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Abstract 

 Alkaline hot springs in Yellowstone National Park (YNP) provide a framework to study 

the relationship between photoautotrophs and temperature. Previous work has focused on 

understanding how Cyanobacteria (oxygenic phototrophs) vary with temperature, sulfide, and pH 

– but many questions remain regarding the ecophysiology of anoxygenic photosynthesis due to 

the taxonomic and metabolic diversity of these taxa. Phototrophs within the Cyanobacteria and 

Chloroflexi groups are frequently observed in alkaline hot springs. Decades of research has 

determined that temperature constrains Cyanobacteria in alkaline hot springs, but factors that 

constrain the distribution of phototrophic Chloroflexi remain unresolved.  

 In Chapter 1, I review the key findings from Chloroflexi isolate and in situ studies in the 

two hot springs that have been the focus of decades of work in YNP. I highlight the metabolic 

and ecological diversity of characterized phototrophic Chloroflexi as it relates to nitrogen 

fixation, carbon cycling, and sulfur cycling. Additionally, I introduce how foundational studies 

have informed next generation sequencing efforts in this dissertation and in other works.  

In Chapter 2, I examined the distribution of genes involved in phototrophy, carbon 

fixation, and nitrogen fixation in eight alkaline (pH 7.3-9.4) hot spring sites near the upper 

temperature limit of photosynthesis (~71ºC) in YNP using metagenome sequencing. Based on 

genes encoding key reaction center proteins, geographic isolation plays a larger role than 

temperature in selecting for distinct phototrophic Chloroflexi while genes typically associated 

with autotrophy in anoxygenic phototrophs did not have distinct distributions with temperature. 

However, I recovered Calvin Cycle gene variants associated with Chloroflexi, an alternative 

carbon fixation pathway in anoxygenic photoautotrophs. Lastly, I recovered several abundant 

nifH (nitrogen fixation gene) sequences associated with Roseiflexus providing further evidence 

that genes involved in nitrogen fixation in Chloroflexi are more common than previously 
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assumed. Together, these results add to the body of work focused on the distribution and 

functional potential of phototrophic bacteria in Yellowstone National Park hot springs and 

support the hypothesis that a combination of abiotic and biotic factors impact the distribution of 

phototrophic bacteria in hot springs.  

 In Chapter 3, I employed a combination of 16S rRNA gene sequencing and inorganic 

carbon photoassimilation microcosms, to test the hypothesis that temperature would constrain the 

activity and composition of phototrophic Cyanobacteria and Chloroflexi. I expected diversity and 

rates of photoassimilation to decrease with increasing temperature. I report 16S rRNA amplicon 

sequencing along with carbon isotope signatures and photoassimilation from 45-72ºC in two 

alkaline hot springs. I found that Roseiflexus, Chloroflexus (Chloroflexi) and Leptococcus 

(Cyanobacteria) operational taxonomic units (OTUs) have distinct distributions with temperature. 

This distribution suggests that, like phototrophic Cyanobacteria, temperature selects for specific 

phototrophic Chloroflexi taxa. The richness of phototrophic Cyanobacteria decreased with 

increasing temperature along with a decrease in oxygenic photosynthesis, whereas Chloroflexi 

richness and rates of anoxygenic photosynthesis did not decrease with increasing temperature, 

even as temperatures approaches the upper limit of photosynthesis (~72 - 73ºC). Our carbon 

isotopic data suggest an increasing prevalence of 3-hydroxypropionate bicycle (3-HPB) with 

decreasing temperature coincident with photoautotrophic Chloroflexi. Together these results 

indicate temperature plays a role in defining the niche space of phototrophic Chloroflexi (as has 

been observed for Cyanobacteria), but other factors such as morphology, geochemistry, or 

metabolic diversity of Chloroflexi, in addition to temperature, could determine the niche space of 

this highly versatile group. 

Finally, in Chapter 4, I build on the work in Rabbit Creek from Chapter 3 by conducting 

a phylogenomic and pangenome analysis of 17 Chloroflexales metagenome assembled genomes 

(MAGs). I hypothesized that Chloroflexus and Roseiflexus would harbor unique core genomes 

and that temperature would select for certain accessory genes. I built a phylogenomic tree with 17 
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Rabbit Creek MAGs and 15 NCBI isolate genomes and found that the Rabbit Creek MAGs 

represent genera with characterized isolates as well as novel taxa. I examined the functional 

potential of Roseiflexus and Chloroflexus MAGs and found that Roseiflexus core genomes were 

depleted in both 3-HPB and sulfide oxidation functions while Chloroflexus core genomes 

contained sulfide:quinone oxidoreductases (SQRs) and several steps in the 3-HPB. Furthermore, I 

found both Roseiflexus and Chloroflexus core genomes contained genes for carbon assimilation 

and storage, suggesting this is an integral function for Chloroflexi in the Rabbit Creek ecosystem.  

Lastly, I recovered several MAGs that did not align with reference genomes but contained genes 

for type-II reaction centers and thiosulfate oxidation. Additionally, the unclassified MAGs were 

more like other Rabbit Creek MAGs. This work builds on the body of work in phototrophic 

Chloroflexi in alkaline hot springs and further constrains the role of Chloroflexi in carbon and 

sulfur cycling.  
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Chapter 1: Ecophysiology of phototrophic Chloroflexi in Yellowstone National 

Park alkaline hot springs: from isolates to metagenomes 
 
Introduction 

 In Thomas Brock’s seminal work Life at High Temperatures published in 1967, he 

highlighted the novelty of hot springs as ideal study sites to ask a range of ecological questions 

regarding environmental constraints on microbial life (Brock 1967).  Hot springs vary in several 

biologically relevant parameters; namely, temperature, pH, silica, sulfide, and several other 

redox-active compounds (Neugebauer 1988). The chemical and physical variation in hot springs 

often occurs in single outflow channels, creating a suitable environment to test basic ecological 

questions in situ. Temperature, specifically, is known to control several metabolic processes 

across all kingdoms of life (Haynes 1964; Brock 1967).  With this in mind, and in collaboration 

with Richard Castenholz, Katherine Middleton-Brock and others, Thomas Brock recorded several 

observations of bacteria in alkaline hot springs in Yellowstone National Park (YNP). They noted 

the division of “photosynthetic procaryotes” and “photosynthetic algae” along temperature 

gradients in YNP and the prevalence of “Flexibacteria” throughout alkaline hot springs 

(Castenholz 1978; Tansey and Brock 1972; Bauld and Brock 1973). These are some of the first 

accounts by microbial ecologists on record to set the upper temperature limit for photosynthetic 

bacteria at 75ºC, which resulted in decades of research investigating microbial life near the upper 

temperature limit of photosynthesis.  

Early observational studies are the foundation for research on photosynthesis in YNP hot 

springs, which is of great importance to Earth’s history. Broadly, chlorophyll-based phototrophy 

is the conversion of light energy into chemical energy by specialized, light-harvesting complexes 

found only in phototrophic bacteria, algae, and plants. Moreover, photosynthesis (or 

photoautotrophy) is the process of harvesting light energy from the sun to fix carbon into 

biomass. Early observational studies in YNP focused on phototrophic “blue-green algae” 
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(Cyanobacteria), an oxygenic photoautotrophic clade (Madigan and Brock 1977). Cyanobacteria 

are a critical piece to the evolutionary puzzle of life on Earth because ancient oxygenic 

photoautotrophs are responsible for the Great Oxidation Event (GOE) ~2.2 billion years ago 

(Gumsley et al. 2017). Early photoautotrophs evolved to use energy from the sun to harvest 

electrons from water for carbon fixation (oxygenic photosynthesis), resulting in an oxygenated 

atmosphere and more bioavailable carbon. Today, phototrophic bacteria in hot springs are studied 

to inform evolutionary and ecological questions regarding life during the GOE. Photoautotrophic 

Cyanobacteria are abundant in alkaline hot springs throughout YNP and have been meticulously 

studied in Mushroom Spring, Octopus Spring, and White Creek for decades (reviewed in Tank et 

al. 2017); including studies that leveraged next-generation sequence (NGS) to tease apart 

transcriptional patterns of Cyanobacteria across diurnal cycles in situ (Klatt et al. 2013) and fine-

scale, vertical sampling of phototrophic microbial mats resulting in temperature-specific 

Cyanobacterial ecotypes (Becraft et al. 2011; 2015).  

Cyanobacteria have been the concentration of work in YNP hot springs for decades, but 

Brock and others have noted the co-occurrence of several non-Cyanobacterial taxa (e.g. 

“Flexibacteria”, “green non-sulfur bacteria”, “filamentous anoxygenic phototrophs” (FAPs)) in 

niches near the upper temperature limit of photosynthesis (Madigan and Brock 1975; Bauld and 

Brock 1973; Madigan and Brock 1977; Pierson and Castenholz 1974; Giovannoni et al. 1987). To 

date, all non-Cyanobacterial phototrophs in YNP hot springs are anoxygenic phototrophs (Tank et 

al. 2017). Anoxygenic phototrophs harvest electrons from sources other than water (e.g. sulfide, 

iron, hydrogen, etc.) (Giovannoni et al. 1987; Thiel et al. 2017). Today, the “Flexibacteria” 

mentioned by Brock have been identified as members of phylum Chloroflexi. Like 

Cyanobacteria, phototrophic Chloroflexi are widespread and abundant in alkaline hot springs in 

YNP (Inskeep et al. 2013a; Hamilton et al. 2019). But phototrophic Chloroflexi are much more 

metabolically and physiologically diverse than oxygenic phototrophs. For example, 

Cyanobacteria in alkaline hot springs are strict oxygenic photoautotrophs, while phototrophic 
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Chloroflexi contain phototrophic and non-phototrophic taxa (Ward et al. 2020; Manske et al. 

2005). Both phototrophic and non-phototrophic Chloroflexi are present in hot springs, but 

phototrophic Chloroflexi are much more prevalent in these systems (Hamilton et al. 2019; 

Inskeep et al. 2013). Furthermore, phototrophic Chloroflexi are not strict autotrophs: both isolate 

and in situ studies have demonstrated Chloroflexi have the capacity to live autotrophic, 

heterotrophic, or mixtrophic lifestyles (Hanada et al. 2002; 2008). Recent works have only begun 

to uncover the physiological and ecological extent of phototrophic Chloroflexi in alkaline hot 

springs, which are important to understanding the ecology and evolution of photosynthesis.  

The effect of both biotic and abiotic factors on photosynthetic bacteria is important to the 

fields of ecology, evolution, and biotechnology. A large body of research has shown that 1) the 

abundant Cyanobacteria in alkaline hot springs are Synechococcus and 2) both temperature and 

sulfide constrain Synechococcus distribution in situ (Klatt et al. 2011; Bhaya et al. 2007; Becraft 

et al. 2020; Ruff-Roberts, Kuenen, and Ward 1994). However, the factors that constrain 

phototrophic Chloroflexi in situ are not well understood given their immense metabolic diversity. 

High-performance computing compounded with advanced sequencing technology, researchers 

have begun to tease apart the breadth of photosynthesis in high temperature environments. Isolate 

studies and in situ experiments provide important insight into genetic content and physiology 

within a given environment and are crucial to fully determine the role of specific taxa in an 

ecosystem. In the present review, I aim to 1) discuss the defining characteristics of two 

Chloroflexi genera and 2) synthesize foundational work on phototrophic Chloroflexi in two well-

characterized alkaline springs. 

 

Hot spring Chloroflexi isolates 

 Prior to the development of next generation-sequence technology, Chloroflexi were 

isolated and examined in pure culture to determine putative physiology in situ. Early isolation 

studies of hot spring (>50ºC), phototrophic Chloroflexi revealed two distinct genera: Roseiflexus 
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and Chloroflexus. Both genera are widespread in alkaline hot springs with Cyanobacteria up to 

71ºC (Hanada et al. 2002a; Pierson and Castenholz 1974; Madigan and Brock 1975). Despite 

their prevalence in hot springs, there are few characterized isolates that represent only five unique 

species: Chloroflexus aggregans, Chloroflexus aurantiacus, Chloroflexus islandicus, Roseiflexus 

castenholzii, and Roseiflexus sp. (strains RS1 and RS2). Each isolate has unique characteristics, 

but all share phototrophy with a type-II reaction center as a common thread; I will describe key 

characteristics of each genus below, as determined by isolate studies and reviewed in Madigan et 

al. 2003 and Hanada et al. 2006. 

 

Chloroflexus and Roseiflexus represent two metabolically unique genera 

 Geographic isolation is an important topic in environmental microbiology because 

microorganisms are considered ‘ubiquitous’ across the globe and previous work has suggested 

that microbes do not speciate by geographic location (allopatry) (De Wit and Bouvier 2006). 

However, given the island-like nature of hot springs, recent investigations have shown that hot 

spring Cyanobacteria form distinct clades based on geographic location (Papke et al. 2003). 

Allopatry has yet to be fully explored in hot spring Chloroflexi, but both Chloroflexus and 

Roseiflexus are two genera with only a handful of characterized strains from several geographic 

locations.  

At present, all Chloroflexus isolates are from high temperature, alkaline hot springs. 

Chloroflexus aurantiacus represents the most widespread species with isolates from Hunter’s hot 

springs (Oregon), Octopus spring (Wyoming), and Hakone area springs (Japan) (Table 1-1 & 

references therein). A second species, Chloroflexus aggregans, has been isolated in two hot 

springs in Japan, but is less common in Wyoming and Oregon hot springs where C. aurantiacus 

strains were isolated. Recently, a third species of Chloroflexus was isolated from a microbial mat 

within a geyser in Iceland: Chloroflexus islandicus (strain isl-2T) (Gaisin et al. 2017), where C. 

aurantiacus have also been recovered (Skirnisdottir et al. 2000).  While C. islandicus and C. 
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aggregans strains are geographically isolated, C. aurantiacus likely represents a species that is 

not subject to allopatry, which could be constrained by future work in additional hot springs.  

Chloroflexus isolates span several geographic locations but share several characteristics. 

All Chloroflexus are anoxygenic phototrophs that utilize chlorosomes – large, light harvesting 

complexes that contain bacteriochlorophyll (bchl) a and c and allow phototrophs to thrive in low-

light environments (Thweatt, Canniffe, and Bryant 2019). Chlorosomes are thought of as a 

defining characteristic of this genus, but are also found in phototrophic green sulfur bacteria with 

type-I reaction centers (class Chlorobia) (Manske et al. 2005). All Chloroflexus isolates are 

filamentous in morphology and display gliding motility in culture; however, C. islandicus strains 

utilize pili, a trait that has not been observed in other Chloroflexus to date (Gaisin et al. 2017). 

Broadly, Chloroflexus strains are metabolically diverse given the different electron donors that 

they employ: Chloroflexus can use H2, sulfide, or thiosulfate as electron donors (Pierson and 

Castenholz 1974; Hanada et al. 1995), which is not surprising given that isolates within this genus 

were isolated from different hot springs. Finally, all Chloroflexus isolates demonstrate a wide 

temperature range for growth (Table 1-1). The type-strain, Chloroflexus aurantiacus OK-70-fl, 

can grow in up to 70ºC conditions, but all strains exhibited optimal growth at 55ºC. Bacterial 

phototrophs have carved out a niche space at high temperatures which reduces competition with 

eukaryotic phototrophs as only bacterial phototrophs persist in alkaline environments > 55ºC 

(Brock 1967). 

Carbon fixation at high temperatures is a difficult task that photoautotrophic bacteria 

have overcome in hot springs. Cyanobacteria fix carbon using the Calvin cycle, which requires 

the enzyme ribulose-1-5-bisphosphate carboxylase-oxygenase (RuBisCO)(Tabita 1999). 

RuBisCO has affinity for both O2 and CO2; therefore, Cyanobacteria in hot springs have evolved 

several mechanisms to combat oxygen assimilation, including high temperature variants of 

RuBisCO where oxygen readily diffuses out of near boiling water (Tabita et al. 2007; Miller, 

McGuirl, and Carvey 2013). While Cyanobacteria rely on one mechanism to source carbon, 
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phototrophic some Chloroflexi species have evolved to use the 3-hydroxyproprionate bicycle 

(3HPB), while others are obligate photoheterotrophs (Fuchs 2011, Theil et al. 2017). Genes for 

the Calvin cycle have been recovered in phototrophic Chloroflexi MAGs (e.g. “Candidatus 

Thermofonsia” (Ward et al. 2019) and “Candidatus Chlorohelix allophototropha” (Tsuji et al. 

2020)), and non-phototrophic (class Anaerolineaea (Ward, Cardona, and Holland-Moritz 2019)), 

but at present all phototrophic isolates contain genes for the 3HPB. The 3HPB does not have any 

known limitations in the presence of oxygen or temperature constraints (Shih, Ward, and Fischer 

2017). Photoautotrophic Chloroflexi are currently the only phototrophic group known to use this 

pathway (Fuchs 2011). Chloroflexus aurantiacus OK-7-fl, has been the workhorse for this 

discovery: the type-strain was grown autotrophically with H2 and CO2 at 55ºC in pure culture to 

elucidate the full autotrophic pathway (Zarzycki et al. 2009). Incision  

The Calvin cycle requires synthesis of two large protein complexes, the 3HPB requires 

13 enzymes to complete the full pathway (Zarzycki et al. 2009). To balance the large number of 

proteins required to fix carbon using the 3HPB, Zarzyki et al. (2009) found that C. aurantiacus 

OK-7 can deploy an incomplete or partial 3HPB to assimilate simple carbon compounds (e.g. 

succinate, glycolate, or acetate), which are often the biproducts of Cyanobacterial photosynthesis 

in situ (Bateson and Ward 1988). Additionally, C. aggregans is capable incorporating glycine for 

growth and degrading glycine dipeptides, processes that have been described as ancestral carbon 

assimilation pathways (He et al. 2015). However, C. aggregans did not assimilate simple carbon 

compounds like succinate, acetate, or citrate (S. Hanada et al. 1995). While both Chloroflexus 

species demonstrate photoautotrophic growth in isolation, assimilation of simple organic 

compounds is a notable bifurcation within the Chloroflexus. In general, several studies have 

shown that Chloroflexus can grow on inorganic media in co-culture with Cyanobacteria, 

suggesting a cross-feeding relationship that likely takes place in situ (Bhaya et al. 2007).  

Roseiflexus are the second phototrophic genus of Chloroflexi that are abundant in alkaline 

hot springs > 50ºC but are elusive in terms of cultivated and characterized isolates (Table 1-1). 
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The Roseiflexus isolates were recovered from either Nakabusa hot springs (Japan) or Octopus 

springs (Wyoming), two geographic locations where Chloroflexus isolates were found. However, 

few representative isolates limits our understanding of the biogeography of Roseiflexus. Like 

Chloroflexus, both Roseiflexus species are anoxygenic phototrophs that use type-II reaction 

centers and employ bchl a. Furthermore, Roseiflexus grow multicellular filamentous cultures and 

show gliding motility (Hanada et al. 2002). A major difference between the Roseiflexus and 

Chloroflexus is that Roseiflexus lack chlorosomes, which could affect the light regimes that they 

occupy in situ. In Cyanobacteria, temperature separates Synechococcus from other Cyanobacterial 

hot spring genera in that Synechococcus are the predominant taxa in hot springs up to 72ºC (Klatt 

et al. 2011; Hamilton et al. 2019). Similarly, Roseiflexus isolates exhibit a narrower growth 

temperature range (45-60ºC) than Chloroflexus and none of the Roseiflexus isolates were viable in 

cultures grown above 60ºC (Van Der Meer et al. 2010). Together, these results suggest that 

Roseiflexus and Chloroflexus could have different temperature niches.  

At present, the largest conundrum of Roseiflexus species is the presence of genes that 

lack clear functionality. Like Chloroflexus, Roseiflexus genomes contain genes that encode for 

carbon fixation via the 3HPB, but neither isolate has been grown in the absence of fixed carbon 

(Hanada et al. 2002, van der Meer et al. 2010). But, like the Chloroflexus, there is evidence that 

Roseiflexus can employ an incomplete 3HPB to incorporate small organic carbon molecules (Van 

Der Meer et al. 2010).  Roseiflexus genomes also contain genes that encode a molybdenum-type 

nitrogenase (nifHBDK) but are not viable in the absence of fixed nitrogen (Hanada et al. 2002, 

van der Meer et al. 2010). However, nif genes are unique to the Roseiflexus, as Chloroflexus do 

not contain genes for any form of nitrogenase. Together, this suggests nif genes serve a functional 

purpose that has yet to be discerned in Roseiflexus. Laslty, Roseiflexus failed to grow 

photoautotrophically with sulfide as an electron donor ((Satoshi Hanada et al. 2002a; Van Der 

Meer et al. 2010), but RS-1 and RS-2 strains can withstand up to 200uM sulfide in culture, which 

is typical of the mats from which they were isolated.  
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Chloroflexi in Mushroom and Octopus Spring  

A combination of isolate and in situ studies are imperative to tease apart the full 

metabolic potential of phototrophic bacteria in the context of their environment.  Photosynthetic 

bacteria have been examined in situ for decades in two nearly identical hot springs in 

Yellowstone National Park: Octopus and Mushroom springs (with a handful of studies in White 

Creek and Rabbit Creek) (reviewed in Tank et al. 2017; Thiel, Tank, and Bryant 2018). 

Mushroom and Octopus springs are two alkaline (pH 8.3-8.6) hot springs in the Lower Geyser 

Basin of YNP that are 0.5km apart. Both springs are supplied by source pools that give rise to 

discrete outflow channels with visible, thick phototrophic mats growing between 50-70ºC where 

effluent water cools. In Octopus Spring, phototrophic mats of phototrophic Chloroflexi and 

Synechococcus are visible up 70ºC near the source (D. M. Ward et al. 1998). In Mushroom 

Spring, the source produces an outflow channel where phototrophic mats are visible near 

75ºC(Klatt et al. 2011). While the Octopus Spring effluent receives bursts of source water that 

vary the channel temperature by up to 10ºC (Ferris & Ward, 1997), the temperature in Mushroom 

Spring outflows remains relatively stable (Ramsing et al. 2000). However, both siliceous springs 

are relatively stable long-term; they contain up to 270 µM sulfate, pH 8.0 to 8.4, up to 6µM 

nitrate, up to 35µM ammonium, and trace amounts of total iron (< 0.002 µM) (D. M. Ward et al. 

1998; 1994). Below, I review the major findings from in situ studies of phototrophic Chloroflexi 

in Mushroom and Octopus springs as it pertains to this dissertation; for an exhaustive review see 

Tank et al. 2017. 

The phototrophic Chloroflexi in both Mushroom and Octopus Springs represent a diverse 

subset of taxa. Prior to the advent of sequencing technology, early studies relied on bchl 

measurements to determine both the distribution and putative classification of photosynthetic 

Chloroflexi in Mushroom and Octopus Springs. Given that Cyanobacteria contain chlorophyl a 

(chl a) as primary pigments and Chloroflexales contain both bchl c and a pigments, Bauld and 
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Brock probed the thick orange and green laminated mats in Mushroom Spring. They confirmed 

green communities of Synechococcus and Chloroflexus-like bacteria overlain red-orange 

communities of unknown Chloroflexi (Bauld and Brock, 1973). Initially, the phototrophic 

Chloroflexi were thought to be Chloroflexus-like, but metatranscriptome and metagenome 

analysis revealed that the laminated mats were diverse communities of Roseiflexus, and 

Chloroflexus, among unidentified Chloroflexi (Z. Liu et al. 2011; Nübel et al. 2002). 

 Chloroflexus in Mushroom and Octopus Springs are largely Chloroflexus sp. (MS-G), a 

strain that was isolated from Mushroom Spring, or Chloroflexus aurantiacus (Theil et al. 2014). 

Both Chloroflexus 16S rRNA gene amplicons and metagenome assembled genomes (MAGs) 

from Octopus and Mushroom springs shared low (<94%) sequence similarity with Chloroflexus 

aggregans, which suggests C. aggregans is subject to geographic isolation, while other 

Chloroflexus species are not (Klatt et al. 2011; Thiel et al. 2017). Furthermore, Chloroflexus are 

highly abundant at 70ºC compared to Roseiflexus, which further supports the hypothesis that 

Chloroflexus have a higher upper temperature limit (Nübel et al. 2002; Thiel et al. 2016).   

 Roseiflexus in Mushroom and Octopus Springs are largely Roseiflexus sp. RS-1 (Van Der 

Meer et al. 2010). Few sequences in either spring shared high genome sequence similarity with 

Roseiflexus castenholzii – the isolate from Nabakusa hot springs in Japan – which supports the 

hypothesis that Roseiflexus are an allopatric genus (Nübel et al. 2002). ‘Ecotype’-level diversity, 

or closely related populations that are genetically distinct, has been meticulously studied in 

Synechococcus A and B clades (Becraft et al. 2015; 2011). Roseiflexus populations in Mushroom 

Spring likely demonstrate a similar pattern: they share nearly identical 16S rRNA gene sequences 

but varied in internal transcribed spacer (ITS) sequence (Ferris et al. 2003). Microdiversity within 

Roseiflexus has not been explored but could shed light on the environmental conditions that select 

for genetically distinct populations in situ.  

 The most abundant phototrophs are Roseiflexus and Chloroflexus, but recent work has 

uncovered novel taxa outside of these two clades. Namely, ‘Candidatus Roseilinea gracile’, a 
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putative phototroph that is most closely related to the non-phototrophic class Anaerolinea. The 

‘Ca. Roseilinea gracile’ MAGs from Mushroom and Octopus springs contain genes for type-II 

reaction center anoxygenic photosynthesis and bchl a, but not bchl c and carbon fixation 

machinery (Klatt et al 2011). Recently, a ‘Ca. Roseilinea gracile’ MAG was recovered from 

Nakabusa hot springs, where Roseiflexus castenholzii was isolated (Martinez et al. 2020), further 

pushing the geographic limits of this novel group.‘Ca. Roseilinea gracile’ represents that first 

phototrophic Chloroflexi outside of the order Chloroflexales, which warrants investigation of 

phototrophy beyond Roseiflexus and Chloroflexus.  

Future Directions 

 Cyanobacteria have been the focus of alkaline hot spring research for decades, but recent 

work suggests phototrophic Chloroflexi are highly involved in carbon and sulfur cycling in situ. 

Phototrophic Chloroflexi isolates represent two characterized genera – Roseiflexus and 

Chloroflexus – that share several common traits but vary in carbon assimilation strategies and 

temperature optima. However, few characterized isolates and ecological studies beyond Octopus 

and Mushroom springs limits our full understanding of phototrophic Chloroflexi. Furthermore, 

accumulating evidence suggests that Roseiflexus and Chloroflexus species demonstrate different 

patterns of geographic isolation, but this has yet to be explored in other areas of YNP. Lastly, in 

Octopus and Mushroom springs, metagenome sequencing resulted in novel phototrophic 

Chloroflexi beyond the two representative genera. Future work using next-generation sequencing 

technology beyond Mushroom and Octopus could further constrain the distribution of 

phototrophy, carbon fixation, and cycling of other important compounds in alkaline hot springs in 

YNP.  
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Main Tables 

 

Isolate Strain Isolation Source Source temp 
(ºC) 

Growth range 
(Optimum)(ºC) 

Reference 

Chloroflexus aurantiacus  J-10-fl Hakone area J 55 30-70 (52-60) Pierson & 
Castenholz 1974 

Chloroflexus aurantiacus OK-70-fl Hunter’s hot 
springs O 

50 30-70 (55) Pierson & 
Castenholz 1974 

Chloroflexus aurantiacus Y-400-fl Octopus spring W 60 U* (48-50) Castenholz 1974 

Chloroflexus aggregans MD-66 Okukinu Meoto- 
buchi hot spring J 

57 (55) Hanada et al. 1995 

Chloroflexus aggregans YI-9 Yufuin hot spring 
J 

67 (55) Hanada et al. 1995 

Chloroflexus islandicus isl-2T Stokker geyser I 50 21-65 (55) Gaisan et al. 2017 

Roseiflexus castenholzii HL08 Nakabusa hot 

spring J 

60 45-55 (50) Hanada et al. 2002 

Roseiflexus sp.  RS1 Octopus SpringW 60 45-60 (55-60) van der Meer et al. 
2010 

Roseiflexus sp. RS2 Octopus SpringW 60 45-60 (55-60) van der Meer et al. 
2010 

Table 1-1. Chloroflexus and Roseiflexus isolate information.  

J: Japan, W: Wyoming (Yellowstone National Park), O: Oregon, I: Iceland. 
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Chapter 2: Temperature and geographic location impact the distribution and 

diversity of photoautotrophic gene variants in alkaline Yellowstone Hot Springs 

This chapter is a reprint of mSystems (2022)  

doi: https://doi.org/10.1128/spectrum.01465-21 

 

Introduction 

Decades of research in Yellowstone National Park (YNP) hot springs show 

chlorophototrophic (chlorophyll-dependent phototrophs, herein “phototrophs”) bacteria exhibit a 

temperature-dependent distribution, wherein eukaryotic algae predominate in acidic hot springs < 

56ºC, and phototrophic Cyanobacteria and Chloroflexi prevail in alkaline hot springs >60ºC 

(Thiel, Tank, and Bryant 2018; Inskeep et al. 2013; Tank et al. 2017, Ward & Cohan 2005, Ward 

et al 1988). In alkaline environments, temperature can exhibit further control over the distribution 

of a given Cyanobacterial genus. This is most evident in the distribution of Synechococcus, 

wherein Synechococcus ecotypes are partitioned by 1ºC increments within mats in Mushroom and 

Octopus Springs (Becraft et al. 2011). Beyond Cyanobacteria, anoxygenic phototrophs also 

exhibit variable distributions with temperature in Octopus and Mushroom Springs  and in a 

handful of additional alkaline springs in YNP revealed by single-marker gene surveys (Miller et 

al. 2009; Bennett, Murugapiran, and Hamilton 2020; Hamilton et al. 2019; Nübel et al. 2002; 

Schuler, Havig, and Hamilton 2017; Havig et al. 2011). However, anoxygenic phototrophs are a 

metabolically and taxonomically diverse group with few characterized hot springs isolates, and 

broad distributions of these taxa in YNP hot springs are not well understood. Here, I aim to 

explore the idea that geographic isolation and temperature play important roles in environmental 

and geographic selection of anoxygenic phototrophs, an ongoing debate noted in the Becraft et al. 

(2011) study of Cyanobacterial ecotypes.  
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Isolate studies and in situ experiments provide important insight into genetic content and 

physiology within a given environment and are crucial to fully determine the role of specific taxa 

in an ecosystem. However, the lack of isolate genomes of high temperature, alkaline hot spring, 

anoxygenic phototrophs limits our understanding of their physiology. While there are at least 90 

alkaline hot spring Cyanobacteria genomes available (Alcorta et al. 2020), there are only eight 

alkaline hot spring Chloroflexi isolate genomes to date (Roseiflexus castenholzii HL08, 

Roseiflexus sp. R2-1, Roseiflexus sp. R2-2, Chloroflexus aggregans DSM 9485, Chloroflexus 

aurantiacus Y-400-fl, Chloroflexus aurantiacus OK-70-fl, Chloroflexus aurantiacus  J-10-fl, and 

Chloroflexus islandicus isl-2). 

Chloroflexi are the most abundant and widespread anoxygenic phototroph in alkaline hot 

springs (de Beer et al. 2017; Hamilton et al. 2019; Thiel et al. 2017; Tank et al. 2017). 

Phototrophy (photoautotrophy, photomixotrophy, and photoheterotrophy) in phylum Chloroflexi 

is limited to class Chloroflexales with one exception, “Candidatus Roseilinea” (Ward et al. 2020; 

Martinez et al. 2020)). Unlike Cyanobacteria that rely on the Calvin cycle for autotrophy, 

photoautotrophic Chloroflexi (meaning both photoautotrophs and photomixotrophs) genomes can 

vary in carbon assimilation genes: both Chloroflexus and Roseiflexus genomes contain genes for 

the autotrophic 3-hydroxypropionate bicycle (3-HPB) (Hanada et al. 2002), but only Chloroflexus 

isolates have been grown in the absence of acetate (Hanada et al. 1995; 2008). Herein, I refer to 

carbon-fixing Chloroflexi as photoautotrophs, but acknowledge that they can live a 

photomixotrophic lifestyle or chemoautotrophic lifestyle, dependent on light conditions, time of 

day, or presence of suitable electron donors (M. T. Madigan and Brock 1975). To tease apart 

carbon assimilation by both taxa in situ, Klatt et al. (2013) assessed expression of key genes in 

the 3-hydroxypropionate pathway (3-HPB) at 60ºC and 65ºC in Mushroom Spring. In this study, 

transcripts of 3-HPB in Roseiflexus were observed at 65ºC and Chloroflexus at 60ºC, which 

suggests taxon-specific temperature partitioning of these genera. Here, I expand this work by 
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surveying both anoxygenic photosynthesis reaction center genes and key carbon fixation genes 

across high temperature gradients (62ºC to 71ºC) to determine if this pattern occurs across a 

broader range of hot springs in YNP.  

Alkaline hot springs in YNP are limited in nitrogen, which selects for nitrogen-fixing 

bacteria, diazotrophs (Swingley et al. 2012; Havig et al. 2011). Nitrogen fixation is catalyzed by 

the enzyme nitrogenase, which is energetically and metabolically expensive (Eric S. Boyd and 

Peters 2013). Nitrogenase is an iron-sulfur complex containing one of three metals harbored in 

the active site: molybdenum (Mo), iron (Fe) or vanadium (V). Mo-nitrogenase is the most 

common and is encoded by nif genes (McGlynn et al. 2012; Thakur, Bothra, and Sen 2013). 

Several studies have assessed potential nitrogenase activity in acidic hot springs > 55ºC using the 

gene nifH, which encodes the iron protein (NifH) in nitrogenase (Hamilton, Boyd, and Peters 

2011; Hamilton et al. 2011; Alcamán-Arias et al. 2018). These studies suggested diazotrophs in 

acidic hot springs are adapted to local conditions. In alkaline hot spring mats (53-63 ºC), the 

abundance of Synechococcus nifH transcripts increased in the evening once mats turn anoxic (Z. 

Liu et al. 2011; Steunou et al. 2006). Roseiflexus genomes (including hot spring isolates) contain 

nif genes, but they lack the full protein suite required to build a functional nitrogenase and likely 

do not fix nitrogen. However, Roseiflexus nifH transcripts have been observed at 57ºC and 68ºC 

in Mound Spring in YNP, suggesting a functional purpose that remains unknown (e.g. (Loiacono 

et al. 2012)). 

 Given the abundance of Cyanobacteria and Chloroflexi in alkaline hot springs and the 

crucial role they play in nitrogen and carbon cycling, I sought to determine the role of 

temperature in constraining the distribution of key genes for photosynthesis and nitrogen fixation 

in eight alkaline hot springs with temperatures ranging from 62-71ºC. I examined genes and 

pathways associated with phototrophy, autotrophy, and nitrogen fixation in metagenome 

assemblies, an approach that has been informative in other systems (e.g., Galambos et al. 2019). I 

found that 1) genes associated with photosynthetic machinery are abundant throughout our 
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samples and richness is lower in 62ºC sites, 2) OTUs of taxa commonly associated with alkaline 

hot springs (Synechococcus, Roseiflexus, and Chloroflexus) as well as novel Chloroflexi OTUs 

(Roseilinea and “unclassified” Chloroflexi) are present in our samples, 3) RuBisCO gene variant 

distribution suggests adaption to local conditions, and 5) 3HPB genes are abundant throughout 

our samples. In addition, I recovered several NifH protein sequences related to Roseiflexus, a 

taxon that could be important for discerning the evolutionary history of nitrogen fixation. In 

general, our OTU analysis suggest taxa are largely influenced by local conditions. Temperatures 

> 68ºC select for distinct groups of Cyanobacteria, while geographic location selects for 

phototrophic Chloroflexi and carbon fixation genes. These results add to the body of work on 

photoautotrophic bacteria in alkaline hot springs which is critical to solving the evolutionary 

history and ecophysiology of nitrogen fixation and photosynthesis in bacteria. 

Materials and Methods 

Data collection, sample processing, and meta-data statistics 

 Biomass from eight sites in YNP (Table S1A) were collected and processed as previously 

described (Hamilton et al. 2019). Briefly, samples were collected in 2017 using sterilized forceps 

or pliers and stored on dry ice in transit. DNA (250mg) was extracted using the Qiagen powersoil 

kit following the manufacturer!s protocol. Sulfide, Fe2+, and dissolved silica were measured onsite 

using a DR1900 portable spectrophotometer (Hach Company, Loveland, CO). Water samples 

were filtered through 0.2-μm polyethersulfone syringe filters (VWR International, Radnor, PA, 

USA) and analyzed for dissolved inorganic carbon (DIC) concentration, δ13C and δ15N as 

described previously (Havig et al. 2011). Field blanks comprised of filtered 18.2 MΩ/cm 

deionized water, transported to the field in 1-liter Nalgene bottles, were processed on site using 

the equipment and techniques previously described (Hamilton et al. 2019). To determine site 

dissimilarity, I generated a principal component analysis using sample water geochemistry, 

geographic location, and biofilm isotopic data (Table S1A, Hamilton et al. 2019). I converted all 
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raw data to z-scores (z = x – mean(x)/sd(x)) and principal components of transformed data were 

generated using the rda function in vegan  (Oksanen et al. 2009 ) and plotted using ggplot2 

Wickham 2009).  

Metagenome sequencing, assembly and analysis of functional genes 

Total DNA for eight samples was submitted to the University of Minnesota Genomics 

Center (St. Paul, Minnesota, UMGC) for metagenomic sequencing with an Illumina HiSeq 2500. 

The UMGC prepared dual indexed Nextera XT DNA libraries following the manufacturer!s 

instructions for each sample. The samples were sequenced on two lanes, generating >220M 

1x125 bp reads. The mean quality scores were >Q30 for all libraries. Reads were trimmed using 

Sickle (v. 1.33) with a PHRED SCORE > 20 and a minimum length threshold of 50 (Joshi & Fass 

2011), assembled using SPades (v. 3.11.0) (Bankevich et al. 2012) using the meta option and 

default parameters, and assessed for quality using the BBTools script stats.sh (Bushnell, n.d.). 

Metagenome assemblies for eight sites (Table S1) were submitted to the Joint Genome 

Institute for structural and functional annotation via the DOE-JGI Microbial Genome Annotation 

Pipeline (https://img.jgi.doe.gov/). Briefly, open reading frames (ORFs) were predicted using 

Prodigal (Hyatt et al. 2010) and the resulting amino acid sequences were assigned functional 

annotations. Select genes (see supplemental information) involved in three carbon fixation 

pathways (the Calvin Cycle, 3-Hydroxypriopionate Bicycle, and the reverse Tricarboxylic Acid 

cycle), nitrogen fixation, and photosynthesis were queried in the annotated assemblies. Genes of 

interest were retrieved using known functional KEGG Orthologies. Metagenome reads were 

mapped to each JGI ORF using Bowtie2 (Langmead and Salzberg 2012). Reads that mapped to 

>90% of the query length sequence at 100% sequence identity were considered mapped. The 

average number of reads in the eight metagenomes was 830,473, with a standard deviation of 

267,811 reads (Table S1B). In our metagenome assemblies, the maximum number of reads was 

from site WCA1 (1,187,870 reads) while the lowest number of reads was from site RCA5 
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(375,420 reads) (Table S1B). Site RCA4 contained the highest number genes, 332,336, while site 

RCA5 had the lowest number of genes, 150,190 (Table S1B). 

To determine abundance of select genes involved in photosynthesis, carbon fixation, and 

nitrogen fixation, number of reads mapped to genes of interest were calculated using the pileup.sh 

script in BBTools (Bushnell, n.d.). In order to directly compare genes of interest, genes were 

normalized by gene length and metagenome size using the following equation: 

 

 

 

If multiple ORFs were assigned to a functional annotation, the normalized read abundance for 

that functional annotation was averaged.  All analysis of functional genes, plotting and statistical 

analysis was conducted in R (v3.6.1)(R Core Team, 2014) using the following packages: 

tidyverse (Wickham et al 2019), ggplot2 (Wickham 2009), vegan (Oksanen et al 2009), and 

lawstat (Gastwirth et al. 2020).  To determine significant differences of normalized gene 

abundances across sites, a Kruskal-Wallis H test followed by Dunn’s Multiple Comparison post-

hoc test for significant differences between sites was conducted. P-values were Bonferroni 

adjusted and are displayed in the supplemental information.  

 

Gene operational taxonomic unit (OTU) assignment and gene tree construction  

 To determine the distribution of gene variants in our metagenomes, DNA reference 

sequences for psbA (see supplemental information), rbcL (see supplemental information), nifH 

(Gaby and Buckley 2014), and concatenated pufLM (Imhoff et al. 2018) were downloaded, 

aligned using MUSCLE v3.8.31(default parameters) (Edgar 2004) and aligned with sample DNA 

sequences using align.seqs() in mothur (v.1.37.6) (Oakley et al. 2009). Operational taxonomic 

units (OTUs, defined at 99% sequence identity, 28) were assigned using pre.cluster(), dist.seqs(), 

and cluster() in mothur. To generate protein sequences for phylogenetic tree construction, OTUs 

reads	mapped	to	gene
genelength

 x     ∑ reads	mapped	to	each	gene
length	of	each	gene

 ) ( 

1 
x	106																					 
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were translated using the transeq function in emboss (v.6.5.7.0)(Rice, Longden, and Bleasby 

2000), sequences < 200 amino acids were removed, sequences were aligned with MUSCLE 

v3.8.31(default parameters) (Edgar 2004), and alignments were trimmed using Gblocks (default 

parameters with the exception of -b5-h) (Castresana, 2000). Phylogenetic analysis with bootstrap 

support (n=1000) of trimmed, aligned protein sequences was conducted using RAxML (v. 8.2.11) 

using the PROTGAMMAJTTF substitution model, following the RAxML SOP (Stamatakis 

2014). The subsequent newick file was edited using FigTree (v. 1.4.4) (Drummond, Rambaut, 

and Suchard, n.d.) to generate trees. Because of low bootstrap support due to closely related 

species in all three of our phylogenetic trees, I conducted a BLASTP search (non-redundant 

protein sequences) (Altschul et al. 1990) to determine closest relatives of our OTUs. For the nifH 

OTUs, specifically, I aligned the metal binding subunit retrieved from Uniprot (Bateman 2019) to 

show functionality using the program MUSCLE(Edgar 2004).  

Data availability 

Access to the metagenomes is provided by the DOE Joint Genome Institute (JGI) at the 

Integrated Microbial Genome (IMG-M) site: https://img.jgi.doe.gov/cgi-bin/m/main.cgi. JGI 

Genome IDs are provided in Table S1. Quality-controlled, unassembled, metagenomic data are 

available in the NCBI Sequence Read Archive under the project ID: PRJNA513338. 

 

Results and Discussion  

Overview of site geochemistry and study design   

16S rRNA gene sequencing has been conducted in several alkaline hot springs in YNP 

and has been useful in determining putative phototrophic taxa (reviewed in Tank et al. 2017). 

Based on previous 16S rRNA amplicon sequencing, I found that putative phototrophs, including 

Synechococcus, Roseiflexus, and Chloroflexus, were abundant in eight different hot spring sites in 

YNP. These sites ranged in temperature from 62ºC to 71ºC, pH between 7 and 9, and sample 

morphology included mats, pinnacles, and filaments (Table S1, Hamilton et al. 2019). In general, 
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the sites cluster by geothermal area while temperature, dissolved organic carbon, sulfide, and iron 

were also major drivers of dissimilarity (Figure 2-1). Here, I leveraged metagenome sequencing 

to determine ecological diversity and metabolic potential of phototrophic bacteria in eight 

alkaline springs that have not been the focus of historic work in YNP. While Mushroom and 

Octopus springs are alkaline, they differ compared to our sites in terms of morphology, 

geochemistry, and geographic location. I generated metagenomes to determine the diversity, 

distribution and abundance of specific genes involved in phototrophy, autotrophy, and nitrogen 

fixation. Because diversity at the 16S rRNA gene level decreases with increasing temperature and 

geographic isolation plays a role in structuring hot spring communities (Becraft et al. 2011; Z. 

Liu et al. 2011; Papke et al. 2003), I hypothesized that these factors would also impact the 

distribution, diversity, and abundance of functional genes. To this end, I calculated Shannon 

diversity for each target gene in our eight hot spring sites and examined gene abundance by 

mapping metagenome reads to genes of interest in the assembled metagenomes. 

 

Geographic isolation plays a role in the diversity and distribution of Cyanobacterial photosystem 

genes 

 Oxygenic photosynthesis is a remarkable metabolism that involves two photosystems, 

Photosystem I (PSI) and Photosystem II (PSII), working in concert to harvest electrons from 

water to fuel carbon fixation and other cellular processes. PSII houses the oxygen-evolving 

complex and antenna proteins where light energy is captured to liberate electrons from water — a 

process that requires expression of several proteins that are encoded by psb genes (Mulo, Sakurai, 

and Aro 2012; Mulo, Sicora, and Aro 2009; Garczarek et al. 2008). I quantified the abundance of 

three key psb genes: psbA, psbB and psbD (Figure 2-2A). The psbA and psbD genes encode for 

the D1 and D2 proteins, respectively, which both serve to ligate the redox-active components in 

PSII and are highly transcriptionally regulated in Cyanobacteria (Mulo, Sicora, and Aro 2009). 

The psbB gene encodes CP47, a chlorophyll binding protein crucial to forming a stable PSII 
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reaction center – taxa with multiple copies of psbB are acclimated to far-red light (Gan and 

Bryant 2015). While I observed a range of sequence abundances from rare (0.001) to 3 

normalized reads mapped, I did not observe statistically significant differences in photosystem 

gene abundance in our data (Table S2) nor a decrease in abundance with increasing temperature 

(Figure 2-2A).  

I classified psbA genes into operational taxonomic units (OTUs, 99% nucleotide 

similarity, reference database in supplemental material) resulting in 27 psbA OTUs (Figure 2-3, 

S1). To examine diversity in taxonomy of the psbA OTUs, I translated psbA to PsbA and ran both 

phylogenetic and BLASTP analyses (Altschul et al. 1990)(Figure 2-S1). Based on the 

phylogenetic placement of PsbA and our BLASTP results, 14 of 24 OTUs were classified as 

Synechococcus. Several OTUs were related to the high temperature strains JA-2-3B'a(2-13) and 

63AY4M2. Two PsbA OTUs, OTU15 and OTU17, were most closely related to strain 63AY4M2 

and were present in our highest temperature sites, WCA1 (71.0ºC) and WCA2 (69.4ºC) (Figure 2-

S1). Both reference strains were isolated from Mushroom and Octopus Springs where 

temperatures range from 60-65ºC (Becraft et al. 2015), and our results may suggest a range for 

strain 63AY4M2 beyond 65ºC. While strain-level distribution cannot be discerned from these 

data alone, future work should be done to determine the genomic variation in Synecococcus 

strains beyond Mushroom and Octopus Springs (see Kees et al. 2022). While the majority of the 

OTUs recovered here were Synechococcus, I also recovered OTUs that were most closely related 

to Gloeomargarita lithophora, Thermosynechococcus sp., and Leptolyngbya sp. in 62ºC sites. 

These observations are consistent with previous work suggesting Cyanobacterial diversity 

increases with decreasing temperature in alkaline hot springs (Klatt et al. 2013; Miller et al. 

2009). 

While the abundance of photosynthesis reaction center genes did not correlate with 

temperature, I did observe differences in photosystem gene copy number. For example, in our 
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highest temperature sites (68-71ºC), there were few highly abundant psbA sequences while at 

lower temperatures there were more less abundant psbA sequences. I expected that the > 68ºC 

samples would contain distinct psbA variants compared to the lower temperature sites because 

temperature selects for ecotypes that vary in photosynthetic properties in Mushroom and Octopus 

Springs (Ward and Cohan 2006; Ward et al. 1998; Becraft et al. 2011). I found that psbA variants 

were largely site specific (Figure 2-3) and alpha diversity across sites did not correlate with 

temperature (Figure 2-S2A), highlighting that geographic isolation could play a selective role in 

this environment.  

In general, psbA richness was higher in 62ºC sites compared to others (Figure 2-3). In the 

62ºC sites, only two OTUs were present in more than one site (OTU06 and OTU07 in site RCA4 

and site GCA3) and in the high temperature sites, all psbA OTUs were unique. Both OTUs were 

associated with Synechococcus OH strains capable of growth up to 70ºC in pure culture (Pedersen 

and Miller 2017). I observed several abundant OTUs in Rabbit Creek sites (RCA, sites RCA3, 

RCA4, and RCA6), where our previous 16S rRNA analysis revealed abundant Synechococcus 

16S rRNA gene sequences (Hamilton et al 2019). The recovery of multiple psbA OTUs in each 

RCA site is consistent with the presence of multiple Synechococcus strains or Synechococcus 

ecotypes with several distinct copies of psbA. Fewer distinct OTUs in sites > 63ºC is consistent 

with strain (or ecotype) adaption at higher temperatures, like what was observed in Octopus 

spring (Klatt et al. 2011). 

Chloroflexi photosystem genes have distinct distributions with temperature and reveal novel taxa 

Given that Cyanobacteria photosystem genes did not follow a distinct temperature 

pattern, but PsbA OTU analysis revealed gene variants are largely site specific, I sought to 

determine if anoxygenic phototrophs followed a similar pattern. Anoxygenic phototrophs 

commonly observed at temperatures > 60ºC have type-II reaction centers that are encoded by puf 



 22  

genes (Imhoff et al. 2018) and the majority of anoxygenic phototrophs in hot springs >60ºC are 

phototrophic Chloroflexi (Hamilton et al. 2019; Z. Liu et al. 2011). Here I surveyed puf genes to 

examine if the diversity of putative phototrophic Chloroflexi (class Chloroflexales and 

Candidatus Thermofonsia) also decreases with increasing temperature (Figure 2-2B, 2-S2B). 

pufL and pufM encode PufL and PufM, membrane-spanning proteins that bind 

bacteriochlorophylls in type-II reaction centers, while pufC gene encodes a cytochrome involved 

in photosynthetic electron transfer (Ward et al. 2020; Imhoff et al. 2018; Tsukatani et al. 2004)).  

puf gene abundances ranged from rare (0.001 normalized reads mapped) to 1.5 normalized reads 

mapped (Figure 2-2B). I recovered more copies of pufLC genes in sites < 68ºC which is 

consistent with a decrease in genetic (or taxonomic) diversity with increasing temperature, as 

seen in Mushroom Spring, Octopus Spring, and Rabbit Creek (Tank et al. 2017; Miller et al. 

2009; Hamilton et al. 2019; Nübel et al. 2002; Thiel et al. 2017). In contrast, several copies of 

pufM genes were abundant in all sites. Together, these results suggest that taxa with type-II 

reaction centers could encode multiple copies of pufM. Furthermore, our data suggest that 

diversity of anoxygenic phototrophs decreases with increasing temperature or taxa at 

temperatures 62ºC contain multiple copies of pufLC. The presence of multiple copies of puf genes 

has not been confirmed in Chloroflexi isolate genomes, but in other phyla gene homologs are 

necessary for adaption to changing environmental conditions (Kondrashov 2012) and should be 

investigated further in phototrophic Chloroflexi.  

 To determine the diversity of puf genes in these sites, I assigned OTUs to our 

concatenated and translated pufLM genes (at 99% similarity) and assigned taxonomy using 

BLASTP (Altschul et al. 1990).  I found that pufLM diversity did not correlate with temperature 

(Figure 2-S2B). I recovered 42 pufLM OTUs across seven sites (Figure 2-4, 2-S3). 35 of the 42 

OTUs were affiliated with Chloroflexi. Of the seven non-Chloroflexi OTUs, none were in the top 

20 most abundant OTUs; five were Proteobacteria and two were Actinobacteria.  Previous work 
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that has shown phototrophic Proteobacteria are rare in alkaline hot springs > 60ºC (Tank et al. 

2017; Miller et al. 2009; Bennett, Murugapiran, and Hamilton 2020); and non-Chloroflexi pufLM 

OTUs were not abundant in our metagenomes. I found that our most abundant and most common 

OTUs were Roseiflexus (OTU05) and Chloroflexus (OTU03) genera (Figure 2-S3), which is 

consistent with both our previous 16S rRNA gene analysis (Bennett, Murugapiran, and Hamilton 

2020; Hamilton et al. 2019), and 16S rRNA and metatranscriptomic analyses in Mushroom and 

Octopus Springs (Ward et al. 1998; Klatt et al. 2011; Liu et al. 2011; Tsukatani et al. 2004) 

The present metagenomic sequencing dataset provides higher resolution than our 

previous 16S rRNA gene analysis (Hamilton et al 2019). Our metagenomic sequencing approach 

resulted in the recovery of taxa that have not been identified in YNP hot springs at present. Three 

of our top 20 most abundant OTUs were assigned “Candidatus Roseilinea sp. NK_OTU-006” by 

BLASTP. The only described species from this class is “Candidatus Roseilinea sp. strain 

NK_OTU-006”, was recovered from sulfidic hot springs in Japan near 56ºC (Martinez et al. 

2020). Our Roseilinea-like pufLM OTUs (OTU23, 24 and 33) were found in two alkaline sites 

low in sulfide (RCA4 and GCA3), both with temperatures of 62ºC, pushing the geographic range 

and upper temperature limit of this novel class. Furthermore, eight of our pufLM OTUs were 

assigned ‘Chloroflexi bacterium’ by BLASTP (Table in Figure 2-S3B), suggesting novel 

Chloroflexi are present in these hot spring sites. 

In Mushroom Spring, Klatt et al. (2013), observed Roseiflexus in 60ºC and 

Chloroflexus transcripts in 65ºC sites indicating temperature partitioning of the two phototrophic 

Chloroflexi genera. Our data are consistent with the Mushroom Spring study but suggest 

temperature partitioning of the two genera at higher temperatures: I recovered putative 

Roseiflexus OTUs in sites up to 68ºC and putative Chloroflexus OTUs in sites up to 69ºC.  I also 

observed more Chloroflexus than Roseiflexus OTUs in 68ºC-71ºC sites (Figure 2-S3C). Recovery 
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of Cyanobacterial psb genes and Chloroflexi puf genes from the same sites is consistent with 

several historical studies postulating the presence of “green non-sulfur bacteria” co-occurring 

with Cyanobacteria in Mushroom and Octopus spring mats (Giovannoni et al. 1987; Ruff-

Roberts, Kuenen, and Ward 1994; Pierson and Castenholz 1974; Brock 1967). Recent works have 

examined the distribution of phototrophic Chloroflexi using single marker genes (Miller et al. 

2009; Nübel et al. 2002; Bennett, Murugapiran, and Hamilton 2020), and our data support the 

hypothesis that both phototrophic taxa persist at temperatures >68ºC with two different optimal 

temperatures: Roseiflexus up to 68ºC and Chloroflexus up to 69ºC. Future work is needed to 

determine if this hypothesis holds true with Roseiflexus and Chloroflexus metagenome assembled 

genomes or hot spring isolates.  

 

Calvin cycle genes have distinct distributions with temperature while 3HPB genes are 

widespread and abundant 

 Photoautotrophic bacteria fix the majority of carbon in alkaline geothermal springs using 

the Calvin-Benson-Bassham (Calvin) cycle (Cyanobacteria, some Chloroflexi), the reductive 

tricarboxylic acid (rTCA) cycle (class Chlorobia) or the 3-hydroxypropionate bicycle (3HPB, 

most photoautotrophic Chloroflexi) (reviewed in Fuchs 2011). Recent work has shed light on the 

flexibility of carbon fixation in Chloroflexi in high temperature: alkaline hot springs: Roseiflexus 

and Chloroflexus in Mushroom and Octopus springs contain genes for the 3HPB, but a handful of 

studies have recovered Calvin cycle genes in phototrophic “Candidatus Thermofonsia” (Ward et 

al. 2019) and “Candidatus Chlorohelix allophototropha” (Tsuji et al. 2020), and non-phototrophic 

(class Anaerolineaea (Ward, Cardona, and Holland-Moritz 2019)). The carboxylation step in the 

Calvin cycle is carried out by the enzyme ribulose 1,5 bisphosphate carboxylase/oxygenase: 

RuBisCO (encoded by rbcL [large subunit] and rbcS [small subunit] genes). In hot springs 

specifically, Synechococcus species have evolved a thermotolerant form of RuBisCO that can 
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function up to 74ºC (Miller, McGuirl, and Carvey 2013). Phosphoribulokinase (encoded by the 

prk gene), a second essential step of the Calvin cycle, does not appear to have an upper 

temperature limit beyond that of phototrophy, but is likely only present in organisms that use the 

Calvin cycle (Ellis 1979).  

Given the wide distribution of the genes for the Calvin Cycle in nature (Tabita et al. 

2007), I sought to constrain the distribution of rbcL, rbcS, and prk alkaline hot spring samples and 

relate these data to our phototroph gene analysis. In contrast to the psb analyses, pairwise 

comparisons of the abundance of both prk and rbcL showed a statistically significant difference in 

site RCA5 compared to all other sites, except for the highest temperature site (WCA1) (Figure 2-

5A). Furthermore, I observed larger mean abundances of rbcS than rbcL, but more copies of rbcL 

than rbcS, suggesting the taxa encoding Calvin cycle genes could encode more copies of rbcL or 

multiple forms of RuBisCO are present in these high temperature, alkaline hot springs. At 

present, four forms of RuBisCO exist in nature: form I RuBisCO (Cyanobacteria, alpha-, beta-, 

gamma- proteobacteria, Chloroflexi and autotrophic eukaryotes) contains both the large and small 

subunit (encoded by rbcL and rbcS genes, respectively), while forms II (alpha-, beta-, gamma- 

proteobacteria) and III (only in methanogenic archaea) contain only the large subunit (Ellis 1979; 

Tabita et al. 2008; Frolov et al. 2019). To this end, I calculated the ratio of rbcL:rbcS with 

temperature (Figure 2-S4). A ratio of 1:1 in rbcL:rbcS genes would be indicative of form I 

RubisCO, while any larger ratio would suggest several form I RuBisCO taxa with extra copies of 

rbcL or the presence of form II and form III taxa. In general, I found ratios > 1:1 in all sites, with 

the largest differences in sites < 63ºC. Because more rbcL copies are present at lower 

temperatures, I infer that taxa encoding form II or III RuBisCO (rbcL only, non-Cyanobacterial 

Calvin cycle) persist at lower temperatures while form I (Cyanobacterial-Calvin cycle) are more 

prevalent at temperature > 63ºC.  
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I recovered 77 rbcL OTUs (99% nucleotide similarity, reference database in 

supplemental material) among our eight sites (Figure 2-S5). I observed fluctuating rbcL richness 

(Figure 2-S5) and diversity (Figure 2-S2D) in both sites > 68ºC and 62ºC sites (Figure 2-S2D). 

The majority of our rbcL OTUs were site-specific, consistent with adaptation to local conditions 

and/or geographic isolation. Two exceptions were OTU01 (Armatimonadetes) and OTU02 

(Synechococcus): OTU01 was present in both high temperature sites and in a 63ºC Rabbit Creek 

site (RCA4, 62.3ºC) while OTU02 was present in our two highest temperature sites (WCA1, 

71ºC; WCA2, 68.4ºC). Given that rbcL is commonly associated with Cyanobacteria and some 

Chloroflexi and psbA and rbcL analyses suggest a combination of local conditions rather than 

temperature alone is selecting for taxa that encode these two genes, I postulate that these taxa are 

subject to geographic isolation in alkaline hot springs.  

 Genes involved in 3HPB, the carbon fixation pathway in most photoautotrophic 

Chloroflexi, were widespread and abundant in our metagenomes (Figure 2-5B). The 3HPB 

requires two carboxylation steps (via acetyl-CoA carboxylase and propionyl-CoA carboxylase), 

followed by steps that generate 3-hydroxypropionate and glyoxylate intermediates (Fuchs 2011; 

Zarzycki et al. 2009). To this end, I surveyed the abundance of three genes involved in three 

critical steps in the 3HPB: malyl-CoA/citramyl-CoA lyase (mcl gene, glyoxylate generation), 

propionyl-CoA carboxylase (pccA gene, CO2 carboxylation) and 3-hydroxypropionate 

dehydrogenase (mcr gene, 3-hydroxypropionate generation). Only one gene (pccA) returned 

statistically significant differences in abundance across sites. pccA abundance was different in site 

RCA5 (62.5ºC) compared to three high temperature sites (RCA3, BG1, WCA1) and one 62ºC site 

(RCA4). However, mcl and mcr in the 3HPB pathway showed no significant difference in 

abundance across sites. These results are likely because I recovered several low-abundance (< 

0.01 normalized reads mapped) pccA reads in addition to the high abundance reads. This is not 

surprising given that pccA is widely distributed in all domains of life and is not unique to the 

3HPB (Hou, Xiang, and Hana 2015). pccA converts propionyl-CoA to acetyl-CoA, which can 
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enter the Krebs cycle and generate succinate and three equivalents of NADH, a key process that 

utilizes small carbon molecules for energy generation for all organisms. Furthermore, several 

studies have shown that Synechococcus in alkaline hot springs release simple carbon compounds 

as a byproduct of photosynthesis (Nübel et al. 2002; Becraft et al. 2011). Therefore, presence of 

several high and low abundance pccA reads, particularly in high temperature sites, is indicative of 

multiple organisms relying on the Krebs cycle to generate energy from simple carbon compounds 

at high temperatures.  

Class Chlorobia contain type I reaction centers and are the only phototrophic group that 

fix carbon via the rTCA cycle (Tank et al. 2017; Fuchs 2011). I recovered fewer reads associated 

with type I reaction centers (psc genes, Figure 2-S6A) compared to both type II reaction center 

and photosystem genes (Figure 2-2). I recovered very few reads associated with either ATP 

citrate-lyase subunits, an irreversible and critical enzyme in the rTCA cycle. Together, these 

results suggest that phototrophic taxa with type I reaction centers are likely photoheterotrophs or 

photoautotrophs that use alternative carbon fixation pathways.  

 

(Putative) Phototrophic Chloroflexi encode nifH 

Alkaline hot springs in YNP are nitrogen limited and several studies in Mushroom and 

Octopus springs have shown that phototrophic bacteria are the primary diazotrophs in these 

environments (Hamilton, Boyd, and Peters 2011; Hamilton et al. 2011; Loiacono et al. 2012). I 

examined the richness and diversity of nifH genes with respect to temperature (Figure 2-6, 2-

S2C). Like our psbA and pufLM analysis above, I assigned OTUs (at 99% similarity) to the nifH 

sequences. I recovered 26 nifH OTUs, several of which were present in more than one site 

(Figure 2-6). In general, I recovered more nifH OTUs in 62ºC sites (Figure 2-6), but our most 

abundant OTU (assigned to Synechococcus sp. by BLASTP) was present in site RCA3 (68ºC). 

Sample GCA3 contained only unique OTUs, suggesting taxa with these nifH genes could be 
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adapted to the distinct conditions in this site. Similarly, OTU05 was only present in the two high 

sulfide sites (RCA5 and BG1) and OTU04 was the most abundant in sites with the highest 

temperatures (WCA2 and WCA1). Our data suggest the potential for nitrogen fixation is not 

evenly distributed with temperature.  

 Loiacono et al. (2012), recovered nifH transcripts identified as Synechococcus and 

Roseiflexus in samples ranging from 53-73ºC, suggesting the potential for nitrogenase activity 

near the upper temperature limit of photosynthesis. To determine the taxa associated with our 

nifH sequences, I translated nifH sequences and built a phylogenetic tree and conducted a 

BLASTP search. 11 of 26 nifH OTUs were classified as either Cyanobacteria or Chloroflexi 

(Figure 2-S7A).  Six nifH sequences were closely related to Synechococcus, a common 

constituent of alkaline hot springs > 60ºC and a known diazotroph (Table in Figure 2-S7B) 

(Hamilton, Boyd, and Peters 2011). Three of the 20 most abundant OTUs in our dataset were 

closely related to Roseiflexus species (OTU02, 06 and 22), present in sites ranging from 62ºC to 

68ºC in the Rabbit Creek Area. Roseiflexus genomes only encode nifHBDK and neither of the two 

isolate species (R. castenholzii or Roseiflexus sp. RS-1) can grow in the absence of a fixed 

nitrogen source (Satoshi Hanada et al. 2002b; Van Der Meer et al. 2010). Therefore, it is unlikely 

that Roseiflexus fix nitrogen. However, Roseiflexus nifH genes are abundant in our data and 

Roseiflexus nifH mRNA has been detected in similar hot springs (Z. Liu et al. 2011; Klatt et al. 

2013), suggesting nifH serves a functional purpose but that function remains unknown. In 

Cyanobacteria, nifH expression is stimulated by iron (Turk-Kubo et al. 2012). Our samples 

ranged in Fe2+ concentration from below detection limits to 2.3 μM but given that Roseiflexus 

genomes don’t encode a full nitrogenase, future studies are required to determine the function of 

nifH in this genus and the conditions that result in transcription. Roseiflexus nifH could also be 

important to determining the evolutionary history of nitrogenase as Roseiflexus nif genes are 

deeply branching (E. S. Boyd et al. 2011). 
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 The second most abundant nifH OTU in our dataset (OTU09) formed a separate clade 

near, but not within, the Cyanobacteria clade (Figure 2-S7A). BLASTP-assigned OTU09 (and 

four additional, low abundance OTUs, Table in Figure 2-S6B) as Hydrogenobacter thermophilus, 

in phylum Aquificae, a deep-branching chemolithoautotrophic group with diazotrophic 

representatives found in high temperature (>70ºC) hot springs (Nishihara et al. 2018). Previous 

analysis of nifH genes across all domains of life suggested Aquificae are the oldest extant 

diazotrophic bacteria (Eric S. Boyd and Peters 2013). Thus, our data contain several nifH-

containing lineages that are of great importance for solving the evolutionary history of nitrogen 

fixation.  

Conclusion 

Phototrophic bacteria are widely distributed and abundant in alkaline hot springs > 60ºC. 

By quantifying the distribution of genes involved in carbon fixation, nitrogen fixation, and 

phototrophy in eight alkaline hot spring metagenomes, I add to the large body of work on the 

metabolic potential of both Cyanobacteria and anoxygenic phototrophs in situ. Additionally, I 

offer a glimpse into the diversity and physiology of the underrepresented Chloroflexi phylum. 

While the abundance of photosynthetic genes did not vary with temperature, I observed higher 

richness in both Cyanobacterial psbA genes and pufLM genes affiliated with Chloroflexi in 62ºC 

sites. Furthermore, I observed more cosmopolitan psbA OTUs in 62ºC sites and unique OTUs in 

sites > 68ºC. This suggests that Cyanobacteria at higher temperatures contain forms of psbA 

genes that could allow them to persist at higher temperatures. Conversely, I observed several 

cosmopolitan pufLM OTUs in both high and low temperature sites, specifically OTUs shared 

across the Rabbit Creek Area, which suggest Chloroflexi are adapted to local geothermal 

conditions rather than specific temperatures.  

Abundance of photosynthesis genes associated with both Cyanobacteria and phototrophic 

Chloroflexi did not significantly differ with temperature. Carbon fixation gene abundances were 
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significantly different in site RCA5 compared to all others. But in general, I did not observe 

trends in abundance with temperature. Rather, ratios of rbcL genes suggest temperature selects 

for specific types of RuBisCO: Cyanobacterial-rbcL in sites > 63ºC and non-Cyanobacterial-rbcL 

in 62ºC sites. Furthermore, the majority of the rbcL OTUs were unique to certain sites, suggesting 

geographic isolation or adaptation to local conditions. Genes associated with autotrophic, 

anoxygenic phototrophs did not have distinct distributions with temperature, but I recovered 

abundant reads associated with the 3-hydroxypropionate bicycle (Chloroflexi, chemoautotrophs) 

and very few reads associated with the complete reverse TCA cycle (Chlorobia). Together, 

abundance and diversity of carbon fixation genes suggest that organisms fixing CO2 via the rTCA 

cycle are rare near the upper temperature limit of photosynthesis where photoautotrophic 

Cyanobacteria and Chloroflexi are abundant.  

Finally, I surveyed the distribution and abundance of genes associated with nitrogen 

fixation (nifH). NifH genes were abundant across sites, regardless of site temperature, and both 

Roseiflexus and Synechococcus-like nifH sequences were among the most abundant in our data. 

Synechococcus are known to fix nitrogen in hot springs, but Roseiflexus do not have the full suite 

of genes required to fix nitrogen. Yet, nifH-containing Roseiflexus are abundant in alkaline hot 

springs, and Chloroflexi are deep-branching taxa. Thus, nifH sequences recovered here could be 

critical to solving the evolutionary puzzle of nitrogen fixation in bacteria.  
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Main Figures 

Figure 2-1. Principal Component Analysis of site meta-data.   

Principal components were calculated using the numeric data in Table S1A. Sites are labeled by Site ID in 

corresponding Table S1 and shaded by Yellowstone National Park area.   
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 Figure 2-2. Distribution of photosynthetic genes with temperature. 

The overall abundance (normalized ln(1 + reads mapped)) of genes that encode for Cyanobacterial 

photosystem II (psb) and type II anoxygenic photosynthesis reaction centers (puf) are shown as box plots 

for each site. Triangles represent the mean abundance for the gene set and dots represent individual gene 

abundances, shaded and separated by the corresponding photosystem or reaction center gene (KEGG 

Orthology IDs are shown with gene name). Boxes represent the inter quartile range (Q1-Q3) and whiskers 

(lines) represent the maximum and minimum, with outliers removed (+/-2.5 standard deviations from the 

mean). A gray line divides the sites into high temperature and low temperature groups. Sites are ordered by 

increasing temperature. 
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Figure 2-3. Richness and distribution of psbA gene variants. 

Rank abundance plots for each site are displayed in increasing temperature order. Plots display abundances 

as normalized ln(1 + reads mapped) for each psbA OTU and OTUs are ranked in order from most to least 

abundant. Bars are labeled with the OTU number. Striped bars represent OTUs that are present in more  
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Figure 2-4. Richness and distribution of pufLM gene variants. 

Rank abundance plots for each site are displayed in increasing temperature order. Plots display abundances 

as normalized ln(1 + reads mapped) for each pufLM OTU and OTUs are ranked in order from most to least 

abundant. Bars are labeled with the OTU number. Striped bars represent OTUs that are present in more 

than one site.  
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Figure 2-5. Abundance and distribution of key genes in phototrophic carbon fixation pathways. 

The abundance (normalized ln(1 + reads mapped)) of key genes in the Calvin cycle (A) and the 3-

hydroxypropionate bicycle (B) are shown as box plots for each site. Triangles represent the mean 

abundance for the gene set and dots represent individual gene abundances, shaded by the genes.  Boxes 

represent the inter quartile range (Q1-Q3) and whiskers (lines) represent the maximum and minimum, with 

outliers removed (+/-2.5 standard deviations from the mean). Sites are ordered by increasing temperature. 

A gray line divides the sites into high temperature and low temperature groups. Sites are ordered by 

increasing temperature. To determine significant differences in gene abundance in all sites, a Kruskal-

Wallis H test followed by Dunn’s Multiple Comparison post-hoc test for significant differences between 
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sites. Only Bonferroni-adjusted p values < 0.05 are shown for brevity (all site comparison adjusted p-values 

are shown in Table S3). 

 

Figure 2-6. Richness and distribution of nifH gene variants. 

 Rank abundance plots for each site are displayed in increasing temperature order. Plots display abundances 

as normalized ln(1 + reads mapped) for each nifH OTU and OTUs are ranked in order from most to least 

abundant. Bars are labeled with the OTU number. Striped bars represent OTUs that are present in more 

than one site.  
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Chapter 3: Temperature impacts community structure and function of phototrophic 

Chloroflexi and Cyanobacteria in two alkaline hot springs  

in Yellowstone National Park 
 

This chapter is a reprint of Environmental Microbiology Reports  
(2020) Oct;12(5):503-513. doi: 10.1111/1758-2229.12863. 

 

Introduction 

 Photosynthetic bacteria are key primary producers in alkaline, terrestrial hot springs and a 

rich history of research has focused on phototrophs in Yellowstone National Park (YNP) (Pierson 

& Castenholz, 1974, Madigan & Brock, 1977, reviewed in Tank et al., 2017; Hamilton et al. 

2019). Hot springs provide a framework to test the ecophysiology of phototrophs in situ because 

they are dynamic and complex environments with natural gradients of temperature, sulfide and 

pH that harbor highly adapted microbial communities. Cyanobacteria and Chloroflexi are two 

phyla that contain putative phototrophs commonly observed in alkaline hot springs (Miller et al. 

2009; reviewed in Tank et al. 2017, Hamilton et al. 2019). While decades of work in several 

Yellowstone Hot Springs have shown that Cyanobacteria are constrained by temperature (Ward et 

al. 1998, Becraft et al. 2011 & 2015, reviewed in Ward et al. 2012), even at the ecotype level 

(Ward et al. 2006), the effect of temperature on the distribution of Chloroflexi in hot springs 

remains unresolved.  

 Cyanobacteria and Chloroflexi are diverse groups that contain phototrophs and non-

phototrophs. Historically, all members of phylum Cyanobacteria were considered obligate 

photoautotrophs, but recent phylogenomic analysis revealed non-phototrophic lineages recovered 

from human gut and groundwater (Soo et al. 2014, Matheus et al. 2019, Monchamp et al. 2019). 

Chloroflexi is a diverse phylum including autotrophic, heterotrophic and mixotrophic taxa. A 

handful of phototrophic Chloroflexi isolates have been recovered from hot springs (Pierson & 

Castenholz, 1974; Hanada et al. 2002) and their distribution in hot springs has been intensively 
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studied in a few, limited sites (e.g. Bauld & Brock, 1973, Klatt et al. 2013a & 2013b, Thiel et al. 

2016, reviewed in Tank et al., 2017). The characterized phototrophic isolates of Chloroflexi are 

within a single class, Chloroflexia, and include the genera Roseiflexus, Oscillochloris and 

Chloroflexus (Hanada 1995 & 2002). Accumulating evidence suggests phototrophy may also be 

present in other classes within the phylum. For example, a sister clade to the Anaerolineae named 

WPS-2 (formerly “subphylum I”) contains strains that encode phototrophic machinery, but lack 

carbon fixation machinery (Ward et al. 2019a, 2019b). The non-phototrophic Chloroflexi 

comprise a larger proportion of the phylum, predominately in the class Anaerolineae that are are 

widespread in the environment, including strains recovered from activated sludge and wastewater 

(Nierychlo et al. 2019) and several metagenome assembled genomes from deep ocean 

environments (Saw et al. 2020), but the ecology of the class remains poorly understood in hot 

springs. 

 Photoautotrophic Chloroflexi fix CO2 using either the 3-hydroxypropionate (3-HP) 

pathway or the reductive pentose phosphate pathway. Three thermophilic phototrophic 

Chloroflexi — Roseiflexus sp. RS-1, Roseiflexus castenholzii and Chloroflexus aggregans— can 

fix CO2 using the 3-HP pathway (Klatt et al. 2007). Chloroflexus isolates carry out 

photoheterotrophic or chemoheterotrophic growth under anoxic conditions, in addition to 

photoautotrophic growth in media with bicarbonate and sulfide under anoxic conditions (Peirson 

& Castenholz 1974). Roseiflexus isolates, which encode the 3-HP pathway, have not been 

cultured in the absence of acetate. These isolates grow photoheterotrophically in light under 

anoxic conditions and chemoheterotrophically in the dark when oxygen is present (Hanada et al. 

2002).  Oscillochloris trichoides strain DG-6, a photosynthetic Chloroflexi isolated from a 

meosphilic, hydrogen sulfide-rich hot spring in Russia, uses the reductive pentose phosphate 

pathway to fix carbon (Ivanovsky et al. 1999, Berg et al. 2005), which suggests the 3-HP 

pathway could be a unique characteristic of thermophilic autotrophic Chloroflexi. The recovery 
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of transcripts of 3-HP pathway enzymes in a hot spring mat are consistent with carbon fixation by 

Roseiflexus and Chloroflexus across the diel cycle (Klatt et al. 2013b) where Chloroflexus 

transcripts were more abundant at 65ºC while Roseiflexus transcripts were more abundant at 

60ºC.  

 Cyanoabacteria and Chloroflexi often co-occur in lakes, rivers, and soils in addition to 

hot springs (Miller et al. 2009, Burow et al. 2013, Cuecas et al. 2014, Klatt et al. 2013b). 

Photoautotrophic Cyanobacteria are thought to be major primary producers in alkaline hot springs 

between 60ºC and 72ºC, while the versatile carbon assimilation strategies in Chloroflexi and 

relationship between these two phyla remain unresolved in hot springs. Given that some 

Chloroflexi are photoheterotrophic, previous work has suggested a cross-feeding relationship 

between heterotrophic Roseiflexus and photoautotrophic Cyanobacteria in situ (Burow et al. 

2013). However, the recovery of Roseiflexus and Chloroflexus 3-HP transcripts at temperatures 

up to 65ºC in Mushroom Spring (Klatt et al. 2013b) and observations of Chloroflexus spp. in 

alkaline hot springs devoid of Cyanobacteria (Giovannoni et al. 1987) suggest phototrophic 

Chloroflexi contribute to carbon fixation in alkaline terrestrial hot springs. 

 Given 1) the metabolic diversity of Chloroflexi, 2) the potential for different carbon 

assimilation strategies in phototrophic Chloroflexi, 3) evidence for additional phototrophic taxa 

within this phylum, and 4) temperature constraints on phototrophic Cyanobacterial taxa, I 

expected temperature would select for specific taxa of phototrophic Chlorofexi and control their 

contribution to carbon fixation. To test our assumption, I examined photoassimilation and 

community composition across a temperature gradient of 45ºC to 72ºC in two alkaline hot springs 

in YNP where phototrophs mats and filaments are abundant. Rabbit Creek (identified as 

MRCHSG032 in the YNP Thermal Inventory) is a geothermal stream that stretches over 1.2 km, 

resulting in a long temperature gradient from the near boiling source to ambient temperature 

where the stream joins with Firehole River. Rosette Geyser (identified as LSMG013 in the YNP 
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Thermal Inventory, henceforth referred to as “Bison Pool”) is a discrete hot spring with a 20-30 

m runoff channel. Our results suggest that unlike oxygenic photosynthesis, anoxygenic 

photosynthesis is not limited at higher temperatures and high temperature environments offer a 

niche for specific putative phototrophic Chloroflexi. 

 

Results and Discussion  

Sampling, sequencing and in situ conditions in Rabbit Creek and Bison Pool 

 I sampled seven sites along 200 m of Rabbit Creek starting approximately 4 m from the 

source (RC1). Near the source, the creek is host to thin yellow and orange phototrophic mats of 

Chloroflexi and Cyanobacteria (Figure 3-1) at the upper temperature limit of photosynthesis 

(72ºC, Brock, 1967). In contrast, green and orange phototrophs are more common downstream in 

the cooler water where they form long filamentous strands ranging in diameter from mm to cm. 

In addition to temperature changes, oxygen increases with distance from the source and the width 

and depth of the stream bed change leading to variable flow. I also sampled three sites along the 

Rosette Geyser (“Bison Pool”) outflow from 4 m from the source to 10 m from the source. The 

outflow channel at Bison Pool is host to a yellow-green mat near the source transitioning to an 

orange-green thicker mat downstream. I sampled the yellow-green mat, a transition zone, and an 

orange-green mat. In the ten sites, temperatures ranged from 45ºC to 72ºC (Table S1). The 

sample with highest temperature was BP1 while the lowest temperature was observed in RC7. 

Site pH remained relatively consistent throughout Rabbit Creek (low pH 8.9, high pH 9.3) and 

tracks with fluctuations in dissolved inorganic carbon (Table S1). Sulfide in all Rabbit Creek 

samples were below the limit of detection (3.2 µM) (Table S1). In Bison Pool, water samples for 

geochemical analysis were only collected for BP1 where sulfide was relatively low (4.8 µM).  



 41  

Sulfide decreased by 33.8 µM from the source (BP0) to BP1 (2 m) (Table S1), suggesting sulfide 

downstream in BP2 and BP3 is near or below the limit of detection.  

 

Phototrophic Chloroflexi have unique distributions with temperature 

 To assess the variation in phototrophic taxa in sites with varying temperature, I 

sequenced 16S rRNA amplicons in biomass from each of the sites (Figure 3-1, Figure 3-S1). The 

number of reads recovered varied from 202,797 in BP1 to 67,041 reads in RC4. In total, 32,834 

OTUs were classified from the ten sites (Table S2).  As expected based on previous studies of 

alkaline hot springs, more than 50% of the OTUs were classified as either Chloroflexi or 

Cyanobacteria (Figure 3-1) (Brock 1978, Bateson & Ward 1988, Nübel et al. 2002, Bhaya et al. 

2007, Miller et al. 2009,  Rozanov et al. 2017, Alcamán-Arias et al. 2018., reviewed in Thiel et 

al. 2018, Hamilton et al. 2019). 

 Chloroflexi richness (OTUs per sample) did not show a linear trend with temperature 

(Figure 3-2, Figure 3-2B,  Figure 3-S2B and Figure 3-S2C). Roseiflexus OTUs were the most 

abundant genus of Chloroflexi in all sites, followed by Chloroflexus OTUs (Figure 3-2A). I did 

not recover any 16S rRNA reads that classified as other potential phototrophic Chloroflexi (e.g. to 

WPS-2 clade, Ward et al. 2019a & 2019b). To assess the richness of phototrophic Chloroflexi, I 

divided the Chloroflexi OTUs (defined at 99% sequence identity) into two groups: phototrophic 

Chloroflexi (Roseiflexus and Chloroflexus) and non-phototrophic Chloroflexi (all other taxa 

within the phylum Chloroflexi) with the caveat that Chloroflexi taxonomy is confounded by lack 

of sequenced and characterized isolates. I recovered a similar number of OTUs for each group 

(540 phototrophic; 545 non-phototrophic). The highest richness values of phototrophic 

Chloroflexi occur at the highest and lowest temperatures sampled (72ºC and 45ºC) (Figure 3-2B). 

In the non-phototrophic group, the highest richness was observed at the lowest temperature 

sampled (45ºC). Previous work has shown that microbial diversity decreases with increasing 

temperature in hot spring outflows (Miller et al. 2009, Cole et al. 2013), even in the most extreme 
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cases (e.g. the steep thermal gradient (50ºC-90ºC) observed in the Tengchong Geothermal Field 

(Li et al. 2015)). Yet, in our dataset, phototrophic Chloroflexi richness is highest at both high and 

low temperature sites, suggesting diverse phototrophic Chloroflexi populations can persist at or 

near the upper temperature limit of photosynthesis.  

 To assess the distribution of specific OTUs, I plotted the top 10 Chloroflexi (most 

abundant) OTUs (Figure 3-2A) for each site. The top 10 Chloroflexi OTUs included five OTUs 

assigned to the phototrophic group and five to the non-phototrophic group. Taxonomic 

classification was verified by BlastN (Altschul et al. 1990). OTUs affiliated with Chloroflexus do 

not follow a distinct trend with temperature whereas distinct Roseiflexus OTUs oscillate with 

temperature: OTU6 comprises 7-10% of the taxa in sites above 63.3ºC, but less than 3% in sites 

below 58.3ºC.  Alternatively, Roseiflexus OTU2 comprised <5% of the taxa above 63.3ºC but 

accounted for more than 14% in the 58.3ºC and 56.2ºC sites. Both OTU2 and OTU6 were most 

closely related to Roseiflexus sp. RS-1, the Roseiflexus isolated from the higher temperature 

(60ºC) (Hanada et al. 2002, Madigan et al. 2005), which suggests the niche space for this species 

is up to 72ºC. In general, the non-phototrophic OTUs are less abundant at temperatures above 

62.5ºC and below 52.1ºC indicating taxa of both phototrophic and non-phototrophic Chloroflexi 

are adapted to different temperature ranges. 

 Temperature partitions Chloroflexus and Roseiflexus in microbial mats in Mushroom 

Spring: Chloroflexus were more abundant at 65ºC while Roseiflexus were more abundant at 60ºC 

(Klatt et al. 2013b). Here, Roseiflexus outnumber Chloroflexus OTUs in all sites sampled (Figure 

3-2A & 3-4). Roseiflexus abundance peaks between 71.8ºC and 58.3ºC while Chloroflexus 

abundance is comparatively low in that temperature range (average relative abundances 29% and 

6%, respectively) (Figure 3-2A & Figure 3-4). RBG-13-54-9 and SBR1031 (Figure 3-2A), two 

non-phototrophic groups within the class Anaerolineae, are the most abundant non-phototrophic 

groups that were recovered. Taxa from these groups have not been isolated from hot springs and 

sequences affiliated with these groups are typically observed in mesophilic, halogenated 
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environments (Yamada et al. 2006). Our results, from both BP and RC, suggest Roseiflexus is 

more abundant at higher temperatures in contrast to observations from Mushroom Spring.  This 

observation could suggest other biotic and abiotic factors, like morphology or structure, in 

addition to temperature, impact the distribution of phototrophic Chloroflexi. At the time of 

sampling, I observed thin mats (~5mm) at temperatures > 60ºC. This finding is similar to 

observed morphologies in both ferruginous hot springs in Japan sampled from 60-63ºC (Ward et 

al. 2019a) and Mushroom Spring mats from 60ºC (Thiel et al. 2017), yet there are distinct 

differences in phototrophic communities as described above. At cooler sites in the Ward (et al. 

2019a) study, they observed thick mats of Leptolyngbya and Chloroflexus-like genotypes at 30-

40ºC. Similarly, in our lowest temperature site (RC7, 45ºC) I observed thick mats and 

filamentous strands, abundant Gloeomargarita, Leptolyngbya and Chloroflexus OTUs, and low 

Rosieflexus and Leptococcus abundance. Both similar morphologies and phototrophic 

communities suggest that at lower temperature, dense mats could result in more diverse 

phototrophic communities.  

 Cyanobacteria richness and abundance were indirectly proportional to temperature. The 

highest proportion of total Cyanobacteria was observed in RC6 and RC7, the lowest temperature 

sites (Figure 3-1), where richness of phototrophic taxa was highest (total OTUs, Fig. 3B). A 

Spearman correlation suggests phototrophic Cyanobacteria richness decreases with increasing 

temperature (Figure 3-S2A). OTUs affiliated with non-phototrophic Cyanobacteria were rare (< 

0.01%) in our samples. At temperatures greater than 63ºC, OTUs affiliated with Leptococcus 

(previously Synechococcus, renamed in Walter et al. 2017) were abundant, specifically OTU5 

and OTU8 (Figure 3-3A). BlastN results confirmed that both OTU5 and OTU8 were mostly 

closely related to Leptococcus yellowstonii. At temperatures below 60ºC, Gloemargarita, 

Leptolyngbya, Geitlerinema and Leptococcus OTUs were recovered. It is not uncommon to 

recover Leptococcus spp. from YNP hot springs, as these organisms are highly adapted to these 

environments: Leptococcus yellowstonii and Leptococcus springii were isolated from mats in 
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Octopus Spring in YNP at temperatures that range from 51ºC to 61ºC, pH 8.5 and relatively low 

sulfide content (Bhaya et al. 2007, Thiel et al. 2017).  Here, there is a clear shift in 

Cyanobacterial taxa along the temperature gradient, suggesting specific Leptococcus OTUs are 

able to outcompete other Cyanobacteria or that other taxa are not able to adapt to temperatures 

above 63ºC.  

 

Photoassimilation rates and !" C fractionation increase with decreasing temperature   

 I performed bulk microcosms with samples of phototrophic mats and filaments using 

inorganic carbon to assess the rates of photoassimilation at different temperatures (Figure 3-4).  

Here, I report the photoassimilation of bicarbonate in light treatments minus 3-(3,4-

dichlorophenyl)-1,1-dimethylurea (DCMU, an inhibitor of oxygenic photosynthesis) treatments 

as rates of oxygenic photosynthesis. The rates of anoxygenic photosynthesis were determined by 

subtracting rates of microcosms performed in the dark from the rates in DCMU treatments. Rates 

of oxygenic photosynthesis are lowest at temperatures above 70ºC. Above 62ºC, rates of 

oxygenic photosynthesis were not significantly different (p < 0.05), suggesting oxygenic 

photosynthesis is limited at high temperatures.  Rates of anoxygenic photosynthesis from site to 

site across the temperature gradient were not significantly different (p < 0.05), suggesting 

anoxygenic photosynthesis does not decrease with incremental decreases in temperature. The 

lowest rate of photoassimilation in both treatments was at the highest temperature (BP1) where 

the largest proportion of Leptococcus was observed (Figure 3-4). Roseiflexus outnumber 

Chloroflexus in all sites and rates of anoxygenic photosynthesis are not significantly different 

from site to site, suggesting Chloroflexus spp. could be contributing less to primary productivity 

or Roseiflexus are playing a larger role in primary productivity.  

 Researchers have been studying carbon fixation of primary producers in thermophilic 

communities for decades (Castenholz, 1969; Brock, 1978; Estep, 1984; Macko and Estep, 1984; 

Madigan et al., 1989; van der Meer et al., 2000a, 2000b; Jahnke et al., 2001; Hugler et al., 2007; 
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Boyd et al., 2009) and previous work has shown that carbon isotopes are fractionated depending 

upon the pathway used (Estep and Macko, 1984, van der Meer et al., 2000b). In a previous study 

at Bison Pool, carbon fractionation values (Δ13C) were less negative at high temperatures (65-

105ºC) and Chloroflexi and Cyanobacteria were absent or present at only low abundance in these 

samples (even those below ~72ºC) (Havig et al. 2011). I have reported similar fractionation 

values (Δ13C) in our data, where Δ13C values increased (became less negative) with increasing 

temperature (Figure 3-5). However, in our study, specific Chloroflexus and Rosieflexus OTUs 

comprised a large proportion of the community and increased at high temperature (Figure 3-2 & 

3-4).  In pure cultures, thermophilic microorganisms using the 3-HP pathway fractionate at 

heavier isotope values (-2.6 to -13.7‰) in 55-85ºC incubation temperatures (House et al. 2003). 

Chloroflexus aurantiacus fractionates on the lighter side of this range (more negative values) with 

values from -13.0 to -13.7‰ (van de Meer et al. 2000a, House et al. 2003). Carbon fractionation 

in autotrophic Roseiflexus has not been reported. In our data, fractionation values similar to those 

of in C. aurantiacus were observed in cooler sites (<59.3ºC) where I recovered Chloroflexus 

OTUs, while lighter values and fewer Chloroflexus OTUs were observed above 59.3ºC (Figure 3-

4). The thermophilic photoautotrophic cyanobacterium, Thermosynechococcus elongatus, 

(formerly Synechococcus lividis) fractionates carbon at -16.8‰ in pure culture (van der Meer et 

al., 2000a) which is consistent with the lighter fractionation values I observe at temperatures 

>70ºC and where I recovered a larger proportion of Leptococcus OTUs. The shift in fractionation 

with decreasing temperature and increasing abundance of Chloroflexus OTUs suggest the 3-HP 

pathway could be contributing more to primary productivity at temperatures below 59.3ºC and 

photoautorophy in Chloroflexi may be limited at higher temperatures in the presence of 

Cyanobacteria.  

 I have shown that oxygenic photosynthesis is limited at high temperature and 

Cyanobacteria richness increases with decreasing temperature. Rates of anoxygenic 

photosynthesis are consistent across a large temperature range (45ºC to 72ºC) and, while 



 46  

Chloroflexi richness does not have a liner relationship with temperature, Roseiflexus OTUs 

persisted across the temperature range, even at the upper temperature limit of photosynthesis. 

Together these results indicate temperature plays a role in defining the niche space of specific 

phototrophic Chloroflexi (as has been observed for Cyanobacteria), but other factors such as 

morphology, geochemistry, or metabolic diversity, in addition to temperature, could determine 

the niche space of this highly versatile group. Furthermore, these results suggest that temperature 

has a significant effect on taxa involved in primary productivity in alkaline hot springs by 

decreasing diversity at high temperatures, limiting the niche space to specific taxa. 
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Main Figures 

 
Figure 3-1. Chloroflexi and Cyanobacteria are the two most abundant phototrophic phyla - their 

abundance varies with temperature. The natural log of the relative abundance of Cyanobacteria and 

Chloroflexi for each site is plotted at the phylum level. Each panel represents one phylum. 
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Figure 3-2. Distribution of taxa and diversity of phototrophic and non-phototrophic Chloroflexi.  

A) Relative abundance of the top 10 OTUs arranged by decreasing temperature. The OTUs are split by 

Rosieflexus and Chloroflexus in the first two plots and all of the non-phototrophic Chloroflexi are shown 

together in the third plot. OTUs are differentiated by color. The highest taxonomic classification for each 

OTU is stated in the legend. B) Richness of phototrophic and non-phototrophic groups of Chloroflexi for 

each site (shared x-axis). “Distinct-phototrophs” is the total Roseiflexus and Chloroflexus OTUs and 

“Distinct non-phototrophs” is the remaining Chloroflexi OTUs. OTUs assigned to phylum Chloroflexi were 

divided into two groups: phototrophic Chloroflexi in the genera Roseiflexus and Chloroflexus and non-

phototrophic Chloroflexi in the remaining genera. 
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Figure 3-3. Distribution of taxa and diversity of phototrophic and non-phototrophic Cyanobacteria.  

A) Relative abundance of the top 10 phototrophic Cyanobacterial OTU faceted by genus for each site, 

plotted by decreasing temperature. Different OTUs are differentiated by color and then highest taxonomic 

classification for each OTU is stated in the legend. B) Richness of phototrophic and non-phototrophic 

Cyanobacterial for each site (shared x-axis), where “Distinct-phototrophs” refers to the total 

Oxyphotobacteria OTUs and “Distinct non-phototrophs” is the remaining Cyanobacteria OTUs. Similar to 

Figure 3, OTUs assigned to phylum Cyanobacteria were divided into two groups: phototrophic 

Cyanobacteria in class Oxyphotobacteria and non-phototrophic Cyanobacteria in the remaining genera. All 

of the top 10 Cyanobacteria OTUs were in class Oxyphotobacteria, 
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Figure 3-4. Photoassimilation of 13C Bicarbonate varies with temperature and top phototrophic 

genera.  

A) Rates of oxygenic and anoxygenic photosynthesis plotted by temperature. Rates of anoxygenic 

photosynthesis (squares) were calculated by subtracting the Dark assimilation values from Light + DCMU 

group. Rates of oxygenic photosynthesis were calculated by subtracting the Dark and Light + DCMU 

values from the Light values (triangles). Adjusted rates shown here were log plus one transformed to meet 

normality requirements for statistical tests. Error bars are present for assimilation rates but are often within 

the data point symbol. B). Box and whisker plots of the relative abundance of OTUs of Chloroflexus and 

Roseiflexus (phototrophic Chloroflexi) and Leptococcus (phototrophic Cyanobacteria) plotted by 

temperature and are shaded by highest taxonomic assignment in mothur. Dots represent outliers. 
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Figure 3-5. In Situ depletions in !" C biomass versus microcosm-derived photosynthetic rates.  

Carbon stable isotope signals of biomass were determined as described above (Figure 4). All isotopic data 

are reported as isotope ratios, relative to standards of known value, using the equation [(isotope ratio of 

sample)/(isotope ratio of standard)−1] × 1,000, expressed in delta notation (δ) and reported as per mil (‰). 

Carbon isotopic values are reported as isotopic ratios of 13C to 12C from the equation [(13C/12C of 

sample)/(13C/12C of standard)−1] × 1,000 and expressed in delta notation (δ13C). δ13C values are reported 

using the Vienna Pee Dee Belemnite (VPDB) standard. The difference between DIC δ13C values (Table S1) 

and biomass δ13C values (Table S1, Figure S3) is expressed as Δ13C and represents the fractionation of 13C 

from the source inorganic carbon (DIC δ13C) and biomass δ13C values. I plotted the change in 13C 

fractionation (Δ13C) versus photosynthetic rates from microcosm experiments (triangles for oxygenic 

photosynthesis, squares for anoxygenic photosynthesis). Symbols are shaded by in situ temperature. 
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Chapter 4: Meta-pangenome analysis reveals !"#$%&'$()# and *+'","&'$()#  have 

distinct roles in carbon and sulfur cycling in an alkaline, geothermal stream  

Introduction  

Photosynthetic bacteria are key primary producers in alkaline, terrestrial hot springs and a 

rich history of research has focused on phototrophs in two alkaline hot springs in Yellowstone 

National Park (YNP): Mushroom Spring (Thiel et al. 2016; Becraft et al. 2015; Brock 1967; Z. 

Liu et al. 2011; Kees et al. 2022) and Octopus Spring (Tank and Bryant 2015; Thiel et al. 2017; 

D. M. Ward et al. 1998; Klatt et al. 2011). These significant works have focused on the 

ecophysiology of phototrophic Cyanobacteria and Chloroflexi and laid the foundation for 

exploring photosynthetic bacteria in additional YNP hot springs. Hot springs, namely geothermal 

streams, provide a framework to test the ecophysiology of phototrophs in situ because they are 

dynamic environments with natural gradients of temperature, sulfide and pH. Phototrophic 

Chloroflexi are abundant in alkaline hot springs, have substantial metabolic diversity, and often 

co-occur with photosynthetic Cyanobacteria (Miller et al. 2009; Thiel, Tank, and Bryant 2018; 

Tank et al. 2017; Hamilton et al. 2019). Additionally, marker gene studies have revealed that 

phototrophic Chloroflexi have distinct distributions with temperature (Klatt et al. 2013; Z. Liu et 

al. 2011; Bennett, Murugapiran, and Hamilton 2020). However, there are few phototrophic 

Chloroflexi isolate genomes and high resolution, metagenome assembled genome studies are 

limited to discrete samples from Octopus and Mushroom Springs; therefore, the functional 

potential of high temperature, phototrophic Chloroflexi throughout YNP alkaline hot springs has 

yet to be fully constrained.  

Chloroflexi is a physiologically diverse phylum with only few characterized isolates. At 

present, the majority of classified Chloroflexi are not phototrophic and represent a range of 

different environments (Thiel, Tank, and Bryant 2018). However, phototrophic Chloroflexi 

persist in alkaline hot springs, but only handful of phototrophic Chloroflexi isolates have been 

recovered from these sites (Pierson and Castenholz 1974; Van Der Meer et al. 2010; Satoshi 
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Hanada et al. 2002a; S. Hanada et al. 1995; Thiel et al. 2017). The characterized phototrophic 

Chloroflexi isolates are within a single order, Chloroflexales, and include the genera Roseiflexus, 

Oscillochloris, and Chloroflexus (George 2013). Roseiflexus and Chloroflexus are the 

predominant members of high temperature (>50ºC), alkaline hot springs and Chloroflexus have 

higher optimal temperature range (up to 65ºC) than Roseiflexus (up to 60ºC) in isolate studies 

(Van Der Meer et al. 2010). Furthermore, a similar pattern temperature-dependent distribution  

was observed with transcripts in Octopus Spring (Klatt et al. 2013). The remaining hot spring, 

Chloroflexi classes are chemotrophic. In alkaline hot springs, class Anaerolineae are present with 

phototrophic Chloroflexi, but the ecophysiology of the class remains poorly understood in hot 

springs. However, accumulating evidence suggests phototrophy may be present in a sister clade 

to the Anaerolineae, Roseilinea (Martinez et al. 2020; Thiel et al. 2017). The Roseilinea gracile 

genome contains genes that encode phototrophic reaction centers, indicating they are the first 

phototrophic group outside of the Chloroflexales, but the geographic and ecological range of this 

group has yet to be explored.   

Photoautotrophic cyanobacteria are the only bacteria that implement oxygenic 

photosynthesis and are considered the main primary producers in alkaline hot springs between 

60ºC and 72ºC (Klatt et al. 2011; Ruff-Roberts, Kuenen, and Ward 1994; Alcamán-Arias et al. 

2018; Brock 1967). However, phototrophic Chloroflexi are anoxygenic phototrophs that utilize 

inorganic compounds such as sulfur and hydrogen to carry out photoautotrophy, but their role in 

hot spring carbon and sulfur cycling is not well understood. Previous work has shown that 

phototrophic Chloroflexi are likely mixotrophic in situ: they are equipped with several enzymes 

such as glycolate oxidases and acetyl-CoA synthases that allow for uptake of small carbon 

molecules that are often biproducts of cyanobacterial photosynthesis (Bateson and Ward 1988; 

Burow et al. 2013). Furthermore, Chloroflexus can deploy an incomplete 3-hydroxypropionate 

bicycle (3HPB) to assimilate small organic molecules (Zarzycki et al. 2009). However, in culture, 

Chloroflexus fix carbon via the complete 3HPB with sulfide as an electron donor (Zarzycki et al. 
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2009), but Roseiflexus cannot grow in the absence of fixed carbon (Hanada et al 2002). 

Roseiflexus and Chloroflexus 3HPB transcripts have been recovered from temperatures up to 

65ºC in Mushroom Spring (Klatt et al. 2013), which suggests both genera could employ the 

3HPB to assimilate inorganic and organic carbon. Lastly, both genera have genes for sulfide 

oxidation via sulfide:quinone oxidoreductases (SQRs), but the distribution of SQRs and other 

sulfur oxidation functions have not been explored in situ. Therefore, the contribution of 

phototrophic Chloroflexi to sulfur and carbon cycling in other alkaline hot springs has yet to be 

constrained.   

A handful of studies have employed shotgun metagenomics to recover high resolution, 

metagenome assembled genomes (MAGs) from hot spring samples independent of culturing 

(Klatt et al. 2013; Z. Liu et al. 2011; Thiel, Tank, and Bryant 2018). Furthermore, pangenomics 

using a combination of environmentally derived MAG and isolate genomes has the potential to 

uncover population-level adaption and evolution through shared and unique genome 

characteristics. The pangenome is comprised of a core and accessory genome, where the core 

genome contains genes shared across all genomes and the accessory genome contains genes 

found in only a subset of genomes. Often, the accessory genome is indicative of acquired or lost 

functions due to environmental selection (Segerman 2012). In the ocean cyanobacterial genus, 

Prochlorococcus, Delmont & Eren (2018) used the open-source tool, anvi’o, to determine the 

pangenome of Prochlorococcus MAGs and isolates. At present, the core and accessory genomes 

in high temperature, alkaline hot spring Chloroflexi has yet to be explored, but is essential for 

understanding the shared and unique genome features and functional potential of phototrophic 

Chloroflexi. 

Rabbit Creek (identified as MRCHSG032 in the YNP Thermal Inventory) is a geothermal 

stream that stretches over 1.2 km, resulting in a long temperature gradient from the near boiling 

source to ambient temperature where the stream joins with Firehole River. In a previously 

published study, I examined the distribution of phototrophic Chloroflexi via 16S rRNA gene 
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sequencing and activity of anoxygenic photosynthesis with in situ, inorganic carbon assimilation 

experiments (Bennett et al 2020). I found that Roseiflexus and Chloroflexus had unique 

distributions with temperature, while rates of anoxygenic photosynthesis were consistent 

throughout the stream. In the present work, I build on our previous 16S rRNA gene analysis and 

photoassimilation experiments by conducting a phylogenomic and pangenome analysis of 17 

Chloroflexales metagenome assembled genomes (MAGs) recovered from Rabbit Creek. I 

hypothesized that Chloroflexus and Roseiflexus would harbor unique core genomes and that 

temperature would select for certain accessory genes. I built a phylogenomic tree with 17 

Chloroflexales, Rabbit Creek MAGs and 15 NCBI isolate genomes and found that the Rabbit 

Creek MAGs represent genera with characterized isolates as well as novel taxa. I examined the 

functional potential of Roseiflexus and Chloroflexus MAGs and found that Roseiflexus core 

genomes were depleted in both 3HPB and sulfide oxidation functions while Chloroflexus core 

genomes contained sulfide:quinone oxidoreductases (SQRs) and several steps in the 3HPB. 

Furthermore, I found both Roseiflexus and Chloroflexus core genomes contained genes for carbon 

assimilation and storage, suggesting this is an integral function for Chloroflexi in the Rabbit 

Creek ecosystem.  Lastly, I recovered several MAGs that did not align with reference genomes, 

but contained genes for type-II reaction centers, thiosulfate oxidation not common to 

characterized phototrophic Chloroflexi, and were highly similar with other Rabbit Creek MAGs. 

Our work builds on the body of work in phototrophic Chloroflexi in alkaline hot springs and 

further constrains the role of Chloroflexi in carbon and sulfur cycling.  

 

Materials and Methods 

 
Metagenome Sequencing, Assembly, and Binning 

Total DNA for seven samples was submitted to the University of Minnesota Genomics 

Center (St. Paul, Minnesota, UMGC) for metagenomic sequencing with an Illumina NovaSeq. 
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The UMGC prepared dual indexed Nextera XT DNA libraries following the manufacturer’s 

instructions for each.  Briefly, all sequence libraries were pooled and sequenced on one lane of an 

S1 NovaSeq 2x150bp run, generating ≥750M 2x150 bp PE reads.  All expected barcodes were 

detected. The mean quality scores were ≥Q30 for all libraries. Reads were trimmed using bbduk 

(from BBTools) (Bushnell, n.d.) with the following parameters: ktrim=r k=23 mink=11 hdist=1 

minlen=36 tpe tbo qtrim=r trimq=15. Cleaned reads were assembled using Spades (Bankevich et 

al. 2012) using the meta option with default parameters and assessed for quality using the 

BBTools script stats.sh (Bushnell, n.d.). Prior to binning and to prepare sequence data for 

downstream analysis in anvi’o (see below), assembled contig names were simplified using the 

anvi-script-reformat-fasta function within anvi’o (Eren et al. 2015). 

Initial binning was conducted using MetaBat2 (Kang et al. 2015) and MaxBin (Wu et al. 

2014) using the default parameters. Bins from both binning algorithms were combined and 

binned using the program DASTool, which incorporates bins from both Metabat2 and MaxBin to 

generate the ‘best’ set of bins (Sieber et al. 2018). DASTool bins were assessed for quality with 

CheckM (Parks et al. 2015) and assigned taxonomy by GTDB-tk (v. 1.3.0) (Chaumeil et al. 

2020).  

 

MAG Phylogeny, and Pangenome Analysis 

The majority of our MAG analyses were conducted in anvi’o (v. 7.1) – an excellent, 

open-source, metagenome and pangenome analysis and visualization tool (Eren et al. 2015). For 

phylogenomic and pangenome analyses, I acquired 18 Chloroflexi genomes from the National 

Center for Biotechnology Information (NCBI) using the ncbi-genome-download script within 

anvi’o. To begin in anvi’o, I generated contigs databases for each bin and reference genome using 

the script anvi-gen-contigs-database, which contains information for each contig within a MAG 

or genome. Contigs databases are critical for downstream analyses in anvi’o. I populated contigs 

databases for each bin and reference genome with 1) annotations, using HMMER (Eddy 2011), 2) 
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gene functions, using both the COGS database (Tatusov et al. 2000) and the Kofam KEGG 

database (Kanehisa and Goto 2000), and 3) taxonomy of single copy core genes using the GTDB 

database (Chaumeil et al. 2020). To parse out phylogeny of Chloroflexi bins, first I concatenated, 

translated, and aligned 13 ribosomal genes (Ribosomal_L2, Ribosomal_L3, Ribosomal_L4, 

Ribosomal_L5, Ribosomal_L6, Ribosomal_L14, Ribosomal_L16, Ribosomal_L22, 

Ribosomal_S3_C, Ribosomal_S8, Ribosomal_S10, Ribosomal_S17, and Ribosomal_S19) from 

MAGs and reference genomes using the script anvi-get-sequences-for-hmm-hits and --return-

best-hit, --get-aa-sequence, --concatenate flags. I then built a phylogenomic tree from alignments 

using the program RAxML v. 8.2.11 (Stamatakis 2014) with the number of bootstraps 

automatically determined (-# autoMRE flag) and using the PROTGAMMAAUTO evolution 

model which determines the best model (-m flag) and default parameters. Tree visualization was 

done in FigTree (Drummond, Rambaut, and Suchard, n.d.).  

For the pangenome analysis of Roseiflexus and Chloroflexus MAGs, I followed the 

Anvi’o workflow for microbial pangenomics (https://merenlab.org/2016/11/08/pangenomics-v2/). 

Briefly, I generated separate genomes-storage databases from contigs databases for Roseiflexus 

and Chloroflexus MAGs and respective reference genomes using the anvi-gen-genomes-storage 

script. Like contigs databases, genomes-storage databases contain information on genomes / 

MAGs such as completion, GC content, redundancy, and number of genes. To determine the core 

and accessory genes within Roseiflexus and Chloroflexus MAGs, I ran the anvi’o script anvi-pan-

genome and the --min-occurrence 3, --minbit 0.5, --mcl-inflation 10, and --use-ncbi-blast flags. 

This script identifies similar amino acid sequences via BLASTP search similarity (ref) and 

determines common sequences across genomes (gene clusters), removes gene clusters that occur 

in less than three genomes, removes weak amino acid sequences (with minbit < .5), and identifies 

gene clusters via MCL (Markov cluster algorithm, see Enright, Van Dongen, and Ouzounis 2002) 

with high sensitivity (mcl-inflation 10). Then, I visualized gene clusters with the anvi-display-pan 

script and determined core genes with the gene cluster search toolbox with ‘min number of 
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genomes gene cluster occurs’ set to the number of genomes in the analysis. Pangenome figures 

were exported from the anvi’o interactive interphase and edited for publication in Illustrator. A 

summary of the pangenome gene clusters is included in the supplemental files (See Appendix 3). 

 

Determination of KEGG Functions in MAGs  

 To determine the presence of certain functions in MAGs, I leveraged the Kofam KEGG 

annotations within contigs databases and the anvi-estimate-metabolism script with the --kegg-

output-modes flag in anvi’o. Briefly, this script generates a file listing KEGG annotations for each 

contig within each MAG and reference genome. I filtered through KEGG functions of interest 

and determined the number of occurrences in each genome within the open-source software, R 

v.3.6.1 (R Core Team, 2014), and tidyverse (Wickham et al 2019) package and visualized these 

counts with ggplot2 (Wickham 2009). To determine if KEGG annotations are present in core 

gene clusters, I used output from the anvi’o script anvi-summarize, which includes a summary of 

both contigs and genomes databases with annotation information for genomes.  

 
Results and Discussion 

Sample and site description  

 Rabbit Creek is an alkaline geothermal stream with a near-boiling source that produces a 

natural temperature gradient along the outflow channel. Near the source, at temperatures near the 

upper limit of photosynthesis (72ºC, Brock, 1967), the creek is host to thin yellow and orange 

phototrophic mats of Chloroflexi and Cyanobacteria. Moving downstream and lower in 

temperature, green and orange phototrophs are more common — forming long filamentous 

strands ranging in diameter from mm to cm with some reaching meters in length. The width and 

depth of the stream bed changes leading to variable flow. pH remains relatively consistent 

throughout Rabbit Creek (low pH 8.9, high pH 9.3) and tracks with dissolved inorganic carbon 

concentrations (Table 1A). Sulfide was 1.19 µM in the site nearest the source while 
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concentrations were lower downstream. Sulfate ranged from 165 to 218 µM. Concentrations of 

nitrate (0.03 µM to 71.4 µM) and ammonium (0.03 µM to 32.9 µM) varied by site.  

 In a previously published study, I sampled seven sites along a natural 72ºC to 45ºC 

temperature gradient of Rabbit Creek starting approximately 4 m from the source and ending 

~200 m downstream. Our observations across the temperature gradient were twofold: I found 1) 

rates of anoxygenic photosynthesis were consistent and 2) distinct populations of Roseiflexus and 

Chloroflexus persist (Bennett et al. 2020). To further assess genetic diversity and metabolic 

potential among phototrophic Chloroflexi, I sequenced metagenomes from the Rabbit Creek 

samples described in Bennett et al. 2020 and recovered putative Chloroflexi metagenome 

assembled genomes (MAGs) from six of the seven sites.  

Description and phylogeny of Rabbit Creek Bins  

I recovered 50, quality (<12% contamination, >50% completeness) bins that were 

classified as ‘phylum Chloroflexota’ (e.g. Chloroflexi) by GTDB-tk (Chaumeil et al. 2020) from 

six of the 7 sites (Table 4-S1). I recovered the most quality Chloroflexi bins (15) from the lowest 

temperature site (606I, 45ºC) and least number of quality Chloroflexi bins (5 bins) from the 56ºC 

site. Classes Chloroflexia (20 bins) and Anaerolinea (28 bins) comprised most of our bins, which 

is consistent with previous 16S rRNA amplicon analyses (Bennett et al 2020). I did not recover 

any quality bins from our highest temperature site (606D, 71ºC), despite recovering several 

abundant 16S rRNA amplicon OTUs in previous studies. 

The majority of the Rabbit Creek Anaerolinea bins (28 bins) were represented by three 

orders: Anaerolineales (6 bins), SBR1031 (9 bins), and Thermoflexales (7 bins). Anaerolinea are 

largely considered a non-phototrophic class;however, “Candidatus Roseilinea gracile” (order 

Thermoflexales) was recovered from Nakabusa hot springs in Japan and contains genes for type-

II photosynthetic reaction centers(Martinez et al. 2020).  I recovered 7 high-quality Roseilinea 

bins which could be key to understanding the distribution of phototrophy in Anaerolinea. The 

remaining Anaerolinea bins were represented by Caldilineales (3 bins), B4-G1 (2 bins), and 



 60  

Promineofilales (1 bin). I observed low-abundance OTUs associated with Caldilinea in our 16S 

rRNA analysis, but did not detect B4-G1 or Promineofilales sequences in amplicon studies and 

members of these groups have not been characterized from alkaline hot springs. I recovered three 

quality MAGs representing unclassified Chloroflexi, which could lead to future work focused on 

understanding the underlying metabolism of these novel groups. Lastly, I recovered one 

Dehalococcoidia bin and one Ellin6529 bin; both classes are common in soils, but at present there 

are no characterized isolates or MAGs from alkaline hot springs (Yang et al. 2020; Liu, Gu, and 

Li 2022).  

I recovered 17 quality bins within the phototrophic order Chloroflexales (Table 4-1B). 

Eight bins were classified as either Roseiflexus (5 bins) and Chloroflexus (3 bins), two genera 

with characterized isolates. The remaining bins were from unclassified genera: JAAUTZ01 (3 

bins), JACAEO01 (3 bins), Viridilinea (2 bins), or unclassified Chloroflexales (1 bin). Not much 

is known about either JA genus, but GTDB references each have one representative MAG from 

marine environments (NCBI BioSample SAMN14376574) indicating they are likely mesophilic. 

There is one Viridilinea MAG, ‘Candidatus Viridilinea mediisalina’ Kir15-3F, recovered from a 

mesophilic alkaline spring (Gorlenko et al. 2014; Gaisin et al. 2019). 

Phylogeny of Chloroflexales Bins 

To determine the phylogenetic placement of the Chloroflexales bins, I constructed a 

phylogenomic tree from 13 concatenated, aligned, and translated ribosomal genes (as described in 

(Hug et al. 2016). Additionally, I calculated tetra-average nucleotide identity (tANI) for each 

genome to verify the phylogenetic placement (Figure S1). Rabbit Creek Chloroflexales bins are 

within three distinct clades: unclassified Chloroflexales, Roseiflexus-like, and Chloroflexus-like 

bins (Figure 1). The eight, unclassified Chloroflexales bins formed a monophyletic clade with the 

Chloroflexales, Oscillochloris, and ‘Candidatus Chloroploca’ reference sequences. Furthermore, 

all unclassified Chloroflexales bins shared > 99% tANI with other Rabbit Creek bins, but not 
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with any reference genomes (Figure 4-S1). Six of the unclassified Chloroflexales bins formed two 

separate clades without reference genomes, and the remaining two unclassified Chloroflexales 

bins shared a node with the three ‘Candidatus Chloroploca’ reference genomes. The JAAUTZ01 

or JACAEO01 (‘JA’) bins were placed outside of the ‘Candidatus Chloroploca’ branch, while the 

Viridilinea shared a node with ‘Candidatus Chloroploca’. The Rabbit Creek JA bins are the first 

of either genus recovered from hot springs to our knowledge. Furthermore, the JA Rabbit Creek 

bins were recovered from sites up to 62.5ºC and in our lowest temperature site (606I, 45.4ºC), 

while the GTDB-tk references are from mesophilic, marine environments, suggesting an 

expanded range of temperature adaptation for this group in Rabbit Creek. The remaining two 

unclassified Chloroflexales bins are within another underrepresented genus, Viridilinea. I 

included three ‘Candidatus Chloroploca’ reference MAGs within the phylogenomic tree 

construction, including ‘Candidatus Viridilinea mediisalina’ Kir15-3F (Gaisin et al. 2019), but 

the Rabbit Creek MAGs were placed in a separate branch from these references, suggesting they 

are novel species. Furthermore, Ca. Chloroploca reference MAGs were recovered from 

mesophilic (<32ºC), alkaline environments (Gorlenko et al. 2014), while the Rabbit Creek MAGs 

were recovered from 606E (59.3ºC) and 606I (45.4ºC). Like the JA Rabbit Creek MAGs, the 

Viridilinea Rabbit Creek MAGs also expand the known temperature limits of this novel genus.  

Roseiflexus is a common genus in alkaline hot springs and there are currently two isolate 

genomes: RS-1 (Octopus Spring, YNP) and R. castenholzii (Nakabusa hot springs, Japan). RS1 

and R. castenholzii share several genomic characteristics but differ in optimal growth temperature 

in culture: RS1 can grow in up to 60ºC, but R. castenholzii cannot grow above 55ºC (van der 

Meer et al. 2011). I recovered five bins placed within the Roseiflexus-like clade: four most 

closely related to RS1 and one most closely related to R. casetenholzii (Figure 4-1). All Rabbit 

Creek Roseiflexus bins were found in sites within the optimal temperature range of the 

characterized isolates. RS1 was isolated from Octopus Spring and comprises most sequences 

from Mushroom and Octopus Springs, suggesting R. RS1 is the predominant species in YNP hot 
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springs (Van Der Meer et al. 2010). Additionally, all Roseiflexus-like bins share > 99% tANI with 

R. RS1. Phylogenetic and tANI suggest at least four of the five Rabbit Creek Roseiflexus-like bins 

are most likely R. RS1, while the remaining bin (606I bin 11) could be either R. RS1 or R. 

castenholzii.  

Chloroflexus represents a phototrophic genus of Chloroflexi with seven characterized 

isolates, but only two from YNP hot springs: Chloroflexus sp. MS-G (Mushroom Spring) and 

Chloroflexus aurantiacus Y-400 (Octopus Spring). Three Rabbit Creek Chloroflexus-like bins 

were placed within a clade containing the MS-G reference genome and Chloroflexus sp. Y-396-1, 

a strain isolated from an 18ºC, hypersaline microbial mat in Mexico (Ulrich et al. 2001). MAGs 

of Chloroflexus Y-396-1 have also been recovered from Octopus Spring (Klatt et al. 2011). The 

three Chloroflexus-like Rabbit Creek bins were recovered from two different sites, 606K 

(63.2ºC), 606G (58.3ºC), and 606F (56.2ºC), and are representative of the upper temperature 

limits at which Chloroflexus have been isolated from in hot springs (Hanada et al. 1995; 2002). 

Two bins (606F bin 15, 606K bin 10) shared 99% tANI with C. MSG and C. Y-396-1 while the 

third bin, 606G bin 05, shared only 92% tANI with both references (See supplemental material). 

Rabbit Creek is similar to Octopus and Mushroom Springs in physicochemistry but are separated 

geographically by nearly 6km. Furthermore, C. Y-396-1 was not isolated from YNP, but related 

sequences have been recovered from YNP springs. This work suggests that, unlike Roseiflexus, 

Chloroflexus isolates and MAGs have a larger geographic range beyond YNP hot springs.  

Pan-genome of Roseiflexus MAGs 

 Meta-pangenomic analyses have been successfully leveraged to determine the shared 

genes (gene clusters) and unique genes of closely related genomes in the natural environment 

(Delmont & Eren, 2018). Given the high sequence similarity of Roseiflexus and Chloroflexus 

MAGs, I sought to determine the core and accessory genomes of both Chloroflexus and 

Roseiflexus MAGs and relate the pangenome back to function in the hot spring environment using 

the open-source software, anvi’o (Eren et al. 2015), I constructed the Roseiflexus meta-
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pangenome with five quality Roseiflexus-like MAGs and two reference genomes. The resulting 

pangenome comprised of 3,858 gene clusters out of a total 21,307 genes. For this analysis, I 

removed singleton gene clusters. Within anvi’o, I were able to determine both geometric and 

functional homogeneity indices. Geometric homogeneity determines the structure of the 

alignment of amino acid sequences by considering gap/residue patterns within the gene cluster (a 

value of 1.0 indicates there are no gaps in the alignment). Alternatively, functional homogeneity 

considers the identity of amino acids in each alignment, ignoring gaps in alignment (a value of 

1.0 indicates matching amino acid sequences within a gene cluster). Here, I used functional 

homogeneity to assess conserved functions across the meta-pangenome. The average functional 

homogeneity of the entire Roseiflexus meta-pangenome was 0.93, which suggests several 

functions are conserved across genomes. Yet, 2,471 gene clusters (64%) did not return KOfam 

annotations, suggesting they are genes with unknown function. I determined the Roseiflexus 

pangenome was comprised of 587 core gene clusters, or that 15% of the overall meta-pangenome 

was shared by all genomes (Figure 4-2). Within the core genome, 423 gene clusters were single 

copy core genes (SCGs). As expected, several Roseiflexus core genes were ribosomal genes, 

DNA repair genes, or ATP-binding genes as these genes are integral to bacterial function (See 

Appendix 3).  

At present, Roseiflexus do not fix carbon in isolation, but likely live a mixotrophic 

lifestyle in situ (Liu et al. 2011; Klatt et al. 2013). Genes for the 3-hydroxypropionate carbon 

fixation pathway (3HPB) are present in Roseiflexus genomes and transcripts have been recovered 

from Mushroom spring metatranscriptomes (Klatt et al. 2013; Hanada et al. 2002). To examine 

the potential for carbon fixation in our Roseiflexus MAGs, I queried the number of 3HPB KOfam 

annotations per MAG for the entire pathway (Figure 4-3). Many Roseiflexus-like MAGs contain 

KOfams for the first carboxylation step in the 3HPB and I found that acetyl-CoA carboxylase 

biotin subunit (K01961), which is part of the catalysis of the first step in the carbon fixation 

pathway, is a core Roseiflexus gene. However, several MAGs are missing the second 
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carboxylation step (propionyl-CoA carboxylase, K15052). Only 606I bin 67 contained four of the 

five carboxylation step KOfams. Missing KOfams could be due to incomplete binning, but 

previous work has shown that Roseiflexus can employ a partial 3HPB cycle to assimilate small 

organic molecules either as acetate, glycolate, or glycogen (Van Der Meer et al. 2010; Bateson 

and Ward 1988). To further explore the potential for Roseiflexus to incorporate and store small 

organic molecules, I queried KOfams for polyhydroxyalkanoate synthase, acetyl-CoA synthase, 

and glycolate oxidase (Figure 4-4). Polyhydroxyalkanoate synthase is necessary for building 

carbon storage molecules (Van Der Meer et al. 2001), while acetyl-CoA synthase and glycolate 

oxidase are necessary for incorporating acetate and glycolate, respectively (Lindahl and Chang 

2001; Lau and Armbrust 2006). While none of the KOfams were considered core Roseiflexus 

functions, I found that all bins contained KOfams for either glycolate oxidase or acetyl-CoA 

synthase. Phototrophic Chloroflexi co-occur with Cyanobacteria in alkaline springs and 

Cyanobacteria are known to produce glycolate as a byproduct of photosynthesis (Bateson and 

Ward 1988; Van Der Meer et al. 2001). Therefore, our results support the hypothesis that 

Roseiflexus likely incorporate small organic molecules produced by Cyanobacteria in situ with 

either glycolate oxidases or acetyl-CoA synthases. Lastly, all but one Roseiflexus MAG contained 

genes for polyhydroxyalkanoate synthase, which suggests these hot spring taxa incorporate and 

store small organic molecules.  

In addition to carbon metabolism in Roseiflexus, I was also interested in sulfide 

oxidation. In pure culture, Roseiflexus does not grow photoautotrophically with sulfide (Hanada 

et al. 2002) However, R. RS1 contains a homolog of the type II sulfide:quinone oxidoreductase 

(SQR) which is likely used for detoxification (Bryant et al. 2012). In fact, RS 1 can withstand up 

to 200 µM sulfide in culture (Van Der Meet et al. 2007). Rabbit Creek ranges in sulfide from 

below the limit of detect up to 1.19 µM in site 606D (Table 1). One MAG in site 606H with 0.25 

µM sulfide (606H bin 07) contained KOfams for both sulfide:quinone oxidoreductase (SQR) and 
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L-cysteine S-thiosulfo-transferase (soxX). Two bins from sites 606G (< 0.03 µM sulfide) and 

606F (0.62 µM sulfide) contained just the SQR and both bins from site 606I (1.01 µM sulfide) 

site contained neither SQR or soxX (Figure 4-5). I speculate that sulfide fluctuates in Rabbit 

Creek as a function of flowing water, but at middle temperature sites (606F, 606G, 606H), 

Roseiflexus are equipped with genes for sulfide oxidation. Additionally, sulfate 

adenylyltransferase was a component of the Rosieflexus core genome. Roseiflexus genomes were 

missing all components for the entire thiosulfate oxidation system (sox genes), but some 

contained SQRs which are likely present for thiosulfate detoxification or sulfide oxidation, 

respectively. Because sulfur is essential for life, I hypothesize that Roseiflexus acquire inorganic 

sulfur through sulfate adenylyl-transferases, which requires ATP and sulfate to generate 

pyrophosphate and adenylyl sulfate.   

Pan-genome of Chloroflexus MAGs 

Chloroflexus are the second common phototrophic genus of Choroflexi in alkaline hot 

springs. I determined the pangenome of Rabbit Creek MAGs and references to compare to the 

Roseiflexus meta-pangenome. I constructed the Chloroflexus meta-pangenome with five 

Chloroflexus isolate genomes and three quality Rabbit Creek Chloroflexus-like MAGs (Figure 4-

6). I found that Chloroflexus core genome was almost triple the size of the Roseiflexus core 

genome with 1343 gene clusters, or 35% of the total pangenome shared among all genomes 

(Figure 4-6). Similar to the Roseiflexus pangenome, the functional homogeneity of the 

Chloroflexus pangenome was high (0.91), suggesting conserved function across genomes. Yet, 

2,344 gene clusters contained with unknown KOfam functions. There are fewer available 

Rosieflexus reference genomes, which could be why the Roseiflexus core genome was smaller 

than the Chloroflexus core. A small core genome (13%) in Prochlorococcus genomes was 

associated with large gene loss patterns (Kettler et al. 2007). In Chloroflexus and Roseiflexus, 

photosynthetic reaction centers are encoded by pufLM genes. Previous work has shown that 
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Roseiflexus contain fused pufLM genes while Chloroflexus are unfused, a trait that indicates 

shrinking of the Roseiflexus core genome. 

Like the Roseiflexus core genome, the Chloroflexus core contained several functions 

essential to life (DNA repair, ribosomal genes, and genes involved in central metabolism). 

However, the Chloroflexus core contained several intermediate components of the 3HPB carbon 

fixation pathway (Figure 4-6). Unlike Roseiflexus, Chloroflexus isolates are known to fix carbon 

in culture (Hanada et al. 1995), but it has been speculated that Chloroflexus also live a 

mixotrophic lifestyle by employing a partial 3HPB (Klatt, Bryant, and Ward 2007; Zarzycki et al. 

2009). Two KOfam functions  for generation of succinyl-CoA (methylmalonyl-CoA mutase, 

K01847 and K01848) were components of the Chloroflexus core genome. Following the two 

carboxylation steps in the 3HPB (steps one and four), propionyl-CoA is converted to succinyl-

CoA via methylmalonyl-CoA mutase (Zarycki et al. 2009). Succinyl-CoA is an intermediate 

in several essential pathways, including the tricarboxylic acid cycle (TCA cycle), where 

succinyl-CoA is converted to succinate by succinate thiokinase, generating one ATP. 

Additionally, steps 12 and 13 in the 3HPB (2-methylfumaryl-CoA isomerase, K14470; 3-

methylfumaryl-CoA hydratase, K09709) were components of the Chloroflexus core genome. 

These two steps are part of the second half of the 3HPB, which involves the conversion of 

glyoxylate to pyruvate (Zarycki et al. 2009). Glyoxylate is a two-carbon molecule formed in 

the first half of the 3HPB pathway but can also be generated by the glyoxylate cycle (a 

modified TCA cycle) by isocitrate lyase (Zhang and Bryant 2015). Indeed, isocitrate lyase was 

present in the Chloroflexus core pangenome (Table S3), suggesting Chloroflexus can 

incorporate glyoxylate and generate pyruvate via the second half of the 3HPB. A second 

possibility for the formation of glyoxylate is via glycolate oxidase, which converts glycolate to 

glyoxylate and multiple copies are present in the Chloroflexus meta-pangenome (Figure 4-4). 

Together, the functions found in the core meta-pangenome of Chloroflexus MAGs suggest that 
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glyoxylate is an important intermediate which could be crucial for mixotrophy in Chloroflexus 

in hot springs.  

 I also explored the potential for the incorporation of sulfur compounds in Chloroflexus 

MAGs. Some Choroflexus isolates can oxidize sulfide for carbon fixation via SQRs, but the 

distribution of this trait among hot spring species is not well understood. SQR (K17218) was a 

core function in the Chloroflexus meta-pangenome and Rabbit Creek bins contained up to three 

SQRs (Figure 4-5). Additionally, thiosulfate reductase (K08352) and sulfate adenylyl-transferase 

were core gene in Chloroflexus, which could be important for sulfate assimilation in 

Chloroflexus. Chloroflexus isolates do not contain sox genes and I found that none of the Rabbit 

Creek MAGs contained soxX, contrary to Roseiflexus MAGs.  Historic studies in Mushroom and 

Octopus springs have shown that anoxygenic photosynthesis in mats containing Chloroflexus-like 

taxa is stimulated in the presence of sulfide (Bauld & Brock 1987) and recovered consistent 

anoxygenic photosynthetic activity throughout Rabbit Creek (Bennett et al. 2020). Together, 

these results suggest that oxidation of sulfide for anoxygenic photosynthesis and incorporation of 

sulfate are integral functions in Chloroflexus.  

 

Unclassified Chloroflexales MAGs 

 I recovered nine MAGs from Rabbit Creek that did not align with characterized isolate 

genomes (Figure 4-1). I found that temperature did not impact the distribution of unclassified 

MAGs: I recovered three unclassified MAGs from both sites 606E (59.3ºC) and 606I (45.5ºC), 

while the remaining three MAGs were distributed among sites 606H (52.1ºC) and 606K (62.5ºC) 

(Table 1). Furthermore, Rabbit Creek MAGs were similar in tANI to other Rabbit Creek MAGs 

than to reference genomes (Figure 4-S1). I found that all unclassified bins contained at least two 

type-II reaction center genes, indicative that they are putative phototrophic Chloroflexi (Figure 4-

S2). Since carbon fixation is variable within the order Chloroflexales, I aimed to investigate the 

potential for carbon fixation in the unclassified MAGs (Figure 4-2). I found that most bins 
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contained functions for the first carboxylation step (step 1, acetyl-CoA carboxylase), but lacked 

the second carboxylation step (step 4, propionyl-CoA carboxylase). The unclassified bin 

recovered from site 606K (62.5ºC, 606K bin 30) had neither of the carboxylation steps.  

Furthermore, all unclassified bins contained succinate dehydrogenase KOfams (K00239, 

K00240), which is an important enzyme for energy generation via the TCA cycle. Furthermore, I 

found that all unclassified bins contained genes for both acetyl-CoA synthase and glycolate 

oxidase, functions found in both Roseiflexus and Chloroflexus that are indicative of small organic 

carbon assimilation. Lastly, all unclassified MAGs contained polyhydroxyalkanoate synthase, 

which suggests they could store small organic molecules (Van Der Meer et al. 2001). Together, 

these results suggest that small organic molecular assimilation and storage is a common trait 

among most Rabbit Creek MAGs, regardless of phylogenetic placement. I found that 

Cyanobacteria, namely Synechococcus, were abundant throughout Rabbit Creek (Bennett et al. 

2020) and Cyanobacteria are known to produce small organic carbon molecules as a biproduct of 

photosynthesis (Bateson and Ward 1988), which could support photomixotrophic Chloroflexi in 

Rabbit Creek.  

 To compare unclassified MAGs to Roseiflexus and Chloroflexus, I explored the potential 

for sulfur assimilation and sulfide oxidation (Figure 4-4). Unlike Roseiflexus and Chloroflexus, 

several unclassified MAGs and ‘Candidatus Chloroploca’ reference genomes contained soxX 

(Figure 4-4).  At present, the sulfide-oxidation gene cluster (sox) has not been characterized in 

Chloroflexi as current isolates likely use SQRs for sulfide oxidation (Manske et al. 2005). 

However, sox genes are widely distributed throughout several bacterial phyla, including 

anaerobic photoautotrophs (Brune 1989; Freiderich et al. 2001). In Chlorobium tepidium, soxX 

encodes a monoheme cytochrome, SoxX, which forms a complex with SoxA to oxidize 

thiosulfate ( Freiderich et al. 2001). The soxA KEGG annotation (K17222) was absent from all 

Rabbit Creek MAGs and ‘Candidatus Chloroploca’ references, but ‘C. Chloroploca asiatica’ 

produces elemental sulfur globules when grown in up to 8mM sulfide, but the genetic system has 
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yet to be explored (Gorlenko et al. 2014). The unclassified Rabbit Creek MAGs likely represent a 

novel group of Chloroflexales that could be involved in sulfur cycling with sox genes.  

 
Conclusion 

Temperature is a known factor in the distribution of Cyanobacteria in alkaline hot springs 

>50ºC and phototrophic Chloroflexi co-occur with Cyanobacteria in alkaline hot springs in 

Yellowstone National Park. Previous work has examined the distribution of phototrophic 

Chloroflexi marker genes at discrete temperatures and found Chloroflexus and Roseiflexus are the 

predominant genera. I sought to examine the distribution and functional potential of phototrophic 

Chloroflexi along a temperature gradient (45ºC to 71ºC) through metagenome assembled 

genomes, which provide higher resolution than single marker genes. I recovered 50 quality, 

Chloroflexi bins in sites up to 62ºC in Rabbit Creek. Most of the Rabbit Creek MAGs were found 

in the lowest temperature site (606I, 45ºC) and the second highest temperature site (606E, 

59.3ºC). The majority of Chloroflexi bins were either class Chloroflexia or class Anaerolinea, 

with few bins outside of these two classes. While the focus on this work is on phototrophic 

Chloroflexi and all putative phototrophic Chloroflexi are in the class Chloroflexia, I recovered 

MAGs within Anaerolinea that represent a novel phototrophic group, ‘Candidatus Roseilinea’ 

that could be explored in future work.  

I recovered 17 putative, phototrophic Chloroflexi Rabbit Creek MAGs that were 

representative of three clades: Roseiflexus, Chloroflexus, and unclassified Chloroflexales. I 

determined that the Rosieflexus and Chloroflexus core genomes contained integral biological 

functions including ribosomal genes, DNA repair genes, and ATP-binding genes. Additionally, I 

found that the Chloroflexus core genome was larger than the Rosieflexus core genome, suggesting 

further gene fusion or gene loss events in Roseiflexus. While the Chloroflexus core genome 

contained more key functions in the 3-hydroxypropionate bicycle carbon fixation pathway, both 



 70  

Roseiflexus and Chloroflexus core genomes suggest these genera live a photomixotrophic lifestyle 

in stiu. Furthermore, small organic molecule and storage functions are core to both Roseiflexus 

and Chloroflexus genomes. Lastly, all Chloroflexus genomes contained suilfide:quinone 

oxidoreductases and thiosulfate reductases, which suggests sulfur oxidation is a key function in 

Chloroflexus Rabbit Creek MAGs. Sulfur oxidation was not core to the Roseiflexus genomes; in 

fact, two low temperature (45ºC) Roseiflexus-like MAGs were missing SQRs, which suggests this 

function is depleted at low temperatures.  

Finally, I found that the majority of the unclassified Chloroflexales MAGs were similar 

in tetra-average nucleotide identity to other Rabbit Creek MAGs than to any reference genomes. I 

explored the functional potential of unclassified Chloroflexales MAGs and found that they all 

contained at least one annotation for a type-II photosynthetic reaction center, suggesting they are 

all putative, phototrophic Chloroflexi. Furthermore, I found that unclassified Chloroflexales 

MAGs contained the first carboxylation step in the 3HPB, but several were missing the second 

carboxylation step and all unclassified MAGs contained at least a glycolate oxidase or acetyl-

CoA synthase. Together, these results suggest that photomixotrophy is an essential function for 

phototrophic Chloroflexi in Rabbit Creek. Lastly, unlike Roseiflexus and Chloroflexus MAGs, all 

unclassified Chloroflexales contained soxX, which are absent from phototrophic Chloroflexi 

isolate genomes, but is promotes thiosulfate oxidation in green and purple sulfur bacteria. While 

other sox genes were absent from unclassified Chloroflexales MAGs, the functional purpose 

within this group remains unresolved and will be explored in future work.  
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Main Tables 

 

Table 4-1. Site and bin information.  

(A) Rabbit Creek site geochemistry and number of quality (>50% completion, <12% contamination) bins 

assigned ‘phylum Chloroflexi’ by GTDB-tk. (B) Class Chloroflexales bins with GTDB-tk genus 

assignment, CheckM completeness, and CheckM contamination scores. 

 
 
 
 
 
 
 
 
 
 

Site ID Clean Chloroflexi bins pH mV Temp 
(¼C)

Cl2+ 
(mM)

SO4-  
(mM)

H2S 
(uM)

Fe2+ 
(uM)

SiO4 
(mM)

PO43- 
(uM)

DIC  
(mM)

NO3-  
uM)

NH4 + 
(uM)

606D 0 9.137 -146 70.8 8.999 0.218 1.19 0.36 3.99 16.42 3.25 71.4 bdl

606K 6 9.243 -148.5 62.5 8.876 0.199 0.59 0.03 3.86 12.91 3.4 28.6 32.9

606E 11 9.024 -133.9 59.3 9.297 0.220 0.62 2.33 4.28 13.03 3.14 14.3 10.7

606F 7 9.333 -151.1 56.2 8.801 0.202 0.62 4.48 4.1 38.05 3.37 0.03 BDL

606G 5 8.969 -129.6 58.3 6.58 0.165 BDL 0.03 3.3 4.47 3.59 28.50 BDL

606H 6 9.321 -148.6 52.1 8.295 0.186 0.25 0.9 3.93 5.47 3.73 14.3 BDL

606I 15 9.485 -155.4 45.4 8.423 0.204 1.03 BDL 3.99 12.62 3.24 42.9 BDL

Bin name Genus CheckM 
Completeness

CheckM 
Contamination

606K bin 010 Chloroflexus 83.18 4.72

606G bin 005 Chloroflexus 63.83 11.32

606F bin 015 Chloroflexus 97.26 8.02

606I bin 75 JAAUTZ01 95.91 0

606H bin 9 JAAUTZ01 98.27 0

606E bin 083 JAAUTZ01 78.05 5.21

606K bin 030 JACAEO01 50.66 2.36

606I bin 013 JACAEO01 60.01 3.32

606E bin 36 JACAEO01 78.93 0.94

606I bin 67 Roseiflexus 68.22 7.34

606I bin 011 Roseiflexus 78.59 9.48

606H bin 007 Roseiflexus 81.35 0

606G bin 003 Roseiflexus 51.99 0.75

606F bin 001 Roseiflexus 75.76 0

606H bin 13 Unclass. Chloroflexales 100 2.26

606I bin 087 Viridilinea 88.27 7

606E bin 1 Viridilinea 93.27 0

A.

B.

BDL = below detection limit 
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Main Figures 

 
Table 4-1. Phylogenomic Tree of Rabbit Creek Chloroflexales bins.  

Bins from Table 1B classified using 13 concatenated ribosomal genes (from Hug et al. 2013).  Bins are in 

bold. Reference genomes are displayed with NCBI taxonomy IDs. The tree is rooted with Caldilinea 

aerophila, a reference genome from class Anaerolinea. Bins are grouped by one of three clades based on 

phylogenetic and GTDB-tk (Table 1B) placement: Roseiflexus-like, unclassified Chloroflexales, and 

Chloroflexus-like. The scale bar indicates 2 substitutions for every ten positions.  Bootstrap values (n=649 

bootstrap replicates) are displayed at branches. Bootstrap values on lower branches are not shown. 

Collapsed clades: ‘Candidatus Chloroploca’: ‘Candidatus Chloroploca M501’, ’Candidatus Chloroploca 

KHR17’, ’Candidatus Chloroploca asiatica’; Oscillochloris sp: Oscillochloris fontis, Oscillochloris 

trichoides. 
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Figure 4-2. Roseiflexus meta-pangenome of Rabbit Creek bins.  

Five quality, Roseiflexus-like Rabbit Creek bins (black text) and two NCBI reference genomes (pink text) 

were analyzed using the pangenome workflow in anvi’o (Eren et al. 2015). The outermost layer represents 

the functional homogeneity of gene clusters, followed by single copy core genes, and known (dark red 

dash) vs. unknown (gray dash) Kofam and KEGG module annotations. The metapangenome is divided into 

a Roseiflexus core genome (587 gene clusters) and a Roseiflexus accessory genome (3271 gene clusters), 

representing 3858 total gene clusters of 21307 total genes. Bin/genome completeness and redundancy 

scores are displayed as bars (out of 100). 
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Figure 4-3. 3-Hydroxypropionate Bicycle KEGG-annotated genes in Chloroflexales bins.  

3-hydroxypropionate bicycle (3HPB) KEGG-annotated genes are displayed for 15 Chloroflexales bins 

(bold text) and 13 NCBI reference genomes. Bins and genomes are categorized by both GTDB-tk and 

phylogenetic placement (Figure 4-1). Multiple copies of a gene are represented by a darker shade (see 

‘Number of Hits’ legend, white = 0, black= 4). Each step of the 3HPB is represented by at least one KEGG 

annotation and steps of the pathway are shown below the x-axis. Bold KEGG labels represent bicarbonate-

assimilation steps in the pathway. Asterisks represent KEGGs that were annotated with that function and 

are present in the core genome of Roseiflexus (pink) and/or Chloroflexus (green). 

 
 
 
 
 
 
 
 
 
 

Fig 2. 3-Hydroxypropionate Bicycle KEGG-annotated genes in Chloroflexales bins
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Figure 4-4. Carbon assimilation and storage KEGG-annotated genes in Chloroflexales bins.!

Polyhydroxyalkanoate synthase (carbon storage), acetyl-CoA synthase (small molecule acquisition), and 

glycolate oxidase (small molecule acquisition) KEGG-annotated genes are displayed for 15 Chloroflexales 

bins (bold text) and 13 NCBI reference genomes. Multiple copies are indicated by a darker shade (see 

‘Number of Hits’ legend; white = 0, dark orange = 5). 
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Figure 4-5. Sulfur metabolism KEGG-annotated genes in Chloroflexales bins.  

Sulfate adenylyltransferase (sulfate acquisition), thiosulfate reductase (sulfate acquisition), sulfide:quinone 

oxidoreductase (sulfide oxidation) and L-cysteine-S-thiosulfotransferase (thiosulfate oxidation) KEGG-

annotated genes are displayed for 15 Chloroflexales bins (bold text) and 13 NCBI reference genomes. Bins 

and genomes are categorized by both GTDB-tk and phylogenetic placement (Figure 1). Multiple copies are 

indicated by a darker shade (see ‘Number of Hits’ legend; white = 0, gold = 3). Asterisks represent KEGGs 

that were annotated with that function and are present in the core genome of Roseiflexus (pink) and/or 

Chloroflexus (green). 
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Figure 4-6. Chloroflexus meta-pangenome of Rabbit Creek bins.  

Three quality, Chloroflexus-like Rabbit Creek bins (black text) and five NCBI reference genomes (green 

text) were analyzed using the pangenome workflow in anvio (Eren et al. 2015). The outermost layer 

represents the functional homogeneity of gene clusters, followed by single copy core genes, and known 

(green dash) vs. unknown (gray dash) Kofam and KEGG module annotations. The metapangenome is 

divided into a Chloroflexus core genome (1343 gene clusters) and a Roseiflexus accessory genome (2503 

gene clusters), representing 3846 total gene clusters of 27458 total genes. Bin/genome completeness and 

redundancy scores are displayed as bars (out of 100). 
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Chapter 5: Conclusions and Future Directions 
 Photosynthetic bacteria are important contributors to carbon, nitrogen, and sulfur cycling 

and are key pieces to the evolutionary puzzle of photosynthesis. An immense body of work has 

focused on the ecology and physiology of phototrophic Cyanobacteria in alkaline hot springs, but 

phototrophic Chloroflexi are an understudied but metabolically diverse group. The goal of this 

dissertation was to explore the functional potential, biogeography, and ecology of phototrophic 

Chloroflexi in alkaline hot springs in Yellowstone National Park (YNP).  

To determine the distribution of anoxygenic photosynthesis in several alkaline hot 

springs, I leveraged shotgun metagenome sequencing. I examined the distribution of genes 

involved in phototrophy, carbon fixation, and nitrogen fixation in eight alkaline (pH 7.3-9.4) hot 

spring sites near the upper temperature limit of photosynthesis (~71ºC). Based on genes encoding 

key reaction center proteins, I found that geographic isolation plays a larger role than temperature 

in selecting for distinct phototrophic Chloroflexi while genes typically associated with autotrophy 

in anoxygenic phototrophs did not have distinct distributions with temperature. Additionally, I 

recovered several abundant nif (marker gene for nitrogen fixation) sequences associated with 

Roseiflexus (Chloroflexi) providing further evidence that genes involved in nitrogen fixation in 

Chloroflexi are more common than previously assumed but play a functional role that is not well 

understood and could be explored in future work.  

 In Chapter 3, I employed a combination of 16S rRNA gene sequencing and 

photoassimilation microcosms to test the hypothesis that temperature would constrain the activity 

and composition of phototrophic Cyanobacteria and Chloroflexi. I expected diversity and rates of 

photoassimilation to decrease with increasing temperature. I report 16S rRNA amplicon 

sequencing along with carbon isotope signatures and photoassimilation from 45-72ºC in two 

alkaline hot springs. I found that Roseiflexus, Chloroflexus (Chloroflexi) and Leptococcus 

(Cyanobacteria) operational taxonomic units (OTUs) have distinct distributions with temperature. 

This distribution suggests that, like phototrophic Cyanobacteria, temperature selects for specific 
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phototrophic Chloroflexi taxa. The richness of phototrophic Cyanobacteria decreased with 

increasing temperature along with a decrease in oxygenic photosynthesis, whereas Chloroflexi 

richness and rates of anoxygenic photosynthesis did not decrease with increasing temperature, 

even as temperatures approaches the upper limit of photosynthesis (~72 - 73ºC). Our carbon 

isotopic data suggest an increasing prevalence of 3-hydroxypropionate bicycle with decreasing 

temperature coincident with photoautotrophic Chloroflexi.  

Finally, in Chapter 4, I build on the work from Chapter 3 by conducting a phylogenomic 

and pangenome analysis of 17 Chloroflexales metagenome assembled genomes (MAGs) 

recovered from Rabbit Creek. I hypothesized that Chloroflexus and Roseiflexus would harbor 

unique core genomes and that temperature would select for certain accessory genes. I built a 

phylogenomic tree with 17 Chloroflexales, Rabbit Creek MAGs and 15 NCBI isolate genomes 

and found that the Rabbit Creek MAGs represent genera with characterized isolates as Ill as novel 

taxa. I examined the functional potential of Roseiflexus and Chloroflexus MAGs and found that 

Roseiflexus core genomes were depleted in both the 3-hydroxypropionate bicycle and sulfide 

oxidation functions while Chloroflexus core genomes contained sulfide:quinone oxidoreductases 

(SQRs) and several steps in the 3-hydroxypropionate bicycle. Furthermore, I found both 

Roseiflexus and Chloroflexus core genomes contained genes for carbon assimilation and storage, 

suggesting this is an integral function for Chloroflexi in the Rabbit Creek ecosystem.  Lastly, 

Irecovered several MAGs that did not align with reference genomes, but contained genes for 

type-II reaction centers, thiosulfate oxidation not common to characterized phototrophic 

Chloroflexi, and were highly similar with other Rabbit Creek MAGs.  

In summary, these results indicate temperature plays a role in defining the niche space of 

phototrophic Chloroflexi (as has been observed for Cyanobacteria), but other factors such as 

morphology, geochemistry, or metabolic diversity of Chloroflexi, in addition to temperature, 

could determine the niche space of this highly versatile group. This work builds on the body of 
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work in phototrophic Chloroflexi in alkaline hot springs and further constrains the role of 

Chloroflexi in carbon, nitrogen, and sulfur cycling. 
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Appendix 1: Chapter 2 supplemental material  

 
 
Table 2-S1. Sample site and metagenome meta data.  

(A) Sample IDs and physicochemical parameters of sample sites.  pH, conductivity, temperature, and 

aqueous geochemistry of spri 

ng water at the site of sample collection. bdl, below detection limit. Detection limits: Fe2+, 20 μg/L. (B) 

Metagenome assembly statistics. Sample IDs and metagenome meta-data.  NCBI Accession numbers, JGI 

genome IDs, number of genes identified (ORFs), number of reads, N50, and number of contigs for each 

metagenome.  

 
 
 
 

 

 

 

 

Table S1. Sample site and metagenome meta-data.

Site ID NCBI Accession JGI IMG genome ID ORFs identified Assembly reads N50 # Contigs

RCA3 SRR14150299 3300028606 204899 796348 62364 796348

RCA4 SRR14150300 3300028609 332336 916781 66351 916781

RCA5 SRR14150301 3300028611 150190 375420 17478 375420

RCA6 SRR14150302 3300028818 312239 887224 61306 887224

BG1 SRR14150303 3300028893 353535 1122653 89147 1187870

WCA1 SRR14150304 3300028816 184233 1187870 40218 569186

WCA2 SRR14150305 3300028617 233562 569186 57513 788302

GCA3 SRR14150306 3300028820 286391 788302 29204 554619

Mean 257173 830473 52948 759469

Standard deviation 74524 267811 22845 254236

A. 
Site ID, Site Name 

(corresponds with Hamilton et 
al. 2019)

JGI Genome ID
Library 
name

pH
Temperature 

(¼C)
Sulfide 

(µM)
Fe2+ 

 (µM)
SiO2  
(mM)

! 15N  
(ä)

SO42- 

(mM)
PO43-

(µM)
Mo 

(nM)

RCA3 Rabbit Creek OF1 3300028606 626A 9.14 68.40 0.34 bdl* 3.14 -0.93 0.20 5.43 290.61

RCA4 Rabbit Creek OF2 3300028609 626B 9.24 62.30 0.44 bdl 2.48 -1.32 0.19 5.40 287.30

RCA5 Smoking Gun Spring 3300028611 626C 9.44 62.40 19.00 bdl 4.19 -2.38 0.16 6.44 304.56

RCA6 Rabbit Creek OF3 3300028818 626D 9.29 62.30 0.25 bdl 3.43 -2.09 0.19 5.32 301.98

BG1 Boulder Geyser 3300028893 629B 8.68 68.50 45.53 0.90 2.13 4.09 0.19 3.18 483.06

WCA1 Mouthful Geyser 3300028816 629F 8.80 71.00 3.12 2.33 4.63 4.12 0.16 7.15 259.47

WCA2 Stumped Spring 3300028617 629H 8.56 69.40 1.25 0.36 3.96 4.26 0.15 9.07 267.31

GCA3 Mixy Fritzy 3300028820 630D 7.30 62.70 0.87 0.12 3.71 2.82 1.39 4.68 683.71

B. 

*bdl = below detection limit (< 0.01 ! m)
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Figure 2-S1. Maximum likelihood-inferred PsbA tree and best BLASTP match. 

A) Maximum likelihood-inferred phylogenetic reconstruction of translated psbA OTUs recovered from 

YNP sites (bold) aligned to all reference sequences in Supplemental File 1. NCBI taxonomy IDs are shown 

for each uncollapsed reference taxon. The tree is rooted with a marine Cyanobacterium, Prochlorococcus 

marinus PsbA. The scale bar indicates 4 substitutions for every ten positions.  Bootstrap values (n=1000 

bootstrap replicates) are displayed at branches. Bootstrap values less than 50 are not shown. Collapsed 

clades: Synecococcus Clade 1 (Synechococcus sp. MIT9509, Synechococcus sp. KORDI-52, 

Synechococcus sp. WH 8109, Synechococcus sp. 1G10); Synecococcus Clade 2 (Synechococcus sp. WH 

8020, Synechococcus sp. CC9902, Synechococcus sp. WH8103, Synechococcus sp. CC9605, 

Synechococcus sp. KORDI-49, Synechococcus sp. MIT9504, Synechococcus sp. WH 7803, Synechococcus 

sp. KORDI-100, Synechococcus sp. RSCCF101);!Leptolynbya sp. (Leptolyngbya sp. KIOST-1, 

Leptolyngbya sp. BC1307); Synechocystis sp. (Synechocystis sp. PCC 6803, Synechocystis sp. PCC 6803, 

PCC-P); Synecococcus Clade 3 (Synechococcus sp. PCC 7002, Synechococcus sp. WH 7803); Leptolynbya 

Clade 2 (Leptolyngbya boryana dg5, Leptolyngbya sp. NIES-3755); Synechococcus & Psuedoanabaena 

clade (Synechococcus sp. PCC 7502, Pseudanabaena sp. PCC 7367).!(B) Abundance and best BLASTP 

hit for all psbA OTUs. 

Site ID

A) Maximum likelihood-inferred phylogenetic reconstruction of unique PsbA OTUs recovered from YNP sites (bold) aligned to all 
reference sequences in Supplemental File 1. NCBI taxonomy IDs are shown for each uncollapsed reference taxon. The tree is rooted with 
a marine Cyanobacterium, Prochlorococcus marinus PsbA. The scale bar indicates 4 substitutions for every ten positions.  Bootstrap 
values (n=1000) are displayed at branches. Bootstrap values less than 50 are not shown. B) Abundance and best BLASTP hit for all psbA 
OTUs. 

Figure S2. Maximum likelihood-inferred PsbA tree and OTU abundances. 
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03 Gloeomargarita lithophora 96.00 2E-61 1188228 0.54

04 Synechococcus sp. OH28 98.11 6E-29 139350 0.57

05 Synechococcus sp. JA-2-3B'a(2-13) 100.00 2E-11 321332 0.68

06 Synechococcus sp. OH20 100.00 7E-82 139337 1.02
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18 Cylindrospermopsis raciborskii S14 100.00 3E-39 2014883 0.01
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Figure S1. Maximum-likelihood inferred PsbA tree with OTU BLASTP results 
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Figure 2-S2. Alpha diversity of psbA, pufLM, nifH, and rbcL gene variants. 

Shannon diversity of (A) psbA, (B) pufLM, (C) nifH, and (D) rbcL gene variants for each site, divided into 

high and low temperature groups, and arranged by increasing temperature.  
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Figure S2. Alpha diversity of psbA, pufLM, nifH, and rbcL gene variants across sites.

Site ID

Temp (68¼C - 71¼C)Temp (~62¼C)

B. 

!

!

!

!
!

!

!

!

0.0

0.5

1.0

1.5

630D 626D 626B 626C 626A 629B 629H 629F
site_ID

S
ha

nn
on

 D
iv

er
si

ty Temp (68¼C - 71¼C)Temp (~62¼C)

C. 

!

!!

!

!

!
!

!

0.0

0.5

1.0

1.5

2.0

630D 626D 626B 626C 626A 629B 629H 629F
site_ID

S
im

ps
on

 D
iv

er
si

ty

Site ID

Temp (68¼C - 71¼C)Temp (~62¼C)D. 

Site ID

S
ha

nn
on

 D
iv

er
si

ty
GCA3 RCA6 RCA4 RCA5 RCA3 BG1 WCA2 WCA1

GCA3 RCA6 RCA4 RCA5 RCA3 BG1 WCA2 WCA1

GCA3 RCA6 RCA4 RCA5 RCA3 BG1 WCA2 WCA1

GCA3 RCA6 RCA4 RCA5 RCA3 BG1 WCA2 WCA1



 99  
 

Figure S3A. PufLM maximum likelihood-inferred phylogenetic tree.

Figure S3A. Maximum-likelihood inferred PufLM tree. 

Figure S3B. PufLM OTU BLASTP results 

Abundance OTU Best BLASTP match % Identity E-Value NCBI ID

0.019 01 Actinobacteria bacterium 99.64 3E-165 1883427

0.406 02 Chloroflexi bacterium 99.60 0.0 2026724

0.525 03 Chloroflexus sp. Y-396-1 100.00 2E-61 867845

0.036 04 Chloroflexus sp. Y-396-1 100.00 3E-119 867845

0.515 05 Roseiflexus sp 100.00 0.0 2562120

0.339 06 Roseiflexus sp 97.70 0.0 2562120

0.604 07 Chloroflexi bacterium 100.00 0.0 2026724

0.617 08 Chloroflexus sp. 100.00 0.0 1904827

0.149 09 Chloroflexus sp. 100.00 0.0 1904827

0.238 10 Chloroflexus sp. 95.36 

\

1E-123 1904827

0.017 11 Uncultured Gammaproteobacteria 85.07 6E-79 86473

0.01 12 Chloroflexi bacterium 100.00 1E-80 2026724

0.102 13 Roseiflexus sp 97.19 0.0 2562120

0.282 14 Roseiflexus castenholzii 100.00 5E-22 120962

0.020 15 Chloroflexus sp. 100.00 2E-90 1904827

0.80 16 Roseiflexus sp 99.68 0.0 2562120

0.01 17 Chloroflexi bacterium 100.00 3E-129 2026724

0.074 18 Roseiflexus castenholzii 100.00 3E-30 120962

0.097 19 Roseiflexus castenholzii 97.30 1E-45 120962

0.29898 20 Roseiflexus sp. RS-1 97.04 1E-65 357808

0.539 21 Roseiflexus sp 100 6E-123 2562120

0.300 22 Chloroflexi bacterium 96.20 2E-166 2026724

0.225 23 Candidatus Roseilinea sp. NK_OTU-006 97.44 3E-70 2704250

0.300 24 Candidatus Roseilinea sp. NK_OTU-006 96.58 5E-77 2704250

1.26 25 Roseiflexus castenholzii 100.00 1E-08 120962

0.01 26 Roseitalea sp. 77.43 1E-11 1915402

0.01 27 Roseiflexus castenholzii 98.55 2E-39 120962

0.01 28 Elioraea rosea 97.02 1E-34 2492390

0.034 29 Roseiflexus sp. RS-1 100.00 1E-40 357808

0.030 30 Rubrivivax sp. 86.75 0.0 50259

0.030 31 Actinobacteria bacterium 99.64 3E-165 1883427

0.054 32 Roseiflexus sp. RS-1 100.00 0.0 357808

0.511 33 Candidatus Roseilinea sp. NK_OTU-006 91.94 0.0 2704250

1.10 34 Chloroflexus sp. 100.00 0.0 1904827

0.339 35 Chloroflexi bacterium 97.64 0.0 2026724

0.339 36 Chloroflexi bacterium 100.00 1E-80 2026724

0.070 37 Chloroflexus aurantiacus 100.00 7E-83 1108

1.27 38 Chloroflexus sp. 100.00 0.0 1904827

0.801 39 Roseiflexus sp 100.00 0.0 2562120

0.01 40 Actinobacteria bacterium 99.64 8E-35 1883427

0.01 41 Betaproteobacterium 93.37 0.059 1891241

0.01 42 Chloroflexi bacterium 98.04 3E-57 2026724
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Figure 2-S3. Maximum likelihood-inferred PufLM tree, OTU best BLASTP match, and PufLM BLASTP 

counts for Roseiflexus and Chloroflexus genera.  

A) Maximum likelihood-inferred phylogenetic reconstruction of unique concatenated, translated pufLM 

OTUs recovered from YNP sites (bold) aligned to all reference sequences used the reference 2. NCBI 

taxonomy IDs are shown for each uncollapsed reference taxon. The tree is rooted with methylobacterium sp 

PufLM. The scale bar indicates 8 substitutions for every ten positions.  Bootstrap values (n=1000 bootstrap 

replicates) are displayed at branches. B) Full table of BLASTP results for each OTU. C) Counts of 

Chloroflexus and Roseiflexus OTUs (assigned by best BLASTP match) in each site, divided into 

temperature groups.  
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Figure 2-S4. Ratio of Calvin cycle genes with temperature.  

The ratio of rbcS genes (x axis) to both rbcL and prk genes (y axis) is shown. Points are shaded by site 

temperature.  
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Figure 2-S5. Distribution and abundance of rbcL OTUs.  

Rank abundance plots for each site are displayed in increasing temperature order. Plots display abundances 

as normalized ln(1 + reads mapped) for each rbcL OTU and OTUs are ranked in order from most to least 

abundant. Bars are labeled with the OTU number. Striped bars represent OTUs that are present in more 

than one site. 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Richness and distribution of rbcL gene variants.!
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Figure 2-S6. Type I reaction center and rTCA cycle genes. 

A) The abundance (normalized ln(1 + reads mapped) of type I anoxygenic photosynthesis reaction center 

genes are shown as box plots for each site. Triangles represent the mean abundance for the gene set and 

dots represent individual gene abundances, shaded by reaction center gene.  Boxes represent the inter 

quartile range (Q1-Q3) and whiskers (lines) represent the maximum and minimum, with outliers removed 

(+/-2.5 standard deviations from the mean). Sites are ordered by increasing temperature. B) rTCA cycle 

gene distribution with temperature. The abundance (normalized ln(1 + reads mapped) for genes in the 

rTCA cycle plotted as boxplots for each site. Triangles represent the mean abundance for the gene set and 

dots represent individual gene abundances, shaded by gene. Boxes represent the inter quartile range (Q1-

Q3) and whiskers (lines) represent the maximum and minimum, with outliers removed (+/-2.5 standard 

deviations from the mean). Sites are ordered by decreasing temperature.  
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Figure S6.  Abundance and distribution of type I reaction center genes and key genes in the rTCA cycle. 
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Figure 2-S7. Maximum likelihood-inferred NifH tree, OTU best BLAST match, and conserved region 

alighment. 

A) Maximum likelihood-inferred phylogenetic reconstruction of translated nifH OTUs recovered from 

YNP sites (bold) aligned to all reference sequences in the Gaby & Buckley (2014) nifH database. NCBI 

taxonomy IDs are shown for each un-collapsed reference taxon. The tree is rooted with Synechococcus 

BchlL. The scale bar indicates 5 substitutions for every ten positions.  Bootstrap values (n=1000 bootstrap 

replicates) are displayed at branches. Bootstrap values less than 50 are not shown. Collapsed clades: 

Firmicutes sp (Desulfotomaculum acetoxidans DSM 711, Thermoanaerobacterium aotearoense SCUT27); 

Chlorobaciulum sp & OTU10 (Chlorobaculum parvum & OTU10); Cyanobacteria sp (Leptolyngbya 
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Figure S7.  NifH maximum likelihood-inferred phylogenetic tree, OTU BLASTP results, and conserved region alignment. 

OTU Best BLASTP match E-Value % Identity NCBI ID Abundance

01 unclassified Synechococcus 0 100 2626047 1.74

09 Hydrogenobacter thermophilus 2E-166 95.34 940 1.71

02 Roseiflexus sp 0 100 2562120 0.779

03 Synechococcales M55_K2018_004 0 90.34 2774347 0.680

16 Synechococcales cyanobacterium M58_A2018_015 0 89.26 2774348 0.301

22 Roseiflexus sp 6E-180 99.63 2562120 0.2709

06 Roseiflexus sp 3E-180 100 2562120 0.267

12 Synechococcales cyanobacterium M58_A2018_015 0 88.93 2774348 0.087

08 Dissulfurispira thermophila 0 96.04 2715679 0.066

05 Dissulfurispira thermophila 2E-174 94.16 2715679 0.0415

11 Roseiflexus sp 4E-140 100 2562120 0.0415

15 Dissulfurispira thermophila 3E-101 71.48 2715679 0.028

07 Synechococcales cyanobacterium M58_A2018_015 1E-43 91.46 2774348 0.0249

25 Nitrospirae bacterium 4E-22 90.00 2026887 0.0127

04 Hydrogenobacter thermophilus 3E-107 95.72 940 0.0115

26 Hydrogenobacter thermophilus 5E-54 98.72 940 0.01

10 Methanothermobacter thermautotrophicus 2E-23 98.59 145262 0.01

13 Uncultured bacterium 1E-26 88.41 77133 0.01

14 Dissulfurispira thermophila 6E-39 93.15 2715679 0.01

17 Uncultured bacterium 2E-46 97.30 77133 0.01

18 Hydrogenobacter thermophilus 1E-47 91.95 940 0.01

19 unclassified Synechococcus 7E-13 100 2626047 0.01

20 Uncultured bacterium 3E-29 94.52 77133 0.01

21 Leptolyngbya sp. 'hensonii' 0 90.91 1922337 0.01

23 Thermodesulfovibrio aggregans 1E-60 93.00 86166 0.01

24 Mycobacterium avium 0.037 78.26 1764 0.01

C. 

B.

Synechococcus sp. JA-2-3BÕ - BchL (outgroup) [NCBI:txid321332]

Synechococcus sp. JA-3-3Ab - BchL (outgroup) [NCBI:txid321327]

Desulfotomaculum & Desulfitobacterium sp. 

Firmicutes sp. 

Chlorobaculum sp.& OTU10 

OTU17

Oscillilochloris sp. 

OTU06

OTU22
OTU02

OTU11
Roseiflexus castenholzii DSM 13941 [NCBI:txid383372]

Roseiflexus sp. RS-1 [NCBI:txid357808]

OTU04

OTU20
OTU09

OTU23

OTU05
OTU15

OTU08

Synechococcus PCC 7335 [NCBI:txid96192886]

Synechococcus sp. JA-3-3Ab [NCBI:txid86555017]

Lyngbya sp. PCC 8106 [NCBItxid:119456086]

Leptolyngbya sp. KIOST-1 [NCBI:txid1229172]

Caldichromatium japonicum [NCBI:txid2699430]

OTU21
OTU03

OTU16
OTU12

Cyanobacteria sp. 

Mastigocladus sp. & Calothrix sp. 

A. 
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boryana dg5, Oscillatoriales sp. JSC-1, Cyanobacterium sp JSC-1); Oscillilochloris sp. (Oscillochloris 

fontis, Oscillochloris trichoides DG-6); Desulfotomaculum & Desulfitobacterium sp. (Desulfotomaculum 

acetoxidans, Desulfitobacterium haniense Y51). B) Full table of BLASTP results for each OTU. C) 

Alignment of conserved NifH metal binding site (35 amino acids) with 25 NifH OTUs. Arrows indicate 

metal binding position. Asterisks (*) indicate Roseiflexus NifH sequences. 

 
Table 2-S2. Kruskal-Wallace significance for photosynthesis genes. 

Table available here:  

https://drive.google.com/file/d/1C1T12_V9hmMy6tnZgEtSrbItYwhC0Hue/view?usp=sharing 

Kruskal-Wallace significance values comparing photosynthesis gene (psb, puf, and psc) abundances across 

each site.  

 

Table S3. Kruskal-Wallace significance for carbon fixation pathway genes. 

Table available here:  

https://drive.google.com/file/d/1C1T12_V9hmMy6tnZgEtSrbItYwhC0Hue/view?usp=sharing 

Kruskal-Wallace significance values comparing carbon fixation pathway gene abundances in the 1) Calvin 

cycle (RuBisCO large and small subunits, phosphoribulokinase,), 2)  3-hydroxypropionate bicycle (mcl, 

mcr, pccA) and 3) the reverse tri-carbo-carboxylic acid cycle (ATP citrate lyase alpha and beta subunits, 

isocitrate dehydrogenase) across each site in the analysis. 

 

Supplemental Material: "rbcL and psbA reference sequences" – reference sequences acquired from the 

Joint Genome Institute for rbcL and psbA OTU analysis (see doi).  

 
Supplemental references  
1. Gaby, J.C. & Buckley D.H. (2014) A comprehensive aligned nifH gene database: A multipurpose tool 

for studies of nitrogen-fixing bacteria. Database. 2014:1–8.  

2. Imhoff, J.F. et al (2018) Photosynthesis is widely distributed among Proteobacteria as demonstrated by 

the phylogeny of PufLM reaction center proteins. Front Microbiol. 8(JAN):1–11.  
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Appendix 2: Chapter 3 supplemental material  
Materials and methods:  

Sample collection, DNA extraction, & analysis 

Biomass was collected from seven Rabbit Creek (RC) sites and three Bison Pool (BP) 

sites in June 2018. Samples (n = 3 for each site) were collected using flame-sterilized spatulas or 

forceps, placed in sterile 2.0-ml vials and immediately frozen on dry ice and stored at –80°C until 

nucleic acid extraction. Total DNA was extracted from ! 250-mg samples using a DNeasy 

PowerSoil kit (Qiagen, Carlsbad, CA, USA) according to the manufacturer’s instructions. 

Amplicons were sequenced using MiSeq Illumina 2× 300-bp chemistry at the University of 

Minnesota Genomics Center (UMGC). Itargeted the V4 hypervariable region of bacterial and 

archaeal 16S small subunit rRNA gene using the modified primers 515F and 806R (Gohl et al., 

2016).  Postsequence processing was performed using mothur version 1.37.6 (Schloss et al. 2009) 

following the MiSeq SOP with the following modifications: sequences were classified at a 99% 

cutoff using the SILVA database and remove.rare was used to remove sequences with less than 

three reads. Sequence data was analyzed using R version 3.6.1 (R Core Team, 2018) and the 

ggplot2 and tidyverse package (Wickham, 2014 & 2016). 

Microcosm set-up and statistical analysis 

 To assess the activity of anoxygenic photoautotrophs and oxygenic photoautotrophs, 

Iperformed inorganic 13C assimilation microcosms in Light, Light+inhibitor and Dark treatments 

in seven Rabbit Creek sites and one Bison Pool site in June 2018. Only one Bison Pool site was 

included in this experiment because of sampling limitations, but is included here to test 

productivity at the upper limit of photosynthesis (72ºC). To parse the photoassimilation of 

anoxygenic versus oxygenic photosynthesis, Iamended a subset of microcosms with DCMU (3-

(3,4-dichlorophenyl)-1,1-dimethylurea), an inhibitor of oxygenic photosynthesis. A Dark control 

group was set up and wrapped in foil to halt photoassimilation of inorganic carbon. Microcosm 

experiments were conducted in triplicate, incubated at in situ spring temperature for two hours 
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and placed on dry ice following the incubation period. Carbon stable isotope signals of biomass 

were determined via a Costech Instruments elemental analyzer (EA) periphery connected to a 

Thermo Scientific Delta V Advantage IR-MS at the UC Davis Stable Isotope Facility. Microcosm 

samples were thawed, and biomass was rinsed with 1 M HCl to remove any extra 13C-labeled 

DIC, triple rinsed with 18.2 MΩ/cm deionized water, and then dried (60°C for 3 days). Natural 

abundance samples were not treated with acid. Samples were ground/homogenized with a cleaned 

mortar and pestle (ground with ethanol silica slurry, triple rinsed with 18.2 MΩ/cm deionized 

water, and dried), weighed, and placed into tin boats, sealed, and submitted to the UC Davis 

Stable Isotope Facility for analyses. Rates of 13C-labeled DIC uptake (carbon assimilation rates) 

reflect the difference in uptake between the biomass in the assays that received NaH13CO3 and the 

natural abundance biomass samples. Using the organic carbon content, the uptake rate was 

calculated from the total micrograms of C taken up divided by the grams of organic C per gram of 

sediment, and that was divided by the number of hours of incubation (typically ! 2hr). Raw rates 

are provided in Table S3. 

 To test the hypothesis that rates within sites are not significantly different, an analysis of 

variance was conducted followed by the post-hoc Tukey’s Honest Significant Difference test 

under the null hypothesis that light and DCMU+light 13C assimilation rates were not significantly 

different within sites. Similarly, to test the hypothesis that photosynthetic rates differ from site to 

site down the temperature gradient, an analysis of variance was conducted followed by the post-

hoc Tukey’s Honest Significant Difference test under the null hypothesis that light and dark rates 

are not significantly different between sites (see table S3 and S4 for a list of pairwise comparisons 

and respective p-values). None of the anoxygenic photosynthesis rates were significantly different 

between sites, however three of the pairwise comparisons of oxygenic photosynthesis rates 

between sites were significantly different and are shown via black bars bars (* indicates a p < 

0.05). 
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Table 3-S1. Site geochemistry.  

Table found here: https://drive.google.com/file/d/16tCgJg9I_82C-

nLnmwGHKeUV3tvHse6J/view?usp=sharing 

Samples for δ13C (n = 1 for each site) were collected using flame-sterilized spatulas or forceps. Samples 

were placed in sterile 2.0-ml vials and immediately frozen on dry ice and stored at –80°C until processing 

for C and δ13C analysis. Sulfide, Fe2+, and dissolved silica were measured onsite using a DR1900 portable 

spectrophotometer (Hach Company, Loveland, CO). Water samples were filtered through 0.2-μm 

polyethersulfone syringe filters (VWR International, Radnor, PA, USA) and analyzed for dissolved 

inorganic carbon (DIC) concentration and δ13C value as described previously (Havig et al. 2011). Field 

blanks comprised of filtered 18.2 MΩ/cm deionized water, transported to the field in 1-liter Nalgene bottles 

(acid washed as described above), were collected onsite using the equipment and techniques described 

above. All isotopic data are reported as isotope ratios, relative to standards of known value, using the 

equation [(isotope ratio of sample)/(isotope ratio of standard)−1] × 1,000, expressed in delta notation (δ) 

and reported as per mil (‰). Carbon isotopic values are reported as isotopic ratios of 13C to 12C from the 

equation [(13C/12C of sample)/(13C/12C of standard)−1] × 1,000 and expressed in delta notation (δ13C). δ13C 

values are reported using the Vienna Pee Dee Belemnite (VPDB) standard. The difference between DIC 

δ13C values and biomass δ13C values is expressed as Δ13C and represents the fractionation of 13C from the 

source inorganic carbon (DIC δ13C) and biomass δ13C values.  BDL = below the limit of detection of the 

field spectrophotometer. Sample metadata has been submitted to NCBI with corresponding accession 

numbers (column 1). 
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Figure 3-S1. Natural log relative abundance of OTUs < 0.1%. OTUs with counts < 1% of the total count for 

each site were removed to prevent over plotting in Figure 1. The log abundance of those OTUs are shown 

here for each site. 
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Figure 3-S2. Pearson correlation between Chloroflexi and Cyanobacteria richness and temperature.  

To test whether richness within the two dominant groups in our samples is linearly related to temperature, 

Iconducted a Pearson correlation between number of distinct taxa and temperature using the package 

ggpubr in R. Black lines are the regression lines with corresponding R values and shaded gray regions 

indicate the 95% confidence interval. Iconducted correlation analyses between richness in phototrophic 

Cyanobacteria (A), non-phototrophic Chloroflexi (B) and phototrophic Chloroflexi (C) with temperature. 

There were not enough observations in the non-phototrophic Chloroflexi group to conduct the analysis (11 

observed taxa).  Both Chloroflexi groups were not significantly correlated with temperature, while 

phototrophic Cyanobacteria richness was negatively correlated with temperature (A, p = 0.01).  
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Figure 3-S3. Biomass δ13C values versus in situ temperature.  

Carbon isotopic signatures were determined as previously described (Figure 3-5).  For each site, Ihave 

plotted the δ13C biomass signature versus site temperature.  

 

 

 

 

 

 

 

 

 

 

 
Table 3-S2: Sequences and OTUs recovered for each site.   

Total sequence reads for each site (column 1) are listed in column 2. 24186 OTUs were classified (at 99% 

sequence identity) in our analysis. To remove noise in the dataset, Iomitted OTUs with counts < 3, resulting 

in 2767 OTUs that were considered in this analysis. Total OTUs per site are listed in column 3.  
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! 13C Biomass

Site Data                                    Bulk OTU Data

Site ID Total Seqs Total OTUs OTUs Total

BP1 202797 3033 before removing counts < 3 32834

BP2 
 

88836 1610 after removing counts < 3 2767

BP3 
   

152756 1877

RC1 139747 1783

RC2    178285 1826

RC3 173198 3200

RC4 67041 1563

RC5 187469 2427

RC6   120055 2195

RC7 248938 4738
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Table 3-S3: Raw rates of photosynthesis and pairwise comparison of means between light and DCMU 

treatments within sites.  

Uptake rates (g/hr) are listed for each treatment (n=3) in each site (n=8). An analysis of variance was 

conducted followed by the post-hoc Tukey!s Honest Significant Difference test under the null hypothesis 

that light and light + DCMU 13C assimilation rates were not significantly different within sites (* p < 0.05) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Table S3 

Table S4

Site ID Light 1 Light 2 Light 3 Light + 
DCMU 1

Light + 
DCMU 2

Light + 
DCMU 3

Dark 1 Dark 2 Dark 3 Site  
(Light-DCMU)

Significance 
(* p < 0.05)

BP1 119.1 118.0 112.8 45.4 46.5 37.4 14.3 21.7 22.6 BP1 0.005400 *

RC1 476.0 189.2 202.3 96.0 120.6 3.6 22.9 26.4 65.4 RC1 0.229000

RC2 1076.2 737.9 698.1 199.9 229.6 226.7 56.1 78.8 88.1 RC2 0.002000 * 

RC3 490.6 563.4 771.1 175.4 142.8 176.9 106.8 117.6 61.6 RC3 0.014000 *

RC4 3545.3 4162.3 4028.5 812.6 774.3 903.4 249.6 227.5 241.9 RC4 0.000050 *

RC5 617.4 445.5 715.6 278.5 214.8 - 70.1 87.5 79.7 RC5 0.092800

RC6 2185.9 2796.4 2760.1 364.8 349.5 378.7 76.5 111.9 93.7 RC6 0.000007 *

RC7 1804.7 1764.9 2185.4 329.9 257.6 357.9 103.8 115.7 91.5 RC7 0.003900 *

Site Pair Significance 
(Light)

Significance 
(DCMU)

BP1 - RC1 0.512 1.000

RC1 - RC2 0.140 0.230

RC2 - RC3 0.993 0.939

RC3 - RC4 0.005 * 0.134

RC4 - RC5 0.007 * 0.751

RC5 - RC6 0.019 * 0.998

RC6 - RC7 0.951 1.000

* p<0.05

Uptake rate (g/hr) Tukey results
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Table 3-S4: Pairwise comparison of light treatment rates from site to site and DCMU treatment rates from 

site to site.  

To test the hypothesis that photosynthetic rates differ from site to site down the temperature gradient, an 

analysis of variance was conducted followed by the post-hoc Tukey’s Honest Significant Difference test 

under the null hypothesis that light and dark rates are not significantly different between sites (see table S3 

and S4 for a list of pairwise comparisons and respective p-values) 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S3 

Table S4

Site ID Light 1 Light 2 Light 3 Light + 
DCMU 1

Light + 
DCMU 2

Light + 
DCMU 3

Dark 1 Dark 2 Dark 3 Site  
(Light-DCMU)

Significance 
(* p < 0.05)

BP1 119.1 118.0 112.8 45.4 46.5 37.4 14.3 21.7 22.6 BP1 0.005400 *

RC1 476.0 189.2 202.3 96.0 120.6 3.6 22.9 26.4 65.4 RC1 0.229000

RC2 1076.2 737.9 698.1 199.9 229.6 226.7 56.1 78.8 88.1 RC2 0.002000 * 

RC3 490.6 563.4 771.1 175.4 142.8 176.9 106.8 117.6 61.6 RC3 0.014000 *

RC4 3545.3 4162.3 4028.5 812.6 774.3 903.4 249.6 227.5 241.9 RC4 0.000050 *

RC5 617.4 445.5 715.6 278.5 214.8 - 70.1 87.5 79.7 RC5 0.092800

RC6 2185.9 2796.4 2760.1 364.8 349.5 378.7 76.5 111.9 93.7 RC6 0.000007 *

RC7 1804.7 1764.9 2185.4 329.9 257.6 357.9 103.8 115.7 91.5 RC7 0.003900 *

Site Pair Significance 
(Light)

Significance 
(DCMU)

BP1 - RC1 0.512 1.000

RC1 - RC2 0.140 0.230

RC2 - RC3 0.993 0.939

RC3 - RC4 0.005 * 0.134

RC4 - RC5 0.007 * 0.751

RC5 - RC6 0.019 * 0.998

RC6 - RC7 0.951 1.000

* p<0.05

Uptake rate (g/hr) Tukey results
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Appendix 3: Chapter 4 supplemental material 

 
Figure 4-S1. Tetra-ANI of Rabbit Creek MAGs.  

Average nucleotide identity (ANI) calculated by the tetra method (Richtler, M & Rosselló-Móra, 2009) for 

each metagenome assembled genome (MAG) (bold text) and reference genome. Asterisks indicate > tetra-

ANI between genomes.  
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Fig 4-S2. Type-II reaction center KEGG-annotated genes in unclassified Chloroflexales bins.# 
pufL, pufM, and pufC KEGG-annotated genes are displayed for 9 unclassified Chloroflexales bins (bold 

text) and 5 phylogenetically similar NCBI reference genomes. Multiple copies are indicated by a darker 

shade (see ‘Number of Hits’ legend; white = 0, green = 2). 

 

 

Supplemental material:  

Roseiflexus pan-genome summary: https://drive.google.com/file/d/1p3PwNM2yecGmzvRJw3ZXt-

tye9lsZ_zI/view?usp=sharing 

Chloroflexus pan-genome summary: 

https://drive.google.com/file/d/13UKCtYF4kXF8u8Hslgi7PzehGrl0YM3S/view?usp=sharing 

 

Supplemental references: 

Richtler, M & Rosselló-Móra, R. (2009) Shifting the genomic gold standard for the prokaryotic species 

definition. Proc Natl Acad Sci. Nov 10;106(45):19126–31. Available from: 

https://doi.org/10.1073/pnas.0906412106 
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