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Abstract 
 

Analyzing Microbial Physiology and Nutrient Transformation in a Model, Acidophilic Microbial 
Community using Integrated ‘Omics’ Technologies 

 
by 
 

Nicholas Bruce Justice 
 

Doctor of Philosophy in Microbiology 
 

University of California, Berkeley 
 

Professor Jillian F. Banfield, Chair 
 

Understanding how microorganisms contribute to nutrient transformations within their 
community is critical to prediction of overall ecosystem function, and thus is a major goal of 
microbial ecology. Communities of relatively tractable complexity provide a unique opportunity 
to study the distribution of metabolic characteristics amongst microorganisms and how those 
characteristics subscribe diverse ecological functions to co-occurring, and often closely related, 
species.  
 
The microbial communities present in the low-pH, metal-rich environment of the acid mine 
drainage (AMD) system in Richmond Mine at Iron Mountain, CA constitute a model microbial 
community due to their relatively low diversity and extensive characterization over the preceding 
fifteen years. Here, chemoautotrophic biofilms form at the air-solution interface of the AMD 
solution, and carbon is fixed using energy derived from the oxidation of iron and sulfur species 
released from the dissolution of mineral sulfides.   
 
The chemoautotrophic microbial communities that develop at the air-solution interface sink to 
the underlying sediment and degrade under microaerobic and anaerobic conditions. A transition 
from Bacteria- to Archaea-dominated communities coincides with this event. The Archaea 
identified in sunken biofilms are from the class Thermoplasmata, and in some cases, the highly 
divergent ARMAN nanoarchaeal lineage. Comparative community proteomic analyses showed a 
persistence of bacterial proteins in sunken biofilms, and evidence for amino acid modifications 
due to acid hydrolysis. Given the low representation of bacterial cells in sunken biofilms based 
on microscopy, hydrolyzed bacterial proteins were inferred to represent a population of lysed 
cells. These findings indicate dominance of acidophilic Archaea in degrading biofilms, and 
suggest that they play key roles in anaerobic nutrient cycling at low pH.  
 
Biofilm submersion was recapitulated in microcosm experiments in which floating AMD 
microbial biofilms were submerged, amended with either 15NH4

+ or deuterium oxide (2H2O), and 
proteomic stable isotope probing (protein-SIP) used to trace isotope incorporation into newly 
synthesized proteins of different community members. In 15N-ammonia amended experiments, 
different 14N/15N atom% values reflect distinct modes of nitrogen acquisition, since 14N is 
ultimately derived from extant organic biomass and 15N is derived from inorganic ammonia 
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provided in the media. There were relatively few 15N-enriched archaeal proteins and all showed 
low 15N atom% enrichment in anaerobic iron-reducing, aerobic iron-reducing, and aerobic iron-
oxidizing environments. These results are consistent with Archaea synthesizing protein using the 
14N derived from recycled biomolecules. This conclusion is further supported by results of 
parallel experiments using 2H2O, in which extensive archaeal protein synthesis was detected. In 
contrast, the bacterial species showed little protein synthesis when incubated in 2H2O. The nearly 
exclusive ability of Archaea to synthesize proteins using 2H2O may be due to archaeal 
heterotrophy (whereby Archaea offset deleterious effects of 2H by accessing 1H generated by 
respiration of organic compounds) or differences in how archaeal versus bacterial membranes 
(and their associated mechanisms of energy conservation) respond to 2H2O. In biofilms 
incubated with 15N-ammonium, bacteria synthesized proteins to different extents, with 
Sulfobacillus spp. synthesizing protein almost exclusively under iron-reducing conditions 
whereas Leptospirillum spp. synthesized protein in all conditions, with a clear emphasis on iron-
oxidation metabolisms in the presence of Fe2+ and oxygen.  These findings highlight distinct 
roles for Sulfobacillus vs. Leptospirillum in iron cycling. The greatest extent of 15N atom 
incorporation was detected in proteins of Leptospirillum, whereas Sulfobacillus proteins had a 
low extent of 15N incorporation, consistent with an autotrophic metabolism for Leptospirillum 
and heterotrophic metabolism for Sulfobacillus.  
 
The role of Sulfobacillus organisms in biogeochemical cycling is poorly understood. The 
diversity of energy conservation and central carbon metabolism within this genus was analyzed 
using published Sulfobacillus genomes as well as five draft genomes of Sulfobacillus 
reconstructed by cultivation-independent sequencing of biofilms sampled from the Richmond 
Mine (AMDSBA1-5). Three of the newly sequenced species (AMDSBA1, AMDSBA2, and 
AMDSBA3) have no cultured representatives, and AMDSBA5 and AMDSBA4 represent strains 
of S. thermosulfidooxidans and S. benefaciens, respectively. Genomes were replete with 
pathways of sulfur oxidation, however the presence of enzymes involved with these pathways 
(and their copy numbers) varied considerably across the genus. Furthermore, several enzymes 
with putative sulfur and sulfur-compound reduction were identified, perhaps lending previously 
unknown anaerobic sulfur reduction capacity to Sulfobacilllus species. Central carbon 
degradation pathways in Sulfobacillus lineages varied, with S. thermosulfidooxidans likely 
favoring the pentose phosphate pathway and lineages of S. acidophilus, AMDSBA1, 
AMDSBA2, AMDSBA3, and AMDSBA4 capable of using the semi-phosporylative Entner-
Doudoroff pathway. Proteins involved in dissimilatory nitrate reduction were limited to 
AMDSBA3, and amongst AMDSBA genomes, only AMDSBA5 encoded nickel-iron 
hydrogenase proteins. AMDSBA4 (S. benefaciens) is unusual in that its electron transport chain 
includes a bc complex, a unique cytochrome c oxidase, and an additional succinate 
dehydrogenase. It is also the only Sulfobacillus species with putative carboxysome proteins.  
Overall, the results demonstrate diverse ecological strategies for species of Sulfobacillus within 
the Richmond Mine. 
 
Metabolomics methods lag behind other omics technologies due to a wide range of experimental 
complexities often associated with the environmental matrix. We identified key metabolites 
associated with acidophilic and metal-tolerant microorganisms using stable isotope labeling 
coupled with untargeted, high-resolution mass spectrometry. Initially, >3,500 metabolic features 
were observed in extracts of AMD biofilms, although the molecular identity of these features 
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remained unclear. Stable isotope labeling improved chemical formula prediction by >50% for 
larger metabolites (>250 atomic mass units), many of which were unrepresented in metabolic 
databases and may represent novel compounds. Taurine and hydroxyectoine were identified and 
likely provide protection from osmotic stress in the biofilms. Community genomic, 
transcriptomic and proteomic data were integrated to implicate fungi in taurine metabolism. 
Leptospirillum group II bacteria decrease production of ectoine and hydroxyectoine as biofilms 
mature, suggesting that biofilm structure provides some resistance to high metal and proton 
concentrations. The combination of taurine, ectoine, and hydroxyectoine may also constitute a 
sulfur, nitrogen, and carbon currency in the communities.  
 
The genomic, proteomic, and metabolomic characterizations of the Richmond Mine microbial 
communities not only further our understanding of the physiology of acidophilic organisms but 
also help elucidate their functional roles within the ecosystem as a whole. Archaea dominate in 
anaerobic, submerged biofilms, where they synthesize protein using organic nitrogen derived 
from the degrading biofilm. Sulfobacillus are implicated in sulfur transformations, and encode 
diverse complements of proteins involved in sulfur, nitrate and hydrogen metabolisms, 
suggesting key niche differentiation within this genus. Metabolites that likely serve as organic 
nutrient sources for a variety of organisms were identified though use of stable istope labeling 
techniques. The development and integration of novel ‘omics’ based technologies extends our 
knowledge of the Richmond Mine microbial communities and will ultimately help illuminate 
microbial contributions to ecosystem function in more complex environments.   
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Introduction 

 
“Their life processes are played out in a very simple fashion; all their activities are driven by a 
purely inorganic chemical process” -- Sergei Winogradsky, describing chemolithotrophy, 1887 

 
Around the same time that Winogradsky wrote these words (Winogradsky 1887), mining at the 
Richmond Mine in Iron Mountain, CA, began. Opening the mountain for its deposits of gold, 
silver, iron, copper, and zinc, man laid these minerals bare to oxygen and water, setting the stage 
for the proliferation of microorganisms. For these organisms, chemolithotrophy is the energetic 
engine that drives cellular metabolism, and more than one hundred and twenty-five years after 
Winodradsky, we are beginning to understand that the life processes of these microorganisms are 
played out in a fashion that is anything but “simple.” 

The Richmond Mine, one of ten mines located at Iron Mountain, is an extraordinary place 
once described as a “toxic hellhole” (Fimrite 2010). Mining began in the 1860s and at one time, 
Iron Mountain was the largest copper producer in California, and the tenth largest copper 
producer in the world (United States Environmental Protection Agency 2006). Mining was 
discontinued in 1963, and twenty years later the Environmental Protection Agency designated 
Iron Mountain as a Superfund site due to the toxic effluent released by the mine. That effluent—
acid mine drainage (AMD)—is formed from the dissolution of mineral sulfides, and is primarily 
comprised of sulfuric acid with high concentrations of iron, zinc, copper, and arsenic.  In fact, at 
one point before cleanup efforts began, Iron Mountain was responsible for an estimated one-
quarter of the national municipal and industrial discharge of copper and zinc into surface waters 
(United States Environmental Protection Agency 2006).   

Today, within the now inoperative mines, microbial communities thrive. They form thick 
biofilms that float at the air-solution interface of the AMD flow and they exploit the energy-
dense ore for their metabolic gain. Their activities vastly accelerate the dissolution of mineral 
sulfides and as such, they are a primary contributing factor in the formation of AMD. Although 
Richmond Mine may be a unique place, the organisms within are not. They are globally 
distributed in AMD sites, hydrothermal vents, solfatara fields, and industrial bioleaching 
reactors. As such, a more complete understanding of the physiological processes and interactions 
is of vast ecological and even biotechnological importance.  

 For almost two decades, dozens of researchers in the laboratory of Dr. Jill Banfield have 
investigated the microbiological processes and their inextricable link to the site’s geochemistry. 
Beginning in the mid-1990’s, Theresa Edwards made the first culture-independent analyses of 
the Richmond Mine microbial communities using 16S rRNA gene clone libraries. Shortly 
thereafter, Katrina Edwards used culture-based techniques to investigate the microbial 
colonization and dissolution of pyrite, ultimately isolating the extremely acidophilic Archeaon 
Ferroplasma acidarmanus (Edwards, Bond, Gihring, et al. 2000b). Around the same time, 
Edwards, Shrenk, and Bond began using fluorescent in situ hybridization to demonstrate how 
environmental conditions like pH, temperature, and rainfall were intimately tied to the 
distribution of different organisms within the mine (Edwards et al. 1999; Schrenk et al. 1998; 
Edwards, Bond, Druschel, et al. 2000a; Bond, Druschel, et al. 2000a; Bond, Smriga, et al. 
2000b). Greg Druschel later examined the chemistry of sulfur compound transformations, 
providing a geochemical framework within which to interpret the distribution of various 
microorganisms (Druschel et al. 2004; 2003). This early work established that the community 
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was of relatively tractable complexity, lending itself as a prime target for one of the first 
‘metagenomic’ studies, carried out by Tyson et. al. (Tyson et al. 2004). Work by Dick, 
Andersson, Simmons, Sun, and Denef extended these metagenomic approaches, discovering 
genome-wide nucleotide signatures (Dick et al. 2009), patterns of phage and phage resistance 
(Tyson & Banfield 2008; Sun et al. 2013; Andersson & Banfield 2008), selection processes in 
natural populations (Simmons et al. 2008), and ultimately measuring evolutionary rates from 
environmentally-isolated genomic information (Denef & Banfield 2012).  Additional efforts by 
Yelton and Goltsman have further teased apart the metabolic potential of several important AMD 
organisms (Yelton et al. 2013; Aliaga Goltsman et al. 2013; Goltsman et al. 2009).  

This bedrock of genomic information, in turn, created opportunities to use 
‘metaproteomic’ approaches that examined functional activity of microorganisms in their 
environment (Ram et al. 2005). Proteomic data has been foundational in unraveling genomic 
recombination (Lo et al. 2007), ecological strategies (Mueller et al. 2010), stress responses 
(Belnap et al. 2011), and strain variation (Denef et al. 2007) of microorganisms in the Richmond 
Mine. Additionally, early metabolomic work linked patterns of protein expression to specific 
metabolites within the community (Wilmes et al. 2010), and showed how stable isotopes can be 
used to identify novel lipids (Fischer et al. 2011). Finally, no mention of Richmond Mine 
researchers would be complete without the mention of Brett Baker, who among his numerous 
contributions identified a novel lineage of Archaea (Baker et al. 2006), and together with Luis 
Commoli showed that these organisms were amongst the smallest ever discovered (Comolli et al. 
2009).  

The nearly 20 years of effort by these individuals—and the many others not listed here—
is humbling. Now, as the chapter on AMD research comes to a close in the Banfield group, this 
present work strives to unravel just a few of the many remaining mysteries of the Richmond 
Mine microbial communities.  
 The present work is primarily concerned with understanding the “life processes” of the 
organisms of the Richmond Mine and particularly how these underpin nutrient cycling within the 
community as a whole. A key component in these efforts is the integration of data from different 
‘omics’ technologies, with a particular emphasis on stable-isotope mass spectrometry based 
approaches. The initial impetus for much of what follows began with the characterization of 
‘sunken’ biofilms (Chapter 1). These biofilms are the product of the natural submersion of the 
Bacterial-dominated chemoautotrophic biofilms that float at the air-solution interface. Upon 
submersion, a transition to an Archaeal-dominated community was observed. This suggested that 
the archaeal community members were likely key players in anaerobic degradation of organic 
matter within the mine. Further experiments using stable-isotope proteomics showed that 
Archaea were actively synthesizing protein in submerged biofilm environments, and likely 
derive nitrogen from organic sources in the course of heterotrophic catabolism (Chapter 2). 
Although not dominant, bacteria of the genus Sulfobacillus were also observed in submerged 
biofilms. Metagenomic efforts allowed for the reconstruction of five near-complete Sulfobacillus 
genomes, and the metabolic potential of these organisms was analyzed with particular attention 
to iron and sulfur cycling capabilities (Chapter 3). Finally, stable-isotope metabolomic 
approaches were used to identify abundant metabolites associated with adaptation of 
microorganisms to the harsh acidic conditions of the Richmond Mine, and these results are 
integrated with proteomic and transcriptomic data to implicate specific species in the 
biosynthesis of certain metabolites (Chapter 4). 
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Understanding the metabolism of any given microorganism is far from trivial, and the 
task only becomes more challenging when trying to frame that metabolism within the context of 
a natural ecosystem. As a whole, the work performed at the Richmond Mine is a significant 
milestone towards developing a more comprehensive understanding of natural microbial 
populations and their attendant complexity. The results presented here are small part of that 
legacy. They serve to extend our knowledge of these acidophilic communities and further the 
development of ‘omics’ techniques that are being increasingly leveraged against more complex 
microbial communities. If there is anything that the Richmond Mine has taught us, it’s that the 
life processes of any microorganism—indeed any microbial community—are far from “simple,” 
and many mysteries yet lay waiting to be unearthed. 
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Chapter 1 
Heterotrophic Archaea Contribute to Carbon Cycling in Low-pH, Suboxic Biofilm Communities 
 
Abstract 
Archaea are widely distributed, yet are most often not the most abundant members of microbial 
communities. Here, we document a transition from bacterial- to archaeal-dominated communities 
in microbial biofilms sampled from the Richmond Mine acid mine drainage (AMD) system (~ 
pH 1.0, ~ 38 °C) and in laboratory-cultivated biofilms. This transition occurs when 
chemoautotrophic microbial communities that develop at the air-solution interface sink to the 
sediment-solution interface and degrade under microaerobic and anaerobic conditions. The 
Archaea identified in these sunken biofilms are from the class Thermoplasmata, and in some 
cases, the highly divergent ARMAN nanoarchaeal lineage.  In several of the sunken biofilms, 
nanoarchaea comprise 10-25% of the community, based on fluorescent in situ hybridization and 
metagenomic analyses. Comparative community proteomic analyses show a persistence of 
bacterial proteins in sunken biofilms, but there is clear evidence for amino acid modifications 
due to acid hydrolysis. Given the low representation of bacterial cells in sunken biofilms based 
on microscopy, we infer that hydrolysis reflects proteins derived from lysed cells. For Archaea, 
we detected ~ 2,400 distinct proteins, including a subset involved in proteolysis and peptide 
uptake. Laboratory cultivation experiments using complex carbon substrates demonstrated 
anaerobic enrichment of Ferroplasma and Aplasma coupled to reduction of ferric iron. These 
findings indicate dominance of acidophilic Archaea in degrading biofilms, and suggest that they 
play roles in anaerobic nutrient cycling at low pH.  
 
Introduction 
Our knowledge of archaeal contributions to the anaerobic carbon cycle continues to expand. 
Beyond their best-characterized role as methanogens, Archaea are increasingly implicated in 
nutrient cycling, for example via anaerobic methane oxidation (Hinrichs et al. 1999) and the 
dicarboxylate-hydroxybutyrate cycle (Huber et al. 2008). To date, Archaea have been shown to 
dominate in only a few environments, such as lake (Jiang et al. 2008) and ocean sediments 
(Orcutt et al. 2011), and in some ‘extreme’ environments, such as those characterized by high 
salinity (Oren 2002), or in acidic hot spring (Inskeep et al. 2010). Understanding the factors that 
enrich for Archaea and the physiological processes that sustain them in situ remain important 
questions. 

In metal-rich, low-pH ecosystems associated with pyrite ores, several species of Archaea 
have been identified via clone library analysis (Bond, Druschel, et al. 2000a; Baker & Banfield 
2003; Bruneel et al. 2008; Tan et al. 2008; Sanchez-Andrea et al. 2011), metagenomic 
sequencing (Tyson et al. 2004; Baker et al. 2006), and isolation (Edwards, Bond, Gihring, et al. 
2000b; Golyshina et al. 2000). Archaea have also been identified as members of consortia 
employed in bioleaching systems for metal recovery (Rawlings 2002). Arguably, the best-studied 
low-pH, high-iron environment is the Richmond Mine AMD system at Iron Mountain, CA. In 
the Richmond Mine and in other acidic metal-rich systems, Archaea are typically found in 
relatively low abundance (Baker & Banfield 2003; Macalady et al. 2007; Kock & Schippers 
2008). The Archaea in the system belong to two distinct lineages of the Euryarcheota: the class 
Thermoplasmata—which includes Ferroplasma species as well as the ‘alphabet plasmas’ 
referred to as A- through Iplasma (Baker & Banfield 2003)—and a deeply branching clade 
referred to as ARMAN (Baker et al. 2006; Comolli et al. 2009). Within the Thermoplasmata 
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belongs the order Thermoplasmatales, which includes the genera Thermoplasma, Ferroplasma, 
Picrophilus, and Thermogymnomonas. Iplasma is the most divergent of the AMD plasmas, and is 
almost certainly not in the order Thermoplasmatales, and may in fact represent a separate 
class(Yelton et al. 2013). Metagenomic sequencing has allowed for near-complete reconstruction 
of genomes for Ferroplasma, four Thermoplasmata and four ARMAN Archaea (Tyson et al. 
2004; Baker et al. 2010; Yelton et al. 2011). Amongst the AMD plasmas, genomic analyses 
consistently indicate facultatively anaerobic and heterotrophic lifestyles (Tyson et al. 2004; 
Yelton et al. 2013). Furthermore, isolates from the Thermoplasmatales lineage, including 
Thermoplasma volcanium, Thermoplasma acidophilum, and Ferroplasma spp. have been 
characterized as facultatively anaerobic heterotrophs (Segerer et al. 1988; Dopson et al. 2006). 

Generally, biofilms beginning to grow at the air-solution interface in the Richmond Mine 
are devoid of Archaea, but archaeal populations become more abundant with increasing biofilm 
age and thickness (Wilmes et al. 2009). Here we present evidence that, in contrast to floating 
biofilms, Archaea dominate the submerged suboxic biofilms and as such, may be key players in 
carbon and nutrient cycling in AMD environments. 
 
Materials and Methods 
Site description and sample collection 
Biofilm samples were collected underground within the Richmond Mine at Iron Mountain, CA. 
Temperature was measured in situ and the pH determined shortly after sample collection. 
Samples for metagenomic analysis were frozen on site on dry ice whereas those for cultivation 
experiments were maintained on ice water during transport to the laboratory where they were 
used immediately for inoculation experiments. At the time of sampling, biofilm thickness was 
estimated visually to indicate growth (developmental) stage. Based on prior direct 
measurements, early growth stage biofilms are typically < 30 µm thick whereas late growth stage 
biofilms can be up to 200 µm thick (Wilmes et al. 2009). 
 
Microscopy 
Environmental samples were fixed and stained with lineage-specific fluorescent in situ 
hybridization (FISH) probes to determine archaeal and bacterial relative abundances, as 
described previously (Bond & Banfield 2001). Fixed cells were counted manually on a Leica 
DMRX epifluorescence microscope at 630 times magnification. At least five fields of view and 
>1000 cells were counted for each sample. FISH cell counts were used to calculate species 
percentages from total cell counts obtained using 4’,6-diamidino-2-phenylindole.  Probes used in 
this study are listed in Table 1.1.  
 
16S rRNA sequencing and analysis 
For all DNA extractions, ~1 g of frozen biofilm was washed twice with 0.5 mL cold PBS (pH 
1.2) before being resuspended in 500 µl TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]) and 
500 µl STEP buffer (0.5% SDS, 50 mM Tris-HCl [pH 7.5] 400 mM EDTA, 1 mg/mL Proteinase 
K, 0.5% Sarkosyl). The samples were cycled three times between liquid nitrogen and 50 °C 
water-bath to facilitate lysis. After the last cycle, an additional 500 µl of STEP buffer were added 
and the sample was left at 50 °C for 20 minutes.  Samples were extracted 3 times with 1 volume 
each 25:24:1 phenol:chloroform:isoamyl alcohol mix (Fisher BioReagents, Pittsburgh, 
Pennsylvania) using 15 mL Phase Lock Gel tube (5 Prime, Gaithersburg, Maryland). Aqueous 
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layer was precipitated with 1 volume cold isopropanol and 0.1 volume cold sodium acetate (3 M 
pH 5.2). Pellets were washed with 1 mL cold ethanol and resuspended in TE buffer.   

For clone library construction, 16S rRNA gene sequences were amplified by PCR in 
mixtures containing 1X PCR Master Mix (Promega, Madison Wisconsin), ~ 40 ng template 
DNA, 300 mM (each) forward and reverse primers, and 0.5 mg/mL BSA (New England Biolabs, 
Ipswitch, Massachusetts). Primers for Bacteria-specific libraries were 27F (5’ 
AGAGTTTGATCMTGGCTCAG) and 1492R (5’ TACGGYTACCTTGTTACGACTT) 

(DeLong et al. 2006), and for Archaea-specific libraries were 522F (5’ 
GGYAAGACSGGTGSCAGC) and 1354R (5’ GCGRTTACTASGGAWTCC), designed to bind 
to both Archaea of the Thermoplasmatales and the ARMAN.  Reactions were incubated in a 
DNA Engine Dyad thermocycler (MJ Research, Quebec, Canada) for 94 °C (2 min) followed by 
30 cycles of 94 °C for 45 sec, 53 °C for 45 sec, 72 °C for 90 sec, and a final extension of 72°C 
for 10 min. PCR products were purified and cloned, as described previously (Bond, Druschel, et 
al. 2000a). Sequencing was carried out using the same amplification primers as used in PCR 
reactions on a 3730XL DNA Analyzer (Applied Biosystems, Carlsbad CA). Sequences were 
assembled with Phred/Phrap software and chimeric sequences were screened using Mallard 
(Ashelford et al. 2006). Sequences were clustered using UCLUST (Edgar 2010) at 97% percent 
identity. Sequences were aligned with MAFFT (Katoh et al. 2002) and curated with 
MEGA(Tamura et al. 2011). Trees were constructed using the Maximum Likelihood algorithm 
in MEGA using the General Time Reversible model. Bootstrap values were calculated from 
1000 iterations.  
 
Metagenomic sequencing and analysis  
For metagenomic sequencing, DNA was extracted from samples, as described above. Samples 
were treated with 10U/mL RNase (New England Biolabs, Ipswitch, MA) for 15 minutes at room 
temperature to improve sequencing quality. DNA from both samples was sequenced with 454 
FLX Titanium (454 Life Sciences, Branford, CT), as per manufacturer’s protocols with the 
exception that fragment libraries were quantified with digital PCR rather than with titrations 
(White et al. 2009). Data was quality controlled by removing reads with at least one ambiguous 
base. Artificial duplicate reads formed as a result of the 454 FLX Titanium sequencing method 
were removed, as described previously (Gomez-Alvarez et al. 2009; Denef & Banfield 2012). 
For analysis of community composition, reads over 100 nucleotides in length were compared by 
BLAST to genomes of organisms from the Richmond Mine recovered by prior metagenomic 
studies (Tyson et al. 2004; Baker et al. 2006). Only matches with >98% identity were reported 
and the number of hits for each species was normalized by genome size.  
 
Protein analysis 
Whole-cell fractions of proteins were extracted from frozen biofilms (~500 mg) via sonication 
and TCA-precipitation, as previously described (Denef et al. 2009). Briefly, the cells were 
washed with H2SO4 (pH 1.1) to remove residual iron, then pellets resuspended in 6 mL 20 mM 
Tris-SO4, pH 8.0 and sonicated on ice using a microtip sonicator. Five mL 0.4 M Na2CO3 pH 11 
was added and non-lysed cells and polymers removed by centrifugation at 6,000 g for 20 
minutes. Protein was precipitated with 1:10 TCA for at least 3 hours, centrifuged (14,000 g 10 
minutes) and washed with cold methanol. The protein was resuspended in 6 M guanidine/10 mM 
DTT, and enzymatically digested with trypsin (Promega, Madison, WI).  Peptides were separated 
via 24 h nano-2D-LC (strong cation exchange/reversed phase) and analyzed by tandem mass 
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spectrometry on a hybrid LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, 
CA), as described previously (Denef et al. 2009; Mueller et al. 2010). At least two technical 
replicates were run for each sample. Unmodified peptides were identified by using the 
SEQUEST algorithm (Eng et al. 1994) to search tandem mass spectra against the predicted 
protein database amdv1_reads_11212008_arman_Biofilm_AMD_CoreDB_04232008_B 
constructed from previously published community genomic datasets (Tyson et al. 2004; Baker et 
al. 2006). The SEQUEST search results were filtered and sorted with the DTASelect algorithm 
(Tabb et al. 2002). False positive rates for this method of analysis have been determined to be 
between 1 and 5% (Ram et al. 2005; Denef et al. 2009). The database is available: 
http://compbio.ornl.gov/amd_gtl_ms_results/databases/ 

Normalized spectral abundance factors (NSAF) were calculated as described previously 
(Florens et al. 2006; Mueller et al. 2010). For clustering analysis of Gplasma proteins, 

organism-specific NSAF values (orgNSAF) were calculated by normalizing NSAF values to the 
total detected spectral counts from that organism, after which they were arcsin transformed, 
mean centered, and scaled as described previously (Mueller et al. 2010). Only samples with >150 
Gplasma proteins were used in order to prevent bias from zeros during normalization. 
Hierarchical clustering was carried out in Multiple Experiment Viewer (Saeed et al. 2003; 2006) 
using a Pearson Correlation coefficient and average linkage. Fisher’s exact test was performed in 
R to compare enrichment of each COG functional category in the group of proteins enriched in 
sunken samples versus other proteins in the dataset. 

 
Deamidation analysis 
Tandem mass spectra were re-searched for deamidated peptides with the SEQUEST algorithm 
by considering the dynamic modification of deamidation for all glutamine (Q) and asparagine 
(N) residues. DTASelect output files were analyzed with custom Ruby scripts to calculate the 
spectral counts of deamidated Q and deamidated N residues as well as the total spectral counts of 
Q and N residues in identified peptides. These spectral counts were summed for each organism 
or Domain. The deamidation frequencies of Archaea and Bacteria were calculated as the 
percentages of the run-averaged spectral counts of deamidated Q or N over the total spectral 
counts of Q or N, respectively, in each domain. In order to ensure that deamidation percentages 
were calculated from a representative number of peptides, runs in which a single peptide 
contributed more than 50% of the total deamidation percentage for either archaeal or bacterial 
domains were not included in the analysis.  By searching the reversed database (i.e., all peptide 
sequences reversed), false-discovery rates of deamidated peptides (~2%) and deamidated spectra 
(~3%) were identified. For analysis of differences of deamidation between growth stages and 
Domains, data were analyzed with a two-way ANOVA in R after verification that assumptions 
of normality and homoscedasticity were met.  
 
Cultivation of aerobic biofilms 
The floating biofilm was cultivated in laboratory bioreactors as previously described (Belnap et 
al. 2009; 2011).  After growing to a thickness consistent with late-growth stage biofilms, the 
biofilm was dislodged from the reactor walls and submerged at the bottom of the reactor 
chamber under ~2 cm of slowly flowing AMD solution. After seven days, sunken biofilm 
samples were taken and either immediately fixed for FISH or frozen for later proteomic analyses. 
 
Cultivation of anaerobic biofilms 
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To maximize diversity for anaerobic community culturing, inocula were derived from a variety 
of floating and sunken biofilm samples collected from several locations within the Richmond 
Mine (Redding, CA, USA). About five mL aliquots of the mixed inocula were added to replicate 
120 mL serum vials filled with 50 mL of nitrogen-degassed ferric-9kBR medium containing 100 
mM Fe2(SO4)3, 1 mM (NH4)2SO4, 0.5 mM KCl, 0.050 mM K2HPO4, 5 mM MgSO4 7H2O, 0.2 
mM CaSO4, and trace minerals (Belnap et al. 2009), all adjusted to pH 1.1 with H2SO4.   
 
Triplicate cultures were supplemented with one of each of the following organic substrates: 
glycolate, formate, lactate, acetate, betaine (all 10 mM, Sigma Aldrich), casamino acids (0.02%, 
acid-hydrolyzed casein, BD, NJ, USA), or peptone (0.02%, enzymatic digest of protein, BD, NJ, 
USA). Additionally, some cultures were supplemented with naturally derived biofilm substrate 
obtained by lyophilization of a mature floating biofilm from the Richmond Mine, followed by re-
dissolution into sterile deionized H2O and sonication for 5 minutes with a microtip sonicator. 
This natural substrate was added to cultures at a concentration of 0.05% w/v. Sterility of this 
substrate was monitored via DNA extractions and microscopy in un-inoculated controls. 
Replicates of all cultures were cultivated with and without 0.01% yeast extract. A 10 % volume 
of each culture was transferred three times into 5 mL volumes fresh media every 3 to 4 weeks, 
and transferred into 40 mL in the fourth and final transfer. Ferrozine assays of dissolved iron 
concentration and DNA was extracted from cultures on the fourth transfer, 28 days after 
inoculation. Ferrozine assays were done as previously described (Stookey 1970), and DNA 
extractions were carried out as described above.  
 
Results 
Sunken biofilm sampling 
Three sunken biofilms were collected from the 5-way (February, 2008, pH 0.98, 38 °C) and three 
from the UBA site (June 2009, pH 1.1, 38 °C) (see location map in Figure 1.1).  At the 5-way 
site, we sampled a mature, thick (~0.1 mm) flexible biofilm floating on a ~ 5 cm deep flowing 
AMD solution (Floating Growth Stage 2, Figure 1.2A).  In addition, we collected three fragile 
sunken biofilms of similar thickness that were stratified underneath the floating biofilm and 
suspended close to the stream base. We labeled these biofilms as 5way-Sunken1, reflecting its 
location immediately below the floating GS2 biofilm; 5way-Sunken2 the biofilm a few 
millimeters below 5way-Sunken1; and 5way-Sunken3, the biofilm resting on the stream channel  
(Figure 1.2A). Fragile (easily disintegrated) sunken biofilm samples collected from the UBA site 
(UBA-Sunken1, UBA-Sunken2, and UBA-Sunken3) were recovered from three different regions 
of a slowly draining AMD pool about 25 cm deep.  All samples collected for this study, and 
those obtained in previous studies, are listed in Table 1.2.  
 
Fluorescent In Situ Hybridization Microscopy of Natural Sunken Biofilms 
Fluorescent In Situ Hybridization (FISH) was used to determine the relative proportion of 
Bacteria to Archaea in sunken biofilms (Figure 1.3, Table 1.3). In contrast to previously 
characterized early growth stage (GS1) and late growth stage (GS2) floating biofilms, sunken 
biofilms were dominated by Archaea (Figure 1.4). The relative community composition of the 
5way-Sunken3 biofilm was qualitatively similar to the other 5way samples, but with clearly 
reduced cell density. High autofluorescence in non-DAPI filter channels, presumably caused by 
degraded biofilm and minerals, prohibited quantitative analysis of this sample. In the other five 
sunken samples analyzed quantitatively, non-ARMAN archaeal species dominated the 
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community. ARMAN and Sulfobacillus species were more abundant in 5way Sunken samples 
than UBA Sunken samples (Table 1.3). 
 
Clone libraries and DNA sequencing 

Clone libraries were constructed for 5way-Sunken1 to better determine the phylogenetic 
diversity of the Archaea and Bacteria present. Forty-five of the 89 sequences obtained from 
5way-Sunken1 using Archaea-specific 16S rRNA primers belonged to the deeply branching 
clade known as ARMAN, a euryarchaeal lineage (Comolli et al. 2009; Baker et al. 2010) (Figure 
1.5). Eleven clones were closely related (>99% identity) to Ferroplasma acidarmanus, a species 
previously isolated from the Richmond Mine(Edwards, Bond, Gihring, et al. 2000b). The 
remaining clones represented Aplasma, Bplasma, Gplasma, and Eplasma (Figure 1.5), a radiation 
of closely related Thermoplasma Archaea, referred to as the “alphabet plasmas” (Baker et al. 
2003; Dick et al. 2009).  

The Bacteria-specific 16S rRNA library contained 89 clones, 36 belonged to 
Leptospirillum ferrodiazotrophum, a member of Leptospirillum group III, 8 clones were related 
to, but distinct from Leptospirillum group III (3.0% divergent), 15 belonged to Leptospirillum 
group II (Leptospirillum ferriphilum), and the remainder to species of the genus Sulfobacillus 
(Figure 1.6). Within the Sulfobacillus lineage, 10 sequences were Sulfobacillus 
thermosulfidooxidans (100% identity), 14 were Sulfobacillus benefaciens (100% identity), and 4 
derived from other Sulfobacillus species.  
 
Proteomic comparisons of floating and sunken biofilms  
Proteomic analyses of the six sunken biofilms and the 5way-Floating biofilm were used to 
analyze community structure in the context of previously sampled floating biofilms as well as to 
identify metabolic processes active in the sunken biofilms. The relative abundance of bacterial 
proteins was highest in early (93.0%) and late growth stage floating biofilms (84.9%), and was 
lowest in sunken biofilm samples (55.0%) (Figure 1.7). Archaeal proteins were most abundant in 
the sunken biofilm samples (24.5%), and less abundant in the early- (1.9%) and late-growth 
stage floating biofilms (7.1%).  

The proteomes of the 5way-Floating biofilm and the three stratified sunken biofilms 
showed a striking increase in the relative abundance of archaeal proteins with increasing depth, 
5way-Sunken1 contained relatively more archaeal protein (7.3%) than 5way-Floating (1.9%). 
Below 5way-Sunken1, a large increase in the relative abundance of the Archaea was found in 
5way-Sunken2 (35.8% Archaea), with a similar relative abundance in 5way-Sunken3 (35.9% 
Archaea) (Figure 1.8). 

Overall, 2,334 distinct archaeal proteins were identified across all samples analyzed 
(Table S1). Of those, 545 proteins were only identified in sunken samples, 761 in floating 
samples, and 1,128 proteins were identified in both. Proteins detected represented many major 
metabolic pathways, such as TCA cycle, glycolysis, fatty acid oxidation, and electron transport. 
Furthermore, many proteins associated with the acquisition and breakdown of organic carbon 
were detected, including peptide transporters, sugar transporters, peptidases, and extracellular 
glucoamylases (Table S2). 

Gplasma was the only archaeal species with consistently high protein abundances across 
samples and growth stages, enabling proteome comparisons across growth stages by hierarchical 
clustering of orgNSAF values. The sunken samples formed a distinct cluster, as did a group of 
proteins showing relatively higher abundance in the sunken biofilms (Figure 1.9A). This group 
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of proteins had a distinct distribution of COG functional category counts (Fisher’s Exact Test, p 
= 0.0002), with a lower abundance of proteins involved in protein biogenesis (ribosomal) and 
higher abundances of proteins involved in amino acid metabolism (Figure 1.9B). Elevated in 
abundance in the sunken biofilm protein cluster were two enzymes of the TCA cycle (malate 
dehydrogenase, aconitate hydratase), several enzymes associated with transformations of 
pyruvate (three subunits of the pyruvate dehydrogenase/2 oxoacid dehydrognease complex, a 
cytochrome-associate pyruvate dehydrogenase, pyruvate:ferredoxin oxidoreductase, pyruvate 
phosphate dikinase, and acetolactate synthase), and multiple proteins that likely participate in 
electron transfer reactions, including an oxidoreductase, and aldehyde dehydrogenase, and a 
flavoprotein (Table S3). 
 
454 sequencing 
The relative percentage of bacterial proteins in sunken samples was higher than what was 
expected based on FISH analyses, so we analyzed metagenomic sequence from a subset of 
samples (5way-Sunken2 and UBA-Sunken2) as a third measure of community composition. 
These analyses used 50 Mb of 454 FLX Titanium sequence data obtained for each of the UBA-
Sunken2 and 5way-Sunken2 biofilms (read lengths averaged ~ 290 bp for both samples).  

BLAST comparisons of 454 sequencing reads to the genomic databases showed that the 
5way-Sunken2 and UBA-Sunken2 biofilms were dominated by archaeal species (Figure 1.10). In 
the 5way-Sunken2 biofilm, 98.3% of reads mapping to the database matched archaeal sequences, 
whereas bacterial sequences represented only 1.3% of reads. In the UBA-Sunken2 sample, 
archaeal species comprised 69.24% of genomic reads whereas bacterial species made up 30.68%.   
 
 
Deamidation: 
Compared to FISH and metagenomic analyses, proteomic measurements showed a striking 
overrepresentation of Bacteria in sunken communities. Although this discrepancy could be 
partially explained by differences in cell size (and thus protein content) between the bacterial and 
archaeal community members, we hypothesized that bacterial proteins may derive from cell 
lysates rather than living cells. It is known that glutaminyl and asparaginyl residues can undergo 
an acid-dependent deamidation (Joshi & Kirsch 2002; Robinson 2002; Catak et al. 2006). Thus, 
if our hypothesis is true, bacterial proteins in sunken communities should have more extensive 
deamidation than in floating communities. In contrast, archaeal proteins should have the same 
degree of deamidation in floating and sunken biofilms if the cells were equally viable in both 
communities. We measured the degree of deamidation in proteins extracted from both floating 
and sunken biofilms by proteomics. On average, 28.3% of glutamines underwent deamidation in 
bacterial proteins from early growth-stage biofilms, 52.5% in late growth-stage biofilms, and 
72.1% in sunken biofilms (Figure 1.11A). On the other hand, glutamines in archaeal proteins 
were deamidated at frequencies of 17.0% and 19.0%, in early and late-growth stage biofilms, 
respectively, and at 44.2% in sunken biofilms. Similarly, the frequencies of deamidation in 
bacterial asparagine residues were 22.2%, 36.4%, and 58.1% in early growth-stage, late growth-
stage, and sunken biofilms, respectively, whereas archaeal asparagine deamidation remained 
relatively constant between 21.1% and 30.3% across all sample subsets (Figure 1.10B). 
Deamidation was not limited to any particular subset of proteins, and was evident for essential 
cytoplasmic proteins like ribosomal proteins, TCA cycle enzymes, and glycolysis enzymes (data 
not shown). A two-way ANOVA was used to test for differences among deamidation frequencies 
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between domains of life (Archaea and Bacteria) and growth stages (GS1, GS2, Sunken). 
Deamidation frequencies of asparagine residues differed significantly for domains [F(1,43) = 
14.11,  p < 0.001], as well as between growth stages, [F(2,43) = 19.53,  p < 0.001]. Analysis of 
deamidation frequencies of glutamine residues showed similar results, with significant difference 
amongst domains [F(1,44) = 52.88,  p < 0.001],  and between growth stages [F(2,44) = 36.97,  p 
< 0.001]. Importantly, there was an interaction between growth stage and domain for both 
asparagine [F(2,43) = 6.74,  p < 0.01],  and glutamine [F(2,44) = 4.94,  p < 0.05] residues, 
indicating that the two domains respond differently to increasing growth stage and submersion. 
Post-hoc analysis using Tukey’s honestly significant difference test was used to compare 
deamidation frequencies amongst growth stages and between domains for each residue (Table 
1.4).  
 
Bioreactor laboratory experiments 
We submerged a laboratory-cultured biofilm in our laboratory bioreactors to test the hypothesis 
that a bacterial dominated floating biofilm would shift towards archaeal dominance if 
submerged. FISH results showed an increase in the relative abundance of Archaea after seven 
days of submersion (increasing from 23.5% of the community prior to sinking to 52.0% after 
submersion). Bacteria populations, on the other hand, showed a marked decrease from 76.5% of 
the community in the floating biofilm, to 47.9% of the sunken biofilm. Proteomic data also 
showed an increase in the relative abundance of Archaea, with archaeal proteins compromising 
11.3% of the floating biofilm and 17.2% of the sunken biofilm, while bacterial proteins 
compromised 77.2% and 67.0% of the floating and sunken biofilms, respectively. Measures of 
protein deamidation, showed high frequencies of deamidation for bacterial asparagine (20.15% 
in floating; 34.8% in sunken) and glutamine residues (30.6% in floating; 52.6% in sunken), but 
not for archaeal residues (between 10.2-12.6% for glutamine and asparagine in either floating or 
sunken samples) (Figure 1.12).  
 
Culturing: 
In order to determine if Archaea are capable of carrying out anaerobic carbon oxidation in 
sunken biofilms, we enriched for anaerobic iron reducers using ferric sulfate media and a variety 
of different carbon sources. Iron was reduced to similar degrees in yeast-extract supplemented 
cultures of peptone, betaine, casamino acids, and AMD biofilm extract (Figure 1.13). Cultures 
without yeast extract were not viable even after the first transfer, except for native-biofilm 
cultures, which did not grow after the third transfer.  No growth was apparent in cultures 
containing glycolate, formate, acetate, or lactate with or without yeast extract. Analysis of 16S 
rRNA sequences from cultures cultivated on peptone, betaine, casamino acids, and AMD biofilm 
were dominated by Ferroplasma acidarmanus, with Aplasma comprising 0-47% of the 
sequenced clones (Figure 1.13). We also detected no hydrogen consumption or production, nor 
methanogenesis (data not shown).  
 
Discussion 

Little is known about selection factors for Archaea or archaeal metabolism in AMD 
systems. Here we used a combination of metagenomic, proteomic and FISH analyses to compare 
community structures of thin floating biofilms, thicker, higher developmental stage floating 
biofilms, and biofilms submerged in suboxic/anoxic environments (Table 1.2). In contrast to 
floating biofilms that are Bacteria-dominated, we show here that field-collected communities in 
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submerged biofilms are dominated by Archaea and that a transition from bacterial to archaeal 
dominance can be induced by biofilm submersion in the laboratory. Based on the identification 
of proteins involved in peptide transport, sugar transport, fatty-acid oxidation, and extracellular 
protein and starch breakdown (Table S1), it is likely that the Richmond Mine plasmas may 
scavenge nutrients in the form of proteins and carbohydrates, in this case derived from the 
decaying biofilm. 

For Aplasma, Eplasma, Gplasma, and Ferroplasma, many components of the electron 
transport chain were identified by proteomics, including subunits of NADH dehydrogenase, 
Rieske Fe-S proteins, electron transfer flavoprotein-quinone oxidoreductases, as well as other 
dehydrogenases and oxidoreductases that may play roles in electron transport (Table S1). Based 
on this, and the detection of almost all TCA-cycle proteins, it seems most likely that respiration 
is widely used for energy generation. Interestingly, the only protein known to be involved in a 
terminal electron accepting process identified was a Gplasma cytochrome c oxidase identified in 
one of the sunken samples. The detection of terminal oxidase activity is important, given that no 
methods exist for direct measurement of oxygen concentrations in AMD solutions. Oxygen may 
be introduced upstream in flowing solutions, but its concentration is calculated to be exceedingly 
low (Druschel et al. 2004). Based on the low-oxygen availability we contend that an alternate 
electron accepting process predominates, and ferric iron is an obvious candidate, especially given 
its high concentration in AMD solutions (tens of mM), the known ability of Ferroplasma to 
reduce ferric iron (Dopson et al. 2004), and our Aplasma-Ferroplasma enrichments showing iron 
reduction. To date, no terminal iron-reducing proteins have been annotated in these organisms, 
and indeed, knowledge of enzymes involved in this process is limited for the archaeal 
domain(Schroder et al. 2003).  

Analysis of Gplasma proteins suggests a distinct metabolism in the sunken compared to 
floating biofilm environments. The observation that, when growing in the sunken biofilms, 
Gplasma appears to emphasize amino acid and carbohydrate metabolism relative to protein 
biogenesis and posttranslational modification, may indicate greater investment in substrate 
oxidation than in biosynthesis. This may reflect increased energy generation by substrate 
oxidation to compensate for lower energy yields associated with an anaerobic respiration. 
Notably, the relatively high abundance in sunken samples of proteins for transformations of 
pyruvate (Table S2) suggests that pyruvate may be an important node in the metabolic flux of 
Gplasma in this environment. The overabundance of superoxide dismutase in the sunken samples 
might indicate oxidative stress, although recent findings have shown high expression of this 
enzyme in Geobacter species carrying out iron reduction, regardless of oxygen exposure(Mouser 
et al. 2009). 

ARMAN are typically rare members of AMD biofilm communities (Baker et al. 2010). 
Their apparent higher abundance by FISH and metagenomic measures than by proteomic 
analysis is likely due to the small cell volume and perhaps lower activity of these cells (Baker et 
al. 2010). While many of the ARMAN proteins identified were 

associated with protein biosynthesis or were of unknown function, we also detected 
proteins involved in fatty acid oxidation, TCA cycle, and the Embden-Meyerhof glycolysis 
pathway. 

As noted above, we surmise that Ferroplasma and/or Aplasma carry out 
chemoorganotrophic growth coupled to iron reduction. Interestingly, the native-biofilm extracts 
supported growth without yeast extract through three transfers, although the reasons for the 
failed growth in the fourth transfer are unclear (changes in the biofilm-extract due to prolonged 
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storage may have been important in this regard). The precise role of yeast extract for growth on 
other carbon sources is unclear, although it could function as an additional carbon source or 
provide micronutrients. For T. acidophilum, yeast extract has also been suggested protect against 
the high pH gradient, although the mechanism for this is unclear (Smith et al. 1975).  

Leptospirillum group II and group III are important iron oxidizers in AMD systems 
(Tyson et al. 2004; Goltsman et al. 2009; Denef, Kalnejais, et al. 2010a; Mueller et al. 2010) and 
Leptospirillum group III is able to fix nitrogen (Tyson et al. 2004). Compared to Leptospirillum 
spp., Sulfobacillus spp. tend to be in lower relative abundance (Baker & Banfield 2003). Studies 
have indicated that species of Sulfobacillus are facultative anaerobes capable of both autotrophic 
and heterotrophic modes of growth (Druschel et al. 2004; Johnson et al. 2008). Oxidation of 
Fe(II), S0, and sulfide minerals, anaerobic reduction of Fe(III), and utilization of yeast extract, 
glucose, mannose, and other carbon sources has been described for various Sulfobacillus 
species(Johnson et al. 2008). Sulfobacillus species were detected predominantly in 5way 
biofilms, but we have not clearly identified ecological roles for these organisms: their broad 
metabolic capabilities may be indicative of a generalist ecological strategy. Currently, 
incomplete genomic information for Sulfobacillus species prevents wide-spread detection of 
Sulfobacillus proteins, limiting insights into their functional contributions. 
 Both FISH and DNA analyses showed a higher relative abundance of archaeal species 
than did proteomics analyses, suggesting a discrepancy between FISH, metagenomic, and 
proteomic measures of community composition. We attribute the discrepancy to the persistence 
of bacterial proteins in lysed and degrading cells, as indicated by extensive detection of acid-
hydrolyzed peptides. Moreover, proteins with a high degree of solvent exposure (i.e., unfolded) 
are more likely to undergo deamidation (Catak et al. 2006), and low pH can also greatly 
accelerate this reaction (Joshi & Kirsch 2002). Given the large difference in pH between the 
intracellular and extracellular environments of acidophilic organisms (Macalady et al. 2004), we 
suspect that acidophilic cells that have lost membrane integrity may show a greater degree of 
deamidation due to exposure of cytoplasmic proteins to low-pH solution. The difference between 
glutamine and asparagine deamidation frequencies is likely due to higher reactivity of glutamine 
residues in acidic conditions (Joshi & Kirsch 2002). 
While some role for Bacteria (particularly species of Sulfobacillus) in nutrient cycling in the 
sunken communities cannot be ruled out, the dominance of Archaea by several measures of 
community composition, proteomic signature of heterotrophic growth, heterotrophic growth in 
anaerobic culture, and the high degree of amino acid deamidation in the Bacteria, indicate that 
Archaea drive nutrient cycling in suboxic and anoxic AMD environments. Complete submersion 
in AMD solution would appear to select against Bacteria, which may be less adapted to the low 
oxygen availability. The diversity of Archaea is particularly interesting, and may reflect a range 
of ecological niches in these high carbon, suboxic and anoxic environments.    
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Table 1.1: List of FISH probes. 

Probe E. coli 
position Sequence (5’ è 3’) Target Formamide 

percent Source 

ARC915 915-934 GTGCTCCCCCGCCAATTCCT Domain Archaea 35 
(Amann, 

et al., 
1995) 

EUB338 
mix 338-355 GCTGCCTCCCGTAGGAGT Domain Bacteria 35 

(Amann, 
et al., 
1990, 

Daims, 
et al., 
1999) 

 338-355 GCWGCCACCCGTAGGTGT Domain Bacteria 35 

(Amann, 
et al., 
1990, 

Daims, 
et al., 
1999) 

SUL230 230-247 TAATGGGCCGCGRGCYCC Sulfobacillus  

Adapted 
from 

(Bond 
& 

Banfield
, 2001) 

FER656 656-674 CGTTTAACCTCACCCGATC Thermoplasmata 25 
(Edward
s, et al., 
2000) 

LF655 655-673 CGCTTCCCTCTCCCAGCCT Leptospirillum 
groups I, II and III 35 

(Bond 
& 

Banfield
, 2001) 

ARMAN 
mix 331-350 GTCTCAGTACCCTTCTGGGG ARMAN 20 

(Baker, 
et al., 
2010) 

 329-348 CCGYAGTGCTAGGGTCCTTC ARMAN 20 
(Baker, 
et al., 
2010) 

 424-442 GGCAAAAGTTCCCTTCCGG ARMAN 20 
(Baker, 
et al., 
2010) 

 927-944 ACCCGTTTTTGTGCTCCC ARMAN 20 
(Baker, 
et al., 
2010) 
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Table 1.2: List of samples used in this study 

Sample Site Date pH 
Temperature 

(°C) Reference 
GS1           

Sample 4 C drift + 8-10 m Nov-06 1.01 39.5 (Mueller 2010) 
Sample 11 AB Muck +20 m Jun-06 0.72 36.0 (Mueller 2010) 
Sample 14 AB Muck +20 m Jun-06 0.72 36.0 (Mueller 2010) 
Sample 17 AB Muck Jun-06 0.72 36.0 (Mueller 2010) 
Sample 28 C drift + 8-10 m Nov-05 0.5 40.0 (Mueller 2010) 
Sample 29 C drift + 30 m Nov-04 ND 41.0 (Mueller 2010) 
Sample 30 C drift +20 m Nov-04 ND 41.0 (Mueller 2010) 
Sample 31 C drift Nov-04 ND 41.0 (Mueller 2010) 
Sample 39 B drif + 1-5m May-07 0.99 46.0 (Mueller 2010) 
Sample 41 AB Muck Aug-07 0.83 37.1 (Mueller 2010) 

GS2         (Mueller 2010) 
Sample 7 AB Muck Nov-06 1.01 39.5 (Mueller 2010) 
Sample 8 AB Muck Nov-06 1.18 42.7 (Mueller 2010) 
Sample 9 C drift +8-10 m Nov-06 1 43.0 (Mueller 2010) 

Sample 10 C drift + 75 m Nov-06 0.7 43.0 (Mueller 2010) 
Sample 20 C drift + 75 m Aug-06 0.72 36.0 (Mueller 2010) 
Sample 25 C drift + 75 m Jun-06 0.92 39.3 (Mueller 2010) 
Sample 33 AB Muck Jun-06 0.93 42.0 (Mueller 2010) 
Sample 40 C drift +8-10 m Aug-06 1 41.0 (Mueller 2010) 
Sample 49 B drift Mar-05 1.12 40.2 (Mueller 2010) 

5way Floating GS2 5way Feb-08 0.98 38.0 this study 
Submerged           

5way-Sunken1 5way Feb-08 0.98 38.0 this study 
5way-Sunken2 5way Feb-08 0.98 38.0 this study 
5way-Sunken3 5way Feb-08 0.98 38.0 this study 
UBA-Sunken1 UBA Jun-09 1.1 38.0 this study 
UBA-Sunken2 UBA Jun-09 1.1 38.0 this study 
UBA-Sunken3 UBA Jun-09 1.1 38.0 this study 
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Table 1.3: FISH analysis results for the sunken biofilm samples. Numbers indicate percentages 
(and SD) of DAPI-stained cells.  
 5way-

Sunken1 
5way-Sunken2 UBA-

Sunken1 
UBA-
Sunken2 

UBA-
Sunken3 

EubMix 28.1 (8.9) 17.0 (8.75) 24.2 (8.5) 21.8 (10.3) 23.2 (9.9) 
ARC915 50.1 (11.9) 65.4 (10.1) 73.1 (5.4) 78.2 (4.7) 76.9 (7.1) 
LF655 10.8 (6.8) <5 20.6 (7.9) 13.9 (10.1) 23.2 (5.9) 
SUL230 15.6 (10.0) 13.1 (11.9) <5 <5 <5 
ARMAN 4/5 23.1 (7.4) 16.7 (6.5) <1 <1 <1 
*<1 and <5 indicates qualitative assessment only  
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Table 1.4: Results of pair-wise comparisons of deamidation frequencies between archaea and 
bacteria in early growth stage (GS1), late growth-stage (GS2) and sunken biofilms using 
Tukey’s honestly significant difference test. NS = not significant; * = p < 0.05; ** = p <0.01; 
*** p = <.001.  

 Archaea GS1 Archaea GS2 Archaea 
Sunken 

Bacteria 
GS1 

Bacteria 
GS2 

Bacteria 
Sunken 

Archaea GS1  NS *** NS *** *** 
Archaea GS2 NS  ** NS *** *** 

Archaea Sunken NS NS  NS NS ** 
Bacteria GS1 NS NS NS  *** *** 
Bacteria GS2 * NS NS *  * 

Bacteria Sunken *** *** *** *** **  
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Figure 1.1 Map of Richmond Mine showing sampling locations 
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Figure 1.2 (A) Schematic showing the 5way sampling site and the stratification of the sunken 
samples. (B) Picture taken of the 5way sampling site showing the floating biofilm on top, with 
the sunken biofilm visible beneath. 
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Figure 1.3 FISH images of 5way-Floating GS2 (left) and 5way-Sunken 1 biofilms for 
comparison of bacterial (eubmix probe, red) and archaeal (arc915 probe, green) populations 
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Figure 1.4. Percentages of DAPI-stained cells detected by FISH with either bacterial (EubMix) 
or archaeal-specific (Arc915) probes. Error bars represent +/- SD. 
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Figure 1.5. Phylogenetic tree of archaeal clones generated using the maximum-likelihood 
method. Asterisks next to clusters identify the number of clones belonging to that cluster. 
Bootstrap values are shown at the respective nodes. Scale bars are equal to 0.05 changes per site.  
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Figure 1.6. Phylogenetic tree of bacterial clones generated using the maximum-likelihood 
method. Asterisks next to clusters identify the number of clones belongining to that cluster. 
Bootstrap values are shown at the respective nodes. Scale bars are equal to 0.05 changes per site 
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Figure 1.7. Bar graph showing average percent of proteome composition for floating early 
growth stage (GS1), floating late growth stage (GS2), and sunken biofilms. Percents are based on 
normalized spectral abundance factors. “Other” includes unassigned proteins, viral, and plasmid-
associated proteins. Error bars represent +/- SD.  
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Figure 1.8. Percent of proteome composition for 5way samples. Percents are based on 
normalized spectral abundance factors. 
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Figure 1.9. Hierarchical clustering of Gplasma proteins in >70% of samples using protein 
abundance data. Yellow is overrepresented and blue is underrepresented. The cluster of proteins 
uniformly overrepresented in sunken samples is indicated at the top. (B) The COG functional 
distribution of proteins in the sunken cluster versus the distribution of all the other proteins on 
the heatmap. 
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Figure 1.10. Composition of 5way-Sunken2 and UBA-Sunken2 communities based on 
percentages of 454 reads with BLAST matches against the genomic database (>98% identity), 
normalized by genome size. 
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Figure 1.11. Deamidation of bacterial and archaeal asparagine (A) and glutamine residues (B) 
across growth stage 1 (GS1), growth stage 2 (GS2), and sunken samples. Error bars represent 
95% confidence intervals, and italic letters correspond to groups that are not significantly 
different within the given bargraph by Tukey’s honest significance test (p<0.05).  
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Figure 1.12. Analyses on bioreactor-cultivated floating and sunken biofilms. (A) FISH analysis 
of bioreactor floating and sunken biofilms. Error bars represent +/- SD. (B) Proteomic analysis 
of floating and sunken biofilms by NSAF. (C) Frequencies of glutamine deamidation and 
asparagine deamidation for Bacteria (blue) and Archaea (red). 
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Figure 1.13 Bar graph (top) represents ferric iron reduction (mM) in anaerobic enrichments on 
different carbon substrates. Error bars are +/- SD. Pie charts (bottom) show representative 
community composition based on 16S clone libraries (at least 50 clones each) 
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Chapter 2 
15N- and 2H proteomic stable isotope probing resolves microbial responses to perturbation and 

links nitrogen flow to protein degradation by Archaea   
 

Abstract 
Understanding how each species in a microbial community contributes to nutrient 
transformations in its environment is critical to prediction of overall ecosystem function, and 
thus is a major goal of microbial ecology. Proteomic stable isotope probing (SIP) provides a 
method of tracing nutrient flow by detection of stable isotope incorporation into thousands of 
proteins of coexisting members of a community. We conducted microcosm experiments in which 
floating acid-mine drainage (AMD) microbial biofilms were submerged—recapitulating the final 
stage in a natural biofilm lifecycle. Biofilms were amended with either 15NH4

+ or deuterium 
oxide (2H2O) to examine to what extent these molecules were used in protein synthesis by 
different members of the community. Bacteria synthesized proteins to different extents in 
anaerobic iron-reducing, aerobic iron-reducing, and aerobic iron-oxidizing environments using 
the free 15N-ammonium in the media. Specifically, Sulfobacillus spp. synthesized protein almost 
exclusively under iron-reducing conditions whereas the Leptospirillum spp. synthesized protein 
in all conditions, with a clear emphasis on iron-oxidation metabolisms in the presence of Fe2+ 

and oxygen.  These findings highlight distinct roles for Sulfobacillus vs. Leptospirillum in iron 
cycling. The greatest extent of 15N atom incorporation was detected in proteins of the 
Leptospirillum, whereas Sulfobacillus proteins had a low extent of 15N incorporation.  Different 
atom% 14N to 15N values reflect distinct modes of nitrogen acquisition, since 14N is ultimately 
derived from extant organic biomass and 15N is derived from inorganic ammonia provided in the 
media. There were relatively few 15N-enriched archaeal proteins and all showed low atom% 
enrichment, consistent with Archaea synthesizing protein using the 14N derived from recycled 
biomolecules. Moreover, in parallel experiments using 2H2O, extensive archaeal protein 
synthesis was detected in all conditions. In contrast, the bacterial species showed little protein 
synthesis when incubated in 2H2O. The nearly exclusive ability of Archaea to synthesize proteins 
using 2H2O may be due to archaeal heterotrophy (whereby Archaea offset deleterious effects of 
2H by accessing 1H generated by respiration of organic compounds) or differences in how 
archaeal versus bacterial membranes (and their associated mechanisms of energy conservation) 
respond to 2H2O. Archaeal protein synthesis increased in the presence of oxygen and ferrous 
iron, and the newly synthesized proteins had similar functions between treatments, suggesting 
similar metabolisms under all conditions. This is one of the first demonstrations of the use of 
multiple isotopes in proteomic SIP experiments to resolve nutrient cycling in a microbial 
community.  
 
Introduction 

Microorganisms play pivotal roles in nutrient transformations and are major determinants 
of global elemental fluxes. Knowledge of how nutrients flow between members of a microbial 
community, as well as identification of organisms carrying out specific processes, are required 
for understanding how ecosystems function and respond to perturbation. 

Stable-isotope probing (SIP) techniques are widely deployed to decipher the processes 
carried out by specific microorganisms (Dumont & Murrell 2005; Gutierrez-Zamora & 
Manefield 2010). Generally, SIP experiments involve incubation of an environmental sample 
with an isotopically-enriched substrate (e.g, 13CO2), followed by the detection of isotopically-
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enriched biomolecules like DNA, RNA, lipids, or protein. Lipid-based methods, such as 13C-
PLFA (phospholipid fatty acid) offer the advantage of being highly sensitive to low levels of 13C 
incorporation, but often lack phylogenetic precision when identifying source organisms 
(Boschker et al. 1998). Nucleic acid based methods are commonly used because sequencing 
enables precise identification of the isotopically enriched taxa (Radajewski et al. 2000). 
However, due to the density-gradient based separation used in DNA or RNA-SIP, these methods 
require large degrees of isotope incorporation to differentiate labeled versus unlabeled molecules 
(Uhlík et al. 2009). 

New protein-SIP methods allow quantification of isotope incorporation in proteins, and 
can thus provide both phylogenetic and functional information (Jehmlich, Schmidt, et al. 2010b; 
Pan et al. 2011). One well-described method uses a semi-automated approach to compare 
empirical peptide isotope distributions against theoretical distributions using a least-squares 
regression analysis (Taubert et al. 2011; 2013; 2012; Jehmlich, Schmidt, Hartwich, et al. 2008b; 
Jehmlich, Schmidt, Bergen, et al. 2008a). This approach was recently used to detect several 
hundred isotopically-enriched proteins in a mixed microbial consortia (Taubert et al. 2012). A 
second method uses the ‘half decimal place rule,’ which takes advantage of the characteristic 
shifts in the decimal place of measured peptide masses (Jehmlich, Fetzer, et al. 2010a; Fetzer et 
al. 2010). This approach offers the advantage of not requiring a priori knowledge of the protein 
sequence to determine isotope incorporation. A third approach, and the one employed in this 
study, determines the degree of ‘heavy’ isotope enrichment (%atom enrichment) across 
thousands of proteins, including closely-related strains and low abundance community members 
(Pan et al. 2011). This third approach was established in the study of acid mine drainage (AMD) 
biofilms (Pan et al. 2011), which have served as a model system for omics methods development 
(Denef, Mueller, et al. 2010b). The results showed that archaeal proteins tended to be less 
labeled by 15N-ammonia than their bacterial counterparts in re-growing floating AMD biofilm. 

Microbial organisms found in the Richmond Mine AMD system are adapted to growth at 
low pH (typically 0.5-1.2), elevated temperature (30-56 °C), and high concentrations of sulfate, 
iron, copper and zinc. Leptospirillum iron-oxidizing autotrophic bacteria create the initial biofilm 
by colonization of the air solution interface. Thicker, mature biofilms include other Bacteria 
(Sulfobacillus spp.), Archaea (of the Thermoplasmatales and ARMAN lineages) and microbial 
eukaryote (Baker et al. 2009; Denef, Mueller, et al. 2010b). Over time, the mature biofilms 
eventually sink into the AMD flow, a process that triggers a switch to an archaeal dominated 
community (Justice et al. 2012).  Here, we replicated this process in laboratory bioreactors under 
three different growth conditions. 15N SIP was used to determine the nitrogen source of Archaea 
and Bacteria members of the community (where 15N is sourced from inorganic ammonia and 14N 
from organic extant biomass). We expected that heterotrophic organisms consuming biomass 
with a natural abundance of 14N would not show significant enrichment of 15N. Furthermore, 
when submerged in 2H2O, proteins synthesized by heterotrophic organisms can be confirmed 
through the detection of deuterium enrichment. We carried out the experiments under a range of 
environmentally relevant conditions to test for community structure and functional shifts. 
 
Methods 
Incubation and sampling:  Late-growth stage biofilm was collected underground at the ‘AB 
Muck’ site of the Richmond Mine at Iron Mountain in Redding, CA (40°40′20″N, 
122°31′40″W). The biofilm was stored at 4° C for approximately 8 hours while being transferred 
back to the laboratory, where it was cut into ~5 g pieces using a sterile scalpel. These pieces 
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were added to three different types of sterile media (50 mL): “Fe2+-aerobic”, “Fe3+-anaerobic”, 
and “Fe3+-aerobic.”  

High concentrations of total iron (~150-350 mM) are measured in the Richmond Mine; 
typically most is present as ferrous iron (Fe2+) (Druschel et al. 2004). However, under some field 
conditions, ferric iron (Fe3+) can account for as much as 82 % of the dissolved iron (Druschel et 
al. 2004).  High ferric iron solutions are common in bioreactor experiments, where re-reduction 
of ferric iron by interaction with pyrite is limited.   200 mM iron concentrations were chosen for 
the following experiments, given that iron-reducing enrichment cultures of archaeal organisms 
have been demonstrated to grow on 200 mM Fe3+ (Justice et al. 2012)  and aerobic biofilm 
communities are routinely cultivated on 200 mM Fe2+  (Belnap et al. 2009; 2011; Pan et al. 
2011). 

The “Fe2+-aerobic” medium was the 9k-BR iron sulfate media published 
previously(Belnap et al. 2009; 2011). The medium consists of 200 mM FeSO4 at pH 0.9, with 
trace mineral salts and 1 mM (NH4)2SO4 0.5 mM KCl, 0.050 mM K2HPO4, 5 mM MgSO4·7H2O, 
and 0.2 mM CaSO4 (Belnap et al. 2009). The “Fe3+-anaerobic” and “Fe3+-aerobic” media are 
identical to the “Fe2+-aerobic” medium, except that ferric iron sulfate (100 mM Fe2(SO4)3) was 
used in place of ferrous iron sulfate.  
 Fe3+-anaerobic treatments were vigorously degassed under a nitrogen stream for 20 
minutes before the biofilm was added, and more gently for an additional 10 minutes following 
biofilm incubation. Both “Fe2+-aerobic” and “Fe3+-aerobic” treatments were incubated with 
exposure to atmospheric conditions. Iron measurements were carried out using the colorimetric 
ferrozine assay described previously (Stookey 1970).  

For each of the three geochemical conditions, three replicates were treated with 15N, three 
with 2H2O, and two without any heavy isotope. In treatments to be incubated with isotopically 
heavy nitrogen, the ammonium sulfate was replaced with 15N-ammonium sulfate (Cambridge 
Isotopes, Andover, MA). In treatments to be incubated with deuterated water, 97.96 atom% 
deuterium oxide was used and the pH lowered with several mL of >96 atom% 2H sulfuric acid 
(Cambridge Isotopes, Andover, MA). Iron measurements were made on all replicates. Protomic-
SIP measurements were made on two of the three replicates of each geochemical condition-
heavy isotope combination.  

All samples were incubated, unstirred, for 14 days in a dark chamber at 40° C.  Samples 
were disturbed only when media was extracted for iron measurements. On the 14th day, several 
grams of biomass were decanted into 50 mL centrifuge tubes, and separated from the media by 
spinning 6 minutes at 10,000 g, washed once with 20 mL H2SO4 (pH 1.0) and flash frozen in a 
dry ice ethanol bath and stored at -80° C until protein extraction.  
 
Protein extraction and sample preparation 
Proteins were extracted using an SDS protein extraction protocol as follows: between 500-750 
mg of frozen biomass was resuspended in 1 mL SDS cell lysis buffer (5% SDS; 50 mM Tris-
HCl, pH 8; 150 mM NaCl; 0.1 mM EDTA; 1 mM MgCl2). 10 µl of fresh 5 M dithiothreitol 
(DTT) were added to reduce disulfide bonds and the samples heated in a 99° C water bath for 15 
minutes. Lysed cells were then centrifuged 10 minutes at 10,000 g to remove cellular debris. The 
supernatant was transferred to a fresh tube, 300 µl 100% trichloroacetic acid were added, and the 
proteins precipitated overnight at 4° C. Precipitated proteins were centrifuged at 20,000 g for 20 
minutes and the pellet washed three times with cold acetone. The pellet was resuspended in a 
guandinium chloride buffer (6 M guanidium chloride, 10 mM CaCl2, 50 mM Tris pH 7.6) and 
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reduced with 10 mM DTT. The total protein concentrations were estimated with the BCA assay. 
50 ug of protein from each sample was further processed with the Filter-aided Sample 
Preparation (FASP) method (Expedeon, CA), following the manufacture’s protocol. Each sample 
was digested with sequencing-grade trypsin (Promega, WI) overnight in an enzyme:substrate 
ratio of 1:100(wt:wt) at room temperature with gentle shaking, followed by a second digestion 
for 4 hours. All digested peptide samples were stored at -80oC until analyses could be carried 
out.  
 
Two-dimensional (2D) liquid chromatography (LC)-tandem MS (MS/MS) measurements 
The multi-dimensional protein identification technology (MudPIT) was used in our analytical 
workflow. In each MudPIT run, 25 µg of peptides were loaded offline into a 150-µm-I.D. 2D 
back column (Polymicro Technologies, AZ) packed with 3 cm of C18 reverse phase (RP) resin 
(Luna, Phenomenex, CA) and 3 cm of strong cation exchange (SCX) resin (Luna, Phenomenex, 
CA). The back column was connected to a 100-µm-I.D. front column (New Objective, MA) 
packed in-house with 15 cm of C18 RP resin. The back column and front column were placed in-
line with a U3000 quaternary HPLC (Dionex, CA). Prior to the measurement, the back column 
loaded with peptides was de-salted offline with 100% Solvent A (95% H2O, 5% CH3CN, and 
0.1% formic acid), and washed with a 1 h gradient from 100% Solvent A to 100% Solvent B 
(30% H2O, 70% CH3CN, and 0.1% formic acid) to move peptides from RP resin to SCX resin.  
Each MudPIT run was configured with the 11 SCX-RP separations in 22 hours.  5%, 7%, 10%, 
12%, 15%, 17%, 20%, 25%, 35%, 50%, and 100% of Solvent D (500 mM ammonium acetate 
dissolved in Solvent A) were used in the 11 SCX separations. Each SCX separation was 
followed by a 110 min RP separation with gradient from 100% Solvent A to 60% Solvent B. The 
MS/MS analysis was performed as described [Ref: Pan et al 2011] using an LTQ Orbitrap Elite 
mass spectrometer (Thermo Scientific). MS1 scans were acquired in the Orbitrap at the 
resolution of 30,000. The top 8 most abundant precursor peptide ions were selected for 
collisional-induced dissociation (CID). MS2 scans were measured in Orbitrap as well at the 
resolution of 15,000.  
 
Peptide identification and isotope atom% estimation 
Database searching was performed using Sipros 3.0 to identify peptides and proteins and 
estimate their stable isotope incorporation levels. The computation was carried out on a 
supercomputer, Titan. Single replicates of 15N-treated samples were initially searched against a 
database containing 79,633 proteins derived from ~80 Gb of genomic information obtained from 
previous metagenomic characterizations of the Richmond Mine AMD system (Tyson et al. 2004; 
Lo et al. 2007; Goltsman et al. 2009; Dick et al. 2009; Denef & Banfield 2012) and 
unpublished). Based upon these preliminary results, additional searches were carried out with a 
refined database that excluded species not significantly detected in the inoculum (<1% 
abundance) and entirely absent in the isotopically-treated samples in order to reduce 
computational search space. Excluded species were the fungal organism Acidomyces 
richmondensis (Miller et al., in prep) and Leptospirillum Group IV (Aliaga Goltsman et al. 2013) 
final database included twenty-one complete or near-complete bacterial and archaeal genomes, 
several viral genomes, and an additional “unknown” category representing contigs that could not 
assigned to specific organisms from assembly and binning procedures. These “unknown 
proteins” (labeled as AILUNK in the database) were assigned to broad phylogenetic lineages 
(e.g, Archaea, Sulfobacillus, Leptospirillum) based on BLAST similarity to the UniRef90 
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database. Peptide identification was carried out as described previously (Pan et al. 2011) using 
the following parameters: parent mass offsets of -3, -2, -1, 0, +1, +2, +3, parent mass tolerance of 
0.05 Da, fragment mass tolerance of 0.02 Da, full trypsic peptides, up to 2 missed cleavages, 
isotopic enrichment levels from 0% to 100% at 1% interval. Because 2H SIP can only measure 
the non-exchangeable hydrogen atoms in amino acid residues, exchangeable hydrogen atoms 
have a fixed natural enrichment level.          

Peptide false discovery rates were calculated based on hits to reverse sequences as 
described previously (Junmin Peng et al. 2003). Peptide false discovery rates were found to be 
less than 0.1% in all samples. 

 
Protein identification and isotope atom% estimation 
Clustering of peptides from the 15N labeling experiments was done as described previously (Pan 
et al. 2011). Briefly, identified peptides were assigned to proteins based on amino acid sequences 
predicted from the genome database.  Because many proteins may exist in multiple isotopic 
variants (isotopologues, e.g., synthesized prior to vs. after isotope addition), peptides from the 
same protein were clustered based on their 15N atom% using an agglomerative hierarchical 
clustering algorithm.  In 15N SIP, peptides were clustered into protein isotopologues until the 
average atom% difference between clusters was  >20% and clusters containing a single peptide 
were discarded Because of the lower false discovery rate of 2H SIP peptide identification and the 
higher precision of 2H atom% estimation,  peptides were clustered to a minimum average atom% 
difference of 5% and clusters containing single peptides were retained.  

Proteins were assigned to enriched categories if they had greater than 5% 15N atom% 
enrichment in 15N samples, and >1% 2H atom% enrichment in 2H2O samples. These cutoffs were 
chosen because no enriched proteins were detected in the unlabeled inoculum above these 
values. 
 
Proteome-based community compositional analysis 

Spectral count information from the identified proteins in both labeled and unlabeled 
proteins was used for community composition analyses. Non-unique spectral counts (spectra that 
could not be uniquely assigned to a single peptide sequence) were split equally amongst all 
matching peptides.  
 
Functional analysis 

COGs were obtained based on the BLAST similarity results from eggNOG database 
version 2.0 (Muller et al. 2010). For counts of COG categories within each species, only proteins 
that could be uniquely assigned to that species were included.  
 
Results 
Iron reduction 

Ferric and ferrous iron concentrations were determined during biofilm incubation to 
demonstrate active microbial respiration in the three geochemical environments. The cultures 
incubated in 15N media that also contained Fe3+ but no oxygen (“Fe3+-anaerobic”) reduced 
approximately 76 (±8) % of the Fe3+ after one week and approximately all of the iron (96 ±9 
%)by day 11 (Figure 2.1). In contrast, the cultures incubated in 15N media that contained Fe3+ 
and oxygen (“Fe3+-aerobic”) reduced approximately 21 (±3) % of the iron after one week and 43 
(±7) % after two weeks. Amongst acidophilic microorganisms, iron reduction does require strict 
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anaerobic conditions(Bridge & Johnson 1998), and compared to the Fe3+-aerobic conditions, the 
lower rates of Fe3+ formation are expected due to the presence of oxygen as a more favorable 
terminal electron acceptor. Under the same conditions, the 2H2O incubations showed 
significantly less iron reduction, with only 57 (±2) % iron reduced in the Fe3+-anaerobic cultures 
and 9 (±2)% in the Fe3+-aerobic cultures. The difference in iron reduction between 15N and 2H2O 
samples was expected due to the metabolic burden imposed by deuterium.  

No net iron oxidation could be detected in experiments containing Fe2+ and oxygen 
(“Fe2+-aerobic”) in either 2H2O - or 15N-treated samples.  However, this does not preclude any 
iron oxidation activity, as the Fe3+ product may have been re-reduced by other community 
members. 
 
 
Relative species composition of unlabeled proteins 
Proteins without label incorporation are either existing proteins or proteins newly synthesized 
from recycled molecules. Greater than 96.4% of the proteome was unlabeled all samples, with 
most samples containing >99% unlabeled protein (Figure 2.2).  We examined the species 
affiliation of unlabeled proteins, and compared results across the three experimental treatments. 
The unlabeled fractions of the 2H2O-treated samples had similar community structures across 
treatments and closely resembled the inoculum. In the 2H2O samples, Leptospirillum species 
contributed between 66 and 73 % of the community proteome (the inoculum was 74 % 
Leptospirillum spp.).  Conversely, archaeal species contributed between 22 and 29 % of the 
community proteome (the inoculum was 23 % Archaea).  

15N-treated samples showed greater compositional differences across the three chemical 
environments than the deuterium-treated samples. Compared to the inoculum, the proteomes of 
biofilms from 15N-treated ferric-iron experiments (Fe3+-anaerobic and Fe3+-aerobic) showed a 
greater percentage of archaeal protein (44 and 54 %, respectively), whereas the proteome from 
15N ferrous-iron conditions (Fe2+-aerobic) samples more closely resembled the inoculum (29 % 
archaeal protein).  
 
Relative species composition of labeled proteins 

The incorporation of isotopically enriched substrate into protein is indicative of protein 
synthesis during the period of incubation. In 15N-treated samples, proteins with >5% 15N atom% 
enrichment were considered labeled, while in 2H2O-treated samples, proteins with >1% 2H2O 
atom% enrichment were considered labeled. These are empirically defined thresholds above 
which no labeled proteins are found in the inoculum controls. Compared to 15N atom% 
estimation, the greater precision of 2H2O atom% estimation is believed to be an effect of the 
larger change in peptides’ isotopic distributions as measured by MS (caused by the greater 
number of non-exchangeable hydrogen atoms as compared to nitrogen atoms). 

The numbers of 2H2O- or 15N-labeled proteins belonging to different species are shown in 
Figure 2.3, and the spectral-count-weighted contribution to the total proteome shown in Figure 
2.4. Bacteria showed the majority of isotope incorporation in 15N-treated samples, indicating 
protein synthesis under these conditions.  Conversely, Archaea showed the most isotope 
incorporation in 2H2O-treated samples. In combination, results for Archaea indicate protein 
synthesis, but not involving nitrogen derived from the labeled ammonium.  
  In the 15N-treatments, Leptospirillum group II incorporated isotope under all conditions, 
and Leptospirillum group III showed isotope incorporation only in aerobic experiments. A 



	  

	   34	  
	  
	  

notable contrast between conditions was evident for Sulfobacillus species, where 15N-labeled 
proteins were detected only in ferric-iron containing experiments (Fe3+-anaerobic and Fe3+-
aerobic), with most found in biofilms cultivated in Fe3+-aerobic conditions.  

All archaeal species showed some evidence for the synthesis of 2H-containing proteins, 
with the greatest synthesis of labeled proteins occurring in 2H2O-treated Fe2+-aerobic conditions 
(Figure 2.3). The relative contribution of each archaeal species to the labeled archaeal proteome, 
however, was similar across all conditions (Figure 2.5). Amongst the Archaea, Gplasma 
accounted for the greatest amount of labeled-protein synthesis under all three conditions, an 
effect that remains evident when accounting for to the initial inoculum composition (Figure 2.5).  
 
Metabolic function of proteins in 15N-treated samples and varying degrees of isotopic enrichment  
While the incorporation of isotopically enriched substrate into protein is indicative of amino acid 
biosynthesis during the period of incubation, the degree of isotope incorporation in labeled 
proteins reflects the 14N/15N or 1H/2H isotope ratios of the nitrogen and hydrogen pools as well as 
biological fractionation.  

In 15N-treated samples, isotopically enriched proteins were categorized in three distinct 
atom% groups (Figure 2.6).  Category I—comprising the proteins with the lowest (5-12%) 15N 
atom% enrichment—included proteins from Leptospirillum, Sulfobacillus, and archaeal species 
(Figure 2.7). Category II (between 22–63 15N atom% enrichment) is comprised exclusively of 
Leptospirillum proteins detected in biofilms incubated in the Fe3+-aerobic environment. Finally, 
Category III proteins (>70 15N atom% enrichment), were derived predominantly from 
Leptospirillum spp. incubated in the Fe2+-aerobic environment.  

Category I is significant as it represent proteins synthesized during the course of the 
experiment wherein the majority of nitrogen was derived from sources other than the free 15N 
ammonia in the media. All twelve 15N-labeled archaeal proteins belonged to this category, and 
were only detected in biofilms incubated under aerobic conditions (both Fe3+ and Fe2+; Table 
2.3). These included two proteins involved in amino acid metabolism (histidine ammonia-lyase 
and glutamine synthetase) as well a ribosomal protein, an flavin mononucleotide-reductase, 
aldo/keto reductase, and several proteins of unknown function. In addition, superoxide 
dismutases were identified in this group from both ARMAN4 and ARMAN5. 

Nearly all isotopically-enriched Sulfobacillus proteins (33 of 34) belonged to the low 15N 
atom% enrichment category (Category I; Table 2.2). Twenty-eight Sulfobacillus proteins were 
detected solely in the Fe3+-aerobic environment, and included proteins involved in TCA cycle, 
transformations of pyruvate (and possible fermentation, e.g., lactate dehydrogenase), amino acid 
metabolism, and proteins involved in stress response (rubrerythrin and phage shock protein A; 
Table 2.2). Three labeled Sulfobacillus proteins identified in the Fe3+-anaerobic environment 
were also identified in the Fe3+-aerobic environment (succinate-CoA ligase, glucose 6-phosphate 
isomerase, and 2-methylcitrate synthase) and two were unique to the anaerobic environment 
(peroxiredoxin and ATP synthase). A glycerol kinase, also detected in the Fe3+-aerobic 
environment, was the only Sulfobacillus protein detected in the high 15N atom% enrichment 
category (Category III). 

Leptospirillum proteins were found in each of the three enrichment categories. In 
Category I, nine Leptospirillum proteins were identified including all of the 15N-labeled 
Leptospirillum proteins found in the Fe3+-anaerobic sample (Table 2.1). In Category II (medium 
15N atom% enrichment), twelve Leptospirillum proteins were identified, and all were from 
biofilms incubated in Fe3+-aerobic solution (Table 2.1). Among these proteins were two 
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cytochrome proteins (cytochrome 572 and a cytochrome 579) involved in iron-oxidation in 
Leptospirillum species (Singer et al. 2008; 2010). Proteins in Category III (high 15N atom%, 
composed of proteins predominantly from Fe2+-aerobic incubations) were similar in function to 
those found in Category II (middle 15N atom%, composed of proteins predominantly from Fe3+-
aerobic incubations). Proteins shared between Categories II and III included both specific 
proteins (e.g., Leptospirillum group II ‘UBA’ cytochrome 572, Leptospirillum group III flagellin 
domain protein) as well as proteins with identical function although resolved to different 
Leptospirillum species (e.g., dnaK chaperone found in both Leptospirillum group III and 
Leptosprillium group II). These results indicate an emphasis on the synthesis of iron oxidation 
proteins by Leptospirillum spp. in both the Fe3+-aerobic and Fe2+-aerobic incubations.  

  
Metabolic function of proteins in 2H2O-treated samples  
In contrast to the discrete groups defined by the varying degree of 15N isotope incorporation, the 
majority of the isotopologues in 2H2O-treated samples fell into a broad group between 5% and 
45% 2H atom%, centered around ~20% 2H atom% (Figure 2.6). Only nine of the 1,043 2H-
labeled proteins did not belong to archaeal species (Table 2.4). Notably, three of the non-
archaeal proteins identified in the 2H2O samples were also detected in 15N-enriched samples, 
including a cytochrome 572 and a chaperonin GroEL protein of Leptospirillum. Leptospirillum 
proteins varied between 12% 2H atom% enrichment (Fe3+-anaerobic environment) to 79% 2H 
atom% enrichment (Fe2+-aerobic environment). Three Sulfobacillus proteins were detected, 
varying from 10 to 30% 2H atom% enrichment, including a chaperonin GroEL, and a peptidase. 
There were no systematic differences in the D atom% labeling between archaeal species, nor 
amongst COG functional categories (data not shown).   

One thousand thirty-four different archaeal proteins were labeled in 2H2O-treated 
samples, of which 821 could be uniquely assigned to a single ORF. Biofilms incubated in the 
Fe2+-aerobic environment showed the greatest degree of 2H-labeled protein synthesis, with 709 
labeled proteins detected of which 321 were detected in this condition only. In contrast, 55 
proteins were found solely in biofilms cultivated in Fe3+-anaerobic conditions and 34 were found 
in only biofilms cultivated in Fe3+-aerobic conditions. Analysis of proteins unique to each 
condition did not reveal major metabolic differences between geochemical conditions (data not 
shown). The 2H-labeled archaeal proteins unique to a geochemical condition were generally not 
found between replicate treatments, thus providing little indication that these proteins were part 
of a consistent response to the geochemical environment.  Moreover, more than half (411) of all 
labeled archaeal proteins were detected in at least two conditions suggesting similar protein 
synthesis across conditions (Figure 2.8).  

Differences were observed in functional category proportions when comparing the 
labeled versus unlabeled fractions of the 2H2O-treated samples. To investigate how Gplasma, the 
most abundant archaeal species, responded to submersion in 2H2O, functional category 
comparison of labeled proteins (synthesized during the experiment) versus unlabeled proteins 
(presumably synthesized before the experiment) were carried out (Figure 2.9). The proportion of 
labeled proteins involved in carbohydrate metabolism, lipid metabolism, membrane biogenesis, 
and signal transduction was less than in the unlabeled fractions.  In contrast, significantly greater 
fractions of labeled proteins were involved in energy production; inorganic ion transport; 
replication, recombination, and repair; and protein modification, chaperones, and protein 
turnover.  
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Discussion 
There were two nitrogen sources for protein synthesis of the sunken community, 15NH4

+ 
in the solution and 14N-organic nitrogen in the decaying biomass—and the primary aim of this 
study was to identify which of these two sources each microbial community member used. This 
was accomplished both by the analysis of the degree of 14N/15N atom% enrichment as well as the 
use of 2H2O labeling which allowed for the detection of protein synthesis in the absence of 15N 
incorporation. Archaeal protein synthesis from recycled biomass is supported by the 
incorporation of 2H into archaeal protein in 2H2O-treated samples as well as the detection of few 
15N-labeled archaeal proteins, all at low atom% enrichment.  

The low degree of bacterial protein synthesis in 2H2O-treated samples is not surprising, as 
the deleterious effect of deuterium on bacterial growth is well documented (Giovanni 1963; 
1961; Thomson 1963). Although the 2H2O concentrations that inhibit bacterial growth have been 
shown to vary between species and strains, concentrations above 20% are often considered 
inhibitory (Thomson 1963). General responses to cultivation in deuterated water include long lag 
phases, slower rates of growth and respiration, and distorted cell shapes (Thomson 1963). 
Compared to a hydrogen atom, the heavier deuterium atom may disrupt molecular structures and 
processes through noncovalent interactions, and will particularly affect enzymatic reactions 
involving the formation or cleavage of hydrogen bonds via the primary kinetic isotope effect 
(Northrop 1975; Wade 1999).   

Less is known about the effects of deuterium on Archaea, although similar principles 
should apply. Given the effects of deuterium on biological systems, it is interesting that Archaea 
were able to synthesize several orders of magnitude more protein than the Bacteria, suggesting 
fundamental differences in metabolic behaviors of these organisms. We posit that the Archaea, 
as heterotrophs, may have been better able to limit the relative concentration of 2H in their 
cytoplasms via an increased import and degradation of various biomolecules (and thus increased 
catabolic release of 1H as water or coupled to reducing equivalents like NAD(P)H). Additionally, 
the differences could be tied to Archaeal physiology, where perhaps differences in cell 
permeability lent the Archaeal organisms more resistance to cytoplasmic import of deuterium or, 
additionally, that the enzymatic reactions on which Archaea depend for energy are more resistant 
to the effects of deuterium (e.g., less dependence on hydride-dependent electron transfer 
mechanisms from NADH or NADPH).  

While archaeal proteins showed clear incorporation of 2H, the majority of 2H atom% 
enrichments (8-40%, Figure 2.6), was much lower than might be expected based on the high 2H 
concentration of the media (the media was ~96% 2H2O and allowing for a maximum 1/10 
dilution from 5 g of biomass in 50 mL media leaves at least 86% 2H). This discrepancy suggests 
some mechanism for enriching 1H over 2H in archaeal amino acids. In addition to the 
heterotophic import and degradation of H-containing biomolecules described above, the kinetic 
isotope effect should contribute significantly to lower 2H atom incorporation. Primary kinetic 
isotope effects are measures of the reaction rate differences of two isotopes of an atom when that 
atom is part of the bond being formed or broken. Primary kinetic isotope effects on reaction rates 
of 6 to 10-fold (kH/kD) have been characterized, reflecting a large enzymatic preference for the 
hydrogen atom over the deuterium atom (Northrop 1975). This effect is likely to account for the 
lower fractionation of 2H into archaeal amino acids than would be expected based on 2H 
concentration in the media alone.  

In  15N-treated biofilms, the kinetic isotope effects are negligible due to the small mass 
difference between 14N and 15N. In these treatments, labeled archaeal proteins were only slightly 
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enriched in 15N, suggesting that that most of the nitrogen used in amino acid biosynthesis is 
derived from preexisting nitrogen-containing biomolecules. This mode of nitrogen acquisition is 
consistent with intracellular nutrient recycling or catabolism of externally derived peptides, 
nucleic acids, or other nitrogen containing molecules. Furthermore, compared to the inoculum, 
there was an increase in the relative abundance of unlabeled archaeal protein from 
Thermoplasmatales Archaea (in Fe3+-containing environments) and ARMAN (in all treatments). 
This increase could be due to the synthesis of new archaeal protein with >95% organic 14N, 
consequently below the 5% 15N atom-enrichment threshold necessary for classification as 
‘labeled.’  

Heterotrophic metabolisms have been demonstrated for the Archaea, in enrichments of 
ARMAN and other members of the Thermoplasmatales, as well as with pure cultures of 
‘Ferroplasma acidarmanus’ (Ziegler et al. 2013; Dopson et al. 2006). Previous work has shown 
that the Thermoplasmatales come to dominate the community in submerged biofilms (Justice et 
al. 2012), and the increased abundance of Thermoplasmatales protein in Fe3+-containing 
environments indicates that Fe3+ is an important factor in this transition. It is possible that iron 
reduction with organic carbon as the electron donor is the dominant process here, as is seen in 
cultures of Ferroplasma spp. (Dopson et al. 2006). However, a loss of bacterial protein (i.e., 
through biotic or abiotic degradation) could also explain the increase in the relative abundance of 
archaeal protein in the unlabeled fraction of 15N-treated, Fe3+-containing cultures. We have 
shown previously that bacterial cell death via loss of membrane integrity and subsequent abiotic, 
acid-dependent deamidation of bacterial protein can occur under low oxygen/anaerobic 
conditions (Justice et al. 2012). 

Compared to the inoculum, ARMAN were more abundant in all three conditions, 
suggesting Fe3+ was not a major factor in the increased abundance of protein from these Archaea. 
It must be noted that oxygen diffusion may have been limited even in the Fe2+-aerobic and Fe3+-
aerobic conditions because the incubations were left unstirred and the biofilms were allowed to 
settle to the bottom of the culture bottles. This could potentially allow for anaerobic metabolisms 
to occur even in “aerobic” treatments. Evidence from ‘snottite’ biofilms in other AMD systems 
has shown that members of ARMAN are anaerobic, being sequestered in anaerobic niches in 
biofilms, and present in anaerobic enrichment cultures (Ziegler et al. 2013).  

Like the Archaea, Sulfobacillus species showed low 15N atom% incorporation, reflecting 
an organic-14N nitrogen assimilation strategy. However, unlike in the archaeal proteomes, protein 
synthesis in the absence of 15N incorporation cannot be confirmed due to the lack of many 2H-
labeled proteins. Sulfobacillus species are facultative autotrophs, and can assimilate carbon using 
a wide range of organic molecules including monosaccharides, glutamic acid, citric acid, and 
glycerol (Johnson et al. 2008). During mixotrophic growth, however, as much as 20% of cellular 
carbon is still derived from the activity of the Calvin cycle (Wood & Kelly 1984).  Although 
ribulose-1,5 bisphosphate carboxylase (RuBisCo) proteins were not detected, putative 
carboxysome proteins (AMDSBA4_C47G00009) were, perhaps indicating autotophic activity. 
Consistent with organic carbon assimilation, however, were the high frequency of labeled 
enzymes involved in the potential catabolism of protein, glycerol, and carbohydrates. The 
presence of labeled Sulfobacillus protein in Fe3+-conditions is consistent with previous reports of 
Sulfobacillus conserving energy via ferric iron reduction (Tsaplina et al. 2010).  

Leptospirillum spp. are aerobic iron-oxidizing autotrophs (Goltsman et al. 2009), and 
their proteins were detected at multiple 15N atom% enrichments. Indeed, in anaerobic conditions, 
only a few Leptospirillum proteins were detected (all at low 15N atom% enrichment). However, 
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these proteins were involved in biopolymer transport, redox reactions (flavin/NADH oxidase), 
and sugar degradation (phosphoglucomutase), suggesting that Leptospirillum may have a limited 
anaerobic capacity involving the consumption of biofilm carbon. In contrast, Leptosprillum 
proteins the middle 15N atom% category (from the Fe3+-aerobic treatment) and high 15N atom% 
category (from the Fe2+-aerobic, environments) were similar, and clearly reflected an iron-
oxidation metabolism (Table 2.1). The presence of iron-oxidation proteins in the Fe3+-aerobic 
condition indicates iron cycling, whereby ferric iron—reduced by other community members—is 
made available as ferrous iron for Leptospirillum species. Moreover, Leptosprillum group III 
synthesized labeled flagellar proteins, which may be used to swim towards areas with higher 
oxygen concentrations.  
 
Conclusion 
 Proteomic SIP offers a distinct advantage over other SIP methodologies in current use in 
environmental microbiology because both taxonomic and functional information are available. 
One of the most intriguing findings is the synthesis of archaeal protein in nearly 100% 2H2O, in 
contrast to the minimal protein synthesis amongst the Bacteria.  Further efforts towards 
understanding the cause of this discrepancy could provide a clearer picture of the physiological 
differences or lifestyles between these organisms. The use of both deuterium and 15N isotopes in 
the proteomic SIP experiments enabled identification of nutrient cycling and identification of the 
roles of specific organisms. Both 2H and 15N isotopes provided evidence of archaeal derivation 
of nitrogen through the reclamation of nitrogen-containing biomolecules, further supported by 
the low degree of 15N atom% incorporation into archaeal protein. The degree of 15N atom 
incorporation also provides evidence of nutrient recycling in Bacteria, and the synthesized 
proteins reflect organism-specific responses to distinct geochemical conditions.  
 
 
Co-author contributions: 
Zhou Li, Yingfeng Wang, and Chongle Pan ran proteomics samples and carried out initial data 
analysis (peptide and protein atom% estimations). Susan E. Spaulding and Annika C. Mosier 
assisted with sample extractions. Chongle Pan, Annika C. Mosier, and Jillian F Banfield 
provided assistance editing text and interpreting results. Robert L. Hettich provided instrument 
support.  
 
 



	  

	   39	  
	  
	  

Figure 2.1. Diagram of experimental setup and iron reduction measurements. Top: Cartoon 
showing inoculum submerged in three different geochemical conditions in the presence of either 
15N or 2H2O isotopes. Bottom: percent iron reduction and oxidation for each of the conditions. 
Error bars represent +/- SD. Note that no detectable iron oxidation was observed in the ferrous 
iron aerobic conditions. 
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Figure 2.1. Species abundances calculated as a percent of total peptide-spectral matches (PSMs) 
averaged for each experimental treatment. “Nonunique Leptospirillum” includes PSMs that 
could not be confidently assigned to a single species or strain. “Other Archaea” includes archaeal 
PSMs that could not be matched to a single species as well as PSMs to Dplasma and Iplasma 
proteins. “Other” includes viral, plasmid, and unassigned proteins. 
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Figure 2.3. Counts of heavy-label enriched proteins detected for different species in 2H2O (top) 
and 15N samples (bottom). Both replicates are shown within each category to indicate variation. 
“Nonunique Leptospirillum” includes proteins that could not be confidently assigned to a single 
species or strain Leptospirillum. “Other Archaea” includes archaeal PSMs that could not be 
matched to a single species of Archaea as well as proteins matched to Dplasma and Iplasma 
species. 
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Figure 2.4. Relative abundance of heavy-label enriched protein for different species in 2H2O 
(top) and 15N samples (bottom) calculated as a percent of all peptide-spectral matches (PSMs). 
Both replicates are shown within each category to indicate variation. “Nonunique 
Leptospirillum” includes PSMs that could not be confidently assigned to a single species or 
strain. “Other Archaea” includes archaeal PSMs that could not be matched to a single species as 
well as PSMs to Dplasma and Iplasma proteins. 
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Figure 2.5. Species abundances calculated as a percent of averaged total peptide-spectral 
matches (PSMs) of the labeled fractions of experimental treatments. The archaeal fraction of the 
inoculum proteome is shown for comparison.  “Other Archaea” includes archaeal PSMs that 
could not be matched to a single species as well as PSMs to Dplasma and Iplasma proteins. 
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Figure 2.6. Lines trace 1% bins of protein counts (duplicate isotopologues are included). The top 
graph shows isotopologue distribution for the three treatments in the 2H2O-immersed samples, 
and the bottom graph shows the three treatments in the 15N-enriched samples. Dashed lines in the 
bottom graph delineate the groups defined in the text (I, low 15N atom% enrichment group; II, 
middle 15N atom% enrichment group; III, high 15N atom% enrichment group).  
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Figure 2.7. Counts of heavy-label enriched proteins detected for different species in different 15N 
atom% enrichment categories. Both replicates are shown within each category to indicate 
variation. “Nonunique Leptospirillum” includes PSMs that could not be confidently assigned to 
a single species or strain. “Other Archaea” includes archaeal PSMs that could not be matched to 
a single species as well as PSMs to Dplasma and Iplasma proteins. “Other” includes viral, 
plasmid, and unassigned proteins. 
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Figure 2.8. Venn diagram showing the number of archaeal proteins uniquely assigned to a single 
species in the three different treatments. Green, Fe3+-anaerobic; Red, Fe3+-aerobic; Blue, Fe2+-
aerobic. Numbers in parentheses indicate the number of proteins found in 100% of replicates 
represented by the inscribed area of the diagram.  
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Figure 2.9. Difference in Gplasma COG category proportions between labeled and unlabeled 
fractions of proteomes 2H2O-treated samples. Statistically significant values are shown 
(Student’s paired t test, n=6, *p<0.05, **p< 0.01, ***p<0.001). COG category labels are as 
follows: X, No Category Prediction; S, Function unknown; R, General function prediction only; 
Q, Secondary metabolites biosynthesis transport and catabolism; P, Inorganic ion transport and 
metabolism; I, Lipid transport and metabolism; H, Coenzyme transport and metabolism; F, 
Nucleotide transport and metabolism; E, Amino acid transport and metabolism; G, Carbohydrate 
transport and metabolism; C, Energy production and conversion; O, Posttranslational 
modification, protein turnover and chaperones; M, Cell wall/membrane/envelope biogenesis; T, 
Signal transduction mechanisms; L, Replication, recombination, and repair; K, Transcription; J, 
Translation, ribosomal structure and biogenesis 
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Table 2.1. 15N-enriched Leptospirillum proteins identified in different treatments and the 
corresponding level of 15N atom% enrichment (Category I: low; Category II; medium, Category 
III: high). Colored cells indicate identification of that protein in that Category and conditions, 
where Fe3+-anaerobic experiments are green, Fe3+-aerobic experiments are red, and Fe2+-aerobic 
experiments are blue.  
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Table 2.2. 15N-enriched Sulfobacillus proteins identified in different treatments and the 
corresponding level of 15N atom% enrichment (Category I: low; Category II; medium, Category 
III: high). Colored cells indicate identification of that protein in that Category and conditions, 
where Fe3+-anaerobic experiments are green, Fe3+-aerobic experiments are red, and Fe2+-aerobic 
experiments are blue.  
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Table 2.3. 15N-enriched Archaeal proteins identified in different treatments and the 
corresponding level of 15N atom% enrichment (Category I: low; Category II; medium, Category 
III: high). Colored cells indicate identification of that protein in that Category and conditions, 
where Fe3+-anaerobic experiments are green, Fe3+-aerobic experiments are red, and Fe2+-aerobic 
experiments are blue.  
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Table 2.4. Non-Archaeal 2H-enriched proteins identified in different treatments and the 
corresponding level of enrichment shown as black text in colored cells. Colored cells indicate 
identification of that protein in specific conditions, where Fe3+-anaerobic experiments are green, 
Fe3+-aerobic experiments are red, and Fe2+-aerobic experiments are blue.  
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Chapter 3 

 
Comparison of Environmental and Isolate Sulfobacillus Genomes Reveals Diverse Carbon, 

Sulfur, Nitrogen, and Hydrogen Metabolisms 
 

Abstract 
Sulfobacillus organisms are found worldwide as members of microbial communities that 
accelerate sulfide mineral dissolution in acid mine drainage environments (AMD), acid-rock 
drainage environments (ARD), as well as in industrial bioleaching operations. Despite their 
frequent identification in these environments, their role in biogeochemical cycling is poorly 
understood. Here we report draft genomes of five species of the Sulfobacillus genus (AMDS1-5) 
reconstructed by cultivation-independent sequencing of biofilms sampled from the Richmond 
Mine, Iron Mountain Mine, CA. Three of these species (AMDSBA1, AMDSBA3, and 
AMDSBA2) have no cultured representatives. AMDSBA4 is a strain of S. benefaciens, and 
AMDSBA5 a strain of S. thermosulfidoxidans. We analyzed the diversity of energy conservation 
and central carbon metabolisms for these genomes and previously published Sulfobacillus 
genomes. Carbon monoxide dehydrogenase proteins, including several DMSO-family proteins of 
unknown function, were identified in all genomes. Enzymes with putative sulfur and sulfur-
compound reduction were also identified in all of the genomes.  However, pathways of sulfur 
oxidation vary considerably across the genus, including the number and type of subunits of 
putative heterodisulfide reductase complexes likely involved in sulfur oxidation. Central carbon 
degradation pathways in Sulfobacillus lineages vary, with S. thermosulfidooxidans likely 
favoring the pentose phosphate pathway. The semi-phosporylative Entner Doudoroff pathway is 
present in lineages of S. acidophilus, AMDSBA1, AMDSAB3, AMDSAB4, and AMDSBA2. 
Only the AMDSBA3 genome encodes a dissimilatory nitrate reducatase and only the 
AMDSBA5 and S. thermosulfidooxidans genomes encode assimilatory nitrate reductases.  
Among the AMDS genomes, only AMDSAB5 encodes nickel-iron hydrogenase proteins. Within 
the genus, AMDSBA4 (S. benefaciens) is unusual in that its electron transport chain includes a 
bc complex, a unique cytochrome c oxidase, and two distinct succinate dehydrogenase 
complexes. It is also the only Sulfobacillus species with putative carboxysome proteins.  Overall, 
the results significantly expand our understanding of carbon, sulfur, nitrogen, and hydrogen 
metabolism within the Sulfobacillus genus.  
 
 
Introduction 

Species of the Sulfobacillus genus are Gram-positive spore forming bacteria belonging to 
the order Clostridiales, and are found globally in acidic environments such as thermal springs 
(Norris et al. 1996), hydrothermal vents (Bo Li et al. 2011), solfatara fields (Johnson et al. 2003), 
and acid mine drainage (AMD) environments (Baker & Banfield 2003). Sulfobacillus species are 
also frequently found in industrial reactors used in bioleaching operations (Watling et al. 2008). 
Thus, an understanding of their physiology is of both environmental and biotechnological 
importance.  

In the AMD environment of the Richmond Mine (Iron Mountain, CA) Sulfobacillus are 
members of acidophilic, metal-tolerant microbial consortia that promote sulfide-mineral 
dissolution. In contrast to the dominant iron-oxidizing Leptospirillum bacteria, or certain 



	  

	   53	  
	  
	  

members of the heterotrophic Thermoplasmatales Archaea, Sulfobacillus generally appear in 
much lower relative abundances, having been identified only through 16S rRNA clone libraries, 
fluorescent in situ hybridization (Bond, Druschel, et al. 2000a; Justice et al. 2012; Druschel et al. 
2004), and as unresolved fragments assembled from metagenomic sequence information (Dick et 
al. 2009). As their namesake implies, they are likely key players in sulfur cycling, yet relatively 
little is known about their metabolic pathways or how these vary across the Sulfobacillus genus. 

Key features of Sulfobacillus metabolism have been described for several isolated 
Sulfobacillus species—S. sibiricus (Melamud et al. 2003), S. thermotolerans (Bogdanova et al. 
2006), S. acidophilus (Norris et al. 1996), S. thermosulfidoxidans (Golovacheva & Karavaiko 
1978), and S. benefaciens (Johnson et al. 2008). Each is a facultative anaerobe capable of 
assimilation of organic and inorganic forms of carbon, deriving energy from aerobic oxidation of 
iron and various sulfur species  (e.g., tetrathionate and elemental sulfur), as well as from ferric 
iron respiration (Bridge & Johnson 1998; Tsaplina et al. 2010; Bogdanova et al. 2006; Melamud 
et al. 2003), and possibly fermentation (Tsaplina et al. 2010). Other phenotypic differences such 
as metal tolerance, temperature tolerance, and use of different carbon compounds set these 
organisms apart (Johnson et al. 2008; Bogdanova et al. 2006; Watling et al. 2008). Genomes for 
two of these species—S. acidophilus and S. thermosulfidooxidans—have been previously 
reported (Travisany et al. 2012; Anderson et al. 2012; Bo Li et al. 2011) and an additional S. 
thermosulfidooxidans genome is deposited in the publicly available IMG database.  However, 
detailed metabolic predictions based on these genomes have not been reported. Here we present 
five new draft genomes of Sulfobacillus organisms assembled from metagenomic data. We 
analyze these genomes in the context of the previously published genomes of Sulfobacillus 
isolates, and describe key elements of carbon, sulfur, nitrogen, and hydrogen metabolism. In 
addition to illuminating the metabolic potential of a strain of S. benefaciens, and three other 
novel Sulfobacillus spp., this work provides a first reconstruction of Gram-positive, acidophilic 
sulfur oxidation pathways, and highlights both conserved and divergent metabolisms found in 
organisms of the Sulfobacillus genus.   
 
Methods 
DNA was collected from the 5way site at Iron Mountain Mine (Denef, Mueller, et al. 2010b) and 
extracted as previously described (Miller et al. 2011). This samples is referred to as ‘5way fungal 
streamer.’ Briefly, 4-5 ml of frozen biofilm was washed and thawed with cold acidified 0.9% 
NaCl (pH 1.0, H2SO4), homogenized with a 16 G needle in cold pH 7.0 phosphate buffered 
saline, and finally ground in a mortar and pestle in liquid nitrogen. The powdered biofilm pellets 
were then extracted with a PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA, 
USA). Illumina Library preparation sequencing was carried out according to JGI protocols 
(Miller et al. 2011; JGI).   
 
Three flow cells of Illumina HiSeq were used to obtain ~90 paired-end 76 bp reads (8.46 Gb). 
The raw reads were deposited in the NCBI Sequence Read Archive under accession number 
SRA:SRR191843. An additional overlapping paired-end library was sequenced to generate 
longer sequence reads. The initial paired-end reads were merged using SeqPrep (St John) into 
~32 million long reads (6.17 Gb) with a median length of 194 bp. These reads were used solely 
in the assembly of the low abundance AMDSBA2 as described below. While the vast majority of 
sequencing information for the Sulfobacillus genomes came from the 5way fungal streamer 
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samples described above, reads from 17 additional previously published metagenomic datasets 
were used to assist binning and assembly (Denef & Banfield 2012). 
 
Metagenomic sequence assembly 
 A total of 854 million paired-end (PE) Illumina reads (98 Gb) pooled from the 18 samples 
described above were assembled de novo using the Iterative De-Bruijn Assembler optimized for 
single-cell and metagenomic assemblies (idba-ud)(Y Peng et al. 2012). A kmer-range of 19-99 
was used with the pre-correction option enabled. All PE-reads were quality-trimmed using Sickle 
(sickle pe options -q 15 and -l 40) prior to assembly. PE-reads were mapped back to the resulting 
scaffolds using bwa (H Li & Durbin 2009). All scaffolds larger than 1500 bp were binned using 
emergent self-organizing maps (ESOM) trained on tetranucleotide frequencies as previously 
described (Dick et al. 2009). Briefly, larger sequences were subdivided into 10 kb fragments, and 
trained for 100 epochs using the k-batch training method, along with any leftover fragments 
exceeding 3 kb in length. To minimize noise, sequences in the range 1500 - 3000 bp were not 
included during training, but instead projected onto the trained weight vectors generated with the 
larger fragments. In order to separate individual Sulfobacillus bins, a discrete bin containing 
putative members of the order Clostridiales, was isolated and further binned using log-
normalized sample abundance patterns from 18 different samples, this time including fragments 
down to 1500 bp. Five distinct sub-bins (AMDSBA1, AMDSBA3, AMDSBA4 , AMDSBA5 
and AMDSBA2) were individually re-assembled de novo using every read-pair that mapped 
within these respective bins. Additionally, because of its high similarity to S. 
thermosulfidooxidans DSM9293, all PE-reads mapping to this organism were included in the 
AMDSBA5 sub-assembly as well. Due to its considerably lower abundance, AMDSBA2 was 
sub-assembled using PE-reads as described above, but with the inclusion of additional reads 
from the overlapping HiSeq PE library that mapped within AMDSBA2 bin (media read length 
194 bp). Scaffolds belonging to the Clostridiales bin, but not to the 5 putative genome bins were 
not re-assembled. 
 
Metabolic analysis 
 Open reading frames on assembled contigs for Iron Mountain Sulfobacillus and S. 
thermosulfidooxidans strain ‘Cutipay’ were predicted using Prodigal (Hyatt et al. 2010), and 
tRNAs predicted with tRNAscan (Lowe & Eddy 1997). Proteins were then compared with 
BLAST (Altschul et al. 1990) to UniRef90 (Suzek et al. 2007) and KEGG (Ogata et al. 1999) 
with matches greater than 60 bits being reported. Reverse BLASTs were also used to identify 
reciprocal best BLAST hits. Proteins were further analyzed with InterProScan (Quevillon et al. 
2005) to identify conserved domains. Protein sequences and corresponding annotations for S. 
thermosulfidooxidans AT-1 (DSM9293), S. acidophilus TPY, and S. acidophilus NAL 
(DSM10332) were downloaded from the Integrated Microbial Genomes database available at 
http://img.jgi.doe.gov/ (Markowitz et al. 2011). While S. thermosulfidooxidans strain ‘Cutipay’ 
and S. acidophilus TPY were included in most analyses here, results focus on the high quality 
genomes of the type strains S. thermosulfidooxidans AT-I (DSM9293) and S. acidophilus NAL 
(DSM10332). All references to S. thermosulfidooxidans and S. acidophilus in the text refer 
specifically to these type strains.  
 Orthologs shared between species were identified with amino acid sequence searches 
between all pair-wise combinations of genomes using USEARCH (Edgar 2010). Reciprocal best 
hits between each pair of genomes were considered orthologs if the alignments of their 
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sequences had an E-value less than 0.01, a Bit score greater than 40, and covered at least 65% of 
each amino acid sequence.  
  
Protein phylogenetic analysis 

Protein sequences were aligned using Muscle (Edgar 2004), and trimmed using Gblocks 
(Castresana 2000; Talavera & Castresana 2007), which stringently curates the alignment to 
phylogenetically informative sites. For each alignment, the optimum amino acid substitution 
model was estimated using ProtTest (Abascal et al. 2005). All trees were generated using 
RAxML (Stamatakis 2006) using the PROTCAT rate model and the ProtTest-determined amino 
acid substitution model. Support was evaluated using 500 bootstrap replications in RAxML. 
Trees were visualized in iTOL (Letunic & Bork 2007). 

The concatenated ribosomal protein tree was made using 16 core ribosomal proteins (rpL2, 3, 
4, 5, 6, 14, 15, 16, 18, 22, 24, rpS3, 8, 10, 17, 19), selected based on low frequencies of lateral 
gene transfer (Sorek et al. 2007; Wu & Eisen 2008). These proteins were aligned with Muscle 
(Edgar 2004), manually trimmed, then concatenated, resulting in an 2,052 residue alignment. 
Phylogenetic relationships were analyzed using RAxML using the LG + α+ γ substitution model, 
and nodal support determined with 500 bootstrap replicates. Trees were visualized in FigTree 
(available: http://tree.bio.ed.ac.uk/software/figtree/) 
 
16S rRNA gene sequence analysis 

Near full-length 16S rRNA sequences for Sulfobacillus species were generated using 
EMIRGE—an iterative template-guided assembler that probabilistically generates 16S rRNA 
gene sequences using a 16S rRNA database (Miller et al. 2011). First, potential 16S rRNA gene 
regions were found by a BLAST of all assembled contigs against SILVA db v. 108 (Pruesse et 
al. 2007). Reads that mapped to these regions were extracted and trimmed with Sickle (available 
https://github.com/najoshi/sickle), allowing only paired-end reads with length >60 and quality 
scores >20. For the reference database, 186 sequences were downloaded from the SILVA SSU 
database representing the 174 sequences of ‘Family XVII Incertae Sedis’ (the family to which 
the Sulfobacillus genus belong) as well as twelve representative sequences of other organisms 
known to be represent the majority of the Richmond Mine microbial communities, including 
Leptospirillum species and Archaea of the ARMAN and Thermoplasmatales lineages. Potential 
chimeric sequences in this database were removed with DECIPHER (Wright et al. 2012) and 
UCHIME (Edgar et al. 2011) [searched against the 2011 Greengenes database (DeSantis et al. 
2006)]. EMIRGE was run in 50 iterations with a “join_threshold” parameter of 0.99.  

 Using the QIIME software suite (Caporaso, Kuczynski, et al. 2010b), the EMIRGE-
generated sequences and representative sequences of Sulfobacillus isolates were aligned using 
PyNAST with default parameters (Caporaso, Bittinger, et al. 2010a), and filtered with 
filter_alignment.py in QIIME. Edges were trimmed leaving 1,154 unambiguously aligned 
positions. A maximum likelihood tree generated with RAxML using the GTRCAT model. Nodal 
support was evaluated with 500 bootstrap replicates. Trees were visualized in FigTree. 
 
Microscopy 
Environmental samples were fixed and stained with lineage-specific fluorescent in situ 
hybridization (FISH) probes to examine Sulfobacillus populations, as described previously 
(Bond & Banfield 2001).  Sulfobacillus (SUL230; 5’- TAATGGGCCGCGRGCYCC) and 
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archaeal-specific probes (ARC915; 5’-GTGCTCCCCCGCCAATTCCT) have been previously 
reported (Justice et al. 2012; Amann et al. 1995) 
 
 
Results 
Overall Genome Statistics and Phylogeny 
               We reconstructed the near complete genomes of five Sulfobacillus species from the 
Richmond Mine, represented as five discrete bins on abundance-pattern ESOMs (Figure 3.1). 
Each genome had between 129 and 409 scaffolds with coverage ranging from 10 to 258X (Table 
3.1). Genomes were between 3.07 and 4.56 Mbp, and encoded between 3,312 and 4,629 protein-
coding genes. Figure 3.2 summarizes the completeness of each genome estimated using the 
presence of a set of conserved, single copy genes with low frequency of horizontal gene transfer 
(Wu & Eisen 2008; Sorek et al. 2007).  

Based on phylogenetic trees of concatenated protein alignments and EMIRGE-generated 
16S rRNA genes, AMDSBA5 was classified as a strain of S. thermosulfidooxidans (99.7% 16S 
rRNA gene similarity), AMDSBA1 was classified as a strain of S. benefaciens (100% 16S rRNA 
gene similarity), and AMDSBA3 was shown to related to be most closely related to S. 
acidophilus strains (97.2% 16S rRNA gene similarity, Figure 3.3A and B, Table 3.2). 
AMDSBA2 may represent another strain of S. thermosulfidooxidans with 99.2% 16S similarity, 
while AMDSBA4 is at least 97% divergent from any Sulfobacillus isolates.  
 
Sulfobacillus Abundance and Distribution 
Previous data have indicated the presence of Sulfobacillus species in low abundance in late 
growth stage and submerged biofilms (Justice et al. 2012), as well as in warmer (~43 ˚C) areas of 
the Richmond Mine (Bond, Druschel, et al. 2000a) 6. They are sometimes found to form 
compact structures of rope-like assemblages (Figure 3.4), and similar filamentous-like growth as 
been reported elsewhere (Norris et al. 1996; Tsaplina et al. 2010). Metagenomic sequencing data 
indicated that species AMDSBA1 and AMDSBA4 most abundant late-growth stage biofilms 
(Figure 3.5B). The higher abundances in the 5way fungal streamer (Figure 3.5A) may reflect the 
unique DNA-extraction procedure (grinding in liquid nitrogen) used on this sample alone, 
potentially improving lysis of Gram-positives and their vegetative spores.  
  
Energy Metabolism: electron transport chain 
Prior studies have shown that Sulfobacillus are capable of aerobic growth.  Genomes indicate 
that oxygen reduction can occur via several different terminal oxidases. Each of the Suflobacillus 
genomes analyzed in this study has genes encoding the four-subunit proton pumping quinol 
oxidases, although only a fragment of subunit II of the quinol oxidases from AMDSBA4 and 
AMDSBA2 were obtained. AMDSBA3 and AMDSBA1 contained an additional quinol oxidase 
(Figure 3.6), and this second copy may have a different affinity for oxygen. Except for 
AMDSBA3, all of the Sulfobacillus genomes also contain cytochrome c oxidase encoding-genes. 
The number of cytochrome c oxidase-encoding genes varies between species with S. acidophilus 
containing 2 copies, with S. thermosulfidoxidans strains containing at least 4 (Figure 3.6). 
Furthermore, a unique terminal oxidase from AMDSBA4 (AMDSBA4_44_9-12) was 
orthologous to the quinol oxidases of the other Sulfobacillus (and contained four subunits), 
however it contained a CuA-binding site in subunit II, indicating it accepts electrons from 
cytochrome c and not quinones, (Saraste 1994; Beinert 1997). Additionally, cytochrome c-
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binding sites (CXXCH) were identified in the C-terminal end of both subunits II and IV which 
are not present in any other terminal oxidases here, suggesting the electron transport chain of 
AMDSBA4 is distinct from other Sulfobacillus species. 

AMDSBA4 is also unique in that it contains a cytochrome bc complex. Other 
Sulfobacillus have a di-heme cytochrome b homologous to the petB gene found in other 
cytochrome bc complexes, however the absence of cytochrome c and the iron sulfur protein in 
these operons suggests that these are not canonical bc complexes and may perform some other 
function.  

 c-type cytochromes are annotated in all genomes except AMDSBA1, although the 
presence of cytochrome c oxidases and cytochrome c assembly factors would indicate that c-type 
cytochromes are likely present.  
 All of the Sulfobacillus genomes contain multiple genes encoding the two-subunit bd-
type quinol oxidases. The cytochrome bd respiratory oxygen reductases contribute to the proton 
motive force by transmembrane charge separation without a proton pump (Borisov et al. 2011).  

Each genome contains genes encoding a classic 14-subunit NADH:quinone 
oxidoreductase (Complex 1). In addition, an 11-subunit of Complex 1 is conserved in 
AMDSBA1, AMDSBA5, AMDSBA2, and S. acidophilus. This 11 subunit gene cluster lacks 
genes encoding the “N-module” subunits (nuoE, nuoF, and nuoG) that are involved in NADH 
binding, and has been suggested to be the evolutionary ancestor of the 14 subunit complex 
(Moparthi & Hägerhäll 2011; Kerscher et al. 2008). The lack of the N-module suggests it can 
receive electrons from donors other than NADH (Moparthi & Hägerhäll 2011).  
  Genes encoding succinate:quinone oxidoreductases (SQORs) are found in all genomes. 
These SQORs are characterized by having a single hydrophobic subunit anchor with two heme 
groups, and thus can be classified as ‘Type B’ (Lancaster 2002). AMDSBA4, however, has an 
additional SQOR adjacent to the first (AMDSBA4_13_54-57), distinct in that it contains two 
hydrophobic subunit anchors, each predicted to bind a heme group. As such, it most similar to 
‘Type A’ SQOR enzymes most commonly associated with Archaea (Lancaster 2002; Schafer et 
al. 2002). The functional significance of this second SQOR in AMDSBA4 is unclear. 
  
Sulfur metabolism 
         Oxidation of sulfur, tetrathionate, and sulfide minerals is a well-documented 
characteristic of Sulfobacillus spp. (Johnson et al. 2008; Melamud et al. 2003; Bogdanova et al. 
2006; Watling et al. 2008), and the genomes analyzed here are replete with sulfur oxidation-
reduction machinery. Elemental sulfur and various polythionates such as tetrathionate and 
pentathionate are ultimately formed by the reaction of acid-insoluble sulfide minerals (e.g., 
pyrite) with ferric iron (Schippers et al. 1996; Dopson & Johnson 2012; Luther 1987).  

Aerobically, sulfur may be oxidized in a disproportionation reaction involving sulfur 
oxygenase reductase (SOR), which disproportionates linear polysulfide in the presence of 
oxygen to sulfite and hydrogen sulfide (Urich et al. 2006). SOR is found in S. acidophilus, 
AMDSBA2, and in two copies in S. thermosulfidooxidans and AMDSBA5. Best studied in the 
archaea Acidianus ambivalens (Urich et al. 2006), the SOR protein is cytoplasmic, and the lack 
of cofactors means it is not coupled to electron transport, supported by work done in 
Acidithiobacillus caldus (Linxu Chen et al. 2012). All Sulfobacillus SOR proteins possess the 
identified conserved residues for a functional enzyme (Urich et al. 2006; Zhang et al. 2013).  

Another possible route of sulfur compound oxidation may be through heterodisulfide 
reductase-like (Hdr) proteins encoded in all Sulfobacillus genomes. In methanogens, 
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heterodisulfide reductases reduce heterodisulfide bonds in the final step of methanogenesis 
(Hedderich et al. 2005). However, proteins related to heterodisulfide reductases are widely 
distributed and are suspected to be involved more generally in various forms of sulfur 
metabolism (Grein et al. 2013; Hedderich et al. 1999). Clusters of Hdr-like proteins are 
conserved in other acidophilic sulfur oxidizing Bacteria and Archaea and are upregulated during 
aerobic growth on sulfur in Aciditothiobacillus ferroxidans, where they are predicted to oxidize 
disulfide intermediates to sulfite (Quatrini et al. 2009). The proposed disulfide substrates are 
sulfane sulfur species (RSSnH), formed by the reaction of cellular thiols (e.g., cysteine residues) 
with extracellular elemental sulfur (Rohwerder 2003; Rohwerder & Sand 2007). 

Two different types of Sulfobacilluis hdr gene clusters are found with varying gene 
content (Figure 3.7). One group, hdr gene cluster I, was identified only in S. 
thermosulfidooxidans, AMDSBA1 and AMDSBA5. This cluster includes an HdrA-like protein 
with an FAD-binding site and a four conserved-cysteine motif (CxGCRDx6-8CSx2CC) typical in 
binding a Fe-S cluster. Two HdrB proteins are present which contain the cysteine-rich domain 
CCG domain (CxnCCGxmC) predicted to bind [4Fe-4S] clusters (Hamann et al. 2007), and 
another [4Fe-4S] binding center is encoded by the HdrC protein. Furthermore, a DsrE-family 
protein encoded in this locus is predicted to be involved in intracellular sulfur trafficking (Pott & 
Dahl 1998), as is the protein TusA (Ikeuchi et al. 2006). It is also interesting to note that a 
homolog to the glycine cleavage protein H (a lipoic acid containing protein) is found in this locus 
as is a lipoate-protein ligase that catalyzes the attachment of lipoic acid to target proteins (Morris 
et al. 1994). The lipoic acid moiety of glycine cleavage protein H acts as a “swinging arm” that 
serves to transfer reaction intermediates between the various catalytic sites of the other proteins 
in the glycine cleavage system complex (Perham 2000). It is tempting to speculate that lipoic 
acid, with its disulfide bond, may play a key role in sulfur species transfers amongst this 
heterodisulfide complex.  

The second group (hdr gene cluster II) is found in all Sulfobacillus genomes and contains 
many of the same subunits as hdr gene cluster I (Figure 3.7). However, there are additional genes 
encoding electron transfer flavoproteins as well as a second, longer hdrC gene containing 6 
transmembrane helices and 2 cysteine-rich CCG domains not found in the HdrC of hdr gene 
cluster I. These three genes are syntenous, and similar arrangements have been observed in the 
sulfate reducing bacterium Desulfobacterium autotrophicum (Strittmatter et al. 2009).  

When SOR catalyzes the disproportionation reaction of linear polysulfide to H2S and 
sulfite, the sulfide may be oxidized back to sulfur by the membrane-bound sulfide:quinone 
oxidoreductases (SQR), with the concomitant reduction of quinones. Thus, sulfur 
disproportionation is linked to the electron transport chain (Marcia et al. 2009; WAKAI et al. 
2007). Across the Sulfobacillus genomes, 74 proteins were annotated as SQRs or more generally 
as “FAD-dependent pyridine nucleotide disulfide oxidoreductases,” the family to which SQR 
proteins belong. There are three active-site cysteine residues shown to be important for SQR 
activity, with the second and third being essential (Cherney et al. 2010; Marcia et al. 2009).  
Alignment of these 74 Sulfobacillus putative SQRs and their related oxidoreductases with the 
characterized SQR of Acidothiobacillus ferroxidans showed 9 as having all three active-site 
cysteine residues, and 27 as having the second and third essential active-site cysteine residues. 
Protein trees constructed with those 36 Sulfobacillus proteins containing at least the second and 
third essential active-site cysteine residues indicated that all proteins belonged to either Group III 
or Group V SQRs, based on the protein phylogeny laid out by Marcia et al 2009 (Figure 3.8). 
Both groups have representatives with demonstrated sulfide:oxidase activities (Marcia et al. 
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2009; Lencina et al. 2012). Based on this analysis, SQR is likely present in the published 
genomes of all Sulfobacillus species analyzed here.  

Sulfite oxidation may be carried out by putative sulfite oxidoreductases homologous to 
the single molybdopterin-cofactor containing sulfite oxidase family of proteins (Kappler & Dahl 
2001). All Sulfobacillus except for AMDSAB1 contained putative sulfite oxidoreductase 
proteins. Unlike the well-characterized sulfite oxidoreductase of Starkeya Novella (formerly 
Thiobacillus novellus) which consists of a two subunit complex encoded by syntenous genes 
(SorAB), the sulfite oxidoreductases of Sulfobacillus are encoded by a single gene, without the 
cytochrome-c containing SorB subunit. In contrast, the Sulfobacillus sequences contain a longer 
N-terminus region reminiscent of the heme-b binding domain found in eukaryotic sulfite 
reductases (Kappler 2000). It is unclear whether these enzymes transfer electrons directly to 
oxygen (i.e., they are sulfite reductases like those found in eukaroytes) or if electrons are 
transferred to an alternative electron acceptor like cytochrome c  (i.e., they are sulfite 
dehydrogenases like that found in S. novella).  

Tetrathionate can be disproportionated by tetrathionate hydrolase (TTH) into sulfate, 
thiosulfate, and other sulfur compounds (De Jong et al. 1997; Kanao et al. 2007; Bugaytsova & 
Lindström 2004). TTH activity has been detected in a strain of S. thermosulfidooxidans (Egorova 
et al. 2004), and tetrathionate oxidation is widespread amongst Sulfobacillus isolates (Shiers et 
al. 2010). TTH homologs were found in all but AMDSBA3 of the Sulfobacillus genomes. Based 
on TTH-family phylogeny laid out by Protze et al (2011), only S. thermosulfidooxidans, S. 
acidophilus, and AMDSBA1 have proteins that fall within characterized TTH-family clades 
(Figure 3.9). The remaining enzymes belong to yet uncharacterized families of TTH homologs. 
Furthermore, TTH proteins have been shown to be periplasmic in Gram-negative organisms 
[(Bugaytsova & Lindström 2004) and refs therein], and thought to be extracellular in A. 
ambivalens  (Protze et al. 2011), and thus could also be extracelluar in Sulfobacillus species. 
 Membrane-associated TQO enzymes were found in all Sulfobacillus genomes analyzed, 
except for AMDSBA3. Thiosulfate:quinone oxidoreductase (TQO) may oxidize thiosulfate 
formed by TTH back to tetrathionate and concomitantly passing electrons into the electron 
transport chain via the quinone pool (Müller et al. 2004).  

Another mechanism of tetrathionate metabolism could occur via tetrathionate reductases 
(TTR), an enzyme belonging to the dimethylsulfoxide oxidoreductase (DMSOR) family of 
enzymes with a molybdo-bis (pyranopterin guanine dinucleotide) cofactor (Rothery et al. 2008).  
Several Sulfobacillus DMSOR catalytic subunits appear closely related to tetrathionate 
reductases, including the characterized tetrathionate reductase from Salmonella enterica (Figure 
3.10). In S. enterica, TTR is a three-subunit enzyme that can reduce trithionate and tetrathionate 
to thiosulfate and sulfite (Hinsley & Berks 2002). TTR proteins were found in S. acidophilus, 
AMDSBA1, and a partial sequence is available from AMDSBA2. Except for a second putative 
TTR in AMDSBA1 (AMDSBA1_3_25, which also lacks the second and third subunits), the 
putative TTR first and second subunits each contain a Tat-signal sequence, indicating an 
extracellular location. No obvious heme or quinone-binding subunits were observed in the 
membrane-anchor subunit, leaving questions as to how this enzyme interacts with an electron 
transport chain of the cell.   

Notably, phylogenetic analysis of other catalytic subunits of Sulfobacillus DMSOR-
family proteins showed that several Sulfobacillus proteins are closely related to the sulfur 
reductase of A. aeolicus (Figure 3.10). The three-subunit sulfur reductase complex in Aquifex 
aeolicus is involved in the reduction of tetrathionate, sulfur, and polysulfide coupled to H2 
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oxidation via a quinone pool (Guiral et al. 2005). Similar three-subunit gene operons are found in 
all Sulfobacillus species analyzed here. These proteins lack any signal peptides, and thus, like the 
sulfur reductase from A. aeolicus, may be cytoplasmically located and anchored to the membrane 
(Guiral et al. 2005). Whether or not these proteins are involved in sulfur reduction is unknown, 
and no sulfur reduction metabolism has yet been detected for any Sulfobacillus species.  
 Sulfate assimilation is presumed to occur in all Sulfobacillus species by the combined 
action of an ATP sulfurylase, an adenosine 5’-phosphosulfate (APS) reductase, a ferredoxin-
dependent sulfite reductase, and an O-acetylserine sulfhydrolase. The APS-reductase is 
homologous to 3’phosphoadenosine 5’-phosphosulfate (PAPS) reductases often found in sulfate 
assimilation pathways, but the presence of an iron-sulfur binding subunit suggests the preferred 
substrate is APS (Kopriva et al. 2002; Bick et al. 2000). AMDSBA5 lacked the ATP sulfurylase 
and APS reductase, thus inorganic sulfur assimilation may proceed from sulfite. Furthermore, 
AMDSBA2 and AMDSBA4 did not contain the sulfite reductase, which may reflect incomplete 
genomic coverage or point to inorganic sulfur assimilation directly from H2S. 
 
Iron oxidation and reduction 

Although sulfur oxidation is more energetically favorable than iron oxidation (more 
electronegative potential and greater number of electrons per mole of substrate) many 
Sulfobacillus isolates are demonstrated iron oxidizers (Melamud et al. 2003; Bogdanova et al. 
2006; Norris et al. 1996; Johnson et al. 2008). In other acidophilic microorganims, outer-
membrane cytochromes have been implicated in the oxidation of iron, including in the Gram-
negative bacteria Leptospirillum spp. and Acidothiobacillus ferroxidans [(Bonnefoy & Holmes 
2011) and refs therein]. Electrons from iron are ultimately transferred to either a terminal oxidase 
complex to reduce oxygen and consume and pump protons (“downhill”) or to an NADH 
dehydrogenase (“uphill”) (Bonnefoy & Holmes 2011). There are membrane-associated c-type 
cytochromes that could be involved in iron oxidation in all Sulfobacillus species examined here 
except AMDSBA1. Electrons could be transferred from these membrane c-type cytochromes to 
the terminal cytochrome c oxidases in a “downhill” oxidation of iron. The “uphill” reactions 
require harnessing the proton-motive force in order to push the electrons in a thermodynamically 
unfavorable direction, and this is accomplished by the bc complex in Leptospirillum spp. and A. 
ferroxidans (Bonnefoy & Holmes 2011). Only AMDSBA4 is predicted to have this complex, 
and it is unclear whether it functions in reverse electron transport as in the Gram-negative iron 
oxidizers.  
 
Ferric iron reduction and has been shown for all isolate species of Sulfobacillus (Bridge & 
Johnson 1998; Johnson et al. 2008; Bogdanova et al. 2006; Melamud et al. 2003). Although Fe3+ 
reduction is widespread in acidophilic microorganisms (Coupland & Johnson 2008; Johnson et 
al. 2012), little is known about the precise enzymes and pathways involved. In A. ferroxidans, a 
c-type cytochrome has been implicated in ferric iron respiration (Ohmura et al. 2002) as has a 
rusticyanin (Kucera et al. 2011). Rusticyanin proteins are found annotated only in S. 
thermosulfidooxidans and AMDSB5, and membrane-bound c-type cytochrome proteins are 
found in all Sulfobacillus genomes except AMDSBA1. Osorio et al (2013) also proposed a 
model for ferric iron reduction in A. ferroxidans when elemental sulfur was an electron donor, 
including one in which Fe3+ was indirectly reduced by H2S generated from anaerobic sulfur 
disproportionation. This H2S ‘scavenging’ allows normally endergonic sulfur disproportionation 
to become thermodynamically favorable (Thamdrup et al. 1993; Hardisty et al. 2013).  While 
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generation of hydrogen sulfide may play a role in ferric iron reduction, Sulfobacillus have shown 
to reduce iron in cultures without any sulfur species present (Karavaiko et al. 2001; Johnson et 
al. 2008), implying that some mechanism for the direct reduction of iron is present. However, 
there is scant evidence present at this time as to what that mechanism might be. 
 
Hydrogen metabolism 
The catalytic subunits for twenty-seven different nickel-iron (NiFe) hydrogenase proteins were 
identified across all Sulfobacillus species, which cluster into 5 distinct subfamilies (Figure 3.11). 
One conserved 16-subunit gene cluster was identified within S. acidophilus, S. 
thermosulfidooxidans, and AMDSBA5, and the catalytic subunit was found to cluster with 
Group 1 respiratory-uptake [NiFe]-hydrogenases. Like other Group I hydrogenases, these 
hydrogenases possess a Tat-motif at the N-terminus of the small subunit and are thus predicted to 
be located extracellularly. There, they are predicted to oxidize H2, transferring protons to the 
quinone pool via a cytochrome b-containing subunit (Vignais & Billoud 2007). The second 16-
subunit hydrogenase gene cluster was identified in S. acidophilus and S. thermosulfidooxidans 
species, although the operon structure and catalytic subunits differ. In S. acidophilus, the 
catalytic subunits share the greatest homology with subgroup A of the Group 2 hydrogenases, 
which are cytoplasmic hydrogen-utilizing complexes most commonly associated with nitrogen 
fixing cyanobacteria [Figure 3.11, (Vignais & Billoud 2007)]. The hydrogenases of S. 
thermosulfidooxidans, however, are most similar to a relatively recently identified fifth group of 
hydrogenases [Figure 3.11, (Constant et al. 2010)]. This fifth group is composed of putative 
high-affinity hydrogenases and has been detected predominantly in Actinobacteria, 
Acidobacteria, and Chloroflexi (Constant et al. 2011). Neither the hydrogenases of Group 2 nor 
Group 5 contain a signal peptide, and are thus predicted to remain in the cytoplasm. Moreover, 
they do not contain the b-type cytochrome subunit thought to aid in electron transfer to quinones, 
and the electron acceptor is unclear. No Group 1, 2 or 5 hydrogenases were found in 
AMDSBA1, AMDSBA2, AMDSBA3, or AMDSBA4. 

The catalytic subunits of the remaining hydrogenases indicate that they belong to the 
Group 4 hydrogenase family, and at least one representative is found in each Sulfobacillus 
species (Figure 3.11). Six syntenic genes are found near each catalytic subunit, and bear 
homology to Complex I enzymes (nuoH, nuoL) and formate hydrogen-lyase enzymes (HyfE and 
HyfB). The catalytic large subunits of these hydrogenases lack the binding site motifs normally 
found in [NiFe] hydrogenases [N-terminal: RxCGxCxxxH; C-terminal DPCxxCxxH/R; (Thauer 
et al. 2010)). As such, these enzymes are similar to energy-converting hydrogenase-related 
complexes (Ehr) and their function remains unknown (Coppi 2005; Vignais & Billoud 2007; 
Marreiros et al. 2013). 
 
Carbon monoxide dehydrogenases 
 Aerobic-type carbon monoxide dehydrogenases (CODH) of both Form 1 and Form 2 were 
identified in Sulfobacillus genomes. Form 1 CODHs are known to be involved in carbon 
monoxide oxidation to CO2

 with release of reducing equivalents introduced into the electron 
transport chain usually via cytochromes (King & Weber 2007). Form I enzymes were found in 
all organisms except AMDSBA2 and AMDSBA3. The function of Form II enzymes—
differentiated by the active site motif AYRGAGR in place of the Form I motif AYXCSFR—are 
not fully understood, and may also play roles in CO oxidation as well as oxidation of other 
substrates (King & Weber 2007). Form II CODH enzymes are found in all Sulfobacillus species  
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Nitrogen metabolism 

AMDSBA3 is the only Sulfobacillus species analyzed here that contains genes for 
dissimilatory nitrate reduction, observed as a single NarGHJI operon (Figure 3.10, Figure 3.6). 
No other components for denitrification or nitrite reduction were found. AMDSBA3 is thus the 
only Suflbocaillus species analyzed here capable of using nitrate as an alternative electron 
acceptor in anaerobic environments.   

AMDSBA1 and S. thermosulfidooxidans contained genes encoding assimilatory nitrate 
reductases (Figure 3.6). The proteins encoded by the nitrate reductase genes (NasC) are members 
of the DMSOR family of enzymes, and phylogenetically cluster near the assimilatory nitrate 
reductase of Bacillus subtilis  (Figure 3.10). However, unlike the nitrate reductase of B. subtilis, 
the nitrate reductases in AMDSBA1 and S. thermosulfidooxidans do not seem to possess an 
electron transfer subunit (NasB) required for the transfer of electrons from NADH to nitrate (Lin 
& Stewart 1998), making the electron donor unclear (e.g., NADH, flavodoxin, or ferredoxin). 
Nearby genes encoding nitrite reductases (NasDE) in both species contain the necessary 
siroheme and NADH binding sites required for the six-electron reduction of nitrite to ammonia 
using NADH as the electron donor (Lin & Stewart 1998; Richardson et al. 2001). Copper-
containing nitric oxide-forming nitrite reductases were found in S. acidophilus strains, as were 
nitric oxide dioxygenase enzymes, which may oxidize nitric oxide to nitrate as a detoxification 
mechanism (Gardner 2005). It has also been suggested that these enzymes may reduce nitric 
oxide to nitrous oxide anaerobically, which if true, would allow denitrification activity (nitrite to 
nitrous oxide) in these organisms (Poole & Hughes 2000).   

Ammonium transporters were identified in all genomes, and ammonia can be assimilated 
into central metabolic pathways via glutamate dehydrogenase, glutamine synthetase and 
glutamate synthase.  

 
Autotrophy 
Sulfobacillus spp. are known autotrophs, and published genomes of S. thermosulfidooxidans 
DSM 9293, and S. acidophilus indicate the presence of carbon fixation via Calvin-Benson-
Bassham (CBB) cycle (Caldwell et al. 2007; Anderson et al. 2012; Bo Li et al. 2011; Travisany 
et al. 2012). The Sulfobacilli also have complete CBB cycle genes, including a type I ribulose-
1,5-bisphosphate carboxylase-oxygenase (RuBisCO) (Figure 3.12). In addition to the type I 
RuBisCO, AMDSBA4 and S. acidophilus strains have additional Type 4 RuBisCO-like proteins 
(Figure 3.12) that likely participate in the methionine salvage pathway (Tabita et al. 2007). 
Interestingly, AMDSBA4 is the only genome with an annotated carboxysome 
(AMDSBA4_48_6-9). 
 
Central carbon pathways 
In addition to autotrophic growth, Sulfobacillus isolates have been reported to grow 
mixotrophically and heterotrophically on a variety of carbon substrates, including glucose, 
fructose, glycerol and other various organic carbon compounds (Bogdanova et al. 2006; Bridge 
& Johnson 1998; Johnson et al. 2008). All organisms except S. thermosulfidooxidans, 
AMDSBA5, and AMDSBA1 have a complete Embden-Meyerhoff pathway for glycolysis. S. 
thermosulfidooxidans, AMDBA5, and AMDSAB1, lack a 6-phosphofructokinase. While genes 
encoding 6-phosphofructokinase could not be identified in S. thermosulfidooxidans, cell-free 
enzymatic assays suggest these cells can carry out this transformation (Karavaiko et al. 2001). 
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Glucose-6-phosphate isomerase activity in AMDSBA4 and both S. acidophilus can be accounted 
for by the inclusion of unique bifunctional transaldolases/phosphoglucose isomerase (Sugiyama 
et al. 2003). The oxidative portion of the pentose phosphate pathway (glucose dehydrogenase, 6-
phosphogluconolactonase, and 6-phosphogluconate dehydrogenase) was present in all 
organisms.  

Complete semi-phosphorylative Entner-Doudoroff carbon degradation pathway (2-keto-
3-deoxygluconate 6-phosphate aldolase, 2-dehydro-3-deoxygluconokinase, and gluconate 
dehydratase) was present in S. acidophilus strains, AMDSAB1, AMDSBA3, and AMDSBA4. 
While no gluconate dehydratases were annotated, deoxy-acid dehydratases likely carry out this 
function as they do in other bacteria (Kim & Lee 2008). Phosphogluconate dehydratases, 
indicative of the phosphorylative Entner-Doudoroff pathway, were not found in any genomes. 
Enzyme assays from cell-free extracts of S. thermosulfidooxidans and S. sibiricus strains have 
shown this phosphogluconate dehydratase activity, however, as well as keto-3-deoxy-6-
phosphogluconate aldolase activity S. thermosulfidooxidans, which would indicate a 
phosphorylative Entner-Douroroff pathway (Karavaiko et al. 2001; Krasil'nikova et al. 2010). 

Pyruvate can be oxidatively decarboxylated to acetyl-CoA with pyruvate dehydrogenase 
(found in all Sulfobacillus) or in AMDSBA1 with a putative pyruvate ferredoxin oxidoreductase 
(AMDSBA1_57_11-13). Excepting a few gaps from the low-coverage genome of AMDSBA2, 
the tricarboxylic acid cycle was complete in all genomes. Furthermore, a putative oxoglutarate 
synthase that may allow oxidations of 2-oxoglutarate to be coupled to the reduction of ferredoxin 
was found in all Sulfobacillus genomes. Finally, a complete glyoxylate bypass system (malate 
synthase and isocitrate lyase) was found in only AMDSBA1 and S. acidophilus, possibly 
permitting carbon assimilation of C2 compounds like acetate. Malate synthase was found in all 
but AMDSBA3 and AMDSAB4, which together with glycolate oxidase, may provide a route of 
glycolic acid assimilation. Glycolic acid is produced as an exudate by key primary producing 
acidophiles like Leptospirillum, and the degradation of glycolic acid sets Sulfobacillus apart 
amongst other acidophiles. In fact, it is thought to contribute to an organic-carbon degrading 
niche in stirred-tank bioleaching systems (Nancucheo & Johnson 2010). Lactate utilization 
proteins similar to those found in Bacillus subtilis were identified in all organisms, and are 
thought to allow growth on lactate (Chai et al. 2009). 

 
Formate dehydrogenase 
Putative cytoplasmic selenocysteine-containing formate dehydrogenases are found in all 
Sulfobacillus genomes (Figure 3.10). These genes possess the binding site and three catalytic 
residues necessary for formate oxidation. Each catalytic subunit is syntenous to cluster of genes 
with homology to the NADH-binding NuoEFG subunits, and thus may represent coupling of 
formate oxidation to NADH reduction.  
 
Fermentative metabolism 
Strains of S. thermosulfidooxidans, S. sibiricus, and S. thermotolerans have been shown to 
produce propionate and acetate in the growth media during growth in hypoxic conditions 
(Tsaplina et al. 2010). Complete fermentative pathways that result in propionate formation, 
however, could not be identified.  In all Sulfobacillus species, neither the enzymes lactoyl-CoA 
dehydratase [of the acrylate pathway (Tholozan et al. 1992)] nor propionyl-CoA:succinate-CoA 
transferase and methylmalonyl-CoA carboxyltransferase [of the succinate-propionate 
fermentative pathway (Schink et al. 1987)] could be identified. Acetate production could be 
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produced with substrate level phosphorylation by a phosphate acetyltransferase (found only in 
AMDSBA2) and an acetate kinase (identified in AMDSBA1 and AMDSBA2). Traditional 
fermentative pathways thus cannot account for propionate and acetate produced in isolate strains.   
 
Lipid and lipopolysaccharide biogenesis 
All Sulfobacillus species have the genes required to synthesize fatty acids.  Species of 
Sulfobacillus predominantly contain branched-chain anteiso and ω-alicyclic fatty acids (Tsaplina 
et al. 1994). In general, branched chain fatty acids can be synthesized from branched short-chain 
carboxylic-acid CoA esters or from α-keto acids (Kaneda 1991). In the Sulfobacillus, the former 
pathway is probably used, as branched chain α-keto acid decarboxylases were not identified. The 
chorismate pathway and genes encoding biosyntheis of ω-alicyclic fatty acids were identified in 
all Sulfobacillus species. The chorismate pathway produces shikimic acid as an intermediate 
(OSHIMA & ARIGA 1975), which is ultimately used to form cyclic carboxylic acid-coA esters 
used in the synthesis of ω-alicyclic fatty acids. Peptidoglycan biosynthesis was accounted for in 
all Sulfobacillus. An S-layer has been reported to be present on some cells of S. 
thermosulfidooxidans (Duda et al. 2001), however only a single annotated S-layer protein was 
found in AMDSBA1 (AMDSBA1_76_63). Notably, a gene cluster present only in AMDSBA3 
encodes for a putative squalene biosynthetic pathway (AMDSBA3_32_15-22), including a 
squalene-cyclase that could be involved in the production of hopanoids (Kannenberg & Poralla 
1999; Spanova & Daum 2011). Hopanoids have been previously identified in acidophilic 
organisms (Jones et al. 2011), and are though to alter membrane fluidity and permeability to 
protons (Welander et al. 2012).  
 
Vitamin and coenzyme biosynthesis 
Menaquinone biosynthetic pathways were identified in all Sulfobacillus isolates, in agreement 
with detection of a menaquinone with 7 isoprenoid units in Sulfobacillus thermotolerans 
(Bogdanova et al. 2006). Complete biosynthetic pathways for lipoic acid, coenzyme A, 
nicotinamide adenine dinucleotide, flavin adenine dinucleotide, and biotin were identified. 
Vitamin B12 biosynthetic proteins were found in all organisms except AMDSBA3 and 
AMDSBA4. All Sulfobacillus genomes have B12-dependent methylmaloynl-CoA genes, and 
thus all likely require the B12 cofactor. The corrinoid-transporting enzyme encoded by the btuF 
gene was found in all species, thus AMDSB3 and AMDSBA4 probably scavenge vitamin B12 
from the environment while the other Sulfobacillus can either scavenge or synthesize B12 de 
novo. 
 
Environmental stress  

Genes encoding alkyl hydroperoxide reductases/peroxiredoxins and superoxide 
dismutases were found in all species. Oxidative stress responses are important in all aerobic 
Bacteria and Archaea, and defense against reactive oxygen species in metal-rich acidic 
environments is especially important due to redox-active metals creating reactive-oxygen species 
via the Fenton reaction (Cárdenas et al. 2012). Thioredoxin reductases were also identified and 
may play an important role in ROS defense as identified in acidophilic Leptospirillum bacteria 
(Norambuena et al. 2012).  

Genes encoding for the biosynthetic pathways of ectoine and hydroxyectoine were found 
solely in AMDSBA1 (AMDSBA1_21_55-58).  In all Sulfobacillus, trehalose could be 
synthesized by the combined actions of trehalose-6-phosphate synthase and trehalose-6-
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phosphate phosphatase. However, a second trehalose biosynthetic pathway, involving trehalose 
synthase (Empadinhas & da Costa 2006), was found in S. thermosulfidooxidans as well as 
AMDSBA1, AMDSBA2, and AMDSBA5. Compatible solutes play important roles in adaptation 
to the osmotic stress induced by the high-ionic strength environments like those found in metal-
rich, acidic environments. 

All Sulfobacillus isolates are known spore formers (Melamud et al. 2003; Bogdanova et 
al. 2006; Johnson et al. 2008), and all genomes analyzed here are consistent with sporulation 
capability.  

 
Transport 
 Transporters for citrate, potassium, phosphate were identified in all species as were 
chromate, copper, and arsenite efflux pumps. Numerous amino acid permease-like proteins, 
oligopeptide and dipeptide transporters, and sugar ABC transport proteins were identified in all 
species, consistent with a heterotrophic mode of carbon assimilation. Polar amino acid ABC 
transporters were found only in AMDSBA1, AMDSBA4, and both S. acidophilus species and 
branched amino-acid transport systems were found in all but AMDSBA3.  A putative taurine 
transporter was identified in all but AMDSAB3 and AMDSBA4.  Taurine has been identified as 
a high-abundance compatible solute putatively synthesized by Eukaryotes in the Richmond Mine 
AMD system, and may provide an important source of nitrogen, carbon, and sulfur for 
Sulfobacillus organisms (Mosier et al. 2013). 
 
Motility 

All Sulfobacillus contained operons for the synthesis of flagella and chemotaxis signal 
transduction systems. Notably, both S. acidophilus strains contain nine separate methyl-
accepting chemotaxis proteins involved in the transduction of environmental signals to motility 
response (Bren & Eisenbach 2000). The other genomes contained far fewer, with AMDSBA2 
containing six; AMDSBA3 containing four; and S. thermosulfidooxidans, AMDSBA5, 
AMDSBA4 and AMDSBA1 all containing two or less.  
 
 
Discussion 
Analysis of the Sulfobacillus genomes illuminates metabolic pathways used in various 
transformations of carbon, nitrogen, and sulfur metabolism (summarized Figure 3.13 and 
Supplemental Table 3.1). Moreover, potential new metabolisms not yet observed in isolate 
cultures are potentially encoded within these genomes, including hydrogen oxidation, and 
putative anaerobic sulfur reduction capabilities.  
 Carbon fixation via the Calvin cycle is a well-described characteristic of Sulfobacillus 
species (Z W Chen et al. 2007), and type I RuBisCO genes were identified in all Sulfobacillus 
genomes.  It has been noted that Sulfobacillus growth rates increase when they are cultivated in 
the presence of yeast extract and simple sugars (Ghauri & Johnson 1991; Karavaiko et al. 2001). 
Optimum growth under mixotrophic conditions using inorganic electron donors (usually ferrous 
iron) and organic carbon (usually glucose or yeast extract) is widely observed (Wood & Kelly 
1983; 1984; Karavaiko et al. 2001; Tsaplina et al. 2008). To our knowledge, only one isolated 
strain (S. acidophilus NAL) is capable of purely heterotrophic growth, although growth rates are 
greatly decreased (Norris et al. 1996). In another strain of S. acidophilus (ALV), it was estimated 
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that about 20% of cellular carbon was derived from CO2 fixation during growth on glucose 
(Wood & Kelly 1984).  

Prior work demonstrated that glucose consumption proceeded via the oxidative pentose 
phosphate pathway (Wood & Kelly 1984), and that enzymes of the Entner-Doudoroff pathway 
(6-phosphogluconate dehydratase and 2-keto-3-deoxy-6-phosphogluconate aldolase) were not 
present. While our results are consistent with the absence of 6-phosphogluconate dehydratase in 
all genomes studied here, the 2-keto-3-deoxy-6-phosphogluconate aldolase was found in several 
AMDS genomes as well as in the genomes of S. acidophilus strains TPY and NAL—allowing 
for a complete semi-phosphorylative Entner-Doudoroff pathway. The presence of this enzyme in 
S. acidophilus NAL may be a key component contributing to its ability to grow 
heterotrophically.  
 Across all genomes analyzed here, only two of the enzymes involved in sulfur oxidation 
were conserved: sulfide:quinone oxidoreductases (SQR) and the heterodisulfide reductase cluster 
II (Hdr II). While the Hdr II proteins were only present in a single copy amongst all genomes, the 
SQR proteins were found in between three and six copies for all organisms except AMDSBA1 
(Figure 3.6). Although the precise reason for the multiple copies of the SQR is unclear, it 
suggests the importance of sulfide oxidation for many of these organisms.  

Sulfide, along with sulfite, can be formed aerobically through a disproportionation 
reaction of elemental sulfur with sulfur oxygenase (SOR). The subsequent oxidation of sulfide 
by sulfide:quinone reductase allows for the disproportionation reaction of SOR to be coupled to 
the electron transport chain. While all organisms contain SQR proteins, AMDSBA1, AMDSBA3 
and AMDSBA4 lack the SOR proteins necessary to disproportionate sulfur. In these cases, the 
source of hydrogen sulfide is unclear. Sulfide may be formed by the reduction of sulfite using 
sulfite reductase (AMDSBA1, 5, 3), or perhaps hydrogen sulfide is scavenged from the 
surrounding environment. Another source of sulfide could be derived from anaerobic sulfur 
disproportionation. In this pathway, electrons from sulfane oxidation at the heterodisulfude 
reductase complex could be used to reduce sulfur, as was proposed for A. ferroxidans (Osorio et 
al. 2013). This would require the production of 3 moles of H2S for every one mole of sulfate to 
balance electrons, however, and the reaction is thus predicted to be thermodynamically favorable 
only if H2S is ‘scavenged’ by reactions with ferric iron in the environment (Thamdrup et al. 
1993; Hardisty et al. 2013). 

Regardless of whether anaerobic sulfur disproportionation reactions occur, the presence 
of enzymes putatively involved in sulfur-compound reduction (sulfur reductase and tetrathionate 
reductase) is interesting, as no sulfur reducing capacity has ever been noted for a Sulfobacillus 
species. To our knowledge, hydrogen utilization has also never been described, although the 
presence of several different uptake hydrogenase complexes suggests that hydrogen may be an 
important source of low-potential electrons for these organisms. In the AMDS genomes, only 
AMDSBA5 contained hydrogenases and these complexes may be a key component of niche 
specialization for AMDSBA5 in the Richmond Mine. The source of hydrogen, however, is 
unclear, although flammable, odorless bubbles of gas have been observed to be trapped within 
the biofilms found in the mine (unpublished observations). 
 Thiosulfate has also been detected in sediments as well as in solutions within the 
Richmond Mine (Ma & Banfield 2011). Thiosulfate is predicted to be the first aqueous reaction 
product of pyrite oxidation (Druschel et al. 2004; Luther 1987). However, because thiosulfate is 
readily oxidized by ferric iron in acidic media, it is predicted to be found only on the surface of 
pyritic sediments in the presence of ferric iron. Indeed, thiosulfate was found in bulk solution 
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only in highly reduced conditions essentially devoid of Fe3+ (Ma & Banfield 2011). The 
availability of thiosulfate may explain why Sulfobacillus spp. are found so infrequently in the 
floating biofilms of the Richmond Mine, and are more sometimes associated with the sediment 
or as members of submerged biofilms (Justice et al. 2012). Tetrathionate, formed by the 
oxidation of thiosulfate by ferric iron, is far more stable at acidic pH (Druschel et al. 2003), and 
thus it is surprising that it was not detected in AMD solutions in the Richmond Mine (Druschel 
et al. 2004). The absence of tetrathionate, however, can be explained if it is rapidly oxidized by 
Sulfobacillus organisms.    
 Amongst all of the genomes analyzed here, AMDSBA4 is unique in many respects. In 
addition to the putative carboxysome proteins, AMDSBA4 possesses the only bc complex 
amongst all of the Sulfobacillus. This is significant as the bc complex has been implicated in 
reverse electron transport during aerobic iron oxidation in Acidothiobacillus and Leptospirillum 
species (Bonnefoy & Holmes 2011). Furthermore, a second succinate dehydrogenase and a 
unique cytochrome c-oxidase suggest that there may be many distinct aspects of electron 
transport in AMDSBA4 that warrant further investigation.  

The genomic comparisons presented here advance our understanding of the metabolic 
potential within the genus Sulfobacillus and demonstrate diverse ecological strategies for these 
organisms. Pathways involved in inorganic sulfur, hydrogen, and nitrogen metabolisms are 
distributed unevenly amongst species, suggesting key differences in energy metabolism that may 
be foundational to niche differentiation. Common to all Sulfobacillus genomes, however, is a 
high degree of metabolic versatility, enabling these species to survive in a wide range of acidic 
environments and adapt to changing biogeochemical conditions. Information gained from this 
study will help unravel the ecological function of these organisms and their interactions with 
other organisms in both natural and industrial environments.  
 
Co-author contributions: 
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Figure 3.1 Emergent self-organizing map (ESOM) of Clostridiales sequence fragments binned 
by time-series abundance patterns (>1500 bp). Note that the map is continuous (top and bottom 
edges, left and right edges). Each point represents a sequence fragment with colors indicative of 
the genome bin it belongs too (see legend below).  
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Figure 3.2 Genome completeness as estimated by the number of conserved single copy genes 
identified in each of the Sulfobacillus genomes 
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Figure 3.3 Maximum	  likelihood	  phylogenetic	  trees	  showing	  relationship	  amongst	  Iron	  
Mountain	  and	  published	  Sulfobacillus	  species	  using	  A)	  concatenated	  alignment	  of	  sixteen	  
ribosomal	  proteins	  and	  B)	  EMIRGE-‐generated	  16S	  rRNA	  genes.	  Black	  diamonds	  indicate	  
nodes	  with	  greater	  than	  90%	  bootstrap	  support. 
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Figure 3.4 FISH images of AB Muck submerged biofilm showing Sulfobacillus  (SUL230 probe, 
red) and archaeal (ARC15 probe, green) populations.  
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Figure 3.5 Sulfobacillus abundance estimated as a percentage of basepairs mapped to each 
organism over total sequenced DNA in each sample. 5way fungal streamer data is removed in 
(B) to better visualize low-abundance organisms. Sample and growth stage is depicted on the X-
axis, with GS0-1 indicating low growth-stage biofilms, and GS1.5-2 indicating more mature, 
thicker growth stage biofilms. 
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Figure 3.6 Gene copy numbers for electron transport chain, sulfur, hydrogen, nitrogen 
metabolisms in Sulfobacillus genomes. A filled blue square indicates presence, with a whit 
number indicating copy numbers >1. Filled grey squares are presumed present due to presence in 
closely related organisms or partial gene identification. Colored circles and triangles at the top of 
the graph indicate species identifier in Figure 3.13.  
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Figure 3.7 Operon structure of putative heterodisulfide reductase complexes. Hdr cluster I is 
found in S. thermosulfidooxidans, AMDSBA1, AMDSBA2, and AMDSBA5. Hdr cluster IIa is 
found in S. thermosulfidooxidans AMDSBA1, AMDSBA2, AMDSBA4, and AMDSBA5. Hdr 
cluster IIb is found in S. acidophilus and AMDSBA3. Gene abbreviations are as follows: thdx, 
thioredoxin; gcsh, glycine cleavage system protein H; hdrABC, heterodisulfide reductases; hypo, 
hypothetical; dsrE,  dsrE-like sulfur relay protein; tusA, sulfur transfer protein; lpl, lipoate 
protein ligase; etfAB, electron transfer flavoprotein. Gene colors correspond to protein orthology 
as defined in methods. 
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Figure 3.8 Phylogenetic analysis of sulfide:quinone oxidoreductases proteins (SQR). Sequences 
from Sulfobacillus genomes are listed in red. Diamonds indicate nodes with >90% bootstrap 
support. Bootstrap values greater than 55% are shown as text. Asterisks indicate proteins 
containing all three conserved active site cysteine residues, all other Sulfobacillus sequences 
contain only the second and third residues. Protein tree adapted from SQR phylogeny laid out by 
Marcia et al (2009). The tree is rooted midway to the sulfur oxygenase reductase from 
Thioalkalivibrio nitratireducens (YP 007217840), which was used as an outgroup. 
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Figure 3.9 Phylogenetic analysis of tetrathionate hydrolase proteins (TTH). Sequences from 
Sulfobacillus genomes are listed in red. Diamonds indicate nodes with >90% bootstrap support. 
Bootstrap values greater than 55% are shown as text. Protein tree adapted from Protze et al 
(2011). 
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Figure 3.10 Phylogenetic analysis of DMSO-reductase superfamily of proteins. Sequences from 
Sulfobacillus genomes are listed in red. Diamonds indicate nodes with >90% bootstrap support. 
Bootstrap values greater than 55% are shown as text. NapA/NasA, Periplasmic nitrate reductaes; 
Fdh, formate dehydrogenase; FdnG, formate-hydrogen lyase; NarG, dissimilatory nitrate 
reductases; EdbR/DdhA/SerA ethylbenzene dehydrogenase/dimethyl sulfide 
dehydrogenase/selenate reductase; DmsA, dimethyl-sulfoxide reductase; PsrA/PhsA, 
polysulfide/thiosulfate reductase; SreA, sulfur reductase; TtrA, tetrathionate reductase; 
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Figure 3.11 Phylogenetic analysis of hydrogenase superfamily of proteins. Sequences from 
Sulfobacillus genomes are listed in red. Diamonds indicate nodes with >90% bootstrap support. 
Bootstrap values greater than 55% are shown as text. 
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Figure 3.12 Phylogenetic analysis of RuBisCO proteins. Sequences from Sulfobacillus genomes 
are listed in red. Diamonds indicate nodes with >90% bootstrap support. Bootstrap values greater 
than 55% are shown as text.
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Figure 3.13 (next page) Reconstruction of central metabolism of Sulfobacillus species. Dark 
bordered boxes represent enzymes or enzyme complexes found in all species, while boxes 
bordered by dashed lines represent those present in only a subset. Full gene information can be 
found in Supplementary Table 3.1. Colored circles (previously published genomes) and triangles 
(AMDS genomes) represent which organisms those enzymes are found in, as indicated in the 
figure legend. CODH, carbon monoxide dehydrogenase complexes; DHA-P, dihydroxyacetone 
phosphate; Fdh, formate dehydrogenase; G3P, glyceraldehyde-3-phosphate; Hdr, heterodisulfide 
reductase complexes; KDG, 2-keto-3-deoxygluconate; KDPG, 2-keto-3-deoxygluconate 6-
phosphate; SQR, sulfide:quinone oxidoreductae; SQOR, succinate:quinone oxidoreductase; SR, 
sulfur reductase; TTH, tetrathionate hydrolase; TQO, thiosulfate:quinone oxidoreductase; TTR, 
tetrathionate reductase;  
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Table 3.1 General statistics of Sulfobacillus genomes  
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Table 3.2 16S rRNA gene similarity (across 1,124 aligned positions) for published and 
reconstructed Sulfobacillus species 
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Chapter 4 

Metabolites associated with adaptation of microorganisms to an acidophilic, metal-rich 
environment identified by stable isotope enabled metabolomics 

 
Abstract 

Microorganisms grow in a remarkable range of extreme conditions. Environmental 
transcriptomic and proteomic studies have highlighted metabolic pathways active in 
extremophilic communities.  However, metabolites directly linked to their physiology are less 
well-defined because metabolomics methods lag behind other ‘omics’ technologies due to a wide 
range of experimental complexities often associated with the environmental matrix. We 
identified key metabolites associated with acidophilic and metal-tolerant microorganisms using 
stable isotope labeling coupled with untargeted, high resolution mass spectrometry. We observed 
>3,500 metabolic features in biofilms growing in pH ~0.9 acid mine drainage solutions 
containing millimolar concentrations of iron, sulfate, zinc, copper, and arsenic. Stable isotope 
labeling improved chemical formula prediction by >50% for larger metabolites (>250 atomic 
mass units), many of which were unrepresented in metabolic databases and may represent novel 
compounds. Taurine and hydroxyectoine were identified and likely provide protection from 
osmotic stress in the biofilms. Community genomic, transcriptomic and proteomic data implicate 
fungi in taurine metabolism. Leptospirillum group II bacteria decrease production of ectoine and 
hydroxyectoine as biofilms mature, suggesting that biofilm structure provides some resistance to 
high metal and proton concentrations. The combination of taurine, ectoine, and hydroxyectoine 
may also constitute a sulfur, nitrogen, and carbon currency in the communities. 
 
Introduction 
Over the past decade, metagenomic approaches have illuminated the metabolic potential of 
communities without the need for cultivation and isolation (Tyson et al. 2004; Breitbart et al. 
2002). Leveraging the genomic context uncovered by this method, community proteomics and 
transcriptomics can provide insight into the potential function of coexisting microorganisms in 
situ. However, these analyses are blind to the flux of small molecule metabolites that are 
foundational to the physiological or phenotypic state of an organism. Metabolomic 
measurements can bring to light the key intra- and extra-cellular metabolites involved in cellular 
processes such as ion homeostasis, redox status, nutrient cycling, energetics, and cell-cell 
signaling [e.g., (Wasser et al. 1996; Kristal et al. 1998)]. By capturing relative sizes of the 
metabolite pools, metabolomics is a reflection of the net expression of many genes, pathways, 
and processes. 

Metabolomics studies may prove particularly useful in studying adaptation to extreme 
environments since metabolites essential to survival in these environments may be relatively 
abundant (e.g, for ion homeostasis). Yet, studies of metabolites have typically targeted specific 
molecules of interest from isolated organisms. Few studies have leveraged untargeted, high-
throughput metabolomics techniques to study microbial adaptation [e.g., adaptation of 
Pyrococcus furiosus to temperature stress (Trauger et al. 2008) and Streptomyces coelicolor to 
salt stress (Trauger et al. 2008)]. 

Traditional physiological studies of microbial isolates have defined many adaptation 
mechanisms to extreme conditions, including improved membrane selectivity and stability, 
detoxification, enhancement of cellular repair capabilities, and alteration of macromolecular 
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structures. However, adaptation of organisms to their environments in part relates to behavior 
within a community context—a facet that is not captured in typical laboratory based studies of 
isolates but is captured by community metabolomics studies. The abundance of some compounds 
(e.g., sugars and amino acids) results from uptake, consumption, and excretion by many different 
organisms, thus the overall concentration reflects the net metabolic state of the community. 
Untargeted metabolomics has tremendous potential for hypothesis generation in microbial 
communities since it provides a direct biochemical observation of the community metabolism. 
However, only a few studies [e.g., (Halter et al. 2012)] have used untargeted metabolomics to 
study adaptation to environmental challenges in a community context.  This is in part because 
metabolomics methods are still challenging (relative to the more standardized omics approaches 
such transcriptomics) due to a wide range of experimental complexities often associated with the 
environmental matrix (e.g., abundant salt can result in extensive experimental artifacts). 
 To investigate community-level adaptations to the simultaneous challenges of high 
proton and metal concentrations, we examined the metabolome of microbial biofilm 
communities in an acid mine drainage (AMD) environment (Richmond Mine, Iron Mountain, 
California).  Previous research in the system demonstrated that proteins and metabolite features 
exhibited correlative patterns reflective of functional differentiation of bacterial species (Wilmes 
et al. 2010), suggesting that combining omics approaches may prove useful in defining 
adaptation strategies specific to particular groups of organisms.  Microbial biofilms found at 
Richmond Mine grow at low pH (typically 0.5–1.2) and elevated temperature (30–56ºC) in 
solutions containing millimolar concentrations of sulfate, iron, zinc, copper, and arsenic 
(Druschel et al. 2004)—conditions that together make untargeted metabolomics extremely 
challenging.  Here, we used a combination of stable isotope probing and untargeted 
metabolomics to facilitate the identification of metabolites from in situ and laboratory-cultivated 
AMD microbial biofilms.  We integrated metabolite identifications with previously acquired 
genomic and proteomic data to elucidate adaptation to acidophilic and metal-rich conditions on 
the metabolic level. 
 
Methods 
Sample Collection 
AMD biofilms from Iron Mountain Mine (near Redding, California) were flash-frozen on-site in 
a dry ice/ethanol bath, and then transferred to –80°C upon return to the laboratory.  Laboratory 
grown biofilms were cultured in bioreactors as previously described (Belnap et al. 2011). In 
addition to the traditional media, AMD biofilms were also grown with 15N-ammonium sulfate.  
The flow rate of the bioreactors was approximately 225 µl per minute.  Biofilms were harvested 
after ~4-7 weeks of growth and frozen at –80°C for use in metabolite analysis. 
 
Fluorescence in situ hybridization 
Fluorescence in situ hybridization (FISH) was carried out on fixed (4% paraformaldehyde) AMD 
biofilm samples as described previously (Amann et al. 1995; Bond & Banfield 2001). For 
estimation of abundance, cells were counted in three replicate fields of view (average of 888 total 
cells counted per probe) and converted to a percentage of the total cell count found using the 
general nucleic acid stain 4',6-diamidino-2-phenylindole (DAPI). Oligonucleotide probes used in 
this study for identification of individual species and groups were as follows: EUBMIX (all 
Bacteria); ARC915 (all Archaea); EUKMIX (all Eukaryotes); LF655 (all Leptospirillum 
bacteria); LF1252 (Leptospirillum group III bacteria); L2UBA288 (Leptospirillum group II 
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UBA-genotype); L2CG288 (Leptospirillum group II 5-way genotype); and SUL230 
[Sulfobacillus spp.; (Miller et al. 2011)]. 

 
Metabolite Extraction  

For metabolomics, three replicates with approximately 75 mg of biomass (wet weight) 
were used from each sample (natural biofilm, cultured biofilm, and 15N-lableled-cultured 
biofilm) and were extracted in 700 µl of methanol:isopropanol:water (3:3:2 v/v/v).  Metabolites 
were also extracted from pelleted cells of a pure culture of Acidomyces richmondensis (purity 
confirmed by microscopy and negative PCR amplification of archaeal and bacterial 16S rRNA 
genes).  The frozen samples were lyophilized for 12-24 hours, and then bead beat for 4 seconds 
(with a steel ball).  700 µl of extraction buffer (3:3:2 methanol:isopropanol:water) was added to 
each sample.  Samples were then bead beat again for 4 seconds, vortexed for 20 seconds, and 
sonicated for 10 minutes.  After sonication, samples were centrifuged for 9 min at 15,000 rpm.  
The supernatant was transferred to a clean tube, dried using a SpeedVac (typically 4-8 hours), 
resuspended again in the 3:3:2 extraction buffer and then dried.  Dried, pelleted samples were 
resuspended in either 75% acetonitrile:25% methanol or 3:3:2 methanol:isopropanol:water for 
HILIC and C18 chromatography, respectively, and then filtered (Millipore, Ultrafree-MC, 
Durapore PVDF 0.22 µm, catalogue number UFC30GVNB). Extraction blank controls followed 
this complete procedure precisely, beginning with the addition of extraction solvent to empty 
tubes. 

 
Liquid Chromatography-Mass Spectrometry Analysis 

Samples were analyzed using an Agilent 1200 capillary LC system with an Agilent 6520 
dual-ESI-Q-TOF mass spectrometer (± 2 ppm MS mass accuracy and mass resolution of 
20,000). An Acquity BEH HILIC column (1.7 µm, 1.0 x 150 mm; catalogue no. 186003459) was 
used in both positive and negative modes for LC separation with the following liquid 
chromatography conditions: 2 µL injection volume; 40 µL min-1 flow rate; solvent A, 5 mM 
ammonium acetate; solvent B, 90% acetonitrile with 5 mM ammonium acetate; timetable: 0 min 
100% B, 5 min 100% B, 20.25 min 72% B, 35 min 72% B; 40 min 100% B, 60 min 100% B.  
MS/MS analysis was performed by specifying a preferred list of precursor ions based on the 
analysis of profiling data (collision energy, 10 eV, 20 eV, 40 eV). 

Reverse phase chromatography was performed using an Agilent Zorbax SB-C18 column 
(5 µm, 0.5 x 150 mm; catalogue no. 5064-8256) in positive mode.  The LC conditions were as 
follows: 2 µL injection volume; 20 µL min-1 flow rate; solvent A was 0.1% formic acid in water, 
and solvent B was 0.1% formic acid in acetonitrile; timetable: 0 min 3% B; 3 min 3% B; 5 min 
50% B; 30 min 99% B; 40 min 99% B. Columns were washed with 1:1 acetone:isopropanol for 
10 min, then re-equilibrated in 3% B for 10 min between analytical runs. MS/MS analysis was 
performed by specifying a preferred list of precursor ions based on the analysis of profiling data 
(collision energy, 10 eV, 20 eV, 40 eV). 
 
Data analysis 

The total number of features in each dataset was determined using MZmine 2.3 (Pluskal 
et al. 2010) with the following parameters: 2-20 minute retention time (RT) filter for HILIC 
dataset; centroid mass detector (noise level 100); chromatogram builder (0.2 minimum time 
span, 500 minimum height, 500 ppm m/z tolerance); chromatogram deconvolution (noise 
amplitude, 500 minimum peak height, 0.2 minimum peak duration, amplitude of 10); gap filling 
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(same m/z and RT range gap filler, 100 ppm m/z tolerance); duplicate peak filtering (500 ppm 
m/z tolerance, 2 min. absolute RT tolerance). 

Raw datasets were preprocessed using the MathDAMP package (Baran et al. 2006) to 
generate three-way comparison visualizations (Baran et al. 2007) of the 15N, 14N, and extraction 
blank controls.  From this visualization, we discriminated compounds of biological origin and 
identified their approximate molecular mass, retention time, and the number of nitrogen atoms 
(atomic mass unit shifts between 14N- and 15N-labeled samples). Precise m/z values and retention 
times were determined using Agilent MassHunter Workstation Software Qualitative Analysis 
(version B.03.01). Additional low abundance features were found by overlaying MS spectra 
from 14N and 15N-labeled samples at similar elution times in MassHunter software. Features were 
grouped according to retention time, and redundant features corresponding to common adducts 
(positive mode: [M + H]+, [M + Na]+, [M + NH4]+, [M + Fe]++, [M + Ca]++, [M + ACN + H]+; 
negative mode: [M – H]- [M + Na -2H]-) and fragments (e.g., [M – nH2O + H]+) were identified. 
[M + H]+ ions extracted from this curated list, and these ions were inspected in MassHunter to 
predict chemical formulae. Chemical formulae were assigned if they had a single high (>85) 
molecular formula score consistent with the number of measured nitrogen atoms (MassHunter 
molecular formula scores are out of 100, and use a proprietary algorithm that take into account 
monoisotopic mass, isotope spacing, and isotope abundances).  Peak heights of MS spectra were 
used to estimate the abundance of taurine in each sample.  No other metabolites were quantified 
due to an extraction artifact (esterification of carboxylic acids resulting from the low pH of our 
samples and alcohol extraction) that may have affected the peak heights of metabolites 
containing carboxylic acids. 
 
Community genomic analysis 
 Bacterial, archaeal, and eukaryal genes involved in taurine and ectoine metabolism were 
identified from a well curated metagenomic and genomic dataset containing nearly 80,000 gene 
sequences and capturing essentially all organisms representing more than a few percent of the 
community.  MycoCosm (Grigoriev et al. 2012) was used to evaluate gene annotations for the 
Acidomyces richmondensis fungal genome.  Reciprocal blast searches against the KEGG 
database were conducted using the KAAS server (Moriya et al. 2007).  Transcript and protein 
abundances of Acidomyces richmondensis were determined by Miller et al., (in prep).  
Abundances of proteins involved in ectoine and hydroxyectoine synthesis were determined by 
Mueller et al., (Mueller et al. 2011).  
 
Results and Discussion 
Community composition of AMD biofilms with different growth strategies 

For metabolomic analyses presented here, biofilm samples were collected from the air–
AMD solution interface of the AB-muck site within the Richmond mine on July 15, 2011 
(hereafter referred to as the Mine biofilm sample).  The Mine biofilm was categorized as late 
developmental stage, based primarily on biofilm thickness. AMD biofilms were also grown in 
laboratory bioreactors using the Mine biofilm as inoculum for three different lengths of 
cultivation time: 26, 35, and 51 days (hereafter identified as BR-26days, BR-35days, and BR-
51days indicating bioreactor growth and length of cultivation).  In all cases, the cultivated 
biofilms were thick and well developed at the time of sampling.  BR-26days and BR-35days 
were grown with 15N-labeled ammonium sulfate (resulting in 15N-labeled nitrogen atoms in the 
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biofilm metabolites) in order to identify the number of nitrogen atoms in each metabolite and 
also to confirm biological origin.   

The community composition of these biofilm samples was determined using fluorescence 
in situ hybridization (FISH) targeting identification of broad phylogenetic groups, as well as 
individual species and strains (Figure 4.1).  Insufficient biomass precluded FISH analyses on 
BR-35days.  Prior studies showed that biofilms in the Richmond mine are dominated by 
Leptospirillum group II, a chemoautotrophic iron-oxidizing bacteria (Tyson et al. 2004; Bond, 
Druschel, et al. 2000a).  Genomic reconstructions revealed two distinct strains of Leptospirillum 
group II referred to as the 5-way and UBA genotypes (Lo et al. 2007; Simmons et al. 2008).  In 
this study, the Leptospirillum group II 5-way genotype was more abundant than the UBA 
genotype in both bioreactors.  Conversely, nearly all of the Bacteria in the Mine biofilm 
belonged to the Leptospirillum group II UBA genotype, which is consistent with prior studies 
showing that the UBA genotype typically predominates over the 5-way genotype in the mine 
(Denef, Kalnejais, et al. 2010a). 

Previous studies have shown that as the biofilms mature and thicken, they also diversify 
with increasing proportions of Leptospirillum group III bacteria and Archaea, as well as other 
low abundance taxa from the Eukarya, Firmicute and Actinobacteria lineages (Tyson et al. 2004; 
Dick et al. 2009). The bioreactor biofilms had a much higher percentage of Leptospirillum group 
III bacteria than seen in the Mine biofilm (22-32% compared to only 2% in the mine).  
Geochemical and FISH data collected previously in the mine suggest a positive correlation 
between the abundance of Leptospirillum group III and ammonium concentrations (r = 0.96, n = 
6), which may suggest that ammonium concentrations in the bioreactors (2 mM compared to an 
average concentration of 177 µM in the mine) favors Leptospirillum group III. Recent studies 
also indicate that high ferric iron concentrations in the bioreactors relative to mine solutions may 
also select for Leptospirillum group III (Ma et al., in review). 

The abundance of Archaea varied between the mine and bioreactor biofilms.  Archaea 
made up 29-35% of the communities in the BR-26days and Mine biofilms.  Conversely, BR-
51days had much higher percentages of Archaea (61%), which may be the result of longer 
cultivation time compared to BR-26days.  The low-abundance community member Sulfobacillus 
was found in all samples (0.2-1.2%).  Eukaryotes were not identified by FISH but are not 
necessarily absent from the biofilms; the inherent heterogeneity of the biofilms and patchy 
eukaryal distribution may prohibit visualization in microscopy with a random sampling design. 
 
Detection and chemical formula prediction of metabolites found in AMD enabled by stable 
isotope labeling 

Metabolites were extracted from natural and cultivated AMD biofilms (Mine, BR-
26days, BR-35days, and BR-51days) and analyzed using liquid-chromatography coupled to 
high-resolution mass spectrometry (LC-MS). Both hydrophilic interaction liquid 
chromatography (HILIC) and C18 reversed phase (RP) columns were used to separate polar and 
non-polar organics, respectively. LC-ESI-MS (LC-MS with electrospray ionization) is one of the 
most widely used metabolomic platforms given its versatility in separation techniques coupled 
with the wide range of compounds that can be desorbed/ionized (Garcia et al. 2008). Generally, 
LC-MS approaches fall into one of two categories: (1) targeted analyses, which aim to quantify 
changes within a defined set of known metabolites diagnostic of a given phenotype of interest; 
and (2) untargeted analyses, which seek to discern both novel and previously characterized 
metabolites (Oldiges et al. 2007; Fiehn 2001).  An untargeted LC-MS approach was used in the 



	  

	   89	  
	  
	  

current study, rather than the commonly used GC-MS approach, to maximize the diversity of 
metabolites detected. 

More than 3500 raw features (ions with unique retention time and mass-to-charge ratio 
combinations) were identified in each of the RP and HILIC datasets.  These uncurated data, 
however, included features associated with background chromatography noise, features also 
found in extraction blanks, as well as multiple adducts and fragment ions of the same 
compounds.  In order to obtain the highest quality data possible, we used a strict manual curation 
strategy to identify compounds of interest in our samples and prevent errors associated with 
automated peak detection, deconvolution, and alignment.  Three-way visualization plots (Baran 
et al. 2007) of the 14N-biofilm, 15N-biofilm, and extraction blank datasets (available: 
http://geomicrobiology.berkeley.edu/pages/metabolites.html) were used to narrow down the 
large list of raw features to “pure spectra,” that is the spectra that would likely result from a pure 
compound within the biological matrix.  From this visualization, as well as manual observation 
of very abundant peaks, we generated a list of 241 likely parent ions features (the highest 
intensity feature from a pure spectrum) from the RP and HILIC analyses (Table 4.1).  

Eighty parent compounds (56 in RP and 24 in HILIC; Table 4.1) were confirmed after 
grouping co-eluting features and identifying common adducts, fragment ions, and neutral losses 
including those associated with esterification of carboxylic acids (presumably as a result of 
extraction buffer and residual acidic AMD).  The number of metabolites found here is consistent 
with other untargeted LC-MS metabolomic studies from complex, natural biological matrices 
(Baran et al. 2010; 2011; van der Werf et al. 2007; Brauer et al. 2006).  48% of the reverse phase 
(RP) metabolites and 79% of the HILIC metabolites contained at least one nitrogen atom 
(determined by stable isotope labeling), providing a strong level of certainty that the compounds 
are of biological origin.  Mass spectra of all compounds were manually visualized to ensure 
absence in extraction blanks.  

The use of stable isotopes greatly aids in determining the chemical formulae of unknown 
metabolites by constraining the possible elemental composition (Baran et al. 2011; Hegeman et 
al. 2007; Rodgers et al. 2000).  Here, using the number of nitrogen atoms informed by stable 
isotope labeling, chemical formulae were determined for 38 of the RP features and 18 of the 
HILIC features (Table 4.2).  The nitrogen labeling method also informs the formulae of 
compounds without nitrogen, as their chemical formulae are constrained by the “zero” nitrogen 
count.  Generally, high-mass accuracy (<5 ppm) mass spectrometers can confidently assign 
unique chemical formula for features under ~200-250 atomic mass units (amu) (Hegeman et al. 
2007; Bowen et al. 2011).  Indeed, we were able to confidently assign chemical formulae for 
most features <250 amu without the assistance of nitrogen labeling. For those thirty-seven 
features above 250 amu in Table 4.2, nitrogen labeling allowed us to confidently assign chemical 
formulae to twenty of them, twice as many formulae as were possible with spectral information 
alone. Features for which chemical formulae could not be determined were either of high m/z, 
low spectral quality, or had an unidentified adduct. 
 
Metabolite annotation and identification 

We obtained MS/MS spectra at collision energies of 10, 20 and 40 eV on all features with 
sufficient peak heights (available: http://geomicrobiology.berkeley.edu/pages/metabolites.html).  
The chemical formulae and MS/MS data were matched with metabolites in online databases 
(MetaCyc, KEGG, MassBank, and METLIN) (Table 4.2).  MS/MS data from more than 90% of 
the features had no match to metabolites in MS/MS databases (Massbank and METLIN), and as 
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per protocols established by the Chemical Analysis Working Group of the Metabolomics 
Standards Initiative, these metabolites are classified as “unknown” (Dunn et al. 2012; Sumner et 
al. 2007).  While these data may speak to the novelty of some AMD metabolites, it must also be 
noted that these databases rely on commercially available standards, which are estimated to 
represent only half of all biological metabolites (Garcia et al. 2008). 

From this analysis we found three metabolites that were particularly interesting and 
warranted further investigation within the context of the biofilm community: 1) 
phosphatidylethanolamine lipids, 2) taurine, and 3) hydroxyectoine. Unusual lyso 
phosphatidylethanolamine (PE) lipids and methylated derivatives previously identified in the 
Richmond mine (Fischer et al. 2011) were also found in the mine and bioreactor biofilms 
presented here.  Fischer et al., (Fischer et al. 2011) suggested a link between these lipids and the 
Leptospirillum group II UBA genotype based on correlations of lipid and proteome abundance 
patterns.  Interestingly, we found features consistent with some of these same lipids (same m/z 
and retention time for 454.294 and 480.309) in pure cultures of Acidomyces richmondensis, a 
fungus known to be abundant in the mine and often the dominant eukaryal species (Baker et al. 
2009; 2004).  The A. richmondensis genome contained 8 genes predicted to be involved in the 
synthesis, methylation, and binding of PEs, some of which were expressed in community 
transcriptomic and proteomic data (Miller et al., in prep).  Together, these results show that fungi 
and bacteria may both be involved in the metabolism of these lipids.  Fischer et al., (Fischer et al. 
2011) suggested that these lipids may prevent uptake of toxic levels of iron cations in AMD 
biofilms. 
 
Taurine: Metabolic interactions and abundance within the AMD community 

Among the metabolites present in the AMD biofilms, we identified taurine (2-
aminoethanesulfonic acid) by comparing MS/MS spectra with a taurine chemical standard 
(Figure 4.2).  Taurine is a phylogenetically ancient compound (Huxtable 1992) and is involved in 
numerous physiological functions across disparate forms of life, including membrane 
stabilization, stimulation of glycolysis and glycogenesis, regulation of phosphorylation, and 
antioxidation [(Huxtable 1992; Levis & Park 2003) and references therein].  Some microbes can 
use taurine as an exclusive source of carbon, nitrogen and sulfur [(Stapley & Starkey 1970; 
Denger et al. 2006) and references therein].  Taurine is a particularly effective osmoregulator and 
is used as a compatible solute by a variety of microorganisms [e.g., (Huxtable 1992; Cayley et al. 
1991) and references therein].  Compatible solutes (generally very soluble, low molecular weight 
organic molecules) can be accumulated in the cytoplasm as a mechanism for coping with 
hyperosmotic stress.  Compatible solutes can also protect proteins, nucleic acids and membranes 
from the harmful effects of heat, freezing, drying, and oxygen radicals [(da Costa et al. 1998; 
Lentzen & Schwarz 2006; Pastor et al. 2010) and references therein]. 

Although many of the potential roles for taurine are relevant, its properties as a 
compatible solute may be particularly useful in microbial adaptation to the high ionic strength 
waters within the Richmond Mine (Druschel et al. 2004). We explored genomic sequences of 
~20 AMD biofilm community members (including bacteria, archaea, and fungi) to determine 
which organisms may produce taurine (Figure 4.3).  This dataset contains nearly 80,000 gene 
sequences and captures essentially all organisms representing more than a few percent of the 
community.  Reciprocal BLAST searches against the KEGG database indicated that archaea and 
bacteria in the AMD communities are unable to generate taurine (no archaea or bacteria are 
known to synthesize taurine).  The only archaeal or bacterial enzyme potentially involved in 
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taurine biosynthesis was a glutamate decarboxylase (E.C. 4.1.1.15), which has broad 
functionality in several different metabolic pathways. 

We evaluated the likelihood for eukaryotic taurine biosynthesis using the genome of the 
dominant fungus, A. richmondensis (Figure 4.3).  The A. richmondensis genome encodes 
cysteine dioxygenase (EC:1.13.11.20) and glutamate decarboxylase (EC: 4.1.1.15) genes 
involved in two routes of taurine metabolism.  Enzymes mediating the oxidation of hypotaurine 
to taurine and 3-sulfino-L-alanine to L-cysteate were not evident, however, it has been shown 
that these reactions may occur non-enzymatically [(Fontana et al. 2006; Coloso et al. 2006) and 
references therein].  Ferric iron, found in high concentrations in the mine, may act as a chemical 
oxidant of these compounds, thereby completing the pathways of taurine production in A. 
richmondensis.  Efforts to identify taurine in a pure culture of A. richmondensis failed, although 
culture conditions may not have favored taurine production. 

We also assessed the potential for taurine degradation using community genomic 
sequence data (Figure 4.3).  While bacteria and archaea in the mine encode genes for some 
enzymes involved in taurine degradation pathways, they do not appear to have a definitive or 
complete mechanism for the breakdown of taurine.  The most likely candidate route of 
degradation is via gamma-glutamyltranspeptidase (EC 2.3.2.2) found in Sulfobacillus and three 
archaeal species (Ferroplasma, Cplasma, and Gplasma); however, this enzyme has broad activity 
and is also involved in cyanoamino acid, glutathione, and arachidonic acid metabolism.  
Sulfobacillus also has genes encoding two taurine transport proteins (TauA and TauC), 
suggesting taurine may indeed have a biological role in this organism.  Taurine diffuses slowly 
through cell membranes and taurine biotransformation enzymes are usually soluble and 
intracellular, so transport of taurine into the bacterial cell is required for utilization of the 
compound (Huxtable 1992; Cook & Denger 2006).  Cells responding to hyperosmolar conditions 
can increase intracellular taurine content via active transport of taurine into the cell. 

Genomic evidence suggests that the fungal species A. richmondensis is capable of 
degrading taurine via taurine catabolism dioxygenase TauD/TfdA enzymes.  TauD is a 
dioxygenase that converts taurine to sulfite and aminoacetaldehyde, with reaction requirements 
of oxygen, Fe2+, and α‐ketoglutarate (Eichhorn 1997).  In Escherichia coli, the tauD gene is 
expressed only under conditions of sulfate starvation (Eichhorn 1997; van der Ploeg et al. 1996).  
There are 12 copies of the taurine catabolism dioxygenase tauD/tfdA genes in the A. 
richmondensis genome.  Interestingly, transcripts of all 12 tauD/tfdA genes were detected in a 
fungal streamer biofilm community from the mine (Miller et al., in prep).  Two of these 
transcripts were relatively abundant in the transcriptome (ranked in the top 1500 transcripts out 
of 10,305 total genes) and their proteins were also detected in a community metaproteome 
(Miller et al., in prep).  Other Dothidiomycetes (the fungal class including A. richmondensis) 
genomes contain between one and 10 copies of taurine catabolism dioxygenase genes per 
genome (based on BLAST searches).  

Given the genomic potential for taurine biosynthesis and likelihood for degradation in the 
AMD biofilms, we evaluated the abundance of taurine across the different growth conditions 
(natural mine biofilms and biofilms grown in bioreactors for 26, 35, and 51 days) based on peak 
heights in the MS spectra (Figure 4.4).  Taurine concentrations were an order of magnitude 
higher in all three bioreactor biofilms than in the mine biofilm.  This discrepancy is likely 
explained by different biogeochemical conditions in the mine and bioreactor biofilms.  It is 
possible that the bioreactor communities generate more taurine relative to the mine communities 
or, equally possible, that more taurine is consumed in the mine.  Metagenomic evidence 
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implicates A. richmondensis as the dominant organism involved in taurine biosynthesis and 
degradation. The low-abundance community member Sulfobacillus may also have the potential 
for taurine consumption; while FISH shows higher numbers of Sulfobacillus in the mine 
biofilms, the percentage of the total community is only on the order of 1%. 
 
Hydroxyectoine: Metabolic interactions within the AMD community  
 We identified hydroxyectoine (confirmed with chemical standards and MS/MS spectra; 
Figure 4.5) and possibly ectoine (correct mass and chemical formula but incomplete MS/MS 
data) in natural and cultivated AMD biofilms and were interested in their role as compatible 
solutes used in adaptation to hyperosmotic stress.  Ectoine biosynthesis occurs in three enzymatic 
steps: (1) L-diaminobutyric acid transaminase (EctB or ThpB) converts L-aspartate-beta-
semialdehyde into L-diaminobutyric acid; (2) acetylation to N-γ-acetyldiaminobutyric acid 
occurs via L-diaminobutyric acid acetyl transferase (EctA or ThpA); and (3) cyclic condensation 
then leads to the formation of ectoine through ectoine synthase (EctC or ThpC) (Caspi et al. 
2010; Louis & Erwin A Galinski 1997; Canovas et al. 1997).  Hydroxyectoine is primarily 
generated though the hydroxylation of ectoine by ectoine hydroxylase (EctD or ThpD) (Garcia-
Estepa et al. 2006; Prabhu et al. 2004).  Compared to ectoine, hydroxyectoine can confer 
additional protective properties against heat stress (Garcia-Estepa et al. 2006) and freeze-drying 
(Lippert & ErwinA Galinski 1992). 
Complete ectoine and hydroxyectoine biosynthesis pathways have been identified previously in 
one archaeal genome, Nitrosopumilus maritimus (Walker et al. 2010), and in over 50 bacterial 
genomes with particular representation among the α- and γ-Proteobacteria and Actinobacteria 
[(Pastor et al. 2010) and references therein].  In the AMD biofilms, both the 5-way and UBA 
genotypes of Leptospirillum group II have all of the genes necessary for ectoine and 
hydroxyectoine biosynthesis (ectABCD) and their protein products have been identified by 
community proteomics (Goltsman et al. 2009).  Previous studies showed high numbers of 
ectoine synthase proteins in Leptospirillum group II grown under non-optimized culture 
conditions; however, ectoine synthases were found in similar levels to the natural biofilm upon 
optimization of the culturing media (Belnap et al. 2009). Leptospirillum group II EctB proteins 
were significantly more abundant in low pH cultures (pH 0.85 versus pH 1.45), suggesting 
greater osmotic stress during growth in more acidic solutions (Belnap et al. 2011).  Interestingly, 
Leptospirillum group II was the first acidophilic bacterium described with a complete pathway 
for biosynthesis of ectoine and hydroxyectoine (Aliaga Goltsman et al. 2013).  Other AMD 
community members also have genes in the ectoine biosynthesis pathway.  Genes encoding ectB 
were found in some archaea (Cplasma, Eplasma, and Ferroplasma) and Sulfobacillus has both 
ectA and ectB genes; however, ectoine biosynthesis by these organisms cannot be confirmed 
since the complete Ect operon was not found. 

We evaluated the abundance of ectoine and hydroxyectoine biosynthesis proteins in 
Leptospirillum group II bacteria across different growth stages of AMD biofilms (early, mid, and 
late growth stages; Figure 4.6), using previously acquired quantitative proteomics data (Mueller 
et al. 2011).  EctA proteins were not found in any of the samples, which may suggest low 
abundance.  Protein abundance of EctB, EctC, and EctD generally decreased with biofilm 
development suggesting that more ectoine and hydroxyectoine are produced in the early growth 
stages.  In early biofilm development, the organisms may have greater exposure to the AMD 
solution because the biofilm is still thin and friable and contains less extracellular polymeric 
substances (EPS) (Jiao et al. 2010).  EPS has been reported to provide protection from a variety 
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of environmental stresses, including osmotic shock [e.g., (Davey & O'toole 2000) and references 
therein].  Thus, with less protection in early biofilm development, Leptospirillum group II 
bacteria may produce more ectoine and hydroxyectoine in order to cope with greater exposure to 
the high ionic strength AMD solution.   

Some organisms are capable of concurrently using ectoine as an osmoprotectant and as 
an energy and carbon substrate (Jebbar et al. 2005; Schwibbert et al. 2010; Vargas et al. 2006).  
Genes involved in ectoine metabolism have been identified in Sinorhizobium meliloti 
(eutABCD) (Jebbar et al. 2005) and Halomonas elongata (doeABCD) (Schwibbert et al. 2010).  
In the AMD biofilms, some of these genes involved in ectoine utilization have been identified in 
Sulfobacillus and Firmicute genomes, but not the complete operons. 
 
Conclusion 

We used an untargeted approach based on stable isotope labeling coupled with high 
resolution mass spectrometry to uncover metabolites within natural and cultivated AMD 
microbial communities.  We confirmed the identification of taurine and hydroxyectoine and used 
community proteogenomic data to determine which organisms are capable of producing or 
consuming these osmolytes.  From this we suggest that to mitigate less protection from EPS in 
early biofilm development, Leptospirillum group II bacteria may produce more ectoine and 
hydroxyectoine in order to cope with greater exposure to the high ionic strength AMD solution.  
We determined the specific chemical formulae of many other metabolites that were not identified 
because they are not present in current metabolic databases and suitable pure compound 
standards for a defined set of candidate molecules were not available.  The set of abundant but 
not identified compounds could include novel metabolites, with potentially high biological and 
chemical relevance. 
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Table 4.1.  Comparison of the number of features and metabolites resulting from varying levels 
of curation. 
 

Analytical column 

No. of features 
after three-way 
visualization 

analysis 

No. of metabolites 
after manual 

curation 

No. of metabolites 
containing nitrogen 

No. of metabolites 
with chemical 

formula 

Agilent Zorbax SB-C18 
Column 191 56 27 38 

AQUITY UPLC BEH 
HILIC Column 50 24 19 18 
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Table 4.2.  Acid mine drainage metabolites with assigned chemical formula. All features listed 
are identified in positive mode. 
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Figure 4.1.  Community composition of natural and cultivated AMD communities based on 
fluorescence in situ hybridization. 
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Figure 4.2.  Identification of taurine the AMD biofilm using MS/MS comparisons with a 
chemical reference standard.  Taurine MS/MS spectra at three collision energies (10, 20, and 40 
eV) shown in the top panels for the AMD biofilm and the bottom panels for the reference 
standard. 
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Figure 4.3.  Taurine metabolism by prokaryotes and eukaryotes in the AMD biofilms.  
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Figure 4.4.  Abundance of taurine under different growth conditions of AMD biofilms. 
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Figure 4.5.  Identification of hydroxyectoine in the AMD biofilm using MS/MS comparisons 
with a chemical reference standard.  Hydroxyectoine MS/MS spectra at three collision energies 
(10, 20, and 40 eV) shown in the top panels for the AMD biofilm and the bottom panels for the 
reference standard. 
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Figure 4.6.  Abundance of ectoine and hydroxyectoine biosynthesis proteins across different 
growth stages of AMD biofilms. Data based on previously acquired quantitative proteomics data 
(Mueller et al., 2011). 
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