection. ACM732-positive cells (Acidimicrobium/Ferrimicrobium) are present in most but not
all samples, and make up to 13.7% of total cells. In most samples, bacterial cells that do not
hybridize with either THIO1 or ACM732 (hereafter referred to as ‘other bacteria’) are <3% of
cells. However, samples RS08-31, LA07-10, and VL07-26 have between 5.9-6.9% other
bacteria, and sample VL07-20 contains 15% other bacteria. At least some archaea are present in
all samples, although multiple samples contain less than 2% ARCH915-positive cells. Several
samples contain large Ferroplasma populations, including four Acquasanta samples with
between 25-49% FER656-positive cells. However, Ferroplasma are absent from some samples
that have abundant ARCH915-positive cells. Non-Ferroplasma archaea make up 15-30% of total
cells in several samples, including AS08-6 and several Frasassi RS samples.

5.3.4 Community composition versus sample location
We used principal component analysis (PCA) to explore the major axes of variance in
community composition based on the FISH dataset (Figure 5.3a). For this and other statistical
analyses of the FISH dataset (Table 5.2), our ‘species’ data were cell counts of THIO1,
ACM732, FER656, “other bacteria” (EUBMIX – (THIO1 + ACM732)), and “other archaea”
(ARCH915 – FER656). Principal components 1 and 2 combined explain more than 75% of the
total variance in the dataset. Sample scores in Figure 5.3a group by cave location, with overlap
between Frasassi and Acquasanta communities. The same relationships were observed with PCA
whether we used log or square-root transformed community data (results not shown). ANalysis
Of SIMilarities (ANOSIM; McCune and Grace, 2002) of FISH data indicates that communities
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from different caves are significantly different (ANOSIM R = 0.268, p = 0.013), and this result
remains significant if Villa Luz and Luna Azufre samples are pooled (ANOSIM R = 0.287, p =
0.006). There is a statistically significant correlation between community dissimilarity and
geographical distance for all samples and for Italy samples only by Mantel test using rank
correlation (Mantel test with Spearman’s rho: all samples, rho=0.174, p=0.045; Italy samples
only, rho=0.358, p<0.001; Frasassi samples only, rho=0.158, p=0.065). Geographical distance
explains only a small portion of the variance in community dissimilarity by Pearson’s correlation
(all samples, r2=0.002, p=0.39; Italy samples only, r 2=0.14, p<0.001; Frasassi samples only,
r2=0.03, p=0.06).

5.3.5 Community composition versus environmental factors
We used additional multivariate analyses to test the relationship between snottite
community composition and measured environmental variables. There is no statistically
significant correlation between pairwise community dissimilarity and pairwise difference in
H2S(g) concentration between sites (Figure 5.3b) (Pearson’s correlation, r = 0.04, p = 0.57).
Additionally, samples do not group by wall mineralogy in PCA ordinations, and there is no
significant difference among communities with different mineralogy by ANOSIM (R = 0.071, p
= 0.172). To test how samples are related on the basis of measured geochemical variables, we
performed a PCA analysis of sample sites using concentrations of H2S(g), SO2(g), and CO2(g) as
sample attributes (Table 5.1). Some grouping by cave location can be observed in the resulting
ordination (Figure 5.3c), but the pattern is different from Figure 5.3a in that AS samples are
separated from all other caves due to higher CO2 and SO2.
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5.4 Discussion
5.4.1 Global patterns of snottite community biogeography
When communities are physically isolated from each other, they evolve independently.
For example, consider two hypothetical communities, A and B. If a physical barrier impedes
microbial transport between A and B, an adaptive mutation might occur in an organism from
community A but not B, or a new strain might colonize community A and not B. The new strain
in A might respond differently to environmental conditions and/or other members of the
community, and these interactions could result in changes to the composition and structure of
community A relative to B. Thus, due to historical contingencies such as random colonization
and mutation, geographical isolation can affect community structure and biogeography,
independent of contemporary environmental conditions. The effect of dispersal barriers is to
maintain legacies of historical divergence among communities, either due to past in situ
speciation, adaptation to past environmental conditions, or stochastic colonization events.
Here, we have shown using multivariate analysis that differences among snottite
communities are primarily related to cave location (Figure 5.3a). ANOSIM indicates that these
differences by location are statistically significant. Therefore, we can reject the hypothesis that
variability among snottite community assemblages is random. Although we did find a nonparametric correlation between community dissimilarity and geographic distance, linear distance
among communities explains very little of the variance in community composition. The
geographic distance between two locations is not necessarily a good measure of the severity of
the dispersal barrier between them, especially for subsurface environments like caves (see also
Takacs-Vesbach et al., 2008). More convincing are the ordination and ANOSIM results that
community dissimilarity is greater between than within different cave systems. To use the
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terminology of Martiny et al. (2006), different caves could be said to be separate biotic
provinces. Additionally, the FISH analyses we performed using genus-specific probes do not
resolve the genetic distance between organisms from Mexico versus Italy. By 16S rDNA
sequence, Acidithiobacillus spp. and Acidimicrobium spp. from Mexico and Italy are less than
95% similar, and Ferroplasma spp. are less than 97% similar (Figure 5.2). The resolution
afforded by our FISH analyses is insufficient to describe the differences in ‘species’ composition
that exist between Mexico and Italy snottites.
We found no relationship between H2S(g) concentration and community composition.
This was surprising because sulfide is the main energy source for primary production in sulfidic
caves. H2S(g) varies over two orders of magnitude among sample sites (Table 5.1) and is toxic to
many organisms including Acidithiobacillus (Parker and Prisk, 1953). Furthermore, in streams
from the same caves, H2S(aq) (specifically the H2S/O2 ratio) controls the distribution of different
biofilm forming sulfur oxidizers (Macalady et al., 2008). However, at a global scale, H2S(g)
explains only a small portion of the variation in snottite community structure (Figure 5.3b).
Many biogeography studies that employ coarse-resolution community analyses—such as
fingerprinting techniques based on ribosomal RNA genes—have found that microbial
assemblages are organized along environmental gradients (e.g. Fierer and Jackson, 2006; Winter
et al., 2008). However, some studies have also found that historical effects, microbial transport,
and the degree of habitat connectivity govern community structure. For example, using
denaturing gradient gel electrophoresis (DGGE) of 16S rDNA genes, some authors have found
that the influx rate of riverine microorganisms controls the composition of planktonic
communities in downstream estuaries and lakes (Crump et al., 2004; Lindström and Bergström,
2004; Crump et al., 2007). Additionally, several analyses of lacustrine bacterioplankton by 16S
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rDNA cloning, automated ribosomal intergenic spacer analysis (ARISA), and DGGE have found
that community composition is related at least in part to geographical distance and degree of
isolation (Yannarell and Triplett, 2004; Reche et al., 2005; Crump et al., 2007; Pagaling et al.,
2009). Because of their extreme geochemistry and subsurface location, perhaps it is not so
surprising that snottites from different caves have divergent community structures.
Despite our result that H2S(g) has little influence on snottite communities at a global
scale, it is difficult to deconvolve environmental selection from geographical effects with our
dataset. Snottites were chosen for this study because environmental variability among them
should be limited: snottites are a specific microbial formation that occur in a very specific
geochemical niche in the sulfidic cave environment (i.e. overhanging subaerial cave surfaces,
H2S(g) between 0.2-25 ppm) (Figure 5.1a). Although differences among communities were not
related to wall mineralogy or H2S(g) concentration, sites separate by cave location in Figure 5.3c
due to gas concentrations in the cave atmosphere. Only three parameters were included in Figure
5.3c because other reduced gasses (e.g. NH3, CH4) were below detection at all sites. It is also
possible that snottite communities are responding to environmental variables that we did not
measure. In particular, pH has been shown to control microbial distribution in other acidic
environments (e.g. Schrenk et al., 1998). Although all snottites sampled were between pH 0-1.5,
we were not able to resolve small differences within this range due to low sample volumes.
Nutrients such as phosphorous or iron would also play a role, but were not measured in enough
samples to allow meaningful comparison.

5.4.2 Local variability in snottite community composition
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Although the major axes of variance in the dataset are best explained by location, there is
unexplained variability among snottite communities within each cave system (Figure 5.3a). We
found that in some cases, samples collected only meters apart had very different communities
(Table 5.2). It is possible that these local community shifts are related to environmental factors.
The abundance of different microbial groups from Frasassi samples seem to trend with H2S(g)
concentrations—Archaea and Acidimicrobium seem to increase with increasing H2S(g) while
Acidithiobacillus seem to decrease (not shown)—but correlations between H2S and different
microbial groups are not statistically significant. Previous research found that snottite
Acidithiobacillus from different chambers within each cave system are genetically divergent, so
the variability among communities within cave could be related to location as well. Perhaps each
cave contains multiple biotic provinces. Additionally, we observed that snottites form over
periods of days to months. Perhaps variability among communities within each cave system
could be due to community succession with time since snottite formation.
The possibility that local community shifts are caused by environmental variables is not
at odds with our result that that globally, community dissimilarity is related to geographic
position. Different strains in different locations might have different responses to the same
environmental gradients.

5.4.3 Implications
Previous research showed that dominant Acidithiobacillus populations from different
caves are genetically divergent, and that genetic distance among populations correlate with the
geographic distance that separates them. Here we argue that these differences extend to the
community level. Understanding the extent to which microorganisms are affected by dispersal
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limitations is important for recognizing and predicting the spatial distribution of microbes in the
environment. We have shown here that even with coarse genetic measures of community
dissimilarity (FISH analyses and 16S rDNA cloning), geographically separated but
geochemically similar biofilms have different community structures. Our findings attest to the
importance of physical isolation and historical contingency in shaping microbial biogeography,
and this has ramifications for our understanding of natural microbial processes. For example,
perhaps we cannot assume similar biogeochemical processes occur in areas that are not part of
the same biotic province, even if those provices are geochemically similar.

5.5 Methods
5.5.1 Sample collection and geochemistry
Snottite biofilm samples were collected from four different sulfidic caves: Cueva de Villa
Luz and Cueva Luna Azufre in Tabasco, Mexico, and le Grotte di Frasassi and Grotta Nuova di
Rio Garrafo (Acquasanta) in the Marche region, Italy. Villa Luz is located 2 km south of
Tapijulapa in Tabasco, Mexico, and contains roughly 2 km of passage in a Cretaceous limestone.
The entrance to Luna Azufre is located 320 meters southeast from Villa Luz, and Luna Azufre
has over 500 m of passage in the same formation. Both caves are fed by phreatic water
containing up to 15 mM H2S(aq) that could originate either from nearby volcanic or petroleum
sources (Hose et al., 2000). The Frasassi Caves are located 3 km southeast of Genga in the
Marche region, Italy, and contain over 25 km of passage in a Jurassic platform limestone.
Sulfidic waters entering Frasassi contain up to 600 µM H2S(aq) and originate from sulfate
reduction in an underlying evaporite formation (Galdenzi et al., 2003). Grotta Nuova di Rio
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Garrafo is located 2 km south of Acquasanta Terme, and 80 km to the southeast of Frasassi.
Grotta Nuova di Rio Garrafo consists of over 1 km of passage in a marly Eocene limestone, and
is fed by thermal sulfidic waters that reach temperatures up to 50oC with over 800 µM H2S(aq)
(Galdenzi et al., 2009).
Samples were collected from at least two locations within each cave. At each sampling
location, multiple snottites (approximately 0.5-1.5 grams of biofilm) were collected into sterile
centrifuge tubes from an area of cave wall no larger than one square meter. At the time of
collection, the pH values of at least 5-10 snottites from the collection area were measured with
pH paper (range 0-2.5). The pH of all samples was between 0-1.5.
H2S(g) concentration was measured at the time of collection using Dräger tubes (0.2 to
60 ppm) (Dräger Safety Inc, Germany) and by an EN-MET MX2100 portable gas detector (1 to
120 ppm) (ENMET corp, USA). SO2(g) and CO2(g) concentrations were measured by ENMET
MX2100 (lower detection limits 0.1 ppm and 0.1 %, respectively), and CO2(g) was also
measured by Dräger tubes (100 to 6000 ppm). In Villa Luz and Luna Azufre, samples for CO2(g)
concentration were collected in sealed 60 mL serum bottles (2 bottles per site, each flushed with
10 volumes of cave air) and measured with a SRI 310 gas chromatograph (GC) equipped with a
thermal conductivity detector and a PoraPak Q packed column (3’ x 1/8”) with helium carrier
gas at 80oC (SRI instruments, USA). The range of multiple measurements was <5%. NH3(g) and
N2O(g) were measured using Dräger tubes at Acquasanta and Frasassi in 2005-2007 but were
never detected (lower detection limit 0.25 and 0.5 ppm, respectively). CH4(g) was never detected
by ENMET MX2100 in 2007 and 2008 in Frasassi and Acquasanta (lower detection limit 1
ppm), and Jones et al (2011) report CH4 concentrations in Frasassi are roughly atmospheric. The
total range of multiple gas measurements at each site is given in Table 5.1. These ranges reflect
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both measurement error and stochastic variations in gas concentrations at each site during the
sampling interval.

5.5.2 16S rDNA cloning and phylogenetic analyses
Biofilm for DNA extraction was preserved in 5 parts RNAlater (Ambion, USA) within 4
hours of collection, and stored at -20oC. DNA extraction of samples RS05-2 and PC05-1 were
described in Macalady et al. (2007). For samples RS05-24, VL07-20, LA07-10, AS07-3, AS085, and RS09-1, DNA was extracted via bead beating and phenol-chloroform extraction as
described in Bond et al. (2000b) and Jones et al. (2011). RNAlater-preserved samples were first
diluted with 3 parts 1x phosphate-buffered saline (PBS). To remove polysaccharides from the
DNA extract, prior to final elution the DNA was resuspended in 200 µL Tris (200 mM, pH 8.0),
100 µL NaCl (5 M), and 600 µL Ethanol (100%), incubated at -20oC for 30 minutes, and pelleted
by centrifugation.
Bacterial, universal, and archaeal 16S rDNA clone libraries were constructed from
environmental DNA templates. For bacterial and universal libraries, 16S rRNA genes were
amplified by polymerase chain reaction (PCR), ligated into pCR4-TOPO vectors, and
transformed into OneShot Mach1 E. coli as described in Macalady et al. (2007). Archaeal clones
were sequenced from sample VL07-20 using forward primer 344f (ACG GGG YGC AGC AGG
CGC GA) (Raskin et al., 1994) and reverse primer 1492r (GGT TAC CTT GTT ACG ACT T)
(Lane, 1991). Archaeal clones were sequenced from samples RS05-24 and RS09-1 using 344f
and reverse primer deg1392r (ACR GGC GGT GTG TRC) (Jones et al., 2011). Amplification,
ligation, and transformation of the archaeal sequences was performed as in Jones et al. (2011).
Inserts were extracted from RS05-2 and PC05-1 via plasmid extraction as described in Macalady
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et al. (2007). Inserts for all other samples were amplified by colony PCR as described in
Macalady et al. (2008).

5.5.3 Phylogenetic analyses
16S rRNA genes were sequenced at the Penn State University Nucleic Acid Facility.
Sequences were assembled and edited using CodonCode Aligner v.2.0.4 (CodonCode Corp.,
USA). Chimeric sequences were identified and removed using Bellerophon 3 (Huber et al.,
2004), and contiguous sequences were aligned to the 7,682 character Hugenholtz alignment
using the NAST aligner available at greengenes (http://greengenes.lbl.gov, DeSantis et al.,
2006). NAST aligned sequences were loaded into an ARB database (Ludwig et al., 2004)
containing >230,000 16S rDNA sequences using the ARB_PARSIMONY tool, and alignments
were manually refined using the ARB_Edit4 aligner.
Only bacterial sequences greater than 1350 bp and archaeal sequences greater than 900
bp were used in phylogenetic analyses. Alignments were trimmed to equalize sequence length,
and nucleotide positions with less than 40% base-pair conservation were masked. Maximum
parsimony and neighbor joining analyses were performed in PAUP* v.4b10 (Swofford, 2002).
Maximum parsimony phylograms were generated via heuristic search (25 random-additionsequence replicates, tree bisection-reconnection (TBR) branch swapping). Bootstrapping (2000
replicates) was performed using the same parameters. Neighbor joining and neighbor joining
bootstrap analyses (2000 replicates) were performed with Jukes-Cantor (JC) distance. Percent
nucleotide sequence similarity was calculated in ARB with no positions masked.

5.5.4 Fluorescence in situ hybridization (FISH)
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Approximately 0.25-0.5 grams of biofilm was used for FISH analysis. Samples were
either fixed for 3-4 hours in 3% (w/v) paraformaldehyde within 10 hours of collection, or stored
in RNAlater (Ambion, USA) as described above and later fixed in paraformaldehyde. After
fixation, samples were stored in 1:1 PBS/ethanol at -20oC. Fluorescence in situ hybridization
followed the procedure outlined by Hugenholtz et al. (2001). Environmental samples were
applied to 10-well Teflon coated slides, dried, and dehydrated for 3 minutes each in 50%, 80%,
and 90% ethanol washes. Hybridization buffer contained 0.9 M NaCl, 20 mM of Tris/HCl pH
7.4, 0.01% sodium dodecyl sulfate (SDS), 25 ng of each fluorescently-labeled probe (Table 5.3),
and variable formamide concentrations depending on the probe (Table 5.3). Slides were
incubated at 46oC for 2 hours, followed by a 15 minute incubation at 48oC in wash buffer
containing 20 mM Tris/HCl pH 7.4, 0.01% SDS, and variable NaCl concentrations following
Lathe (1985). Slides were rinsed with deionized water, counterstained with 4’,6’-diamidino-2phenylindole (DAPI), dried, and mounted with Vectashield (Vectashield Laboratories Inc, USA).
Slides were viewed at 1000x magnification with a Nikon Eclipse 80i epifluorescence
microscope, and photomicrographs were taken with a monochrome Photometrics coolsnap ES2
CCD camera using NIS-Elements AS 3.0 software.
Between 800-1200 DAPI-stained cells were counted for each probe combination. Cells
were counted from at least 6 photos, each representing a different microscope field, from at least
two slide wells. Standard deviation was calculated from differences in the proportion of probelabeled cells among photos. To insure objectivity in counts, photos for counting were taken
without prior examination of the field of view under more than one filter (EUBMIX whenever
possible).
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5.5.5 Statistical analyses
Rarefaction analyses were performed by looping the ‘rarefy’ function available with the
vegan package (Oksanen et al., 2008) in R version 2.6.1 (R core development team, 2007).
Operational taxonomic units (OTUs) were defined by 98% sequence similarity.
For statistical analyses of FISH cell counts, we used average proportions of THIO1,
ACM732, FER656, “other bacteria” (total EUBMIX – (THIO1 + ACM732)), and “other
archaea” (ARCH915 – FER656). Principal component analyses (PCA), ANOSIM and Manel
tests (McCune and Grace, 2002) were performed with the vegan package in R (R core
development team, 2007; Oksanen et al., 2008). The geographic distance matrix used for Mantel
tests included linear distances among individual caves and linear distances between sampling
locations within the same cave system, either measured at the time of sampling or estimated from
cave maps (Table S5.2). Mantel statistics were evaluated with Spearman’s rank correlation and
1000 randomizations. For PCA analyses, cross-product matrices were calculated with Pearson’s
correlation. Only those samples for which environmental data was available were used in
comparisons between environmental variables and community dissimilarity.
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5.7 Tables and Figures

Table 5.1. Environmental data associated with snottite samples.
o
Sample
Cave
Site Wall minerology Temp ( C) [H2S(g)] (ppmv)
GS07-35
Frasassi
GS2 gypsum
13-14
GS08-6
Frasassi
GS1 gypsum
13-14
o
RS05-2
Frasassi
RS2 gypsum and S
13-14
o
RS05-24
Frasassi
RS2 gypsum and S
13-14
RS05-1
Frasassi
RS1 gypsum
13-14
RS05-20
Frasassi
RS1 gypsum
13-14
o
RS07-21
Frasassi
RS3 gypsum and S
13-14
o
RS07-22
Frasassi
RS2 gypsum and S
13-14
o
RS08-30
Frasassi
RS2 gypsum and S
13-14
o
RS08-31
Frasassi
RS3 gypsum and S
13-14
o
RS09-1
Frasassi
RS2 gypsum and S
13-14
o
RS09-10
Frasassi
RS2 gypsum and S
13-14
o
RS09-11
Frasassi
RS3 gypsum and S
13-14
PC05-1
Frasassi
PC1 gypsum
13-14
PC05-13
Frasassi
PC1 gypsum
13-14
GB08-30
Frasassi
GB1 gypsum
13-14
AS05-5
Acquasanta
AS3 gypsum
19-21
AS07-1
Acquasanta
AS3 gypsum
19-21
a
AS07-3
Acquasanta
AS4 sediment
19-21
a
AS07-4
Acquasanta
AS2 sediment
25-35
AS08-5
Acquasanta
AS3 gypsum
19-21
a
AS08-6
Acquasanta
AS2 sediment
25-35
VL07-20
Villa Luz
VL1 gypsum
25-28
VL07-26
Villa Luz
VL2 gypsum
25-28
LA07-10
Luna Azufre LA1 gypsum
28-33
LA07-13
Luna Azufre LA2 gypsum
28-33
a
Sediment is a mixture of gypsum, clay, and chert particles
b
Measured by ENMET MX2100, lower detection limit (ldl) 1 ppm.
c
Measured by Draeger tube, ldl 0.2 ppm.
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b

bd
0.8 (0.6-1)
nm
16 (8-24)
nm
3.4
21 (17-25)
14.5 (11-18)
11.5 (11-12)
14 (12-16)
8 (5-11)
10.5 (8-13)
21 (20-22)
nm
1.1 (0.2-2)
4 (3-5)
nm
2 (1-3)
2.9 (1-4.8)
24 (18-30)
c
bd
3
12 (6-18)
3.5 (3-4)
3
2

[CO2(g)]

[SO2(g)] (ppmv)

700 ppm
1400 ppm
nm
>3000 ppm
nm
>3000 ppm
0.2 %
0.2 %
2500 ppm
3000 ppm
0.25%
0.3%
0.4%
nm
1200 ppm
1400 ppm
nm
0.4 %
0.4 %
0.6 %
0.45 %
0.55 %
1200 ppm
1100 ppm
1250 ppm
1250 ppm

bd
nm
nm
nm
nm
nm
bd
bd
nm
nm
bd
bd
bd
nm
nm
nm
nm
4.5 (2-36)
5 (3-7)
11.5 (10-13)
5 (4-6)
4.5 (4-5)
bd
bd
bd
bd

Table 5.2. FISH cell counts for all snottite communities sampled
FISH probe abundance
Sample
EUBMIX
THIO1
ACM732
ARCH915
GS07-35
88.9 (±4.4)
78.1 (±2.6)
8.2 (±1.5)
9.8 (±4.7)
GS08-6
95.6 (±2.7)
91.5 (±2.0)
1.7 (±1.6)
1.8 (±0.9)
RS05-2
79.8 (±8.4)
68.7 (±7.9)
8.6 (±5.8) 17.7 (±16.5)
RS05-24
75.3 (±8.2)
68.8 (±8.0)
5.8 (±2.0)
16.5 (±8.60
RS05-1
61.9 (±4.8)
56.0 (±5.6)
3.5 (±1.7) 38.6 (±13.9)
RS05-20
61.0 (±7.0)
54.4 (±7.1)
5.0 (±1.5) 34.9 (±10.2)
RS07-21
66.3 (±7.7)
53.8 (±5.0) 10.7 (±3.4) 31.9 (±6.8)
RS07-22
66.2 (±6.6)
57.5 (±8.9)
6.7 (±4.8)
31.2 (±6.6)
RS08-30
85.5 (±7.8)
83.0 (±7.5)
0.3 (±0.4)
10.0 (±8.0)
RS08-31
70.6 (±7.2)
57.2 (±8.9)
7.5 (±5.8)
22.6 (±5.8)
RS09-1
63.9 (±6.3)
51.3 (±6.4)
7.0 (±2.8)
30.9 (±5.6)
RS09-10
87.5 (±5.1)
81.3 (±6.6)
4.6 (±4.60
9.4 (±4.2)
RS09-11
82.7 (±7.5) 68.5 (±11.5) 9.5 (±5.4)
18.6 (±4.4)
PC05-1
76.3 (±7.0)
75.9 (±7.3)
nd
1.76 (±4.7)
PC05-13
79.3 (±8.6)
77.8 (±8.8)
0.7 (±1.8)
0.5 (±0.8)
GB08-30
86.9 (±4.7)
74.4 (±8.5) 11.4 (±6.4) 15.6 (±3.8)
AS05-5
22.7 (±12.6) 22.4 (±12.0)
nd
49.0 (±11.6)
AS07-1
66.9 (±11.4) 66.9 (±11.4)
nd
30.2 (±11.0)
AS07-3
61.6 (±3.7)
61.6 (±3.7)
nd
38.4 (±3.7)
AS07-4
91.3 (±5.9)
88.7 (±4.0)
1.5 (±1.0)
3.1 (±1.8)
AS08-5
72.2 (±4.3)
72.2 (±4.3)
nd
25.8 (±4.7)
AS08-6
69.4 (±4.7)
65.8 (±4.1)
2.4 (±0.8)
29.2 (±5.3)
VL07-20
87.2 (±7.2)
61.9 (±7.3) 10.3 (±5.0) 10.8 (±5.1)
VL07-26
90.3 (±2.7)
70.6 (±3.3) 13.7 (±2.8)
5.4 (±1.4)
LA07-10
96.1 (±2.1)
79.5 (±6.3)
9.7 (±1.9)
3.1 (±3.5)
LA07-13
96.8 (±0.9)
87.7 (±2.7)
6.4 (±2.2)
0.9 (±0.7)

FER656
0.6 (±1.1)
nd
11.4 (±7.3)
nd
22.5 (±4.6)
14.3 (±9.1)
4.4 (±1.4)
1.3 (±1.7)
9.3 (±4.8)
1.4 (±1.0)
4.5 (±1.6)
nd
0.5 (±0.6)
nd
nd
0.4 (±4.8)
49.0 (±11.6)
30.2 (±11.0)
38.4 (±3.7)
nd
25.8 (±4.7)
8.7 (±1.7)
2.0 (±2.8)
0.5 (±0.5)
nd
nd

Numbers for each FISH probe represent percentage of total DAPI stained cells. Numbers
in parentheses represent ± one standard deviation. nd = none detected. FISH probe
specificity (Table S1) is as follows: EUMBIX = Bacteria, THIO1 = Acidithiobacillus,
AMC732 = Acidimicrobium, ARCH915 = Archaea, FER656 = Ferroplasma.

Table 5.3. FISH probes used in this study
Probe name
Sequence (5'-3')
% formamide
EUB338
GCT GCC TCC CGT AGG AGT
0-50%
EUB338-II
GCA GCC ACC CGT AGG TGT
0-50%
EUB338-III
GCT GCC ACC CGT AGG TGT
0-50%
ARCH915
GTG CTC CCC CGC CAA TTC CT
20%
THIO1
GCG CTT TCT GGG GTC TGC
35%
ACM732
GTA CCG GCC CAG ATC GCT G
35%
FER656
CGT TTA ACC TCA CCC GAT C
25%
EUBMIX is a mixture of EUB338, EUB338-II, and EUB338-III

specificity
most Bacteria
Planctomycetales
Verrucomicrobiales
most Archaea
Acidithiobacillus spp.
Acidimicrobium spp.
Ferroplasma spp.
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label
FITC
FITC
FITC
CY3, FITC
CY3, CY5
CY3
CY3

source
Amann et al., 1990
Daims et al., 1999
Daims et al., 1999
Stahl and Amann, 1991
Gonzalez-Toril et al. 2003
Bond et al. 2000
Bond et al. 2000

Figure 5.1. (A) Schematic depicting the snottite niche in sulfidic caves. Snottites hang from cave
walls and ceilings in areas where H2S(g) is typically between 0.2-25 ppmv (usually in close
proximity to a sulfidic cave stream). Snottites are separated from limestone bedrock by
microcrystalline gypsum crusts, and so can achieve extremely acidic pH values. All snottites
sampled in this study had pH values between 0 and 1.5. (B-G) Representative photographs of
several snottite communities described in this study. Yellow scale bars are 2 cm, black bar in (b)
is 1 cm, and the FalconTM tube in (f) is 1.5 cm in diameter.
Figure 5.2. Neighbor joining phylogram of 16S rRNA gene sequences from (a) the genus
Acidithiobacillus in the Gammaproteobacteria, (b) the archaeal Thermoplasmatales clade, and
(c) the Acidimicrobiaceae family in the Actinobacteria. Maximum parsimony and neighbor
joining bootstrap values >50% are provided for each node (in that order). Snottite sequences are
shown in bold. Group names for the ‘alphabet plasmas’ in (b) are from Baker and Banfield
(2003).
Figure 5.3. Multivariate analyses of snottite samples based on community composition and
geochemistry. (A) Principal component analysis (PCA) of FISH cell counts (Table 5.2). Sample
scores are coded by cave location, and superimposed outlines emphasize grouping of scores by
cave. Communities from different caves are significantly different by ANOSIM. (B) Pairwise
community dissimilarity (Euclidean distance) based on FISH cell counts versus pairwise
difference in H2S(g) concentration between sites (Pearson correlation: r = 0.04, p = 0.57). (C)
PCA ordination of sample sites with only geochemical variables as sample attributes (Table 5.1).
Sample scores are coded by cave location, and variable loadings are displayed as vectors.
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5.9 Supplemental Tables and Figures

Table S5.1. Community composition based on 16S rDNA clone libraries.
Genus

Acidithiobacillus
DSJb51/
FS43/
ASb9

Phylotypea
Bacterial and universal
AS07-3 (ASb clones, n=44)
AS08-5 (AS5 clones, n=88)
VL07-20 (VLS clones, n=53)
LA07-10 (LAS clones, n=47)
PC05-1 (FS clones, n=71)
RS05-2 (DSJ clones, n=103)
Archaeal-specific
RS05-24 (RS05-24c clones, n=28)
RS09-1 (RS9a clones, n=XX)

LASb10/
VLSb10

Acidimicrobium/
Ferrimicrobium
VLSb84/
LASb14

DSBb5

DSJb13

TM6

VLSb81

DSJb94

DSJa63

DSJb30/
VLSb7

44
70
20
36

7
8

71
68

4

22

Genus
VLSb3

VLSb65

1

1

TM7

Phylotypea

Sulfobacillus

Ferroplasma

Other
LASb9

bacteriab

DSJa14/
AS5u58

VLSa11

1

1

3

Cplasma

Dplasma

Gplasma

DSJa51/
VLSa30

RS24_
A14

RS24_ A1

Bacterial and universal
AS07-3 (ASb clones, n=44)
AS08-5 (AS5 clones, n=88)
18
VL07-20 (VLS clones, n=53)
6
2
6
6
LA07-10 (LAS clones, n=47)
2
1
PC05-1 (FS clones, n=71)
RS05-2 (DSJ clones, n=103)
6
Archaeal-specific
RS05-24 (RS05-24c clones, n=28)
RS09-1 (RS9a clones, n=XX)
a
Phylotype (98% sequence similarity) refers to representative clones (e.g. Figures 5.2 and S5.1).

1

1
1

1

26
25

b

Other bacteria include phylotypes related to eukaryotic symbionts (VLSb27, VLSb33, VLSb55, VLSb89), Alphaproteobacteria
(VLSb58, LASb19), and Firmicutes (VLSb25).
Mitochondrial sequences are not included in this table.

Table S5.2. Geographic distance separating sampling locations
GS2
GS1
RS1
RS2
RS3
PC1
GB1
AS4
AS2
AS3
VL1
VL2
LA1
LA2

GS2
0
10 m
215 m
215 m
215 m
150 m
50 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

GS1

RS1

RS2

RS3

PC1

GB1

AS4

AS2

0
215 m
215 m
215 m
150 m
50 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
10 m
10 m
140 m
175 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
3m
140 m
175 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
140 m
175 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
100 m
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
81 km
81 km
81 km
9897 km
9897 km
9897 km
9897 km

0
2m
11 m
9959 km
9959 km
9959 km
9959 km

0
12 m
9959 km
9959 km
9959 km
9959 km
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AS3

0
9959
9959
9959
9959

km
km
km
km

VL1

0
25 m
320 m
320 m

VL2

LA1 LA2

0
320 m
0
320 m 8 m

0

Figure S5.1. Maximum parsimony phylogram of 16S rRNA gene sequences from (a) the genus
Sulfobacillus in the Firmicutes, and (b) the TM6 group, which is only known from environmental
sequences. Maximum parsimony and neighbor joining bootstrap values >50% are provided for
each node. Snottite sequences are shown in bold.
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Figure S5.2. Rarefaction curves showing diversity of snottite samples based on 16S rDNA clone
libraries (Table 5.2). OTUs are defined by >98% sequence identity. Curves are labeled
‘bacterial’ or ‘universal’ to indicate specificity of primers used for cloning. Gray curves for
samples VL07-20 and RS05-2 include all bacterial and archaeal clones, in order to depict total
microbial richness sampled for those libraries.
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Figure S5.3. Representative fluorescence in situ hybridization (FISH) photomicrographs. The
sample name and probes used for each photo are provided in the legend. White scale bars are 5
µM. Abundant DAPI-labeled cells in AS08-6 are nearly all archaea, as are abundant DAPIlabeled cells in RS08-31.
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Figure S5.4. Representative fluorescence in situ hybridization (FISH) photomicrographs. The
sample name and probes used for each photo are provided in the legend. White scale bars are 5
µM. Note the abundant non-THIO1 labeled cells (white arrows) in VL07-20. Fat arrow in GS086 indicates THIO1-labeled cells linked into filaments, and thin arrows indicate non-THIO1labeled cells.
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Chapter 6: Conclusions and future direction

6.1 Summary of findings
Frasassi proved an ideal system in which to study mechanisms of sulfidic cave formation
because it is a large cave with multiple sulfidic springs that represent a range of water
chemistries. Based on previous research, we initially hypothesized that degassing would be
minimal and that most sulfide would be consumed by subaqueous microbial communities.
Unexpectedly, however, we found that H2S(g) degassing accounts for the majority of sulfide
disappearance from Frasassi streams. We found no evidence for acid production directly within
the microoxic, S-oxidizing stream biofilms, but instead that pH decreases in anoxic sediments
below the biofilms likely due to microbial fermentation. Our results are consistent with early
models for sulfidic cave formation (Egemeier, 1981), with observations that the majority of
cavern development in sulfidic caves occurs above the water table (Palmer, 2007), and with
abundant morphological evidence for aggressive subaerial corrosion such as rillen in other
sulfidic caves (e.g. Hose et al., 2000).
Metagenomics proved to be a very successful technique for culture-independent analysis
of snottite communities. Not only did it provide valuable metabolic information, but
metagenomic data also identified G-plasma as the major archaeal component of Frasassi snottite
samples, which allowed us to address issues of PCR bias. Together with geochemical and lipid
data, metagenomic analysis resulted in a conceptual model of snottite ecology that will guide
future work at Frasassi and other sulfidic caves distributed globally. A role for Acidithiobacillus
as the main primary producer, sulfuric acid generator, and biofilm architect in the Frasassi
snottite community is supported by metagenomic analysis. Other major populations (e.g. G-

179

plasma and Acidimicrobiaceae) are likely heterotrophs or mixotrophs that rely on organic carbon
fixed by Acidithiobacillus.
Snottite microbial communities from multiple cave locations in Italy and Mexico all have
very low biodiversity, and are all dominated by Acidithiobacillus. Most samples also contain
smaller populations of Thermoplasmatales group archaea, bacteria in the Acidimicrobiaceae
family, and rare phylotypes in the Sulfobacillus, TM6, and TM7 lineages. At a global scale,
snottites contain the same genera but different species, and communities from separate caves are
significantly different.
The biogeography of snottite Acidithiobacillus was more complicated than expected. We
found that different species of Acidithiobacillus dominate snottites from different caves, and we
identified a distance decay pattern among dominant At. thiooxidans populations within Italy.
However, this pattern emerged only after removing sequences representing rare Acidithiobacillus
strains, and we were surprised to find identical rare genotypes in Italian caves located more than
80 km apart. Although other interpretations are possible, our data are consistent with a legacy of
genetic drift among geographically restricted populations, maintained despite recent colonization
events. Human traffic into caves has likely provided a mechanism for microbial transport that did
not exist until recently.

6.2 Future directions
Conclusions from this research suggest several exciting directions for future research. In
Chapter 2, we described sulfide oxidation and acid production in Frasassi cave streams.
However, in Frasassi, sulfide oxidation also occurs below the watertable in deeper phreatic
conduits due to mixing between sulfidic groundwaters and surface recharge. Furthermore, large
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regions of Frasassi are characterized by extensive stratified lakes rather than flowing sulfidic
streams. Geochemical data from the lakes indicates sulfide oxidation and rapid carbonate
dissolution at the chemocline, but also rapid corrosion in the euxinic, carbonate-undersaturated
bottom waters (Mariani et al., 2007; unpublished data). Although Frasassi is a large cave system
with multiple emergent springs that represent a range of water chemistries, other sulfidic systems
like Villa Luz and Movile encompass a much broader range of chemical and physical conditions.
Results from this thesis build toward a more comprehensive model for water table processes in
sulfidic caves, and extending such research to additional systems will shed light on conditions
for the past episodes of speleogenesis that were responsible for ‘extinct’ cave systems such as
Carlsbad and Lechuguilla.
In 2007, I was fortunate to participate in geomicrobiology working group as part of the
workshop ‘Frontiers of Karst Research.’ This workshop was aimed at assessing the current state
of knowledge of karst processes as well as defining important future research avenues. One of
the conclusions reached by our working group was that caves are potentially important and often
overlooked model systems for addressing larger questions of microbial ecology and biodiversity.
From the workshop proceedings:
Microbial ecosystems are incredibly complex and difficult to study. Cave and
karst microbial ecosystems provide model systems in which to conduct a range of
scientific inquiries . . . Not only are cave systems intrinsically interesting and
valuable, but they provide an environment with a reduced number of variables . . .
making these ideal systems in which to study high-level microbial science
questions. (Engel and Northup, 2008)
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The research discussed in Chapters 4 and 5 represents an example of how caves—specifically
sulfidic cave snottites—prove valuable as model microbial ecosystems for addressing larger
questions of microbial ecology and evolution. The extent to which biogeographical,
evolutionary, and ecological theories developed in the study of macroorganisms—e.g. taxa-area
relationships, diversity-productivity relationships, latitudinal-species gradient, resistance and
resilience theories, and others—apply to microorganisms is a heavily debated subject among
microbial ecologists. Snottites are ‘island’-like environments that could serve as models to test
many of these other theories as well. For example, size differences among snottites provide an
opportunity to test microbial taxa-area relationships. Perhaps the large size of Villa Luz snottites
(Figure 5.1) is partially responsible for their higher diversity (Figure S5.2)? Furthermore, the
large range of H2S(g) concentrations within sulfidic cave systems is an excellent opportunity to
test productivity-diversity relationships at acidic pH. Productivity-diversity relationships for
sulfidic cave stream biofilms have been suggested (Porter et al., 2009). Interestingly, the three
most diverse samples in Figure S5.2 were collected at higher H2S(g) concentrations (4-16 ppm)
than the three least diverse samples (0.2-2 ppm). In Chapters 4 and 5 we sampled communities at
spatial scales from a few meters to 1000’s of kilometers, but other studies (e.g. Grundmann and
Dubouzie, 2000) have reported variability among microbial communities at even smaller scales.
An interesting avenue for future work would be to measure the microbial biogeography among
individual snottites over centimeter spatial scales.
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APPENDICES
The following articles are reproduced from the Journal of Cave and Karst Studies with
kind permission of the National Speleological Society (www.caves.org), and from
Applied and Environmental Microbiology with kind permission from the American
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GEOMICROBIOLOGY OF BIOVERMICULATIONS FROM
THE FRASASSI CAVE SYSTEM, ITALY
DANIEL S. JONES*, EZRA H. LYON 2, AND JENNIFER L. MACALADY 3
Department of Geosciences, Pennsylvania State University, University Park, PA 16802, USA, phone: tel: (814) 865-9340, djones@geosc.psu.edu
Abstract: Sulfidic cave walls host abundant, rapidly-growing microbial communities
that display a variety of morphologies previously described for vermiculations. Here we
present molecular, microscopic, isotopic, and geochemical data describing the
geomicrobiology of these biovermiculations from the Frasassi cave system, Italy. The
biovermiculations are composed of densely packed prokaryotic and fungal cells in a
mineral-organic matrix containing 5 to 25% organic carbon. The carbon and nitrogen
isotope compositions of the biovermiculations (d13C 5 235 to 243%, and d15N 5 4 to
227%, respectively) indicate that within sulfidic zones, the organic matter originates
from chemolithotrophic bacterial primary productivity. Based on 16S rRNA gene
cloning (n567), the biovermiculation community is extremely diverse, including 48
representative phylotypes (.98% identity) from at least 15 major bacterial lineages.
Important lineages include the Betaproteobacteria (19.5% of clones), Gammaproteobacteria
(18%), Acidobacteria (10.5%), Nitrospirae (7.5%), and Planctomyces (7.5%). The most
abundant phylotype, comprising over 10% of the 16S rRNA gene sequences, groups in an
unnamed clade within the Gammaproteobacteria. Based on phylogenetic analysis, we have
identified potential sulfur- and nitrite-oxidizing bacteria, as well as both auto- and
heterotrophic members of the biovermiculation community. Additionally, many of the
clones are representatives of deeply branching bacterial lineages with no cultivated
representatives. The geochemistry and microbial composition of the biovermiculations
suggest that they play a role in acid production and carbonate dissolution, thereby
contributing to cave formation.

INTRODUCTION
Sulfidic caves are limestone caves that form via the
oxidation of hydrogen sulfide to sulfuric acid. Although
this mechanism is not as widespread as epigenic, carbonicacid karstification (Palmer, 1991), sulfidic processes have
created many spectacular caverns, unforgettable for their
massive, resplendent rooms and unusual sulfur mineral
deposits. Cave formation occurs near the water table where
sulfide-bearing phreatic water mixes with oxygenated
vadose waters and cave air. As hydrogen sulfide is oxidized
to sulfuric acid (e.g., Equation (1)), the sulfuric acid then
reacts with limestone to form gypsum (Equation (2)).
H2 S z 2O2 ? H2 SO4
H2 SO4 z CaCO3 z H2 O ? CaSO4 2H2 O z CO2

1
2

Where cave streams and lakes are undersaturated with
gypsum, calcium and sulfate are carried away in solution.
Above the water table, however, gypsum crusts form as
degassing hydrogen sulfide oxidizes in condensation
droplets (Egemeier, 1981). Gypsum deposits and formations in Carlsbad Cavern and Lechuguilla Cave in the
Guadalupe Mountains, New Mexico, are interpreted as
evidence for past sulfidic processes (Hill, 1998). For
insightful discussions of cave formation by sulfuric acid
dissolution, see Egemeier (1981) and recent geomicrobiology research by Engel et al. (2004b).
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The oxidation of hydrogen sulfide provides a rich
energy source for chemolithotrophic microorganisms. In
sulfidic caves, these microorganisms form the trophic base
of aphotic ecosystems that support macroinvertebrate life,
and in some cases, even vertebrates (Sarbu et al., 1996;
Hose and Pisarowicz, 1999). Because these microbial
communities are isolated in the subsurface and ultimately
supported by energy from reduced sulfur compounds,
sulfidic caves are important analogues for early Earth
environments, and potentially, for sulfur-rich extraterrestrial environments (Boston et al., 2001). Microbial
communities associated with sulfidic caves include viscous,
highly acidic ``snottites'' that drip from overhanging
surfaces, white microbial mats in cave streams, less
conspicuous microbial communities in gypsum wall crusts
and stream sediments, and biovermiculations Ð anastomosing, microbe-packed films of organic-rich sediment on
cave ceilings and walls (Hose and Pisarowicz, 1999; Engel
et al., 2004a; Hose and Macalady, 2006).
Biovermiculations resemble vermiculations common to
carbonic-acid caves. Vermiculations are broadly described
as discontinuous, worm-like deposits of mud and clay
found on cave walls and ceilings (Hill and Forti, 1997).
* Corresponding author.
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However, Hose et al. (2000) distinguished between vermiculation-like microbial formations in the sulfidic Cueva de la
Villa Luz and other vermiculations because biovermiculations form more rapidly and host a rich and active microbial
flora. We have adopted the term biovermiculation because
the dynamic geochemical and biological processes in sulfidic
caves contrast sharply with the oligotrophic conditions
typical for carbonic acid caves. Although it is possible that
all vermiculations are biologically mediated (Anelli and
Graniti, 1967; Northup and Lavoie, 2001; Camassa and
Febbroriello, 2003), this study focuses on vermiculations
found in sulfidic environments.
Substantial research has focused on describing microbial communities in sulfidic caves. Stream biofilms are the
most widely studied (Thompson and Olson, 1988; Hubbard
et al., 1990; Sarbu et al., 1994; Angert et al., 1998; Hose et
al., 2000; Engel et al., 2001; Rohwerder et al., 2003; Engel
et al., 2004a; Macalady et al., 2006). Snottites from several
different caves have also recently been described using
molecular methods (Hose et al., 2000; Vlasceanu et al.,
2000; Macalady et al., 2007). However, existing microbiological research on biovermiculations is limited to
microscopy and culture-based surveys (Hose and Pisarowicz, 1999; Hose et al., 2000) and preliminary molecular
work reported by Hose and Northup (2004). This report
builds on observations in the Frasassi cave system made by
Galdenzi (1990), and represents the first in-depth microbiological study of biovermiculations using molecular and
isotopic methods.

METHODS
FIELD SITE, SAMPLE COLLECTION AND GEOCHEMISTRY

The Grotta Grande del Vento-Grotta del Fiume
(Frasassi) cave system comprises over 20 km of ramifying
and irregular passage in Jurassic limestone of the Calcare
Massiccio Formation (Galdenzi and Maruoka, 2003) of the
Frasassi Gorge. Sulfuric acid speleogenesis is actively
occurring near the water table, which is accessible via
technical caving routes. For group safety, we carry an ENMET MX2100 portable gas detector with H2S, O2, and
SO2 sensors. We wear respirators on the rare occasions that
H2S levels exceed OSHA safety standards (10 ppm).
Sampling locations are shown in Figure 1. Cave streams
in Ramo Sulfureo (RS) are fast flowing and turbulent while
Grotta Sulfurea (GS) and Pozzo dei Cristalli (PC) streams
are characterized by slowly flowing water and stagnant
pools. Dissolved sulfide levels in the cave streams are
between 2±3 times higher at PC than the other two
locations (Macalady et al., 2006), but hydrogen sulfide gas
concentrations are highest in the cave air at RS (Macalady
et al., 2007). Gypsum crusts are extensive at PC and RS,
but at GS gypsum crusts are found only within two meters
above the water table (unpublished observations). A
vermiculation sample was collected from the older Grotta
del Mezzogiorno-Grotta di Frasassi (GM-GF) cave
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Figure 1. Map of the Grotta Grande del Vento-Grotta del
Fiume (Frasassi) cave system showing sample locations
(circles). Topographic lines and elevations (m) refer to
surface topography above the cave. Grotta del MezzogiornoGrotta di Frasassi complex (not shown) is located approximately 500 m northeast of Grotta Grande del Vento. Base
map courtesy of the Gruppo Speleologico CAI di Fabriano.
complex, developed at higher elevation in the same
geologic formation (Galdenzi and Maruoka, 2003). The
Grotta del Mezzogiorno-Grotta di Frasassi system is
located over 300 meters above the present day water table,
and it is unclear whether this cave system originated by
sulfuric acid speleogenesis (S. Galdenzi, pers. comm.).
Because the GM-GF system is not currently experiencing
sulfidic processes, it is not clear what, if any, biological role
has been played in their formation. Therefore, we classify
vermiculations from this system simply as a vermiculations,
rather than biovermiculations.
Samples were collected between 2002 and 2006 in sterile
tubes using sterilized metal spatulas. Snottite and stream
biofilm samples in Table 1 were collected as described
previously (Macalady et al., 2006; Macalady et al., 2007).
Wherever possible, pH was measured with pH paper (range
5±10 and 4±7). In 2005 and 2006, cave air concentrations of
H2S, CO2, NH3, and N2O were measured at each sample
location using DraÈeger short-duration tubes and an Accuro
hand pump (DraÈeger Safety Inc., Germany). Detection
limits for H2S and CO2 are between 0.2±60 ppm and 100±
6000 ppm, respectively. NH3 and N2O were undetectable
at all sites. Lower detection limits were 0.25 for NH3 and
0.5 for N2O.
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ELEMENTAL AND ISOTOPIC ANALYSES

Samples for elemental and isotopic analysis were stored at
4 uC immediately after collection and dried at 70 uC within
24 hours. Samples were acid-washed with HCl to remove
carbonate minerals. Acid washing was performed as follows:
Samples were finely ground and reacted with ACS grade 2M
HCl for two hours under constant agitation. Afterwards,
samples were centrifuged and the supernatant decanted.
Samples were then washed several times with distilled,
deionized water to remove residual chloride ions, then
freeze-dried and homogenized. Elemental analysis for carbon,
nitrogen, phosphorous, and sulfur were performed at the
Agricultural Analytical Services Laboratory at Pennsylvania
State University, where total carbon and nitrogen were
determined by combustion in a Fisions NA 1500 Elemental
Analyzer and phosphorous and sulfur were determined by
microwave digestion (Miller, 1998). Isotopic analyses were
performed via an Elemental Analyzer ± Isotope Ratio Mass
Spectrometer (EA-IRMS) at the Stable Isotope Biogeochemistry Laboratory at Penn State. Samples were combusted in a
Costech 4010 Elemental Analyzer, and subsequently introduced by continuous flow inlet into a Thermo-Finnegan Delta
Plus XP Isotope Ratio Mass Spectrometer (IRMS). Stable
isotopic ratios are reported in delta (d) notation as follows:



Rsample
3
{1
3
X ~ 10
Rstandard
where X is d13C or d15N, and R denotes the abundance ratio of
the heavy to light isotope, i.e., 13C/12C or 15N/14N. Standards
for carbon and nitrogen are Vienna PeeDee Belemnite
(VPDB) and atmospheric nitrogen (AIR), respectively. Based
on internal standards and replicate samples, precision of all
measurements is 60.2%.

FLUORESCENCE MICROSCOPY AND SCANNING ELECTRON
MICROSCOPY (SEM)

Samples for microscopy were stored at 4 uC and either
fixed in 4% paraformaldehyde (pfa) within 24 hours of
collection, or stored at 220uC in a 1:5 dilution of
RNAlater (Ambion, U.S.A.) and later fixed in 4% pfa.
Fixation was performed as in Macalady et al. (2007). The
fluorescent dye 49,69-diamidino-2-phenylindole (DAPI)
was used to label cells for microscopy. Fixed samples and
control cells were applied to multiwell, Teflon-coated glass
slides, air-dried, and dehydrated with ethanol. Ten mL of
DAPI (1 mg/mL) was applied to each well, incubated for
5 minutes, rinsed with distilled water, dried, and mounted
with Vectashield (Vectashield Laboratories, USA). Fluorescence in situ hybridization (FISH) analyses were
performed using methods and probes exactly as described
in Macalady et al. (2007). Slides were viewed on a Nikon
E800 epifluorescence microscope. Air-dried and goldcoated samples were also examined with a Hitachi S3000N SEM. Secondary electron images were taken under
high vacuum mode at an accelerating voltage of 10 KeV.
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CLONE LIBRARY CONSTRUCTION AND DNA SEQUENCING

A clone library of bacterial 16S rRNA genes was
constructed from biovermiculation sample GS03-5, collected in Grotta Sulfurea in 2003 at the same location as
samples for geochemical and isotopic analyses (Table 2).
DNA was extracted at the Osservatorio Geologico di
Coldigioco Geomicrobiology Lab within 24 hours of
collection using the MoBio Soil DNA extraction kit
(MoBio Laboratories, Inc., USA) according to the
manufacturer's instructions. Small subunit rRNA genes
were amplified and cloned as in Macalady et al. (2007)
using bacterial forward primer 27f (59-AGAGTTTGATCCTGGCTCAG-39) and universal reverse primer
1492r (59-GGTTACCTTGTTACGACTT-39). Clones were
sequenced at the Penn State University Biotechnology
Center using T3 and T7 plasmid-specific primers. Partial
sequences were assembled with Phred base calling using
CodonCode Aligner v.1.2.4 (CodonCode Corp., USA) and
manually checked. Assembled sequences were submitted to
the online analyses CHIMERA_CHECK v.2.7 (Cole et al.,
2003) and Bellerophon 3 (Huber et al., 2004). Putative
chimeras were excluded from subsequent analyses.

PHYLOGENETIC AND DIVERSITY ANALYSES

The nearly full-length gene sequences were compared
against sequences in public databases using BLAST
(Altschul et al., 1990) and the online workbench greengenes
(http://greengenes.lbl.gov/cgi-bin/nph-index.cgi; DeSantis et
al., 2006). Sequences were aligned using the NAST aligner
available at the greengenes web site. NAST-aligned
sequences were added to a phylogenetic tree containing
.150,000 bacterial sequences using the ARB_parsimony
tool (Ludwig et al., 2004). Further phylogenetic analyses
were generated using maximum parsimony. Maximum
parsimony phylograms (heuristic search) and bootstrap
consensus trees (heuristic search, 500 replicates) were
computed using PAUP* 4.0b10 (Swofford, 2000). Analyses
included closest BLAST matches of environmental sequences and cultivated representatives. Phylogenetic relationships
of the clones are referenced to the Hugenholtz taxonomy
(Desantis et al., 2006; available at http://greengenes.lbl.gov).
Clones in the 16S rRNA library were grouped into
operational taxonomic units (OTUs) based on .98%
nucleotide identity. Rarefaction analyses were computed
using EstimateS 7.5.0 (Colwell, 2005).
Representative 16S rRNA gene sequences for each
phylotype determined in this study have GenBank accession numbers DQ499275 to DQ499330 and EF530677 to
EF530681.

RESULTS
DISTRIBUTION AND MORPHOLOGY OF BIOVERMICULATIONS

Biovermiculations occur throughout the Frasassi cave
system and are found immediately above the water table to
over 40 meters above it where no sulfide is detectable by
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Table 1. BLAST summary of 16S rRNA clone library.
Representative clonea
Gammaproteobacteria
Piscirickettsiaceae
CV92
Nevskiaceae
CV109
Acidithiobacillaceae
CV44
CV45
Unclassified
CV77
Betaproteobacteria
CV10
CV11
CV21
CV30
CV41
CV71
Alphaproteobacteria
CV17
CV25
CV43
CV81
Deltaproteobacteria
CV1
CV34
CV90
Cytophaga-FlexibacterBacteroides
CV24
CV70
Nitrospira
CV22
CV64
CV82
Verrucomicrobia
CV35
CV80
Planctomycetes
CV14
CV47
CV73
CV97
CV104
Acidobacteria
CV12
CV18
CV68
CV76
CV79
CV94
Actinobacteria
CV54

# clones
12
1
1
1
1
9
2
7
1
1
13
3
3
3
1
2
1
4
1
1
1
1
3
1
1
1
3
1
2
5
2
1
2
2
1
1
5
1
1
1
1
1
7
1
2
1
1
1
1
2
2

Top BLAST match

Accession % identity

Gas hydrate associated sediment clone Hyd89-87

AJ535246

93

polychlorinated biphenyl-polluted soil clone WD280

AJ292674

95

Guanting Reservoir (China) sediment clone 69-25
Acid mine drainage sediment clone H6

DQ833501
DQ328618

98
94

Uranium contaminated aquifer clone 1013-28-CG33

AY532574

99

Frasassi stream biofilm WM93
Green Bay ferromanganous micronodule clone MND1
Uranium contamination clone AKAU3480
siliceous sedimentary rock clone MIZ05
African subsurface water clone EV221H2111601SAH33
Manganese-oxidizing soil clone JH-GY05

DQ415787
AF293006
DQ125519
AB179496
DQ223206
DQ351927

98
98
93
95
95
97

farm soil clone AKYH1192
farm soil clone AKYH1192
freshwater sponge Spongilla lacustris clone SS31
denitrifying quinoline-removal bioreactor clone SS-57

AY921758
AY921758
AY598790
AY945873

98
97
97
94

Mangrove soil clone MSB-5C5
Arabian sea picoplankton clone A714011
Soil clone WHEATSIP-CL55

DQ811828
AY907798
DQ822247

93
89
95

Guanting Reservoir (China) sediment clone 69-27
flooded poplar tree microcosm soil clone 21BSF16

DQ833502
AJ863255

98
92

Chinese deep sea sediment nodule clone E75
Green Bay ferromanganous micronodule clone MNC2
U contaminated aquifer clone 1013-28-CG51

AJ966604
AF293010
AY532586

96
98
95

coastal marine sediment clone Y99
Freshwater clone PRD01a004B

AB116472
AF289152

95
93

Broad-leaf forest soil clone AS47
Lake Kauhako Hawaii 30 m clone K2-30-19
marine Pirellula clone 5H12
Soil bacteria CWT SM02_H07
Anaerobic ammonia oxidizing community clone LT100PlB4

AY963411
AY344412
AF029076
DQ129094
DQ444387

89
90
94
94
93

Bor Khlueng hot spring (Thailand) clone PK-85
drinking water biofilm clone Biofilm_1093d_c1
Lake Washington sediment clone pLW-64
Hamelin Pool stromatolite clone HPDOMI1G01
PCB polluted soil clone Lhad8
Amazon soil clone 1267-1

AY555795
DQ058683
DQ066994
AY851769
DQ648907
AY326533

93
97
97
91
98
97

San Antonio urban aerosol clone AKIW984

DQ129354

95
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Representative clone

a

# clones

Chloroflexi
CV37
OP11
CV31
CV46
RCP2-18
CV51
SPAM
CV52
TM7
CV63
CV78
WS3
CV39
CV106
Unclassified
CV40
CV60
a

Table 1. Continued.
Top BLAST match

1
1
2
1
1
1
1
1
1
2
1
1
2
1
1
2
1
1

Accession % identity

Lost City Hydrothermal Field clone LC1537B-77

DQ272585

94

deep groundwater clone KNA6-NB23
Massachusetts river clone PRD01a009B

AB179676
AF289157

92
96

Deep sea cold seep sediment clone BJS81-120

AB239028

90

Lake Washington sediment clone pLW-68

DQ067010

97

batch reactor clone SBR2013
Sulfur-oxidizing community clone IC-42

AF269000
AB255066

94
89

Chinese deep sea sediment nodule clone MBAE32
antarctic sediment clone MERTZ_2CM_290

AJ567590
AF424308

91
91

3.5 Ma oceanic crust clone CTD005-79B-02
siliceous sedimentary rock clone MIZ45

AY704386
AB179536

91
94

Taxonomic groupings based on Hugenholtz taxonomy (Desantis et al., 2006). Representative clones correspond to OTUs.

portable gas sampling equipment (0.2 ppm detection limit).
Hydrogen sulfide concentrations at sample collection sites
ranged from undetectable to 4.3 ppm (Table 2), and in
general, gas concentrations in Frasassi are seasonally
variable (Galdenzi et al., 2007). Biovermiculations have
only been observed on limestone surfaces where no gypsum
crust is present. Several attempts to identify biovermiculations or similar structures beneath gypsum crusts on walls
immediately adjacent to biovermiculations have been
unsuccessful. We also noted the strict absence of biovermiculations on the surface of chert nodules, even when
adjacent limestone walls were thickly colonized (Fig. 2c).
Frasassi biovermiculations exhibit several of the morphologies described by Parenzan (1961): bubble-like spots,
elongated spots, leopard spots, and tiger skin. In some
places, we observed biovermiculations so dense that they
formed continuous wall-covering sheets. Sample PC06-106
(Fig. 2e), sampled at the high water mark one meter above
the stream level in Pozzo dei Cristalli, was very light brown
to grey. Other biovermiculations were dark brown or
occasionally black. In contrast, vermiculations sampled
from GM-GF (GM05-1, Fig. 2f ) displayed dendritic
morphology and were surrounded by an obvious lightcolored halo. The GM-GF vermiculations were light grey
in color, and covered a small area of the limestone walls
relative to sample sites in sulfidic zones.

GEOCHEMICAL ANALYSES

Geochemical data for biovermiculation samples are
listed in Table 2. Vermiculations from GF-GM (sample
GM05-1) are listed separately because this cave has not
experienced sulfidic processes in over 200,000 years, if ever.
We also provide data from stream biofilm and snottite
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samples to enable comparison with other microbial
communities within the same cave system. In addition to
the values presented in Table 2, we measured the pH of
numerous biovermiculations in sulfidic zones over the past
five years and all measurements were between 5.5 and 6.5
(data not shown). Replicate gas measurements made in a
given location on the same day were within 20%.
Previously measured carbon and nitrogen isotopic
ratios of invertebrates and microbial communities within
sulfidic zones indicate a chemolithotrophic energy base for
the cave ecosystem (Galdenzi and Sarbu, 2000). Biovermiculation d13C and d15N values measured in this study
(Fig. 3) fall within or near the range of sulfidic zone
samples analyzed by Galdenzi and Sarbu (2000), Sarbu et
al. (2000), and Vlasceanu et al. (2000). In contrast, the
GM-GF (GM05-1) sample falls within the isotopic range
of materials collected from the surface and near cave
entrances (Fig. 3).

FLUORESCENCE MICROSCOPY AND SEM

We used the fluorescent DNA stain DAPI to examine
several biovermiculation samples. Characteristic photomicrographs of DAPI-stained samples are shown in Figure 4.
A range of cell morphologies and sizes can be observed,
although small coccoid-shaped cells (,1 mm) are the most
common. Short rod-shaped (1 to 3 mm) cells are also
abundant and sometimes form filaments (Fig. 4b and c).
Larger, undifferentiated filaments with multiple nuclei are
common and likely represent fungal hyphae. Attempts to
analyze biovermiculation samples using fluorescence in situ
hybridization (FISH) were largely unsuccessful because of
high autofluorescence in the biovermiculation matrix.
However, cells binding to bacteria-specific probes were

237.3
1.2
,0.2
1000

Isotopes
d13C
d15N

Air Chemistryc
[H2S] ppm
[CO2] ppm
,0.2
1000

236.4
2.5

5.72
0.62
0.16
0.49
9.2:1
35:4:1

GS
8/16/06
2m
6

Sample
GS06-31

,0.2
1300

235.1
2.7

19.57
2.47
nm
nm
9.2:1
nm

PC
12/8/02
20 m
6.0±6.5

Biovermiculations

Sample
PC02-24

2±4.3
1600

236.9
226.5

24.96
3.12
nm
nm
9.3:1
nm

PC
8/21/06
1m
6

Sample
PC06-106

0.4
.3000

242.7
4.2

19.63
2.59
nm
nm
8.8:1
nm

RS
10/28/03
10 m
nm

Sample
RS03-18

b

Sampling locations are given in Figure 1. GS 5 Grotta Sulfurea, PC 5 Pozzo dei Cristalli, RS 5 Sulfureo, GM 5 Grotta Madonna.
Rounded to nearest whole number.
c
Based on gas measurements at sample site in 2005±2006.
nm 5 Not measured.

a

6.67
0.76
0.2
1.27
8.8:1
33:4:1

GS
7/22/04
2m
nm

Sample
GS04-58

Elemental Analysis
Percent Carbon
Percent Nitrogen
Percent Phosphorous
Percent Sulfur
C:N
C:N:Pb

Sample Type
Locationa
Date Collected
Height Above Water table
pH

Sample Collection Info.

Parameter

nm
nm

220.5
16.1

27.82
4.92
nm
nm
6.6:1
nm

GM
8/15/05
.200 m
nm

Epigenic
Vermiculation

Sample
GM05-1

Table 2. Summary of elemental and isotopic analysis of biovermiculation samples.

nm
nm

237.1
29.9

12.98
2.11
0.15
8.25
6:1
85:14:1

GS
8/16/06
0m
7.1

Beggiatoa
Stream Mat

Sample
GS06-15

17±25
3300

nm
nm

5.83
0.31
0.04
21.08
19:1
139:7:1

RS
8/23/06
2m
0±1

Snottite

Sample
RS06-120
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detected in a few regions with low autofluorescence,
indicating at least some active microbial populations
(results not shown). Scanning electron microscopy (SEM)
(Fig. 4a) revealed the presence of clay minerals and
corroded calcite grains. We also observed abundant
prokaryotes and noted the presence of larger eukaryotic
cells. In some regions, amorphous and filamentous
microbial biofilm material coated mineral grains (Fig. 4a).

16S rRNA CLONE LIBRARY

We created a clone library of bacterial 16S rRNA genes
from biovermiculation sample GS03-5, collected in Grotta
Sulfurea in 2003. This sample had pH 5.6, and was collected
from the same location as the samples for geochemical and
isotopic analysis (Table 2). The 67 non-chimeric 16S rRNA
sequences were analyzed by adding NAST-aligned sequences to a phylogenetic tree containing .150,000 bacterial
sequences using the ARB_parsimony tool (Ludwig et al.,
2004). The resulting 48 phylotypes (defined as monophyletic
clades with .98% sequence identity) were consistent with
taxonomy inferred based on BLAST similarities. Taxonomic affiliations and closest BLAST matches (Altschul et al.,
1990) of the clones are summarized in Table 1. Clones
grouped within 15 major bacterial lineages including the
Gamma(beta)-, Alpha-, and Deltaproteobacteria, Acidobacteria, Planctomyces, Cytophaga-Flexibacter-Bacteroides, Verrucomicrobia, Nitrospirae, Actinobacteria, and
Chloroflexi (Fig. 5a). More than 10% of the clones belong
to deeply-branching, phylum-level clades with no cultivated
representatives, including TM7, OP11, RCP2-18, WS3, and
SPAM. Further phylogenetic analyses were conducted for
phylotypes which fell within clades with a consistent
metabolic strategy, or which had close relationships with
cultivated species. These analyses are shown in Figure 6
through 9 and are discussed in the text below.

DISCUSSION
BIOVERMICULATION COMMUNITIES

Rarefaction analysis of the CV clone library (Fig. 5b)
indicates that biovermiculations are among the most
diverse microbial communities analyzed thus far from the
Frasassi cave complex, and the shape of the rarefaction
curve indicates that additional diversity in the biovermiculations remains to be described in future efforts. The
majority of 16S rRNA gene sequences retrieved from the
biovermiculation sample are distant (,90% identity) from
cultivated isolates, and many are distant from environmental sequences as well (Table 1). This makes it difficult
to hypothesize about potential metabolisms for most of the
biovermiculation clones. However, inferences about the
physiology of certain clones can be made on the basis of
geochemistry and phylogenetic relationships.
We performed a maximum parsimony analysis targeting CV45, the most abundant phylotype in the clone
library. CV45 represents seven clones, comprising over 10%
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of the library, which suggests it is an important member of
the biovermiculation community. Phylogenetic analysis
(Fig. 6) shows that CV45 groups in an unnamed clade
within the Gammaproteobacteria. Figure 6 also includes
phylotype CV44 (2 clones) and the iron-oxidizing acidophilic isolate m-1, which was originally misclassified as
Acidithiobacillus ferrooxidans (Johnson et al., 2001). The
closest BLAST match and phylogenetic neighbor to CV45
is clone H6, sequenced from acid mine drainage (Hao et al.,
2007), an environment in which the primary electron
donors are reduced iron and sulfur. Numerous other
sequences from acid mine drainage are also found in the
clade as shown in Figure 6. These phylogenetic relationships suggest that CV45 may be a sulfur or iron oxidizer.
Analysis of another phylotype, CV10, suggests that it is a
sulfur-oxidizer (Fig. 7). CV10 is closely related to Thiobacillus species within the Betaproteobacteria. Named Thiobacillus species in Figure 8 are sulfur-oxidizing autotrophs
(Drobner et al., 1992; Beller et al., 2006), including
Thiobacillus thioparus, which is important in the sulfidic
Movile Cave, Romania (Vlasceanu et al., 1997). Figure 7
also includes the heterotrophic, sulfur-oxidizing genus
Spirillum, (Podkopaeva et al., 2006), several other sulfuroxidizing isolates, and Frasassi stream biofilm clones
sequenced by Macalady et al. (2006). In addition to the
phylogenetic evidence for sulfur-oxidation in biovermiculations presented here, Hose et al. (2000) observed growth
in both thiosulfate and sulfide enrichment cultures
inoculated with biovermiculations from sulfidic Cueva de
Villa Luz, Mexico. For other sequences in the clone library
(Table 1), distant relationships to cultivated species do not
allow further speculation about their metabolisms. Work in
progress by our group will attempt to enrich microbes from
sulfidic cave biovermiculations to further explore important metabolisms.
We also performed a maximum parsimony analysis on
the genus Nitrospira, which includes five biovermiculation
clones represented by phylotypes CV22, CV64, and CV82
(Fig. 8). The genus Nitrospira includes named species N.
moscoviensis and N. marina, both characterized by
autotrophic nitrite reduction (Watson et al., 1986; Ehrich
et al., 1995; Altmann et al., 2003). Many of the other
environmental clones in the Nitrospira were sequenced
from nitrifying environments. The presence of this group
suggests that oxidation of reduced nitrogen compounds
may be an important type of microbial energy generation
in biovermiculation communities.
Organotrophy is another potential means for energy
production in biovermiculations. Phylogenetic analysis of
CV109 (Fig. 9) shows that it groups in the Nevskiaceae
family, related to the organotrophic genera Nevskia and
Hydrocarboniphaga (GloÈckner et al., 1998; Palleroni et al.,
2004) as well as other hydrocarbon-degrading isolates.
In addition to the phylotypes discussed above, the clone
library contained diverse members of the phyla Acidobacteria and Actinobacteria. Members of these two lineages were
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Figure 2. Biovermiculations from the Frasassi cave system. (A) Biovermiculations covering cave walls in Grotta Sulfurea. (B)
Biovermiculations covering an isolated patch of limestone surrounded by thick gypsum wall crust, in Pozzo dei Cristalli. Long arrow
indicates biovermiculations and fat arrows indicate white gypsum crust. (C) Biovermiculations from Grotta Sulfurea. Note the
absence of biovermiculations on chert nodules (white arrows). (D) Biovermiculations from Ramo Sulfureo. (E) Sample PC06-106,
from Pozzo dei Cristalli. This sample was forming below the high water mark within 50 cm above the cave stream surface. (F)
Sample GM05-1. Vermiculations from the Grotta del Mezzogiorno-Grotta di Frasassi complex are over 300 meters above the
current water table.
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Figure 3. Carbon and nitrogen stable isotopic ratios of
organic matter from sulfidic cave zones and outside
environments. Biovermiculations analyzed in this study are
marked by black squares, and values associated with sample
names are given in Table 2. Bars indicate the range of values
reported by Galdenzi and Sarbu (2000) for other sample
types (n = 18 for surface samples, n = 32 for sulfidic
samples). Note the clear separation between values from
sulfidic regions compared to surface and cave entrances.
reported in biovermiculations from sulfidic Cueva de Villa
Luz (Hose and Northup, 2004). In our clone library,
Acidobacteria and Actinobacteria represent 10.5% and 3%
of clones, respectively (Table 1; Fig. 5a). In addition to the
prokaryotic community in biovermiculations, we also
observed larger nucleated cells with morphologies typical
for protists and fungal hyphae. We also noted several types of
macroinvertebrates living on the cave walls in close proximity
to biovermiculations, including spiders (Nesticus sp.), isopods
(Androniscus sp.), springtails (Order Collembola), annelid
worms (Class Oligochaeta), and nematodes (Phylum Nematoda) (Sharmishtha Dattagupta, unpublished results).

ELEMENTAL AND ISOTOPIC COMPOSITION

Based on elemental analysis, Frasassi biovermiculations
have an organic carbon content between 5.7 to 25% percent
dry weight (Table 2), in the upper range of values reported
for soil ``A'' horizons and as high as values for some peat
soils (Singer and Munns 2002). Carbon to nitrogen (C/N)
ratios are similar across all samples, roughly 9:1, and
carbon to nitrogen to phosphorous (C/N/P) ratios are
roughly 34:4:1. Engel et al. (2001) measured C/N ratios of
organics from Cesspool Cave, VA, and report ratios of 13.5
and 16.06 for stream and wall biofilms, respectively. Low
C/N ratios are indicative of a high quality food source for
detrital feeders (Taylor and Roff, 1984); Engel et al. used
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these ratios along with measurements of autotrophic versus
heterotrophic production to conclude that organics from
Cesspool Cave have low nutritional quality. Compared to
Cesspool Cave, stream biofilms from Frasassi have been
considered a nutritious energy source for heterotrophic
organisms (Galdenzi and Sarbu, 2000; Engel et al., 2001).
Although biovermiculation C/N ratios are not as low as
those of stream biofilms (Table 2), 9:1 is a low C/N ratio
compared with many detrital organics (e.g., Taylor and
Roff, 1984; Janssen, 1996). Additionally, C/N/P ratios
indicate phosphorous is abundant in biovermiculations.
These results suggest that biovermiculations could represent an important food resource for terrestrial invertebrates on the cave walls. Further research is currently
underway by our group to explore trophic relationships
between biovermiculations and cave wall invertebrates.
Nitrogen isotopic ratios indicate that there are two
different nitrogen sources for the biovermiculation communities. Biological nitrogen fixation has little fractionation associated with it (+0.7%, Sharp, 2007). Four of the
samples have d15N values grouped near zero (Fig. 3),
suggesting that N2 fixation is the dominant mechanism for
nitrogen supply to the communities. In sharp contrast,
sample PC06-106 has a d15N value of 226.5%. This is in
the range of nitrogen isotopic ratios from extremely acidic
cave wall biofilms reported by Galdenzi and Sarbu (2000)
and Vlasceanu et al. (2000). Stern et al. (2003) hypothesized
that depleted d15N values on sulfidic cave walls could result
from volatilization of NH3 gas from streams, with
subsequent assimilation by subaerial microbial communities. If so, biovermiculations near cave streams may
assimilate isotopically depleted ammonium, while those
forming farther away or near more diluted waters primarily
fix N2 from the cave air. Our data support this hypothesis.
Near-zero d15N values for Grotta Sulfurea biovermiculations sampled just above the water table are consistent with
low cave air H2S concentrations compared to sample
PC06-106 (Fig. 3, Table 2). Work in progress will test the
relationship between stream degassing and the d15N of wall
biofilms including biovermiculations.

INFLUENCES ON CAVE FORMATION

Egemeier (1981) theorized that sulfidic cave formation
occurs primarily by replacement-solution, in which hydrogen sulfide is oxidized to sulfuric acid in condensation
droplets on cave walls and ceilings. Sulfuric acid reacts
with limestone to produce gypsum, which builds up as
thick crusts that eventually detach and accumulate on the
cave floor or dissolve in cave streams. Subsequently Engel
et al. (2003) suggested that the buildup of gypsum crusts
may protect limestone walls from sulfide vapors, and that
subaerial corrosion is fastest at exposed limestone surfaces.
This hypothesis suggests an important role for biovermiculation microorganisms in subaerial sulfuric acid speleogenesis. In sulfidic zones of the cave system, nearly all
exposed limestone surfaces are covered with biovermicula-
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Figure 5. Bacterial diversity of biovermiculation sample
GS03-5, based on 16S rRNA gene sequencing. (A)
Percentages of biovermiculation clones in major bacterial
lineages. (B) Rarefaction curves depicting observed microbial
richness of Frasassi microbial communities. Operational
taxonomic units (OTUs) are defined by .98% sequence
identity. Biovermiculation library CV (n=67, 48 OTUs), this
study; stream biofilms WM (n=86, 56 OTUs) and zEL
(n=78, 36 OTUs), Macalady et al. (2006); snottite sample
RS2 (n=107, 9 OTUs), Macalady et al. (2007). Error bars
represent 95% confidence intervals based on variance of
OTUs drawn (y-axis) by clone library size (x-axis), from
100 randomizations/sample.
tions, even isolated patches completely surrounded by
gypsum crust (Fig. 2b). Sulfur-oxidizing microorganisms in
stream biofilms have been shown to accelerate cave
formation (Engel et al., 2004b; Jones et al., 2006),
suggesting that acid-producing microorganisms in biovermiculations could play a similar role. Biovermiculation
clones retrieved in this study include close relatives of

Figure 4. (A) SEM image of biovermiculation matrix.
Small arrows indicate putative amorphous extracellular
organic material, and large arrows indicate mineral grains.
Scale bar is 20 mm (B and C) Representative fluorescence

r
photomicrographs showing the range of DAPI-stained cell
morphologies observed in Frasassi biovermiculations. Arrows
indicate cells linked into filaments. Scale bars are 5 mm.
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Figure 6. Maximum parsimony phylogram of 16S rRNA gene sequences in an unnamed lineage within the Gammaproteobacteria. GenBank accession numbers are listed with the sequence names. Maximum parsimony bootstrap values .70% are
shown. Number of clones represented by each phylotype is given in parentheses.
sulfur- and nitrogen-oxidizing species that would be
expected to produce strong acids (Table 1). In addition,
many organoheterotrophic microorganisms, including fungi, produce organic acids as a by-product of their oxidative
or fermentative metabolism. Because biovermiculations
occur directly on limestone walls, any organic or inorganic
acids produced by microorganisms would interact directly
with the carbonate wall surface and contribute to
speleogenesis. Significantly, subaerial limestone dissolution
in Frasassi has been shown to be occurring at roughly the
same rate as subaqueous limestone dissolution, at least
near the water table where walls are exposed to sulfide
degassing (Galdenzi et al., 1997).

BIOVERMICULATION FORMATION

The generally accepted model for vermiculation formation in epigenic caves was described by Bini et al. (1978),
88 N Journal of Cave and Karst Studies, August 2008

who proposed that they form during the drying of wet,
sediment-covered cave walls as the sediments shrink and
flocculate. Different types occur depending on the initial
water to sediment ratio, although other factors may
influence pattern morphology (Hill and Forti, 1997). In
the Bini et al. model, many materials can form vermiculations. Sources include residual silicate mineral grains
remaining after corrosion of the parent limestone and
allochthonous material transported to the cave interior by
air or water. Based on our observations, we hypothesize that
biological processes are very important in the formation of
biovermiculations in sulfidic zones of the cave system. We
have identified two types of potentially important biological
effects, (1) microorganisms may directly enrich the biovermiculation matrix by supplying organic material, and (2)
micro- and macroorganisms may play an active role in
trapping and binding sediment particles.
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Figure 7. Maximum parsimony phylogram of 16S rRNA gene sequences related to the genus Thiobacillus in the
Betaproteobacteria. GenBank accession numbers are listed with the sequence names. Maximum parsimony bootstrap values
.70% are shown. Number of clones represented by each phylotype is given in parentheses.
The biovermiculations we sampled have a high organic
matter content (between 5±25% organic carbon). Furthermore, biovermiculation carbon and nitrogen in sulfidic
zones is isotopically distinct from sources outside of the
cave system (Fig. 3), indicating that the organic matter is
produced in situ. Hose and Northup (2004) suggested that
biovermiculations might form via microbial trapping of
sediments in a manner analogous to stromatolite formation. Fluorescence microscopy and SEM imaging of
biovermiculations in this study revealed filamentous
microorganisms and amorphous extracellular organic
matter entwining and binding mineral grains in the
biovermiculation matrix (Fig. 4a). Nematodes in the
biovermiculations may also play an important role because
many species of nematodes are known to agglutinate
sediments (Riemann and Helmke, 2002). Whereas vermiculations have been previously observed on a variety of

different surfaces (Hedges, 1993), the biovermiculations we
observed occur on limestone surfaces but not on chert
(Fig. 2c and d). This implies either a requirement for
buffering offered by the carbonate rock or a difference in
the mineral surface properties that affect adhesion of the
biovermiculations.
If biological activity were important for biovermiculation formation, we would expect to see more abundant
biovermiculations in regions of higher biological productivity. If this hypothesis is correct, the richest development
of biovermiculations should be closest to the sulfidic water
table. Such a relationship is broadly consistent with
observations we have made throughout the Frasassi cave
system. However, two factors may impose limitations on
this pattern. In the areas with the highest sulfide gas
concentrations, biovermiculation formation is in competition with gypsum crust formation. Therefore, growth of
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Figure 8. Maximum parsimony phylogram of 16S rRNA gene sequences within the Nitrospirae. GenBank accession numbers
are listed with the sequence names. Maximum parsimony bootstrap values .70% are shown. Number of clones represented by
each phylotype is given in parentheses.
biovermiculations might be outstripped by rapid gypsum
accumulation in some locations (e.g., Fig. 2b). Additionally, seasonal and decadal high water events may wash
away biovermiculations forming within several meters of
the average stream level. Nonetheless, we often observed
biovermiculations beginning to form below high water
marks (for example, sample PC06-106, Fig. 2e). This
observation is consistent with high biological productivity
and rapid formation of biovermiculations in the presence
of high sulfide gas concentrations, and suggests that there
are conditions under which biovermiculations form more
rapidly than gypsum crusts. Hose and Northup (2004)
cleared biovermiculations from a patch of cave wall in
sulfidic Cueva de Villa Luz and noted that new biovermi90 N Journal of Cave and Karst Studies, August 2008

culations began to grow into the clear area after only a few
weeks.
Previous authors have described microorganisms in
vermiculations from non-sulfidic caves and speculated
about biological influences on their formation (Anelli and
Graniti, 1967; Camassa and Febbroriello, 2003). The work
presented here offers evidence that microbial activity is
important for creating biovermiculations in sulfidic caves.
However, the origin of the geometric patterns that make
biovermiculations so visually striking remains to be
established. Our study does not exclude the possibility
that the physical morphology of biovermiculations is
influenced by drying processes described by Bini et al.
(1978). Our work does suggest that enhanced biological
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Figure 9. Maximum parsimony phylogram of 16S rRNA gene sequences related to the genera Nevskia and
Hydrocarboniphaga within the Gammaproteobacteria. GenBank accession numbers are listed with the sequence names.
Maximum parsimony bootstrap values .70% are shown.
activity in sulfidic caves enables biovermiculation formation on a time scale of years to decades, and that a
significant fraction of their dry mass is organic matter
produced in situ. Thus, in sulfidic cave environments,
biovermiculation morphology could also be influenced by
microbial growth patterns.

CONCLUSIONS AND FUTURE DIRECTIONS
Carbon and nitrogen isotope values indicate that within
sulfidic zones, the abundant organic matter in biovermiculations originates from in situ chemolithotrophic bacterial productivity rather than from sources outside the cave
system. The high density of microbial cells and the likely
presence of sulfur and nitrite oxidizing bacteria suggests
that biovermiculations may play a role in acid production

and carbonate dissolution, thereby contributing to cave
formation. The 16S rRNA gene sequences analyzed to date
indicate that biovermiculation communities can be extremely diverse, and that they contain representatives of
deeply branching, phylum-level lineages with no cultivated
representatives.
Further work is required to elucidate the microbial role
in biovermiculation formation and limestone dissolution in
sulfidic caves. Biovermiculations collected in different
areas of the cave system and in other sulfidic caves should
be compared to determine whether they have a characteristic assemblage of microbial species. Mineralogical analyses are needed to better describe the composition and
provenance of inorganic constituents of biovermiculations
such as clay minerals. Future research should also include
comparisons with vermiculations sampled in non-sulfidic
Journal of Cave and Karst Studies, August 2008 N 91
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environments to determine whether similar biogeochemical
processes, including sulfur cycling, are responsible for their
formation in both sulfidic and non-sulfidic karst systems.
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We performed a microbial community analysis of bioﬁlms inhabiting thermal (35 to 50°C) waters more than 60 m
below the ground surface near Acquasanta Terme, Italy. The groundwater hosting the bioﬁlms has 400 to 830M
sulﬁde, <10 M O2, pH of 6.3 to 6.7, and speciﬁc conductivity of 8,500 to 10,500 S/cm. Based on the results of 16S
rRNA gene cloning and ﬂuorescent in situ hybridization (FISH), the bioﬁlms have low species richness, and
lithoautotrophic (or possibly mixotrophic) Gamma- and Epsilonproteobacteria are the principle bioﬁlm architects.
Deltaproteobacteria sequences retrieved from the bioﬁlms have <90% 16S rRNA similarity to their closest relatives
in public databases and may represent novel sulfate-reducing bacteria. The Acquasanta bioﬁlms share few species
in common with Frasassi cave bioﬁlms (13°C, 80 km distant) but have a similar community structure, with
representatives in the same major clades. The ecological success ofSulfurovumales-group Epsilonproteobacteria in the
Acquasanta bioﬁlms is consistent with previous observations of their dominance in sulﬁdic cave waters with
turbulent water ﬂow and high dissolved sulﬁde/oxygen ratios.
Despite rapid progress in the past decade, the deep subsurface
remains one of the least explored microbial habitats on earth.
Recent studies illustrate the presence of signiﬁcant spatial heterogeneity (13, 53) and the strong inﬂuence of mineralogy and ﬂuid
ﬂow on subsurface microbial biodiversity (9, 16, 31, 61). Data
obtained by drilling are complemented by an increasing number
of studies that exploit subsurface passages navigable by humans
(17). These subsurface passages include caves (14, 46) and mines
(22, 32, 47, 52, 57). Approximately 10% of known caves (49) and
perhaps more (33) are formed where reduced, sulﬁdic groundwaters interact with oxidized water descending from surface environments. Limestone dissolution in these groundwater mixing
zones results in deep caves that receive few organic inputs from
the surface. Due to the presence of both sulﬁde and oxidants
where the groundwaters mix, lithoautotrophic microorganisms
thrive and supply the primary productivity for food chains that
may include invertebrate and vertebrate animals (11, 23). Interest
in these isolated terrestrial chemosynthetic microbial communities is fueled by their potential as model systems for microbial
biogeography and as analogs for oxygen-poor, sulfur-rich environments prevalent early in Earth history or on other planets.
The sulﬁdic caves studied by microbiologists to date include
Lower Kane Cave in Wyoming (15), Cueva de Villa Luz in Mexico (5, 23), Movile Cave in Romania (7, 28), Parker Cave in
Kentucky (4), and the Frasassi caves in Italy (38, 39). The average
water temperatures of previously studied sulﬁdic caves range
from 12 to 28°C. In contrast, the groundwater in the Grotta
Nuova di Rio Garrafo and associated caves near Acquasanta

Terme (Italy) reaches temperatures up to 50°C (M. Mainiero,
unpublished results). The Acquasanta caves host conspicuous microbial bioﬁlms that have not been previously investigated, presenting an opportunity to compare subsurface environments with
similar energy resources but large differences in temperature.
A reconnaissance of the Acquasanta caves (Fig. 1) showed that
they contain bioﬁlm types also reported in other sulﬁdic caves,
including viscous snottites on walls above the water table (see Fig.
S1a, b, and e in the supplemental material), reddish clay-rich
deposits (“ragu”) similar to those on walls in Cueva de Villa Luz
(see Fig. S1e in the supplemental material), and white bioﬁlms
covering sediments below the water table (see Fig. S1d and f in
the supplemental material). As in Cueva de Villa Luz, subaerial
surfaces in areas with high sulfur gas concentrations are covered
with elemental sulfur deposits (see Fig. S1c in the supplemental
material). Here, we describe the diversity and community structure of bioﬁlms in the thermal Acquasanta groundwater. In addition, we investigate whether the Acquasanta stream bioﬁlms
have a structure consistent with a simple ecological niche model
developed for sulfur-oxidizing clades inhabiting nonthermal sulﬁdic caves (37). The niche model considers aqueous sulﬁde and
oxygen concentrations and hydrodynamic shear and suggests that
in turbulently ﬂowing (high shear) waters with high sulﬁde/oxygen
ratios, Epsilonproteobacteria should outcompete ﬁlamentous
Gammaproteobacteria, such as Beggiatoa and Thiothrix. We ﬁnd
that Acquasanta cave stream bioﬁlms share very few phylotypes in
common with other sulﬁdic caves studied to date and are dominated by Epsilonproteobacteria as predicted by the niche model.
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MATERIALS AND METHODS
Site description and ﬁeld geochemistry. Grotta Nuova di Rio Garrafo (Fig. 1)
is located approximately 2 km south of Acquasanta Terme, Italy (13°25⬘E,
42o45⬘N). The cave entrance is 15 m above the western bank of the Rio Garrafo
(Garrafo River), and the sulﬁdic water table in the cave is approximately 50 m
below the level of the perched river. Grotta Nuova di Rio Garrafo contains more
than 1 km of passages with strong vertical development in marly Scaglia Rossa
limestone (18, 21). The water table is accessible via vertical caving routes. Sam-
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FIG. 1. (A) Plan view map of the Rio Garrafo caves. (Modiﬁed from reference 21 with kind permission from Springer Science⫹Business
Media.) Contour lines indicate surface elevation in meters. (B) Cross section of Grotta Nuova del Rio Garrafo. (Modiﬁed from reference 18 with
permission of the National Speleological Society.) Black circles indicate sampling locations for bioﬁlms depicted in Fig. S1 in the supplemental
material. Arrows indicate ﬂow directions for water (solid) and gas (dashed). Samples analyzed in the current study were collected exclusively at
site AS1.

pling teams were equipped with gas monitors (O2, CO2, SO2, and CH4) for safety
reasons. Gas masks were necessary to prevent the inhalation of toxic concentrations of sulfur gasses while sampling. The sulﬁdic groundwater in the cave has
conductivity values as high as 10.5 mS/cm and contains up to 825 M H2S. The
waters are near-neutral (pH 6.3 to 6.8), and the major ion constituents are Na⫹,
Ca2⫹, Cl⫺, HCO3⫺, and SO42⫺ (18). The ammonium concentrations are ⱕ400
M, the dissolved organic carbon concentrations are ⱕ4.7 mg/liter, and the
concentrations of dissolved Fe, Mn, and nitrate are below 1 M.
Bioﬁlms were collected at the head of the cave stream (site AS1) (Fig. 1) in 2005,
2007, and 2008. Each year, two samples were collected 1 to 3 m apart from each
other along the ﬂow path of the stream (e.g., AS08-2 and AS08-3 in 2008). Bioﬁlms
were sampled into sterile tubes using sterile plastic pipettes, stored on ice, and
processed within 8 to 12 h of collection. Subsamples of approximately 0.25 to 0.5 g
dry weight were ﬁxed in 3 volumes of freshly prepared 4% (wt/vol) paraformaldehyde in 1⫻ phosphate-buffered saline (PBS) for 3 to 4 h and stored in a 1:1
PBS-ethanol solution at ⫺20°C for ﬂuorescent in situ hybridization (FISH) analyses.
Samples for clone library construction were preserved in 4 parts RNAlater (Ambion) to 1 part sample (vol/vol). Water samples were ﬁltered (0.2 m) at the
collection site into acid-washed polypropylene bottles and stored at 4°C until analysis. The speciﬁc conductivity, pH, and temperature of the water were measured in
the ﬁeld using a 350i multimeter (WTW, Weilheim, Germany) with multiple sensors.

Dissolved sulﬁde and oxygen concentrations were measured at the sample site using
a portable spectrophotometer (Hach Co., Loveland, CO), using methylene blue for
total sulﬁdes (Hach method 690) and indigo carmine for oxygen (Hach method
8316). The results of duplicate sulﬁde analyses were within 5% of each other. The
results of replicate oxygen analyses were within 20% of each other. No sulﬁde and
oxygen concentration data were obtained in 2005 due to a spectrophotometer malfunction. Nitrate, nitrite, ammonium, and sulfate were measured on water ﬁltered
(0.2-m pore size) into sterile bottles at the point of collection and transported on
ice. Measurements were made at the Osservatorio Geologico di Coldigioco Geomicrobiology laboratory using a portable spectrophotometer within 12 h of collection
according to the manufacturer’s instructions (Hach Co., Loveland CO). Light microscopy of live bioﬁlm samples (stored 4°C) and RNAlater-preserved samples was
performed within 24 h of collection on a Zeiss model 47-30-12-9901 optical microscope (1,250⫻ magniﬁcation) at the Osservatorio Geologico di Coldigioco Geomicrobiology laboratory. The presence of elemental sulfur particles and inclusions was
assayed using an alcohol dissolution test as described in reference 35.
FISH. Clones retrieved in 16S rRNA gene libraries were checked against the
probe sequences listed in Table 1 to ensure probe speciﬁcity and membership in
target groups. FISH experiments were carried out as described in reference 3 on
10-well Teﬂon-coated slides using the probes listed in Table 1. Oligonucleotide
probes were synthesized and labeled at the 5⬘ ends with ﬂuorescent dyes (Cy3

TABLE 1. FISH probes used in this study
Probe

Sequence (5⬘–3⬘)

% Formamide

Label

Target speciﬁcity

Reference

EUB338a
EUB338-IIa
EUB338-IIIa
ARCH915
EP404
GAM42ab
DELTA495ac
SRB385

GCT GCC TCC CGT AGG AGT
GCA GCC ACC CGT AGG TGT
GCT GCC ACC CGT AGG TGT
GTG CTC CCC CGC CAA TTC CT
AAA KGY GTC ATC CTC CA
GCC TTC CCA CAT CGT TT
AGT TAG CCG GTG CTT CCT
CGG CGT CGC TGC GTC AGG

0–50
0–50
0–50
20
30
35
45
35

FITC
FITC
FITC
Cy3
Cy3
Cy3
Cy3
Cy3

Most Bacteria
Planctomycetales
Verrucomicrobiales
Most Archaea
Most Epsilonproteobacteria
Most Gammaproteobacteria
Most Deltaproteobacteria, some Gemmatimonas group
Some Deltaproteobacteria, some Actinobacteria, and
Gemmatimonas group

2
10
10
58
39
40
35
3

a
b
c

EUBMIX is a mixture of EUB338, EUB338-II, and EUB338-III.
Requires competitor oligonucleotide cGam42a: GCCTTCCCACTTCGTTT.
Requires competitor oligonucleotide cDELTA495a: AGTTAGCCGGTGCTTCTT.
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TABLE 2. FISH cell area abundances and geochemical data for Acquasanta cave stream bioﬁlm samples
Percent hybridization by each FISH probea

Sample

Date
collected

EUBMIX

EP404

GAM42a

DELTA495a

AS05-3
AS05-2
AS07-6
AS07-7
AS08-2
AS08-3

18/08/2001
18/08/2001
31/05/2003
31/05/2003
13/06/2004
13/06/2004

⫹⫹⫹⫹⫹
⫹⫹⫹⫹⫹
⫹⫹⫹⫹⫹
⫹⫹⫹⫹⫹
⫹⫹⫹⫹⫹
⫹⫹⫹⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹⫹
⫹⫹⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹
⫹⫹⫹

⫹⫹
⫹⫹
⫹⫹
⫹⫹
⫹⫹
⫹⫹

pH

SRB385

Temp
o
C

Sp. cond.b
(mS/cm)

SO42⫺
(mM)

O2 (aq)
(M)

H2S (aq)
(M)

H2S (g)c
(ppm)

⫹⫹
NM
NM
⫹⫹
⫹⫹
NM

40.4
40.4
44.1
44.1
42.7
42.7

6.37
6.37
6.38
6.38
6.31
6.31

8.4
8.4
10.6
10.6
10.5
10.5

NM
NM
9.92
9.92
12.71
12.71

NM
NM
3.06
3.06
6.69
6.69

NM
NM
801
801
415
415

NM
NM
100
100
15
15

a
Estimated proportion of total cells. ND, none detected; ⫹, ⬍3%; ⫹⫹, 3 to 15%; ⫹⫹⫹, 15 to 35%; ⫹⫹⫹⫹, 35 to 75%; ⫹⫹⫹⫹, 75 to 100%; NM, not measured.
No ARCH915-positive cells were detected.
b
Sp. cond., speciﬁc conductance.
c
Measured 1.5 m above the cave stream. g, gas.

and ﬂuorescein isothiocyanate [FITC]) at Sigma-Genosys (United States). Cells
were stained after hybridization with 4⬘,6⬘-diamidino-2-phenylindole (DAPI),
mounted with Vectashield (Vectashield Laboratories, United States) and viewed
on a Nikon E800 epiﬂuorescence microscope. Images were collected with a
Nikon charge-coupled device (CCD) camera using NIS Elements AR 2.30 image
analysis software. The ﬂuorescence coming from DNA probes in Fig. S2 in the
supplemental material is shown in false color, and an autolevel function was
applied to each image shown in the ﬁgure. For population estimates based on
FISH, the bioﬁlm matrix was easily disrupted by shaking the sample tube. At
least 3 slide wells were examined for each probe combination. At least 10 images
were collected for each sample and probe combination, taking care to represent
the sample variability, and a total DAPI-stained area of at least 3 ⫻ 104 mm2
(equivalent to the area of 5 ⫻ 104 E. coli cells) was analyzed in each case. The
presence of cells ranging from small rods to large ﬁlaments precluded simple
counting that does not take into account differences in biomass between the cell
types. A comparison between visual area estimates and area counts obtained
using the object count tool of NIS Elements AR 2.30 image analysis software
indicated that visual estimation gave the same results within error in less time.
Since semiquantitative area counts are sufﬁcient to support the conclusions
obtained in this study, a visual estimation approach was employed.
Clone library construction. Environmental DNA was extracted, ampliﬁed, and
cloned using archaeal- and bacterial-domain-speciﬁc primers as described in
reference 37. Brieﬂy, environmental DNA was extracted from approximately
0.5 g of bioﬁlm using phenol-chloroform extraction. Each 50-l PCR mixture
contained environmental DNA template (1 to 150 ng), 1.25 U Ex Taq DNA
polymerase (TaKaRa Bio, Inc., Shiga, Japan), 0.2 mM each deoxynucleoside
triphosphate (dNTP), 1⫻ PCR buffer, 0.2 M 1492r universal reverse primer,
and 0.2 M 27f bacterial domain primer (34). Thermal cycling was as follows:
initial denaturation for 5 min at 94°C and 25 cycles of 94°C for 1 min, 50°C for
25 s, and 72°C for 2 min, followed by a ﬁnal elongation at 72°C for 20 min. For
archaeal PCRs, the primers used were 21f (5⬘-TTCCGGTTGATCCYGCC
GGA) and 977r (5⬘-YCCGGCGTTGAMTCCAATT), and thermal cycling was
performed as described above except that the annealing temperature was 58°C.
PCR products were cloned into the pCR4-TOPO plasmid and used to transform
chemically competent OneShot MACH1 T1 Escherichia coli cells (TOPO TA
cloning kit, Invitrogen, Carlsbad, CA). The plasmid inserts were screened using
colony PCR with M13 primers. Colony PCR products of the correct size were
puriﬁed using a QIAquick PCR puriﬁcation kit (Qiagen, Inc., United States).
Sequencing and phylogenetic analyses. Clones were sequenced at the Penn
State University Biotechnology Center with Sanger technology (ABI Hitachi
3730XL DNA analyzer with BigDye ﬂuorescent terminator chemistry) using T3
and T7 plasmid-speciﬁc primers. Sequences were assembled with Phred base
calling using CodonCode Aligner version 1.2.4 (CodonCode Corp., United
States) and manually checked for ambiguities. The nearly full-length gene sequences (all ⬎1,400 bp) were compared against sequences in public databases
using BLAST (1) and submitted to the online analyses CHIMERA_CHECK
version 2.7 (8) and Bellerophon 3 (24). Putative chimeras were excluded from
subsequent analyses. Sequences were aligned to the 7,682-character Hugenholtz
alignment using the NAST aligner at greengenes (12). NAST-aligned sequences
were loaded into an ARB database (36) containing over 230,000 full-length
sequences. Alignments were edited manually in ARB using the ARB_Edit4
sequence editor. Only sequences longer than 1,350 bp were used for phylogenetic
analyses, with the exception of short Gammaproteobacteria clones from Parker
Cave’s Sulfur River (4). The analyses included the top BLAST hits, the top ﬁve
closest relatives in the ARB database, and representatives of major divisions

within each of the targeted groups (e.g., Sulfurovumales), with an emphasis on
sulﬁdic cave sequences. The alignments were trimmed so that all sequences were
of equal length (the ﬁnal alignment lengths were 1,153, 1,420, and 1,257 positions
for analyses of Sulfurovumales, Thiofaba/Thiovirga, and Deltaproteobacteria
clades, respectively), and nucleotide positions with less than 50% base pair
conservation were masked (calculated separately from all sequences in each
analysis, exclusive of outgroups). Shorter-length sequences (Parker Cave clones
AF047617 and AF047623) were included in phylogenetic analyses with their
missing data coded as missing and treated according to PAUP* defaults for each
analysis type (59). Maximum-likelihood, maximum-parsimony, and neighborjoining analyses were performed using PAUP* version 4b10 (59). Maximumlikelihood analyses used the general time-reversible (GTR) substitution model
with gamma-distributed among-site variation, at least ﬁve random-addition-sequence replicates, and tree bisection-reconnection (TBR) branch swapping. Base
frequency, substitution rates, and shape parameter were estimated from the data.
Maximum-parsimony bootstrap analyses (2,000 replicates) were performed via
heuristic search with 100 random-addition-sequence replicates and TBR branch
swapping. Neighbor-joining bootstrap analyses (2,000 replicates) were performed with a Jukes-Cantor (JC)-corrected distance matrix.
Diversity analyses. Rarefaction analyses were calculated based on the frequency of operational taxonomic units (OTUs) deﬁned by the program DOTUR,
version 1.53 (54). OTUs were deﬁned at 98% sequence similarity, using the
DOTUR “furthest neighbor” algorithm, based on ARB distance matrices.
Nucleotide sequence accession numbers. The 16S rRNA gene sequences determined in this study were submitted to GenBank and were assigned accession
numbers GU390708 to GU390880.

RESULTS
Field observations and geochemistry. Water and bioﬁlm samples were collected at site AS1 (Fig. 1) in 2005, 2007, and 2008.
The stream at site AS1 was fast ﬂowing and turbulent for the
entire length of the passage, and nearly every surface in the
channel was covered with bioﬁlms of “streamer” morphology (see
Fig. S1d and f in the supplemental material). Other bioﬁlm morphologies were rare and limited in areal extent. The streamers
were 1 to 2 cm in length on average (see Fig. S1d and f in the
supplemental material) and covered both ﬁne gray sediment and
exposed limestone surfaces underwater. Microscopic examination
of both live and RNAlater-preserved streamers within 24 h of
collection revealed that none of the cells contained intracellular
sulfur inclusions. All bioﬁlm samples had abundant elemental
sulfur particles outside the cells in the bioﬁlm matrix. The streamers collected in 2007 and 2008 were dominated by ﬁlamentous
bacteria, with rod-shaped and coccoid cells also present. Filamentous bacteria were less common in the 2005 samples (AS05-2 and
AS05-3), which were dominated by long thin rods.
The geochemical data for waters collected at sample site AS1
(Table 2) reﬂected changes in the degree of dilution of the thermal groundwater by surface water recharge (18). The conductivity

VOL. 76, 2010

SUBSURFACE HOT SPRING BIOFILMS

5905

FIG. 2. (A) Taxonomic composition of two 16S rRNA clone libraries from Acquasanta stream bioﬁlms. Both bioﬁlms were collected at site AS1
(see Fig. 1B). (B) Rarefaction of 16S rRNA clone libraries constructed from Acquasanta and Frasassi cave stream bioﬁlms. OTUs are deﬁned at
98% sequence identity. Frasassi clone libraries are from reference 37, except for library PC05-LKA (J. L. Macalady, unpublished data).

was substantially lower in 2005 than in 2007 and 2008. The conductivity and major ion concentrations were similar for samples
collected in 2007 and 2008, but the hydrogen sulﬁde concentrations in both the stream and the cave atmosphere were much
higher in 2007 (Table 2). These differences in geochemistry were
not accompanied by any noticeable changes in the density or
macroscopic morphology of the microbial streamers covering the
stream sediments.
16S rRNA clone libraries. Attempts to amplify archaeal 16S
rRNA genes from the bioﬁlm samples were unsuccessful,
whereas positive-control DNA yielded archaeal PCR products
of the expected length in the same PCR runs (data not shown).
A total of 174 nearly full-length bacterial 16S rRNA gene
sequences were retrieved from samples AS05-3 (80 clones) and
AS07-7 (94 clones) (Fig. 2A). The results of rarefaction anal-

yses (Fig. 2B) suggested that the major bacterial populations
present in the bioﬁlms have been adequately sampled. The
most abundant phylotype in both libraries fell within the Sulfurovumales clade in the Epsilonproteobacteria. Sulfurovumales
clones (Fig. 3) constituted 40% and 67% of libraries AS05-3
and AS07-7, respectively. Most of the Sulfurovumales sequences were 98% similar to clones AS053-B2 and AS077-B27
(Fig. 3) and formed a clade with a single Frasassi cave clone.
The AS05-3 library also included several clones (6.3%) of a
second Sulfurovumales phylotype. The second most abundant phylotype in both libraries (10.6% in AS05-3 and
26.3% in AS07-7) fell within a clade containing the isolates
“Candidatus Thiobacillus baregensis” and Thiofaba tepidiphila in the Gammaproteobacteria (Fig. 4). The Deltaproteobacteria sequences in the libraries were very distantly
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FIG. 3. Maximum-likelihood phylogram of 16S rRNA gene sequences from the Sulfurovumales clade (Epsilonproteobacteria). The number of
clones represented by each Acquasanta phylotype (98% nucleotide similarity) is indicated in parentheses. Neighbor-joining (left) and maximumparsimony (right) bootstrap values greater than 50 are shown for each node.

related (⬍90%) to sequences in public databases (Fig. 5).
Both libraries contained representatives of Bacteroidetes,
Elusimicrobia, and MVP-15, in addition to rare phylotypes
(Fig. 2). The bacterial diversity in both samples was very
low, even compared with that of sulfur-oxidizing bioﬁlms
from other sulﬁdic cave environments (Fig. 2).
Epiﬂuorescence microscopy. Fluorescent in situ hybridization (FISH) was used to evaluate the relative abundances of
major microbial populations in the bioﬁlms (Table 2). The
FISH data were consistent with the clone libraries, suggesting
little PCR or DNA extraction bias for major populations. No
hybridization to archaeal-domain-speciﬁc probe ARCH915
was detected. More than 95% of DAPI-stained cells hybridized
with the bacterial-domain-speciﬁc probe EUBMIX in all samples. The EUBMIX-negative populations were small cocci that
did not appear to hybridize with any probes used in this study
(see Fig. S2 in the supplemental material). No nucleated cells
(i.e., protists or fungi) were observed. Large holdfast structures
uniting many ﬁlaments, such as those observed for Thiothrix
spp. or ﬁlamentous Epsilonproteobacteria “rosettes” in Frasassi
cave streamers (37, 39), were not observed in the Acquasanta
bioﬁlms.
Samples AS07-6, AS07-7, AS08-2, and AS08-3 were dominated by EP404-positive ﬁlaments (Table 2; also see Fig. S2 in
the supplemental material). Samples AS05-2 and AS05-3 con-

tained long, thin EP404-positive rods, as well as a population
of large EP404-positive cocci (see Fig. S2 in the supplemental
material). GAM42a-positive cells were present in all samples
and were short rods with uniform morphology across samples
(see Fig. S2 in the supplemental material). A newly designed
FISH probe developed to identify close relatives of “Ca. Thiobacillus baregensis” in bioﬁlms from other caves hybridized to
the same set of short rods visualized using GAM42a (data not
shown). Consistent with the results of FISH experiments,
Gammaproteobacteria sequences retrieved in both Acquasanta
clone libraries consisted of a single phylotype closely related to
“Ca. Thiobacillus baregensis” (Fig. 4). FISH experiments using
SRB385 and Delta495 probes yielded similar area estimates
and cell morphologies in all samples. SRB385- and Delta495positive cells were predominantly large rods, with smaller populations of smaller rods and cocci (see Fig. S2 in the supplemental material).
DISCUSSION
Bioﬁlm community composition. Based on a full-cycle
rRNA approach, Acquasanta stream bioﬁlms are dominated
by Sulfurovumales (Epsilonproteobacteria) populations, along
with important and sometimes equally large populations of
Gammaproteobacteria related to “Ca. Thiobacillus baregensis”
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FIG. 4. Maximum-likelihood phylogram of 16S rRNA gene sequences from the Thiofaba/Thiovirga clade in the Gammaproteobacteria. The
number of clones represented by each Acquasanta phylotype is indicated in parentheses. Neighbor-joining (left) and maximum-parsimony (right)
bootstrap values greater than 50 are shown for each node.

(Table 2 and Fig. 2; also see Fig. S2 in the supplemental
material). Minor populations include Deltaproteobacteria, Bacteroidetes, Spirochaetales, Elusimicrobia, MVP-15, and rare
taxa. Although archaea were not detected using FISH or PCR,
small cells that did not hybridize with either archaeal or bacterial domain-speciﬁc probes made up 5% of the community
and may prove to be archaeal cells.
The Sulfurovumales (Fig. 3) are a monophyletic clade with
few isolates and large numbers of environmental sequences
and have been retrieved from sulﬁdic caves and springs worldwide (6). Based on the results of FISH experiments, the most
abundant Epsilonproteobacteria populations are ﬁlamentous in
2007 and 2008 bioﬁlms and nonﬁlamentous in 2005 bioﬁlms.
Cells in these populations have indistinguishable morphologies
(long thin rods) but different arrangements (see Fig. S2 in the
supplemental material). Because the most abundant Epsilonproteobacteria clones are nearly genetically identical in samples
from 2005 and 2007 (Fig. 3, clones AS053-B2 and AS077-B27),
we hypothesize that they represent highly related species capable of both ﬁlamentous and nonﬁlamentous habits. We recognize that this hypothesis is speculative and remains to be
tested using strain-speciﬁc probes. Filamentous Sulfurovumales
have not been cultured or investigated using metagenomics to
date, and thus, there are few unassailable constraints on their
metabolism. The genome of Sulfurovum sp. strain NBC37-1,
distantly related to Acquasanta clones (⬍91.5% similarity) but
their closest cultivated relative, has recently been sequenced
(44). Sulfurovum sp. NBC37-1 is a lithoautotrophic hydrothermal vent symbiont that can use hydrogen and reduced sulfur
species as electron donors. Based on the predominance of

sulfur-based lithotrophic metabolisms in hydrothermal vent
Epsilonproteobacteria (6, 43) and the importance of Epsilonproteobacteria in terrestrial chemosynthetic ecosystems where
reduced sulfur species contribute the bulk of the available
chemical energy (37, 51), it is likely that Sulfurovumales clones
retrieved from Acquasanta bioﬁlms will prove to be sulfuroxidizing lithoautotrophs, sulfur-reducing lithoautotrophs, or
possibly, mixotrophs that can reduce sulfur using organic compounds, depending on environmental conditions.
The Gammaproteobacteria clones from Acquasanta clone
libraries belong to a single phylotype represented by clones
AS053-B125 and AS077-B32 (Fig. 4). Related isolates include
the sulfur-oxidizing lithoautotrophs “Ca. Thiobacillus baregensis” (25, 26), Thiofaba tepidiphila (42), and Thiovirga sulfuroxydans (29, 30). Representatives of the clade deﬁned by these
isolates (Fig. 4) are important constituents of stream bioﬁlms
in other sulﬁdic caves. For example, close relatives of “Ca.
Thiobacillus baregensis” were found in six out of six Frasassi
stream bioﬁlm clone libraries (37). Clones in this clade have
also been retrieved from Parker Cave in Kentucky (4) and
Movile Cave in Romania (7). Thus, both the metabolisms of
cultivated relatives and the distribution of related clones in the
environment suggest that Acquasanta “Ca. Thiobacillus baregensis” relatives are sulfur-oxidizing lithoautotrophs.
The Deltaproteobacteria 16S rRNA clones are very distantly
related (⬍90%) to publicly available sequences, including environmental clones (Fig. 5). With the exception of the AS053B137 phylotype (3 clones), the clones belong to a large environmental clone group with no cultivated representatives. The
nearest relatives of these phylotypes are from marine sediment
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FIG. 5. Maximum-likelihood phylogram of 16S rRNA gene sequences from the Deltaproteobacteria. The number of clones represented by each
Acquasanta phylotype is indicated in parentheses. Neighbor-joining (left) and maximum-parsimony (right) bootstrap values greater than 50 are
shown for each node. The tree includes the 5 nearest neighbors in public sequence databases for each Acquasanta phylotype.

and methane seep environments, including Eel River sediments (“Eel-2” clade) (48), where sulfate reduction is an important process. Acquasanta Deltaproteobacteria may thus represent novel sulfate-reducing bacteria. However, because of
their dissimilarity to characterized isolates, inferences about
their metabolism remain somewhat speculative. It is interesting to note that none of the diverse Deltaproteobacteria clones
from the Frasassi cave system fall within the Acquasanta environmental clone groups. Conversely, Acquasanta clones are
not represented in the Desulfocapsa clade, which contains the
vast majority of Frasassi Deltaproteobacteria clones (37, 39).
The Acquasanta caves and the cooler Frasassi caves located
⬃80 km away provide an interesting geochemical and physical
context for comparing microbial communities. The hydrogen
sulﬁde in Acquasanta and Frassasi cave waters is thought to
have a similar source, namely, partial reduction of sulfate in
gypsum-bearing evaporite rocks in the underlying Triassic Burano Formation (18, 20). The conductivity of the sulﬁdic water
at Acquasanta is somewhat higher than at Frasassi (⬃2,000
versus ⬃9,000 S/cm), although dissolved ions are present in
similar ratios (18, 19). The temperature of the sulﬁdic water in
the Frasassi cave system is 13 to 14°C, compared to 35 to 50°C
at Acquasanta.
The most abundant Acquasanta clones belong to clades also
containing Frasassi phylotypes (i.e., Sulfurovumales in the
Epsilonproteobacteria and “Ca. Thiobacillus baregensis” rela-

tives in the Gammaproteobacteria) (37). However, the Acquasanta phylotypes are distinct (Fig. 3 and 4), and Frasassi clones
are often more closely related to phylotypes from geographically distant sulﬁdic caves, such as Movile Cave (Romania),
Parker Cave (Kentucky), and Lower Kane Caves (Wyoming),
than to clones from the geographically nearby Acquasanta
caves. Phylogeographical patterns can arise via several unrelated mechanisms, including selective pressures imposed by the
environment, dispersal limitations, and chance historical occurrences, such as colonization events (41). Because the stream
waters in the Acquasanta caves have a signiﬁcantly higher
temperature than previously studied sulﬁdic cave waters, it is
worth considering whether environmental selection based on
temperature could explain the phylogeographical pattern we
observe. However, clades within the Sulfurovumales containing
Frasassi and other nonthermal cave clones also contain sequences from hot sulﬁdic springs, suggesting that temperature
alone cannot account for the large genetic distances between
Frasassi and Acquasanta phylotypes.
Sulfur oxidizer niches. We previously proposed a simple
niche model for sulfur-oxidizing bacteria in cave streams of the
nonthermal Frasassi cave system (37). In the model, two niche
dimensions (hydrodynamic shear and aqueous sulﬁde/oxygen
ratio) controlled the bioﬁlm population structures. The model
described the distribution of three major bioﬁlm types named
after their dominant populations: (i) Beggiatoa spp. forming
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sediment-water interface mats at low shear and a variable
sulﬁde/oxygen ratio, (ii) Thiothrix spp. forming rock-attached
streamers at high shear and a low sulﬁde/oxygen ratio, and (iii)
ﬁlamentous Epsilonproteobacteria forming streamers at high
shear and a high sulﬁde/oxygen ratio. These relationships are
depicted in Fig. S3 in the supplemental material, with the
addition of Acquasanta samples from Table 2. The niche
model correctly predicts that Epsilonproteobacteria are the
dominant bioﬁlm populations in Acquasanta waters (high
shear and a high sulﬁde/oxygen ratio).
Sulﬁdic caves have important similarities with nonthermal
and moderately thermal zones around hydrothermal vents, including complete darkness, high sulﬁde concentrations, and
food chains based on bacterial chemosynthesis. We could not
identify any directly comparable quantitative phylogenetic
studies of moderately thermal vent microbial community composition in the literature. However, the niche model emerging
from studies of sulﬁdic caves is at least consistent with what is
known about niches of cultivable mesophilic and moderately
thermophilic vent chemoautotrophs (6, 43, 55). Based on the
physiology and genome content of hydrothermal vent isolates
from mixing-zone habitats, Gammaproteobacteria are facultatively aerobic to strictly aerobic, whereas Epsilonproteobacteria
are strictly anaerobic to facultatively aerobic. These trends
parallel the high sulﬁde/oxygen niche of ﬁlamentous Epsilonproteobacteria and low sulﬁde/oxygen niche of Thiothrix spp.
(Gammaproteobacteria) in turbulently mixed sulﬁdic cave
streams.
Implications and future work. Niche separation has been
documented for microbial clades at a variety of taxonomic
levels. For example, environmental specialization correlates
with marine bacterioplankton clades within the Vibrionaceae
based on hsp60 sequencing (27), with Bacillus simplex strain
groups typed by randomly ampliﬁed polymorphic DNA
(RAPD)-PCR (56), with subgroups of Actinobacteria clade acI
based on 16S rRNA sequences (45), with bacterial phyla and
classes in pasture soils (50), and more speculatively, with phylum- or subphylum-level clades present in metagenomic data
sets (60). Members of sulfur-oxidizing clades, such as the Sulfurovumales, appear to show ﬁdelity to a relatively narrow
geochemical niche, outcompeting coexisting representatives of
other major sulfur-oxidizing clades when conditions are correct. Further effort is warranted to establish the evolutionary
history of environmental specialization and niche differentiation among sulfur oxidizers and other microbial functional
guilds.
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