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ABSTRACT 
 
 

Microbial communities in high-temperature acidic and alkaline geothermal 
springs contain abundant, novel Archaea whose role in biogeochemical cycling and 
community function in microbial mats is not described. This thesis utilized a 
complementary suite of analyses that included aqueous and solid phase geochemistry, 
community genomics, phylogenomics, targeted 16S rRNA gene sequencing, community 
transcriptomics, and microscopy to elucidate the role of novel archaeal populations in 
acidic sulfur and iron rich hot springs in Norris Geyser Basin, Yellowstone National Park 
(YNP), and alkaline microbial ‘streamer’ communities in Lower Geyser Basin, YNP. 
Novel members of the archaeal phylum, Thaumarchaeota were identified in oxic iron 
oxide mats and hypoxic elemental sulfur sediments in acidic geothermal springs. These 
two different groups of Thaumarchaeota likely utilize organic carbon as electron donors 
and exhibited metabolic capacities based on the presence and absence of oxygen (e.g., 
heme copper oxidases). The assembly and succession of iron oxide mats in acidic 
geothermal springs showed later colonization (> 40 d) of Thaumarchaeota. Early 
colonizers (< 7 d) of Fe(III)-oxide mats include Hydrogenobaculum spp. (Aquificales) 
and the iron-oxidizing Metallosphaera yellowstonensis (7 – 14 d), which accrete copious 
amounts of Fe(III)-oxides. Interaction of Hydrogenobaculum and M. yellowstonensis is 
important to mat formation and subsequent later colonization of heterotrophic archaea (> 
40 d). The succession of these communities follows a repeatable pattern, which exhibits 
interplay among oxygen flux, hydrodynamics, and microbial growth. The biogeochemical 
and micromorphological signatures may be important for the interpretation of ancient 
Fe(III)-oxide geothermal deposits. Interactions between Archaea and Aquificales are also 
important in oxic, alkaline ‘streamer’ communities, which contain a novel Aigarchaeota 
population and Thermocrinis spp. This Aigarchaeota population (Candidatus 
“Calditenuis aerorheumensis”) exhibits a filamentous morphology and was intricately 
associated with Thermocrinis spp. C. aerorheumensis is an aerobic chemoorganotroph. 
Oxygen is the predominant electron acceptor of C. aerorheumensis, and mRNA 
transcripts were elevated for heme copper oxidase complexes. Organic carbon electron 
donors may come from bacteria in close proximity and/or dissolved organic carbon. 
Archaeal interactions with Aquificales contribute to higher-order level properties (e.g., 
biomineralization, metabolite sharing) that are important in the formation of hot spring 
microbial mats and streamer communities.
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CHAPTER 1 
 
 

GEOBIOLOGICAL INTERACTIONS IN THERMOPHILIC MICROBIAL 
COMMUNITIES: ACIDIC AND ALKALINE GEOTHERMAL ECOSYSTEMS 

 
 

Scope of Thesis 
 
 
 The goal of this dissertation was to understand niche-defining characteristics, 

microbial interactions, and the assembly and succession of archaeal populations in 

microbial communities that inhabit high-temperature (> 65 °C) geothermal outflow 

channels of acidic (pH < 3.5) and alkaline (pH ~ 8) hot spring ecosystems in Yellowstone 

National Park, Wyoming, United States of America. This dissertation focuses on the 

influence of thermophilic microbial populations on in situ biogeochemical and physical 

processes occurring within hot spring environments. An understanding of the 

mechanisms controlling biomineralization may also provide clues about past ecosystems 

potentially preserved in the rock record. A combination of different disciplinary methods 

were utilized to study these systems and included aqueous and solid phase geochemical 

analysis, community genomics (i.e., metagenomics), targeted 16S rRNA gene 

sequencing, phylogenetic analysis, comparative genomics, metatranscriptomics, and 

fluorescence in situ hybridization. Specifically, this research focused on the 

geomicrobiology and metabolic capacity of hitherto undescribed archaeal populations 

found in high-temperature (> 65 °C) chemotrophic environments of YNP. The model 

systems chosen for different aspects of this thesis included acidic (pH 2.5-3.5) outflow 

channels that deposit elemental sulfur (S) and amorphous Fe(III)-oxides as a function of 
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atmospheric oxygen ingassing, and an oxic alkaline system containing little to no reduced 

iron or sulfur. The common goal across these systems was to identify key geochemical 

parameters that define archaeal habitats and common interactions with other microbial 

species (especially members of the bacterial order Aquificales). 

An introduction (Chapter 1) is provided to review the geomicrobiology of high-

temperature ecosystems in Acid-Sulfate-Chloride (ASC) and alkaline siliceous outflow 

channels. A brief review of geobiological systems, the Tree of Life with specific focus on 

the archaeal domain, and microbial interactions in geothermal ecosystems is also 

provided for context. 

 The genomic characterization of two different novel members of the archaeal 

phylum, Thaumarchaeota from iron oxide and sulfur microbial mats in Beowulf and 

Dragon Springs in Norris Geyser Basin (NGB), YNP is presented in Chapter 2, which 

was published recently in The International Society for Microbial Ecology Journal 

(Beam et al., 2014). This study reports on the potential metabolism and phylogenomic 

analysis of two new groups of Thaumarchaeota that are common and abundant 

populations in the elemental sulfur and Fe(III)-oxide zones, respectively, of ASC springs 

in Norris Geyser Basin, YNP.   

 One of the primary goals of this thesis was to understand the assembly and 

succession of iron oxide microbial mat communities in ASC springs of Norris Geyser 

Basin (NGB). An integrative study focused on the spatiotemporal dynamics and 

micromorphology of iron oxide accretion, microbial community structure (16S rRNA 

gene), and geochemical processes was performed in the outflow channels of two 
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representative and well-studied ASC springs (‘Beowulf’ and One Hundred Spring Plain 

(OSP), NGB). The relative contributions of lithoautotrophic and heterotrophic microbial 

populations to iron oxide mat development were determined using multiple scales of 

observation. Temporal studies of iron oxide accretion and microbial population 

abundance were used to develop a conceptual model for iron oxide mat assembly and 

succession in acidic geothermal springs that is relevant for other chemotrophic hot spring 

ecosystems, and may be important for the interpretation of ancient hot spring iron oxide 

mineral deposits. 

 The outflow channels of alkaline siliceous geothermal springs (pH ~ 8-9) often 

contain filamentous streamer communities that are dominated by Thermocrinis spp. 

(bacterial order, Aquificales) rather than Hydrogenobaculum spp. common in acidic 

springs (pH < 4). However, both environments share close interactions with archaeal 

populations. The potential interactions among bacteria and archaea in these more 

tractable systems are of utmost interest to understanding community function and 

potential coevolution of thermophilic lineages. Consequently, the last major study of my 

thesis (Chapter 4) analyzes the in situ ecophysiology of a member of the candidate 

phylum, Aigarchaeota, in Thermocrinis ‘streamer’ communities of Octopus Spring, 

Lower Geyser Basin. A detailed metabolic reconstruction from an environmental genome 

assembly was combined with metatranscriptomic analysis to elucidate the in situ activity 

and potential microbial interactions of this novel archaeal population. The morphology of 

this organism was determined for the first time using fluorescence in situ hybridization 

probes to reveal possible community interactions (e.g., metabolite sharing).  
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 Several appendices were included that provide supplemental support to the 

technical chapters, and additional studies that will be submitted for publication. Appendix 

A includes a description of the distribution and diversity of novel Thaumarchaeota 

described in Chapter 2 in geothermal springs of YNP. A detailed 16S rRNA gene survey 

and phylogeny of these novel Thaumarchaeota groups from geographically diverse 

geothermal springs in YNP and other regions of the world was conducted to identify 

physicochemical factors (e.g., pH, temperature, O2) that define their habitat range. Non-

parametric phylogenetic distance measurements (i.e., Unifrac) were also used to classify 

the habitats of these novel thaumarchaeal groups. 

 Appendix B includes the affect of various substrates on iron oxide accretion rates 

from Beowulf Spring, and shows that iron oxide microbial mats can grow on other 

surfaces besides glass. 

 Appendix C contains fluorescence in situ hybridization (FISH) morphological 

identification of the novel Thaumarchaeota populations from acidic iron oxide and sulfur 

microbial mats, and concomitant FISH identification of Hydrogenobaculum spp. The 

FISH data presented in this appendix was conducted through an IGERT internship at the 

Division of Microbial Ecology, University of Vienna, under the direction of Prof. Dr. 

Michael Wagner and Dr. Markus Schmid. 

 Appendix D contains supplemental tables that accompany all the messenger RNA 

metatranscriptome reads mapped to the novel Aigarchaeota population in Chapter 4 and 

specific genes identified in metabolic reconstruction (Figures 4.7 and 4.9).  
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In addition to research conducted for my Ph.D. thesis, I also made contributions to 

the following research papers during the course of the Ph.D. program: 

Jay ZJ, Beam JP, Dohnalkova A, Lohmayer R, Bodle B, Planer-Friedrich B, Romine M, 

Inskeep WP (2015) Pyrobaculum yellowstonensis str. WP30 respires on elemental sulfur 

and/or arsenate in circumneutral sulfidic geothermal sediments of Yellowstone National 

Park. Submitted to Applied and Environmental Microbiology. 

 
 *Bernstein HC, *Beam JP, Kozubal MA, Carlson RP, Inskeep WP (2013) In situ 

analysis of oxygen consumption and diffusive transport in high-temperature acidic iron-

oxide microbial mats. Environmental Microbiology 15: 2360-2370. *Equal contribution. 

 
Kozubal MA, Romine M, Jennings RdeM, Jay ZJ, Tringe SG, Rusch DB, Beam JP, 

McCue LA, Inskeep WP (2012). Geoarchaeota: a new candidate phylum in the Archaea 

from high-temperature acidic iron mats in Yellowstone National Park. The ISME J 7: 

622-634. 

 
Kozubal MA, Macur RE, Jay ZJ, Beam JP, Malfatti SA, Tringe SG, Kocar BD, Borch T, 

Inskeep WP (2012). Microbial iron cycling in acidic geothermal springs of Yellowstone 

National Park: integrating molecular surveys, geochemical processes, and isolation of 

novel Fe-active microorganisms. Frontiers in Microbiology 3: 109. 

 
Introduction 

 
 

Microbial communities comprised of organisms from the domains Archaea, 

Bacteria, and Eukarya ultimately control all of the major biogeochemical cycles on Earth 



 
 

 
 

6 

(Falkowski et al., 2008). Geothermal spring ecosystems of Yellowstone National Park 

(YNP), Wyoming, USA are no exception to these phenomena and many of the microbial 

controls on biogeochemical cycling are visible to the unaided eye, such as the numerous 

biogenic iron oxide microbial mats in Norris Geyser Basin (Kozubal et al., 2012a), 

calcium carbonate microbial travertines at Mammoth Hot Springs (Fouke, 2011), and 

phototrophic microbial mats (Brock, 1967; Ward, 1998). Microorganisms from the 

domains Archaea and Bacteria exclusively inhabit hot spring environments at 

temperatures > ~ 57 °C (the upper temperature limit of light-harvesting, eukaryotic algae; 

Castenholz and McDermott, 2010) that have a wide array of chemotrophic and 

phototrophic metabolisms. Geothermal environments of YNP contain many reduced 

chemical species at spring sources capable of supporting chemotrophic metabolisms 

including Fe(II), As(III), H2, H2S, CH4, NH4
+, and dissolved organic carbon (Amend and 

Shock, 2001; Inskeep et al., 2005). These environments also contain numerous terminal 

electron acceptors to support diverse microbial respiratory complexes including O2, NO3
-

SO4
2-, Fe(III), and As(V) (Amend and Shock, 2001; Inskeep et al., 2005). Novel 

chemotrophic members of the domains Archaea and Bacteria inhabit geothermal springs 

in YNP (e.g., Inskeep et al., 2010; 2013) and our limited knowledge of their metabolic 

potential and in situ activity has precluded an accurate representation of major microbial 

influences on biogeochemical cycling and potential microbial interactions in thermal 

environments. The current study focuses on several different chemotrophic systems in 

Yellowstone National Park, including acidic hot springs located in Norris Geyser Basin 

and an alkaline hot spring located in Lower Geyser Basin. A review of systems 
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geobiology in thermophilic microbial communities, and geomicrobiology of acidic and 

alkaline geothermal spring systems provides useful background information on the 

thermal environments studied. 

 
Systems Geobiology 
 

The field of Systems Geobiology follows the philosophical statement that “the 

whole is greater than the sum of its parts.” Novikoff (1945) brilliantly illustrates this in 

biological systems by his statement “…living substances must still be recognized as 

matter on a higher level, with new, unique properties which have emerged on 

combination of the lower-level units.” This synthesizes the point that as one proceeds up 

the levels of cellular organization from individual enzymatic processes in the cell to a 

consortia of cells, and communities at the ecosystem level, new processes emerge that 

define each level of organization that would not be apparent from studying the different 

processes and levels in isolation. A geobiological system is defined by the interaction of 

biological, chemical, and physical processes that shape microbial communities across 

various spatial and time scales (Figure 1.1). Microorganisms shape and change the 

environment by enzymatic reactions participating in elemental cycling and in turn the 

environment determines the potential metabolisms that are present in microbial 

inhabitants (Falkowski et al., 2008). The most striking example of the effect of 

microorganisms on their environment is the production of copious amounts oxygen by 

cyanobacteria ~ 2.4 billion years ago during the Great Oxidation Event (GOE; Holland, 

2006; Farquhar et al., 2011). The GOE drastically changed the predominantly hypoxic 

Earth, to an oxidizing atmosphere and drove the evolution of complex life forms on this 
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planet (e.g., eukaryotes). The GOE also produced large amounts of iron deposits, known 

as banded-iron formations (BIFs), which provide a record of past activity of 

microorganisms and interactions with their environment (Klein, 2005). One of the major 

goals of systems geobiology is to utilize extant microbial ecosystems as models to aid in 

the interpretation of ancient mineral deposits, particularly in those found in hot spring 

environments (Fouke, 2011). Moreover, systems level computational models can be 

implemented on hot spring ecosystems based on the integration of empirical observations 

over space and time, which aid in identifying key processes that define a particular 

system of interest (Taffs et al., 2009). 

 

 

Figure 1.1. Framework of interactions and processes that define a geobiological system 
shown in the center of the diagram (reproduced from Fouke, 2011). 

 
Microbial communities commonly exist as microbial mats or biofilms, especially 

ecosystems under flow (Battin et al., 2007). Microorganisms that inhabit microbial mats 

may have mutualistic, beneficial, antagonistic, or neutral interactions (Faust and Raes, 
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2012). These microbial interactions form complex networks and organisms can have 

positive, negative, and/or neutral effects on one each other (Faust and Raes, 2012). 

Microbial mat systems are ubiquitous in geothermal springs of Yellowstone National 

Park and contain a multitude of interacting archaeal and bacterial organisms. These 

microbial mat communities are stratified due to gradients in light, O2, and H2S, among 

other ecologically important geochemical constituents (Revsbech and Ward, 1984a: 

1984b; van der Meer et al., 2005; Bernstein et al., 2013). The succession of microbial 

mats results in diverse geochemical niches (e.g., hypoxic zones) that may confer 

resistance and resilience of community members to UV light, other cellular-damaging 

agents, and environmental perturbations (Hall-Stoodley et al., 2004; Faust and Raes, 

2012). 

Microbial mat ecosystems are present in both chemotrophic and phototrophic hot 

spring systems, and phototrophic microbial mat communities have been studied 

extensively over the last 40 years (e.g., Brock, 1967; Bateson and Ward, 1988; Ward et 

al., 1990; van der Meer et al., 2005; Klatt et al., 2013). Primary-producing, 

photoautotrophic cyanobacteria are important producers of carbon and energy sources to 

heterotrophic microorganisms in phototrophic microbial mats (Bateson and Ward, 1988, 

Klatt et al., 2013). Specifically, photoexcretion of glycolate by cyanobacteria feeds other 

organisms present in phototrophic microbial mats (Bateson and Ward, 1988), which has 

recently been confirmed with environmental genome sequence from these same systems 

(Klatt et al., 2011). There may also be cross feeding of inorganic electron donors such as 

hydrogen sulfide between sulfate-reducing bacteria and anoxygenic phototrophs (Taffs et 
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al., 2009). Oxygenic photoautotrophs also produce significant amounts of oxygen, which 

results in the stratification of other microorganisms in the mat into distinct lamina (van 

der Meer et al., 2005). These micromorphological biogenic features may be excellent 

analogs to cyanobacterial stromatolites important on early Earth environments (e.g., Reid 

et al., 2000). 

The interaction of primary-producing lithoautotrophs and heterotrophs in 

chemotrophic microbial mat systems may also be an important process governing these 

ecosystems (Macur et al., 2004; Inskeep et al., 2010; 2013a; Kozubal et al., 2012a; 

Takacs-Vesbach et al., 2013). Lithoautotrophs may supply carbon and energy sources to 

heterotrophic thermophiles in these mats systems (e.g., Jennings et al., 2014), reminiscent 

of phototrophic microbial mats. Other organisms in chemotrophic mat ecosystems may 

not be capable of synthesizing all essential vitamins and cofactors necessary for growth 

(e.g., Jay et al., 2014), and metabolite sharing from prototrophic organisms may be 

necessary for their survival and growth. Iron oxide microbial mats are stratified due to 

gradients in O2 (Bernstein et al., 2013) and also produce distinct lamina (Inskeep and 

McDermott; Bernstein et al., 2013). Gradients in O2 result from the interplay of 

hydrodynamics, mass transfer boundary layers, and consumption of O2 by 

microorganisms, and iron oxide mat lamina may provide a record of the interaction of the 

combinatorial effect of these processes. 

 
Tree of Life 
 

Geobiological systems are influenced by the myriad of metabolisms present in 

phylogenetically diverse microorganisms. Modern molecular biology studies would not 
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be possible without the pioneering work of Carl Woese and colleagues that redefined the 

Tree of Life (ToL) into three domains (Woese and Fox, 1977; Woese et al., 1990). The 

most profound finding of this seminal work was the classification of unicellular 

microorganisms (a.k.a., “prokaryotes”) into two domains: the Archaea and Bacteria  

(Woese et al., 1990). Cultivation-independent studies have revealed a plethora of archaea 

and bacteria (e.g., Rinke et al., 2013), and the modern ToL has grown significantly since 

its proposal ~ 40 years ago (Figure 1.2). Recent environmental genome sequencing (i.e., 

metagenomics) efforts from physicochemically diverse hot springs in Yellowstone 

National Park showed an unprecedented metabolic and phylogenetic diversity of archaea 

and bacteria (Inskeep et al., 2010; 2013a; 2013b; Swingley et al., 2012; Klatt et al., 2013; 

Takacs-Vesbach et al., 2013). The archaeal diversity is particularly astonishing, and 

encompasses all of the major phyla identified in this domain (Figure 1.2; Inskeep et al., 

2010; 2013). The diversity of archaea in these hot spring systems (Inskeep et al., 2010; 

 

Figure 1.2. A modern view of the universal Tree of Life on Earth, emphasizing the 
archaeal domain, and the major phyla (red text) (modified from Woese et al., 1990). 
Names of some clades have been removed for clarity. Methano. = methanogens. 

 



 
 

 
 

12 

2013) along with the presence of thermophilic bacteria (e.g., Aquificales; Takacs-

Vesbach et al., 2013) provides an opportunity to dissect community structure, function, 

and potential interactions among phylotypes in the context within the ecosystem as a 

whole. 

 
Acidic Geothermal Ecosystems 

 
 

A high density of acidic geothermal springs are found in the Norris Geyser Basin 

(NGB) region of YNP that lies at the northern caldera boundary (Figure 1.3). High-

temperature (> ~ 65 °C), acidic hot springs (pH ~ 2.5 – 3.5) containing both elemental 

sulfur zones and iron oxide microbial mats are of particular interest due to the metabolic 

diversity of archaea and low number of dominant phylotypes, which permits a detailed 

description of these ecosystems. 

Figure 1.3. Map of Yellowstone National Park showing the 640,000 year old caldera 
boundary (dashed black line, and Norris Geyser Basin and Lower Geyser Basin Regions 
(black dots) (modified from Fouke, 2011). 
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Geochemistry 
 

The low pH of acidic hot springs is formed primarily by sulfuric acid that is 

generated by the oxidation of reduced sulfur compounds (e.g., H2S and sulfur) and/or 

hydrolysis of dissolved SO2 from magmatic gases (Xu et al., 1998; Nordstrom and 

McClesky, 2005). Low pH and millimolar levels of sulfate and chloride are characteristic 

of Acid-Sulfate-Chloride (ASC) springs that have been studied in great detail with 

respect to physicochemistry and geomicrobiology over the last 15 years (Jackson et al., 

2001; Langner et al., 2001; Inskeep et al., 2004; 2005; 2010; 2013; Macur et al., 2004; 

Ackermann, 2006; Kozubal et al., 2008; 2012a). The source waters of ASC springs 

contain numerous reduced dissolved chemical species such as Fe(II), As(III), H2S, H2, 

and CH4, and millimolar concentrations of dissolved inorganic carbon (DIC, 

predominantly H2CO3 at these pH values), capable of supporting chemolithoautotrophic 

microorganisms (Inskeep et al., 2005). Geochemical gradients are created in the outflow 

channels of ASC springs due to changes in dissolved chemical species (Figure 1.4). 

Dissolved hydrogen sulfide (H2S) reacts with ingassing atmospheric oxygen to create 

solid phase elemental sulfur near the spring sources, and H2S outgases further from the 

spring source, and significant amounts of atmospheric oxygen mixing occurs (Figure 

1.4). Iron oxide microbial mats form when there is sufficient oxygen for the oxidation of 

Fe(II) to solid Fe(III)-oxides by microorganisms at these low pH values, where the 

abiotic oxidation of Fe(II) is extremely slow (Singer and Stumm, 1970). Total iron does 

not decrease as a function from the spring source (Figure 1.4). Arsenite, As(III), is also 

transformed to As(V) at the zone of oxygenation by microorganisms (Langner et al., 
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2001) and adsorbs to Fe(III)-oxides at Fe:As molar ratios of ~ 0.6 – 0.7 (Langner et al., 

2001; Inskeep et al., 2004). Arsenate adsorption prevents the formation of crystalline iron 

oxide phases (e.g., goethite and hematite; Inskeep et al., 2004) found in other geothermal 

springs of YNP that have low concentrations of arsenic (Kozubal et al., 2012a). 

 

 

Figure 1.4. Relative concentrations of aqueous chemical species as a function of distance 
from the source in ASC springs. Changes in dissolved H2S downstream allow 
atmospheric oxygen to mix with the spring water, creating oxic conditions and the 
formation of Fe(III)-oxides by microorganisms. The oxidation of As(III) to As(V) is also 
catalyzed in the zone of oxygenation. The yellow depicts elemental sulfur flocculent and 
the orange represents the Fe(III)-oxides (modified from Inskeep and McDermott, 2005). 

 
 Gradients in dissolved oxygen are present in elemental sulfur sediments 

(D’Imperio et al., 2008) and iron oxide microbial mats (Bernstein et al., 2013) in ASC 

springs. Iron oxide mats range in total depth (~ 0.1 – 5 cm; Kozubal et al., 2012a) and the 

top 1 mm of Fe(III)-oxide mat-aqueous interface is oxygenated. These O2 gradients result 

in the stratification of microbial community members, and aerobic microorganisms are 
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more abundant at the mat-water interface (Bernstein et al., 2013). Oxidation-reduction 

potential gradients also exist by definition, which would result in the increased 

abundance of hypoxic microorganisms (e.g., fermentative metabolisms) at mat depths 

greater than 1 millimeter. 

 
Community Structure 
 
 Prior 16S rRNA gene surveys of sulfur and iron oxide mats in acidic geothermal 

springs revealed a large diversity of archaea (Jackson et al., 2001; Inskeep et al., 2004; 

2005; Macur et al., 2004; Kozubal et al., 2008; 2012a) and usually one population from 

the bacterial order, Aquificales (Jackson et al., 2001; Donahoe-Christiansen et al., 2004; 

D’Imperio et al., 2008). The phylogenetic and metabolic diversity of archaea and bacteria 

increases as oxygen concentrations rise and temperature declines down the outflow 

channel (Inskeep et al., 2004; 2010; 2013b; Takacs-Vesbech et al., 2013). The diversity 

of archaea in iron oxides mats corresponds with increasing oxygen concentrations, which 

is consistent across most environments (Morris and Schmidt, 2013). The metabolic 

potential of a few novel archaeal populations from iron oxide mats and elemental sulfur 

sediments has recently been identified by metagenomic sequencing (Inskeep et al., 2010; 

2013a: 2013b: Kozubal et al., 2012; Takacs-Vesbach et al., 2013; Beam et al., 2014; Jay 

et al., 2014). 

 The iron-oxidizing crenarchaeon, Metallosphaera yellowstonensis, is responsible 

for the formation of many iron oxide mats in acidic springs of YNP (Kozubal et al., 2008; 

2012a), and is also an important primary producer, fixing carbon dioxide via the 3-

hydroxypropionate/4-hydroxybutyrate cycle (Jennings et al., 2014). Lithoautotrophic 



 
 

 
 

16 

Hydrogenobaculum spp. are also important primary producers in both sulfur and iron 

oxide microbial mats. These bacterial populations couple the oxidation of hydrogen, 

hydrogen sulfide, or arsenite with O2 reduction, and the fixation of CO2 via the reverse 

tricarboxylic acid cycle (Donahoe-Christiansen et al., 2004; D’Imperio et al., 2008; 

Romana et al., 2013; Takacs-Vesbach et al., 2013). Both of these organisms utilize O2 as 

a terminal electron acceptor (TEA), which may be a competitive substrate in Fe(III)-

oxide mats (Kozubal et al., 2012a; Bernstein et al., 2013). Diverse populations of 

heterotrophic archaea, which also can utilize O2 as a TEA (Kozubal et al., 2012b; Beam 

et al., 2014; Jay et al., 2014), may be supported by biomass from autotrophic 

microorganisms. The importance of oxygen that fuels microbial metabolisms in Fe(III)-

oxide mats is supported by abundant heme copper terminal oxidase complexes (Inskeep 

et al., 2010; 2013a; Kozubal et al., 2011; Bernstein et al., 2013). Autotrophs are 

responsible for the production of more than 40 % of the total microbial carbon biomass in 

Fe(III)-oxides mats (Jennings et al., 2014), and there may be utilization of this organic 

carbon by heterotrophs. These heterotrophic archaea are from the phyla Thaumarchaeota, 

Crenarchaeota, Euryarchaeota, Nanoarchaeota, (Figure 1.2), and two novel archaeal 

phyla (Kozubal et al., 2012a: b), and may provide evolutionary links to other archaeal 

groups.  

 
Alkaline Geothermal Ecosystems 

 
 

 Alkaline hot spring systems (~ 7 – 9) are common and distributed in many geyser 

basins across YNP, with representatives present in the Lower Geyser Basin region 
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(Figure 1.3). High-temperature (70 – 90 °C) regions of these springs often contain 

microbial “streamer” communities that harbor metabolically and phylogenetically diverse 

groups of archaea and bacteria (Meyer-Dombard e al., 2011; Swingley et al., 2012; 

Takacs-Vesbach et al., 2013). These systems also contain a low number dominant 

phylotypes, similar to acidic sulfur and iron mats. 

 
Geochemistry 
 

Alkaline-siliceous geothermal springs are characterized by their high pH (~ 8 – 9) 

and are rich in SiO2, chloride, and dissolved inorganic carbon (DIC). The source waters 

of these springs are near boiling (~ 92 °C), and contain various concentrations of reduced 

chemical species including As(III), H2, CH4, and H2S, as well as significant 

concentrations of thiosulfate (S2O3
2-) capable of supporting chemolithoautotrophic 

microorganisms. Oxygen concentrations increase in alkaline outflow channels as a 

function of distance from the spring source, and concentrations range depending on the 

amount of dissolved sulfide present (at these pH values, predominantly HS-, which is 

soluble). 

Octopus Spring (OS) is a well-characterized, alkaline-siliceous geothermal spring 

that has been studied for more than a century (e.g., Setchell, 1903). The source fluids of 

OS have relatively low concentrations of reduced inorganic electron donors (e.g., H2S, 

H2), but contain high concentrations of As(III) that may be used as an energy source for 

microbial metabolism (Takacs-Vesbach et al., 2013). Dissolved organic carbon (DOC) is 

also abundant in OS and may support heterotrophic microbial populations (Takacs-

Vesbach et al., 2013). The “pink streamer” communities in OS flourish as oxygen 
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concentrations increase down the outflow channel (Reysenbach et al., 1994; Takacs-

Vesbach et al., 2013). The streamers in OS are replete with extracellular polymeric 

substances (Blank et al., 2002) and contain little solid mineral phases.  

 
Community Structure 
 
 The Octopus Spring (OS) streamer communities harbor a diverse population of 

novel bacteria and two archaeal populations (Takacs-Vesbach et al., 2013; Colman et al., 

2015). Thermocrinis spp. form the bacterial order, Aquificales, are the predominant 

lithoautotrophs in the OS streamer community, fixing CO2 via the reverse TCA cycle 

coupled to the oxidation of reduced sulfur compounds and oxygen reduction by a heme 

copper oxidase (Takacs-Vesbach et al., 2013). Much less is known about the other 

bacterial and archaeal populations in OS, and how they might interact with Thermocrinis 

spp. and each other. The streamer communities in OS appear to be a mix of autotrophic 

and heterotrophic metabolisms evinced by stable carbon isotopes (Jahnke et al., 2001). 

These microbial populations are intricately associated in the streamer community (Blank 

et al., 2002), which indicates that metabolite sharing and autotroph-heterotroph 

interactions may be important processes in situ. Similar mechanisms of archaeal 

interactions with Hydrogenobaculum spp. may exist in acidic systems where they are the 

sole Aquificales population. Although acidic and alkaline geothermal springs are 

physicochemically different, Hydrogenobaculum and Thermocrinis are in the same 

family (Aquificaceae), and niche overlap with novel archaeal populations suggests a 

higher-order property across these disparate habitat types.   
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CHAPTER 2 
 
 

NICHE SPECIALIZATION OF NOVEL THAUMARCHAEOTA TO OXIC AND 
HYPOXIC ACIDIC GEOTHERMAL SPRINGS IN YELLOWSTONE NATIONAL 

PARK 
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Abstract 
 
 

Novel lineages of the phylum Thaumarchaeota are endemic to thermal habitats, 

and may exhibit physiological capabilities not yet observed in members of this phylum. 

The primary goals of this study were to conduct detailed phylogenetic and functional 

analyses of metagenome sequence assemblies of two different thaumarchaeal populations 

found in high-temperature (65-72 °C), acidic (pH ~ 3) iron oxide and sulfur sediment 

environments of Yellowstone National Park (YNP). Metabolic reconstruction was 

coupled with detailed geochemical measurements of each geothermal habitat and reverse 

transcriptase PCR to confirm the in situ activity of these populations. Phylogenetic 

analyses of ribosomal and housekeeping proteins place these archaea near the root of the 

thaumarchaeal branch. Metabolic reconstruction suggests that these populations are 

chemoorganotrophic, and couple growth with the reduction of oxygen or nitrate in iron 

oxide habitats, or sulfur in hypoxic sulfur sediments. The iron oxide population has the 

potential for growth via the oxidation of sulfide to sulfate using a novel reverse sulfate 

reduction pathway. Possible carbon sources include aromatic compounds (e.g., 4-

hydroxyphenylacetate), complex carbohydrates (e.g., starch), oligopeptides and amino 

acids. Both populations contain a type III ribulose bisphosphate carboxylase/oxygenase 

(RuBisCO) used for carbon dioxide fixation or adenosine monophosphate salvage. No 

evidence for the oxidation of ammonia was obtained from de novo sequence assemblies. 

Our results show that thermoacidophilic Thaumarchaeota from oxic iron mats and 

hypoxic sulfur sediments exhibit different respiratory machinery depending on the 

presence of oxygen versus sulfide, represent deeply-rooted lineages within the phylum 
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Thaumarchaeota, and are endemic to numerous sites in YNP.  

 
Introduction 

 
 

 The recently proposed archaeal phylum, Thaumarchaeota (Brochier-Armanet et 

al., 2008a), contains ammonia-oxidizing archaea (AOA) from marine and terrestrial 

environments. Since the cultivation of the first AOA from this phylum, Nitrosopumilus 

maritimus (Könneke et al., 2005), two thermophilic AOA have been isolated 

(Nitrososphaera gargensis, Hatzenpichler et al., 2008; Nitrosocaldus yellowstonii, de la 

Torre et al., 2008), and these organisms couple nitrification to carbon fixation at 

temperatures of ~ 45 and 75 ˚C, respectively, and circumneutral to slightly basic pH 

values (pH ~ 7 to 8). Concurrently, recent studies identified crenarchaeol (a lipid 

biomarker of AOA) (Pearson et al., 2004) and ammonia monooxygenase subunit A 

(amoA) genes (Weidler et al., 2007; Spear et al., 2007; Reigstad et al., 2008; Zhang et al., 

2008) from geochemically and geographically diverse geothermal systems. These 

findings raised important questions about the distribution of AOA in thermophilic 

environments, and whether nitrification is an important metabolism in geothermal 

habitats. 

To date, all cultured members of the Thaumarchaeota are autotrophic (via the 3-

hydroxypropionate /4-hydroxybutyrate pathway) AOA. Several recent studies have 

documented the importance of thaumarchaea in nitrification and carbon fixation in 

marine and terrestrial environments (Pester et al., 2011; Brochier-Armanet et al., 2011a; 

Hatzenpichler, 2012; Stahl and de la Torre, 2012). However, these organisms are only 
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distantly related to other Thaumarchaeota detected in thermal habitats (Inskeep et al., 

2010) and little is known about alternate energy-yielding pathways in this phylum. 

Planktonic thaumarchaea have been shown to take up amino acids in the ocean 

(Ouverney and Fuhrman, 2000; Kirchman et al., 2007); however, these measurements 

cannot directly infer heterotrophic metabolism. The recent isolation of a soil 

thaumarchaeon, which utilizes pyruvate during nitrification (Tourna et al., 2011) provides 

evidence that some thaumarchaea can grow mixotrophically. Moreover, recent work 

shows that amoA-encoding members of the Thaumarchaeota are not obligate autotrophic 

nitrifiers in wastewater treatment plants and likely utilize organic compounds for growth 

(Muβmann et al., 2011). The recent genome sequence of a deeply-branching 

thaumarchaeal relative (Brochier-Armanet et al., 2011b) from the proposed phylum 

‘Aigarchaeota’ (Candidatus ‘Caldiarchaeum subterraneum’) (Nunoura et al., 2011), does 

not contain an amoA gene and has provided insights regarding other metabolisms 

potentially important in the Thaumarchaeota. Furthermore, partial sequence data from a 

member of the “miscellaneous crenarchaeotal group” suggests that Thaumarchaeota 

residing in marine sediments degrade detrital proteins in situ (Lloyd et al., 2013). These 

more recent reports suggest that metabolisms other than ammonia oxidation are likely 

widespread among members of the Thaumarchaeota. 

Prior 16S rRNA gene surveys of iron oxide and elemental sulfur sediment 

communities in YNP geothermal ecosystems revealed numerous sequences that were 

distantly related to the Marine Crenarchaeota Group I.1a (Jackson et al., 2001; Inskeep et 

al., 2004; Macur et al., 2004). The phylogenetic position of these novel archaea had been 
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elusive until metagenome sequencing was used to obtain a greater number of genes 

corresponding to the thaumarchaeal population from a high-temperature (~65-68 °C), 

acidic (pH ~3) iron oxide mat community, Yellowstone National Park (YNP) (Inskeep et 

al., 2010). The 16S rRNA gene from this thaumarchaeote is only 84% percent similar 

(nucleotide identity) to its closest cultivated relative (N. yellowstonii); consequently, it is 

important to identify the phylogenetic position and metabolic repertoire of novel 

members of this phylum. Towards this goal, another very recent study described the 

phylogenetic position of two “Hot Thaumarchaeota-related Clades” (HTC1 and 2) from a 

hot-spring pool in Kamchatka (Eme et al., 2013). Fosmid sequencing was used to obtain 

a total of 132,209 bp (HTC1) and 61,236 bp (HTC2) for these thermophilic populations. 

The small amount of sequence data (< 10 % of a 1.5 Mb genome) presented in that study 

makes it difficult to determine the metabolic potential of microorganisms in these clades, 

as well as their exact relationship to the Thaumarchaeota (based on the presence and 

absence of thaumarchaeal specific genes; Spang et al., 2010). Moreover, the geochemical 

data presented in that study lacked detail sufficient to suggest possible ecological niches 

of these archaea (e.g., dissolved oxygen).  

The primary goal of this study was to perform a detailed phylogenetic and 

functional analysis of two distinct and different thaumarchaeal genome assemblies 

obtained from random shotgun metagenome sequencing of acidic (pH ~3), high-

temperature (65-72° C) iron oxide and elemental sulfur sediment communities. Our 

results show that high-temperature thaumarchaeal populations from both oxic and 

hypoxic environments likely generate energy via oxidation of organic compounds, and 
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may fix carbon dioxide via a RuBisCO encoding gene thought also to be part of 

adenosine monophosphate (AMP) salvage in other organisms (Sato et al., 2007). 

Although electron transport pathways for the two populations were shown to vary in 

accordance with oxygen content (haem copper oxidase versus bd-ubiquinol-like types), 

neither possesses ammonia oxidation genes observed in AOA (e.g., amoA). Moreover, 

detailed phylogenetic analysis using numerous ribosomal and housekeeping proteins 

available for each population showed that these thermophilic thaumarchaea branch 

basally relative to the AOA. One of the thaumarchaeal populations presented here forms 

a novel clade not yet described in the literature.  

 
Materials and Methods 

 
 

Site Descriptions 
 

Beowulf and Dragon Springs (Fig. 2.1a and b) (YNP Thermal Inventory IDs 

NHSP035 and NHSP106, respectively) are located in the One Hundred Springs Plain 

region of Norris Geyser Basin, Yellowstone National Park (YNP), Wyoming, USA and 

have been characterized extensively with regard to geochemical, microbiological, and 

physical parameters (Langer et al., 2001; Jackson et al., 2001; Inskeep et al., 2004; 

Inskeep et al., 2005; Boyd et al., 2007; D’ Imperio et al., 2007; Inskeep et al., 2010; 

Kozubal et al., 2012). The source water geochemistry of these two geothermal springs 

has been quite similar for over a decade of sampling (Ackerman, 2006; Kozubal et al., 

2012): both are low pH (2.9-3.1), high-temperature (72-82°C), acid-sulfate-chloride 

(ASC) springs containing ferrous Fe (40-50 µM), dissolved sulfide (80-120 µM), 
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dissolved hydrogen (10-100 nM) and high levels of dissolved CO2 (2-4 mM dissolved 

inorganic carbon (DIC), which is predominantly H2CO3 at these pH values). Physical and 

geochemical data for Beowulf Spring (site BE_D) and Dragon Spring (site DE_B) are 

located in Table 2.1. Both outflow channels exhibit a zone of sulfur deposition, followed 

by Fe(III)-oxide biomineralization (Langner et al., 2001; Inskeep et al., 2004; Inskeep et 

al., 2010). The samples discussed in the current study were obtained from the Fe(III) 

oxide mats within Beowulf Spring and the elemental sulfur deposition zone of Dragon 

Spring. The sites are ecologically distinct from one another as a result of the inverse 

relationship between dissolved sulfide (DS) and dissolved oxygen (DO); the sulfur 

deposition zone of Dragon Spring contained high levels of dissolved sulfide (~100 µM) 

and low levels of dissolved oxygen (O2 (aq) < 3 µM), whereas the Fe(III) oxide samples 

from Beowulf Spring were obtained from a zone of oxygenation (O2 (aq) ~ 40-60 µM). 

Metagenome sequence (discussed below) from Beowulf Spring was obtained from 

samples taken at site BE_D in 2006 (Inskeep et al., 2010), and again in 2010. The 

Dragon Spring sample was included in the YNP metagenome study as Site 9 (CSP 

79701, Inskeep et al., 2013; Takacs-Vesbach et al., 2013).  

 
Physical and Geochemical Measurements 
 

Temperature was measured with a digital thermometer equipped with a T-type 

thermocouple (Omega Engineering, Inc) with an error of ± 1 °C. A portable Accumet® 

AP71 pH/mV/°C meter (Fisher Scientific) was used to measure pH after calibration in the 

field using a pH buffer of 4.01 and temperature compensation. Dissolved oxygen (DO) 

was measured using a modified version of the Winkler method. Briefly, a 60 mL syringe 
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filled with geothermal spring water was capped immediately with a septum (zero 

headspace) to avoid ingassing of atmospheric O2. Concentrated MnSO4 (0.4 mL) and 

NaN3 (0.4 mL) were added through the septum to preserve DO, which produces a white 

to yellow flocculent. Addition of concentrated H2SO4 (0.4 mL) dissolved the flocculent, 

and a sample volume of 30 mL was then titrated with Na2S2O3. Total dissolved sulfide 

was measured using the amine sulfuric acid method (APHA, 1998a). Aqueous Fe(II) and 

Fe(III) were measured using the ferrozine method (To et al., 1999). Anions were 

measured using ion chromatography (Dionex, Sunnyvale, CA). Total soluble metals and 

other trace elements were determined using inductively coupled plasma optical emission 

spectroscopy (Perkin Elmer OPTIMA 5300). Total soluble ammonium and nitrate were 

determined using flow injection analysis (LachatTM, Hach Co.) (APHA, 1998b; 1998c). 

Dissolved inorganic carbon (DIC) was measured as previously described (Inskeep et al., 

2004; 2010). Solid phase characterization of Beowulf and Dragon Springs iron oxide and 

sulfur sediments is described in detail elsewhere (Langner et al., 2001; Inskeep et al., 

2004; Inskeep et al., 2010; Kozubal et al., 2012). 
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Table 2.1. Select aqueous and solid phase geochemistry from Beowulf and Dragon 
Springs. 

 

1Data from Inskeep et al., 2004; 2010. 
2Data from Takacs-Vesbach et al., 2013 
I = Ionic strength 
DIC = Dissolved inorganic carbon 
 
 
Metagenome Sequencing, Assembly and Annotation 
 

Metagenome sequencing of iron oxide microbial mats from Beowulf Spring was 

conducted on two different samples taken in 2006 and 2010 using Sanger and 454 

sequencing platforms, respectively. Sanger sequence assemblies obtained from 65 °C Fe 

mats revealed a novel thaumarchaeal population (Inskeep et al., 2010); however, due to 

insufficient coverage, additional sequencing was pursued to present a more complete 

phylogenetic and functional analysis than was previously possible. Consequently, this 

study includes additional sequencing efforts on samples taken from Beowulf Spring in 

2010 and sequenced using 454 sequencing (DOE-JGI). This study also focuses on 

thaumarchaea from sulfur sediment samples taken from Dragon Spring as part of a DOE-

JGI Community Sequencing Program in 2007 and subjected to Sanger sequencing. 

Details of DNA extraction, library construction, and subsequent sequencing were 

discussed previously (Inskeep et al., 2010; 2013; Takacs-Vesbach et al., 2013). Sequence 

assemblies were obtained using either Celera or Newbler assemblers, and submitted for 
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gene calls and annotation using the Integrated Microbial Genome Expert Review 

(IMG/ER, Markowitz et al., 2012) supported by the DOE-JGI (Walnut Creek, CA). 

Curated de novo assemblies of thaumarchaeal populations were also gene called and 

annotated in IMG. To improve assembly of thaumarchaeal sequences, Sanger sequences 

from the first sample at Beowulf Spring were then used to recruit sequences with high 

nucleotide identity (> 95 %) from the 454 metagenome (obtained from the same 

location), and provided an additional ~1.2 Mb of thaumarchaeal sequence. Genome 

completeness was estimated by comparing the amount of nonredundant sequence in each 

de novo assembly to the genome sizes of sequenced Thaumarchaeota and Ca. ‘C. 

subterraneum’ (average genome size ~1.95 Mb), and also by Hidden Markov Model 

(HMM; Eddy, 2011) searches of archaeal core housekeeping protein encoding genes 

(Pfam A database) that are found in at least 90 % of all archaeal genomes (Rinke et al., 

2013). The curated de novo assemblies are found under the IMG submission IDs 1331 

(Beowulf, Sanger, Thaumarchaeota archaeon strain BS1), 6991 (Dragon, Sanger, 

Thaumarchaeota archaeon strain DS1), and 12021 (Beowulf, 454, Thaumarchaeota 

archaeon strain BS4).  

 
NWF-PCA 
 

Nucleotide word frequencies (NWF) (Teeling et al., 2004; Inskeep et al., 2010) 

created from assembled metagenome sequence were analyzed using principal component 

analysis (PCA) (online web server, 

http://gos.jcvi.org/openAccess/scatterPlotViewer2.html) to separate the major taxa 

contributing to the assemblies from each community. The nucleotide word frequency was 
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set to four, minimum contig size at 1,000 bases, and the chop sequence size at 1,000 

bases. Contigs and scaffolds that exhibited similar sequence character (e.g., codon usage 

bias) were separated using NWF-PCA and further screened using G+C content, BLAST 

assignments, and gene annotation. The poor sequence identity of YNP thaumarchaea to 

other available reference genomes in this group precluded use of “simple” BLAST 

analysis as a major tool for identifying thaumarchaeal sequence. 

 
Phylogeny Construction 
 

A detailed 16S rRNA gene phylogeny was constructed to determine the exact 

relationship of the Beowulf and Dragon thaumarchaeal populations to currently cultivated 

Thaumarchaeota. Sequences retrieved from Genbank were aligned using ClustalW in the 

MEGA 5.10 software package with default settings (Tamura et al, 2011). The resulting 

alignment was manually edited and inspected for regions where homology was doubtful 

and removed. The edited alignment (1448 aligned nucleotides) was utilized to construct a 

maximum likelihood (ML) phylogenetic tree in MEGA 5.10 and PhyML 3.0 (Guidon et 

al., 2010; Tamura et al., 2011). The general time reversible model with four discrete 

gamma categories and estimated alpha parameter was implemented to construct both ML 

trees (100 bootstraps). 

Phylogenies were also compared using concatenated alignments of numerous 

single copy protein encoding genes. Forty universally conserved ribosomal proteins from 

the domains Archaea and Eukarya were retrieved from NCBI nr protein database using 

BLASTp, aligned with MUSCLE in MEGA 5.10 using default settings (Tamura et al., 

2011), and concatenated using an open-source Perl script 
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(http://raven.iab.alaska.edu/~ntakebay/teaching/programming/perl-

scripts/fastaConcat.pl). The resulting alignment was manually inspected for regions 

where homology was uncertain and removed. A maximum likelihood phylogenetic tree 

was generated using the Jones-Taylor-Thornton model with four discrete gamma 

categories (Brochier-Armanet et al., 2008) and estimated alpha parameter (100 

bootstraps) in MEGA 5.10 (Tamura et al., 2011). The Le and Gascuel (Le and Gascuel, 

2008) model of sequence evolution was also utilized to generate a ML tree for the 

concatenated data set of ribosomal proteins in PhyML 3.0 (Guidon et al., 2010) with an 

estimated alpha parameter and four discrete gamma categories. A ML topoisomerase IB 

phylogeny was constructed the same as the concatenated ribosomal protein phylogeny 

from a ClustalW alignment in MEGA 5.10 (Tamura et al., 2011). All other phylogenetic 

trees were constructed using distance and parsimony based methods from ClustalW 

alignments in MEGA 5.10 (Tamura et al., 2011). 

 
RNA Extraction and RT-PCR 
 

Iron oxide (Beowulf Spring) and elemental sulfur sediments (Dragon Spring) 

were harvested aseptically from the same physicochemical location of the metagenome 

samples and immediately preserved with RNAlater® (Life Technologies Co.). Total 

RNA was extracted from approximately 500 mg of each sample type using either a 

freeze/thaw cycle lysis (iron oxide sediments) or mechanical/chemical lysis (sulfur 

sediments) using the Soil Lysis Solution from the FastRNA™ Pro Soil-Direct Kit (MP 

Biomedicals, LLC). After centrifugation to remove sediment and cellular debris, nucleic 

acids were extracted in 1 mL of TRI Reagent® (Sigma-Aldrich Co., LLC) and incubated 
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for 5 minutes at room temperature (RT). RNase free chloroform (200 µL) was added to 

each tube, incubated for 15 minutes at 25 °C, and centrifuged at 12,000 x g for 15 

minutes at 4 °C. After centrifugation, the upper aqueous layer containing nucleic acids 

was removed and total RNA then precipitated by the addition of 500 µL of ice cold, 

RNase free 100 % 2-propanol and 1 µL of glycogen (Sigma-Aldrich Co., LLC) following 

incubation at -20 °C overnight. After precipitation, the samples were centrifuged at 

13,000 x g for 15 minutes at 4 °C, followed by decantation and the addition of 750 µL of 

70 % ethanol, followed by centrifugation as in the previous step. After the pellet dried 

(~15 minutes), it was resuspended in 1X NEB DNase buffer (New England Biolabs, Inc.) 

and 2 µL (4 units) of NEB DNase I enzyme was added and incubated at 37 °C for 20 

minutes. The DNase I reaction was terminated by the addition of 0.2 volumes of 8 M 

LiCl and 2.5 volumes of absolute ethanol. After precipitation at -20 °C overnight, the 

pellet was washed once in 70 % ethanol and dried, it was resuspended in Tris-EDTA 

buffer (10 mM Tris, 1 mM EDTA, pH = 7, Life Technologies Co.). Primers designed 

around the 16S rRNA genes of Group I.1d, I.1e, and I.1f thaumarchaea (Figure 2) 

(ThaumI.1def-F 5’-TAA TAC CAG CTC CCC GAC TG-3’ and ThaumI.1def-R 5’-CTT 

CGC CAC TGT TGG TCT TC-3’) were used to reverse transcribe (RT) 16S rRNA from 

total RNA extracts using the AccessQuick™ RT-PCR system (Promega, Corp.) with the 

following PCR conditions: reverse transcription at 45 °C for 45 minutes, 35 cycles of 94 

°C for 2 minutes, 94 °C for 30 seconds, annealing at 55 °C for 30 seconds, extension at 

70°C for 25 seconds, and a final extension at 70 °C for 7 minutes. RT-PCR products were 

visualized on a 1.2 % ethidium bromide stained agarose gel. Control reactions containing 
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no RT confirmed the absence of contaminating DNA. 

 
Amplification of amoA Genes 
 

Universal primers designed to amplify amoA genes from virtually all 

environments and groups of AOA (Francis et al., 2005; de la Torre et al., 2008) were 

used to target amoA genes from community DNA extracts of iron oxide mats (Beowulf 

Spring) and elemental sulfur sediments (Dragon Spring). Numerous PCR cycling 

conditions were used from other published studies (Francis et al., 2005; de la Torre et al., 

2008; Zhang et al., 2008). Positive controls for archaeal amoA genes were obtained using 

the primer set from Francis et al. (2005) on soil DNA extracts from the Montana State 

University A.H. Post Research Farm (Miller et al., 2008). 

 
Ex Situ Nitrification Assay 
 

A 1:1 mixture of iron mat (~ 65°C) from Beowulf Spring and hot spring water was 

inoculated (~ 2 mL) into 150 mL of spring water in sterile 250 mL screw cap Erlenmeyer 

flasks (biological triplicates) containing 0.5 mM NH4Cl (~ 0.26 nM NH3(aq) at pH = 3), 

then incubated at 65 °C. Triplicate heat killed controls were utilized by boiling the iron 

mat/spring water mixture on a stove for 15 minutes. The flasks were manually stirred and 

opened every 30 minutes to prevent oxygen limitation. Aqueous samples were obtained 

at 0, 30, 120, and 220 minutes using 10 mL slurry filtered through 0.2 µm nylon filters, 

transported back to the laboratory (MSU), and analyzed for total ammonium and nitrate 

using flow injection analysis (see above). 
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Results 
 
 

De novo Thaumarchaeal Assemblies 
 

Nucleotide word frequencies (NWF) (Teeling et al., 2004) of assembled 

metagenome sequence from an iron oxide mat (Beowulf Spring, Figure 2.1a) and an 

elemental sulfur sediment community (Dragon Spring, Figure 2.1b) were evaluated using 

principal component analysis (PCA) to visualize and determine scaffolds of similar 

sequence character (Figure 2.1c and d). Each site contained significant assemblies 

corresponding to unique thaumarchaeal populations that were separated from other 

community members using NWF-PCA (Figure 2.1c and d). After further screening using 

G+C content (%) and scaffold coverage, confident assignment of scaffolds to these 

thaumarchaeal populations  resulted in de novo assemblies of ~1.2 - 1.5 Mb from each 

site (Figure 2.1e and f; Table 2.1), which represent 15 % (Sanger), 4 % (454), and 22.5 % 

(Sanger) of the total metagenome sequence reads from Beowulf and Dragon Springs, 

respectively. Assemblies from Beowulf Spring (Sanger and 454) exhibited slightly higher 

G+C content (45.6 ± 2.0 and 42.2 ± 2.4) compared to those from Dragon Spring (40.3 ± 

2.0) (Figure 2.1e and f; Table 2.1). An inventory of conserved archaeal core protein 

encoding genes (Rinke et al., 2013) suggested a genome completeness of ~80 and 90 % 

for the Beowulf and Dragon thaumarchaeal populations, respectively. Moreover, nearly 

all tRNA synthetases are present for each thaumarchaeal population type (17/20 and 

19/20 for the Beowulf and Dragon assemblies, respectively). The lower number of 

tRNAs identified in the Beowulf  
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Figure 2.1.  Photographs (a, b) of iron oxyhydroxide microbial mats at Beowulf Spring (a) 
and elemental sulfur sediments at Dragon Spring (b). Arrows indicate approximate 
sample locations used for geochemical and metagenome analysis (scale bar = 20 cm). 
Nucleotide word frequency-principal component analysis (c, d) of assembled 
metagenome sequence from iron oxide mats (c, red and teal) and elemental sulfur 
sediments (d, yellow). The G+C content (%) of contigs (e, f) included in the 
thaumarchaeal de novo assemblies from Beowulf (red, teal) and Dragon Spring (yellow) 
is plotted as a function of decreasing scaffold length (x-axis). Cumulative scaffold length 
is shown on the secondary y-axis (solid and dotted black lines represent Sanger and 454 
data, respectively). 
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assemblies (Table 2.1) is likely due to the presence of non-canonical tRNA introns, 

similar to N. gargensis (Spang et al., 2012). The large amount of nonredundant genome 

sequence for each of these population types also provided an opportunity to search for 

thaumarchaeal specific genes (Spang et al., 2010). Most of the genes present in 

sequenced Thaumarchaeota (i.e., AOA) are conserved in these thermoacidophilic 

thaumarchaea (Table 2.3) and likely represent synapomorphic traits shared by all 

members of this phylum.  

 

Table 2.2. General genome and habitat features of the de novo YNP thaumarchaeal 
assemblies compared to Ca. ‘C. subterraneum’, N. gargensis, and N. maritimus. 

1Data from Nunoura et al., 2011 
2Data from Hatzenpichler et al., 2008; Spang et al., 2010; Spang et al., 2012. 
3Data from Könneke et al., 2005; Walker et al., 2010.  
*inferred from de novo assemblies 
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Table 2.3 Basic catabolic and housekeeping protein encoding gene comparison of the 
YNP Thaumarchaeota de novo assemblies to the archaeal phyla (after Spang et al., 2010). 
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Phylogenetic Analysis 
 

A detailed and thorough 16S rRNA gene phylogeny was constructed using full-

length sequences from the YNP metagenome assemblies, as well as sequences from 

numerous YNP geothermal springs contributed by our research group over the past 

decade, thaumarchaeal isolates, entries from other geothermal environments, and the 

recently described “Hot Thaumarchaeota-related Clade” 1 and 2 (Eme et al., 2013). Three 

new phylogenetic clades (Groups I.1d, I.1e, and I.1f) are evident from our phylogenetic 

analysis (Figure 2.2), Group I.1d is comprised exclusively of sequences we have obtained 

from iron oxide mats of acidic hot springs in YNP (Beowulf and Rainbow (RS3) Springs), 

while Group I.1e consists of sequences from both iron mats (i.e., Whirligig and Echinus 

Geysers) and elemental sulfur sediments (i.e., Dragon Spring, Joseph’s Coat Hot 

Springs, and Monarch Geyser). The third and most deeply-rooted group of the 

Thaumarchaeota (I.1f) contains sequences from higher pH (5.5-6.5) hypoxic springs (i.e., 

Joseph’s Coat and Sylvan Springs). The recent entries from Kamchatka (Eme et al., 

2013) fall in Groups I.1e and I.1f. These three new thaumarchaeal clades are significantly 

different from one another (< 84% nucleotide identities), as well as from current 

thaumarchaeal relatives (e.g., ~85-86 % nucleotide identity to N. yellowstonii), and likely 

represent order-level taxonomic lineages within this phylum. To verify the presence and 

activity of these populations in the same habitats (Beowulf and Dragon Springs) from 

which metagenome assemblies were obtained, we performed reverse transcription-PCR 

of 16S rRNA using primers designed to capture Group I.1d, I.1e, and I.1f populations 

from environmental RNA (Figure 2.3). Ribosomal RNA transcription from Group I.1d 
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and I.1e Thaumarchaeota was confirmed in Beowulf and Dragon Springs, respectively. 

 

 
Figure 2.2. Maximum likelihood 16S rRNA gene tree (1,448 unambiguously aligned 
nucleotides) showing the relationship of the YNP de novo assembles (bold red) to the 
archaeal phyla Thaumarchaeota, Crenarchaeota, and ‘Aigarchaeota’ rooted with Thermus 
thermophilus. Filled squares at the nodes indicate bootstrap support by ML in MEGA 
5.10 and PhyML > 90 %. Unfilled squares indicate bootstrap support > 70 % by ML. 
Unmarked nodes represent bootstrap support > 50 %. Scale bar represents the estimated 
number of substitutions per site. Phylogenetic clades were named following Schleper et 
al. (2005). 
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Figure 2.3. Reverse Transcriptase (RT)-PCR with thaumarchaeal specific 16S rRNAgene 
primers from Beowulf (a) and Dragon (b) total RNA extracts from the same region as the 
metagenome samples, implying active populations of these thaumarchaeotes in hot spring 
sediments. 16S rRNA RT-PCR fragment size is the correct length of approximately 200 
bp. DNA extracts from Beowulf were used as positive PCR control. NTC, no template 
control. 
 
 

A concatenated alignment of 40 universally conserved ribosomal proteins (5,563 

unambiguously aligned amino acid positions) from the YNP thaumarchaeal de novo 

genome assemblies was used to construct a maximum likelihood (ML) phylogenetic tree. 

The organisms from Beowulf and Dragon Springs branch deeper than any currently 

known Thaumarchaeota (Figure 2.4). The thaumarchaea referred to as “Hot 

Thaumarchaeota-related Clade” 1 and 2 cannot be included in this tree, due to insufficient 

sequence; however, we would expect these entries to remain within Group I.1e, as 

suggested by 16S rRNA gene phylogeny. All Thaumarchaeota possess a topoisomerase 

IB, which has not been identified in other archaea (Brochier-Armanet et al., 2008b). An 

inconsistent topology with the concatenated ribosomal protein tree was observed with 

topoisomerase IB sequences from Beowulf and Dragon assemblies; however their basal 

position was retained compared to the AOA (Figure 2.5).  The thaumarchaeal 

topoisomerase IBs form a sister group with the Eukarya consistent with prior work 

(Brochier-Armanet et al., 2008b). Other phylogenetic marker protein sequences (i.e., 

PCNA homologs, DNA polymerase small subunit D, and RNA polymerase large subunit 
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A) were used to confirm the phylogenetic position of high-temperature thaumarchaea 

from YNP (Figures 2.6a, b, and c). All phylogenetic trees placed the thermophilic 

thaumarchaea from acidic iron and sulfur environments in YNP among the most deeply-

rooted members of the domain Archaea. These observations support the hypothesis that 

these organisms represent extant relatives of ancestral Thaumarchaeota, which existed 

prior to the radiation of low[er] temperature marine and terrestrial thaumarchaea (Figure 

2.4).  

 

 
Figure 2.4. Maximum likelihood phylogenetic tree of 40 concatenated universally 
conserved ribosomal proteins (5,563 unambiguously aligned amino acid positions) from 
the de novo YNP thaumarchaeal assemblies (bold red) compared to representatives of the 
Archaea and Eukarya. Numbers at nodes represent bootstrap values from 100 replications 
implemented in MEGA 5.10 and PhyML 3.0 (dashes indicate < 50 % bootstrap support 
in PhyML), respectively; numbers in parentheses represent the number of taxa included 
in each collapsed node. Scale bar indicates estimated number of substitutions per site. 
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Figure 2.5. Unrooted topoisomerase IB phylogeny of the phylum Thaumarchaeota, Ca. 
‘C. subterraneum’, Nitrosocaldus-like, and the domain Eukarya. Full length (~530 
deduced amino acids) topoisomerase IB sequences from the de novo assemblies (red 
bold) are shown relative to other thaumarchaeal isolates (bold black). Numbers at the 
nodes represent bootstrap values from 100 replications implemented in MEGA 5.10 and 
PhyML 3.0, respectively. Scale bar indicates estimated number of substitutions per site. 
 
 
Energy Metabolism 
 

A detailed metabolic model was created for both de novo assemblies, which 

highlights the differences and similarities between the Beowulf and Dragon 

thaumarchaeal populations (Figure 2.7; Table 2.3). The difference in dissolved oxygen 

concentration between the iron oxide mats in Beowulf Spring (O2 (aq) ~ 40 µM) and the 

sulfur sediments of Dragon Spring (O2 (aq) < 3 µM) (Table S1) was reflected in 

important attributes of each population. Haem copper [terminal] oxidases (HCOs) were 

present in iron oxide thaumarchaea, but absent in populations from hypoxic sulfur 

sediments. In addition to HCOs, several blue copper proteins were identified in the iron 

oxide assemblies, some of which are present adjacent to HCO operons. Blue copper 

proteins were not present in populations from hypoxic sulfur communities. Conversely,  



 
 

 
 

48 

 

Figure 2.6. (a) Phylogeny of proliferating cell nuclear antigen homologs, (b) DNA 
polymerase small subunit D, and (c) RNA polymerase large subunit A. Full length 
sequences from the Beowulf and Dragon assemblies are highlighted in bold red type and 
thaumarchaeal isolates are highlighted in bold black type. Bootstrap values at each node 
represent neighbor-joining, minimum evolution, and maximum parsimony methods (1000 
replications), respectively (dash indicates bootstrap < 50%). The neighbor-joining tree 
topology is shown. Scale bar indicates estimated amino acid substitutions per site. 
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the thaumarchaea from Dragon Spring contained the A subunit of the high-affinity 

cytochrome bd-type terminal oxidase (cydA) as well as a duplicated A subunit (cydA’).  

 

Figure 2.7. Metabolic reconstruction of energy generation, central carbon metabolism and 
general transport functions deduced from the Beowulf (red) and Dragon (yellow) genome 
sequence assemblies. Shared functions and intermediates are shown in either black text or 
filled blue boxes. Reducing equivalents (e.g., NADH and ferredoxin) produced in central 
carbon pathways are fed into the respiratory chain at the NADH-ubiquinone 
oxidoreductase complex (NUO). Alternatively, the Dragon population may utilize 
reduced ferredoxin to reduce NADP+ via a MBX-like NADPH dehydrogenase (MBX), 
which then can reduce elemental sulfur by either NADPH:sulfur oxidoreductase (NSR) 
or sulfide dehydrogenase (SuDH). Sequence from the Beowulf population indicate that 
reducing equivalents can be produced during sulfide oxidation by sulfide dehydrogenase 
(SuDH), a hypothetical heterodisulfide-like enzyme complex, adenosine-5′-
phosphosulfate reductase (APS), and sulfate adenylyltransferase (SAT) coupled to either 
the reduction of oxygen by haem copper oxidases (HCO) or nitrate by a nitrate reductase 
(NAR) complex. Both populations contain genes for energy generation via succinate 
dehydrogenase (II). Red and yellow dashed lines indicate possible electron flow for the 
Beowulf and Dragon populations, respectively. 
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However, the gene encoding the oxygen binding subunit (cydB) (Jünemann, 1997) is 

absent. Without an oxygen binding subunit, this thaumarchaeal population likely does not 

respire oxygen. Both populations contained genes encoding for superoxide dismutase 

(sodA) and alkyl hydroperoxide reductase (ahp), which are required for detoxification of 

reactive oxygen species (ROSs). The thaumarchaeal population from Dragon Spring also 

contained genes necessary to reduce elemental sulfur to hydrogen sulfide, similar to the 

pathway in Pyrococcus furiosus (Ma and Adams, 1994; Hagen et al., 2000; Bridger et al., 

2011). Genes that encode sulfide dehydrogenase (sudBA), a partial MBX-like NADPH 

dehydrogenase (mbx), and NADPH:sulfur oxidoreductase (nsr) were all present in the 

Dragon assemblies. Moreover, the consensus sequence from Dragon Spring revealed 

metabolic potential to ferment acetate via a gene encoding for an ADP-forming acetyl-

CoA synthetase. Conversely, the Beowulf Spring assemblies contained a complete 

membrane bound nitrate reductase (narGHJI) operon (Martinez-Espinosa et al., 2007), 

which indicates that this population has the potential to grow anaerobically by reducing 

nitrate to nitrite. However, the absence of nitrite reductase (nir) and nitric oxide reductase 

(nor) genes in both populations suggests that they are not capable of complete 

denitrification. 

  The thermophilic thaumarchaeal populations from iron oxide and sulfur sediment 

communities contained numerous genes coding for proteins involved in 

chemoorganotrophic growth on complex carbohydrates, peptides, amino acids, and 

simple organic compounds. For example, each assembly contained genes for alpha-

amylases and glycoside hydrolases, which encode for enzymes that degrade starch into 
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glucose and maltose to be used in glycolysis (via glucokinase). Multiple peptidases, and 

amino acid and peptide transporters were also found in each population. In addition, the 

Group I.1d population (iron oxide mats) contained protein-encoding genes for the 

catabolism of aromatic compounds (e.g., 4-hydroxyphenylacetate, 4-HPA). The 4-

hydroxyphenylacetate-3-monooxygenase encoding gene converts 4-HPA to 

protocatchuate, which can be incorporated into the tricarboxylic acid (TCA) cycle via 

succinate and pyruvate conversion to acetyl-CoA by pyruvate:ferredoxin oxidoreductase 

(Fuchs et al., 2011). 

The Group I.1d population from iron oxide mats also contained protein-encoding 

genes known to be responsible for lithotrophic growth on reduced sulfur compounds 

(e.g., H2S) via a novel reverse sulfate reduction pathway. Specifically, dissimilatory 

adenosine-5′-phosphosulfate reductase (aprBA), sulfate adenylyltransferase (sat), 

flavoprotein sulfide dehydrogenase (sudH), and a drsE-like gene are found together in an 

operon-like region that also contains a SirA-like transcriptional regulator (Figure 2.8; 

Quatrini et al., 2009) The AprA sequence from the Beowulf thaumarchaeal population is 

phylogenetically distinct from any sequence currently in the NCBI nr database, and 

branches basally to all sulfur-oxidizing bacterial AprAs utilized in the reverse sulfate 

reduction pathway (Figure 2.8). Importantly, both thaumarchaeal populations from YNP 

lack genes coding for amoA, X, C, or B, which are observed in AOA (Table S2; Walker et 

al., 2010). Moreover, no amoA genes were PCR amplified from environmental DNA 

extracts from either geothermal site using primers designed to capture amoA genes from 

diverse environments (Francis et al., 2005; de la Torre et al., 2008). Furthermore, a prior  
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metagenome study also failed to detect any amoA genes in high-temperature iron oxide 

mats (Inskeep et al., 2010; 2013). 

 

Figure 2.8. (a) Gene neighborhood analysis of the dissimilatory adenosine-5’-
phosphosulfate reductase genes (aprBA) reveals an operon-like region of genes 
containing sulfate adenylyltransferase (sat), a drsE-like gene, and flavoprotein sulfide 
dehydrogenase (sudH) likely involved in a novel sulfur oxidation pathway in the 
Archaea. This gene region is likely controlled by a SirA family transcriptional regulator, 
which is often associated with disulfide bond formation. (b) Neighbor-joining 
phylogenetic tree (1000 replications) of the AprA sequence from Beowulf (red) that 
includes the top 100 BLASTp AprA hits from NCBI nr database indicating a deeply-
rooted AprA sequence from theBeowulf assembly. Bootstrap values are indicated on 
branch nodes and scale bar represents the number amino acid substitutions per site.  
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Finally, no oxidation of ammonia was observed in ex situ bioassays using live 

iron oxide microbial mats from Beowulf Spring. No change in either total ammonium or 

nitrate was observed in triplicate vessels (Figure 2.9). Similar experiments were not 

conducted using sulfur sediments from Dragon Spring because high levels of hydrogen 

sulfide (> 100 µM) are known to inhibit ammonia oxidation (e.g., Joye and Hollibaugh, 

1995). Although significant amounts of ammonium (~ 60 µM; Table 2.1) are present in 

these geothermal springs, the high sulfide levels (Dragon) and low pH (~3) at both sites 

 

Figure 2.9. Ex situ nitrification assay with Beowulf iron oxide mat from the approximate	  
physicographic	  region	  (pH	  ~3	  and	  temperature	  ~65	  ˚C)	  where	  the	  metagenome 
sample was taken. The solid lines represent the live experiment and the	  dashed	  lines	  
represent	  the	  heat	  killed	  control	  (boiled	  for	  ~15	  minutes).	  The black lines are NH4-‐N	  
(primary	  y-‐axis)	  and	  the	  red	  lines	  are	  NO3-N (secondary yaxis), note	  the	  different 
scales for each axis. Ambient NH4+ and	  NO3- concentrations	  are	  approximately	  1.2	  
and	  0.03	  mg/L,	  respectively. Error bars represent ± 1 standard deviation of 
experimental triplicates. 
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likely excludes ammonia-oxidizing metabolisms. The substrate for ammonia 

monooxygenase is ammonia (Suzuki et al., 1974) and would be predicted to be ~ 0.04 

nM at pH ~ 3. The lowest reported ammonia concentration supporting growth is 0.19 nM 

for the acidophilic AOA, Ca. ‘N. devanaterra’ (Lehtovirta-Morley et al., 2011). 

Collectively, the genomic and geochemical data strongly suggest that ammonia oxidation 

is absent in these thermoacidophilic Thaumarchaeota. 

 
Central Carbon Metabolism 
 

Several cultivated Thaumarchaeota contain the 3-hydroxypropionate/4-

hydroxybutyrate carbon fixation pathway first identified in Metallosphaera sedula (Berg 

et al., 2007). However, the potential for carbon dioxide fixation by the YNP 

thaumarchaeal populations is not conclusive from the current de novo assemblies. For 

example, both YNP populations lack genes coding for the key enzyme of this pathway 

(4-hydroxybutyryl-CoA dehydratase, hcd), which is consistent with the absence of this 

gene in Ca. ‘C. subterraneum’ (Nunoura et al., 2011). However, the Beowulf population 

contained genes coding for the vitamin B12-dependent enzyme, methylmalonyl-CoA 

mutase (mcm) and the bifunctional, biotin-dependent, acetyl/propionyl-CoA carboxylase 

(accABC). Although accABC genes were absent from the Dragon assembly, this 

population contained copies of phosphoenolpyruvate carboxylase and a pyruvate:water 

dikinase; both genes encode enzymes involved in the dicarboxylate/4-hydroxybutyrate 

pathway described in Ignicococcus hospitalis (Huber et al., 2008). Consequently, 

although each population contained genes suggestive of possible autotrophic pathways, a 

definitive case for autotrophy based on known pathways cannot be made from the current 
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sequence data. Characterization of cultivated strains relevant to these systems will likely 

be necessary to resolve the potential for autotrophic fixation of carbon dioxide in these 

populations, and whether this may occur via novel pathways.  

Both YNP populations contained all genes required for the Embden-Meyerhof 

and semi-phosphorylative Entner-Doudoroff pathways (Siebers and Schonheit, 2005). 

Fructose-1, 6-bisphosphotase was also identified, and provides a mechanism for 

incorporating carbon into cellular biomass when growing on amino acids, peptides or 

TCA intermediates. All protein encoding genes for a complete tricarboxylic acid (TCA) 

cycle were present in the Beowulf thaumarchaea. The Dragon population possibly 

contains a branched TCA cycle, which is a common attribute of fermenting or anaerobic 

microorganisms. Pentose phosphate sugars for nucleotide synthesis are likely formed by a 

reverse ribulose monophosphate (RuMP) pathway as indicated by genes encoding for a 3-

hexulose-6-phosphate synthase and 6-phospho-3-hexuloisomerase in the Dragon 

assembly (Soderberg, 2005). The Beowulf population lacks all genes for a reverse RuMP 

pathway, but contains genes encoding for a putative F420-dependent glucose-6-

phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. The presence of these 

genes indicate potential for an oxidative pentose phosphate pathway; similar to N. 

gargensis (Spang et al., 2012), the Beowulf population lacks a 6-phosphoglucono-δ-

lactonase gene.  

A Type III ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is 

present in both thermoacidophilic thaumarchaea from YNP, similar to those found in 

some Desulfurococcales and Euryarchaeota (Sato et al., 2007). Although not identified 
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previously in any known Thaumarchaeota, this type of RuBisCO may be utilized in an 

adenosine monophosphate (AMP) salvage pathway along with an AMP-phosphorylase 

(DeoA) and ribose-1, 5-bisphosphate isomerase (E2B1) to yield 3-phosphoglycerate 

(Sato et al., 2007). The YNP thaumarchaeal assemblies do not contain any ADP-

dependent sugar kinases known to result in significant accumulation of intracellular 

AMP. However, they both contain AMP-forming acyl-CoA synthetases that could 

produce high intracellular AMP concentrations. Consequently, RuBisCO may participate 

in an alternative carbon fixation pathway or AMP salvage in these thermophilic 

Thaumarchaeota. Moreover, the presence of a RuBisCO gene in these thaumarchaeal 

populations provides a potential evolutionary link between RuBisCO genes observed in 

other Archaea (Tabita et al., 2008). 

 
Cell Division and Replication  
 

Most characterized crenarchaea and thaumarchaea use a set of cell division 

proteins (CdvABC) that have also been characterized in numerous Eukarya as part of the 

Endosomal Sorting Complex Required for Transport (ESCRT)-III system (Samson et al., 

2008; Makarova et al., 2010; Pelve et al., 2011). Both thaumarchaeal assemblies from 

YNP have a cdvBBC operon and another cdvB gene located elsewhere; however, no cdvA 

gene was identified (Table 2.3). The cdvA gene is also absent from Ca. ‘C. 

subterraneum’, yet this organism contains ftsZ (Nunoura et al., 2011), and members of 

the Euryarchaeota are known to utilize FtsZ proteins in cell division (Makarova et al., 

2010). Although no ftsZ genes were present in either of the YNP thaumarchaeal 

populations, sepF orthologs were present, and SepF has been proposed to interact with 
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FtsZ during cellular division in members of the Euryarchaeota (Table 2.3; Makarova et 

al., 2010). Moreover, neither de novo assembly contains actin or artubulin homologs 

(Table 2.3) present in other archaea (Yutin and Koonin, 2012). Consequently, details 

regarding cellular division mechanisms in these thermophilic thaumarchaeal populations 

are not entirely resolvable from genome assemblies. Finally, both of the YNP populations 

encode for two orc1/cdc6 genes similar to N. gargensis (Spang et al., 2012), which 

suggests two separate origins of replication (oriC), as cdc6 genes are often located near 

the oriC (Gaudier et al., 2007).  

 
Discussion 

 
 

This is the first detailed genomic, phylogenetic and metabolic analysis of two 

different novel thermoacidophilic thaumarchaeal populations found in iron oxide and 

sulfur sediment microbial communities in YNP. Although these thaumarchaea have thus 

far eluded cultivation, the de novo assemblies provide insight regarding possible carbon 

sources and mechanisms of energy conservation. The thermophilic Thaumarchaeota from 

YNP have metabolic capabilities consistent with their respective geochemical 

environments, and that provide several options for survival in these microbial 

communities. Analysis of the Beowulf thaumarchaeal population revealed a significant 

metabolic repertoire contained within a relatively small genome (estimated size ~ 1.7 

Mb). Multiple haem copper oxidases (HCOs) likely allow this population to function 

under varying O2 and electron donor availability. This organism can also potentially 

utilize nitrate as a terminal electron acceptor under anaerobic conditions coupled to the 
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oxidation of sulfide and/or organic compounds. This may be an important metabolic 

capability under hypoxic conditions known to occur below depths of approximately 0.7 

mm in iron oxide microbial mats of the same systems (Bernstein et al., 2013). The fate of 

nitrite potentially produced by these populations is unclear, as no obvious modes of 

nitrite oxidation or reduction are apparent in any member of these communities (e.g., nir 

gene family) (Inskeep et al., 2010; 2013). The thaumarchaeal population from Beowulf 

Spring contains the most deeply-rooted AprA protein (Figure 2.9) currently known, 

which is used to oxidize reduced sulfur compounds using a novel reverse sulfate 

reduction pathway (Figure 2.7), and is common to many bathypelagic (e.g., SUP05) and 

mussel symbiont (e.g., Bathymodiolus spp.) sulfur-oxidizing bacteria (Walsh et al., 

2009). This is the first evidence of a novel reverse sulfate reduction pathway in the 

domain Archaea, which may represent an evolutionary link between bathypelagic and 

symbiont bacterial sulfur oxidation pathways and the sulfate reduction pathways of the 

thermophilic Thermoproteales (Figure 2.9). 

The thaumarchaeal population from Dragon Spring represents the most deeply-

rooted member of the Thaumarchaeota, and this is the first organism within this phylum 

to lack HCOs. The lack of HCOs and the presence of bd-ubiquinol-like oxidases in the 

Dragon population is consistent with the absence of oxygen (and high dissolved sulfide) 

in this environment and may provide clues regarding the evolution of aerobic metabolism 

in the Thaumarchaeota. Protein-coding genes in the Dragon population responsible for 

starch degradation coupled with the reduction of elemental sulfur, and for acetate 

fermentation are consistent with important metabolic processes typical of an anoxic 
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habitat replete with sulfide and elemental sulfur. The concentrations of dissolved 

inorganic carbon (DIC) within the outflow channels of Dragon and Beowulf Springs 

range from ~0.5 to 2 mM (Table 2.1). The large majority of DIC is present as CO2 (aq) 

(i.e., H2CO3) at the spring water pH values near 3. Consequently, both of these 

thaumarchaeal populations are found in environments where aqueous CO2 levels are ~ 

100 times oversaturated with respect to current atmospheric levels of CO2 (g) (i.e., 0.0004 

atm) (Inskeep et al., 2005). Genome assemblies of both populations provide evidence that 

these archaea have the metabolic potential to fix dissolved inorganic carbon to 3-

phosphoglycerate (Figure 2.7) via a novel RuBisCO pathway. To date, this alternative to 

the classical Calvin-Benson-Bassham cycle has only been identified in select members of 

the Euryarchaeota (e.g., Thermococcales) (Sato et al., 2007). The presence of this set of 

genes in representatives of the Thaumarchaeota is another exciting area of further 

research to confirm the function and possible origin of proteins not only found in other 

organisms, but critical to their adaptive radiation (i.e., RuBisCO).  

It is becoming evident that members of the Thaumarchaeota are among the most 

diverse of all known phyla within the domain Archaea, and that their evolutionary 

adaptations have resulted in an extensive radiation into numerous different habitat types. 

Phylogenetic and functional genomic analyses of the thaumarchaeal lineages discussed in 

this study provide evidence that alternate mechanisms of energy generation are available 

to these organisms besides the oxidation of ammonia. The thermoacidophilic 

Thaumarchaeota inhabiting iron oxide and elemental sulfur sediment communities do not 

contain ammonia monooxygenase genes (e.g., amoA) observed in AOA (Table 2). 
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Moreover, amoA genes have not been identified in numerous geothermal habitats similar 

to those discussed here (Inskeep et al., 2010; 2013), nor could they be amplified from 

DNA extracts from these microbial communities. Evidence for complete 

chemoorganotrophic pathways, chemolithotrophic energy sources, and differential 

respiratory pathways in the two populations are consistent with the geochemical 

attributes of these disparate habitat types. The fact that these two thermoacidophilic 

lineages branch basally relative to other known ammonia-oxidizing thaumarchaea 

supports the hypothesis that ammonia oxidation is a derived physiologic trait in the 

phylum Thaumarchaeota. Genomes from other thaumarchaea that reside in marine 

sediments (e.g., pSL12 group), soils, natural waters, as well as other thermophilic habitats 

(e.g., Group I.1f and Nitrosocaldus-like) will undoubtedly provide additional insight 

regarding the diversity of physiological attributes within members of this important and 

ubiquitous phylum. 
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Abstract 
 
 

 Iron oxide microbial mats are ubiquitous geobiological features on Earth and 

occur in extant acidic hot springs of Yellowstone National Park (YNP), WY, USA, and 

form as a result of microbial processes. The relative contribution of different organisms 

to the development of these mat ecosystems is of specific interest. We hypothesized that 

chemolithoautotrophic organisms contribute to the early development and production of 

Fe(III)-oxide mats, which could support later-colonizing heterotrophic microorganisms. 

Sterile glass slides were incubated in the outflow channels of two acidic geothermal 

springs in YNP, and spatiotemporal changes in Fe(III)-oxide accretion and abundance of 

relevant community members were measured. Lithoautotrophic Hydrogenobaculum spp. 

were first colonizers and the most abundant taxa identified during early successional 

stages (7 – 40 days). Populations of M. yellowstonensis colonized after ~ 7 days, 

corresponding to visible Fe(III)-oxide accretion. Heterotrophic archaea colonized after 30 

days, and emerge as the dominant functional guild in mature iron oxide mats (1 – 2 cm 

thick) that form after 70 – 120 days. First-order rate constants of iron oxide accretion 

ranged from 0.05 – 0.046 day-1, and reflected the absolute amount of iron accreted. 

Micro- and macroscale microterracettes were identified during iron oxide mat 

development, and suggest that the mass transfer of oxygen limits microbial growth. This 

was also demonstrated using microelectrode measurements of oxygen as a function of 

mat depth, which showed steep gradients in oxygen from the aqueous-mat interface to ~ 

1 mm. The formation and succession of amorphous Fe(III)-oxide mat communities 

follows a predictable pattern of distinct stages and growth. The successional stages and 
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microbial signatures observed in these extant Fe(III)-oxide mat communities may be 

relevant to other past or present Fe(III)-oxide mineralizing systems. 

 
Introduction 

 
 

  Microbial mat communities are ubiquitous geobiological features (e.g., 

stromatolites) in contemporary and past environments on Earth. Microbial mats often 

consist of mixed populations from the domains Archaea, Bacteria, and Eukarya, are 

often stratified due to gradients in key geochemical constituents (e.g., oxygen; de Beer et 

al., 1994; Bernstein et al., 2013), and often leave biological signatures (biomarkers) 

preserved in the rock record (e.g., lipids) (Peters and Moldowan, 1993). Biogeochemical 

stratification of microbial mats may produce distinct morphological features that can be 

preserved (e.g., banded-iron formations and marine carbonates), and can provide insights 

into past geochemical and hydrodynamic conditions (Kappler and Straub, 2005; Fouke, 

2011). Microbial mat communities often produce extracellular polymeric substances 

(EPS), which may serve as sites for mineral nucleation and growth (Mann, 1988; 

Kandianis et al., 2008). Understanding mechanisms of assembly and succession in 

modern-day mat communities provides clues regarding past environmental conditions 

and biogeophysical controls that lead to the biomineralization of specific solid phases 

(Reid et al., 2000; Fouke, 2011). Moreover, modern microbial mat ecosystems can be 

observed and manipulated over spatial and temporal time scales to elucidate mechanisms 

of formation under various geochemical and hydrologic conditions. 
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Iron is the fourth most abundant element in the Earth’s crust and microorganisms 

can exploit Fe(II)/Fe(III) oxidation-reduction reactions for energy conservation 

(Konhauser, 1998; 2005; Ehrlich and Newman, 2009). Ferrous iron (Fe(II)) can be 

oxidized to Fe(III) under aerobic conditions by autotrophic or heterotrophic organisms, 

which usually results in the precipitation of insoluble solid-phase Fe(III)-oxides (e.g., 

amorphous ferrihydrite, goethite, hematite) (Kappler and Straub, 2005; Konhauser, 1998; 

2005; Ehrlich and Newman, 2009). The reduction of Fe(III)-oxides to Fe(II) can be 

coupled with the oxidation of inorganic (e.g., hydrogen) or organic (e.g., acetate) 

compounds by other microorganisms, completing the Fe cycle. Iron is also an essential 

cofactor in many proteins across all domains of life (e.g., iron-sulfur proteins). 

Uncatalyzed abiotic rates of Fe(II)-oxidation are extremely slow at pH values less than 4 

(Singer and Stumm, 1970; Kappler and Straub, 2005); consequently, the deposition of 

Fe(III)-oxides under acidic conditions can be attributed primarily to the activity of Fe(II)-

oxidizing microbial populations. Low pH (pH < 4) acid-mine drainage (Denef et al., 

2010) and acidic geothermal springs in YNP (Kozubal et al., 2012a) exhibit visible 

Fe(III)-oxide biomineralization, as well as the formation of other Fe(III)-minerals such as 

jarosite and/or schwertmannite.  

High-temperature (~65 – 80 °C), acidic (pH ~ 2 – 3.5), Fe(III)-oxide microbial 

mats in Yellowstone National Park (YNP) represent hydrodynamically-controlled model 

systems for studying microbial interactions and biogeochemical processes in situ 

(Kozubal et al., 2008; Inskeep et al., 2010; Kozubal et al., 2012a; Inskeep et al., 2013). 

The geochemical stability of many Fe-depositing geothermal springs combined with 



 
 

 
 

74 

high-temperature (> 60 °C) and low pH (< 3.5) results in relatively stable and tractable 

microbial communities with repeatable patterns of assembly and succession. Mature 

Fe(III)-oxide mat communities ranging from 65 to 80 °C contain a diverse group of 

autotrophic and heterotrophic archaea as well as a predominant bacterial population from 

the Aquificales (Hydrogenobaculum spp.) (Inskeep et al., 2010; Kozubal et al., 2012a; 

Inskeep et al., 2013). Metallosphaera yellowstonensis (order Sulfolobales) is the primary 

phylotype responsible for Fe(II)-oxidation in these systems, which results in the 

precipitation of copious amounts of Fe(III)-oxides and/or jarosite, depending on spring 

geochemistry (Kozubal et al., 2008; 2012a). Differences in pH, arsenic, sulfate, and 

chloride are among the primary geochemical factors that contribute to the formation of 

different types of Fe(III)-oxides (e.g., amorphous high As-ferrihydrite, goethite, hematite) 

and/or other oxidized phases of Fe (e.g., jarosite, scorodite) (Kozubal et al., 2012a).  

Numerous Fe-depositing springs in Norris Geyser Basin (YNP) contain high 

concentrations of arsenite, which is oxidized by Hydrogenobaculum spp. (Hamamura et 

al., 2009) and adsorbed by biomineralized amorphous Fe(III)-oxides that contain 0.6 - 0.7 

moles of arsenate (AsO4
3-) per mole of Fe (Langner et al., 2001; Inskeep et al., 2004). 

Hydrogenobaculum spp. are versatile chemolithoautotrophs and have been shown to 

utilize several different electron donors (e.g., As(III), H2, and H2S) coupled with the 

reduction of O2 to drive the fixation of carbon dioxide via the reductive TCA cycle 

(Donahoe-Christiansen et al., 2004; D’ Imperio et al., 2007; Romano et al., 2013; Takacs-

Vesbach et al, 2013). Heterotrophic archaeal populations inhabiting high-temperature 

acidic Fe(III)-oxide mats are phylogenetically and physiologically diverse, and include 
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several aerobic organisms as well as those adapted to hypoxic conditions  (Kozubal et al., 

2012b; Inskeep et al., 2013; Beam et al., 2014; Jay et al., 2014). Oxygen is diffusion-

limited in acidic Fe(III)-oxide microbial mats and steep gradients occur within the upper 

1 mm of mat surface (Bernstein et al., 2013). Gradients in dissolved oxygen likely 

contribute to stratification of microbial populations as a function of mat depth, and the 

characteristic ridges and terraces that form in these high-velocity geothermal outflow 

channels (Inskeep et al., 2004). These mineralized microbial mats may leave micro-

morphological, chemical, and/or biological signatures in the rock record indicative of 

specific hydrodynamic and biogeochemical conditions. A detailed understanding of the 

mechanisms controlling the assembly and growth of extant Fe(III)-oxide mats will not 

only reveal important data on spatiotemporal partitioning of active microbial populations, 

but will also assist in the recognition of these signatures in potential Fe(III)-oxide 

stromatolites.  

Prior work using stable isotopes (13C) has shown that autotrophic populations 

(i.e., Hydrogenobaculum spp. and Metallosphaera yellowstonensis) contribute a 

minimum of 40 % inorganic carbon to the total biomass carbon in mature Fe(III)-oxide 

mats, which provides a significant organic carbon source for heterotrophic 

thermoacidophiles (Jennings et al., 2014). Thus, the growth and assembly of autotrophic 

populations (i.e., primary producers) will influence the subsequent succession and 

activity of heterotrophic organisms. The primary goal of the current study was to 

determine the spatiotemporal dynamics of Fe(III)-oxide mat communities in acidic 

geothermal springs of NGB (YNP) by (i) identifying key community members involved 
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in Fe(III)-oxide mat assembly, (ii) quantifying the amount of Fe(III)-oxides accreted in 

situ, (iii) monitoring temporal changes in community composition, and (iv) integrating 

laboratory measurements and field observations across different scales to develop a 

conceptual model of Fe(III)-oxide assembly and succession. A combination of 

geochemical, microscopic and molecular methods were employed to reveal that 

Hydrogenobaculum spp. exhibit rapid growth rates in situ and are the first colonizers in 

high-temperature acidic geothermal channels, followed by the accretion of Fe(III)-oxides 

as a result of the Fe(II)-oxidizing populations of  M. yellowstonensis. Other heterotrophic 

archaea including additional Sulfolobales colonize at later stages of mat development and 

may utilize organic carbon produced by autotrophs. Distinct stages of mat development 

were associated with micro-morphological features that provide a basis for the assembly 

and succession of high-temperature acidic Fe(III)-oxide mats, as well as interpretation of 

ancient hot spring deposits containing secondary phases of oxidized Fe. 

 
Materials and Methods 

 
 

Site Descriptions 
 

Two acidic geothermal springs in Norris Geyser Basin (NGB) were chosen for 

this study based on long-term microbial and geochemical data obtained over the last 10 – 

15 years (Jackson et al., 2001; Langner et al., 2001; Inskeep et al., 2004; Macur et al., 

2004; Inskeep et al., 2005; Inskeep and McDermott, 2005; Ackermann, 2006; Kozubal et 

al., 2008; Inskeep et al., 2010; Kozubal et al., 2012a; 2012b; Inskeep et al., 2013; Beam 

et al., 2014; Jay et al., 2014; Jennings et al., 2014), which provides an excellent biological 
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and physicochemical context for integrating results from the current study. Beowulf 

(Thermal Inventory Number, NHSP035; 44.731519, -110.711357) and One Hundred 

Spring Plain (Thermal Inventory Number, NHSP115; 44.733044, -110.709012) Springs  

 

 

Figure 3.1. Photographs of One Hundred Spring Plain (a) and Beowulf (b) Springs 
located in Norris Geyser Basin, Yellowstone National Park, WY, USA (scale bar = 30 
cm). The black arrows represent the approximate location of slide placement in the 
primary outflow channel. Glass slides incubated for 70 days in OSP (c) and Beowulf 
(d) Springs (scale bar = 1 cm). The dashed white arrows represent direction of flow. 
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are located in NGB and are characterized by their low pH (3 – 3.5) and high source 

temperatures (80 – 85 °C) (Fig. 3.1; Table 3.1). The source waters of these springs 

contain reduced chemical species and high concentrations of dissolved inorganic carbon 

that are formed by water-rock interactions occurring deep underground (Fournier, 1989). 

Numerous reduced aqueous chemical species are available that can potentially support 

lithotrophic microbial populations including Fe(II), As(III), H2S, H2, and CH4 (Inskeep et 

al., 2005). There are also an abundance of potential electron acceptors, which include O2, 

SO4
2-, NO3

-, Fe(III), and As(V) (Inskeep et al., 2005). Aqueous geochemical analysis is 

discussed elsewhere in detail (Inskeep et al., 2004; 2010; 2013; Kozubal et al., 2012a).  

 
Table 3.1. Physical and geochemical parameters measured over four field seasons 
corresponding to in situ slide incubations. Numbers in parentheses are equal to ± 1 
standard deviation from the mean.  

 

1Reynolds Number = inertial forces/viscous forces, ρVD/µ: ρ = density of fluid (kg/m-3), 
V = fluid velocity (m s-1), D = channel depth (m), and µ = dynamic fluid viscosity [kg (m 
s)-1]. 
2DOC, dissolved organic carbon 
 
 
Scanning Electron Microscopy 
 

Slides were removed from the springs at various time points and fixed in 1 % 

(final concentration) filter sterilized (0.22 µm) glutaraldehyde. A Zeiss SUPRA 55VP 

field emission scanning electron microscope (Image and Chemical Analysis Laboratory, 
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Montana State University) was used to visualize in situ incubated slides sputter-coated 

with iridium to minimize charging at low voltage (1 keV). 

 
Fluorescence in situ Hybridization 
 

Glass microscope slides with 0.3 cm2 round Teflon printed wells (SPI 

Supplies/Structure Probe, Inc. West Chester, PA, USA) were acid washed and autoclaved 

as above, incubated in situ for 6 days (October 24 – 30, 2013), removed from the spring, 

and fixed with 1 % paraformaldehyde (final concentration) for 5 minutes at 4 °C. The 

fixative was removed from the slide by rinsing it in a 1:1 solution of 1 X phosphate 

buffered saline (PBS): 100 % ethanol (EtOH) and stored in a 50 mL canonical tube 

containing 1:1 1 X PBS: 100 % EtOH at -20 °C until hybridization. 

 Slides were dehydrated in an increasing ethanol series of 50, 80, and 100 % for 3 

minutes each, and then air dried at room temperature. Hybridization buffer containing 40 

% formamide, 0.9 M NaCl, 20 mM Tris HCL, and 0.1 % sodium dodecyl sulfate was 

added to multiple wells (30 µL) and 1 µL of each probe (working solutions were 50 

ng/µL for 6-FAM and 30 ng/µL for Cy3/Cy5) was added directly to the hybridization 

buffer on the wells. The slide was place in a 50 mL conical tube with tissue paper soaked 

in the remaining hybridization buffer (~1 mL) and incubated for 1.5 hours in a 46 °C 

hybridization oven. The slide was then washed for exactly 10 minutes in buffer that was 

pre-warmed to 48 °C containing 46 mM NaCL, 20 mM Tris HCl, and 5 mM EDTA. The 

slide was then rinsed with room temperature distilled water and dried with laboratory air. 

The slide was then immediately visualized with a Leica SP5 inverted confocal scanning 

laser microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA) at the Montana 
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State University Center for Biofilm Engineering Confocal Microscopy Lab or stored at – 

20 °C for up to 2 – 3 days without fluorescence signal loss. 

 
Iron Accretion Rates 
 

Iron (Fe) oxide accretion rates were measured in situ by inserting acid washed (2 

% HCl) and autoclaved borosilicate glass microscope slides (2.5 x 7.5 cm) into the main 

outflow channel of One Hundred Spring Plain and Beowulf Springs in Norris Geyser 

Basin, Yellowstone National Park, WY, USA (Fig. 3.1). Slides were inserted and 

removed at various time points over 5 field seasons (2010 – 2014) with the most 

extensive sampling occurring in 2012 – 2013. The number of slides inserted at any time 

point (~6 – 8) was limited to a small area in the outflow channel that exhibited the 

desired physicochemical environment (temperature range = 70 – 75 °C in OSP Spring 

and 65 – 70 °C in Beowulf Spring). Inclusion of two different geothermal springs 

provided a direct comparison of general trends in iron accretion and deposition. Iron 

oxides were removed from glass slides using a razor blade, dried overnight at 70 °C, then 

transferred to 50 mL of 0.175 M ammonium oxalate (pH = 3) to dissolve amorphous iron 

(oxyhydr)oxides (Loeppert and Inskeep, 1996). Slides without visible Fe(III)-oxide 

deposition were placed directly into the 0.175 ammonium oxalate buffer. The extracting 

solutions were shaken (Model E600, Eberbach Co. Ann Arbor, MI, USA) for ~2 hours to 

promote Fe(III) dissolution. All Fe-oxalate extractions were filtered (0.22 µm) into 15 

mL FalconTM tubes, and analyzed for Al, Ag, As, Ba, Be, B, Cd, Ca, Cr, Co, Cu, Fe, P, 

Pb, Mg, Mn, Mo, Na, Ni, K, S, Sb, Se, Si, Sr, Tl, Ti, V, W, and Zn by inductively 

coupled plasma-optical emission spectroscopy (OPTIMA 5300, Perkin-Elmer, Waltham, 
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MA, USA) at the Environmental Biogeochemistry Laboratory (University of Montana, 

Missoula, MT, USA). Different substrates were also tested to determine their effect on 

iron oxide accretion in Beowulf Spring from October 24 – November 6, 2013 and total 

iron was measured as above (Fig. A.3). 

 
DNA Extraction 
 

DNA was extracted from slides grown over various time points to determine 

temporal microbial community composition. Biomass and mineralized iron oxides were 

removed from the slides by either scrapping off a known area with a sterile razor blade 

(when visible iron oxides were present) or by vigorous vortexing the slide in a 50 mL 

conical tube for ~30 seconds in a sterile solution (autoclaved and 0.22 µm filtered) of 

17.5 mM ammonium oxalate buffer (pH = 3). The direct extraction method from slides 

was performed when there were no visible iron oxides at  < 10 days incubation time, and 

cells were collected on a 0.22 µm filter. DNA was extracted from scraped iron oxides or 

from cell-enriched filters using the FastDNATM Spin Kit for Soil DNA extraction kit and 

protocol (MP Biomedicals, LLC, Solon, OH, USA). DNA was quantified using a Qubit® 

2.0 fluorometer and Qubit® dsDNA High Sensitivity Assay Kit (range 0.2 – 100 ng total 

dsDNA) (Life Technologies Co.). The DNA provides an estimate of biomass production 

as a function of time per unit area, expressed as ng DNA cm-2 day-1. 

 
Archaeal and Bacterial 16S rRNA  
Gene Illumina Sequencing and Analysis 
 

Archaeal and bacterial 16S rRNA gene sequences were amplified with the 

universal 515F (GTG CCA GCM GCC GCG GTA A)/806R (GGA CTA CHV GGG 
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TWT CTA AT) (Caporaso et al., 2010) primer pair at the Department of Energy - Joint 

Genome Institute (Walnut Creek, CA, USA) and sequenced on an Illumina MiSeq. A 

custom pipeline was utilized to screen Illumina Tag (iTag) sequences with a database of 

relevant 16S rRNA gene sequences from YNP hot springs. Briefly, the method removes 

chimeras from the iTag dataset and groups them into Operational Taxonomic Units at 97 

% identity. The heatmaps to depict relative abundance of phylotypes were generated in R 

with the heatmap.plus package (Day, 2012) and Bray-Curtis dissimilarities were 

calculated with the vegan community ecology package (Oksanen et al., 2014). 

 
Oxygen Microelectrode Measurements 
 

Oxygen microelectrode measurements were made on May 21, 2013 at One 

Hundred Spring Plain (OSP) Spring Fe(III)-oxide microbial mats (temperature = 75 °C, 

pH = 3.5, O2 (aq) = 55 µM) to identify variation in net areal O2 fluxes compared to prior 

measurements at One Hundred Spring Plain and Beowulf Spring iron oxide mats 

(Bernstein et al., 2013). An oxygen microelectrode (tip diameter = 50 µm) designed with 

a high-temperature resistant electrolyte solution (Unisense A/S, Aarhus, Denmark) was 

used to make replicate measurements at OSP Spring (O2 microelectrode measurements 

were not repeated at Beowulf Spring Fe(III)-oxide mats due to difficulties in making 

these measurements on the harder iron oxide mats present in this spring, i.e., breaking 

microsensors). Details on flux and reaction-diffusion modeling were discussed in 

Bernstein et al. (2013). 
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Results 
 
 

Early Colonization 
 

Rod-shaped bacteria colonized slides rapidly, and significant cell densities of 

these organisms were observed consistently within 4 – 7 days of incubation in both One 

Hundred Spring Plain (OSP) and Beowulf Springs (Fig. 3.2). The taxonomic identity of 

these bacteria was confirmed using fluorescence in situ hybridization (FISH) probes to be 

Hydrogenobaculum spp. (Fig. 3.3). Microscopic images showed that Hydrogenobaculum 

spp. colonized slides at rates of 3.7 ± 1.8 � 106 and 6.8 ± 3.4 � 106 cells cm-2 day-1 in OSP 

and Beowulf Springs, respectively. Coccus-shaped archaea were also identified at early 

time points using both SEM and FISH (e.g., 7 d), but were considerably less-abundant 

than Hydrogenobaculum spp. (Fig. 3.2; Fig. 3.3), and molecular data (below) indicate 

that these are likely M. yellowstonensis-like organisms. Although confirmed to be 

archaea using FISH (universal archaeal probe, Fig. 3.3), M. yellowstonensis-probes have 

proven difficult in Fe(III)-oxide samples in situ (Kozubal et al., 2008). Early-colonizing 

archaea were often found as individuals within 4 – 6 d, and as microcolonies containing 

up to 50 cells within 15 d (Fig. 3.2c, d, e). These cocci colonized at rates of ~ 9.2 ± 5.1 � 

105 and 8.6 ± 4.1 � 105 cells cm-2 day-1 in OSP and Beowulf Springs, respectively, which 

is an order of magnitude slower than the colonization rates by Hydrogenobaculum spp. 

Visible Fe-oxide staining from 7 – 14 d corresponded with the detection and proliferation 

of archaea and archaeal microcolonies. Hydrogenobaculum spp. and M. yellowstonensis 

were often observed in close spatial proximity (Fig. 3.2d), which suggests that these 

populations are interacting in situ.  
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Figure 3.2. Scanning electron micrographs of slides incubated for 7 and 15 days in iron 
oxide mats from One Hundred Spring Plain (a, c, and e from 7/13/2011 and 7/21/2013) 
and Beowulf Spring (b, d, and f from 7/13/2011 and 7/21/2011). Hydrogenobaculum spp. 
rods were positively identified using phylogenetic-specific fluorescence in situ 
hybridization probes (Fig. 3.3). Archaeal microcolonies from Beowulf Spring (f) are 
highlighted with dashed circles. Visible iron oxide accretion usually occurred within 15 
days, and was extensive > 30 days (Fig. 3.4). 
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Figure 3.3. Fluorescence in situ hybridization image of slides incubated in Beowulf 
Spring for 6 days (a and b). Green rods are Hydrogenobaculum spp. (6FAM-Aqi338) and 
red cocci are archaea (Cy5-Arch915). Scale bar = 20 µm (a) and 1 µm (b). 
 
 
Iron Oxide Accretion 
 

The biomineralization of amorphous Fe(III)-oxide phases occurred as visible 

crusts on Hydrogenobaculum rods and filaments at times > 7 days (Fig. 3.2). These 

Fe(III)-oxide phases begin to dominate the available surface area and form larger (> 1 

µm) crusts on Hydrogenobaculum cell walls and other inorganic material (i.e., SiO2 and 

alunite) at incubation times greater than 14 d (Fig. 3.2). Direct observations of temporal 

changes in Fe(III)-oxide deposition were corroborated with data obtained on Fe(III)-

oxide accretion as a function of time (Fig. 3.4). Iron oxide accretion and deposition 

increased exponentially in both One Hundred Spring Plain and Beowulf Springs (Fig. 

3.4), and was modeled using a first-order rate expression (Fex = Feoekt) where Fex is iron  
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Figure 3.4. Iron oxide accretion measured on glass slides incubated as a function of time 
in One Hundred Spring Plain (a) and Beowulf (b) Springs outflow channels in Norris 
Geyser Basin, Yellowstone National Park. The dashed black line represents a model fit to 
the exponential rate expression Fex = Feoekt, where Fex is iron oxide accreted (µmol Fe 
cm-2), Feo is the initial iron oxide concentration (µmol Fe cm-2), k is the first-order rate 
constant (day-1), and t is time in days. 
 
 
oxide accreted (µmol Fe cm-2), Feo is the initial iron oxide concentration (µmol Fe cm-2), 

k is the empirical first-order rate constant (day-1), and t is time (days). A lag phase of 

Fe(III)-oxide accretion occurred from 0 to ~ 30 d  (Fig. 3.4), which may correspond to 

slower growth rates of Fe(II)-oxidizing microorganisms (see below), and/or an increase 

in surface roughness that promotes the nucleation and growth of Fe(III)-oxides. The fitted 

first-order rate constants for Fe(III)-oxide accretion were within 10% for the two sites 

studied across multiple field seasons (0.05 and 0.046 day-1 at OSP and Beowulf, 

respectively), and suggest that similar mechanisms of Fe(III)-oxide formation were 

operative in the two different geothermal springs. The significantly lower rate constant in 

Beowulf Spring (p = 0.0018) may be attributed to differences in spring geochemistry 

(e.g., lower pH and temperature) and local hydrodynamic conditions (e.g., higher flow 

velocity, and higher Reynolds numbers [1.4 � 104 and 1.5 � 103] in Beowulf vs. OSP 
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Springs, respectively) (Table 3.1). The vertical growth of Fe(III)-oxides in acidic 

geothermal springs occurred at a rate of ~ 15 – 30 µm day-1 (0.5 – 1 mm month-1). 

Maximum rates of iron-oxide accretion in acidic geothermal springs (~ 0.9 µmol Fe cm-2 

day-1) fall within the range observed for other systems (9 – 0.09 µmol Fe cm-2 day-1), 

which includes estimates of Fe deposition rates in banded-iron formations (Konhauser, 

1998) as well as observations in circumneutral pH environments (Hanert, 1974).  

 

 

Figure 3.5. Total DNA determined from slides incubated in One Hundred Spring Plain 
(a) and Beowulf (b) Springs over a time period of 70 days. A lag phase occurs up to 
approximately 30 days. 
 
 
Temporal Changes in  
Microbial Community Composition 
 

The amount of microbial biomass (expressed as ng DNA cm-2) increased as a 

function of time in OSP and Beowulf Springs, and also followed a first-order rate 

expression (Fig. 3.5), similar to Fe(III)-oxide accretion. A lag phase in biomass 

accumulation up to ~ 30 d was also observed for total community DNA extracted from 

incubated slides. The fitted rate constant for DNA accumulation ranged from 0.014 to 
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0.043 day-1 for OSP and Beowulf Springs, respectively. When compared against specific 

rate constants for Fe(III)-oxide accretion (Fig. 3.4), we estimated that 0.002 – 0.003 

moles of biomass carbon accumulates per mole of Fe oxidized. Given that M. 

yellowstonensis represent only ~ 10 – 20 % of the total community ~ 70 moles of Fe are 

oxidized to produce 1 C mole of M. yellowstonensis biomass. This estimate is consistent 

with previous estimates of 90 – 100 moles of Fe(II) oxidized per carbon mole of biomass 

for the iron-oxidizing acidophilic bacterium, Acidithiobacillus ferrooxidans (Beck, 1960; 

Ehrlich and Newman, 2009). 

Dendrograms of microbial population relative abundances (Illumina 16S rRNA 

gene barcodes, i.e., iTags) were compared to mature Fe(III)-oxide mats using iTags and 

random metagenome sequencing (Fig. 3.6). The relative abundances of microbial 

community members from early incubation times (< 40 d) tended to group together, 

especially as compared to later time points (> 70 d). Consequently, the composition of 

Fe(III)-oxide mat communities at 70 d reflects progression towards a “mature”, 1 – 2 cm 

thick Fe(III)-oxide mat community (Fig. 3.6; Table 3.2). The dominant microbial 

population observed in both springs from 4 – 70 d were Hydrogenobaculum spp., which 

is consistent with direct observations using SEM and FISH. Although 

Hydrogenobaculum spp. were especially dominant at times < 14 d (Fig. 3.6), their 

abundance declined on average of ~ 1 % per day. Using this estimate, relative 

abundances of Hydrogenobaculum spp. would reach ~ 1 – 3 % after 100 days, and is 

within the range observed for “mature” Fe(III)-oxide mats of 0.5 – 2 cm thickness (Table 

3.2). 
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Figure 3.6.  Relative abundance (16S rRNA gene Illumina barcodes) of different 
phylotypes determined on slides incubated in One Hundred Spring Plain (a) and Beowulf 
(b) Springs from 4 – 70 days. The dendrograms on the y and x axes represent the Bray-
Curtis dissimilarity matrix between taxon abundance at different time points and taxon 
abundances, respectively. 
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Table 3.2. Relative abundance of phylotypes from either random DNA sequencing reads 
of One Hundred Spring Plain and Beowulf Spring “mature” Fe(III)-oxide mats sampled 
over multiple years and several sequencing technologies, or Illumina 16S rRNA gene-
targeted sequencing.

 

 
Metallosphaera yellowstonensis-like organisms were the next most abundant at 

early time points and remained relatively stable over the time series, representing ~ 10 – 

20 % of the total microbial community (Fig. 3.6; Table 3.2). Heterotrophic populations 

(predominately archaea) colonized after 40 days and represented the dominant 

community members (in total) after 70 days (Fig. 3.6; Table 3.2). Differences between 

sites were also evident; for example, populations of novel archaeal group 3 (NAG3, 

distant relative of the euryarchaeal order, Thermoplasmatales) were especially important 

in Beowulf Spring at later time points (Fig. 3.6). Several different heterotrophic archaea 

were observed in mid-later stage Fe(III)-oxide mat succession, and although these 

phylotypes were present in lower abundance (< 1 – 2 %), all of these organisms are 

common in acidic Fe-oxide mats from these sites (Kozubal et al., 2012a). These results 

suggest that heterotrophic archaea rely on organic carbon produced by primary 

lithoautotrophic Hydrogenobaculum spp. and M. yellowstonensis populations. Moreover, 



 
 

 
 

91 

the onset of significant Fe(III)-oxide accretion at > 30 days is directly related to the 

growth of M. yellowstonensis populations, as well as the significant accumulation of 

biomass and other phases important in the nucleation of amorphous Fe(III)-oxides (e.g., 

cell surfaces of Hydrogenobaculum spp.). 

 
Formation of Microterracettes and Mature Fe(III)-oxide Mats 

  
Microterracettes (~10 µm high) containing both Hydrogenobaculum rods and 

archaea (e.g., M. yellowstonensis), formed after 6 days and were often observed at ~ 10 – 

20 µm intervals (Fig. 3.7). Smaller microterracettes (~ 10 – 20 µm) may coalesce to form 

larger ~1 mm structures (Fig. 3.7d), which likely evolve into ~1 cm microterracettes that 

are common in “mature” Fe(III)-oxide mats (Fig. 3.1). These structures potentially form 

as a result of mass transfer limitation of oxygen to microorganisms (Bernstein et al., 

2013). Mass transfer oxygen limitation to microbial mat communities often results in the 

formation of “wrinkles”, which increase the mat surface area, and the flux of O2 into the 

mat system (Okegbe et al., 2014). The relative size and periodicity of microterracettes is 

likely correlated with the extent and size of the mass transfer boundary layer, which is a 

function of water velocity and character (i.e., turbulent versus laminar flow). 

Mature (0.5 – 2 cm thick) Fe(III)-oxide microbial mats harbor diverse 

populations of archaea and Hydrogenobaculum spp. (Table 3.2; Fig. 3.6). The relative 

abundance of dominant phylotypes was estimated from random shotgun metagenome and 

16S rRNA gene sequencing of Fe(III)-oxide mats from OSP and Beowulf Springs. 

Metallosphaera yellowstonensis populations ranged from ~ 4 – 16 % of the total 

microbial community  
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Figure 3.7. Growth and formation of microterracettes from slides incubated in Beowulf 
Spring. Scanning electron micrographs (a, b, and c) showing the various size of ridge 
structures at the microscale. Scale bar = 1 µm (a), and 10 µm (b and c). Larger, 1 mm 
ridges (d) form in mature (70 days) Beowulf iron oxide mats (scale bar = 1mm). The 
arrows in the images show the direction of flow is perpendicular to the microterracettes. 
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across temperatures of 65 – 75 °C (Table 3.2), and is consistent with the reported 

optimum growth temperature of ~ 68 – 75 °C (Kozubal et al., 2008). Hydrogenobaculum 

spp. were less abundant in mature Fe(III)-oxide mats (Table 3.2), which is consistent with 

their measured population decline over time (Fig. 3.6). Geoarchaeota (Kozubal et al., 

2012b) represent the dominant microbial population in OSP Spring, whereas Novel 

Archaeal Group 2 (Kozubal et al., 2012a) was the dominant phylotype in Beowulf 

Spring. Novel populations of heterotrophic Thaumarchaeota (Beam et al., 2014) were 

also present in mature mats, and abundant in Beowulf Spring (Table 3.2). Differences in 

temperature and pH between sites likely influences the relative abundances of these 

heterotrophic archaeal populations. Other Sulfolobales populations were also detected 

and some have been shown to oxidize Fe(II) heterotrophically (Kozubal et al., 2012a). 

The relative abundance of phylotypes from mature Fe(III)-oxide mats were 

compared using Illumina 16S rRNA gene barcodes versus Illumina random metagenome 

sequencing (Table 3.2) Barcoded 16S rRNA gene amplification using universal archaeal 

and bacterial primers (515F/806R; Caporaso et al., 2010; Earth Microbiome Project, 

http://www.earthmicrobiome.org/) on mature Fe(III)-oxide mats resulted in 

overestimation of Hydrogenobaculum spp. and underestimation of M. yellowstonensis 

(Table 3.2). The under- and overestimation of these phylotypes is caused by a mismatch 

of the 515F primer to the 16S rRNA gene in M. yellowstonensis (phylum Crenarchaeota), 

and is an important consideration for universal primer-based studies of iron oxide 

microbial mats that contain abundant members of the Crenarchaeota. Although the 

relative abundance of Hydrogenobaculum spp. was corrected for encoding two 16S 
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rRNA genes, it also adds more sequences to the PCR pool, and this could result in 

another bias in overestimation. The 16S rRNA gene PCR amplification step using 

universal primers on these relatively simple communities illustrates how a single primer 

mismatch to the target sequence can cause a large discrepancy in relative abundance 

estimates of an important community member (i.e., M. yellowstonensis). 

 

 

Figure 3.8. Oxygen microprofiles (n = 11, electrode tip diameter  = 50 µm) measured in 
One Hundred Spring Plain iron oxide mats (May 2013; Temperature = 75 °C, pH = 3.5, 
O2 (aq) ~ 55 µM). The diffusive flux of oxygen, JO2, was estimated from the measured 
concentration profiles as a function of Fe(III)-oxide mat depth. Position zero refers to the 
aqueous-iron oxide mat interface. 

 
In situ Oxygen Consumption 
 

Oxygen microelectrode measurements in One Hundred Spring Plain (OSP) Spring 

Fe(III)-oxide mats revealed an aerial O2 (aq) flux of 1.14 � 10-4 µmol cm-2 sec-1 (Fig. 3.8). 

The concentration of O2 (aq) ranged from ~ 55 µM at the mat-aqueous interface and 

dropped to below detection (< 0.3 µM ) within 1 mm.  Oxygen microelectrode 

measurements of these systems over several seasons have revealed similar gradients and 
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estimates of oxygen flux to microbial mats (Table 3.3). First-order model fits of oxygen 

microprofiles to the dimensionless equation, u = (φ2 � ζ2)/2 - φ2 � ζ  + 1, where u is equal 

to CO2/CO2’, ζ  is equal to z/Lf, and φ2 is equal to k1Lf
2/De (Bernstein et al., 2013) resulted 

in an estimate of 28 for the Thiele modulus, which indicates that the rate of biotic oxygen 

consumption was many times faster than the rate of O2 diffusion into the Fe(III)-oxide 

mats. Thus, the microbial consumption of O2 in acidic Fe(III)-oxide mats is a diffusion-

limited process. An average flux of O2 into amorphous Fe(III)-oxide mats was 1.2 ± 0.5 � 

10-4 µmol cm-2 sec-1 at temperatures ranging from 60 – 75 °C (Table 3.3). Oxygen 

gradients result in the stratification of Fe(III)-oxide mat community members and the 

upper mat layer (~ 1 mm) contains active Fe(II)-oxidizing Metallosphaera 

yellowstonensis populations (Bernstein et al., 2013). Hypoxic conditions that occur at mat 

depths > 1 mm may provide suitable niches for other thermoacidophiles (e.g., 

fermentative archaea; Jay et al., 2014). 

 
Table 3.3. Distribution of oxygen flux estimates, penetration depths, and Thiele moduli in 
thermoacidic Fe(III)-oxide mats in Norris Geyser Basin, Yellowstone National Park. 
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Oxyanion Adsorption and Bioaccumulation 
 

Iron oxides are excellent surfaces for the adsorption of oxyanions that include 

arsenate and phosphate (Karl et al., 1988; LeBlanc et al., 1996; Langner et al., 2001). The 

Fe(III)-oxide mats accumulated significant amounts of As and other trace elements (P 

and W) over time, which was highly-correlated with the amount of Fe accretion (Fig. 

3.9). Arsenate is formed primarily by the oxidation of As(III) to As(V) by 

Hydrogenobaculum spp. (Langer et al., 2001; Donahoe-Christiansen et al., 2004; Macur 

et al., 2004; Inskeep et al., 2005; Hamamura et al., 2009), and is subsequently adsorbed to 

the Fe(III)-oxide surface, inhibiting mineral nucleation and growth to more crystalline 

Fe(III)-oxide phases (Inskeep et al., 2004). Molar ratios of As:Fe over all time points 

ranged from 0.5 (OSP) to 0.67 (Beowulf) (Fig. 3.9), which is consistent with prior 

measurements of ‘mature’ iron mats (Langner et al., 2001; Inskeep et al., 2004; Macur et 

al., 2004). High As:Fe molar ratios are indicative of microbial activity, adsorption 

processes, and physicochemical conditions, and could be used to interpret ancient 

geothermal Fe(III)-oxide mineral deposits. The accumulation of P and W was also 

correlated with Fe(III)-oxide accretion (Fig. 3.9), by either adsorption and/or biological 

uptake. Molar ratios of P (0.01) and W  (0.002) to Fe were similar between One Hundred 

Spring Plain and Beowulf Springs (Fig. 3.9). Tungsten may be utilized by 

thermoacidophiles in enzymes substituting for molybdenum (e.g., dimethyl sulfoxide 

molybdopterins) involved in the degradation of organic matter (Kletzin and Adams, 

1996) and P is used in the synthesis of nucleic acids and other cellular components. 
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Ratios of P:Fe and/or W:Fe may be useful for interpreting biological signatures of past 

and present Fe(III)-oxide hot spring mineral deposits.  

 

 
Figure 3.9. Molar ratios of arsenic (a), phosphorous (b), and tungsten (c) to total solid 
phase iron extracted from slides incubated in One Hundred Spring Plain (open triangles, 
dotted black line) and Beowulf (filled circles, black line) Springs (Fig. 3.1). 
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Discussion 
 
 

A conceptual model describing the assembly and succession of high-temperature 

Fe(III)-oxide microbial mats was developed by integrating geochemical, microscopic, 

and molecular measurements across multiple scales of observation. The life-cycle of a 

high-temperature Fe(III)-oxide mat in the acid sulfate chloride springs of Norris Geyser 

Basin (YNP) can be represented by four primary stages (Fig. 3.10). Early colonization 

(Stage I) by aerobic chemolithoautotrophic populations of Hydrogenobaculum spp., and 

to a lesser extent Metallosphaera yellowstonensis, provide critical founder populations 

for initial surface roughness and continued mat growth. Hydrogenobaculum spp. exhibit 

significantly greater colonization rates than M. yellowstonensis (factor of 10) in high-

temperature acidic Fe(III)-oxide mats. The aerobic oxidation of arsenite by 

Hydrogenobaculum spp. (Hamamura et al., 2009) and ferrous iron by M. yellowstonensis 

populations (Kozubal et al., 2008) is coupled with the fixation of dissolved inorganic 

carbon as a primary C source via the reductive tricarboxylic acid and 3-

hydroxypropionate/4-hydroxybutyrate cycles, respectively (Berg et al., 2007; Takacs-

Vesbach et al., 2013; Jennings et al., 2014), and provides the Fe(III) and As(V) necessary 

for the formation of high-As amorphous Fe(III)-oxides characteristic of these springs 

(Langner et al., 2001; Inskeep et al., 2004).  
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Figure 3.10. Conceptual model of iron oxide mat development (four stages) in high-
temperature, acidic geothermal springs in Yellowstone National Park. Stage I is defined 
by the primary colonization of lithoautotrophic populations of Hydrogenobaculum spp. 
and Metallosphaera yellowstonensis. Stage II is represented by visible iron oxide 
accretion, encrustation of Hydrogenobaculum spp. by Fe(III)-oxides, and initial 
formation of microterracettes. Heterotrophic archaea begin colonizing in Stage III and 
initial gradients in O2 begin to form. The final stage of development (IV) is the mature 
Fe(III)-oxide mat dominated by organoheterotrophic archaea, steep gradients in oxygen, 
and macroscale ridges and pools. 
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Appreciable amounts of Fe(III)-oxides are produced between ~ 7 – 30 days (Stage 

II), which correlates with the establishment of M. yellowstonensis populations (e.g., 

archaeal microcolonies of 10 – 50 cells), and which results in the encrustation of rapidly-

growing Hydrogenobaculum rods and filaments (Fig. 3.2). The cell surface of 

Hydrogenobaculum may contain macromolecules that aid in the nucleation of amorphous 

Fe(III)-oxide phases, because these cells are often encrusted preferentially, especially 

evident during early mat development (Macur et al., 2004). Moreover, Fe(III)-oxides do 

not accumulate on the cell surface(s) of Metallosphaera yellowstonensis as observed 

under culture conditions (Kozubal et al., 2008), and in situ using SEM of incubated slides 

(Fig. 3.2). Hydrogenobaculum spp. inhabit a large reach (several meters) within the 

outflow channels of One Hundred Spring Plain and Beowulf Springs (Fig. 3.1a, b), and 

are continually colonizing the upper surface of iron mats where oxygen concentrations 

are highest. Higher rates of cell growth occur along microscale ridges as early as 6 – 7 d 

(Fig. 3.7). These structures reflect the microbial control of microterracette formation in 

acidic Fe(III)-oxide mats, and are likely formed in response to O2 mass transfer 

limitations (Fig. 3.8) to growing chemolithotrophic populations (i.e., Hydrogenobaculum 

and M. yellowstonensis). Cell growth proceeds upward into the shallow, high-velocity 

(~20 – 30 cm sec-1) aqueous phase where oxygen levels range from 20 – 60 µM (Table 

1); consequently, Fe(III)-oxide microbial mats also increase in height (0.5 – 1 mm).  

Continued Fe(III)-oxide accretion and cell growth > 30 d results in significant 

accumulation of biomass C and niche diversity (e.g., oxygen gradients) that allow for the 

colonization of several different heterotrophic archaea (Stage III). Moreover, the 
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probability of trapping exogenous detritus and/or debris from landscape sources increases 

as the surface roughness increases due to cell growth and Fe(III)-oxide formation. For 

example, plant material, diatoms, and wind-blown solid-phases can be trapped by the 

complex series of ridges and valleys established during mat development. The late 

succession of heterotrophs also suggests that they are not utilizing a significant fraction 

of dissolved organic carbon (~ 60 µM; Table 1) as a carbon and energy source in situ, or 

that they require specific metabolites and/or cofactors produced by autotrophic 

populations. The primary archaeal heterotrophs observed from 30 – 70 days using iTag 

analysis (16S rRNA) included members of the candidate phylum Geoarchaeota (Kozubal 

et al., 2012b), Novel Archaeal Groups 2 and 3 (Kozubal et al., 2012a) and members from 

two additional Sulfolobales lineages, which have also been observed at these lower 

abundances (1 – 2 %) in prior iron mat studies (Inskeep et al., 2010; Kozubal et al., 

2012a). By 70 days, Fe(III)-oxide mat depths can reach 2 – 4 mm, and have developed 

initial O2 concentration gradients (Fig. 3.8) that support further niche diversification to 

include hypoxic populations. Although the fixation of inorganic C by autotrophic 

Hydrogenobaculum spp. and M. yellowstonensis populations represents a significant 

fraction of the biomass C in ‘mature’ Fe(III)-oxide mats ( no less than ~ 40 % DIC 

signature; Jennings et al., 2014), the relative abundance of Hydrogenobaculum spp. are 

actually negatively correlated with Fe(III)-oxide accretion over time (Fig. 3.6) due to the 

rise of other heterotrophic populations.  

Ultimately, the shallow water depth in the outflow channels (< 2 cm) becomes a 

limiting factor for the maximum thickness of these Fe(III)-oxide mats (Stage IV), as well 
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as whether the geochemical conditions and temperature range remain relatively constant 

for the necessary time frame to develop a 0.5 – 2 cm thick Fe(III)-oxide mat (i.e., several 

months). Several metagenomes have been obtained from ‘mature’ Fe(III)-oxide mats of 

this thickness in both spring positions used in the current study, and the same samples 

were also analyzed using iTags (Table 3.2). We have also dissected ‘mature’ Fe(III)-

oxide mats into discrete zones for iTag analysis (Fig. 3.11). The integration and 

comparison of these datasets with the temporal incubation studies provides an 

opportunity to understand the cycle of Fe(III)-oxide mat development. Larger 

microterracettes (~ 1 mm), which are visible even after ~ 70 days (Fig. 3.7), continue to 

grow to form a series of cm-scale terracettes over a temperature range of ~ 55 – 75 °C 

(Fig. 3.1). These thicker Fe(III)-oxide terracettes reveal changes in population abundance 

as a function of mat depth (Fig. 3.11) that are consistent with expected gradients in 

oxygen observed in ‘mature’ mats  (Fig. 3.8). Specifically, Hydrogenobaculum spp. and 

Metallosphaera yellowstonensis are more abundant in the top 1 mm of the Fe(III)-oxide 

surface relative to middle or bottom positions (Fig. 3.11), and the microaerobic 

heterotrophic populations are more abundant in middle and bottom mat sections. The 

relative abundance of hypoxic community members (e.g., Desulfurococcales) increased 

in bottom mat positions, which is consistent with the steep gradient in oxygen 

concentrations that fall to below detection (< 0.3 µM) within 0.5 to 1 mm (Fig. 3.8; 

Bernstein et al., 2013). The succession of early colonizing autotrophs to later colonizing 

heterotrophs is directly applicable to other Fe(III)-oxide mat hot spring ecosystems, and 
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autotroph/heterotroph succession likely represents a common theme in the formation of 

other chemotrophic microbial mat ecosystems. 

 

 

Figure 3.11. Relative abundance of taxa (16S rRNA gene Illumina barcodes) as a 
function of depth in mature thermoacidic iron oxide mats from One Hundred Spring Plain 
(a) and Beowulf (b) Springs. The top position refers to the upper oxygenated 1 mm of the 
mat, middle represents depths of ~2 – 7 mm, and the bottom is the hypoxic region of the 
mat (e.g., > 10 mm). 
 
 

High-temperature Fe(III)-oxide mats of Norris Geyser Basin are modern-day 

stromatolites, which form as a direct consequence of microbial metabolism and 

associated hydrodynamic controls. The preferential biomineralization of Fe(III)-oxides 

on cell surfaces of Hydrogenobaculum spp. may be related to enhanced nucleation of 

amorphous Fe(III)-oxide phases. Other members of the Aquificales are also thought to 

promote the nucleation and growth of aragonite (CaCO3; Kandianis et al., 2008), and 

similar biological signatures related to biomineralization could be important for 

interpretation of formations in the rock record. The co-accumulation of As, P, W and Fe 

could provide evidence of microbiological activity under acidic conditions (e.g., Fe(II) 

and As(III) oxidation and subsequent biomineralization). In fact, a report from a mining 
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company northeast of Golconda, NV, USA identified significant concentrations of 

tungsten (~ 3 %) occurring within Pleistocene aged Fe(III)-oxide mineral deposits 

(limonite) of various thicknesses of a few centimeters to meters (Kerr, 1946). This mine 

lies at the southern boundary of the Owyhee-Humbolt (13.8 – 12 Ma) ancient volcanic 

field, which is ~ 700 km from present-day Yellowstone (Pierce et al., 2007), and may be 

an excellent site for analyzing older (> 2 Ma) iron oxide hot spring deposits. Stable 

carbon isotopes (i.e., 13C) may also provide a signature of past biological activity, such as 

abundant carbon dioxide fixation identified in extant Fe(III)-oxide mats (Jennings et al., 

2014). Micro-morphological observations across different stages of Fe(III)-oxide mat 

development revealed microbiological signatures (e.g., encrusted microorganisms, 

microterracettes) that may be useful for analysis of ancient Fe(III)-oxide mats. The 

biogeochemical and morphological signatures of modern-day Fe(III)-oxide stromatolites 

may provide a reference fro comparison to other extant and ancient Fe(III)-oxide hot 

spring ecosystems on Earth, or Fe(III)-oxide mineral deposits identified on other 

planetary systems such as Mars (Madden et al., 2004). 
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Abstract 
 
 

 The candidate archaeal phylum ‘Aigarchaeota’ contains microorganisms from 

terrestrial and subsurface geothermal ecosystems. The phylogeny and metabolic potential 

of Aigarchaeota has been deduced from several recent single-cell amplified genomes; 

however, a detailed description of their in situ ecophysiology is absent. Here, we report 

the in situ metabolism of Aigarchaeota in an oxic, hot-spring filamentous ‘streamer’ 

community. Fluorescence in situ hybridization showed that these newly discovered 

Aigarchaeota are filamentous, which is consistent with the presence and transcription of 

an actin-encoding gene. Aigarchaeota filaments are intricately associated with other 

community members, which include both bacteria (for example, filamentous 

Thermocrinis spp.) and archaea. Metabolic reconstruction of genomic and transcriptomic 

data suggests that this aigarchaeon is an aerobic, chemoorganoheterotroph with 

autotrophic potential. A heme copper oxidase complex was identified in the 

environmental genome assembly and highly transcribed in situ. Potential electron donors 

include acetate, fatty acids, amino acids, sugars, and aromatic compounds, which may 

originate from extracellular polymeric substances produced by other microorganism 

shown to exist in close proximity and/or allochtonous dissolved organic carbon. 

Transcripts related to genes specific to each of these potential electron donors were 

identified, indicating that this aigarchaeon likely utilizes several organic carbon 

substrates. This lineage cannot synthesize heme, and other cofactors and vitamins de 

novo, which suggests auxotrophy. We propose the name Candidatus ‘Calditenuis 

aerorheumensis’ for this aigarchaeon, which describes its filamentous morphology and its 
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primary electron acceptor, oxygen. This is the first description of the in situ 

ecophysiology of Aigarchaeota, which are globally distributed in oxic hot-spring 

ecosystems. 

 
Introduction 

 
 

Members of the candidate archaeal phylum ‘Aigarchaeota’ were first identified in 

a subsurface hydrothermal ecosystem (Hirayama et al., 2005; Nunoura et al., 2005; 

Nunoura et al., 2011) and recently in a terrestrial hot spring ecosystem as part of the 

Genome Encyclopedia of Bacteria and Archaea (GEBA) project utilizing single-cell 

genomics (Rinke et al., 2013). Aigarchaeota (formerly Hot Water Crenarchaeota Group I) 

have been identified (16S rRNA gene) in numerous terrestrial, subsurface, and marine 

hydrothermal environments (Hirayama et al., 2005; Nunoura et al., 2005; Costa et al., 

2009; Vick et al., 2010; Meyer-Dombard et al., 2011; De Leon et al., 2013; Takacs-

Vesbach et al., 2013; Cole et al., 2013). Phylogenetic placement of Aigarchaeota remains 

ambiguous, but recent phylogenomic studies reveal a close relationship with the 

Thaumarchaeota and possibly Crenarchaeota (Nunoura et al., 2011; Brochier-Armanet et 

al., 2011; Rayman et al., 2014). These reports have provided important insight into the 

phylogeny and evolution of the Aigarchaeota, yet little is known about the in situ 

metabolic potential or activity of members of this phylum. Near-complete genome 

sequences have been generated for several members of the Aigarchaeota using 

cultivation-independent methods including fosmids (Nunoura et al., 2011), single-cell 

amplified genomes (Rinke, 2013; Alba et al., 2014; Hedlund et al., 2014) and 
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metagenomics (Alba et al., 2014; Hedlund et al., 2014). However, limited genome 

characterization and metabolic activity analysis has been completed on any members of 

this group (Nunoura et al., 2011 and Rinke et al., 2013), especially those Aigarchaeota 

important in geothermal ecosystems of Yellowstone National Park (YNP). Moreover, no 

attempts have been made to link members of the Aigarchaeota with microbial activity 

(for example, metatranscriptomics) in relation to other community members and their 

physicochemical environment.  

The environmental genome of Candidatus ‘Caldiarchaeum subterraneum’ was 

recovered from a mildly acidic (pH = 5.1), oxic (~ 10 µM dissolved oxygen, DO) 

subsurface filamentous ‘streamer’ community (Hirayama et al., 2005) (depth ~320 m) at 

a temperature of 70 °C, and provided the first insight into the evolution and potential 

metabolism of members of the Aigarchaeota (Nunoura et al., 2011). This deeply-rooted 

archaeal lineage contains several specific genetic attributes that suggest a possible 

evolutionary linkage with Eukarya. For example, C. subterraneum encodes for an 

ubiquitin protein modification system, which is unlike haloarchaeal ubiquitin systems 

described previously (Nunoura et al., 2011). This population might grow via the 

oxidation of hydrogen or carbon monoxide coupled to oxygen reduction by a heme 

copper [terminal] oxidase (HCO) complex. It is possible that these organisms can fix 

carbon dioxide via the 3-hydroxypropionate/4-hydroxybutyrate or dicarboxylate/4-

hydroxybutyrate cycle (Nunoura et al., 2011). However, C. subterraneum lacked the key 

enzyme (4-hydroxybutyryl-CoA dehydratase) of these pathways (Berg et al., 2010, 

Nunoura et al., 2011). Genome sequence of two different Aigarchaeota single-cells were 
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obtained from an oxic (DO = 42 µM), high-temperature (81 °C), circumneutral (pH = 

7.1) biofilm at Great Boiling Spring (Rinke et al., 2013). Although the metabolic 

reconstruction of these Aigarchaeota was not a major focus of that study, the use of 

oxygen as an electron acceptor appears to be a consistent trait based on the presence of 

heme copper oxidases (Rinke, 2013; Alba et al., 2014; Hedlund et al., 2014). Some 

Aigarchaeota may also utilize other electron acceptors, such as oxidized sulfur or 

nitrogen compounds (Nunoura et al., 2011; Alba et al., 2014; Hedlund et al., 2014). 

The filamentous ‘pink streamer’ communities at Octopus Spring (OS, Lower 

Geyser Basin, YNP) have been observed, studied, and intrigued scientists for more than 

100 years (Setchell, 1903; Brock, 1967; Bauman et al., 1969; Stahl et al., 1985; 

Reysenbach et al., 1994; Jahnke et al., 2001; Blank et al., 2002). A recent study of the 

three predominant lineages of Aquificales in YNP (Takacs-Vesbach et al., 2013) showed 

that the high-temperature (~82 °C) OS streamer community contained several 

uncharacterized and uncultured taxa, and appropriate references precluded an accurate 

phylogenetic placement of the Aigarchaeota-like populations present in circumneutral 

streamer communities. The presence of Aigarchaeota in OS presents an excellent 

opportunity to understand the metabolic capabilities and the activity of this population in 

situ. Consequently, the objectives of this study were to (i) obtain a detailed metabolic 

reconstruction of the predominant Aigarchaeota population present in Octopus Spring, 

YNP, (ii) identify the morphology and spatial arrangement of Aigarchaeota and adjacent 

Thermocrinis spp. using fluorescent probes, and (iii) determine the in situ transcriptional 

activity of this Aigarchaeota population to elucidate metabolic processes and potential 
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community interactions. This is the first detailed description of Aigarchaeota metabolism 

and in situ activity, and provides details of their role in an oxic hot spring ecosystem.  

 
Materials and Methods 

 
 

Site Description and Geochemistry 
 

Octopus Spring (Fig. 4.1; Thermal Inventory ID LWCG138) is an alkaline 

siliceous geothermal spring located in the White Creek Area of the Lower Geyser Basin 

Region (44.534083611, -110.79788944) of Yellowstone National Park (YNP), WY, 

USA. The sample site discussed herein is classified as a “pink” filamentous “streamer” 

community (Fig. 4.1), which has been the subject of many prior studies (for example, 

Bauman et al., 1969; Stahl et al., 1985; Reysenbach et al., 1994; Jahnke et al., 2001; 

Blank et al., 2002; Takacs-Vesbach et al., 2013). The metagenome sample discussed here 

 

Figure 4.1. Photograph of a pink filamentous ‘streamer’ community found in the outflow 
channel of Octopus Spring. 
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was part of a 20-site study in YNP that included Aquificales-dominated ecosystems 

(Takacs-Vesbach et al., 2013; Inskeep et al., 2013). These streamer communities colonize 

habitats across a temperature range of 78 - 84 °C, pH ~ 8, and dissolved oxygen (DO) ~ 

40 µM (Table 4.1). The streamer communities are considered oxic because the DO 

concentration is well above 0.2 µM, the (Km) of microbial heme copper terminal oxidase 

complexes (Morris and Schmidt, 2013) that were previously identified in the Octopus  

Spring streamer community (Takacs-Vesbach et al., 2013). Microbial streamers 

present in the outflow channel exhibit a “streaming” or oscillating motion in the high 

velocity (~0.5 m/s) outflow channel of Octopus Spring. Details on aqueous geochemical 

and physical sampling are discussed elsewhere (Inskeep et al., 2013; Takacs-Vesbach et 

al., 2013). 

 
Table 4.1. Relative abundance of Calditenuis aerorheumensis from Octopus Spring and 
aqueous geochemistry from four field-sampling campaigns. 

 

*Geochemical data from Takacs-Vesbach et al., 2013 
bd, below detection 
nd, no data 
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DNA Extraction and Metagenome Sequencing 
 

Community DNA was extracted from Octopus Spring ‘pink streamer’ biomass 

(Fig. 4.1) sampled on August 23, 2007 by enzymatic and bead-beating lysis, pooled, and 

sequenced using Sanger technology at the Department of Energy (DOE) – Joint Genome 

Institute (JGI), Walnut Creek, CA, USA (see Takacs-Vesbach et al., 2013 for details on 

sequencing and assembly). Additional Illumina sequencing was performed at DOE - JGI 

to increase sequencing depth and coverage on two samples collected on October 13, 2011 

and October 5, 2012 from DNA extracted with the FastDNA® Soil DNA extraction kit 

and protocol (MP Biomedicals LLC, Solon, OH, USA). The metagenomic sequence 

discussed here is publically available on the Integrated Microbial Genomes with 

Microbiome Samples under the IMG submission IDs 885, 10389, 14458 for the 2007, 

2011, and 2012 samples, respectively. 

 
De novo Aigarchaeota Assembly  
Analysis and Annotation 
 

Nucleotide word frequency-principal components analysis (NWF-PCA) of the 

Sanger metagenome from Octopus Spring (OS) revealed the presence of a novel 

Aigarchaeota lineage and several novel deeply-rooted bacterial taxa distantly related to 

the Thermotogae (Takacs-Vesbach et al., 2013; Colman et al., 2015). Other community 

members in OS include Thermocrinis spp., Pyrobaculum spp., and a novel Firmicutes 

population (Takacs-Vesbach et al., 2013; Jay et al., 2014; Coleman et al., 2015). A total 

of 1.16 Mb of sequence was recovered for the novel Aigarchaeota population with an 

average G+C content of 60.2 % (Table 4.2). The de novo aigarchaeon Sanger assembly 
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(that is, Calditenuis aerorheumensis) was further analyzed with NWF-PCA (online web 

server, http://doug1 dev.cgb.indiana.edu/uploadScatterplotForm3.html) and compared to 

other available Aigarchaeota sequence assemblies (> 1 Mb), Caldiarchaeum 

subterraneum (Nunoura et al., 2011) and two single-cells from Great Boiling Spring (that 

is, aigarchaeota J15 and B22; Rinke et al., 2013). The word size was set to four, 

minimum FASTA size set to 5,000 bp, normalize GC only, normalize values on, and 

chop sequences to 5,000 bp. Celera assembled sequence for the Aigarchaeota population 

from Octopus Spring was annotated with Integrated Microbial Genome/Expert Review 

with Microbiome Samples (IMG/er; Markowitz et al., 2012) utilizing Prodigal (Hyatt et 

al., 2010) to identify open reading frames. Manual annotation of all genes and pathways 

was necessary because the annotation pipeline missed a number of archaeal central 

carbon pathways. Thus, BLASTp of the Calditenuis aerorheumensis de novo assembly 

with annotated genes of archaeal pathways was utilized (for example, Berg et al., 2007; 

Huber et al., 2008; Bräsen et al., 2014). Moreover, simple annotation of a gene based on a 

Cluster of Orthologous Gene (COG) assignment is misleading. For example, canonical 

aerobic carbon monoxide dehydrogenases have been “identified’ in Aigarchaeota 

(Nunoura et al., 2011; Hedlund et al., 2014); however, this assignment is dubious given 

no evidence of necessary cofactor binding sites in the large subunit of this enzyme 

complex (Dobbek et al., 2002). Thus, it was necessary to align the deduced protein 

sequences of these genes (and others) with ClustalW (default alignment settings) to 

identify conserved cofactor binding sites with proteins of known function and structure. 

The curated Calditenuis aerorheumensis assembly can be found on IMG/mer under the 



 
 

 
 

122 

name Aigarchaeota archaeon str. OS1 (Calditenuis aerorheumensis) and IMG submission 

ID 21516. 

 
RNA Extraction, Sequencing, and Annotation 
 

RNA was extracted from a matched sample of the Octopus Spring “pink” 

streamer community (October 13, 2011) by modifying a FastRNA® Pro-Soil-Direct Kit 

(MP Biomedicals, LLC, Solon, OH, USA) extraction kit and method. RNA from the 

streamer community was preserved in the field by placing streamer biomass directly into 

RNALater® (Life Technologies Co., Carlsbad, CA, USA) and shaking vigorously for ~ 

15 seconds. Streamer biomass was removed from the RNALater solution in a sterile, 

RNase-free hood and added to 0.5 mL of RNAproTM soil lysis solution in a lysing E 

matrix tube. The samples were then vortexed aggressively for 15 minutes. The sample 

lysate was then centrifuged at 16,000 x g for 10 minutes. The supernatant was transferred 

into a new 2 mL microcentrifuge tube (~500 – 800 µL), to which 1 mL of TriReagent 

was added and incubated for 5 minutes at room temperature (RT). Next, 200 µL of 

chloroform was added to the TriReagent/lysate mixture and incubated for 15 minutes at 

RT, followed by centrifugation at 16,000 x g at 4 °C for 15 minutes. The supernatant 

containing RNA was added to a new tube to which 500 µL of ice cold isopropanol (100 

%) was added and incubated overnight at -20 °C to facilitate RNA precipitation. RNA 

was pelleted by centrifugation at 16,000 x g at 4 °C for 15 minutes and the pellet was 

washed once in ice cold 70 % ethanol and centrifuged as before. The pellet was allowed 

to dry at RT for ~30 minutes, and immediately resuspended in 100 µL of TE buffer (pH = 

7, Life Technologies Co. Carlsbad, CA, USA) and quantified with a Qubit® 2.0 
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fluoremeter and Qubit® RNA Broad Range Assay kit (Life Technologies Co. Carlsbad, 

CA, USA). Total RNA quality was checked with a Bioanalyzer 2100 (Agilent 

Technologies Co., Santa Clara, CA, USA). DNA contamination was analyzed by PCR 

with universal archaeal and bacterial 16S rRNA genes primers and ethidium bromide 

agarose gel electrophoresis. When DNA was present it was removed by DNase I 

treatment (New England Biolabs, Ipswich, MA, USA) for 30 minutes at 37 °C, followed 

by lithium chloride/ethanol precipitation overnight at -20 °C (Beam et al., 2014).  

Double-stranded complementary DNA (cDNA) was synthesized at the 

Department of Energy – Joint Genome Institute (Walnut Creek, CA, USA) from the 

Octopus Spring total RNA extracts. Two μg of total RNA was subjected to rRNA 

depletion using Ribozero rRNA removal kit – Bacteria (Epicenter, Illumina). Ribosomal 

RNA-depleted RNA was purified using Ampure XP beads, then fragmented using RNA 

Fragmentation Reagents (Ambion) at 70 °C for 2 minutes, targeting fragments range 200-

300bp. Fragmented RNA is again purified using Ampure XP beads (Agencourt). Reverse 

transcription was performed using SuperScript II Reverse Transcriptase (Invitrogen) with 

an initial annealing of random hexamer (Fermentas) at 65 °C for 5 minutes, follow by an 

incubation of 42 °C for 50 minutes and an inactivation step at 70 °C for 10 minutes. 

Complementary DNA (cDNA) was then purified with Ampure XP beads, followed by 

second strand synthesis using dNTP mix where dTTP is replaced by dUTP. Reaction was 

performed at 16 °C for 1 hour. Double stranded cDNA fragments were purified and 

selected for targeted fragments (200 – 300 bp) using Ampure XP beads. The dscDNA 

were then blunt-ended, A-tailed and ligated with library adaptors using Kapa Library 
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Amplification Kit (Kapa Biosystems) and purified using Ampure XP beads. Digestion of 

dUTP was then performed using AmpErase UNG (Applied Biosystems) to remove 

second strand cDNA. Digested cDNA was again cleaned up with Ampure SPRI beads, 

followed by 10 cycles of PCR amplification using Kapa Library Amplification Kit (Kapa 

Biosystems). The final library was clean up with Ampure SPRI beads. Sequencing was 

done on the Illumina HiSeq 2000 platform generating paired end reads of 150 bp each. 

Ribosomal RNA reads were removed in silico using the kmer-based tool DUK (Li 

et al., 2011) and messenger RNA (mRNA)-enriched reads were mapped to the 

Aigarchaeota de novo assembly from Octopus Spring utilizing Rockhopper, which uses a 

Bowtie2-like alignment algorithm (McClure et al., 2013). Mapped mRNA reads were 

standardized by the calculation reads per kilobase of transcript per million reads mapped 

(RPKM), which allows for the direct comparison of the level of transcription of all genes 

in the de novo assembly (Table S3). RPKM is calculated in Rockhopper as: RPKM = [# 

mapped reads/(length of transcript (gene) in kilobase)/million mapped reads)] (McClure 

et al., 2013). Generally, if more reads map to a transcript of length x, and less map to 

another transcript with the same length x in the same sample, the former will have a 

higher RPKM value, and thus represent more in vivo transcriptional activity. 

 
Phylogeny Construction 
 

A detailed 16S rRNA gene tree was constructed that contained a broad 

representation of members of the ‘Aigarchaeota’ in context with the Thaumarchaeota and 

Crenarchaeota. Aigarchaeota-related 16S rRNA genes were retrieved by BLAST 

homology from NCBI nr database including environmental sequences. Calditenuis 
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aerorheumensis was also put into context by including 16S rRNA genes from recent 

Aigarchaeota single-cell genomes (Rinke et al., 2013; Alba et al., 2014; Hedlund, 2014). 

Sequences were aligned with ClustalW 1.6 implemented in MEGA 5.2.2 (Tamura et al., 

2011) with default alignment settings. Alignments were manually inspected for obvious 

misaligned regions and introns, and removed from the final alignment (for example, most 

Thermoproteales contain introns in 16S rRNA genes). A maximum likelihood 

phylogenetic tree was created from the final alignment (1,328 nucleotide positions) with 

the general time reversible model, estimated alpha parameter and four discrete gamma 

categories in MEGA 5.5.2 (100 bootstraps) (Tamura et al., 2011). Physical and aqueous 

geochemical data included in 16S rRNA gene tree is from Great Boiling Spring, Little 

Hot Creek, Yellowstone Lake, and various YNP hot spring environments. 

A concatenated ribosomal (R) protein phylogeny was constructed with 16 

ribosomal proteins that were identified in all Aigarchaeota sequence assemblies (> 1 Mb, 

n=4) shared with Thaumarchaeota, Crenarchaeota and Eukarya. The deduced R proteins 

identified that fill the above criteria were: L5, L10, L14, L15, L18, L19E, L24E, L24P, 

L44E, S6E, S8, S11P, S19, S27E, and S28E. The deduced protein sequences were 

aligned individually with ClustalW 1.6 with default alignment parameters in MEGA 5.5.2 

(Tamura et al., 2011). The resulting alignments were concatenated with a custom perl 

script found here: http://raven.iab.alaska.edu/~ntakebay/teaching/programming/perl-

scripts/fastaConcat.pl. The concatenated aligned ribosomal proteins were manually 

inspected for regions where homology was doubtful and removed for final analysis. A 

maximum likelihood phylogenetic tree was generated from the concatenated R proteins 
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(2,249 unambiguously aligned amino acids) using the WAG model and estimated alpha 

parameter (100 bootstraps) in MEGA 5.5.2 (Tamura et al., 2011). 

 
Fluorescence in situ Hybridization 
 

Hot spring microbial filaments from Octopus Spring (~82 - 84 °C) were harvested 

on August 28, 2013 with a sterile scalpel and immediately fixed in 1 % paraformaldehyde 

(final concentration) for 5 minutes at 4 °C. The fixative was then decanted and the sample 

was washed once in a 1:1 solution of 1 X phosphate buffered saline (PBS): 100 % ethanol 

(EtOH) mixture (~10 mL) and stored in the 1:1 solution of 1 X PBS: 100% EtOH at -20 

°C until fluorescence in situ hybridization. A FISH probe specific for all Group 1A 

aigarchaeota (Aig800, Cy3-5’-GGC CCG TAG CCG CCC CGA CA-3’-Cy3) was 

manually designed from 16S rRNA gene alignments of this group around 16S rRNA sites 

accessible to probes (Behrens et al., 2003) and dual labeled with Cy3 (Integrated DNA 

Technologies Inc. Coralsville, IA, USA). Individual masses of microbial filaments were 

removed from the storage solution and rinsed three times in 0.22 µm filtered double 

distilled water (ddH2O). Next, the ddH2O rinsed filaments were embedded in Tissue-

Tek® O.C.T (Sakura Finetek Inc., Torrance, CA, USA) tissue media on a dry ice block 

for cryosectioning and sectioned on a CM1800 cryostat (Leica Microsystems Inc., 

Buffalo Grove, IL, USA). Thin sections were transferred to poly-lysine coated glass 

microscope slides and stored at 4 °C until hybridization. Initial SYBR gold staining of 

thin sections revealed copious amounts of extracellular DNA (eDNA) present in the 

streamer community. Consequently, all thin sections utilized for FISH were pretreated 

with DNase I (New England Biolabs, Ipswich, MA, USA) for 30 minutes at 37 °C to 
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degrade eDNA, thus preventing non-specific probe binding. The DNase I reaction buffer 

was removed from the thin sections by rinsing in 18 MΩ distilled water (0.22 µm filtered) 

for ~1 minute. Microscope slides containing thin sections (5 µm, 3 per slide) were 

dehydrated in an increasing ethanol series for 3 minutes each in 50, 80, and 100 % 

ethanol, then air dried. Hybridization buffer (30 µL) containing 40 % formamide, 0.9 M 

NaCl, 20 mM Tris HCL, and 0.1 % sodium dodecyl sulfate (added last to avoid 

precipitation) was added to each thin section and 1 µL of each probe (working solutions 

were 30 ng/µL for Cy3/Cy5 and 50 ng/µL for 6-FAM) to the buffer-coated thin sections. 

The slides were then placed in a 50 mL tube containing tissue paper soaked in the 

remaining hybridization buffer (~1 mL), sealed with the cap, and placed in a 46 °C 

hybridization oven for 1.5 hours. After hybridization, the slide was removed and 

immediately placed in 50 mL of pre-warmed wash buffer containing 46 mM NaCL, 20 

mM Tris HCl, and 5 mM EDTA for exactly 10 minutes in a 48 °C water bath. The slide 

was removed from the washed buffer, rinsed in 18 MΩ distilled water, and dried with 

laboratory air. The slide was immediately visualized by confocal microscopy (Leica SP5 

inverted confocal scanning laser microscope at the Confocal Microscope Facility at the 

Center for Biofilm Engineering, Montana State University) or stored at -20 °C for up to 

three days without loss of fluorescence. Non-specific probe binding to streamer thin 

sections was not observed using probes that are not complementary to any known 16S 

rRNA (nonEub338). All FISH probes used in this study can be found in Table 4.2.  
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Table 4.2. List of fluorescence in situ hybridization probes used on Octopus Spring 
filaments. 

 

 
Results and Discussion 

 
 

De novo Aigarchaeota Assembly 
 

The sequence assembly of the Aigarchaeota population from Octopus Spring was 

compared to all available Aigarchaeota sequence assemblies (> 1 Mb total sequence) 

using tetra-nucleotide word frequency – principal components analysis (NWF-PCA) (Fig. 

4.2a). The aigarchaeon from Octopus Spring (OS, Candidatus ‘Calditenuis 

aerorheumensis’) exhibits highly similar codon usage and G+C content to aigarchaeon 

B22 from Great Boiling Spring (GBS) (Fig. 4.2a). Further G+C content analysis of 

assembled sequence confirmed the close relationship of C. aerorheumensis to 

aigarchaeon B22 with average G+C contents of 60.2 % and 61.3 %, respectively (Fig. 

4.2b). These two lineages have an average nucleotide identity of 87 % among shared 

assembled sequence (~0.7 Mb), which suggests that they likely belong to the same novel 

candidate genus, Calditenuis. Aigarchaeon J15 from GBS and Caldiarchaeum 

subterraneum each form separate clusters in NWF-PCA due to differences in codon 

usage bias and G+C content (Fig. 4.2a, b). Populations of C. aerorheumensis have been 

relatively stable over three sampling years at OS and represent 5.2 ± 2.5 % of all the 

random sequence reads (Table 4.1). A total of 1422 protein-encoding genes were 
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predicted (Table 4.3), which corresponds to a coding density of ~1.2 protein-encoding 

genes/kb genome. Genome completeness estimates from conserved archaeal single-copy 

genes (Rinke et al., 2013) suggest that the C. aerorheumensis assembly is ~80 % 

complete, which equates to an estimated genome size of ~1.45 Mb. The high protein 

coding density taken together with the small-predicted genome size suggests that this 

organism may have undergone extensive genome streamlining (Giovannoni et al., 2005; 

2014).  

 

 

  

Table 4.3. Comparison of Aigarchaeota de novo assemblies (> 1 Mb). 

1Data from Rinke et al., 2013 
2Data from Nunoura et al., 2011 
-, not identified  
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Figure 4.2. Tetra-nucleotide word frequency-principal component analysis (a, NWF-
PCA) of the aigarchaeon de novo assembly (Calditenuis aerorheumensis, red) from 
Octopus Spring compared to Candidatus ‘Caldiarchaeum subterraneum’ (yellow), and 
single-cell Aigarchaeota genomes from Great Boiling Spring (GBS): aigarchaeon B22 
(blue) and aigarchaeon J15 (purple). The G+C content (%) of scaffolds (b) from C. 
aerorheumensis (red), GBS aigarchaeon B22 (blue), and GBS aigarchaeon J15 (purple) 
plotted as a function of decreasing scaffold length. The cumulative scaffold length is on 
the secondary y-axis (red, blue, and purple lines represent C. aerorheumensis, GBS 
aigarchaeon B22, and GBS aigarchaeon J15, respectively).  

 
Fluorescence in situ Hybridization Identification 
 

All known Aigarchaeota encode for actin, which suggests that they are rods or 

filaments (Ettema et al., 2011); however no definitive morphological observations have 

been made for any member of the Aigarchaeota. Single-cell sorting from GBS biofilms 

suggested that Aigarchaeota B22 and J15 might display a rod-shaped or filamentous 

morphology (Alba et al., 2014). A fluorescence in situ hybridization (FISH) probe 
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designed around Group 1A terrestrial Aigarchaeota (inclusive of aigarchaeon B22) 

revealed that Calditenuis aerorheumensis populations in OS are filamentous (Figure 4.3a, 

b) ranging from 0.5 µm (diameter) by up to 20 µm (length), but may be longer due to 

damage during cryosectioning or sample dehydration. The universal archaeal FISH probe 

Arch915 also hybridized to these filaments (Fig. 4.3a, b). Calditenuis aerorheumensis 

filaments were often found in close contact or vicinity of Thermocrinis spp. (Fig. 4.3a, b), 

which were detected using a separate probe (Aqi338, green), and might be related to 

metabolite sharing and/or auxotrophic requirements of C. aerorheumensis. Fluorescence 

in situ hybridization probes targeting Thermocrinis spp., all bacteria, and all archaea 

revealed a close association of all microorganisms in the OS streamer community (Fig 

4.3c, d). Archaea and Thermocrinis spp. are often found in helical bundled filaments, and 

Thermocrinis spp. can also be found in contact with other bacteria (Fig. 4.3c, d). 

Scanning electron micrographs of the OS streamer community (Fig. 4.3e, f) also confirm 

the filamentous habit of several population types, which range in diameters of ~0.2 – 0.5 

µm up to ~0.7 – 1 µm. Extracellular polymeric substances (EPS) were evident in SEM 

images and represent a significant volume of the OS streamer community biomass (Fig. 

4.3e, f).  
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Figure 4.3. Fluorescence in situ hybridization (FISH) composite images (a, b) of Octopus 
Spring filamentous streamer thin sections (5 µm) hybridized with the following probes: 
Cy3-Aig800 targeting Group 1A aigarchaeota (purple), Cy5-Arch915 (blue), and 6-
FAM-Aqi338 (green). The aigarchaeota filaments are purple due to the overlapping 
emission from the Cy3 (red) and Cy5 (blue)-labeled probes. FISH composite image (c, d) 
with general probes Aqi338 (green), Eub338 (red), and Arch915 (blue). Scanning 
electron micrographs (e, f) of Octopus Spring streamer community, showing filamentous 
organisms, and condensed extracellular polymeric substances and/or cellular appendages. 
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Phylogeny and Distribution 
 

Phylogenetic analysis of 16S rRNA genes from the candidate phylum 

Aigarchaeota across numerous terrestrial, subsurface, and freshwater geothermal 

environments revealed eight genus-level lineages (Fig. 4.4). The C. aerorheumensis 

population groups with several YNP 16S rRNA gene clones from YNP Bison Pool 

‘streamers’, as well as single-cell sequence (aigarchaeon B22) from GBS (Fig. 4.4) at 

temperatures ranging from ~ 74 – 86 °C and pH values of 7.2 – 7.9. Group 1A 

Aigarchaeota are found in oxic hot spring ecosystems (DO ~ 10 – 53 µM), which is 

consistent across all the Aigarchaeota lineages currently identified by 16S rRNA genes. 

Aigarchaeota are distributed in geothermal environments at high temperature (68 – 87 

°C) and circumneutral pH values (~ 5 – 9). 

The phylogenetic position of C. aerorheumensis was also confirmed using a 

conserved set of single-copy ribosomal proteins. The concatenated phylogenetic tree 

shows that C. aerorheumensis and aigarchaeon B22 are closely related and form a 

separate group from C. subterraneum and aigarchaeon J15 (Fig. 4.5). The concatenated 

ribosomal protein tree also supports the classification of Aigarchaeota as a separate 

phylum, and phylogenomic analysis of new sequence entries will assist in establishing 

the diversity of organisms within this group (Alba et al., 2014).  



 
 

 
 

134 

 

Figure 4.4. Maximum likelihood 16S rRNA gene phylogenetic tree (1328 unambiguously 
nucleotide positions) of the candidate phylum ‘Aigarchaeota’, Thaumarchaeota, and 
Crenarchaeota rooted with Thermus thermophilus. Bootstrap (BS) values from 100 
replications are included at the nodes; BS values < 50% were not included. Scale-bar 
represents the number of nucleotide substitutions per site. 
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Figure 4.5. Maximum likelihood phylogenetic tree of 16 concatenated ribosomal proteins 
(2,249 amino acid positions) from Calditenuis aerorheumensis compared to other 
Aigarchaeota, Thaumarchaeota, Crenarchaeota, and Eukarya included as an outgroup. 
Numbers at the nodes represent bootstrap values from 100 replications and the scale-bar 
represents the estimated amino acid substitutions per site. 

 
In situ Metatranscriptome 
 

The C. aerorheumensis assembly was utilized to align metatranscriptome reads 

from Octopus Spring (~ 18 million messenger RNA enriched reads). A total of 544,290 

mRNA reads were aligned to C. aerorheumensis (Appendix C), which constitutes ~3 % 

of the total mRNA reads from the streamer community. Analysis of all mRNA reads 

using Clusters of Orthologous Genes (COGs) showed that the transcription of a number 

of cellular processes were higher than their relative abundance in the genome (Fig. 4.6). 

Notably, energy production and conservation, and amino acid transport and catabolism 

were over-transcribed compared to the relative abundance in the genome (Fig. 4.6). This 

finding suggests that amino acid transport and catabolism is an important energy, carbon, 

and nitrogen source for C. aerorheumensis in the streamer community.  
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Figure 4.6. Relative abundance of Cluster of Orthologous Genes (COG) based on the 
Calditenuis aerorheumensis de novo genome assembly and mRNA reads mapped to 
respective COG categories. 

 
Respiration 
 

A detailed metabolic model was constructed for C. aerorheumensis using curated 

genome sequence and mRNA transcripts mapped to individual genes in each pathway 

(Fig. 4.7). Pathways and metabolic functions that exhibited increased transcription levels 

were emphasized to reflect in situ activity (Fig. 4.7). The streamer community present in 

Octopus Spring (Fig. 4.1) oscillates in the high-velocity channel, which has aqueous O2 

concentrations ranging from ~ 20 - 40 µM (Table 4.1). Gradients in O2 are likely to occur 
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within the streamer community that could create microaerobic or hypoxic 

microenvironments (for example, Bernstein et al., 2013). A single heme copper oxidase 

(HCO) complex (_00543 - _00544) was identified in C. aerorheumensis that recruited 

numerous RNA reads from the metatranscriptome (RPKM ~ 70,000; Fig. 4.7), and 

represents the dominant terminal electron acceptor (TEA) utilized by C. aerorheumensis 

in OS. Similar HCO complexes were also identified in 60 percent of available 

Aigarchaeota sequence assemblies in IMG/Mer (Table 4.4), which suggests that 

numerous members of this phylum are aerobic, and that O2 is an important niche-defining 

parameter for many members of this phylum. The importance of oxygen to the 

Aigarchaeota is also exemplified by the presence of genes that code for proteins 

responsible for degradation of reactive oxygen species (ROS) in C. aerorheumensis, as 

well as 65 % of Aigarchaeota genomes (Table 4.4).  An Fe-Mn superoxide dismutase was 

identified and transcription of this gene was high (RPKM ~ 800,000; Fig. 4.7). A 2-Cys 

peroxiredoxin (_00775) and a 1-Cys peroxiredoxin (_00485) were identified and these 

enzymes are involved in the intra- and extracellular degradation of hydrogen peroxide 

(H2O2), respectively. Intracellular H2O2 is formed primarily by superoxide dismutase, and 

is hazardous to the cell by participating in Fenton reactions with Fe(II) that generate the 

DNA-damaging hydroxyl radical (�OH) (Henle and Linn, 1997). Thus, the transcription 

of the 2-Cys peroxiredoxin is very high (RPKM ~ 130,000) and is comparable to 

transcription levels of superoxide dismutase (RPKM ~ 800,000), which suggests that they 

may be co-regulated in C. aerorheumensis. Degradation of extracellular H2O2 by 1-Cys 

peroxiredoxin (RPKM ~ 15,000), which can form by the interaction of UV light and 
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dissolved organic carbon with O2 (Draper and Crosby, 1983), may be necessary for 

survival in these environments and/or an important ecosystem service that C. 

aerorheumensis performs for the OS streamer community, similar to Vibrio pelagius and 

Synechococcus spp. in the open ocean (Petasne and Zika, 1997). 

The C. aerorheumensis population in OS also contains an operon encoding a 

putative tetrathionate reductase (TTR) system (_00420 - _00424). To date, archaeal TTRs 

have only been identified in Pyrobaculum spp. and Archaeoglobus fulgidus (Cozen et al., 

2009, Liebensteiner et al., 2013). The TTR operon was transcribed at low abundance 

(RPKM ~ 9,000; Fig. 4.7) and suggests that reduction of other TEAs may provide an 

alternative to oxygen. Tetrathionate (S4O6
2-) has not been detected in OS; however, 

Thermocrinis spp. contain genes necessary for the oxidation of reduced sulfur compounds 

(Takacs-Vesbach et al., 2013) and may produce S4O6
2- as a byproduct, common in marine 

bacteria (Podgorsek and Imhoff, 1999). 
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Figure 4.7. Detailed metabolic reconstruction of Calditenuis aerorheumensis from 
Octopus Spring based on environmental genome sequence and messenger RNA reads 
standardized to take into account reads of varying length (reported as reads per kilobase 
of transcript per million reads mapped, RPKM). RPKM calculated in Rockhopper 
(McClure et al., 2013) as RPKM = [# mapped reads/(length of transcript in 
kilobase/million mapped reads)]. Numbers in colored boxes correspond to enzymes in 
specific pathways (Appendix C). Abbreviations: EMP, Embden-Meyerhof-Parnas 
glycolysis; ED, Entner-Doudoroff; PPP, oxidative pentose phosphate pathway; TCA, 
tricarboxylic acid cycle; GS, glyoxylate shunt/bypass; ABC, ATP binding cassette; NUO, 
NADH dehydrogenase complex; CO?, potential aerobic carbon monoxide dehydrogenase 
complex; II, succinate dehydrogenase complex; BC, blue copper protein (membrane 
bound); HCO, heme copper oxidase complex (Subunits I+III, II); TTR, tetrathionate 
reductase complex; SOD, superoxide dismutase; PRX, 1 & 2-cysteine peroxiredoxin; 
DOP, dissolved organic phosphorous. 
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Table 4.4. Identification of oxygen respiration and reactive oxygen species specific genes 
in the Calditenuis aerorheumensis de novo assembly and Great Boiling Springs (GBS) 
single amplified genomes (SAGs). 

 

 
Reducing equivalents (for example, NADH) generated from the oxidation of 

organic carbon substrates (see below) are fed into the electron transport chain at the 

NADH dehydrogenase complex (Fig. 4.7; Complex I), which is not encoded in an 

operon. The membrane bound succinate dehydrogenase complex (Fig. 4.7; Complex II) 

also feeds the electron transport chain. The C. aerorheumensis assembly does not encode 

a typical cytochrome c Complex III for electron transport to Complex IV (HCO); 

however, several membrane-bound blue copper proteins may serve as electron carries to 

the HCO or TTR complexes (Fig. 4.7; _00503 - _00505). The C. aerorheumensis 

population from OS has a complete electron transport chain, predominantly coupled to 
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the reduction of oxygen, and adenosine triphosphate (ATP) synthesis driven by an 

archaeal V-type ATP synthase (Fig. 4.7). 

 
Energy Catabolism 
 

Calditenuis aerorheumensis contains genes necessary for the degradation of 

different organic carbon (C) compounds coupled with ATP (organotrophy) and biomass 

(heterotrophy) synthesis. Major carbon substrates utilized for growth include acetate, 

fatty acids, amino acids, and sugars. These organic C constituents may originate from 

extracellular polymeric substances (EPS) produced by other thermophilic bacteria and 

archaea in OS and/or from autochthonous dissolved organic carbon (Table 4.1). Acetate 

is transported across the cell membrane by a putative citrate/acetate antiporter (_00932; 

RPKM ~ 20,000), and utilized by an acetyl-CoA synthetase (_00897) to produce acetyl-

CoA (Fig. 4.7), which can then be fed into the tricarboxylic acid (TCA) cycle or 

gluconeogenesis. Acetate utilization is further supported by the presence of a functional 

glyoxylate bypass (Fig. 4.7). The presence of isocitrate lyase (_00945; RPKM ~ 29,000) 

and malate synthase (_01089; RPKM ~ 70,000) (Fig. 4.7) provides a mechanism to 

incorporate carbon from acetate into biomass without the loss of CO2 through the 

tricarboxylic acid (TCA) cycle. C. aerorheumensis also has the capacity to utilize fatty 

acids produced by thermophilic bacteria in OS as carbon and energy sources. This β-

oxidation pathway contains an acyl-CoA synthetase (_01439; RPKM ~ 34,000) that 

converts fatty acids to acyl-CoA derivatives utilized by 3 different acyl-CoA 

dehydrogenases (_01040; _01032; _00259), which are likely specific for fatty acids of 

certain chain lengths (for example, odd or even). Transcription levels of one acyl-CoA 
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dehydrogenase was considerably greater than several others (_01032; RPKM ~ 120,000) 

and likely corresponds to a preferred fatty acid utilized in situ by C. aerorheumensis. 

Although the metabolism of fatty acids appears to be distributed across most archaea 

(Dibrova et al., 2014), no enzymatic characterization of the different acyl-CoA 

dehydrogenases has been conducted. Physiological studies have shown that 

Archaeoglobus fulgidus can grow on either short and/or long chain fatty acids (Khelifi et 

al., 2010).  

C. aerorheumensis also exhibits the metabolic capacity to utilize numerous amino 

acids and oligopeptides as carbon and energy sources. Transporters for amino acids were 

identified in the de novo assembly (Fig. 4.7), and branched chain amino acids are 

transported by a high-affinity ABC transporter that was highly transcribed (Fig. 4.7; 

RPKM > 100,000). A single copy of a dihydroxy acid dehydratase (ivlD; _01261) was 

identified, which may catalyze the conversion of branched-chain amino acids to TCA 

intermediates. Other amino acids are catabolized by a 2-oxoisovalerate oxidoreductase 

complex (_00164 + _00741), which was also highly transcribed (RPKM > 70,000), then 

incorporated into the TCA cycle (Fig. 4.7). 

A set of genes containing LigA and LigB homologs were identified in a single 

operon (_01094 - _01099) potentially involved in aromatic compound degradation. These 

genes are potentially involved in the degradation of lignin or other aromatic compounds. 

Transcription levels in this pathway were increased for a hypothetical protein (_01096; 

RPKM ~ 200,000) and a ferredoxin ring-hydroxylating dioxygenase (_01095; RPKM 

~70,000). The aromatic compound utilized by this pathway could not be identified, but 
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these genes are also found in other Aigarchaeota (Hedlund et al., 2014). The source pool 

and outflow channel of Octopus Spring contain significant concentrations of dissolved 

organic C (~ 60 µM; Table 4.1), which would be sufficient to support heterotrophic 

populations of C. aerorheumensis. 

 
Lithotrophy 
 

It has been suggested that some members of the Aigarchaeota are capable of using 

carbon monoxide (CO) as an energy source (Nunoura et al., 2011; Rinke et al., 2013; 

Hedlund et al., 2014). The C. aerorheumensis assembly contains 5 copies of putative 

large subunit aerobic CO dehydrogenases (coxL) (COG1529; _00394; _00730; _01206; 

_01316; 01360). However, all putative CoxL homologs from Aigarchaeota lack the 

conserved active site residues (VAYRCSFR) identified in canonical aerobic CO 

dehydrogenases (Fig 4.8; Dobbek et al., 2002). The gene order of the middle and small 

subunits (_00406; _00407) is identical to Oligotropha carboxidovorans, and both contain 

necessary cofactor binding sites (Dobbek et al., 1999). The transcription of coxSML 

genes were elevated (Fig. 4.7; RPKM > 150,000), so the function of these enzymes is 

important to determine and may be important for interpreting in situ physiology. 

Dissolved carbon monoxide concentrations measured in Octopus Spring are below 

detection (~ 10 nM) and CO concentration in other geothermal waters range from ~ 30 

nM to below detection (Kochetkova et al., 2011). C. aerorheumensis populations are not 

likely utilizing CO as a principal electron donor given the low concentrations of CO 

relative to other electron donors such as reduced organic C compounds (for example, 

dissolved organic carbon ~ 60 µM; Table 4.1).  
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Figure 4.8. ClustalW alignment of large subunit aerobic carbon monoxide dehydrogenase 
(CoxL) homologs from Aigarchaeota compared to canonical CoxL from Oligotropha 
carboxidovorans (Dobbek et al., 2002). The active site motif required for ligand binding 
VAYRCSFR (black box) is absent in all Aigarchaeota CoxL homologs. 
 
 
Central Carbon Metabolism 
 

C. aerorheumensis exhibits two routes for the conversion of glucose to pyruvate 

via either Embdem-Meyerhof-Parnas (EMP) glycolysis or Entner-Doudoroff (ED) 

pathways (Fig. 4.7). A putative glucose ABC transporter operon was identified (_00266 - 

_00269) and transcription was low except for the periplasmic subunit (_00269; Fig. 4.7). 

Gluconeogenesis is also possible and the key enzyme fructose 1,6-bisphosphate 

aldolase/phosphatase is present, which has the conserved residues (GKDDP) implicated 

in catalysis (Say and Fuchs, 2010). All genes required for a complete tricarboxylic acid 
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(TCA) cycle were also identified with the exception of fumarase (Fig. 4.7). Transcription 

of TCA cycle genes were high (RPKM > 10,000), which is consistent with apparent 

primary sources of organic C that C. aerorheumensis populations utilize in situ (that is, 

acetate, fatty acids, and amino acids). A complete oxidative pentose phosphate pathway 

(PPP) was identified in C. aerorheumensis with the exception of gluconolactonase, which 

is also absent in other thermophilic Thaumarchaeota (Spang et al., 2012; Beam et al., 

2014). 

 
Carbon Fixation 
 

Autotrophic Crenarchaeota and Thaumarchaeota fix inorganic carbon dioxide via 

the 3-hydroxypropionate/4-hydroxybutyrate (HP/HB) or dicarboxylate/4-hydroxybutyrate 

(DC/HB) cycles, which share a key marker enzyme, 4-hydroxybutyryl-CoA dehydratase 

(4-BUDH) (Berg et al., 2010). A gene for a Type-2 4-BUDH (_01438) was identified in 

the C. aerorheumensis assembly (Fig. 4.9; Fig. 4.10); however, Type-2 4-BUDHs have 

yet to be characterized, and all share a conserved His-292, but lack conserved cysteine 

residues required for [4Fe-4S] cluster binding (Berg et al., 2007). The transcription of the 

Type-2 4-BUDH was very high (RPKM > 100,000) in C. aerorheumensis (Fig. 4.9). No 

other function for this gene can be assigned other than the conversion of 4-

hydroxybutyryl-CoA to crotonyl-CoA, which suggests that the Aigarchaeota Type-2 4-

BUDHs may be functional in the HP/HB cycle. Moreover, C. aerorheumensis encodes 

for every gene of the HP/HB pathway, with the exception of NADPH-dependent 

malonate semialdehyde reductase and methylmalonyl-CoA epimerase (Fig. 4.9; 

Appendix C). This is the first activity-based measurement that suggests members of the 
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Aigarchaeota may fix carbon dioxide via the HP/HB pathway. In contrast, genes of the 

DC/HB pathway (Huber et al., 2008) that are not shared with the HP/HB pathway 

displayed a patchy distribution, which suggests that the DC/HB cycle is not operative in 

C. aerorheumensis. 

 

Figure 4.9. The 3-hydroxypropionate/4-hydroxybutyrate CO2 fixation cycle that is 
potentially operative in Calditenuis aerorheumensis (modified from Berg et al., 2007). 
Messenger RNA reads from Octopus Spring mapped to this pathway are reported as 
reads per kilobase per million (RPKM) to take into account varying transcript lengths of 
the corresponding genes. Enzymes in the cycle: 1, acetyl-CoA carboxylase; 2, malonyl-
CoA reductase; 3, malonate semialdehyde reductase; 4, 3-hydroxypropionyl-CoA 
synthetase; 5, 3-hydroxypropionyl-CoA dehydratase; 6, acryloyl-CoA reductase; 7, 
propionyl-CoA carboxylase; 8, methylmalonyl-CoA epimerase; 9, methylmalonyl-CoA 
mutase; 10, succinyl-CoA reductase; 11, succinate semialdehyde reductase; 12, 4-
hydroxybutyryl-CoA synthetase; 13, 4-hydroxybutyryl-CoA dehydratase; 14, crotonyl-
CoA hydratase; 15, 3-hydroxybutyryl-CoA dehydrogenase; 16, acetoacetyl-CoA β-
ketothiolase. Note: missing the biotin carboxylase subunit of bifunctional 
acetyl/propionyl-CoA carboxylase. Genes and corresponding RPKM values are located in 
Table A.4. 
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Figure 4.9. Maximum likelihood phylogenetic tree of 4-hydroxybutyryl-CoA 
dehydratases (293 amino acid positions) rooted with 4-hydroxyphenylacetate-3-
monooxygenase from Escherichia coli. A new clade of Type-2 4-hydroxybutyryl-CoA 
dehydratases was identified that consists exclusively of deduced protein sequences 
from the candidate phylum Aigarchaeota. Scale bar represents the substitutions per site 
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Cofactor, Vitamin, and Amino Acid Biosynthesis 
 

Pathways responsible for the synthesis of all amino acids, F420, pantothenate (B5), 

pyroxidine (B6), and cobalamin salvage were identified in C. aerorheumensis (Table 4.5). 

Based on available sequence data, C. aerorheumensis cannot synthesize heme, thiamin, 

riboflavin, niacin, and biotin; however, putative transporters were identified for these 

essential cofactors and vitamins (Table 4.5). The absence of vitamin and cofactor 

biosynthesis pathways appears common within this group of archaea (Table 4.6); 

however, there are only several complete genomes available for this candidate phylum. 

The absence of heme biosynthetic genes in C. aerorheumensis and single-cell genomes 

from the Aigarchaeota (Table 4.6) is surprising because heme is the essential cofactor for 

oxygen binding in heme copper [terminal] oxidases, and these genes were highly 

transcribed (Fig. 4.7). The putative heme transporter was found at low transcriptional 

abundance (Fig. 4.7), which might suggest strict heme recycling in vivo, as high 

intracellular heme concentrations are often hazardous and/or lethal (Anzaldi and Skaar, 

2010). Low transcription levels of transporters for other cofactors and vitamins (Fig. 4.7; 

except for thiamin and niacin) suggests conservative in vivo control of vitamin and 

cofactor recycling. Widespread auxotrophy in all known members of Aigarchaeota 

(Table 4.6) suggest that they rely on other community members to supply them with 

essential compounds for growth and reproduction. The energetic cost of maintaining 

complete vitamin and cofactor biosynthesis pathways may have outweighed the cost of 

acquiring them from external sources (Giovannoni et al., 2005). Calditenuis 

aerorheumensis encodes the capacity for natural DNA competence (dprA) also present in 
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some Thermoproteales (Siebers et al., 2011), and may be able to re-acquire complete 

cofactor and biosynthesis pathways under selection pressure. 

 
Table 4.5. Amino acid, cofactor, and vitamin biosynthesis in Calditenuis aerorheumensis. 

 

 
Motility and Attachment 
 

Archaeal flagella are more similar to type IV secretion systems found in bacteria 

and have nothing in common with bacterial flagella other than the use for motion or taxis 

(Jarrell and Albers, 2012). All genes within an operon for an archaeal flagellum were 

found in C. aerorheumensis (_00011 - _00018), and were transcribed at low levels (Fig. 

4.7; RPKM < 1,500). Flagellar synthesis may be more important during streamer 

formation and could explain the down-regulation of these genes in this ‘mature’ 

community. A pilus system (_01412 - _01414) was also identified in C. aerorheumensis. 

All pilus genes were highly transcribed (Fig. 4.7; RPKM > 150,000) and may be involved 

in cell-cell contact and association with other community members with C. 

aerorheumensis identified in FISH images (Fig. 4.3a, b). The pilus system in C. 
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aerorheumensis may be involved in the formation of extracellular polymeric substances 

(EPS), which are abundant and represent a substantial fraction of the community biomass 

(Fig. 4.3e, f). Pili have been identified in other archaea as well, and are involved in cell-

cell adherence and/or biofilm formation (Albers et al., 2011). 

 
Table 4.6. Amino acid, cofactor, and vitamin auxotrophy in all Aigarchaeota de novo 
assemblies and single amplified genomes (n=16). 

 

-, prototroph 
+, auxotroph 
T, transporter 
NT, novel transporter 
S, salvage pathway 
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Etymology 
 

The provisional taxonomic assignment for this group of Aigarchaeota is 

‘Candidatus: Calditenuis aerorheumensis’ alluding to its thermal habitat, filamentous 

shape, and aerobic catabolism. 

Calditenuis gen. nov. 

Calditenuis aerorheumensis sp. nov. 

Genus: Caldi  (L. adj.): warm, tenuis (L. adj.): thin or slender. Species: aero (Gr. noun): 

air or atmosphere, rheumensis (Gr. noun); a stream, current, or that which flows. The 

Genus name describes the organism’s thermophilic nature and thin, filamentous shape. 

The species name alludes to the organism’s principal terminal electron acceptor, oxygen 

and filamentous “streamer” habitat. 

 Locality: oxic (~ 30 µM), high-temperature (~ 75 – 85 °C), and pH ~ 7.5 – 8.5 

thermal springs. 

Diagnosis: a thin, filamentous, aerobic chemoorganohetero(auto)troph from the 

Aigarchaeota. 

Comment: Future efforts to isolate members of this genus and all other 

Aigarchaeota (with the exception of aigarchaeon J15) might consider adding 

heme to vitamin solutions, which is not common in Wolfe’s vitamin solution 

(Wolin et al., 1963) typically used in archaeal enrichment cultures. Moreover, C. 

aerorheumensis is likely oligotrophic and may not respond to high concentrations 

of C sources and/or vitamins. 
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CHAPTER 5 
 
 

CONCLUSIONS AND FUTURE DIRECTIONS 
 
 

 Newly described members of the phylum Thaumarchaeota inhabit high-

temperature, acidic, iron and sulfur rich geothermal springs in Yellowstone National Park 

(YNP). Two specific population types were identified that may be responsible for the 

degradation of organic carbon, coupled to the reduction of oxygen in iron oxide mats and 

elemental sulfur in hypoxic sediments. Characterization of the different respiratory 

complexes is necessary for describing the realized niche of these thaumarchaea. 

Furthermore, phylogenetic analysis of heme copper oxidase complexes in 

Thaumarchaeota that inhabit oxic iron mats might provide an evolutionary link between 

thermophilic and mesophilic thaumarchaea and has implications for the importance of 

oxygen respiration in the domain Archaea. 

The Type III ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) genes 

discovered in Thaumarchaeota from iron oxide and sulfur mats are of particular interest 

due to their potential role in the fixation of inorganic carbon (i.e., CO2). Ongoing meta- 

transcriptome and proteome analysis from iron and sulfur geothermal springs will 

provide evidence of the transcription of these genes in the environment. However, 

enzymatic characterization by cloning and overexpression of Type III RubisCOs from 

these Thaumarchaeota will be necessary to elucidate the CO2 fixation mechanism in these 

organisms and potentially aid in the interpretation of the evolution of RubisCO in other 

microorganisms and eukaryotes (e.g., land plants). Future efforts should be directed at 
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cultivating representatives of the novel YNP thaumarchaeal lineages (i.e., Groups I.1d, 

I.1e, and I.1f). Several ammonia-oxidizing organisms in the Thaumarchaeota have been 

isolated and are available for study; however, there are currently no thaumarchaeal 

isolates that are relevant to hot spring ecosystems of YNP. Consequently, the consensus 

genome sequence obtained for these organisms from metagenome sequencing provides 

an avenue for further study using other -omic technologies including proteomics and 

transcriptomics.  

Successional dynamics of iron oxide mat communities in two acidic geothermal 

springs revealed early colonization of chemolithoautotrophs, which is followed by 

secondary colonization of heterotrophic archaea. Hydrogenobaculum spp. (bacterial order 

Aquificales) were very important and abundant during the early stages of mat 

development (< 7 days), and are likely a principal primary producer in iron oxide mat 

ecosystems. Populations of Metallosphaera yellowstonensis are also very important early 

colonizers and are the primary architects of the iron oxide mat, accreting copious 

amounts of Fe(III)-oxides. Interactions between populations of Hydrogenobaculum and 

M. yellowstonensis may dictate the rate at which iron oxide microbial mats form. 

Specifically, native populations of M. yellowstonensis may be auxotrophic for vitamins 

important to CO2 fixation and Hydrogenobaculum spp. might provide these to M. 

yellowstonensis, which is potentially important to the growth and reproduction of these 

archaea in situ. Fluorescence-based metabolite tracking (i.e., Click chemistry) to M. 

yellowstonensis could confirm the importance of resource sharing in the natural 

ecosystem. 
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High-resolution analysis of stable 13C isotopes using nanoscale Secondary Ion 

Mass Spectrometry relative to native dissolved inorganic carbon combined with 

fluorescence in situ hybridization would be useful for verifying the importance of CO2 

fixation in individuals and populations of Hydrogenobaculum and M. yellowstonensis in 

early mat development. Concurrent metaproteomics and metatranscriptomic analysis will 

confirm the activity of CO2 fixation genes in these populations in situ. Culture-based 

efforts of heterotrophic archaea important in late mat succession could be directed using 

Hydrogenobaculum and M. yellowstonensis biomass (killed controls) as carbon and 

electron sources. M. yellowstonensis should be grown in the presence of inactivated 

Hydrogenobaculum spp. to determine if their presence accelerates the rate of iron oxide 

accretion through the nucleation of Fe(III)-oxide phases on external cell walls, and which 

may be a common attribute among members of the Aquificales. The succession of a 

predominantly chemolithoautotrophic community to a heterotrophic community at later 

time points is applicable to other chemotrophic hot spring ecosystems. 

Novel populations of Aigarchaeota occupy high-temperature, alkaline streamer 

communities and also couple the oxidation of organic carbon compounds to oxygen 

reduction in situ. Activity-based measurements (i.e., metatranscriptomics) of Candidatus 

‘Calditenuis aerorheumensis’ revealed potential interactions with Thermocrinis spp. 

(Aquificales), which were identified in close proximity using fluorescence in situ 

hybridization probes. Organic carbon donors may come from locally occurring 

extracellular polymeric substances (EPS) produced by other microorganisms and/or 

dissolved organic carbon. Characterization of EPS material is of upmost importance in 
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this streamer ecosystem, and will likely reveal sources of organic carbon important to 

populations of C. aerorheumensis. 

The absence of vitamin and cofactor biosynthesis pathways in C. aerorheumensis 

suggests that this population of Aigarchaeota acquires these metabolites from other 

microorganisms. Specifically, heme biosynthesis genes were not identified in C. 

aerorheumensis, and heme is necessary for the respiration on oxygen using heme copper 

oxidases. A novel heme transporter was identified and future work using fluorescently 

tagged heme to identify this transporter is of high interest. Auxotrophic requirements for 

heme and other cofactors is potentially widespread in members of the Aigarchaeota, and 

has important implications for interactions and coevolution with other community 

members (e.g., Thermocrinis spp.). 

 
Final Statement 

 
 

 The evolution of interactions in microbial communities is of primary importance 

in all ecosystems on Earth. Microbial interactions important in community assembly 

represent higher-order properties that are applicable in disparate microbial habitats. 

Moreover, similar microbial populations may interact with a variety of different types of 

organisms in various habitats, establishing important mechanisms of ecosystem fitness 

and resilience to environmental perturbations. An important higher-order property of 

thermal communities studied here is the interaction of archaeal populations with 

members of the bacterial order Aquificales across both acidic and alkaline geothermal 
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springs (Yellowstone National Park). The concentration and flux of oxygen is also an 

important key environmental state variable in the distribution of aerobic archaea. 
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Summary 
 
 

 The distribution of novel Thaumarchaeota (Chapter 2 of this thesis) was studied in 

physicochemically diverse geothermal springs, pools, and geysers of YNP using 16S 

rRNA gene sequence data concurrently abundance data form random shotgun 

metagenome sequence. The goal of this study was to identify key environmental 

variables that result in the distribution of different groups of Thaumarchaeota in 

geochemically and geographically diverse hot spring environments. Group I.1d 

Thaumarcheaota exclusively inhabit moderate temperature (~ 50 – 68 °C) oxic iron oxide 

mat ecosystems in acidic geothermal springs, which is consistent with the presence of 

heme copper oxidase complexes and lack of reverse gyrase enzymes in this group. 

Conversely, Group I.1e Thaumarchaeota are found in high sulfide elemental sulfur 

sediments and iron oxide mats at higher temperatures (~ 68 – 80 °C) in acidic geothermal 

springs, which is supported by the presence of genes involved in sulfur reduction, 

microaerobic oxygen respiration (e.g., bd-like ubiquinol oxidases), and reverse gyrases. 

Group I.1f thaumarchaea were identified in higher pH sulfur sediments that also have 

high levels of dissolved sulfide. Temperature, pH, and the presence and absence (e.g., 

high dissolved sulfide) of oxygen results in the distribution of different novel 

thaumarchaeal groups, and is reflected in their metabolic and genomic attributes (i.e., 

oxic versus hypoxic respiration). 
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Figure A.1. Detailed 16S rRNA gene phylogeny of major novel thaumarchaeal clades 
from disparate geothermal habitats in YNP. Numbers at the nodes represent maximum 
likelihood bootstrap values calculated from 100 replications. Scale bar represents the 
number of nucleotide substitutions per site.   
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Figure A.2. Major thaumarchaeal clades (Fig. A.1) clustering based on phylogenetic 
distance of 16S rRNA gene by Principal Coordinate Analysis of the unweighted UniFrac 
metric matrix. AOA = ammonia-oxidizing archaea from the Thaumarchaeota. ThAOA = 
thermophilic ammonia-oxidizing archaea from the Thaumarchaeota.  
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APPENDIX B 
 
 

IRON OXIDE ACCRETION RATES ON VARIOUS SUBSTRATES 
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Figure A.3. Effect of substrate on the accretion of iron oxides in situ at Beowulf Springs 
after 13 days of incubation (November 6, 2013). Glass, borosilicate glass; PEEK, 
polyether ether ketone; Ti, titanium; PP, polypropylene; PC, polycarbonate; PTFE, 
polytetrafluoroethylene; UMHW, ultra-high-molecular-weight polyethylene. 
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Introduction 
 
 

I had the opportunity to attend the 14th International Symposium on Microbial 

Ecology (ISME) Conference in Copenhagen, Denmark in August of 2012, through 

IGERT funds. I presented a research poster entitled “The distribution and ecophysiology 

of novel thermophilic, non-ammonia oxidizing thaumarchaea in Yellowstone National 

Park” under the section Archaea: Important players in diverse microbial ecosystems, 

which was subsequently published in the ISME Journal (Beam et al., 2014). I 

encountered some excellent attention and questions about my poster from some of the 

leading researchers who focus on the Thaumarchaeota. I had a great discussion with Prof. 

Dr. Michael Wagner from the University of Vienna, and he invited me to visit his 

research group to help identify these novel thaumarchaea utilizing fluorescence in situ 

hybridization probes. I was familiar with FISH and had attempted it on my own in the 

laboratory with little to nothing to show, besides failure after failure. FISH is an 

important tool in microbial ecology and when it is combined with other data (for 

example, genomic data) they complement each other. So, when Dr. Wagner invited me to 

visit Vienna and learn FISH from some of the best researchers in the world, I decided to 

take advantage of this excellent opportunity. I choose to visit Dr. Wagner’s group for 6 

weeks, although I could have visited for longer, I was unable to be gone overseas for an 

extended period of time due to family health issues. I spoke with Dr. Wagner about the 

duration that I would be able to visit and conduct research and he agreed that 6 weeks 

would be sufficient time to learn the technique and also acquire some data related to my 

samples of interest. 
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Introduction and Objectives of Internship 
 
 

Microbial communities are among the most complex ecosystems on our planet 

and recent technological and computational advances have allowed researchers to begin 

to understand ecological interactions occurring in natural microbial consortia. 

Fluorescence in situ hybridization (FISH) is one important tool in microbial ecology that 

was developed in the late 1980s by DeLong and colleagues (DeLong et al., 1989). FISH 

takes advantage of the phylogenetic conservation of 16S rRNA in microbial taxa, which 

combines a fluorescent probe targeting 16S rRNA, thus providing morphological 

identification to a particular taxon of interest. FISH is not only a powerful molecular tool 

for identifying microbial morphologies; it also alludes to spatial organization in biofilms, 

potential cell-cell interactions, metabolic state (when combined with secondary ion mass 

spectrometry), and other ecological information. It is important to utilize FISH when 

studying any microbial ecosystem because it will provide a deeper understanding of the 

community rather than relying on a single technique (for example, 16S rRNA gene clone 

library). 

Microbial ecosystems that occur in acidic geothermal spring outflow channels in 

Yellowstone National Park (YNP), WY, USA contain numerous representatives from the 

domains Archaea and Bacteria (Kozubal et al., 2012). Recent metagenome sequencing 

from thermophilic iron oxide and elemental sulfur-dominated microbial communities (for 

example, Fig. 1a & 1b) revealed numerous novel taxa from the domain Archaea (Inskeep 

et al., 2010; 2013). The metabolic potential of these archaea was recently described 

(Kozubal et al., 2012; Jay et al., 2014; Beam et al., 2014); however, only a rudimentary 
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understanding of their potential ecology and morphology could be deduced from their 

genomes. These thermophilic archaeal taxa represent excellent targets for FISH probes 

because they are only represented by genome sequences. Ultimately, FISH probes will be 

designed for all of these new archaeal taxa but I  

 

 

Figure A.4. Photographs (a, b) of iron oxyhydroxide microbial mats at Beowulf Spring 
(a) and elemental sulfur sediments at Dragon Spring (b). Arrows indicate approximate 
samples locations used for geochemical and metagenome analysis (scale bar=20 cm) 
(reproduced from Beam et al., 2014). 
 
 
choose to design probes first for novel members of the phylum, Thaumarchaeota, because 

this phylogenetic group is directly related to my doctoral thesis (see Beam et al., 2014). 

Moreover, Dr. Wagner’s research group has done extensive work on the Thaumarchaeota 

and this was the main reason he was initially attracted to my research project. 

The core scientific objective was to develop FISH probes to identify the 

morphology of two novel thaumarchaeal populations from an iron oxide and elemental 

sulfur community in YNP (Fig. 1). Although this is a highly simplified objective, it 
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contains multiple layers (see below) and is advantageous over learning FISH with 

previously designed probes because it begins with the process of probe design and 

testing, which is otherwise not usually learned, unless necessary, as is this case here. A 

“starting from scratch” approach takes one through all the trials and tribulations that are 

encountered in FISH probe development. I believe that this is highly important to my 

scientific advancement and training as sometimes these steps or processes are hidden in 

the literature and often under emphasized in scientific training programs. The specific 

scientific objectives were to: 

 

A. Design 16S rRNA FISH probes for thaumarchaeal populations that inhabit acidic 

geothermal environments in YNP. 

 

B. Test 16S rRNA FISH probes in silico using 16S rRNA secondary structure from 

Metallosphaera sedula (Behrens et al., 2003). This objective directly relates to the above 

objective. 

 

C. Determine optimal FISH probe hybridization conditions using Clone-FISH (Schramm 

et al., 2002). 

 

D. Evaluate optimal cell fixation procedures for iron oxide microbial mat and sulfur 

sediment communities (Fig. 1). 

 
E. Develop a working FISH protocol that works well for iron oxide microbial mat (Fig. 
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1a) and sulfur sediment communities (Fig. 1b) so that it can be routinely applied to 

samples. 

The opportunity to conduct research with an international collaborator was 

invaluable as an early career scientist. It is not a privilege that many graduate students 

have on our campus or campuses around the country. The most important professional 

development objective I had was to be able to communicate ideas and research design 

with international collaborators. I had the chance to present a general overview of my 

research project with Dr. Wagner’s laboratory group and also at the end of my internship 

I presented my findings and research to the entire Division of Microbial Ecology at the 

University of Vienna. 

 
Research Design 

 
 

An alignment of archaeal 16S rRNA genes were constructed that included 

numerous clones generated by our laboratory over the past ten years, which were 

previously identified to belong to the phylum Thaumarchaeota (Inskeep et al., 2010; 

Kozubal et al., 2012; Beam et al., 2014). Candidate probes were created by manually 

searching the alignments to identify conserved oligonucleotide regions that were not 

similar to any other archaeal taxa. Three regions were identified and probes were 

designed (Table 1) that were specific for three different thaumarchaeal groups (Figure 2). 

Previously published “general” probes were also used that target all bacteria (EUB338), 

all archaea (ARCH915), and all members of the thermophilic bacterial order, Aquificales 

(AQI338) (Table 1). Probes that are not complementary to any known 16S rRNA 
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(nonsense probes) were used to determine non-specific binding to 16S rRNA targets or 

extracellular material (Table A.1). Probes were labeled with one of three fluorescent 

molecules depending on the specific application. Before the thaumarchaeal-specific 

probes were  

 
Table A.1. Fluorescence in situ hybridization probes used in this study. 

 

 
used on fixed hot spring samples (see below), Clone-FISH (Schramm et al., 2002) was 

conducted to determine optimal hybridization conditions. Hot spring sediment samples 

(Figure 1) were fixed in the field with either 1% paraformaldehyde (final concentration) 

or 100% ethanol. Fixed samples were stored in a 1:1 solution of ethanol and 1 X 

phosphate buffered saline (PBS) until hybridization. Samples (~20 µL) were spotted and 

allowed to dry onto glass microscope slides with 6 mm stamped wells. Once dry, the 

slide containing the samples was dehydrated in an increasing ethanol series (3 minutes 

each, 50%, 80%, 100%) and allowed to air dry. Optimal hybridization conditions 

(determined by Clone-FISH) were used for each specific FISH probe and hybridized for 

1.5 hours at 46 °C. Excess probe was removed by incubating the entire slide in wash 

buffer for exactly 10 minutes at 48 °C. Samples were visualized and images were 

captured on Leica TCS SP8 confocal laser scanning microscope (CLSM). 
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Figure A.5. Maximum likelihood 16S rRNA gene phylogenetic tree of the phylum 
Thaumarchaeota showing the targets of the designed FISH probes in Table 1 (reproduced 
from Beam et al., 2014). 
 
 

Although the morphology of these novel Thaumarchaeota is unknown, predictions 

can be made from their genomes and from other members of this phylum. The only other 

described thermophilic thaumarchaeal representatives, Nitrososphaera gargensis and 
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Nitrosocaldus yellowstonii, are both spherical (cocci) in shape, whereas thaumarchaea 

from marine environments are mostly small rods. The genomes from the Beowulf and 

Dragon thaumarchaea suggest a coccus-like morphology, as genes indicative of rod-

shaped morphologies (for example, actin) in archaea were absent (Beam et al., 2014). 

The initial hypothesis was that both of these thermophilic thaumarchaea were likely 

cocci. 

 
Materials and Methods 

 
 

Probe Design 
 

A detailed alignment of thaumarchaeal 16S rRNA genes was generated using the 

ClustalW 1.6 program as in Beam et al. (2014). This alignment contained numerous 

clones produced by our laboratory over the past 10 years that were related to the 

Thaumarchaeota (see Figure 2). Alignments were manually screened for conserved 

oligonucleotide regions that might serve as regions for candidate FISH probes. Candidate 

regions were searched against the NCBI non-redundant nucleotide database to ensure that 

probes had no homology to any other known archaeal 16S rRNA. A total of 4 probes 

were designed (Table 1) that were specific to most of the major thaumarchaeal clades 

(Figure 2). Two probes were designed for Group I.1e because this clade was too 

heterogeneous, which precluded one probe that would work on all members of this group. 

These probes were searched against the secondary structure of Metallosphaera sedula 

16S rRNA (Behrens et al., 2003) to determine their hypothetical brightness. All probe 

sites were determined to be class III sites or higher, which suggests that there would be 
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no problems with the probes in terms of brightness. All probes were synthesized by 

Thermo Fischer Scientific (Austria) with the fluorescent dye Cy3 with 5’ and 3’ 

modifications (double labeled to increase brightness). Other probes were doubly labeled 

with either Cy5 (Arch915) or 6-FAM (AQI338, EUB338) to permit multiple 

phylogenetic cell types to be visualized in one sample. 

 
Clone-FISH 
 

DNA was extracted from Beowulf and Dragon Springs at the approximate 

physicochemical location depicted in Figure 1. Archaeal 16S rRNA genes were PCR 

amplified from these DNA extracts with universal primers Arch2Fb and UA1406R. PCR 

products were visualized on an agarose gel stained with ethidium bromide to determine 

correct product length of ~1400 base pairs. Then, PCR products were purified with the 

GenElute™ PCR Clean-Up Kit (Sigma-Aldrich Co. LLC) and ligated into pCR-2.1® 

TOPO® cloning vector (Life Technologies Co., Carlsbad, CA). Plasmids were then 

transformed into OneShot® Competent Escherichia coli by heat shock for 30 seconds at 

42 °C and were immediately returned to ice. Cells were allowed to recover by the 

addition of 250 µL SOC medium and incubation at 37 °C for 1 hour at 225 rpm. Cells 

containing transformed plasmids were selected by growing them overnight on Luria- 

Bertani (LB) agar (1.5 %) plates containing 100 µg/mL ampicillin, 0.1 mM isopropyl β-

D-1-thiogalactopyranoside (IPTG), and 60 µg/mL X-gal at 37 °C. Plasmids were 

screened by colony PCR with thaumarchaeal specific primers (Beam et al., 2014) to 

determine which colonies contained the plasmids of interest harboring thaumarchaeal 16S 

rRNA genes. Further PCR screening of the plasmids was necessary to determine proper 
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orientation for in vivo transcription and folding of 16S rRNA. This was accomplished by 

using the primers Arch2Fb in combination with the pCR-2.1® plasmid primer, M13R, and 

when the 16S rRNA gene fragment is in the proper orientation, an addition of 100 bp is 

added to the gene insert. Two colonies for each sample type (4 total) were grown 

overnight at 37 °C in 5 mL LB broth containing 100 µg/mL kanamycin. A subset of 2 mL 

from all 4 cultures was shipped overnight to the University of Vienna prior to my arrival. 

Purified plasmids were also shipped overnight on dry ice in case the cells did not survive 

shipping. Another aliquot of approximately 1 mL was stored in 50 % glycerol at -80 °C 

in case the previous shipment failed while I was abroad. E. coli cultures were grown 

overnight at 37 °C with 200 rpm shaking in 100 µg/mL kanamycin LB broth. An aliquot 

of 1-2 mL of this fresh culture was transferred into 100 mL of LB broth (100 µg/mL 

kanamycin) in a 250 mL growth flask and grown at 37 °C with 200 rpm shaking to an 

OD600 of ~0.3-0.4 (~4 hours). After this growth period, 100 µL of 170 mg/mL 

chloramphenicol was added, followed by an additional incubation as above for 4 hours to 

increase in vivo 16S rRNA transcription. A 50 mL aliquot of cells was harvested by 

centrifugation at 5,000 rpm for 5 minutes at 4 °C. The cell pellet was then fixed in 1 % 

paraformaldehyde and stored in 1:1 PBS:ethanol at -20 °C. The E. coli cells are now 

ready for FISH with thaumarchaeal specific probes. 

 
Hot Spring Sample Fixation 
 

Hot spring sediments (Figure 1) were harvested aseptically with sterile scalpels 

(iron oxide) or syringes (sulfur) and immediately placed in either 1 mL of sterile 4 % 

paraformaldehyde or 2 mL 100 % ethanol. The sample volumes were adjusted to a total 
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volume of 4 mL to achieve the desired mixture of 1 % paraformaldehyde and 1:1 ethanol 

to sample. Paraformaldehyde fixed samples were placed on ice for both 5 minutes and 3 

hours, then centrifuged (with a rope in the field) to remove the fixative and stored in 1:1 

PBS:ethanol at -20 °C (dry ice cooler). Ethanol fixed samples were immediately 

preserved at -20 °C. Samples were transported back to the laboratory and stored in a -20 

°C freezer. These samples were shipped to the University of Vienna prior to my arrival in 

a cooler containing freezer packs. 

 
Fluorescence in situ Hybridization (FISH) 
 

Fixed hot spring samples or Clone-FISH E. coli cells (20-30 µL) were pipetted 

into 6 mm wells on glass microscope slides and allowed to air dry (~15 minutes). The 

slides containing the samples were then dehydrated in an increasing ethanol series of 

50%, 70%, and 100% for 3 minutes each and air-dried. The samples air now ready for 

hybridization with specific probes. The hybridization buffer consists of 0.9 M NaCl, 0.02 

M Tris/HCl, 0.01 % SDS, and formamide at various concentrations depending on the 

probe. Formamide is important as it acts as a denaturant, for example, at low formamide 

concentrations a probe may bind to all 16S rRNA and at higher concentrations it only 

binds to the target 16S rRNA site, the desired affect. The appropriate formamide 

concentration is determined by using the target 16S rRNA probe in combination with a 

non-target 16S rRNA probe with different fluorescent labels. When the non-target probe 

ceases to bind to 16S rRNA and only the target probe is present (via fluorescent signal) at 

a given formamide concentration, the correct concentration has been found. The 

hybridization buffer was made to a volume of 1 mL in a 1.5 mL and 30 µL was pipetted 
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into wells containing sample. Then 1 µL of each probe was added from stock solutions 

that have concentrations of 30 ng/µL for Cy3 and Cy5 and 50 ng/µL for 6- FAM. The 

remainder of the hybridization buffer was poured onto a piece of non-bleached toilet 

(tissue) paper and placed into a 50 mL Falcon tube along with the horizontally positioned 

glass microscope slide (the hybridization chamber). The hybridization chamber was then 

incubated in a hybridization oven at 46 °C for 1.5 – 3 hours. While the samples are in the 

hybridization oven, wash buffer was prepared in a 50 mL Falcon tube containing 0 – 70 

% NaCl (depending on % formamide used in hybridization buffer), 0.02 M Tris/HCl, 

0.005 M EDTA (NaCl concentrations > 20 %), and to a final volume of 50 mL with 

double-distilled (dd) H2O. The wash buffer was preheated to 48 °C in a water bath. After 

the hybridization was complete, the slide was removed with tweezers and placed in the 

preheated wash buffer and incubated for 10 minutes exactly at 48 °C. The slide was then 

removed from the wash buffer, rinsed in ddH2O, and dried with compressed laboratory 

air. The slides were then counterstained with 20 µL of a 10,000 X DAPI solution, rinsed 

in ddH2O, and dried with laboratory air. Antifadent (Citifluor AF1, Citifluor Ltd., 

London, UK) was added to each sample well (1 drop from a 10 µL pipette tip) and cover 

glass was placed over the slide. The sample was now ready to be visualized on the 

CLSM. 

 
Confocal Microscopy 
 

The microscope available in the Division of Microbial Ecology was an inverted 

Leica TCS SP8 confocal laser-scanning microscope (CLSM). This microscope has all of 

the capabilities that our inverted Leica SP5 has on campus as well as numerous other 
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capabilities, such as a tunable “white light” laser, that can be tuned to any excitation 

wavelength. Samples were excited by tuning the laser to 492 nm (6-FAM), 514 nm 

(Cy3), and 649 nm (Cy5) and emitted light was collected on individual photomultiplier 

tube (PMT) channels of 520, 566, and 668 nm, respectively. Total stained biomass with 

DAPI was excited at a wavelength of 400 nm and collected on another PMT channel at 

460 nm. Before images were taken, the microscope objective was corrected for the cover 

glass (170 ± 5 µm) by changing acquisition mode to reflection, format to 512 x 512, and 

scan speed to 600 Hz. A fuzzy line appears on the live image screen, and the objective is 

manually turned to sharpen this line. This step is imperative to produce high quality 

images for publication. Images of samples/cells were taken with a 60X glycerol objective 

(total zoom 600X), line average greater than 3, frame average greater than 2, format of 

1024 x 1024 and turning off bidirectional x mode, which is used when imaging samples 

live. Image analysis was preformed using the software provided by Leica with the TCS 

SP8 CLSM. 

 
Results and Discussion 

 
 

Before attempting to utilize taxon specific probes on any of the samples, it was 

necessary to determine any nonspecific probe binding with nonEUB338 (Table 1). This 

probe is not complementary to any known 16S rRNA from all three domains. Nonsense 

probes with all three fluorescent dyes (6-FAM, Cy3, Cy5) were used to determine any 

nonspecific binding on the ethanol/paraformaldehyde (PFA) fixed biomass from the hot 

spring ecosystems (Figure 1). 6-FAM nonsense probes did not bind to any of the samples, 
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whereas Cy3 and Cy5 nonsense probes were found to bind only to ethanol fixed samples 

but not to samples fixed with PFA. This is not an uncommon situation for environmental 

samples where microorganisms produce copious amounts of extracellular polymeric 

substances (EPS). PFA is advantageous over ethanol fixation for environmental samples 

because it crosslinks proteins and other EPS constituents, rendering them inaccessible to 

bind FISH probes. This was an important finding because these hot spring biomass 

samples (Fig 1) had never been fixed for FISH before, and PFA will now be exclusively 

used to fix field biomass samples.  

The appropriate formamide concentration was determined for both of the Group 

I.1e specific probes. Clone-FISH cells containing Group I.1e thaumarchaeal 16S rRNA 

(Fig. 2) were hybridized with Cy3 labeled Drag537 or Drag706, 6-FAM labeled 

Thaum726, and Cy5 labeled Arch915 at various formamide concentrations ranging from 

0 – 70 %. Group I.1e thaumarchaeal 16S rRNA is the target for Drag537 and 706 probes 

but not Thaum726 (see Fig. 2). The 6-FAM signal (that is, the Thaum726 probe) on the 

CLSM began to fade with increasing formamide concentration and was finally absent at a 

formamide concentration of 30 %. Unfortunately, the Clone-FISH cells for the GroupI.1d 

probe failed on all attempts so this probe will not be discussed further (see Future Work 

section). 

The thaumarchaeal population from Dragon Spring (Figure 1) belonging to the 

Group I.1e Thaumarchaeota was determined to be small, 0.6 – 1 µm spherical cells 

(cocci) (Figure 3B, D). The I.1e cell types co-hybridized with the universal archaeal 

probe Arch915 as well (Figure 3C), which is confirmatory, as these cells are archaea. Not 
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all of the archaeal cells (Figure 3C) from Dragon Spring were hybridized with Drag537. 

It would have been unusual if all of the archaeal cocci hybridized with Drag537 because 

other archaeal taxa with similar morphologies inhabit Dragon Spring (for example, see 

Boyd et al., 2007). This finding also confirmed the specificity of the Drag537 probe to 

Group I.1e Thaumarchaeota. 

  

 

Figure A.6. Fluorescence in situ hybridization (25 % formamide) of paraformaldehyde (1 
% final concentration) fixed elemental sulfur biomass (Fig. 1b) from Dragon Spring with 
probes for A. AQI338- FAM targeting Aquificales (green), B. Drag537-Cy3 (DOPE) 
targeting ~50 % of Group I.1e Thaumarchaeota (red), C. Arch915-Cy5 targeting all 
archaea (blue), and D. composite overlay image from all channels. Arrows in B. & D. 
represent positive identification of Group I.1e Thaumarchaeota in Dragon Spring (i.e., 
were simultaneously hybridized with Drag537 and Arch915. Realistic cellular diameter 
ranges from 0.6-1 µm (most likely ~800 nm due to dehydration and fixation affects on 
cellular structure). 
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Images were acquired from ~20 random fields to determine a relative abundance 

estimate of Group I.1e Thaumarchaeota in Dragon Spring. The relative abundance was 

determined to be 20- 30 % of the total stained microbial cells from Dragon Spring. This 

estimate is fairly close to the relative abundance of 22.5 % determined by the total 

number of reads >95 % identical to I.1e Thaumarchaeota from the Dragon Spring 

metagenome (Beam et al., 2014). These are only relative abundance estimates and could 

have underestimated other taxa abundances due to low 16S rRNA content. Absolute 

abundances can only be determined by using catalyzed reporter deposition (CARD)-

FISH, which amplifies probe signals from organisms that have low 16S rRNA in 

ribosomes. Thus, although an overestimation of I.1e Thaumarchaeota from these FISH 

counts is possible, the metagenome sequence reads and FISH counts bracket a range of 

abundance of 20 – 30 %. 

Hydrogenobaculum spp. are the only [abundant] bacterial species in Dragon and 

Beowulf Springs. Fortunately, a universal probe was already designed that targets this 

phylogenetic group, AQI338 (Kubo et al., 2011). 6-FAM labeled AQI338 hybridized to 

2-5 µm rod-shaped cells in Dragon Spring (Figure 3A, D), which is consistent with 

morphologies observed in the order Aquificales (Reysenbach et al., 2005). 

Hydrogenobaculum spp. that inhabit Beowulf Spring iron oxide mats (Fig. 1a) displayed 

on average a filamentous morphology and single rods were also observed (Fig. 4). These 

filaments reached lengths of up to 100 µm and are potentially even longer given that 

these filaments could have been disrupted during sampling. These filaments are very 

interesting and future work on them will be discussed below as well as other future work 
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with other hot spring ecosystems. 

 

 

Figure A.7. Fluorescence in situ hybridization (40 % formamide) of paraformaldehyde (1 
% final concentration) fixed iron oxide biomass from Beowulf Spring with probes for A. 
AQI338-FAM targeting Aquificales (green), B. DAPI stained total biomass (blue), C. 
composite overlay image from all channels. 
 
 

Conclusions and Future Work 
 
 

This is the first report of the morphology of Group I.1e Thaumarchaeota using a 

newly designed FISH probe that targets this novel group of archaea. They are small, ~800 

nm cocci that occur as single cells, although they might naturally as aggregates, which 

would likely have been disrupted by sampling and fixation. This is a major step forward 

towards understanding the ecology of this thaumarchaeal group in hot spring ecosystems. 

The small size of Group I.1e organisms may provide them with an ecological advantage 

to nutrients over other microbial thermophiles. It would be interesting if the spatial 

organization of these cells could be preserved and more than likely Group I.1e 

thaumarchaea are involved in interactions with other organisms in these ecosystems (for 

example, Hydrogenobaculum spp.). Although Group I.1d thaumarchaea were not 
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identified in this report, the entire Clone-FISH process will be repeated so these 

organisms can be identified with their respective FISH probe. These organisms are also 

likely small cocci, like their thermophilic thaumarchaeal relatives. Identifying the 

morphology of Group I.1d thaumarchaea is also important to understanding the ecology 

of these thermophiles. 

Multiple other aspects of my PhD thesis will benefit immensely from the 

utilization of FISH. My last thesis chapter involves characterizing the successional 

development of iron oxide biofilm communities in acidic hot spring outflow channels, 

like those found in Beowulf Spring (Figure 1a). Biofilms are grown on glass microscope 

slides and analyzed for total iron and community DNA is extracted for 16S rRNA gene 

analysis. FISH probes will be used on some of these glass microscope slides targeting 

Hydrogenobaculum and Metallosphaera spp. (an iron-oxidizing archaeon) to determine 

whether they are early colonizers. The FISH data combined with the 16S rRNA gene 

abundance data provides more support for the early succession hypothesis, than either of 

the methods utilized on their own. FISH probes will also be used to determine the spatial 

organization of microbial cells in iron oxide biofilms by thin sectioning. These biofilm 

communities exhibit pronounced gradients in dissolved oxygen (DO) and initial 

molecular data suggested niche portioning of Metallosphaera spp. related to the 

differences in DO (Bernstein et al., 2013). FISH data will also support the molecular data 

here and also begin to provide insight into microenvironments that exist within microbial 

biofilms in hot spring ecosystems.  

This research project began with a simple objective and from that other 
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hypotheses have been formulated that make use of FISH in an informative way. Learning 

this technique from some of the leading experts in microbial ecology will allow me to 

apply FISH to my current and future studies on microbial ecosystems. Currently, 

applying FISH to the ecological succession of thermophilic microbial communities is of 

great importance in understanding the early colonization of microbes to “new” habitats 

(that is, glass slides). Determining spatial distribution of microbes is of immense interest 

in microbial ecology. Utilizing FISH to describe microbial distributions on in situ 

incubated glass slides in iron oxide ecosystems (Fig. 1a) has the possibility to visualize 

naturally occurring interactions between species and their environment. The over-arching 

implications produced by FISH data applied to these thermophilic microbial ecosystems 

(for example, Fig. 1) will undoubtedly reveal new and exciting findings that will be 

valuable to the growing field of microbial ecology. 

 
Personal and Professional Development Impact 

 
I am extremely grateful that I had the opportunity to study and conduct a research 

project abroad in an international lab. I had traveled to Europe before but not alone or for 

a period of time greater than a week. At first I was intimidated to go out, or even go to the 

grocery store because my German (especially Austrian German) was not very good (even 

though I knew everyone speaks English very well in Austria). Over time, I became more 

relaxed and familiar with my surroundings and also with the people. I befriended quite a 

few people working indifferent laboratories in the Division of Microbial Ecology, and 

regularly played indoor soccer with them on Monday after work. This was a once in 
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lifetime experience to grow as a person, professional and was extremely lucky to have 

had this opportunity. 

The professional development I gained while conducting research abroad was 

nothing short of exponential growth. As stated before, one of the most important impacts 

this internship had was the opportunity to communicate my research with international 

collaborators in various settings, from small to large groups. I not only interacted with my 

host but I also discussed ideas and hypotheses with other researchers within the 

department. I would have not otherwise ever been able to have interactions with so many 

well-respected and great researchers in the field of microbial ecology. Moreover, towards 

the end of my internship I spoke with Dr. Wagner about continuing our collaboration and 

he invited me to potentially join their group to write a paper relating to the evolution of 

the Thaumarchaeota. Although I have been busy lately, I plan to pursue the collaboration 

again very soon. There are likely things that I’m forgetting or have not yet realized their 

impact, but I’ll always remember this wonderful opportunity. 
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APPENDIX D 

SUPPLEMENTAL TABLES (ON DISC) ACCOMPANYING MRNA 

METATRANSCRIPTOME READS IN CHAPTER 4 


