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Abstract 

Cryoenvironments, or environments with continuously sub-zero temperatures, present unique 

challenges to microbial life, including freezing temperatures and high solute concentrations. 

Study of inhabitant microbes informs our understanding of the cold and saline limits of life on 

Earth and extraterrestrial bodies. Lost Hammer and Gypsum Hill springs, located on Axel 

Heiberg Island, Nunavut, in the Canadian High Arctic, are rare examples of perennial cold 

springs arising in an area of thick permafrost. These springs are perennially sub- or near-zero (-5 

to 7°C), hypersaline (7-24%), and anoxic (<1 ppm O2). Lost Hammer is also the coldest known 

terrestrial methane seep on Earth. Multi-omics methods were used to characterize the metabolic 

activities and adaptations sustaining microbial life in situ in these extreme environments. In Lost 

Hammer, a combination of metagenomics, single-amplified genomics, and metatranscriptomics 

identified a predominantly lithotrophic active microbial community in the sediment utilizing 

inorganic compounds (hydrogen sulfide, hydrogen, carbon dioxide) as energy and carbon 

sources, driven in part by sulfide-oxidizing Gammaproteobacteria scavenging trace oxygen. 

Genomes from active methane-oxidizing archaea (ANME-1), the first identified under ambient 

sub-zero and hypersaline conditions, showed evidence of putative metabolic flexibility and cold 

and saline adaptations. Evidence of anaerobic heterotrophic and fermentative lifestyles were 

identified in candidate phyla DPANN archaea and CG03 bacteria. In Gypsum Hill, metagenomic 

and metatranscriptomic sequencing and isotopic analysis identified an active microbial 

community in the spring sediment dominated by sulfur cycling Desulfobacterota and 

Gammaproteobacteria. Sulfate reduction was dominated by hydrogen-oxidizing 

chemolithoautotrophic Desulfovibrionaceae sp. and was identified in phyla not typically 

associated with sulfate reduction in novel lineages of Spirochaetota and Bacteroidota. Highly 
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abundant and active sulfur-reducing Desulfuromusa sp. expressed non-coding RNAs associated 

with transcriptional regulation, showing potential evidence of putative metabolic flexibility in 

response to substrate availability. Despite low oxygen availability, sulfide oxidation was 

primarily attributed to aerobic chemolithoautotrophic Halothiobacillaceae. In the Gypsum Hill 

spring outflow channels, seasonal microbial streamers were formed by a novel 

chemolithoautotrophic Thiomicrorhabdus sp. oxidizing sulfide to elemental sulfur. The 

Thiomicrorhabdus sp. genome contained osmotic and cold stress adaptations, including for the 

production of extracellular polymeric substances suggested to promote streamer formation and 

provide cold stress protection. This study identified active, predominantly chemolithoautotrophic 

microbial communities in extreme cold and hypersaline Arctic springs, providing insights into 

how microbial life is sustained in Earth’s cryosphere and what types of microbial life could exist 

in analogous environments on Mars and other astrobiology targets. 
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Résumé 

Les cryoenvironnements, ou environnements où les températures sont constamment inférieures à 

zéro, présentent des défis uniques pour la vie microbienne, incluant des températures de 

congélation et des concentrations élevées de solutés. L'étude des microorganismes vivants nous 

permet de mieux comprendre les limites froides et salines de la vie sur Terre et dans les corps 

extraterrestres. Les sources de Lost Hammer et de Gypsum Hill, situées sur l'île Axel Heiberg, au 

Nunavut, dans le Haut-Arctique canadien, sont des exemples rares de sources froides pérennes 

apparaissant dans une zone de pergélisol épais. Ces sources sont en permanence à une 

température inférieure ou égale à zéro (-5 à 7°C), hypersalines (7-24%), et anoxiques (<1 ppm 

O2). À Lost Hammer, il s’agit également du suintement de méthane terrestre le plus froid connu 

sur Terre. Des méthodes multi-omiques ont été utilisées pour caractériser les activités 

métaboliques et les adaptations permettant de maintenir la vie microbienne in situ dans ces 

environnements extrêmes. Dans le cas de Lost Hammer, une combinaison de métagénomique, de 

génomique à amplification unique et de métatranscriptomique a permis d'identifier une 

communauté microbienne active principalement lithotrophe dans les sédiments, utilisant des 

composés inorganiques (sulfure d'hydrogène, hydrogène, dioxyde de carbone) comme sources 

d'énergie et de carbone, mené en partie par des Gammaproteobacteria oxydant le sulfure et 

piégeant les traces d'oxygène. Les génomes des archées oxydant le méthane (ANME-1), dont ces 

dernières ont été les premières identifiées dans des conditions ambiantes inférieures à zéro et 

hypersalines, ont montré des preuves de flexibilité métabolique putative et d'adaptation au froid 

et à la salinité. Des preuves de modes de vie anaérobiques hétérotrophes et fermentaires ont été 

identifiées dans les phyla candidats d’archées DPANN et de bactéries CG03. 
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À Gypsum Hill, le séquençage métagénomique et métatranscriptomique ainsi que l'analyse 

isotopique ont identifié une communauté microbienne active dans les sédiments de la source, 

dominée par des Desulfobacterota et des Gammaproteobacteria effectuant les cycles de soufre. 

La réduction des sulfates était dominée par les Desulfovibrionaceae sp. chimiolithoautotrophes 

oxydant l'hydrogène et a été identifiée dans des phyla non typiquement associés à la réduction 

des sulfates dans de nouvelles lignées de Spirochaetota et Bacteroidota. Desulfuromusa sp. 

hautement abondant et actif dans la réduction du soufre, a exprimé des ARN non codants 

associés à la régulation transcriptionnelle, montrant des preuves potentielles d'une flexibilité 

métabolique putative en réponse à la disponibilité du substrat. Malgré la faible disponibilité de 

l'oxygène, l'oxydation des sulfures était principalement attribuée aux Halothiobacillaceae 

chimiolithoautotrophes aérobiques. Dans les canaux d'écoulement de la source de Gypsum Hill, 

des films ou « streamer » microbiens saisonniers ont été formés par un nouveau 

Thiomicrorhabdus sp. chimiolithoautotrophe oxydant le sulfure en soufre élémentaire. Le 

génome de Thiomicrorhabdus sp. contient des adaptations au stress osmotique et au froid, y 

compris pour la production de substances polymères extracellulaires qui suggère de promouvoir 

la formation de films ou « streamer » et fournir une protection contre le stress au froid. Cette 

étude a permis d'identifier des communautés microbiennes actives, principalement 

chimiolithoautotrophes, dans des sources arctiques hypersalines et extrêmement froides, ce qui 

permet de mieux comprendre comment la vie microbienne se maintient dans la cryosphère 

terrestre et quels types de vie microbienne pourraient exister dans des environnements analogues 

sur Mars et d'autres cibles astrobiologiques. 
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Chapter 1. Introduction and Literature Review 

1.1 Objectives of this thesis 

The objectives of this thesis were to describe and characterize the active microbial community 

and the metabolisms sustaining microbial life in extreme cold saline springs in the Canadian 

High Arctic, in order to further our understanding of microbial life in the Earth’s cryosphere and 

potential life on extraterrestrial worlds. The specific questions my research aimed to address 

were as follows: 

 

1. What microorganisms are active under extreme salt and cold conditions?  

2. What metabolisms sustain microbial life under extreme salt and cold conditions? 

3. What adaptations and stress response mechanisms allow microbial life to grow under 

extreme cold and salt conditions? 

4. What are the lower temperature limits of microbial life and what are the implications of 

active cryospheric life for the search for life on other worlds?  

 

I applied these questions to studies of three cold saline spring environments, which are described 

in the following three chapters, using a combination of meta’omics methods including 

metagenomics, metatranscriptomics, and single cell genomics. In Chapter 2, I describe the active 

microbial community inhabiting Lost Hammer Spring, a sub-zero, hypersaline, and anoxic 

terrestrial methane seep. I assembled over 100 metagenome-assembled genomes and single-

amplified genomes and characterized their metabolic pathways, stress response mechanisms, and 

gene expression through genome-resolved metagenomics and metatranscriptomics. In particular, 

I closely examined genomes of anaerobic methane-oxidizing archaea from the ANME-1 clade, 
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and genomes from uncultured candidate phyla including DPANN archaea and CG03 bacteria. I 

also utilized metatranscriptomics to investigate the nature of primary production in the spring 

and identify the active microbial community members. 

 

In Chapter 3, I utilized genome-resolved metagenomics and metatranscriptomics to describe 

active sulfur cycling in sulfate-rich, cold, hypersaline, and anoxic Gypsum Hill Spring. Using 

this methodology, I identified the most active and abundant microorganisms contributing to 

sulfur cycling and described their metabolic functions and potential interactions. Additionally, I 

profiled the microbial community with 16S rRNA gene sequencing and compared the microbial 

community to those present in other cold, saline, or sulfur-rich environments in order to 

determine which factors are most important in shaping community structure in these 

environments.  

 

In Chapter 4, I examine in detail a metagenome-assembled genome representing a novel 

Thiomicrorhabdus sp. which seasonally forms microbial streamers in the outflow channels of 

Gypsum Hill spring. Using a combination of metagenomics, metatranscriptomics, and 

metaproteomics, I described its metabolic pathways, stress response capability, and potential 

mechanism of streamer formation. I also compared its stress response genes to those present in 

related Thiomicrorhabdus spp. to identify potential unique adaptations to the spring 

environment.  

 

In these chapters, I additionally discuss the implications of these results for potential habitability 

and search for life on other worlds such as Mars.  
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1.2 Introduction to the cryosphere and its microbial inhabitants 

The cryosphere comprises the portion of Earth that experiences sub-zero or cold temperatures 

sufficient for water to freeze (1). It includes diverse environments including glacial and sub-

glacial environments, permafrost, and sea ice. It comprises approximately one-fifth of the Earth’s 

surface (1), in addition to the majority of Earth’s biosphere which experiences continuously cold 

(<5°C) temperatures (2). 

 

Microorganisms in these environments typically experience multiple stressors, including cold 

temperatures. Living microorganisms require liquid water, which in sub-zero cryoenvironments 

can require freezing point depression through high solute concentrations, e.g. brine veins in 

permafrost and ice (3, 4), or high pressure as in subglacial lakes (5). Other stressors can include 

oligotrophy, low water activity, and high UV irradiation (2).  

 

Despite these challenges, the cryosphere contains microbial life which reproduces and is 

metabolically active, with bacterial respiration detected down to -33°C (6) and bacterial 

reproduction down to -15°C (7). Microorganisms in these environments are typically 

psychrophiles (optimal growth <15°C) or psychrotolerant (survival <0°C, optimal growth 20-

25°C) (8), and often halophiles (>0.2 M salinity required for growth) or halotolerant (tolerate 

high salinity but do not require it) (9).  

 

These microorganisms typically contain adaptations to cold and saline conditions. For 

psychrophilic and psychrotolerant microorganisms, these include adaptations to maintain enzyme 



 25 

efficiency and cellular flexibility including: increased enzyme catalytic efficiency to overcome 

low kinetic energy; increased cellular concentrations of enzyme or substrate; increased 

membrane fluidity through methods such as desaturation of membrane lipid fatty acid chains; 

and increased protein flexibility to enable activity at low temperatures (10). For halophilic and 

halotolerant, microorganisms, these include mechanisms to maintain cellular osmotic pressure 

through increasing salt or solute concentration in the cytoplasm (11). Other effects on inhabitant 

microorganisms can include slowing of metabolism and reproduction rates due to cold (10) or 

oligotrophic conditions (12). The range of energetically-favorable metabolisms may also narrow 

in these environments due to the high energetic costs of osmotic stress response (9, 13). 

 

Cryoenvironments are of particular interest in microbiology as analogues for extraterrestrial 

habitats, as potential sources for microorganisms and microbial products of use in biotechnology 

and medical sciences, and as a crucial habitat for study of biogeochemical cycling as the polar 

regions rapidly warm as a result of climate change (2). This review will focus on the microbial 

ecology of cold, hypersaline cryoenvironments analogous to extraterrestrial habitats, with a focus 

on sulfur and methane metabolisms, followed by a review of meta’omics methods for probing 

the active microbial communities in these environments. Finally, the environments discussed in 

this thesis will be introduced. 

 

1.3 The microbial community in cold, hypersaline environments  

Cold hypersaline brines are found in diverse environments including sea ice, glacial brines, 

hypersaline Antarctic lakes, and cryopegs. In these environments, cellular abundance can vary 

significantly from 105 cells/mL (sea ice) up to 108 cells/mL (cryopegs) (14). Overall, commonly 
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abundant bacterial phyla include Bacteroidota (formerly Bacteroidetes) and Proteobacteria 

(commonly Gammaproteobacteria), with variable archaeal and eukaryotic abundances (15). 

Much of the information about inhabitant microbial communities is derived from cultivation of 

isolates or 16S rRNA gene clone libraries; more recently, culture-independent methods utilizing 

next-generation sequencing of 16S rRNA gene amplicons and shotgun metagenomes have 

provided more in-depth pictures of these communities and their metabolic potential. 

 

1.3.1 Antarctic hypersaline lakes  

Antarctica hosts a number of hypersaline lake environments, ranging from brine pockets or 

hypersaline waters sealed under thick surface ice (16, 17) to highly saline lakes that remain 

perennially unfrozen despite sub-zero water and air temperatures (18). Temperature and salinity 

in these brines can be highly extreme, reaching to the known limits of metabolic activity, with 

temperatures down to -20°C and up to 32% salinity (18). More extreme conditions in places such 

as Don Juan Pond (-30°C, 40% salinity) are evidently prohibitive to even microbial life, with no 

successful measurements of metabolic activity thus far (19) (Figure 1.1A). In lakes with shallow 

or no ice coverage, photosynthetic phytoplankton and algae in upper waters act as primary 

producers, with deeper saline and less oxic waters dominated by bacteria (20, 21). For example, 

in Organic Lake (-14°C, 23% salinity), dimethylsulfoniopropionate (DMSP) produced by 

phytoplankton provides an energy and carbon source to dominant bacterial heterotrophs and 

mixotrophs in the Bacteroidetes (Psychroflexus) and Gamma- and Alphaproteobacteria 

(Marinobacter, Roseovarius) in the water column (21). Local physical and chemical parameters 

likely significantly impact inhabitant microbial communities in these lakes; comparison within 

and between lakes identified increasing abundance of halophilic Gammaproteobacteria  
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Figure 1.1. A. Don Juan Pond, Antarctica (22). B. Lake Vida, Antarctica (23). C. Blood Falls, 
Antarctica (24).  
 

(Marinobacter, Halomonas) with increasing salinity across lake chemoclines (20), and lower 

bacterial diversity in more saline sediments (18). More divergent communities have also been 

identified, e.g. in the highly saline Deep Lake (oxic, -20°C, 32% salinity) where primary 

producing green alga support dominant carbohydrate-degrading haloarchaea rather than bacteria 

(18, 25). 

 

By contrast, waters and brine pockets in lakes with thick ice coverage are aphotic and putatively 

chemosynthetic (16, 17, 26), as in Lake Vida (-13°C, 20% salinity), where 16S cDNA 

sequencing of putatively active microorganisms identified primarily Gammaproteobacteria 

(Psychrobacter, Marinobacter) and potentially hydrogen-oxidizing Epsilonproteobacteria 

(Sulfurovum), as well as fermentative Firmicutes and Sphaerochaeta (26) (Figure 1.1B). Other 

aphotic Antarctic environments include sub- and englacial brines (27), the best-studied of which 

are located at Blood Falls, Antarctica (Figure 1.1C). The brines at Blood Falls (8% salinity) are 
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sulfate- and iron-rich, and host a predominantly bacterial microbial community containing 

dominant sulfur and iron cycling Gammaproteobacteria (Thiomicrorhabdus) and 

Deltaproteobacteria (Geopsychrobacter, Desulfocapsa) (28, 29). This community is proposed to 

engage in coupled sulfur-iron cycling, in which organic C is oxidized with Fe(III) as the terminal 

electron acceptor with intermediary sulfate reduction and subsequent re-oxidation, as a result of 

low organic C in the absence of photosynthetic production (30).  

 

1.3.2 Cryopegs 

Cryopegs are lenses of hypersaline, sub-zero brines within stable permafrost formed from 

freezing of ancient marine sediments (31). Most studies to date have examined Arctic cryopegs, 

which range from approximately 3 to 300 meters belowground (32), -11°C – -6°C (15, 31), and 

15–20% salinity (31). Cryopegs are highly isolated and undisturbed environments which 

experience little to no seasonal variation (15, 31) and contain relatively high cellular abundances 

(108 cells/mL) (14, 33) of highly adapted psychrophilic/psychrotolerant and 

halophilic/halotolerant microorganisms (15, 31, 32). Cryopeg brines contain ample labile organic 

C, supporting predominantly heterotrophic microbial communities (up to 107 cells/mL aerobic 

heterotrophs) (33), with cellular abundances indicating brines near carrying capacity without 

nutrient limitation (15). Sequencing of Arctic cryopeg brines identified primarily Bacteroidetes 

and Gammaproteobacteria, with dominance of Marinobacter sp. (<~70% relative abundance) 

(14, 15). Marinobacter spp. are Gammaproteobacteria ubiquitous in cold saline environments; 

they are highly metabolically flexible, utilizing a range of organic compounds as well as (in 

some cases) chemolithoautotrophic metabolisms, in addition to being psychro- and halo-tolerant 

and facultatively aerobic, making them highly successful across many cold and saline 
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environments (15). Some Arctic cryopegs are also sulfate-rich and can contain low to moderate 

abundances of sulfate-reducing bacteria (Deltaproteobacteria) (102-106 cells/mL), as well as low 

abundances of methanogenic archaea (101 cells/mL) (33).  

 

1.3.3 Sea ice 

In contrast to the relatively stable brines in cryopegs, glaciers, and Antarctic lakes, sea ice 

contains brines that can experience significant seasonal, diurnal, and weather-induced variability 

(15). These brines form during ice formation through concentration of marine salts and dissolved 

matter into brine channels and pockets, which form networks along which nutritional, 

temperature, and salinity gradients can occur, as well as nutrient exchange with seawater (15). 

Temperature can range from -1°C to -50°C (34) and salinity from 3.8% to 15% (35). Microbial 

abundances are relatively low (105 cells/mL) (14, 15), but high proportions of transcriptionally 

active cells (<86%) have been detected in sea ice brines down to -20°C (35). Phytoplankton are 

the dominant primary producers in sea ice, fostering a predominantly heterotrophic bacterial 

community distinct from marine populations (34) that experiences seasonal succession due to 

winter darkness. During early winter periods of low productivity, oligotrophic 

Alphaproteobacteria (Octadecabacter, Loktanella) are dominant; in late winter, cold-adapted 

Bacteroidetes (Polaribacter) dominate; and finally, during late spring and summer, light-induced 

algal productivity fuels copiotrophic Gammaproteobacteria (Paraglaciecola, Colwellia, 

Glaciecola that utilize algal carbon and EPS derived from Bacteroidetes during winter, as well as 

potentially supplementing with phototrophy (14, 36). Thus, substrate availability is a major 

driver of microbial community in these brines (36).  
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In direct comparisons of microbial community composition between cryopegs and sea ice, low 

temperature and high salinity were sufficient to explain selection at the class level (e.g. similarly 

high abundances of Gammaproteobacteria and Bacteroidia in both cryopegs and sea ice brines), 

with significant differences apparent at the genus level (e.g. highly adapted dominant cryopeg 

members (Marinobacter) vs. greater diversity in sea ice) as a result of local selective pressures 

such as physical fluctuation and C and N availability (15). Similar patterns can be observed in 

the cold briny environments reviewed herein, where members of the Bacteroidota and 

Proteobacteria phyla are typically abundant (with notable exceptions such as Deep Lake). 

Cosmopolitan and highly metabolically flexible genera such as Marinobacter occupy a diversity 

of environments. Local physical and chemical parameters including temperature, salinity, 

nutrient availability, environmental disturbance, and seasonal cycling can significantly impact 

community abundance at the class level or below, as well as the composition of less-abundant 

phyla. Modes of primary production in these environments include both photo- and chemo-

synthesis and also influence community structure, e.g. sea ice dominated by bacterial 

heterotrophs vs. chemolithoautotrophic iron and sulfur cycling in subglacial brines of Blood 

Falls.  

 

1.4 Hypersaline cryoenvironments as astrobiology analogues 

Astrobiology refers the study and search for life on extraterrestrial worlds. While no life has yet 

been discovered on other worlds, conditions that may support life as we know it have been 

identified in the past and present of extraterrestrial bodies in our solar system and beyond. These 

conditions for habitability of life as we know it include 1) the presence of water; 2) the presence 
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of required elements (carbon, hydrogen, nitrogen, oxygen, phosphorus, sulfur, and transition 

metals); and 3) biologically accessible energy sources (37). 

 

1.4.1 Mars 

Mars is considered one of the most promising candidates for extant or past life based on these 

criteria as well as its accessibility for life detection missions (38). Martian surface features and 

geological evidence indicate that water features were widespread on Mars during the Noachian 

and Hesperian periods 3-4 Ga, including springs, crater lakes, and outflow channels (39, 40). As 

Mars became permanently colder and drier during the late Noachian (~3.7 Ga) (41), its last 

surface waters would likely have been cold brines. The locations of chloride salt deposits on the 

Martian surface suggest that small volumes of saline surface waters were present as recently as 

2.3 Ga (42). Low atmospheric pressure and freezing temperatures on present-day Mars are 

prohibitive to standing surface waters, but potential water sources are present in the subsurface. 

The recurring slope lineae are transient streaks formed on Martian slopes, and are suggested to 

form from flowing of hydrated salts formed through deliquescence (43) or instability and 

collapse of surface soils due to gypsum-chloride reactions in thin subsurface brine layers (44). 

Potential hypersaline lakes were also detected below Mars’ southern ice cap (45, 46). Water ice 

is also present at the polar regions and within high altitude regolith, with conditions overlapping 

with habitable Earth conditions (47).  

 

A number of potential energy sources are present in the Martian surface and subsurface. Mars is 

sulfur-rich, with abundant Mg- and Ca-sulfate salts in the surface and subsurface (48). Iron and 

manganese oxides and perchlorates in the Martian regolith could also act as anaerobic electron 
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acceptors (38). O2 is present in nanomolar concentrations in the Martian atmosphere (49), which 

could support some level of aerobic metabolism as in nanoxic regions on Earth (50). Near-

surface brines could also concentrate dissolved O2, bringing concentrations up to micro-oxic 

conditions (51).  

 

With abundant CO2 in the atmosphere (96%) (49), much of Martian habitability has focused on 

potential chemolithoautotrophic life. However, detection of organic carbon (>50 nM) in 

lacustrine mudstones in Gale Crater has also raised the possibility of past or present heterotrophy 

(52). Additionally, trace methane has been detected in the Martian atmosphere (~0.4 ppbv) (53), 

suggesting the potential for biogeochemical methane cycling on Mars. Serpentinization, which 

produces H2 and (under some conditions) methane as a byproduct of water-rock interactions in 

mafic and ultramafic rocks, may occur in the Martian subsurface (54, 55). The resulting H2 could 

be utilized as a potential electron donor for methanogenesis, as well as for chemolithoautotrophic 

metabolisms such as sulfate reduction, and abiotic or biotic methane could be utilized by 

methanotrophic microorganisms.  

 

1.4.2 Europa and Enceladus 

The icy moons of Europa and Enceladus are two additional primary candidates for life detection 

in our solar system due to their potential habitability. Jupiter’s moon Europa has a liquid ocean 

covered by an icy crust (56). This liquid ocean is predicted to overlay a rocky ocean floor, as on 

Earth, with the potential for rock-water interactions such as serpentinization forming energy and 

carbon sources for chemolithoautotrophic life or for features geochemically favorable for 

microbial life such as hydrothermal vents (57). Europa’s ocean waters are predicted to be cold, 
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highly saline, and experience high pressure, but within the known limits of life, and elemental 

sulfur, sulfate, carbon dioxide, and oxygen have been observed on the Europan surface indicating 

available energy and carbon for chemolithoautotrophic life (57).  

 

Saturn’s moon Enceladus also contains a liquid ocean underneath an icy crust (58). Plumes of 

ocean water and ice erupting through the crust contain compounds including CO2, CO or N2, 

ammonia, and organic carbon compounds such as methane and propane (59), indicating that 

Enceladus’ ocean contains the potential chemistry to support life. Silica particles identified in the 

plumes also indicate the presence of high-temperature (>90°C) hydrothermal rock-water 

reactions, and likely convection or plumes of warm hydrothermal fluids into the ocean (60). The 

presence of these reactions also constrains ocean salinity (<4%) and pH (8.5-10.5) to well within 

the known limits of microbial habitability (60), indicating that Enceladus’ ocean contains 

conditions favorable to the presence or development of life.  

 

1.4.3 Analogue environments on Earth 

Analogue environments on Earth, or environments that approximate the environmental 

conditions present in putative habitats on extraterrestrial worlds, are used to study and constrain 

the known limits and conditions for habitability and biosignature detection on other worlds. Due 

to the predicted hypersalinity and low temperature of most potential liquid water sources on 

Mars and in the oceans or ice crusts of Europe and Enceladus, cold briny environments such as 

cryopegs, hypersaline Antarctic lakes, and ice brine veins are some of the closest terrestrial 

analogues to putative extraterrestrial habitats (57). The microbial communities inhabiting these 

environments have been studied in this context to identify putatively habitable environments, 
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such as ultrathin brine veins in Europan ice crusts (57), and determine the nutrient sources, 

energy requirements, and energetic pathways necessary for sustaining microbial life under 

polyextreme conditions (16, 26, 29). Cultured bacteria from these environments have probed the 

lower temperature limits of life: microbial respiration in isolates from glacial ice identified 

metabolism occurring at -33°C (6). Additionally, the absence of life in brines of Don Juan Pond 

due to extreme temperature and salinity (-36°C, 40% salinity) constrains the boundary conditions 

for life as we know it (19, 61). Terrestrial cryosphere analogues such as cold saline springs have 

also been used to interpret geomorphological and geochemical features observed on 

extraterrestrial bodies, such as identifying potential fluvial features such as springs and lakes on 

ancient Mars (62) and determining the composition of salts on the Europan ice crust (63). 

 

1.5 Sulfur and methane cycling in the cryoenvironment 

Sulfur and methane cycling are two possible mechanisms by which microorganisms could be 

supported on extraterrestrial bodies such as Mars. Here I will briefly review these cycles and 

discuss their relevance to cryoenvironments on Earth.   

 

1.5.1 Sulfur cycling 

The range of sulfur oxidation states from sulfate (SO42-, +6) to sulfide (H2S, -2) is utilized by 

sulfur cycling microorganisms in energy-generating dissimilatory redox reactions (64) (Figure 

1.2). Oxidized sulfur (sulfate) is utilized as an electron acceptor in anaerobic respiration, while 

reduced sulfur (sulfide) can be utilized as an electron donor in aerobic, anaerobic, or 

phototrophic metabolisms; intermediate sulfur species (i.e. thiosulfate, elemental sulfur, sulfite) 

can be oxidized, reduced, or disproportionated (64-66). These processes are major drivers of 
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Figure 1.2. Summary of major inorganic sulfur cycling processes discussed in this literature 
review. Blue lines indicate reductive processes; red lines indicate oxidative processes; dashed 
lines indicate processes also involved in disproportionation reactions. Genes involved in these 
processes are indicated in boxes in italics. Adapted from Jorgensen et al. (67). Created with 
BioRender.com. 
 

bacterial and archaeal metabolism in sulfur-rich ecosystems, including marine waters (68) and 

sediments (69), hydrothermal vents (70), continental subsurface fluids (71), and sulfidic springs 

(72).  

 

Sulfate reduction is a major global process, particularly in the sulfate-rich oceans where sulfate-

reducing bacteria couple sulfate reduction with up to 30% of global organic carbon 
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mineralization to the seafloor (73) and up to 50% of anaerobic mineralization in freshwater 

wetlands (74). The canonical pathway for dissimilatory sulfate reduction to sulfide proceeds via 

reduction of sulfate to sulfite with sulfate adenylyltransferase (Sat) and adenylyl-sulfate 

reduction (aprBA), followed by sulfite reduction to sulfide (dsrAB) (75), typically coupled with 

oxidation of fermentation products like hydrogen and acetate or carbon compounds including 

fatty acids, sugars, and amino acids (66). Sulfate-reducing bacteria and archaea (collectively 

referred to as SRBs) have been cultivated in the Desulfobacterota (Deltaproteobacteria), 

Nitrospirae, Firmicutes, and Thermodesulfobacteria bacterial phyla and Euryarchaeota and 

Crenarchaeota archaeal phyla (76), and genetic capacity for sulfate reduction has been identified 

in many additional phyla (75). SRBs may be heterotrophic, autotrophic, or facultatively 

autotrophic (77), and can commonly also ferment organic carbon to acetate or hydrogen under 

low sulfate (78). Sulfate reduction is a form of anaerobic respiration, and due to thermodynamic 

considerations it is limited to environments where oxygen and other more energetically favorable 

electron acceptors are limited (67); however, many SRBs contain mechanisms to cope with low 

concentrations or brief exposures to oxygen (79), or may even switch to aerobic respiration (80).  

 

In addition to sulfate, other sulfur intermediates (i.e. elemental sulfur, thiosulfate, tetrathionate) 

produced by sulfide oxidation reactions or abiotic reactions with sulfide can also be reduced 

(67). Many of these reactions are more energetically favorable than sulfate reduction and may be 

preferentially utilized by SRBs, which can typically reduce at minimum thiosulfate and sulfide in 

addition to sulfate (79), as well as utilized by a diversity of bacteria and archaea that exclusively 

reduce S intermediates (81, 82). Due to this energetic favorability causing rapid turnover, as well 

as abiotic reactivity, these intermediates are often detectable only in low concentrations in the 
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environment (83, 84). Of the intermediates, elemental sulfur is most commonly detected at 

higher concentrations, due to its relative stability and nonreactivity (67). It is produced from 

incomplete biotic or abiotic oxidation of sulfide as well as abiotically in volcanic gases (85). 

Sulfur reducing bacteria and archaea are generally distinct from SRBs (i.e. few SRBs are also 

able to reduce sulfur), and don’t form phylogenetically distinct groups (79): sulfur reducers are 

found in bacterial phyla including Desulfobacterota (Deltaproteobacteria), Campylobacterota 

(Epsilonproteobacteria), Aquificiae, Firmicutes, Thermotogota (Thermotogae), and 

Gammaproteobacteria, and in the archaeal phyla Euryarchaeota and Crenarchaeota (82). The 

exact mechanism for sulfur reduction has not been identified in all sulfur reducers, but two 

distinct mechanisms have been identified to date via a membrane-bound polysulfide reductase 

PsrABC (studied in the bacterium Wollinella succinogenes), and via an NAD(P)H elemental 

sulfur oxidoreductase (identified in the archaeon Pyrococcus furiosus) (85). 

 

Some oxidized sulfur intermediates (elemental sulfur, thiosulfate, sulfite) can also be 

disproportionated, or utilized as both the electron donor and acceptor with both hydrogen sulfide 

and sulfate as end products (65). The capacity for thiosulfate and sulfite disproportionation is 

common among cultivated Desulfobacterota SRBs, although not always coupled with growth 

(65), and has also been identified in Firmicutes. Elemental sulfur disproportionators have been 

identified within Desulfobacterota, Gammaproteobacteria, and Firmicutes (86, 87). Significant 

proportions of thiosulfate are disproportionated in marine sediments (up to 66% in oxidized 

sediments) (86), and elemental sulfur disproportionation has also been observed (88). The 

mechanisms for sulfur intermediate disproportionation have yet to be fully elucidated, but may 
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utilize the existing sulfate reduction pathway (65); thus, disproportionation capability cannot yet 

be predicted exclusively from genomic information. 

 

The oxidation of sulfide and intermediate sulfur species provides energy to microbial life in 

diverse habitats, and chemolithoautotrophic and photoautotrophic sulfur-oxidizing bacteria are 

major contributors to primary production in environments including marine and lake waters and 

sediments (69, 89, 90), hydrothermal vents (91), and hot springs (92). S oxidation can be coupled 

with both anaerobic and aerobic metabolism, and it is present in taxonomically diverse bacteria 

and archaea including lithoautotrophs, phototrophs, heterotrophs, and mixotrophs (64, 93, 94). 

There are a diversity of S oxidation enzymes and pathways, with multiple oxidation mechanisms 

for most S species; species-dependent differences in mechanisms; and concurrence of oxidation 

mechanisms within microorganisms (64).  

 

One major mechanism by which S oxidation occurs in bacteria is via the Sox multienzyme 

complex, which can oxidize thiosulfate, sulfite, sulfide, elemental sulfur, and tetrathionate 

completely to sulfate (95). Sox genes are present in a diversity of bacterial phyla including 

Proteobacteria, Aquificae, Deinococcus-Thermus, Chlorobi, and Spirochaeta (95, 96). 

Alternatively, in some chemo- and phototrophs missing the SoxCD genes as well as in 

microorganisms with complete complexes under low pH (97), oxidation with the Sox enzyme 

proceeds only to elemental sulfur, which can then accumulate intra- or extra-cellularly (95). The 

elemental sulfur can be oxidized to sulfate when needed by Dsr proteins, typically involved in 

sulfate reduction, acting in reverse (98). This mechanism is found in the green sulfur bacteria 

(Chlorobi) and purple sulfur bacteria (Chromatiaceae and Ectothiorhodospiraceae in 
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Gammaproteobacteria), which utilize sulfur as an electron donor during anaerobic anoxygenic 

photosynthesis (95). Reverse Dsr proteins have also been identified in Alphaproteobacteria, 

Betaproteobacteria, Deltaproteobacteria, Nitrospirae, Nitrospinae, and Candidatus 

Muproteobacteria (75), which may utilize the Sox enzyme or other sulfide oxidizing enzymes 

such as sqr or fccAB for initial oxidation to sulfur. Additionally, archaeal sulfur oxidizers are 

found in the Crenarchaeota and Euryarchaeota and include many thermophiles inhabiting 

volcanic hot springs and hydrothermal vents (99). Elemental sulfur oxidation is a major process 

for these archaea, which utilize sulfur oxygenase reductase to aerobically disproportionate 

elemental sulfur to sulfide, sulfite, and thiosulfate as the first step in oxidation to sulfate (100).  

 

Sulfur cycling contributes to microbial metabolism in many cold, hypersaline, and oxygen-

limited environments. As previously noted, sulfate-rich hypersaline subglacial brines in Blood 

Falls support sulfate-reducing Deltaproteobacteria and sulfur-oxidizing Gammproteobacteria, 

which act as primary producers and ultimately couple organic carbon oxidation to terminal iron 

(II) reduction (28, 30). Sulfur cycling bacteria are also found in cryopegs (33) and sub-zero 

Antarctic lake brines (16, 17, 21, 26). Supraglacial and thermal Arctic cold springs in the 

Canadian High Arctic and Svalbard (0 – 13°C) are supported by chemolithoautotrophic sulfur-

oxidizing Epsilonproteobacteria (Sulfurovum, Sulfuricurvum) and Gammaproteobacteria 

(Thiotrix) (101-103). As in temperate marine sediments, sulfate-reducing Deltaproteobacteria 

(Desulfobacteraceae, Desulfobulbaceae) and sulfide-oxidizing Epsilonproteobacteria 

(Arcobacter, Sulfurimonas, Sulfurovum), Gammaproteobacteria (Cocleimonas), and 

Betaproteobacteria (Thiobacillus) contribute to carbon and sulfur cycling in cold Arctic marine 

sediments (-2°C - 3°C) (104) and exhibit psychrophilic adaptations (105). Halophilic and 
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halotolerant sulfate-reducing bacteria (Desulfovibrionales, Desulfobacteraceae) have also been 

detected in extremely hypersaline soda lakes (<50% salinity) (106) and sulfate-rich lakes (37% 

salinity) (107). Sulfur cycling also drives energy generation and primary production in marine 

deep hypersaline anoxic basins (<27% salinity), where sulfate is the most abundant electron 

acceptor, including by sulfate-reducing Deltaproteobacteria (Desulfobacteraceae, 

Desulfobulbaceae, Desulfohalobiaceae), sulfur-oxidizing Epsilonproteobacteria (Arcobacter, 

Sulfurovum, Sulfurimonas, CT1) and Gammaproteobacteria (Halothiobacillus), and putatively 

sulfur cycling Crenarchaeota (108, 109). Sulfur cycling is also important in other oxygen-

limited marine environments including oxygen-minimum zones and anoxic marine zones, where 

sulfide-oxidizing Gammaproteobacteria (SUP05, EOSA-II) couple S oxidation with N reduction 

(110, 111).  

 

1.5.2 Methane cycling 

Microbial methane metabolism has a major impact on global carbon cycling and occurs 

commonly in anaerobic environments including in cryospheric permafrost, polar lakes, and cold 

marine sediments (112, 113). Archaeal methanogens reduce C1 and C2 compounds to methane 

and are responsible for half of all methane produced per year (114). All known methanogens are 

archaeal and primarily belong to specialized orders in Euryarchaeota; more recently, 

metagenomic analyses have also identified methanogens in other archaeal phyla including Ca. 

Thermoplasmatota and Ca. Verstraetearchaeota (114). Methanogenesis is a strictly anaerobic 

process and occurs in regions where more energetically favorable electron acceptors (oxygen, 

nitrate, sulfate, iron) have been depleted. In these locations, methanogens utilize fermentation 

products including H2, CO2, acetate, and methylated compounds for methanogenesis (114) 
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(Figure 1.3). The key enzyme in methanogenesis is methyl coenzyme-M reductase (Mcr), which 

catalyzes the terminal step for methane production in all known methanogens and is commonly 

used as a marker gene for this activity (114). In addition to cryospheric environments such as 

permafrost (115), methanogens are also found in extreme cold and/or hypersaline anaerobic 

environments where methanogenesis may be favorable including cryopegs (15, 31), Antarctic 

lake brine pockets (16, 17), and deep hypersaline anoxic basins (108).  

 

Methane-consuming microorganisms, or methanotrophs, are found in both bacterial and archaeal 

phyla and attenuate a major fraction of the methane produced by methanogens (up to 90% in 

marine sediments) (115). Archaeal methanotrophs (referred to as anaerobic methanotrophic 

archaea, or ANME) belong to clades (ANME-1, ANME-2, and ANME-3) in the 

Methanosarcinales and Ca. Methanophagales orders of Euryarchaeota and oxidize methane 

anaerobically through a reversal of the methanogenesis pathway (Anaerobic Oxidation of 

Methane, or AOM). AOM is most commonly observed in syntrophic consortia of ANME with 

sulfate-, iron-, or manganese-reducing bacteria, where methane oxidation by ANME is coupled 

to reduction by the bacterial partner (116). Decoupled AOM has also been observed in nitrate-, 

iron-, and manganese-reducing ANME in the ANME-2 clade (117-119). AOM and ANME have 

been identified in a variety of extreme environments, including hypersaline Gulf of Mexico brine 

pools (120), a Dead Sea aquifer (121), mud volcano cold seeps (122), and near- or sub-zero 

Arctic environments including marine cold seeps and submarine permafrost down to -2°C (113, 

123). These environments are typically occupied by the ANME-1 clade, which evidently possess 

higher halotolerance than other ANME clades potentially due to adaptations including low 

membrane permeability and compatible solute production (122). 
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Figure 1.3. Summary of archaeal and bacterial methane cycling processes. Key enzymes are 
indicated in blue; major processes are indicated in white boxes; major substrates and products are 
indicated in yellow. Some of the electron acceptors utilized by methanotrophs are additionally 
indicated with arrows. Adapted from Evans et al. (114). Figure created with BioRender.com. 
 

Methanotrophic bacteria utilize methane diffusing from anaerobic zones in seeps produced by 

methanogens as well as consume atmospheric methane (124). Bacterial methanotrophs belong to 

clades in Gammaproteobacteria (Methylococcaceae), Alphaproteobacteria (Methylocystaceae), 

NC10, Verrucomicrobiota, and Chloroflexota (124-127). They are most commonly aerobic, 

though some can also couple methane oxidation with nitrate or sulfate reduction (126, 128, 129). 

The key enzymes in bacterial methanotrophy are methane monooxygenases (MMOs), which 

catalyze the initial oxidation of methane. Virtually all methanotrophs possess a particulate, 
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membrane-bound MMO (pmoABC), and some additionally possess a soluble MMO encoded by 

the mmo genes (112). Bacterial methanotrophs are widespread in Arctic permafrost and tundra 

environments, and psychrophilic and halophilic methanotrophs have been isolated from ice-

covered and meromictic Antarctic lakes, hypersaline lakes, and permafrost (112, 130). 

 

1.6 Utilizing meta’omics in microbial community characterization 

Historically, studies characterizing microbial communities in the environment relied on isolation 

and cultivation of inhabitant bacteria and archaea in ‘culture-dependent’ methods. More recently, 

‘culture-independent’ approaches have revolutionized the field of microbial ecology and become 

standard in community characterization. The principle and utility of these approaches in 

characterizing environmental microbiomes will be briefly reviewed here, with a particular focus 

on the meta’omics methods utilized in this study.  

 

1.6.1 Conventional approaches for characterization of microbial communities 

Traditional approaches to microbial community characterization rely on culturing-based 

methods, in which microbial strains are isolated or enriched from the environmental medium and 

grown in pure or co-cultures in the laboratory. Culturing of microbial isolates enables extensive 

characterization of their physiological traits and capabilities, and as such it remains a 

fundamentally important approach (131). Studies utilizing culture-based methods to probe 

environmental microbiomes may screen isolates for genes or metabolisms of ecological 

relevance (132, 31), identify adaptations to environmental conditions (133), or examine 

physiological responses to varying growth conditions (134). However, culture-based methods are 

limited to ex situ analyses, and may not necessarily reflect the in situ capabilities and activities of 



 44 

isolated microorganisms. Additionally, only an estimated <1% of microbial diversity is currently 

culturable through standard methodologies (135) due to factors including inability to mimic 

physicochemical conditions in the laboratory; inability to identify required substrates and growth 

conditions; and obligatory symbiosis or syntrophy (133). The majority of microbial abundance in 

non-human-associated environments belongs to unculturable taxa (136), including in extreme 

environments like hypersaline lakes, permafrost, and glacial ice (137).  

 

The development of ‘culture-independent’ methods to profile microbial communities, such as 

through amplification and sequencing of phylogenetic marker genes (primarily the 16S 

ribosomal RNA gene), enabled the identification of a wide diversity of previously-unknown 

microorganisms (135). Sequencing of 16S rRNA marker genes remains a standard method in 

characterizing environmental microbial communities (137). However, 16S rRNA gene profiling 

is generally limited to describing community taxonomic diversity; inference of the functional 

potential and ecological role of identified taxa often relies on previous characterizations of 

related cultivated microorganisms or reference genomes (138). The usefulness of these 

comparisons can be particularly limited for poorly-studied or extreme environments where many 

taxa are not closely related to previously cultivated or sequenced microorganisms, e.g. Antarctic 

environments (138). Other methods used in combination with profiling of 16S rRNA or other 

marker genes, such as fluorescence in situ hybridization or activity assays such as DNA-stable 

isotope probing, can help link detected diversity and function (139, 140).  

 

1.6.2 Metagenomic sequencing 
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‘Meta-omics’ approaches such as metagenomics aim to sequence the entirety of the genetic 

material present in a sample, allowing both taxonomic and functional profiling of microbial 

communities. The development of affordable next-generation, high throughput sequencing 

technologies, which enable rapid and massively parallel sequencing of nucleic acids, made 

metagenomics approaches feasible for widespread sequencing of complex environmental 

samples (141). Genome sequencing refers to the DNA sequencing of an individual genome; by 

contrast, metagenomic sequencing refers to the sequencing of all DNA present in a complex 

sample, i.e. many genomes. This approach is also referred to as ‘shotgun’ metagenomics, which 

describes the untargeted sequencing of nucleic acids without prior selection of genomic regions 

as in methods such as 16S rRNA gene sequencing (142). In a typical environmental 

metagenomics workflow, total DNA is extracted from an environmental sample, a sequencing 

library is prepared using the extracted DNA, and the metagenome is sequenced (142). Common 

next-generation sequencing technologies (e.g. Illumina) produce many short sequencing reads 

(100-300 base pairs). These short reads may be analyzed as-is, but are most often 

computationally reconstructed into longer contiguous sequences (‘contigs’) that are collectively 

referred to as a metagenome assembly (141). The metagenome may then be used for taxonomic 

profiling through read or marker gene classification. Additionally, gene coding regions (CDS) in 

the assembly can be identified and taxonomically and functionally annotated by comparison to 

gene databases (142). Metagenome sequencing therefore allows for both taxonomic and 

functional characterization of complex microbial communities, without prior selection of genes 

or microorganisms of interest. The reconstruction of long contigs also enables analysis of gene 

clusters and linkage of co-occurring genes (141).  
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Metagenomic analysis has been widely applied in diverse environments: it has been used to 

characterize pathways of carbon and sulfur cycling along salinity and oxygen gradients in 

Antarctica’s Deep Lake (21) and identify the influence of environmental parameters on microbial 

community structure, function, and adaptations in Arctic sea ice and cryopegs (14, 143) and 

Antarctic permafrost (144). However, metagenome sequencing may not capture less abundant 

taxa or genomic regions due to incomplete assembly or sequencing. Additionally, accurate 

classification and functional prediction is reliant on incomplete reference databases, which can 

result in inaccurate annotations and unclassified genes (142).  

 

Metagenome analysis is also limited by the fragmented nature of assemblies, which limits 

characterization of individual genomes within a complex sample (142). To overcome this 

limitation, metagenome assemblies can be ‘binned’ in a process by which contigs are clustered 

into groups representing a single microorganism or genome. These binned contigs are referred to 

as ‘metagenome-assembled genomes’, or MAGs. In de novo MAG construction (i.e. binning 

without reference genomes or databases), contigs are grouped based on shared features including 

read coverage and nucleotide composition (145). The resulting MAGs can be analyzed as single 

genomes, allowing characterization of the functional potential, adaptations, and interactions of 

microorganisms in a complex sample. Extensive taxonomic and genomic diversity has been 

uncovered through MAG assembly (146, 147), including taxa undetected by 16S rRNA gene 

surveys due to sequencing primer bias or large gene introns (148). It has been used to 

characterize microbial adaptations, genomic diversity, and metabolic potential in environments 

including glacial streams (149), Arctic seawater (150) and lake sediments (151), and hypersaline 

lakes (152).  
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Because MAGs are assembled from metagenomes, their quality relies in turn on the quality of 

sequencing and metagenomic assembly (153). Due to incomplete sequencing, assembly, and 

binning, MAGs rarely represent complete genomes. They also commonly contain 

‘contamination’ from incorrectly binned contigs originating from other microorganisms, which 

can confound genomic analysis. For these reasons, standards have been established for 

acceptable completeness and contamination of reported MAGs (154). Additionally, due to the 

presence of closely-related strains that cannot be distinguished by binning algorithms, MAGs 

often represent populations of closely-related genomes (‘population genomes’) rather than 

individual genomes (153), limiting their usage in analysis of strain-level heterogeneity (155). 

Closely-related strains can also inhibit accurate binning and result in high intraspecies bin 

contamination; this in combination with incomplete metagenomic assembly and limitations of 

binning methodologies can result in a lack of MAG recovery for both abundant and rare taxa in 

an environment (153). This can be especially pronounced for certain groups such as halophiles, 

which contain high intraspecies diversity and genomic adaptations (high GC content) that reduce 

unique genomic sequences (156). 

 

1.6.3 Single-cell genomics 

While not strictly a meta’omics method, single-cell genomics provides another approach for 

culture-independent genome sequencing. In this method, individual cells are isolated from a 

sample, most commonly by fluorescence-activated cell sorting, in which cells stained with a 

fluorescent dye are separated into individual wells with a cell sorter based on fluorescence and 

particle size (157). DNA from each cell is then amplified through whole-genome amplification in 
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order to recover sufficient DNA for sequencing. This is most commonly done with multiple 

displacement amplification, in which random primers are annealed to DNA followed by strand-

displacement synthesis of new DNA copies with the phi29 DNA polymerase (158). The genome 

from individual cells can then be sequenced, assembled, and annotated, as in whole-genome 

sequencing of cultured isolates, to produce single-amplified genomes (SAGs) (153).  

 

Because SAGs are derived from individual cells, they are suitable for examination of strain-level 

heterogeneity (157) and can be used in analysis of intra-population diversity and niche selection 

(155). Recovery of complete cellular DNA content also enables linkage of host cells with mobile 

genetic elements (155). Targeted sorting of cells based on phylogeny or function can enable 

enrichment of cells of particular interest, including rare taxa or those with specialized gene 

content or function (157). As with MAGs, SAG sequencing has expanded known microbial 

diversity and enabled examination of the metabolic function and ecological roles of uncultured 

clades (148, 157, 159). However, due to incomplete and uneven genome amplification, SAGs are 

typically less complete than MAGs, and amplification techniques can result in formation of 

chimeric sequences and bias against high GC content genomes (153). Additional bias can occur 

during cell sorting, where cells attached to particulate matter may not be recovered, and during 

cell lysis due to lack of universal lysis methods for all taxa (157). In addition, this method is 

sensitive to contamination during cell sorting and as a result of low DNA concentrations, and 

ultraclean facilities and reagents as well as sequence decontamination are required (157). 

 

1.6.4 Metatranscriptomics 
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While microbial genomics can be used to identify the functional potential of a microbial 

community, it is unable to distinguish active taxa or metabolic activity occurring in situ. Cold, 

saline, or anoxic environments with low microbial turnover may favor preservation of organic 

molecules including nucleic acids from dead microorganisms (160, 161), and there may be 

populations of quiescent or dormant microorganisms under extreme physicochemical or 

oligotrophic conditions (162). Meta’omics approaches can also be utilized for studies of 

microbial activity in situ in cold and saline environments.  

 

In metatranscriptomics, the total transcriptome (RNA) in a microbial community is sequenced to 

identify actively transcribing community members and expressed genes. Following RNA 

extraction, highly abundant ribosomal RNA reads are depleted in order to preferentially 

sequence messenger RNA. After mRNA sequencing, reads can be mapped to a reference 

metagenome or assembled and annotated de novo to identify expressed gene coding regions 

(163). Metatranscriptomics can thus be used to identify active taxa and expressed functional 

genes to indicate in situ community function, and to compare effects of environmental conditions 

on gene expression patterns (163, 164). For example, metatranscriptomic sequencing identified 

differential expression patterns between highly stable cryopegs and seasonally fluctuating sea ice 

brines (14); key metabolic pathways and taxa contributing to nutrient cycling in oligotrophic 

hypersaline microbial mats (165); and the effects of oxygen concentration on sulfur cycling gene 

expression in a sulfidic spring (166). 

 

1.6.5 Metaproteomics 
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Metatranscriptomic sequencing indicates taxon and gene-specific transcription levels; however, 

due to post-transcriptional regulation, gene expression does not necessarily correlate to protein 

expression (167) and thus may not directly reflect microbial community function in situ. 

Metaproteomics approaches therefore aim to characterize all proteins present in a microbial 

community to identify post-translational microbial activity and expression. In a typical liquid 

chromatography-based metaproteomics workflow, proteins are extracted from a sample and 

enzymatically digested into shorter peptides, which are then separated by liquid chromatography 

prior to peptide analysis by mass spectrometry (168). Proteins can then be identified by 

comparison to protein databases or through de novo peptide sequencing (168). Metaproteomics 

can be utilized similarly to metatranscriptomics in environmental samples in identifying active 

taxa and protein expression levels within and between environments, and linking metabolic 

function to active taxa. In combination with other ‘omics approaches it can also be used to 

identify post-translational modifications and adaptation (167). As in other ‘omics approaches, it 

can be limited by incomplete extraction and under- or over-representation of specific taxa or 

proteins (167). Peptide annotation can also be limited by incomplete databases, which commonly 

results in less accurate taxonomic classifications compared to functional annotation. 

Metaproteomics is therefore generally best utilized in combination with metagenomics or SAG 

sequencing to improve annotation (168).    

 

1.7 Cold saline springs on Axel Heiberg Island   

Perennial springs are rare in areas of continuous permafrost such as the High Arctic due to 

prevention of fluid exchange by the permafrost layer (169). Where these springs occur, they can 

be associated with unusual disruptive features such as deep faults (170, 171) or discharge of 
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fluids through polythermal glacial ice (172). Axel Heiberg Island, Nunavut, in the Canadian 

High Arctic, hosts six sets of saline springs that flow perennially from subsurface groundwater 

through 500-600 meters of permafrost in areas of gypsum-anhydrite diapiric uplift (169). These 

springs discharge year-round despite their location in a polar desert region with average air 

temperatures of -15°C, reaching down to -40°C in winter (62). Two of these springs, Gypsum 

Hill Spring and Lost Hammer Spring, are the focus of this study. Their physicochemical 

characteristics and previous microbiological studies of these sites will be reviewed below. 

 

1.7.1 Gypsum Hill 

1.7.1.1 Site description 

The Gypsum Hill (GH) spring area consists of approximately 40 springs and seeps over a 300 x 

30 m area along the bank of the Expedition Fjord river (62) (Figure 1.4A). The springs are 

derived from groundwater in a deep subsurface salt layer, which discharges through the gypsum-

anhydrite evaporite piercements to the surface and loses heat to the surrounding permafrost (62). 

The groundwater is theorized to recharge from subglacial melt or a nearby glacially-dammed, 

ice-covered alpine lake (62).  

 

The springs at Gypsum Hill maintain constant physicochemical conditions year-round. Their 

waters are characteristically cold (-1.3 – 7.2ºC), hypersaline (7 - 8% salinity), reducing (-287 – -

324 mV oxido-reductive potential), and anoxic (<0.6 uM O2) (132, 139, 173). The spring waters 

are rich in sulfide (<1.5 mM) and sulfate (~41 mM) (132, 169). The spring sediment is also rich 

in sulfate (1.9 g/kg), and contains low levels of organic carbon (3700 mg/kg total organic 

carbon) (132). Gas exsolving continuously from the spring sediment is comprised primarily of 
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nitrogen (<99%), with trace He, Ar, CO2, and CH4 (132, 174). While there is no visible microbial 

biomass in the main spring pools, microbial streamers and mats form in and around the shallow 

outflow channels (139, 175).    

 

1.7.1.2 Previous studies 

 

Figure 1.4. A. An outflow pool and channel at Gypsum Hill Spring. B. The interior of the salt 
tufa at Lost Hammer Spring. Inset: Approximate location of the Gypsum Hill and Lost Hammer 
Springs on Axel Heiberg Island, Nunavut. Map generated in QGIS with the Natural Earth 
dataset. Photos: Elisse Magnuson.  
 

Previous studies of the spring sediments have primarily focused on four of the largest and most 

stable spring outflow pools (GH-1 to GH-4). Total microbial numbers in these springs are 107 

cells/g in the spring sediments and 103-104 cells/mL in the spring waters (132). Microbial 

community composition in the spring sediment has previously been investigated through 
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cultivation of bacterial isolates as well as 16S rRNA gene clone libraries and high-throughput 

amplicon sequencing (132, 175-177). Abundant bacterial phyla included Proteobacteria 

(primarily Gamma- and Deltaproteobacteria), Bacteroidetes, Firmicutes, Actinobacteria, and 

Spirochaetes, and detected archaea were predominantly Crenarchaeota and Euryarchaeota. 

Taxa associated with sulfur cycling were abundant, comprising up to 75% of detected 

phylotypes, including sulfur-oxidizing Gammaproteobacteria (Thiomicrospira, Thiobacillus, 

Halothiobacillus) and sulfur- and sulfate-reducing Deltaproteobacteria (Desulfuromonas, 

Desulfobulbus, Desulfobacteraceae) (175-177), and soxB sulfur oxidation marker genes were 

identified in isolated Marinobacter, Loktanella, and Roseobacter spp. (132). Sulfur oxidation 

and sulfate reduction were detected in sediment microcosms (132), and sulfur isotopic analysis 

and radiolabeled sulfate uptake indicated sulfate reduction was occurring in situ in the spring 

sediments (177). Additionally, isotopic analysis of methane in the spring indicated a biogenic 

source of methane in the spring through methanogenesis, as well as potential methanotrophy 

(132). Sequences related to the methanogenic clade Methanosarcinales were detected through 

16S rRNA gene clone sequencing (176). Uptake of leucine by heterotrophic microorganisms was 

low in comparison to dark CO2 uptake. This in combination with little evidence of 

photoautotrophy (no detected photoautotrophic clades or chlorophyll) suggested a predominantly 

chemolithoautotrophic microbial community (132). Bacterial isolates were predominantly 

psychrotolerant, halotolerant, and facultatively anaerobic, indicating the microbial community is 

adapted to the cold, saline, and sub-oxic spring conditions (132).  

 

Microbial streamers formed in the snow-covered spring outflow channels in winter were found 

to be dominated by a sulfur-oxidizing Thiomicrospira sp. NP51. Microscopy of the streamers 
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indicated they were comprised of Thiomicrospira microbial cells in an exopolymeric organic 

matrix containing elemental sulfur and other sulfur minerals such as gypsum and halotrichite. 

Sulfide and thiosulfate consumption and bicarbonate uptake detected in in situ microcosms 

indicated the Thiomicrospira was a chemolithoautotrophic sulfur-oxidizer, and streamer 

proliferation in the stream channels was suggested to occur due to increased sulfide 

concentrations under winter snow cover (139).  

 

1.7.2 Lost Hammer 

1.7.2.1 Site description 

Lost Hammer (LH) Spring (also referred to as Wolf Spring) emerges from the subsurface into a 

cone-shaped salt tufa approximately two meters in height and three meters in diameter (178) 

(Figure 1.4B). During summer, the spring brines dissolve through the side of the tufa in a 

continuous stream, while during winter the outflow is blocked and water fills the interior of the 

tufa mound and overflows the side (178). The spring arises through a gypsum-anhydrite diapir as 

in the GH springs, but the source of the spring waters remains unknown as it is not located in 

close enough proximity to the GH springs to be recharged by the same sources (179).  

 

Despite seasonal emptying and filling of the tufa, conditions in the spring waters and sediments 

remain highly consistent year-round. The spring waters are sub-zero (~ -5°C), hypersaline (24% 

salinity), micro-oxic (<30 uM O2), and highly reducing (-168 mV oxidation reduction potential) 

(179). The sediment and spring water are rich in sulfate (1.04 M and 0.054 M, respectively) and 

sulfide (<1.5 mM), and contain low organic carbon (<0.45% in the sediment) (177, 180). LH 

continually emits a gas mixture of ~50% methane, 35% N2, 10% CO2, and trace (<1%) H2, He, 
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and short-chain alkanes (ethane, propane, and butane), making it the coldest known terrestrial 

methane seep. Isotopic analysis indicated a thermogenic rather than biogenic origin for the 

methane and hydrocarbons (180). 

 

1.7.2.2 Previous studies 

The spring sediment contains 105 cells/g. The spring community was predominantly bacterial 

(80-84%), with >4% archaeal cells (180). Previous sequencing efforts include 16S rRNA gene 

sequencing and a 454-pyrosequencing metagenome (178, 180, 181). The most abundant taxa in 

the spring sediment were inconsistent between studies, likely due to the low biomass in the 

spring. Previously-identified bacterial phyla include Proteobacteria (Alpha-, Beta-, Delta- and 

Gammaproteobacteria), Bacteroidetes, Chloroflexi, Cyanobacteria, Synergistetes, Firmicutes, 

and Actinobacteria, and detected archaeal phyla include Euryarchaeota, Crenarchaeota, and 

Thaumarchaeota. Initial CARD-FISH and 16S rRNA gene clone library sequencing indicated 

that anaerobic methanotrophic archaea (ANME) in the ANME-1 clade dominated the sediment 

archaeal population (180); however, few or no ANME sequences were detected in subsequent 

studies. Sequencing of 16S rRNA gene cDNA was utilized in two studies to identify the active 

portion of the microbial community. Significant differences in microbial community relative 

abundance between cDNA and DNA sequences were observed in both studies, suggesting 

significant populations of dormant and dead cells. Chloroflexi, Gammaproteobacteria, 

Actinobacteria, and Verrucomicrobia were relatively enriched in the cDNA sequences, while 

Cyanobacteria were suggested to be dormant (178, 181). 
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Genes for a complete sulfur cycle between sulfate, sulfide, and sulfur intermediates were 

identified in the metagenome from a diversity of taxa, including Gammaproteobacteria 

(Thiomicrospira, Thiobacillus) and anoxygenic photosynthetic Alphaproteobacteria 

(Chlorobium, Roseiflexus, Chloroflexus) (181). Hydrogen-dependent reduction of sulfur 

compounds was detected in microcosms down to -20°C, and was suggested to be sulfate 

reduction carried out by Deltaproteobacteria (Desulfovibrionales) (178). No anaerobic methane 

oxidation could be detected in microcosms, but bacterial clades associated with methanotrophy 

(Gamma- and Betaproteobacteria) as well as methanogenic archaeal genera and 

methanogenesis-related genes were identified, suggesting methane cycling may still occur (178, 

181). Additionally, genes involved in nitrogen cycling (nitrogen fixation, denitrification, and 

ammonia oxidation) and taxa related to hydrocarbon cycling and hydrogen oxidation were 

detected, indicating additional potential metabolisms in the spring community (178, 181).  

 

1.7.3 The springs as analogue environments 

The Axel Heiberg Island cold hypersaline springs, including Gypsum Hill and Lost Hammer, 

have been characterized extensively as analogues to spring features and cold brines on 

extraterrestrial bodies (62, 63, 179, 182, 183). Geomorphological structures resembling ancient 

salt springs have been identified on the Martian surface (40), and recently-formed gully features 

are suggested to have formed as a result of groundwater seepage or subsurface eutectic brines 

(184, 185). Salt diapirs may also be present on the Martian surface (186). Thermal and flow 

modelling of the GH springs applied to present-day Martian conditions indicated that similar 

cold saline springs could flow through the thick permafrost on Mars, resulting in formation of the 

observed geomorphological spring or gully features (62, 182). The AHI springs thus provide a 
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model for microbial communities that could inhabit putative saline springs and other cold brines 

on past or present Mars, as well as potential biosignatures that could be present in these features 

(179, 183).  

 

1.8 Conclusion 

Cold, hypersaline environments like the Axel Heiberg Island springs are analogous to putative 

habitats on extraterrestrial bodies such as Mars, Europa, and Enceladus and contain microbial 

communities despite challenging physicochemical conditions. While previous investigations of 

these springs and other similar environments have identified microbial community structure and 

potential metabolisms, relatively few studies have described the active microbial community and 

functional metabolisms occurring in situ. Previous studies of the Axel Heiberg Island springs 

have utilized 16S rRNA gene cDNA sequencing and ex situ measurements such as microcosm 

studies to identify putatively active microorganisms and metabolisms, but have not described in 

depth the in situ active microbial community or been able to link observed metabolisms to the 

responsible taxa. This work aimed to characterize the active microbial community inhabiting the 

springs through combined meta’omics methods in order to improve our understanding of how 

microbial life is sustained in cryoenvironments on Earth and other worlds.  
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Connecting Text 

Relatively few studies of sub-zero, hypersaline environments have identified active 

microorganisms and metabolisms in situ. Characterizing these active communities in situ is vital 

to understanding microbial community structure and function in the cryosphere on Earth and 

other worlds. Lost Hammer Spring is a highly unique sub-zero, hypersaline terrestrial methane 

seep and analogue to putative sub-zero briny habitats on extraterrestrial worlds such as Mars. 

Previous studies identified a low biomass, putatively active microbial community in the spring 

sediment including sulfate-reducing bacteria and methane-oxidizing archaea. However, no in situ 

characterization of gene expression had previously been accomplished. In this chapter, I utilized 

a combination of metagenomics, metatranscriptomics, and single-cell genomics to characterize 

the active microbial community and metabolisms inhabiting the sub-zero, hypersaline Lost 

Hammer Spring.   
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Supplementary tables S2.1, S2.4 – S2.9, and S2.11 – S2.18 are available as supplemental 

material. 
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2.1 Abstract 

Lost Hammer Spring, located in the High Arctic of Nunavut, Canada, is one of the coldest and 

saltiest terrestrial springs discovered to date. It perennially discharges anoxic (<1 ppm dissolved 

oxygen), sub-zero (~ -5°C), and hypersaline (~24% salinity) brines from the subsurface through 

up to 600 meters of permafrost. The sediment is sulfate-rich (1 M) and continually emits gases 

composed primarily of methane (~50%), making Lost Hammer the coldest known terrestrial 

methane seep and an analogue to extraterrestrial habits on Mars, Europa, and Enceladus. A 

multi-omics approach utilizing metagenome, metatranscriptome, and single-amplified genome 

sequencing revealed a rare surface terrestrial habitat supporting a predominantly lithoautotrophic 

active microbial community driven in part by sulfide-oxidizing Gammaproteobacteria 

scavenging trace oxygen. Genomes from active anaerobic methane-oxidizing archaea (ANME-1) 

showed evidence of putative metabolic flexibility and hypersaline and cold adaptations. 

Evidence of anaerobic heterotrophic and fermentative lifestyles were found in candidate phyla 

DPANN archaea and CG03 bacteria genomes. Our results demonstrate Mars-relevant 

metabolisms including sulfide oxidation, sulfate reduction, anaerobic oxidation of methane, and 

oxidation of trace gases (H2, CO2) detected under anoxic, hypersaline, and sub-zero ambient 

conditions, providing evidence that similar extant microbial life could potentially survive in 

similar habitats on Mars.  

 

2.2 Introduction 

Axel Heiberg Island in the High Arctic region of Nunavut, Canada, hosts perennial cold saline 

springs discharging through up to 600 meters of continuous permafrost (1, 2). Lost Hammer 

(LH) Spring (79°7’N, 90°21’W) is the most extreme of the springs in terms of temperature and 
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salinity, with liquid water flowing at -5°C and 24% salinity (3). LH continuously exudes gas 

comprised primarily of methane (50%), making it the coldest terrestrial methane seep discovered 

to date (3). It emerges in an area of gypsum-anhydrite diapiric uplift through a two-meter-high 

salt tufa that experiences seasonal emptying and filling; despite this seasonality, conditions in the 

outflow sediment remain stable. The sediment is nearly anaerobic with trace amounts of O2 (0.25 

ppm), highly reducing (-165 mV), and sulfate-rich (1 M) (3). 

 

Microbial life in cryoenvironments, or environments with continuous sub-zero temperatures, is 

dependent on the presence of liquid water, typically enabled by freezing point depression 

through high concentrations of salts or other solutes (4). Such habitats include permafrost 

ultrathin brine films surrounding soil particles and cryopegs (5, 6), brine veins in sea ice (7), and 

highly unique habitats like Lake Vida in the Antarctica dry valleys (8). Microorganisms in these 

environments contend with multiple stressors, and study of these microorganisms informs our 

understanding of the cold and saline limits of life on Earth and putative extraterrestrial habitats in 

the subsurface of Mars and the icy moons Europa and Enceladus (4). For example, recent 

evidence obtained through orbital radar sounding indicated the presence of subglacial, 

hypersaline lakes ~800m below Mars’ southern ice cap (9, 10). Recurring slope lineae may be 

another possible episodic source for liquid water closer to the Martian surface; modelling 

suggests they may form through hydration and deliquescence of near-surface sulfate-chloride salt 

brines (11). Geomorphological features resembling ancient salt springs have also been proposed 

(12, 13), and as Mars became much colder and drier ~3.7 bya, the last habitable surface 

environments would likely have been highly saline cryoenvironments; chloride salt deposit 

imaging suggests surface brines persisted 2-2.5 bya (14). Indeed, the search for extant and/or 
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past life on Mars, Europa, and Enceladus is a primary driver for current and future planetary 

science missions (15, 16). The cold, salty, and anoxic oceans on Europa and Enceladus 

putatively contain redox components that could support microbial life, including methane in 

water plumes erupting from Enceladus (17, 18). 

 

Previous studies characterized LH as a low-biomass, microbially dominated ecosystem (~105 

cells/g sediment) with anaerobic methane-oxidizing archaea (ANME-1) and sulfate-reducing 

bacteria (SRBs) identified via 16S rRNA gene clone libraries and a 454 pyrosequencing 

metagenome (3, 19, 20). However, due to low biomass and high salinity that make nucleic acid 

extraction difficult, these surveys likely did not capture the complete microbial diversity of the 

system, as determined by rarefaction curves and low sequencing depth (19, 20). Sediment 

incubations identified SRBs capable of metabolism at in situ temperatures, and limited studies 

have identified putatively active microbiota through sequencing of 16S rRNA (cDNA) 

transcripts (19, 20); however, no transcriptome has previously been successfully sequenced.  

 

In this context, the objectives of the present study were to identify the dominant taxonomic and 

metabolic diversity through genome-resolved metagenomic sequencing combined with 

metagenome-assembled genome (MAGs) and single-amplified genome (SAG) analyses. In 

parallel, we attempted to identify the primary active members and metabolisms of the LH spring 

sediments through metatranscriptomic analyses and to identify adaptations to the polyextreme 

LH environment focusing on MAGs and SAGs from poorly characterized phylogenetic groups. 

Lastly, we interpreted the identified active microbial ecosystem members and metabolisms as 
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potential life forms that could exist in very cold and saline environments on other planetary 

bodies such as Mars.  

 

2.3 Materials and Methods 

Detailed descriptions of the following are in Supplementary Materials.  

 

2.3.1 Site description and sample collection 

Lost Hammer discharges through a precipitated mineral salt tufa as described in previous 

publications (3, 13, 19, 20) (Figure S2.1). Physical and geochemical parameters (Table S2.1) 

have remained highly stable since 2005, allowing comparison among samples collected in 

different years. For this study, sediment samples were collected in July 2017 and July 2019. 

Sediment from 2017 was used for metagenomic sequencing, and sediment from 2019 was used 

for RNA and SAG sequencing.  

 

2.3.2 DNA extraction and metagenome analyses 

DNA was extracted from two 5 g sediment portions. Resulting DNA from each sample was 

concentrated and sequenced on a HiSeq2500 (Illumina, San Diego, CA, USA) at The Centre for 

Applied Genomics (Toronto, ON, Canada). Reads were trimmed with Trimmomatic (21) and 

classified with Kaiju (22) and phyloFlash (23). The metagenomes were co-assembled with 

Megahit (24) and contigs were binned with MetaBAT (25). Bin quality was assessed with 

CheckM (26). The co-assembly was annotated with the Joint Genome Institute’s IMG/M server 

(27, 28). Bins were classified with Genome Taxonomy Database Toolkit (29). Additional 
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annotation is described in Supplementary Materials. Sequencing and assembly statistics are in 

Tables S2.2 and S2.3.    

 

2.3.3 Single cell sorting and SAG analysis 

Fluorescence-activated cell sorting and genome amplification was done at the Bigelow 

Laboratory for Ocean Sciences (East Boothbay, ME, USA). Whole genome sequencing libraries 

were prepared and sequenced on a MiSeq (Illumina). Reads were trimmed with BBDuk and 

contaminant human reads were removed with DeconSeq (30). Genomes were assembled with 

SPAdes (31). Genome annotation was as described for the metagenome.  

 

2.3.4 mRNA sequencing and analysis 

RNA was extracted in triplicate, treated to remove contaminating DNA, then pooled and 

concentrated. Ribosomal RNA was depleted and the generated cDNA library was sequenced on a 

NovaSeq 6000 at The Center for Applied Genomics. Reads were trimmed with Trimmomatic 

and rRNA reads were removed with SortMeRNA (32). Remaining reads were aligned to 

metagenome and SAG contigs with bowtie2 (33). Reads aligned to CDS were counted with 

HTSeq (34) and transcripts per million reads (tpm) was calculated to normalize gene expression 

values.  

 

2.3.5 Data availability  

Sequencing reads, metagenome, MAGs, and SAGs are in NCBI under BioProject 

PRJNA699472. JGI metagenome and SAG annotations are available under GOLD Study ID 

Gs0135943 (SAG IDs in Table S2.4). 
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2.4 Results and Discussion 

2.4.1 MAGs and SAGs capture novel phylogenetic diversity 

We sequenced the metagenome and constructed MAGs in order to characterize microbial 

diversity within the LH sediment. The majority of classified metagenomic reads were bacterial 

(98%) (Figures 2.1A, S2.2). The most abundant phyla were Bacteroidota (37%), Proteobacteria 

(23%), Desulfobacterota (20%), and Campylobacterota (5%). Metagenome binning produced 32 

high-quality MAGs (>90% completeness, <5% contamination) and 60 medium-quality MAGs 

(>50% completeness, <10% contamination) (Table S2.5). All MAGs were classified as bacterial, 

representing 12 phyla (Figure 2.1B) including the most abundant orders (>1.5%) in the 

metagenome (Figure 2.1A).  

 

SAGs captured additional diversity. Fourteen medium-quality and 53 low-quality SAGs were 

obtained, of which 33 were bacterial and 34 were archaeal. We intentionally sought to sequence 

archaeal genomes as no ANME-1 genomes have been previously recovered from LH. These 

SAGs represented 31 species following identification of closely related genomes based on 16S 

rRNA gene similarity (>98.6%) and average nucleotide identity (ANI) (>95%). The majority of 

these species (28 of 31) were found at low abundance (<1%) in the metagenome; discussion on 

why this occurred is in Supplementary Materials. Correspondingly, there was little overlap 

between SAGs and MAGs: ANI analysis classified one low-quality SAG (S38) as the same 

species as MAGs (M8 and M38). The 14 medium-quality SAGs represented primarily archaeal 

species, including five ANME-1 SAGs and six SAGs representing QMZS01 (formerly in 
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Candidatus Aenigmarchaeota) and Iainarchaeota (Candidatus Diapherotrites) in the DPANN 

superphylum (Figure 2.1A).  

 

Genome novelty was assessed using assigned rank of taxonomic classification by comparison to 

the GTDB database, based on placement in a reference tree and whole-genome comparisons to 

reference genomes (29). The majority (97%) of MAGs and SAGs were unclassified at the 

species level, with 23% of genomes unclassified at higher taxonomic ranks (genus (29 genomes), 

family (5 genomes), and order (1 genome)) (Figure 2.1C). Comparatively, a recent compendium 

of 530 Arctic Ocean MAGs found 83% novelty at the species level (35). The high level of 

genomic novelty reflects the uniqueness of LH as well as the relative undersampling of genomes 

from polar and extreme environments.  

 

2.4.2 Sulfur cycling Gammaproteobacteria and Desulfobacterota are abundant and active     

We identified the active microbial community and metabolisms present in the spring by mapping 

the metatranscriptome to the metagenome, MAGs, and SAGs. Due to the challenges of 

extracting RNA from LH sediment, the metatranscriptome had relatively low sequencing depth 

(4.2 million reads). Therefore, some transcripts were likely not detected in our study and their 

absence herein does not preclude their presence in the environment. Additionally, the 

metatranscriptome and metagenome were sequenced from sediment collected in different years; 

while spring conditions are stable, we cannot exclude the possibility of variation in the sampled 

microbial communities contributing to observed differences between the two datasets. 
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The LH sediment contains abundant sulfate (~100 000 mg/kg), and typical sulfur-cycling taxa 

were among the most abundant in the metagenome, including Desulfobulbales (15%), 

Campylobacterales (5%), and Halothiobacillales (3.6%) (Figure 2.1A). Sulfide oxidation genes 

were among the most highly expressed metabolic genes (5027 tpm) (Figure 2.2; Table S2.6). 

Multiple mechanisms of sulfide oxidation were evident, including through elemental sulfur (sqr, 

fccAB), thiosulfate (sox), and tetrathionate (tsdA) intermediates; elemental sulfur detected in LH 

is putative evidence of this activity in situ (3, 13, 36). Relative expression indicated oxidation 

was largely driven by the versatile Sox multi-enzyme complex (4662 tpm), which can utilize 

multiple sulfur compounds for complete or partial oxidation (36). The majority (71%) of total 

oxidation gene relative expression was attributed to Guyparkeria MAGs M8 and M38 (Table 

S2.7) in Halothiobacillales. These MAGs contained complete Sox pathways and also expressed 

sulfide-oxidizing sqr and fccAB genes, indicating they oxidize sulfide completely to sulfate 

(Figure 2.3; Table S2.8). Previously cultivated Guyparkeria are characteristically halophilic 

sulfur-oxidizers, identified in marine and hypersaline waters and sediments (37, 38).  

 

Expression of Sox genes was also detected in nine additional Gammaproteobacteria, 

Alphaproteobacteria, and Campylobacterota MAGs (Figure 2.3; Table S2.8). Variation in partial 

versus complete Sox pathways and co-expression of other oxidation genes including sqr and 

rdsrAB was observed in the eleven MAGs with Sox gene expression, suggesting variation in 

oxidation pathways and substrate utilization as a potential source of niche differentiation, similar 

to sulfidic environments (39, 40). Eight MAGs co-expressed cytochrome c oxidases, while one 

(M37) additionally expressed denitrification genes, suggesting they scavenge for the low 

amounts of O2 as well as utilize anaerobic electron acceptors; trace nitrite/nitrate has been 
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detected in the sediment (2.87 mg/kg). These MAGs all contained high-affinity cbb3-type 

cytochrome c oxidases (coxABCD), which enable aerobic respiration in microaerobic 

environments (41), exclusively or in addition to low-affinity oxidases; five MAGs expressed 

these high-affinity oxidases.  

 

Expression of reductive sulfur cycling genes (dsrAB, ttrAB, and psr/phsA) was dominated by 

Desulfobacterota, with all expression of these genes mapped to MAGs and unbinned genes in 

the Desulfobulbales order (106 tpm). Complete dissimilatory sulfate reduction (SR) pathways 

were identified in the three Desulfobulbales MAGs, and expression of reductive dsrAB was 

identified in BM506 MAG M19 (Table S8). Desulfobacterota, including Desulfobulbales, have 

previously been characterized in hypersaline and subzero ice-covered lakes and sub-glacial 

brines (8, 42). 

 

Our previous microcosm experiments detected H2-dependent SR in LH sediments down to -20°C 

(19), suggesting hydrogen (~0.65%) exsolving from the spring as a likely electron donor for 

SRB. The two MAGs that expressed SR genes in our study have unexpressed hydrogen-

oxidizing NiFe hydrogenase genes; however, expression was identified for hydrogenase subunits 

in another Desulfobacterota MAG (SURF-3 sp. M58) (Table S2.8) and SAG 

(Desulfurivibrionaceae sp. S23) (Table S2.9). Thus, hydrogen oxidation is likely coupled with 

SR for at least some LH SRB, confirming this observed metabolism in situ. 

 

2.4.3 Anaerobic methane oxidation by ANME-1 detected at sub-zero temperatures 
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Methane seeps have been studied extensively due to their importance in global carbon cycling, 

most commonly in marine environments where methanotrophy is dominated by anaerobic 

oxidation of methane (AOM) by anaerobic methane-oxidizing archaea (ANME) (43). ANME 

have been detected in hypersaline environments including marine cold seeps and mud volcanoes 

(44, 45), but are generally absent from sub-zero brines such as cryopegs (46, 47). ANME have 

previously been reported in one sub-zero environment (thawing Arctic sub-marine permafrost) 

where isotopic evidence indicated AOM down to -1°C (48). LH continuously exudes methane 

(11 g/day), with sediment concentrations of ~100 nmol/g (49), and ANME-1 have previously 

been detected in the sediment (3). In our study, expression of genes involved in AOM (mcrAB, 

mtrC, frhB) (165 tpm) was identified in ANME-1 SAGs (Figure 2.3), indicating that AOM is 

occurring under in situ conditions and providing some of the strongest evidence to date that 

AOM occurs at sub-zero temperatures as low as -5°C.  

 

AOM is typically coupled with SR in syntrophic consortia with SRB, though associations with 

iron- and manganese-reducing bacteria also occur (50). In LH, co-occurrence of active SRB 

suggests SR-coupled AOM as a putative mechanism. The SRB genomes include 

Desulfobulbales, which are known to form consortia with ANME (51). However, our previous 

CARD-FISH microscopy did not observe close associations of ANME-1 with other cells (3). 

Similar observations of unattached ANME, usually ANME-1, suggests they can carry out AOM 

alone, with potential alternate electron acceptors including metal oxides and humic acids (52). 

Decoupled AOM has been shown in nitrate-, iron-, and manganese-reducing ANME-2 species 

(53-55). It is unclear what the electron acceptor is for LH ANME-1.  
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Expression of bacterial methanotrophy marker genes for methane monooxygenase (pmoABC; 

102 tpm) was identified in Methylobacter MAG M5 (Figure 2.3). Transcripts also mapped to 

formylmethanofuran dehydrogenase (fmdB; 18 tpm), involved in downstream oxidation of 

formaldehyde to formate. Methylobacter oxidize methane in environments including seep oxic 

zones and anoxic lakes (56, 57). The presence of both cytochrome c oxidase and nitrate 

reduction genes in MAG M5 suggests possible facultative anaerobic methane oxidation by 

Methylobacter could be occurring in the micro-oxic sediment although expression of these genes 

was not detected. 

 

Despite the availability of methane, both ANME-1 and Methylobacter were at low abundance 

(<1%) in the metagenome. While Methylobacter may be restricted by competition for nitrate 

and/or oxygen, electron acceptor restriction is unlikely for ANME-1 if coupled with SR given 

the abundance of sulfate and SRBs. Their activity may be inhibited by the low energy yield of 

SR-coupled AOM, which is predicted to be unfavorable under in situ LH conditions (6.1 kJ/mol 

electron-1; Table S2.10); although ANME-1 have reached abundances of ~50% in hypersaline 

marine cold seeps (58), they may be less adapted to sub-zero conditions. As ANME are also 

oxygen-sensitive (59), micro-oxic conditions in LH may be sufficient to restrict their abundance 

as observed in marine water columns (60) and sediment (61).  

 

2.4.4 Other C and N cycling metabolisms detected  

In addition to methane, the gas emitted in LH contains significant amounts of nitrogen (~35%) 

and carbon dioxide (~10%), as well as trace gases (~<1%) including short-chain alkanes (3). 

Expression of aerobic short-chain alkane oxidation genes was detected (180 tpm; Figure 2.2), 
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indicating that these gases provide additional energy and carbon sources. Dissimilatory nitrate 

reduction (napA/narG/nirB; 197 tpm), denitrification (napA/narG/nirKS/norBC/nosZ; 505 tpm), 

and nitrogen fixation (nifH; 2 tpm) genes were also expressed (Figure 2.2). Dissimilatory nitrate 

reduction and denitrification genes with mapped transcripts were classified as Proteobacteria, 

Actinobacteriota, and Desulfobacterota; nifH had mapped transcripts in Sulfuricurvum MAG 

M14 (Campylobacterota) (Figures 2.2, 2.3). The lack of detected nitrification gene expression 

represents a gap in the nitrogen cycle, although a small number of bacterial amoA genes in the 

metagenome suggests nitrification may be carried out by low-abundance taxa. No evidence of 

anaerobic ammonia oxidation was found.  

 

Photosynthetic gene transcripts were also detected (psaAB/psbABCDTZ; 5337 tpm), mapping to 

unbinned cyanobacterial (74% of tpm) and eukaryotic genes (Figure 2.2). However, months-long 

winter darkness at LH (~October to February) means this activity is necessarily seasonal. All 

cyanobacterial 16S rRNA sequences in the metagenome were most similar to chloroplast 16S 

rRNA, indicating this detected activity may be due to plant or soil matter blown into the spring 

tufa. Alternatively, Cyanobacteria may be dormant during the winter months; previous 

metagenomic sequencing found cyanobacterial dormancy genes (20). Anoxygenic 

photosynthesis gene expression was also detected by unbinned alphaproteobacterial and 

eukaryotic genes (pufLMC; 11 tpm), indicating some photosynthetic activity occurs through H2S 

oxidation.  

 

2.4.5 Lithoautotrophic metabolisms relatively predominant in the active microbial community 
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We hypothesized that lithoautotrophic metabolisms primarily sustain the spring microbial 

community, as the potential for photoautotrophy is limited due to long seasonal darkness and 

heterotrophic metabolism would be limited by low organic C (0.45% TOC) in the sediment. 

Approximately 40% of the MAGs and SAGs contained CO2-fixation genes, and 73% of MAG 

and SAG relative expression was attributed to those autotrophic genomes (Figure S2.3). 

However, this did not account for the majority of relative expression (61%) attributed to 

unbinned genes. In order to estimate the total relative contributions of autotrophs to the active 

LH community, we multiplied the relative expression in each phylum, including unbinned genes, 

by its proportion of autotrophic genomes (Figure 2.4). Using this method, we estimated 60% of 

relative expression originated from autotrophic microorganisms. These results suggest the LH 

microbial community may potentially primarily use lithoautotrophy, though additional in situ 

evidence (e.g. a bicarbonate mineralization assay) is required to support this finding. Notably, 

23% of relative expression was attributed to sulfide-oxidizing Gammaproteobacteria genomes 

containing Calvin-Benson-Bassham cycle genes, suggesting that they are significant contributors 

to primary production. Sulfide-oxidizing Gammaproteobacteria are major contributors to carbon 

fixation in light-limited environments including anoxic coastal sediments, hydrothermal vents, 

and other hypersaline Axel Heiberg springs (39, 62, 63); they also comprise major clades at 

marine cold seeps where methane oxidation and sulfate reduction produce abundant sulfide and 

CO2 (43).  

 

Mixotrophic growth using trace carbon monoxide (CO) as an energy source is a proposed 

survival mechanism for heterotrophs under organic carbon limitation (64). CO dehydrogenase 

(coxL) genes were present in 11 heterotrophic Alphaproteobacteria MAGs; furthermore, coxL 
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gene expression was detected in three of these MAGs, indicating that mixotrophy is a relevant 

lifestyle in LH. No measurement of CO has previously been attempted in LH; it may be a 

previously undetected component of the LH gas, or microorganisms could be utilizing trace 

atmospheric CO. 

 

Relative expression by Bacteroidota was low (3.5%) compared to their relative abundance in the 

metagenome (37%) (Figures 2.4, 2.1B), suggesting their reliance on heterotrophy may limit 

activity. While these results should not be considered conclusive given low coverage and lack of 

replicates for the metatranscriptome, this relative decrease was also observed in a previous study 

involving sequencing of cDNA derived from 16S rRNA (20). Bacteroidota comprise significant 

proportions of the microbial community in subglacial brines, sea ice brines, cryopegs, and cold 

hypersaline marine basins (46, 47, 65), and the most abundant Bacteroidota genera in the 

metagenome (Gillisia, Salegentibacter, Lutibacter) were found in highly saline soil, subglacial 

brines, and marine solar salterns (46, 66, 67). Their putative salt tolerance may enable survival 

even with low transcriptional activity. 

 

2.4.6 Functional potential and adaptations in poorly characterized taxa 

This study utilized two approaches to recovering microbial genomes through assembly of MAGs 

and SAGs. MAGs are assembled through clustering of metagenomic contigs; accordingly, 

MAGs often represent “population genomes” of related strains, which may have differing 

microniches or metabolisms, rather than single genotypes (68). SAGs are sequenced from 

individual cells and represent an individual strain rather than population, enabling precise 

evaluation of amino acid residue substitutions associated with cold and saline adaptation (69). 
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Our SAGs include genomes for under-studied or candidate taxa, present in low-abundance in LH 

but with mapped mRNA transcripts indicating metabolic activity. In order to better understand 

the niches occupied by these microorganisms, the functional potential and gene expression of 

several SAGs was more closely examined.  

 

2.4.6.1 ANME-1 genomes reveal potential metabolic flexibility and hypersaline adaptation. 

Despite extensive study of ANME, much remains unknown due to their recalcitrance to 

enrichment and culturing. As the LH ANME-1 genomes are the first from species active under 

ambient sub-zero and hypersaline conditions, we examined them for features enabling their 

survival. While ANI and marker gene analyses determined that the 17 SAGs (12.3-84.6% 

completeness) represented multiple species within the ANME-1 family, the genomes are 

presented together for simplicity.  

 

Two ANME-1 SAGs contained subunits of a Group 1h NiFe hydrogenase, co-localized with the 

electron-accepting Hdr2 complex, signifying possible respiratory oxidation of hydrogen. In 

addition, six SAGs encoded butyryl-CoA dehydrogenase, clustered with mcr genes, and a 

downstream butyryl-CoA oxidation pathway. This pathway is involved in oxidation of butane 

and other short-chain alkanes in archaea closely related to ANME (Ca. Syntrophoarchaeum) 

utilizing mcr-like complexes (70), and has been identified in ANME-1 containing mcr-like 

sequences (71). LH butyryl-CoA dehydrogenases were homologous to those from Ca. 

Syntropharchaeum butanivorans and mcr-like-encoding ANME-1 (40% and 62% amino acid 

identity, respectively). LH mcrA genes were most similar to canonical ANME-1 mcrA; 

nevertheless, the presence of this pathway suggests potential alkane oxidation. Taken together, 
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these genes signify potential substrate flexibility in LH ANME-1. As SR-coupled AOM yields 

little energy (72), alternate electron donors may compensate for energy deficits due to costly 

hypersaline adaptations. Competition for hydrogen and alkanes (<1% of spring gas) may 

additionally contribute to low ANME-1 abundance. 

 

The ANME-1 SAGs contained osmotic stress adaptations (Figure 2.5), including for uptake and 

synthesis of compatible solutes and transporters for K+ uptake and Na+ extrusion (73). 

Transcripts mapped to a small conductance mechanosensitive channel involved in maintenance 

of solute concentration (73), suggesting this accumulation occurs in situ. Based on these genes, 

LH ANME-1 could utilize either a “salt-in” or “compatible solute” osmoregulation strategy, 

though predicted proteins did not show the typical enrichment of acidic amino acids found in 

salt-in microorganisms (Figure S2.4A). Homologous osmotic stress response genes were 

identified in related ANME-1 genomes (Table S2.11), indicating widespread adaptive 

capabilities and corroborating observed preferential habitation of hypersaline environments by 

ANME-1 over other ANME clades (45, 50). Seven SAGs also encoded gas vesicle proteins, 

proposed to reduce water loss during salt stress (74). Alternatively, they may enable buoyancy 

regulation, allowing cells to position themselves more favorably in a spring which experiences 

seasonal changes in water depth (75). The presence of chemotaxis proteins and a flagellum 

suggest ANME may navigate the sediment to find optimal niches or, potentially, SRB for 

syntrophic partnerships.  

 

The ANME-1 SAGs contained genes for several multi-heme cytochromes, which have proposed 

functions in both syntrophic and decoupled AOM (53, 55, 76) (Figure 2.5). In syntrophic AOM, 
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direct exchange of electrons is proposed to occur via conductive “nanowires” between ANME 

and SRB (76). Examination of the sulfate-reducing MAG M19 as a potential syntrophic partner 

identified genes with mapped transcripts required for nanowire construction (77) including 

multi-heme cytochromes, type IV pili, and outer membrane porins. The ANME-1 SAGs 

additionally contained archaellum genes suggested to facilitate nanowire construction (78). 

Syntrophic electron exchange is therefore putatively possible in these microorganisms.  

 

2.4.6.2 Poorly understood DPANN archaea active in LH. 

Archaea from the DPANN superphylum were detected with the recovery of Iainarchaeota 

(Candidatus Diapherotrites) (one SAG, completeness 52.9%) and QMZS01 (formerly part of 

Aenigmarchaeota) (five SAGs, completeness 57.7-76.2%) SAGs. Within DPANN, these phyla 

are typically non-extremophilic and have not previously been identified in hypersaline or sub-

zero environments (79, 80). The QMZS01 candidate phylum contains only two other genomes, 

both MAGs from hydrocarbon- and sulfate-rich Guaymas Basin hot hydrothermal sediments 

(71).  

 

Due to their resistance to laboratory cultivation, the DPANN superphylum has only recently been 

defined (81). DPANN are characterized by small cell and genome sizes and minimal metabolic 

function (82), but are proposed to have important roles in organic carbon and hydrogen cycling 

(80, 83). Characteristically small genomes (<0.7 Mbp, though incomplete), limited anabolic 

pathways, and acetogenic and hydrogenic fermentation capabilities were observed in LH 

DPANN SAGs (Figures S2.5, S2.6), indicating reliance on scavenging for cellular components. 

All SAGs showed evidence of obligately anaerobic and heterotrophic lifestyles. The 
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Iainarchaeia SAG contained a large subunit form III RubisCO gene (rbcL) (Figure S2.7), also 

identified in Candidatus Iainarchaeum andersonii where it was proposed to take part in the 

adenosine monophosphate metabolism pathway (79). The rest of this pathway was identified in 

the LH SAG (Figure S2.5), suggesting adenosine degradation to pyruvate as a possible ATP-

generating mechanism. The QMZS01 SAGs contained genes involved in polysaccharide 

degradation (e.g. alpha amylase and endoglucanase) and transcripts mapped to a TrmB-family 

sugar-specific transcriptional regulator, supporting putative polysaccharide-degradation activity. 

The two Guaymas Basin QMZS01 MAGs also contain carbohydrate-active enzymes and 

fermentation genes, indicating similar metabolisms across this phylum. Additionally, LH 

QMZS01 uniquely contain subunits of group 3b NiFe hydrogenase (hydDA) co-localized with a 

ferredoxin and an oxidoreductase homologous to hydG and hydB from Pyrococcus furiosis (29 

and 40% amino acid identity, respectively), which reversibly couple H2 oxidation with NADPH 

formation (84). LH DPANN may thus cycle complex carbon compounds, supplying fermentation 

products including H2 or acetate to co-occurring hydrogen oxidizers or putative acetate 

metabolizers including SRB containing the Wood-Ljungdahl pathway or the numerous 

microorganisms encoding acetate metabolism genes (Tables S2.12, S2.13). Transcripts mapping 

to DPANN SAGs (2981 tpm) were primarily to non-coding RNA (Table S2.9). The SAGs also 

contained stress response genes (Figures S2.3, S2.4). While the majority of these genes were 

detected in other Iainarchaeota and QMZS01 genomes (Table S2.11), LH QMZS01 uniquely 

contained Na+/H+ antiporter and compatible solute synthesis genes, indicating adaptations to 

hypersalinity in this clade. DPANN have been detected in High Arctic lakes on Ellesmere Island, 

including cold (3.5°C) freshwater Lake Hazen (85) and meromictic ice-covered (0-8°C) Lake A 

(86). DPANN populations in both lakes were primarily Woesearchaeota; however, Iainarcheota 
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and Aenigmarchaeota were detected in the saline (~3%), anoxic, and sulfidic layers of Lake A, 

where they were similarly theorized to recycle microbial biomass. These results demonstrate 

that, despite minimal biosynthetic capabilities, DPANN archaea are active in extreme, resource-

limited Arctic environments. 

 

2.4.6.3 Candidate CG03 phylum is likely fermentative. 

SAG S2 was classified in the phylum CG03, a candidate phylum recently defined by GTDB 

using their methodology based on phylogenetic tree placement and normalization of taxonomic 

rank using lineage-specific evolutionary distance (87). This poorly characterized phylum 

contains 15 MAGs in the GTDB database, previously deposited in NCBI primarily as 

unclassified Elusimicrobia and sourced from groundwater and hypersaline sediments; only one 

study has previously examined some of these CG03 genomes (88). The LH SAG is the first 

CG03 genome from a sub-zero environment, although CG03 was recently detected in the 

anaerobic, methane-rich sulfidic Zodletone spring (22ºC, 1.2% NaCl) (89). The LH SAG 

contains a glycolysis/gluconeogenesis pathway, partial TCA cycle, and partial fatty acid 

oxidation pathway (Figure S2.8), indicating a likely heterotrophic and anaerobic lifestyle. 

Interestingly, it encodes partial NADH dehydrogenase and ATP synthase complexes but lacks 

other electron transport chain proteins, corroborating the previous survey of several CG03 

genomes which found near-universal partial ATP synthases. The functionality of these 

complexes is unclear, but their frequency within the phylum implies an active rather than 

vestigial role. Regardless, the LH CG03 is likely fermentative, as it contains genes involved in 

both acetogenic (phosphotransacetylase and acetate kinase) and hydrogenogenic (FeFe Group A 

hydrogenase) processes. It also encodes homologs to carbon monoxide/xanthine dehydrogenase 
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family proteins. Structure-based functional annotation by I-TASSER (90) confirmed protein 

similarity to CO dehydrogenase, suggesting possible mixotrophy. These results suggest that, 

similar to DPANN, CG03 may provide acetate and hydrogen to the microbial community.  

 

Transcripts mapped to the SAG (6718 tpm total) mapped to tRNA genes and a AAA ATPase-

family protein, indicating transcriptional activity but providing little indication of metabolic 

function (Table S2.9). The genome contained several sodium and potassium transporters, but did 

not have an enrichment in acidic amino acids in predicted proteins (Figure S2.4B), leaving its 

osmoregulation strategy unclear. It should be noted that the above results are based on a single 

genome (62.8% completeness) and so should not be considered conclusive.  

 

2.4.7 LH as an analogue for relevant microbial metabolisms on Mars 

Terrestrial analogues like LH can help constrain and inform theorized habitability and 

biosignatures in ancient and extant Martian environments. This study provides in situ evidence of 

an active microbial ecosystem in a sub-zero hypersaline spring supporting Mars-relevant 

chemolithoautotrophic metabolisms (91, 92). We identified active ANME-1 putatively capable 

of AOM, H2 oxidation, CO2 fixation, and N2 fixation. Trace methane (~0.4 ppbv) has been 

detected in the Mars atmosphere (93) and, while the source is unknown, methane and hydrogen 

could be produced abiotically in the deep subsurface through rock-water interactions 

(serpentization; Fischer-Tropsch synthesis) or through putative methanogenesis (Figure 2.6) 

(94). Regardless of the origin, subsurface gaseous methane or methane clathrates could 

potentially sustain microbial life by AOM.  
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Sulfates and trace H2 (3) in LH support transcriptionally active H2-oxidizing, SO4-reducing 

bacteria containing CO2-fixation and N2-fixation genes. Similar conditions for supporting SRBs 

may exist in the Martian subsurface where sulfate is abundant and may co-localize with H2 and 

CH4 from serpentinization or methanogenesis (95). Atmospheric CO (0.075%) on Mars may also 

support CO-oxidizing bacteria (91), as in Antarctic desert soils where trace CO may support 

primary production through high-affinity CO dehydrogenases (96). In this study, CO 

dehydrogenase genes and transcripts were detected in mixotrophic Alphaproteobacteria MAGs, 

suggesting Martian CO could support near-surface heterotrophs.   

 

The relatively high abundances of lithoautotrophic sulfide-oxidizing bacteria as well as high 

expression of S-oxidation genes was somewhat surprising given sulfide-oxidizers are generally 

aerobic while LH sediment is highly reducing and contains only trace O2. However, extremely 

low-oxygen environments can sustain aerobic metabolisms (97), including sulfide oxidation in 

anoxic lakes (98), due to O2 favorability as an electron acceptor. Gibbs energy calculations for 

LH show redox reactions with O2 are more favorable than those with NO3- or SO42-, including 

H2S/O2 (-109 kJ/mol electron-1) compared to H2S/NO3- (-93.8 kJ/mol electron-1) (Table S2.10). 

While the Martian atmosphere contains 0.1% O2, modelling of perchlorate and sulfate brines 

under Martian surface conditions demonstrated how O2 can concentrate in near-surface brines 

allowing for potential micro-oxic and even aerobic metabolisms (99). While methanogens and 

SRBs are generally considered the most likely candidate life forms on Mars, this study highlights 

the capability of lithoautotrophic sulfide-oxidizers to also thrive in a hypersaline, sub-zero, and 

oxygen-depleted environment.  
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2.5 Conclusion 

Lost Hammer supports an active microbial community including sulfur-cycling 

Gammaproteobacteria and Desulfobacterota and methane-oxidizing ANME-1, as well as 

fermentative and heterotrophic populations. Overall, our study provides robust evidence of 

chemolithoautotrophic metabolisms active in a sub-zero, hypersaline, and anoxic environment 

similar to those that may exist on Mars. 
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Figure 2.1. A. Comparison of metagenome taxonomic composition to MAG frequency by order. 

Metagenome taxonomic composition was determined with phyloFlash, based on classification of 

metagenomic reads mapping to the SILVA small subunit ribosomal database. B. Phylogenomic 

tree of high- and medium-quality MAGs and SAGs. The tree was constructed in Anvi’o with 

FastTree using the Bacteria_71 collection of single-copy genes and midpoint-rooted with 

FigTree. C. Level of taxonomic novelty of the MAGs and SAGs by rank. The number of 

classified and unclassified genomes at each taxonomic level was determined according to its 

rank assignment and taxonomic placement by GTDB-tk. 
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Figure 2.2. Key metabolic genes expressed in the LH spring sediment. Arrow width represents 

relative expression of genes in transcripts per million reads (tpm). Pie charts represent the 

phylogenetic classification of relative expression based on presence of the expressed gene in 

MAGs or SAGs or phylogenetic classification of the gene for unbinned genes. Complete 

distribution of tpm in MAGs, SAGs, and unbinned genes can be found in Table S2.7.  

NO3
- NO2

-

NH3

napA/narG

nirB

nirKS NO norB N2O N2
nosZ

nifH

prmA
propane 2-propanol butane 1-butanolbmoA

methyl-CoM + CoB
mcrA

pmoA
methane

methanol

psaAB psbABCDTZ
pufLMC

hyaAB/hybCO frhBD hydA cbbLM

Calvin cycle

aclAB

rTCA cycle

acsB

Wood-Ljungdahl

Nitrogen

Hydrocarbons

Hydrogen oxidation CO2 fixation

Photosynthesis

photosystem I photosystem II

Aerobic respiration

coxABC/ctaDCE

cyt. c oxidase cyt. c oxidase, cbb3-type

ccoNOP

Actinobacteriota
Alphaproteobacteria
Bacteria
Bacteroidota

tpm

4

40

400

4000

Bdellovibronota
Campylobacterota
Chloroflexota
Cyanobacteria
Deinococcus-Thermus
Desulfobacterota
Desulfuromonadota
Eukaryota
Firmicutes
Gammaproteobacteria
Gemmatimonadetes
Halobacteriota
Unclassified

S4O6
2-

tsdA

ttrABC

S2O3
2-SO4

2-

soxABCXYZ

H2S
dsrAB 

SO3
2-

rdsrAB

S0, Sn
2-

sqr

fccAB

psr/phsApsr/phsA

Sulfur



 85 

 

Figure 2.3. Metabolic potential and gene expression in high-quality MAGs and medium-quality 

SAGs. The identification number for each genome is noted above each column. An ‘X’ indicates 

the presence of a gene or pathway within the genome; ‘/’ indicates a partial pathway. A complete 

list of gene IDs and criteria used for denoting the presence of a complete or partial pathway is 

found in Tables S2.12 and S2.13. The square root of transcripts per million reads (tpm) of 

metatranscriptome reads mapped to the genome is indicated by a color scale within each square. 
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The summed tpm indicates the total tpm of reads mapped to the genome on a logarithmic scale. 

A corresponding table for medium-quality MAGs is located in Table S2.8.  

 

Figure 2.4. Percent relative expression by phylum, including both genes in MAGs and SAGs 

and unbinned genes classified by JGI. The percentage of autotrophic MAGs and SAGs 

(containing CO2 fixation genes) in each phylum is indicated in black and noted above each 

column. The number of MAGs and SAGs in each phylum is indicated in parentheses in each 

column label. The percentage of relative expression by autotrophic microorganisms was 

estimated by multiplying the relative expression by the percentage of autotrophic genomes in 

each taxon. 
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Figure 2.5. Metabolic reconstruction of ANME-1 SAGs. Genome contents were based on a 

composite of 17 medium- (SAGs S10-S14) and low-quality (SAGs S39-S50) ANME-1 SAGs. 

Genes with mapped transcripts are denoted by red text. Pie charts indicate the number of SAGs 

containing each gene (out of 17). A complete list of genes can be found in Table S2.14.  
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Figure 2.6. Model for a hypothetical Martian methane cycle, adapted and reproduced with 

permission from Harris et al. (2021) (92). Putative methane sources, sinks, and reservoirs are 

noted in orange. Mars-relevant metabolisms identified in Lost Hammer are noted in green. 
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Connecting Text 

Chapter 2 of this study described novel microbial genomes and in situ gene expression in a sub-

zero, hypersaline methane seep. This chapter aimed to further examine microbial diversity and 

activity under cold and hypersaline conditions in the cryosphere. I utilized genome-resolved 

metagenomics and metatranscriptomics to describe active sulfur cycling in Gypsum Hill Spring 

and characterize the functional capabilities of highly active microorganisms. I additionally 

discussed the potential implications for the search for microbial life in extraterrestrial cold 

brines.  

 

Supplementary tables S3.1 and S3.4 – S3.14 are available as supplemental material.  
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3.1 Abstract 

Gypsum Hill Spring, located in Nunavut in the Canadian High Arctic, is a rare example of a cold 

spring arising through thick permafrost. It perennially discharges cold (~7 ºC), hypersaline (7-8 

% salinity), anoxic (~0.04 ppm O2), and highly reducing (~ -430 mV) brines rich in sulfate (2.2 

g.L-1) and sulfide (9.5 ppm), making Gypsum Hill an analogue to putative sulfate-rich briny 

habitats on extraterrestrial bodies such as Mars. Genome-resolved metagenomics and 

metatranscriptomics were utilized to describe an active microbial community containing novel 

metagenome-assembled genomes and dominated by sulfur cycling Desulfurobacterota and 

Gammaproteobacteria. Sulfate reduction was dominated by hydrogen-oxidizing 

chemolithoautotrophic Desulfovibrionaceae sp. and was identified in phyla not typically 

associated with sulfate reduction in novel lineages of Spirochaetota and Bacteroidota. Highly 

abundant and active sulfur-reducing Desulfuromusa sp. highly expressed non-coding RNAs 

associated with transcriptional regulation, showing potential evidence of putative metabolic 

flexibility in response to substrate availability. Despite low oxygen availability, sulfide oxidation 

was primarily attributed to aerobic chemolithoautotrophic Halothiobacillaceae. Low abundance 

and expression of photoautotrophs indicated sulfur-based chemolithoautotrophy drives primary 

productivity even during periods of constant illumination. Our results describe an active 

chemolithoautotrophic sulfur cycling microbial community inhabiting a unique hypersaline 

spring, providing insights into the microbial life and biosignatures that may be present in similar 

environments on Mars. 

 

3.2 Introduction 
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The cold saline springs on Axel Heiberg Island (AHI), located in the High Arctic in Nunavut, 

Canada, are rare examples of non-volcanic perennial springs discharging in an area of continuous 

permafrost. The Gypsum Hill (GH) springs (79º24’30’’N, 90º43’05’’W) are a collection of 

approximately 40 springs and seeps located on the bank of Expedition River. These springs flow 

to the surface through 500-600 meters of permafrost in an area of gypsum-anhydrite diapiric 

uplift, and are suggested to originate in a subsurface salt layer recharged by an ice-covered alpine 

lake or sub-glacial meltwater (1). They are characteristically cold (~ -1.3 – 7.2 ºC) and 

hypersaline (7-8 % salinity) and maintain stable conditions year-round despite average air 

temperatures of -15 ºC, reaching down to -40 ºC in the winter (2). Sediments and waters in the 

largest spring outlet, referred to as GH-4, are sub-oxic (~0.04 ppm O2), highly reducing (~ -430 

mV oxidation-reduction potential), saturated in dissolved gases (99 % N2), and rich in sulfate 

(1.9 g.kg-1 and 2.2 g.L-1 respectively) and sulfide (9.5 ppm) (3, 4).  

 

The AHI saline springs have been described extensively as analogues to sulfurous, cold, saline 

environments on extraterrestrial bodies such as Mars (1, 5-7). As warm, wet ancient Mars 

became colder and drier during the Hesperian (~3.7 Gya), the last surface waters were likely cold 

brines persisting up to 2 Gya (8); sulfate salt enrichments in the former lake basin Gale Crater 

indicate the presence of widespread sulfate-rich brines during this time (9). The modern Martian 

surface and subsurface are also rich in Mg- and Ca-sulfates (10). While the atmospheric pressure 

and temperature on present-day Mars prevents the formation of surficial liquid water, there are 

potential sources of liquid water in the Martian subsurface. Recent evidence suggests the 

presence of hypersaline lakes below Mars’ southern ice cap (11). Another possible source of 

liquid water is the recurring slope lineae; recent modelling suggests they may form from near-
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surface chloride and sulfate salt brines (12). Geomorphological features resembling gullies 

formed in the recent geologic past (13) are suggested to have formed from subsurface eutectic 

brines (14). Thus, the GH springs provide a useful analogue for examining microbial diversity in 

a sulfate-rich cryoenvironment such as those that may exist or have existed on Mars. 

 

Cycling of inorganic sulfur compounds sustains microbial life in sulfur-rich terrestrial 

environments including hydrothermal vents (15, 16), marine sediments (17), and sulfidic springs 

(18, 19), where chemolithoautotrophic sulfur-oxidizing bacteria drive primary production. 

Sulfur-oxidizing anoxygenic phototrophs inhabit a wide range of anoxic environments, and some 

can act as primary producers in environments such as hot springs (20) and meromictic lakes (21). 

Oxidation of sulfide and other reduced sulfur intermediates can be carried out by diverse 

microorganisms utilizing a multiplicity of oxidation enzymes and biochemical pathways, thus 

contributing to overall microbial and functional diversity in these environments (17). In the 

cryosphere, chemolithoautotrophic S-cycling microbes drive primary productivity in a High 

Arctic sulfur-rich supraglacial spring at Borup Fjord Pass, Ellesmere Island (22), sulfide-rich 

thermal springs in Svalbard, Norway (22, 23), and sulfate-rich subglacial brines at Blood Falls, 

Antarctica (24), and have been detected in cold hypersaline environments such as cryopegs (25) 

and Antarctic lake brines (26). Microbial communities at other hypersaline AHI springs contain 

abundant sulfur-oxidizing Gammaproteobacteria and sulfate-reducing Desulfobacterota 

(formerly Deltaproteobacteria) (6, 27). However, microbial community sequencing in many of 

these cryospheric S-cycling environments, including GH, has been limited to 16S rRNA 

community profiling or 16S rRNA gene sequencing of isolates. Recent high-throughput shotgun 

metagenomic and metatranscriptomic sequencing of nearby hypersaline, sub-zero Lost Hammer 
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Spring revealed previously-undetected bacterial and archaeal species and identified active 

sulfide-oxidizing Gammaproteobacteria driving primary production (27), demonstrating the 

power of these sequencing approaches in describing sulfur cycling and microbial diversity in 

these cryospheric Mars analogues. Detection of active microorganisms through approaches such 

as metatranscriptomic or metaproteomic sequencing are especially crucial in open-system 

anoxic, cold, hypersaline environments like GH, where dormant or dead populations may be 

present and organic matter including DNA may be preserved (5). Indeed, detected active 

microbial communities at AHI springs including Lost Hammer differ from the total microbial 

biomass (6, 27, 28). 

 

Previous studies of the GH sediment community indicate the presence of a 

chemolithoautotrophic, primarily sulfur-oxidizing microbial community (106 – 107 cells.g-1 

sediment) (3, 4, 29). Sequencing of 16S rRNA genes identified Gammaproteobacteria and 

Desulfobacterota phylotypes associated with sulfur cycling (3, 4, 30, 31), and microcosm 

activity measurements and isotopic analyses indicate sulfur oxidation and sulfate reduction occur 

in the GH spring sediments (4, 29, 32). However, due to methodological limitations, no studies 

have yet fully described the taxonomic and metabolic diversity present in the sediment or 

definitively linked detected metabolic activities to active taxa in situ. As such, this study utilized 

genome-resolved metagenomics and metatranscriptomics to identify the primary active microbial 

community in the springs and characterize sulfur cycling metabolisms and taxa in depth in the 

context of the GH springs as a unique cryospheric analogue to sulfate-rich environments on 

Mars. 
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3.3 Materials and Methods 

3.3.1 Site description and sampling 

As described in previous publications (1-4), the GH springs emerge in approximately 40 outlets 

across a 300-meter length of the Expedition River bank, 2.5 km downstream from the White and 

Thompson glaciers. This region experiences seasonal darkness from ~October to February. 

Gypsum (CaSO4), halite (NaCl), and elemental sulfur are the most abundant minerals across the 

GH site (5). The spring outlet described in this study is referred to here and in previous 

publications as GH-4. At GH-4, spring water emerges from the subsurface into a primary pool, 

measuring ~1.7 meters in diameter with a depth of ~45 centimeters, then flows into a shallow 

outflow channel (Figure S3.1). Dissolved gases bubble continuously through the outflow pool 

sediment and water and are predominantly comprised of N2 (~ 99 %) with low levels of CO2 

(0.04 %) and CH4 (0.5 %) (4, 33). All spring samples and measurements described in this study 

were taken in the primary outflow pool of GH-4.  

 

Physical and chemical parameters in GH-4 have remained highly stable since 2007 (Table S3.1), 

allowing for comparison of samples collected in different years. Sediment samples (top ~10 cm) 

for metagenomic and metatranscriptomic sequencing were collected in July 2019, and sediment 

samples for 16S rRNA gene community profiling were collected in August 2021. All sediment 

samples were collected with a sterilized scoop and mixed immediately with Zymo Research 

DNA/RNA Shield (Irvine, CA, USA) in a sterile Falcon tube filled to maximum to avoid aerobic 

headspace. Samples were frozen at -20 ºC after sampling, then kept at <7 ºC during transport to 

Montréal where they were again stored at -20 ºC prior to processing. Thermochron Temperature 
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Loggers (Baulkham Hills, NSW, Australia) were used to track temperature conditions during 

transport.  

 

Water temperature, pH, oxidation-reduction potential, salinity, and total dissolved solids were 

measured in situ with a YSI Professional Plus Multiparameter Instrument (Yellow Springs, OH, 

USA). Dissolved oxygen was measured in situ with a PyroScience Piccolo2 oxygen meter 

(Aachen, Germany). Sulfide, sulfate, nitrite, nitrate, phosphate, ammonia, and iron were 

measured in situ with CHEMetrics Inc. (Midland, VA, USA) test kits. Water for total carbon and 

total nitrogen measurements was filtered immediately after sampling with a 0.22 µm Whatman 

Uniflo PES filter (Madstone, UK). Filtered water was stored at -20 ºC and thawed at 4 ºC prior to 

analysis on a Shimadzu TOC-VCPH Total Organic Carbon Analyzer with TNM-L Total 

Nitrogen Measuring Unit (Kyoto, Japan). 

 

3.3.2 DNA extraction, metagenome sequencing, and metagenome analyses 

DNA was extracted from 3 x 10 g portions of sediment with the Qiagen DNeasy PowerMax Soil 

Kit (Hilden, Germany). Extracted DNA was concentrated with a Thermo Fisher Scientific 

SpeedVac Vacuum Concentrator (Waltham, MA, USA) and New England Biolabs Monarch 

PCR & DNA Cleanup Kit (5 µg) (Ipswitch, MA, USA). Sequencing libraries were prepared with 

the Illumina Nextera XT DNA Library Prep Kit and sequenced at The Center for Applied 

Genomics at the Hospital for Sick Children (Toronto, ON, Canada) on a NovaSeq 6000 

(Illumina) with an S Prime 100-cycle flow cell (2 x 100 base pairs). 
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Metagenome sequencing produced ~109 million reads across the three replicates (sequencing 

and assembly statistics in Table S3.2). Read quality was checked before and after quality control 

with FastQC (v.0.11.9). Adapters and reads were trimmed with BBDuk (BBMap v.38.96) with 

parameters trim=r k=23 mink=11 hdist=1 tpe tbo ftm=5. PhiX contamination was removed with 

BBDuk using the BBMap PhiX174 reference genome (parameters k=31 hdist=1), and human 

genome contamination was removed with the BBMap Removehuman.sh script with default 

parameters using the BBMap GH19 masked human reference genome. After contaminant 

filtering, all reads <30 bp were removed with BBDuk (minlength=30). Remaining reads were 

classified with Kaiju (v.1.7.4) (34) with the nr_euk reference database and with phyloFlash 

(v.3.4) (35).  

 

The three replicate metagenomes were co-assembled with Megahit (v.1.2.9) using three pre-set 

settings (default, meta-sensitive, and meta-large) (36). The ‘meta-sensitive’ assembly was 

selected for further analysis based on assembly quality as assessed with MetaQUAST (v.5.0.2) 

(37). Co-assembly statistics are compiled in Table S3.3. The co-assembly was annotated with the 

Joint Genome Institute IMG/M Annotation Pipeline (v.5.1.5) using KEGG, COG, and 

TIGRFAM databases (38, 39). Reads were mapped to the assemblies with Bowtie2 (v.2.4.4) (--

very-sensitive) (40) and assemblies were binned with MetaBAT (v.2.14) (41) and MaxBin 

(v.2.2.7) (42) with minimum contig sizes of 1000, 2000, 2500, and 5000 bp. Bin completeness 

and contamination were assessed with CheckM (v.1.1.9) (43), and bin taxonomy was assigned 

with GTDB-Tk (v.2.1.1, reference package R207-v2) (44). A minimum contig size of 2000 bp 

was selected based on quantity of high-quality bins. Assemblies were additionally binned with 

CONCOCT (v.1.1.0) (--length_threshold 2000) (45). MetaBAT, MaxBin, and CONCOCT bins 
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were de-replicated with DAS Tool (46) to create a set of non-redundant bins, and bin 

contamination was further reduced where possible with RefineM (v.0.0.25) (47).  

 

An additional binning strategy adapted from Chen et al. (48) was also used for comparison to 

ensure the highest bin quality possible. Briefly, the three replicate metagenomes were assembled 

individually with Megahit and SPAdes (v.3.15.3) (--meta). The SPAdes metagenomes were 

selected for further analysis based on assembly quality. Read mapping, binning, de-replication, 

and bin refinement were performed as above to produce a set of non-redundant bins for each 

metagenome. Following this, the bins from all three metagenomes were pooled and again de-

replicated with dRep (v.3.2.2) (49), resulting in a final set of de-replicated bins. After 

comparison between the two resultant bin sets, the co-assembly bins were selected for all 

downstream analyses based on prevalence of high-quality bins.  

 

Additional analyses were as follows: Bin abundance in the metagenome was calculated with 

CoverM (v.0.4.8). A phylogenomic tree of MAGs was created in Anvi’o (v.6.2) (50) with the 

Bacteria_71 collection of single-copy genes. Amino acid sequences for all genes were 

concatenated, with a total alignment length of 23,122 bp, and approximately-maximum-

likelihood trees were constructed with FastTree (v.2.1) (51) within Anvi’o with midpoint 

rooting. FeGenie (v.1.2) was used to identify iron-related genes (52). Hydrogenases were 

classified with hydDB (53). Reductive and oxidative DsrAB were classified as follows: DsrAB 

amino acid sequences were aligned against reference sequences from Müller et al. (54) using 

MUSCLE (v.3.8.1551) with default settings (55). Maximum likelihood phylogenetic trees were 

constructed in CLC Genomics Workbench (v.12.0.3; QIAGEN, Aarhus, Denmark) using the 
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WAG protein substitution model and 1000 bootstraps (Figures S3.2-S3.5). DsrAB were 

classified as reductive or oxidative based on phylogenetic clustering and the presence of 

accessory proteins as in Anantharaman et al. (56). 

 

3.3.3 mRNA extraction, metatranscriptome sequencing, and analyses 

RNA was extracted from 3 x ~6 g sediment samples with the Zymo Research ZymoBIOMICS 

DNA/RNA Miniprep kit. Each replicate was split into six sub-samples for the extraction. 

Extracted RNA was treated with the Invitrogen Turbo DNA-free kit (Carlsbad, CA, USA) to 

remove contaminating DNA. The six sub-samples in each replicate were then pooled together 

and concentrated with the New England Biolabs Monarch RNA Cleanup Kit. Extractions were 

checked for DNA contamination with a Thermo Fisher Scientific Qubit dsDNA HS Assay Kit 

and by PCR amplification of 16S rRNA genes using DNA primers 27F/1492R (57, 58); only 

samples with no amplified product (as detected by agarose gel electrophoresis) were used. 

Ribosomal RNA was depleted with the New England BioLabs NEBNext rRNA Depletion Kit 

(Bacteria) and a cDNA sequencing library was prepared with the New England BioLabs Ultra II 

RNA Library Prep Kit. For one extraction replicate (GH3), two sequencing libraries were 

prepared from the extraction, with one library undergoing fragmentation (R9) and one not 

fragmented (R6), in order to optimize library quality based on its RNA Integrity Number. The 

generated libraries were sequenced at The Center for Applied Genomics at the Hospital for Sick 

Children on a NovaSeq 6000 (Illumina) with an S Prime 100-cycle flow cell (2 x 100 base 

reads). 
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Metatranscriptome library statistics are compiled in Table S3.2. Adapter trimming and PhiX and 

human contamination removal was done with BBDuk as for the metagenomic reads. Additional 

quality trimming was done with BBDuk (qtrim=r trimq=15 maq=15 minlen=50). Remaining 

rRNA reads were removed with SortMeRNA (v.4.3.4) (59). The trimmed reads were classified 

with Kaiju and mapped to the co-assembly contigs with bowtie2 (--very-sensitive). Reads 

aligned to metagenome features were counted with htseq-count (-s no-i ID --nonunique=all -r 

pos -a 0) and transcripts per million reads (tpm) was calculated to normalize expression values 

for each gene. Counts from the two technical replicates (R6 and R9) were merged prior to tpm 

calculation. Normalized expressed values represent averages of the three biological replicates 

unless otherwise noted.  

 

3.3.4 16S rRNA community profiling and analysis 

DNA was extracted from 3 x 1 g sediment samples with the Zymo Research ZymoBIOMICS 

DNA/RNA Miniprep kit. Two negative controls (nuclease-free water) and two replicates of the 

ZymoBIOMICS Microbial Community Standard were also extracted. All extractions were 

concentrated with the New England Biolabs Monarch PCR & DNA Cleanup kit. Concentrated 

DNA was amplified by PCR with 16S rRNA V4 primers 515F-Y and 926R (60) with Illumina 

overhang adapters (61). Each 25 µL reaction contained 10 µL Qiagen HotStarTaq Plus Master 

Mix, 0.5 µL each of 10 µM forward and reverse primers, 1 µL 10 µg.µL-1 bovine serum albumin, 

5 µL extracted DNA, and 3 µL nuclease-free water. PCR cycling proceeded as follows: 5 

minutes at 95 ºC; 35 cycles of 45 seconds at 94 ºC, 45 seconds at 50 ºC, and 1 minute at 72 ºC; 

and ten minutes at 72 ºC. Amplicon sequencing libraries were prepared according to the Illumina 

16S Metagenomic Sequencing Library Preparation protocol (61). Briefly, PCR products were 
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cleaned using Cytiva Sera-Mag Select (Marlborough, MA, USA) magnetic beads at a ratio of 0.6 

x beads:sample volume. Nextera XT Index Kit v2 Set B dual indices were attached by PCR in 50 

µL reactions containing 25 µL Invitrogen Platinum Hot Start PCR 2x Master Mix (Waltham, 

MA, USA), 5 µL PCR product, 5 µL each index primers 1 and 2, and 10 µL PCR-grade water. 

PCR cycling proceeded as follows: 3 minutes at 95 ºC; 8 cycles of 30 seconds at 95 ºC, 30 

seconds at 55 ºC, and 30 seconds at 72 ºC; and 5 minutes at 72 ºC. The libraries were again 

cleaned with Cytiva Sera-Mag Select beads at a ratio of 0.8 x beads:sample volume, then pooled 

at equimolar concentrations and sequenced on an Illumina MiSeq with MiSeq Reagent Kit v3 

(600-cycle) (2 x 300 base reads).  

 

The 16S rRNA gene amplicon sequencing statistics are compiled in Table S3.2. An amplicon 

sequence variant (ASV) count table was generated with the DADA2 pipeline (v.1.24.0) (62). 

Taxonomy was assigned with the SILVA database (v.138.1) (63). The decontam R package (v. 

1.16.0) was used to identify and remove contaminant ASVs (threshold=0.5) in addition to 

manual removal of ASVs present only in the negative controls and the ZymoBIOMICS 

Microbial Community Standard. In total, 2885 of 2901 ASVs remained after quality control.  

 

The 16S rRNA gene amplicon sequences from GH were compared to 24 additional 16S rRNA 

gene amplicon sequencing libraries from similar environments (metadata in Table S3.4). ASV 

count tables were generated for each library in DADA2 using the SILVA database for taxonomy 

assignation as above. For single-end libraries (Ion Torrent and 454 metagenomes), the DADA2 

pipeline was run with only forward read commands and without read merging. Ion Torrent and 

454 metagenomes were also processed with additional parameters as recommended by the 
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DADA2 pipeline (dada(..., HOMOPOLYMER_GAP_PENALTY=-1, BAND_SIZE=32)). Two 

data sets did not have sufficient reads to learn error rates (JL94DB and JL95B); for these 

samples, taxonomy was assigned directly to the reads using the DADA2 assignTaxonomy 

function without ASV inference. To allow comparison between the data sets, ASV/read counts 

were summed by taxonomic assignment (Table S3.5). Dissimilatory and clustering analyses were 

calculated using the ‘vegan’ Community Ecology package (v.2.6-4) in R. Environmental 

metadata was standardized with the decostand() function using the “standardize” method. 

Frequencies were calculated for each taxon by dividing each count by total count per taxon, 

following by standardization with decostand() using the “hellinger” method. A non-metric 

multidimensional scaling (NMDS) ordination was generated using the metaMDS() function with 

Bray-Curtis dissimilarity matrix (dist=”bray”). A Canonical Correspondance Analysis (CCA) 

was done using the cca() function with a Bray-Curtis dissimilarity matrix and 999 permutations. 

CCA was built by automatic forward selection, with adjusted R2 to select significant variables. 

Spearman’s rank correlation was performed using the cor(), rcorr() functions and visualized 

using corplot() function of the stats, Hmisc and corrgram packages respectively. 

 

3.3.5 Data accession 

All sequencing data was deposited in NCBI under BioProject PRJNA915120. Metagenome 

annotation is available under Analysis Project ID Ga0534206 in the Joint Genome Institute 

IMG/M system. A list of MAG contigs is supplied in Table S3.6 so IMG metagenome annotation 

can be attributed to MAGs. 

 

3.4 Results and Discussion 
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3.4.1 Metagenomic sequencing and MAGs characterized taxonomic diversity. 

In order to describe the taxonomic diversity present in the GH sediment, we sequenced 16S 

rRNA gene amplicons and shotgun metagenomes and constructed metagenome-assembled 

genomes (MAGs) (Figure 3.1). Metagenomic sequencing recovered primarily bacterial reads, 

with archaeal and eukaryotic reads constituting <1 % (Figure 3.1a, Figure S3.6). The most 

abundant phyla in the shotgun metagenome and 16S rRNA gene amplicon sequences were 

Desulfobacterota (25 % and 26 %, respectively), Bacteroidota (22 % and 46 %), Proteobacteria 

(17 % and 8.5 %) (primarily Gammaproteobacteria, 15 % and 6.6 % of total), and Spirochaetota 

(4.7 % and 6.8 %). Of the 2,885 16S rRNA gene amplicon sequence variants (ASVs), 258 were 

represented in the metagenome at species-level similarity (>98.6 %); those 258 ASVs comprised 

62 % of ASV relative abundance, indicating that the majority of ASVs not also present in the 

shotgun metagenome were likely from low abundance species. Detected taxonomic diversity was 

similar to previous studies of the GH sediment; of 49 bacterial isolates obtained in 2008 (4), 47 

were related at genus-level or above (>95 % sequence identity of 16S rRNA gene) to ASVs from 

this study. Similarly, 43 of 46 bacterial 16S rRNA gene clone library sequences obtained in 2007 

were related at genus level or above, indicating consistency in the spring microbial community 

from 2007 to 2019-2021 (this study).  

 

MAG assembly produced 26 high-quality (>90 % complete, <5 % contamination) and 31 

medium-quality (>50 % complete, <10 % contamination) bins representing 17 phyla, including 

bacterial (55 MAGs) and archaeal (2 MAGs) taxa (Figure 3.1b; Table S3.7). Distribution of 

MAGs across phyla reflected metagenome abundances (Figure 3.1a), with the most highly-

represented phyla being Bacteroidota (16 MAGs), Proteobacteria (8 MAGs), Spirochaetota (7 
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MAGs), and Desulfobacterota (6 MAGs). MAGs were recovered for nearly all of the most 

abundant orders (>1.5 %) in the metagenome. Taxa above 1.5 % relative abundance without 

representative MAGs were Bacteroidetes VC2.1 Bac22 (ca. Sulfidibacteriales; 1.6 %) and LCP-

89 (2.8 %). Both taxa represent uncultured clades found in oxygen-limited, sulfide-rich 

environments including marine hydrothermal vents and oxygen-minimum zones (VC2.1 Bac22) 

and Zodletone Spring in Oklahoma, USA (LCP-89) (64, 65).  

 

MAG novelty was estimated using the taxonomic rank of MAGs classified by comparison to the 

GTDB database with GTDB-tk (44) (Figure 3.1c). The majority of MAGs (97 %) were 

unclassified at the species level, and 26 % remained unclassified at higher taxonomic ranks (up 

to order). Similarly, 40 % of ASVs detected by 16S rRNA gene amplicon sequencing were 

unclassified at genus level or higher (Figure S3.7), indicating a high level of taxonomic novelty 

in the GH microbial community.  

 

Comparison of the GH MAGs to previously-sequenced MAGs from nearby Lost Hammer (LH) 

Spring (24 % salinity, -5º C) (27) by amino acid identity (AAI) and average nucleotide identity 

(ANI) identified 41 GH MAGs (72% of MAGs) related at the family level or above (>45% AAI) 

to MAGs from LH. Of these, eight GH MAGs belonged to the same genus (>65% ANI) and two 

to the same species (>95% ANI) as LH MAGs, indicating that while there is considerable 

similarity between the GH and LH microbial communities (family-level and above), they contain 

distinct taxa and microorganisms at the genus-level and below.  

 

3.4.2 Sulfur cycling taxa and metabolic genes are abundant in the metatranscriptome. 
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Metatranscriptomic reads were mapped to the MAGs and metagenomic co-assembly to identify 

active microorganisms and metabolisms and link detected metabolic activity to microbial taxa. 

Relative metatranscriptomic expression of MAGs (Figure 3.1b) and metabolic genes of interest 

(Figure 3.2) indicated that sulfur cycling metabolisms were predominant in this system. Sulfate 

is abundant in the spring sediment (1.9 g.kg-1) (3) and waters (~2200 ppm). Previous isotopic 

analysis indicated that it is derived from the anhydrite (CaSO4) evaporite diapirs that the GH 

springs flow through in the subsurface (32). Isotopic analysis also indicated sulfate reduction to 

sulfide was occurring in the spring sediment; this reducing activity had a quantitatively 

unimportant impact on fractionation of sulfate flowing into the spring, indicating that sulfate is 

present in non-limiting quantities for microbial metabolism (32). Sulfide (~9.5 ppm) and other 

reduced sulfur compounds are also present in non-limiting quantities (4), suggesting favorable 

conditions for a diversity of sulfur-based microbial metabolisms. Sulfur cycling taxa were among 

the most abundant orders in the shotgun metagenome, including Desulfuromonadales (11%), 

Desulfobacterales (9%), Desulfobulbales (5%), and Thiomicrospirales (7%) (Figure 3.1a). The 

highest proportion of metatranscriptome relative expression was attributed to Desulfobacterota 

MAGs (35%), followed by Gammaproteobacteria MAGs (14.5%) (Figure 3.3); all MAGs in 

these taxa expressed sulfur cycling genes (Figure 3.4). Additionally, sulfate-reducing genes 

(dsrAB, 1240 tpm; aprBA, 1044 tpm) were the most highly expressed metabolic genes in the 

metagenome (Figure 3.2; Table S3.11).  

 

3.4.3 H2-linked sulfate reduction drives microbial primary production. 

In addition to archetypal sulfate reduction marker genes (dsrAB, aprBA), genes involved in 

tetrathionate (ttrABC, otr), polysulfide and thiosulfate (psrA/phsA), and sulfite (sreB, asrBC; 
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note that no asrA subunits were detected) reduction were also present and expressed. Sulfur 

species reduction was relatively widespread; 21 MAGs (37 % of total MAGs) had detected 

expression of sulfur-reduction-related genes, including Desulfobacterota, Bacteroidota, 

Spirochaetota, CG03, Campylobacterota, and Gammaproteobacteria (Figure 3.4). This count 

excludes hydBGDA sulfhydrogenase genes, whose direct role in sulfur reduction is considered 

unlikely but which are highly homologous to a sulfur-reduction-linked membrane-bound 

oxidoreductase (66, 67).  

 

The majority of S reduction gene expression (86 % of all S reduction gene expression) mapped 

to the Desulfurivibrionaceae sp. GH16 MAG, primarily due to high expression of the sulfate 

reduction genes dsrAB (93 % of total) and aprBA (82 %). This MAG was relatively abundant in 

the metagenome (4 %) and expressed genes for complete sulfate reduction to sulfide (dsrAB, 

aprBA, sat, dsrD; 2238.9 tpm total) (56), as well as tetrathionate (ttrABC; 75.5 tpm) and 

thiosulfate/polysulfide (phsA/psrA; 68.3 tpm) reduction. It also expressed genes for dissimilatory 

nitrate reduction to ammonia (napA, 2.3 tpm; nirB, 5.6 tpm), indicating flexible use of S and N 

electron acceptors despite the abundant sulfate in the spring. The MAG also co-expressed a 

group 1c [NiFe] hydrogenase involved in hydrogenotrophic respiration (221 tpm) (53), 

indicating that the majority of sulfate reduction in the spring sediment is coupled with H2 

oxidation. Previous measurements of spring gas composition have not identified measurable 

concentrations of H2 (4, 33). However, genes involved in fermentative production of hydrogen 

are present and expressed (e.g., formate hydrogenlyase, Table S3.12), which may represent a 

putative source of H2; thus, hydrogen concentrations may be limiting in sulfate reduction 

activity.  
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The Desulfurivibrionaceae sp. GH16 MAG could only be classified at the family level in 

comparison to the GTDB database (Table S3.7). A partial 16S rRNA gene (846 bp) present in 

the MAG aligned at 91% identity to an uncultured Desulfobacterota when compared to the 

SILVA database, suggesting that this GH sulfate-reducing bacterium (SRB) likely represents a 

novel genus or higher lineage of Desulfobacterota. Related MAGs within the 

Desulfurivibrionaceae family in the GTDB database were assembled from hypersaline soda 

lakes (GCA_003557565.1), as well as marine environments, indicating halotolerance within the 

family. Hydrogenotrophic sulfate reduction in another AHI spring, Lost Hammer Spring (24 % 

salinity, -5º C), was attributed to a MAG in the uncultured BM506 genus in Desulfobacterota. 

This BM506 MAG was related at genus level (66 % amino acid identity) to 

Desulfurivibrionaceae sp. GH16, suggesting that closely-related novel taxa of halo- and 

psychrotolerant SRB are primarily responsible for sulfate reduction in the AHI springs. 

Hydrogen-dependent sulfate reduction was previously observed in microcosms of Lost Hammer 

Spring sediment down to -20 ºC (28), corroborating the hydrogenotrophic gene expression 

detected in SRB from both springs and indicating that these SRB are highly adapted to cold 

down to the known temperature limits of microbial metabolic activity.  

 

While the majority of sulfate reduction activity was attributed to Desulfurivibrionaceae sp. 

GH16, all six Desulfobacterota MAGs expressed sulfur species reduction genes (Figure 3.4). 

Three additional Desulfobacterota MAGs expressed sulfate reduction genes, either to sulfide 

(GH12, GH14) or sulfite (GH13); both GH12 and GH13 co-expressed group 1a or group 1c 

[NiFe] hydrogenases involved in hydrogenotrophic respiration, supporting hydrogen-coupled 
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sulfate reduction as a major metabolism in the spring (Figure 3.4). As in GH16, all 

Desulfobacterota MAGs co-expressed N reduction genes and genes for reduction of multiple 

sulfur species, and all but one contained the Wood-Ljungdahl pathway for CO2 fixation (Figure 

3.4), indicating the GH spring supports a diversity of novel chemolithoautotrophic SRB utilizing 

S and N compounds as terminal electron acceptors.  

 

Notably, expression of sulfate reduction genes was also identified in MAGs from phyla not 

typically associated with sulfate reduction activity (56). Sphaerochaetales sp. GH28 

(Spirochaetota) expressed genes for complete sulfate reduction to sulfide, as well as 

hydrogenotrophic group 1b and 1c [NiFe] hydrogenases and the Wood-Ljungdahl pathway, 

indicating similar metabolic activity as GH Desulfobacterota. Spirochaetota (formerly 

Spirochaetes) are typically chemoorganotrophs growing under a wide range of oxygen 

concentrations (68); the phylum includes halophiles (69), and Spirochaetota have been identified 

in extreme cold hypersaline environments such as brines in ice-covered Lake Vida in Antarctica 

(-13 ºC) (70). Sulfate reduction genes were only recently identified in this phylum, in the anoxic, 

sulfide-rich Zodletone Spring in Oklahoma, USA (71), and in groundwater in Tennessee, USA 

(72). Sphaerochaetales sp. GH28 was novel at the family level in comparison to the GTDB 

database, and a 16S rRNA gene in the MAG (1539 bp) had 88 % identity to its closest match in 

the SILVA database, suggesting this GH MAG represents a highly novel lineage of sulfate-

reducing Spirochaetota.  

 

Gene expression for complete sulfate reduction to sulfide was also identified in UBA2268 sp. 

GH34, in the order Kapabacteriales and phylum Bacteroidota. In the GTDB database, this MAG 
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was most closely related to a recently-described ca. Kapabacteria from Yellowstone hot spring 

microbial mats representing the first sulfate-reducing bacterium from the Bacteroidetes/Chlorobi 

superphylum (73). An additional sulfate-reducing ca. Kapabacteria was also recently reported in 

a deep subsurface aquifer (74). Comparison of genomes by amino acid identity indicated that 

UBA2268 sp. GH34 was in the same family as both previously-identified ca. Kapabacteria. All 

three Kapabacteriales SRB appear to be heterotrophic and contain genes involved in 

dissimilatory nitrite reduction (nrfA), denitrification (nosZ or norB), and polysulfide/thiosulfate 

reduction (psrA/phsA), as well as cytochrome c oxidases (coxBAC and/or cydAB), indicating 

similar metabolic function despite their presence in the distinct and disparate environments of 

cold hypersaline GH, 60ºC oxygenic phototrophic microbial mats in non-saline hot springs in the 

USA and Japan, and 20ºC anaerobic non-saline subsurface aquifer waters in Western Siberia, 

Russia. Transcriptional studies of the Yellowstone hot spring ca. Kapabacteria suggested it may 

be facultatively aerobic and respire both sulfate and oxygen (73); if so, this might give the 

UBA2268 sp. GH34 a unique niche in the upper portions of the GH sediment where trace 

oxygen is present compared to strictly anaerobic SRB.  

 

While sulfate reduction genes were the most highly expressed metabolic genes identified in the 

metatranscriptome, the most abundant Desulfobacterota present in the metagenome did not 

contain any sulfate reduction capabilities. Desulfuromusa sp. GH17 was the most abundant 

MAG in the metagenome (9.4 % relative abundance) and the metatranscriptome, containing 20% 

of total relative expression (203101.17 tpm) (Figure 3.1b). The Desulfuromusa genus also 

comprised 14.4% of the 16S rRNA gene amplicon sequences, indicating significant abundance 

and activity of this taxon in the spring sediment (Figure 3.1a). Previous 16S rRNA gene clone 
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library and amplicon sequencing of the GH sediment also identified Desulfuromusa and 

Desulfuromonadaceae comprising up to 60% of detected Desulfobacterota (3, 31), 

demonstrating their abundance in GH over time. Previous comparison of cell-specific sulfur 

reduction rates with GH sulfur isotopic fractionation indicated that only ~60 % of 

Desulfurobacterota in the GH sediment were engaged in active sulfate reduction (31), supporting 

the presence of significant populations of non-SRB Desulfobacterota such as Desulfuromusa.   

 

Cultured Desulfuromusa are obligate anaerobes that typically oxidize or disproportionate organic 

C compounds and reduce a variety of electron acceptors including elemental sulfur, iron, 

manganese, nitrate, and fumarate (75, 76). A psychrophilic Desulfuromusa has previously been 

cultured from cold Arctic marine sediments (-2 ºC). Desulfuromusa have also been identified by 

16S rRNA gene amplicon sequencing and metagenomic sequencing in sulfidic anoxic marine 

environments such as hydrothermal vent fluids (77) as well as cold (-1.8 – 7.5 ºC) and saline (1-5 

%) Antarctic lakes (78).  

 

Elemental sulfur (S0) has previously been identified in GH sediments, and it is a major 

component of the precipitate mineral crusts surrounding the springs (5). Elemental sulfur is 

produced biotically in the spring outflow channels, where microbial streamers formed by 

Thiomicrorhabdus sp. oxidize sulfide to elemental sulfur (32, 79). MAGs detected in this study 

(including Thiomicrorhabdus sp.) also express sulfide oxidation genes (Figure 3.4) indicating 

elemental sulfur is also produced biotically in the spring sediment, as discussed below. 

Desulfuromusa 16S rRNA gene clone sequences were identified within the Thiomicrorhabdus 

sp. microbial streamers, which contain S0 mineral structures (79), and Desulfuromonadaceae in 
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the spring outflow channels increased in abundance with distance from the primary outlet, 

indicating a potential positive association with Thiomicrorhabdus sp. streamers in the channels 

(31). While elemental sulfur reduction by Desulfuromusa isolates has previously been described, 

no in-depth description of a Desulfuromusa genome has previously been published and the 

method of elemental sulfur reduction in this genus remains unclear. Two mechanisms of sulfur 

reduction have previously been characterized, utilizing either an [NiFe] hydrogenase and sulfur 

or polysulfide reductase (SreABCDE/PsrABC), or via an NADPH elemental sulfur 

oxidoreductase (NSR) (80, 81). Potential homologs to these proteins were identified in 

Desulfuromusa sp. GH17 by BLAST using query proteins for NSR and NSR-like proteins from 

S0-reducers Pyrococcus furiosus and Thermovibrio ammonificans as well as Sre/Psr genes from a 

variety of bacterial taxa (complete output and list of query sequences in Table S3.13). 

Desulfuromusa sp. GH17 contained a homolog to T. ammonoficians NSR-like protein (31.6 % 

identity, 152 bitscore) as well as weak homologs to P. furiosus NSR (22-24 % identity, 52-56 

bitscore). However, these homologs did not contain the conserved cysteine residue required for 

S0 reduction activity in some species (80). A homolog to PsrB (34 % identity, 70 bitscore) and a 

weak homolog to PsrA (22 % identity, 97 bitscore) were also identified, although they were not 

located in the same operon as would be expected; additionally, no PsrC homolog was identified. 

All putative homologs had mapped transcripts. Thus, a mechanism for elemental sulfur reduction 

is possible in Desulfuromusa sp. GH17, potentially utilizing an NSR-like oxidoreductase; 

detected activity with an isolated strain would be necessary to confirm this activity.  

 

The Desulfuromusa sp. GH17 also contains potential pathways for fumarate and malate 

disproportionation, fumarate reduction, and tetrathionate reduction, indicating possible alternate 
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electron acceptors to sulfur, as well as acetogenic fermentation (Figure 3.5a). Transporters for 

acetate, C4-dicarboxylates, and branched-chain amino acids were highly expressed within the 

MAG (Table S3.14), indicating that it oxidizes or disproportionates organic carbon compounds 

as found in other Desulfuromusa spp.; it also appears to be obligately heterotrophic. However, 

the majority of relative expression in Desulfuromusa sp. GH17 was attributed to a single gene 

(Ga0534206_017155_28837_29236), accounting for 80.2 % of relative expression in the MAG 

and 16 % of relative expression in the entire metatranscriptome (162861.6 tpm). This gene was 

classified as RNase P class A, a ubiquitous ribonuclease responsible for maturation of tRNAs 

and cleavage of a variety of other RNAs (82). The next two most highly expressed genes in the 

MAG were also non-coding RNAs classified as 6S/SsrS RNAs (26427.2 and 1196.1 tpm), which 

act as transcriptional regulators of RNA polymerase. They are associated with switching from 

exponential to stationary growth phases, but have also been found to regulate large numbers of 

genes during the exponential phase (83). It is not clear why these non-coding RNAs account for 

such a large proportion of Desulfuromusa sp. GH17 expression. One possibility is that 

Desulfuromusa sp. GH17 modulates its metabolic strategy frequently based on substrate 

availability, requiring significant regulation of gene expression. This could potentially result 

from availability of elemental sulfur and organic carbon compounds: while Desulfuromusa spp. 

are typically obligate anaerobes, elemental sulfur-producing microbes such as Thiomicrorhabdus 

sp. in GH are aerobic. Thus, they likely cannot exist in close proximity on a microscale in the 

sediment, potentially limiting access of Desulfuromusa sp. to biotic elemental sulfur. Organic 

carbon is also limiting in GH (29), potentially requiring changes in cellular activity, growth, or 

metabolic strategy based on availability of organic C. If Desulfuromusa sp. GH17 are indeed 

engaged in intensive gene regulation based on substrate availability, this may explain their 
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significant abundance in the sediment compared to the chemolithoautotrophic 

Desulfurobacterota also present in GH, despite their reliance on limited organic C and inability 

to reduce non-limiting sulfate.  

 

3.4.4 Trace oxygen supports S-oxidizing Gammaproteobacteria. 

Oxidation of sulfur species was also widespread, with 15 MAGs (26 %) containing S oxidation-

related genes with mapped transcripts in the Gamma- and Alphaproteobacteria, 

Campylobacterota, Bacteroidota, and Spirochaetota (Figure 3.4). S oxidation activity was linked 

with both aerobic and anaerobic metabolism: of the 15 MAGs, 11 co-expressed N-reduction 

genes and 11 co-expressed terminal oxidases; 8 of these MAGs expressed both N-reduction 

genes and cytochrome c oxidases, indicating potential facultatively anaerobic microorganisms. 

Previous isolates from the GH spring sediment, including isolates containing soxB genes as 

markers of sulfur oxidation capability, were found to be predominantly facultative anaerobes, 

indicating this is likely advantageous in the sub-oxic spring sediment (0.04 ppm O2). All 11 

MAGs expressed high-affinity terminal oxidases (cydAB and/or ccoNOPQ), exclusively (4 

MAGs) or in addition to low-affinity terminal oxidases (7 MAGs), indicating they are able to 

carry out respiration under low oxygen conditions. The co-expressed low-affinity oxidases may 

also contribute to respiration even under sub-oxic conditions, and could even be more favorable 

than high-affinity oxidases at microaerobic O2 concentrations due to more efficient ATP 

production, as found in some Acidobacteria (84). Six of the 15 MAGs, from the Gamma- and 

Alphaproteobacteria and Campylobacterota, additionally contained pathways for CO2 fixation 

(CBB or rTCA cycles).  
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The Sox genes were the most highly expressed S oxidation genes (353.9 tpm across 6 genes). 

The Sox complex oxidizes thiosulfate, sulfite, sulfide, elemental sulfur, and tetrathionate 

compounds, either completely to sulfate or, in the absence of soxCD, to elemental sulfur (85). 

Sox genes were identified in 8 of the 15 S-oxidizing MAGs, from Gammaproteobacteria, 

Alphaproteobacteria, and Campylobacterota. Four MAGs contained genes for complete 

oxidation to sulfate and 3 MAGs contained genes for oxidation to sulfur (the remaining MAG, 

Thiomicrorhabdus sp. GH6, contained a partial Sox pathway with unclear functionality) (Figure 

4). Other S oxidation genes with high expression were fccAB (86.5 tpm) and sqr (103.6 tpm), 

which oxidize sulfide to elemental sulfur and polysulfide, respectively. Nearly all S oxidation 

gene expression (96%) was attributed to Gammaproteobacteria (Figure 3.3). Over half of this 

expression was attributed to two MAGs, Halothiobacillus sp. GH7 (33 % of total S oxidation 

gene expression) and Thiomicrorhabdus sp. GH6 (24 %).  

 

Thiomicrorhabdus was abundant in the 16S rRNA gene amplicon sequences (4.8 %) (Figure 

3.1a), and Thiomicrorhabdus sp. GH6 was the most abundant S-oxidizing MAG (3.5 % relative 

abundance; Figure 3.1b) in the shotgun metagenome. Thiomicrorhabdus spp. are 

characteristically chemolithoautotrophic S oxidizers and have previously been identified in cold 

saline environments including Arctic marine sediments (86) and Antarctic sub-glacial brines 

(87). Thiomicrorhabdus (previously identified as Thiomicrospira) has previously been detected 

in abundance in the GH sediment (3), and, as noted, it forms microbial streamers in the spring 

channels where it aerobically and chemolithoautotrophically oxidizes sulfide to elemental sulfur 

(32). Comparison of Thiomicrorhabdus sp. GH6 to the Thiomicrorhabdus sp. MAG recovered 

from GH streamers by indicated that they were the same species (99.1 % ANI). The genome and 
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transcriptome of the streamer Thiomicrorhabdus MAG have previously been described in detail 

(32); as expected, metabolic gene presence and expression in the Thiomicrorhabdus sp. GH6 was 

largely identical. The most highly expressed S-oxidizing genes in Thiomicrorhabdus sp. GH6 

were the fccAB genes (85.7 tpm) involved in sulfide reduction to elemental sulfur, comprising 

nearly all (99%) of fccAB expression in the metatranscriptome, corroborating its previously-

observed role in biotic elemental sulfur production in the spring. It additionally expresses genes 

for sulfide oxidation to polysulfide (sqr, 26.4 tpm), thiosulfate oxidation (tsdA, 0.3 tpm), and 

sulfur dioxygenase (sdo, 1.2 tpm). Expression of Sox genes was also detected (28.1 tpm). As in 

the streamer Thiomicrorhabdus, only a partial Sox complex (soxBCD) was identified in the 

MAG (Table S9). The soxBCD genes were also the only Sox genes identified in the streamer 

MAG, and while soxXAY genes classified as Thiomicrorhabdus were identified in unassembled 

reads, no soxZ was identified in the streamer metagenome. Thus, despite the soxBCD comprising 

a significant proportion of S oxidation gene expression in Thiomicrorhabdus sp. GH6, the 

functionality of this complex remains unclear.  

 

Halothiobacillus sp. GH7 had the highest expression of S oxidation genes overall (201.2 tpm), 

and among the highest total expression of the S-oxidizing MAGs (Figure 3.1b). Cultured 

Halothiobacillus spp. are halotolerant, obligately aerobic, and chemolithoautotrophically oxidize 

S species (88-90), and members of this genus have previously been identified in sulfidic and 

hypersaline environments (88, 91). The majority of expression of S oxidation genes by 

Halothiobacillus sp. GH7 was attributed to Sox genes (148.3 tpm), comprising 40 % of total Sox 

gene expression. Homologs to all Sox genes except soxX were identified in the MAG (Table 

S3.9), indicating it likely utilizes the Sox complex for complete oxidation of S species to sulfate. 
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It also expressed a number of additional S oxidation genes, indicating it can utilize diverse S 

species including sulfide (sqr, 26.2 tpm), persulfides (sdo, 19.3 tpm), and thiosulfate (tsdA, 7.5 

tpm). It is also the only MAG containing sulfur oxygenase/reductase (sor, 9.3 tpm), which 

aerobically disproportionates and oxygenates elemental sulfur to sulfide, sulfite, and thiosulfate 

in a non-energy-generating reaction as the first step in oxidation of the resulting products (92). 

Nearly all sor expression in the metatranscriptome (97 %) mapped to Halothiobacillus sp. GH7, 

indicating this may be a unique mechanism within the spring microbial community. It also co-

expressed all four cytochrome c oxidases and the CBB cycle for CO2 fixation (Figure 3.4), 

indicating it is capable of aerobic, chemolithoautotrophic metabolism as in other 

Halothiobacillus spp. Additionally, the Halothiobacillus sp. GH7 expressed genes involved in 

dissimilatory reduction of nitrite (nirB) and nitric oxide (norBC), as well as nitrogen fixation 

genes (nifHDK), suggesting it is potentially capable of anaerobic respiration. As noted, 

Halothiobacillus spp. are characteristically obligate aerobes, and Halothiobacillus found in 

environments with oxic-anoxic gradients such as marine haloclines have been restricted to oxic 

or micro-oxic zones (71, 91, 93). However, Halothiobacillus in mine tailings containing an 

oxygen gradient in southern Ontario, Canada, were also found to co-express nirB, norBC, and 

Sox genes under micro-oxic conditions, though the majority of Sox gene expression was 

identified in oxic zones (94). Halothiobacillus sp. GH7 N reduction genes were poorly expressed 

(1.5 tpm) compared to terminal oxidases (54 tpm), indicating these Halothiobacillus spp. are 

primarily aerobic but may be capable of anaerobically respiring nitrogen species when oxygen is 

scarce. Halothiobacillus have been observed to produce nitrite from nitrate but not grow under 

anaerobic conditions (88), indicating that anaerobic respiration may supplement aerobic 

respiration but not enable growth. 
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Sulfur-oxidizing bacteria (SOB) are also major drivers of primary production in other anoxic, 

cold, hypersaline AHI springs, dominated by Halothiobacillus (Colour Peak Spring, 3-6 ºC, 15 

% salinity) and Guyparkeria (Lost Hammer Spring, -5 ºC, 24 % salinity). As such, the dominant 

SOB and major primary producers in all three springs (Halothiobacillus, Guyparkeria, and 

Thiomicrorhabdus) are predominantly or obligately aerobic, chemolithoautotrophic genera in the 

Halothiobacillaceae family (Gammaproteobacteria). Comparison of GH and Lost Hammer 

MAGs indicated a high degree of relatedness between Halothiobacillaceae in the two sites, with 

Halothiobacillus and Thiomicrorhabdus MAGs in both sites likely belonging to the same species 

(>95 % ANI) despite the two springs not sharing a common source (1). Guyparkeria was also 

identified in the GH 16S rRNA gene amplicon sequences, albeit in low abundance (0.03 %). The 

relative dominance of Guyparkeria in Lost Hammer may be due to its significantly higher 

salinity (24 %) compared to GH (8 %), as Guyparkeria spp. are typically true halophiles while 

Halothiobacillus spp. are halotolerant (95). Together, the abundance of these aerobic, 

chemolithoautotrophic SOB across the sub- and micro-oxic AHI springs highlights the 

importance of trace oxygen scavenging to microbial primary production in these springs.  

 

3.4.5 Chemolithoautotrophy rather than photoautotrophy likely sustains primary production. 

Due to the high latitude of the GH spring, it experiences seasonal periods of both constant 

illumination (~May to July) and complete darkness (~October to February). No evidence of 

photoautotrophy has previously been identified in the GH spring source, even during summer 

illumination, and CO2 uptake in sediments was found to be significantly higher under darkness, 

indicating that the GH springs are predominantly sustained by chemolithoautotrophy (4). 
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Seventeen of the GH MAGs contained CO2 fixation pathways, accounting for 20 % of total 

relative expression; the majority, accounting for 17 % of total relative expression, were S-cycling 

microorganisms in the Desulfobacterota, Gamma- and Alphaproteobacteria, Spirochaetota, and 

Campylobacterota. No MAGs contained genes indicating photosynthetic capability although 

expression of photosystem I (psaAB; 12.5 tpm) and photosystem II (psbAB; 351.6 tpm) marker 

genes was identified in unbinned genes. Each gene was present in a single copy in the 

metagenome, and though psaA/psbA were initially classified as cyanobacterial, comparison of all 

four proteins to the NCBI nr database indicated they are most similar to chloroplast in 

photosynthetic eukaryotes, with psaAB most closely related to Nitzschia anatoliensis chloroplast 

genes (~99 % identity) and psbAB to Durinskia baltica (>99 % identity). Nitzschia spp. diatoms 

include psychrophilic and halotolerant species found in Arctic sea ice (96), while Durinskia 

baltica are dinoflagellates inhabiting freshwater and marine environments (97). Both Nitzschia 

and Durinskia rRNA sequences were identified in the metagenome at low abundance (<0.03 %). 

The low abundance of these eukaryotes, as well as the low abundance of Eukaryota (0.3 % of 

metagenomic reads, 0.6 % of metatranscriptomic reads) and Cyanobacteria (<0.4 % in both the 

metagenome and 16S rRNA gene amplicon sequences, 0.1 % of metatranscriptomic reads) 

indicates that while there is some amount of photoautotrophy occurring in the spring sediment 

during summer illumination, it is evidently insufficient to sustain large populations of 

photoautotrophic eukaryotes or bacteria, potentially due to their limitation during the long winter 

darkness. A small level of expression (0.12 tpm) was detected for pufM, involved in anoxygenic 

photosynthesis. Alphaproteobacteria and Firmicutes spp. previously isolated from GH contained 

pufM genes, indicating some level of anoxygenic photosynthesis occurs; however, these bacteria 

are typically photoheterotrophic and would not positively contribute to organic C supply in the 
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spring sediment (98). Thus, this study indicates that a low level of photosynthesis, including 

photoautotrophy, occurs in the spring sediment during summer illumination. However, the low 

abundance and activity of these microbes suggests their contribution to primary production is 

limited and potentially seasonal, with chemolithoautotrophic sulfur-cycling bacteria likely 

sustaining the majority of primary production year-round.  

 

Sulfur-based chemolithoautotrophy as a main driver of microbial primary production is common 

in aphotic and light-limited S-rich environments, such as deep-sea marine environments and cave 

sulfidic springs (19, 99). It is rare in illuminated surficial environments such as GH where 

conditions are not prohibitive to photosynthesis, including other Arctic environments that 

experience seasonal darkness such as sea ice where algae are the primary producers (100). 

Similar S-based chemolithoautrophy has also been observed at the Colour Peak and Lost 

Hammer AHI springs (6, 32), as well as High Arctic glacial sulfidic springs (22), indicating that 

it occurs where sulfur is present in abundance to power chemosynthetic life.  

 

To contextualize the GH spring community, the 16S rRNA gene amplicon sequences were 

compared to sequences from 24 hypersaline, cold, and/or S-rich environments. Of the 24 

datasets, a subset of 13 with sufficient metadata (including the GH replicates from this study) 

were selected for canonical correspondence analysis (CCA) to relate microbial community 

composition to environmental variables, though estimates were still required for some 

parameters (details in Table S3.4). A large proportion of sample variance was accounted for by 

the environmental variables (axis 1: 66.43 % and axis 2: 64.82 %, Figure 3.6a), though only pH 

was a significant factor individually based on ANOVA (r2 = 0.589, p-value = 0.037 *). The GH 
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data from this study clustered relatively centrally without strong associations with environmental 

factors compared to very extreme samples from hydrothermal vents (JL95B; 379 ºC, 52 mM 

sulfide, 42 mM sulfate, 3.42 pH) (101) and Deep Hypersaline Anoxic Basins (DHABs) 

(SRR6942442; 26.7 % salinity) (102). The GH data clustered most closely with saline spring 

samples representing previous sequencing of the GH spring sediment (SRR8381681) (31) and 

another AHI spring, Colour Peak (SRR9911876; 5 ºC, 16 % salinity) (6). These saline springs 

were relatively correlated with low oxygen concentration and moderate hypersalinity in 

comparison with the highly extreme samples as well as with the sulfidic springs, which contain a 

range of environmental conditions but are characteristically non-saline. Variance in all 27 

samples was also analyzed by CCA (Figure 3.6b), though only temperature and salinity could be 

used as environmental factors due to lack of reported metadata. Despite this, a large proportion 

of sample variance was again explained by the environmental variables (axis 1: 42.97 % and axis 

2: 29.33 %), with the very extreme hydrothermal vents and DHABs once again strongly 

correlated with temperature and salinity based on ANOVA (r2 = 1, p-value = 0.001 ***). 

Comparatively, the GH samples and AHI saline springs most closely clustered with cold brines 

including Arctic cryopegs and Antarctic lake and subglacial brines, and were correlated with low 

temperature and moderate hypersalinity. A Spearman correlation of the most abundant taxa (top 

50) present in the data sets showed the sulfur cycling taxa found in GH (Thiomicrorhabdus, 

Desulfuromusa, Desulfobacteraceae) were positively correlated with salinity and sulfate and 

negatively correlated with oxygen (Figure S3.8), and both Thiomicrorhabdus and 

Desulfobacteraceae were also negatively correlated with temperature. An NMDS ordination of a 

Bray-Curtis dissimilatory matrix for all 27 samples was also plotted to compare the differences 

between samples based on sample composition (without environmental factors) (Figure S3.9). 
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Samples broadly clustered by category, reflecting the influence of environmental factors, with 

the GH and AHI saline springs clustering most closely with some brine samples as well as some 

sulfidic springs, including those at Borup Fjord in the Canadian Arctic (<5 °C, <0.5 % salinity; 

SRR654094 and SRR654099) (22) and Zodletone Spring in Oklahoma, USA (22 °C, 1 % 

salinity; “Youssef”) (65).  

 

3.4.6 Gypsum Hill as a Mars analogue.  

Sulfate is abundant on Mars, including in putative cold, briny waters in the present subsurface 

and past surface of Mars. The sulfate-rich, cold, hypersaline, anoxic GH spring is an excellent 

analogue site for identifying and constraining the microbial community and metabolisms that 

might be present in these environments. We identified active and abundant H2-oxidizing, sulfate-

reducing, chemolithoautotrophic Desulfobacterota as the likely predominant drivers of microbial 

primary production in the springs, utilizing abundant sulfate supplied from the subsurface. While 

hydrogen has not been detected in the near-surface Martian atmosphere, H2 is postulated to be 

present in the subsurface as a result of serpentinization reactions (103), where co-localization 

with sulfate-rich brines could create similar conditions for supporting SRBs to those found in 

GH. 

 

Sulfide and other sulfur species produced by SRBs in GH also support chemolithoautotrophic S-

oxidizing bacteria. The majority of in situ activity was attributed to aerobic 

Gammaproteobacteria despite the highly reducing (-430 mV) and oxygen-limited (~1.25 µM O2) 

conditions in the GH sediment, the relative availability of anaerobic electron acceptors such as 

nitrate (~6.5 µM), and the presence of anaerobic and facultatively anaerobic SOBs. However, 
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even nanomolar concentrations of oxygen can sustain aerobic metabolisms due to the energetic 

favorability of O2 as an electron acceptor (104). The relatively high energy yield of aerobic 

metabolisms is also favorable in hypersaline environments due to the energy expense of osmotic 

adaptations (105). Oxygen is present in the Martian atmosphere at ~3 nM (103), and 

thermodynamic modeling of putative Martian near-surface perchlorate and sulfate brines 

suggested O2 could concentrate in these brines up to 2 µM, enabling aerobic respiration (106). 

Our results highlight the potential importance of even trace oxygen concentrations to microbial 

metabolism in Martian environments. Active aerobic, facultatively aerobic, and anaerobic S 

cycling bacteria were identified in situ in the GH spring sediments, indicating these oxygen-

limited environments on Mars could support diverse S-linked metabolisms and microorganisms.  

 

Genomes and gene expression of SRBs and SOBs in GH indicated redox of multiple S species in 

addition to sulfate and sulfide, and potential exchange of S intermediates between oxidizers and 

reducers (Figure 3.5). Measurement of sulfur isotopic fractionation is one proposed method for 

identification of microbial sulfur metabolism on Mars (7); NASA’s Curiosity rover has measured 

large variations in fractionations of sulfur isotopes in Gale Crater sediments (107). Oxidation and 

disproportionation redox processes in addition to sulfate reduction increase S isotope 

fractionations, as can hypersaline stress, low temperatures, and limited available e- donors 

(organic C, H2) and acceptors (O2) as in GH and in putative habitats on Mars (7, 108). Analogue 

environments like GH can thereby inform interpretation of isotopic measurements on Mars and 

help distinguish biotic from abiotic signatures (7). Previous sulfur isotope measurements in GH 

sediment are consistent with sulfate reduction without disproportionation and oxidative processes 

(32); our results demonstrate that this does not rule out the presence of these metabolisms or 
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reduction of additional sulfur species like elemental sulfur. This is relevant to the current Mars 

Science Laboratory mission (Curiosity rover) measuring sulfur isotope fractionations in Gale 

Crater (107), and for potential future sample return from the Perseverance rover which will allow 

for a larger suite of isotopic and other analyses. Notably, Perseverance recently cached 

sedimentary rock samples formed during evaporation of the Jezero lake that are rich in salts and 

organic carbon, representing an exciting candidate for future biosignature detection and 

demonstrating the importance of cold hypersaline sediment analogue environments such as GH 

to current and future biosignature detection efforts.  

 

Our results demonstrate that sulfur-based chemolithoautotrophy in GH supports additional 

metabolisms including chemoorganotrophs, heterotrophs, and fermenters (Figure 3.4), including 

highly active and abundant microorganisms such as Desulfuromusa. This has implications for 

putative metabolisms that could exist or have existed in similar environments on Mars and their 

associated biosignatures (6). For example, the potential for morphological, mineralogical, or 

isotopic biosignatures in sulfate-rich brines additional to those associated with SRB such as 

isotope fractionations associated with organoheterotrophy or iron and nitrogen redox; 

accumulations of trace element cofactors such as copper in cytochrome c oxidases; or deposition 

of Se and elemental sulfur by sulfide-oxidizers (109).  

 

3.5 Conclusion 

Abundant sulfate in Gypsum Hill Spring supports an active microbial community dominated by 

sulfur cycling metabolisms. A complete sulfur cycle through sulfate and sulfide, including 

cycling of sulfur intermediate species, supports a diversity of S-reducing and S-oxidizing 
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microorganisms. The majority of these microorganisms demonstrate putative metabolic 

flexibility (oxidation and reduction of multiple S species, use of both S and N electron acceptors, 

facultative anaerobes), potentially in response to low energy availability (e.g. limited organic 

carbon and oxygen) in the spring. Our results demonstrate the potential for anoxic, cold, sulfate-

rich brines to support microbial life on Mars, with implications for biosignature detection in 

these past/current habitats.  
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Figure 3.1.A. Relative abundance of orders in 16S rRNA gene amplicon sequencing and shotgun 

metagenomes and number of MAGs in each order. Shotgun metagenome relative abundance was 

determined by read mapping to SSU rRNA genes with phyloFlash. B. Phylogenomic tree of the 

57 high- and medium-quality MAGs with phylum, relative abundance in the metagenome 

(percentage of mapped metagenome reads), and relative expression (transcripts per million reads 

of genes in each MAG) indicated. The tree was constructed with the anvi’o Bacteria_71 set of 

single-copy genes and midpoint-rooted. C. Level of taxonomic novelty of the MAGs. The 

number of classified and unclassified genomes at each taxonomic level was determined 

according to its rank assignment and taxonomic placement by GTDB-tk. 
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Figure 3.2. Metabolic gene relative expression and distribution of gene relative expression by 

phylum. Relative expression by phylum is based on the presence of expressed genes in MAGs 

and phylogenetic classification of unbinned genes in JGI. Complete phylogenetic distribution of 

depicted genes in MAGs is located in Table S3.8.  
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Figure 3.3. Total relative expression (tpm) of MAGs and unbinned genes in phyla or classes 

>1% relative abundance. Error bars indicate standard deviation between metatranscriptome 

replicates. Unbinned genes were classified with the JGI Phylo Distribution function.  
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Figure 3.4. Pathway and gene presence in MAGs. Where applicable, ‘X’ indicates presence of a 

complete pathway and ‘/’ indicates a partial pathway. Heat map indicates square root of relative 

expression (transcripts per million reads) of genes in each MAG. A complete table of gene IDs 

and criteria for denoting the presence of a complete or partial pathway is located in Table S3.9; a 

corresponding table with tpm values is located in Table S3.10.  
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Figure 3.5. Genome content of key sulfur cycling MAGs. Genes involved in oxidation reactions 

are in pink; reduction in green; disproportionation in blue. Yellow text indicates sulfur species 

putatively exchanged between S-oxidizing and S-reducing bacteria. Complete gene names and 

genome content are located in Table S3.10. Abbreviations are as follows: CBB, Calvin Benson 

Bassham cycle; NSR, NADH-dependent sulfur reductase; TCA, tricarboxylic acid cycle; WL, 

Wood-Ljungdahl pathway.  
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Figure 3.6.A. Plot of canonical correspondence analysis (CCA) of 16S rRNA gene sequencing 

from GH and cold, saline, and sulfur-rich environments relating environmental variables to 
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taxonomic composition of the samples (ANOVA F=1.46 and p-value=0.003 **). Circles 

represent total samples, ‘+’ indicates individual taxa, ‘*’ represents statistical significant 

environmental variables of p-value ≤0.05. Sample metadata can be found in Table S3.4. B. Plot 

of canonical correspondence analysis (CCA) of 16S rRNA gene sequencing from GH and 

additional comparable environments relating temperature and salinity to taxonomic composition 

of the samples (ANOVA F=1.001 and p-value=0.476). Circles represent total samples, ‘+’ 

indicates individual taxa, ‘***’ represents statistically significant environmental variables of p-

value ≤ 0.001. Sample metadata can be found in Table S3.4. 
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Figure 3.7. Model for a hypothetical sulfur cycling microbial community similar to the GH 

microbial community in a theoretical Martian environment such as sub-surface sulfate brines. 

Putative Martian sources of energy and carbon are indicated in red. SRBs refers to S-reducing 

bacteria and SOBs refers to S-oxidizing bacteria.  
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Connecting Text 

The previous chapters described the active microbial communities inhabiting cold, hypersaline 

spring sediments utilizing a combination of meta’omics methods. In this chapter, I utilized 

metagenomics, metatranscriptomics, and metaproteomics to describe the genome and in situ 

gene and protein expression of a sulfide-oxidizing chemolithoautotrophic bacterium capable of 

forming biofilm ‘streamers’ under cold and hypersaline conditions in the Gypsum Hill Spring 

channels. I additionally described the stress response capabilities putatively enabling its survival 

and allowing for the formation of these unique biofilms under extreme conditions. 

 

This manuscript appears in: 

Magnuson E, Mykytczuk NCS, Pellerin A, Goordial J, Twine SM, Wing B, et al. 

Thiomicrorhabdus streamers and sulfur cycling in perennial hypersaline cold springs in the 

Canadian high Arctic. Environ Microbiol. 2021;23(7):3384-3400. doi: 10.1111/1462-

2920.14916. 

 
File S1 is available as supplemental material.  
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4.1 Originality-Significance Statement 

The high Arctic Gypsum Hill springs flow perennially despite temperatures that drop below -

40°C during the winter and discharge oligotrophic brines transported through ~600 m of 

permafrost that are rich in inorganic sulfur compounds. In this study, the activity and adaptation 

of microbial streamers formed in the springs’ outflow channels during the winter were 

investigated through metagenomic, metatranscriptomic, and metaproteomic analyses. A 96% 

complete Thiomicrorhabdus sp. metagenome-assembled genome was recovered and 

characterized. The -omic data in combination with multiple sulfur isotope fractionation data from 

the spring system revealed a halo- and cryo-tolerant community cycling abiotic and biogenic 

sulfur species in a unique cryoenvironment.  

 

4.2 Summary 

The Gypsum Hill (GH) springs on Axel Heiberg Island in the Canadian high Arctic are host to 

chemolithoautotrophic, sulfur-oxidizing streamers that flourish in the high Arctic winter in water 

temperatures from -1.3 to 7°C with ~8% salinity in a high Arctic winter environment with air 

temperatures commonly less than -40ºC and an average annual air temperature of -15ºC. 

Metagenome sequencing and binning of streamer samples produced a 96% complete 

Thiomicrorhabdus sp. metagenome-assembled genome representing a possible new species or 

subspecies. This is the most cold- and salt-extreme source environment for a Thiomicrorhabdus 

genome yet described. Metaproteomic and metatranscriptomic analysis attributed nearly all gene 

expression in the streamers to the Thiomicrorhabdus sp. and suggested that it is active in CO2 

fixation and oxidation of sulfide to elemental sulfur.  In situ geochemical and isotopic analyses 

of the fractionation of multiple sulfur isotopes determined the biogeochemical transformation of 
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sulfur from its source in Carboniferous evaporites to biotic processes occurring in the sediment 

and streamers. These complementary molecular tools provided a functional link between the 

geochemical substrates and the collective traits and activity that define the microbial 

community's interactions within a unique polar saline habitat where Thiomicrorhabdus-

dominated streamers form and flourish. 

 

4.3 Introduction 

Perennial springs in the Canadian high Arctic are rare examples of deep saline groundwater 

springs underlain by continuous permafrost. Such springs are of interest as analogs to the 

recurring slope lineae (RSL) observed on Mars (1), where chemolithoautotrophic metabolism 

might have left biosignatures of extinct or possibly extant life (2). The network of perennial 

springs found at Gypsum Hill (GH) on west-central Axel Heiberg Island, Nunavut, surface 

through 600 m thick continuous permafrost in a region with a mean annual temperature of -15°C 

(3, 4). They discharge oligotrophic brines (7.5-7.9% salt) that are rich in inorganic sulfur 

compounds (1-100ppm total sulfides), saturated with dissolved gases (primarily N2), anoxic 

(mean Oxidation Reduction Potential of -325 mV), near neutral (pH 6.9–7.5), high in sulfate 

(23.9-38.8 mM), low in dissolved inorganic carbon (13.1–17.2 mg/L), and maintain a constant 

temperature (-1.3°C to 6.9°C) throughout the year despite air temperatures that drop below - 

40°C during the winter (3, 5). The springs are located at nearly 80oN and experience distinct 

seasonal illumination with continuous sun during the Arctic summer and total darkness in the 

winter. 
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Previous studies found the GH spring source sediments harbour a diverse community of bacterial 

heterotrophic and autotrophic populations including bacterial species from Actinobacteria, 

Bacteroidetes, Firmicutes, Gemmatimonadetes, Proteobacteria, Spirochaetes, and 

Verrucomicrobia, and a lower abundance of archaeal species from the Crenarchaeota and 

Euryarchaeota (5, 6). The spring’s primary outflow community contained a significant 

proportion of clones (19%) most closely related to Thiomicrorhabdus psychrophila (initially 

referred to as Thiomicrospira sp. in our previous study (7)) that form and dominate greyish 

streamers flowing in the runoff channels (Figure 4.1). These streamers are observed in dense 

clusters in the dark winter months while the springs’ runoff channels are covered in snow, 

trapping hydrogen sulfide gas, followed by dissipation in the continuous sun of the summer 

months (7).  The streamers were found to flourish via chemolithoautrophic, phototrophic-

independent metabolism. In situ activity measurements identified sulfide and thiosulfate 

oxidation and CO2 fixation by the streamers in the high Arctic winter environment. The 

streamers were also found to contain unusual cigar-shaped minerals within the biofilm 

exopolymeric substances (EPS) consisting of elemental sulfur and gypsum minerals potentially 

of biogenic origin.  

 

Microbial sulfur cycling has been described in a variety of environments where sulfur 

compounds are in abundance and is often linked to volcanic activity, including hydrothermal 

vents (8, 9), hot springs (10, 11), and cold springs (12). Sulfur is also a primary driver of 

microbial metabolism in oligotrophic anoxic and aphotic systems such as caves (13-16), 

subglacial environments (17), and even as cryptic cycles in marine oxygen minimum zones (18). 

Microbial species among Gamma- and Epsilonproteobacteria, Bacteroidetes, and Chlorobi 
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(green sulfur bacteria) are most commonly involved in sulfur oxidation (15, 19, 20), while 

sulfate reduction is driven by sulfate-reducing bacteria (SRB) species among the 

Deltaproteobacteria, Nitrospirae, Clostridia, and Thermodesulfobacteria and several Archaeal 

genera (19) Recent surveys have also identified the capacity for sulfate reduction in genomes 

from many additional phyla (21).  

 

Thiomicrorhabdus spp. are chemolithoautotrophic sulfur oxidizers that have primarily been 

isolated from and found in sulfidic marine sediments and hydrothermal vents (22). This genus 

was previously part of Thiomicrospira, which was split into the Thiomicrospira, 

Thiomicrorhabdus, and Hydrogenovibrio genera (23). The majority of Thiomicrorhabdus spp. 

have been found in environments warmer than GH, but a few isolates have been obtained from 

comparably cold and salty conditions, including T. arctica (Arctic coastal sediments) and T. sp. 

HaS4 (cold saline lake) (24, 25).  Thiomicrorhabdus arctica dominated a sulfate-rich subglacial 

brine in Antarctica, indicating the cold and salt adaptability of the genus (17). However, the 

contributions of sulfur oxidizers such as Thiomicrorhabdus spp. to sulfur cycling in polar 

environments have not yet been fully described. In a subaerial glacial deposit in Borup fjord in 

the Canadian high Arctic, not far from our study site, a metagenomic analysis revealed the sulfur 

oxidation in the glacial system was dominated by Sulfurovum and Sulfuricurvum species, while 

sequences related to Thiomicrorhabdus (previously identified as Thiomicrospira) and the sulfur-

reducing community were in low abundance (26). Other metagenomic studies of cold sulfur-

cycling ecosystems such as the Southwest Indian Ridge were able to map the functional link 

between the SRB and sulfur-oxidizing (S-ox) communities, including sequences attributed to 

Thiomicrospira (prior to reorganization of the genus), providing stronger genomic evidence for 
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complete sulfur cycles in these limiting systems (27).  Although SRB have been identified as 

drivers of S-ox communities, the diversity of metabolic pathways and shuffling of sulfur between 

microbial species in cryoenvironments is not entirely clear.  

 

S-isotopes are useful in deciphering biogeochemical S pathways in studies of bacterial sulfur 

cycling. Microbial sulfate reduction, sulfide oxidation, and S disproportionation all produce 

characteristic relationships between 33S–32S and 34S–32S ratios of their respective products and 

reactants (28-30).  Multiple sulfur isotope approaches have been applied in a variety of aquatic 

systems where sulfate reduction dominates the S-isotope cycling, such as euxinic Lake Cadagno, 

Switzerland (18). For example, by comparing the multiple sulfur isotope signatures produced by 

pure cultures of sulfate-reducing bacteria, sulfide-oxidizing bacteria, and sulfur 

disproportionators to the porewater sulfate multiple sulfur isotope signature in Mangrove Lake, 

Bermuda, the fraction of reduced sulfate that is re-oxidized was estimated (31).  

 

The GH spring streamers dominated by Thiomicrorhabdus sp. are an excellent model for 

deciphering sulfur cycling with potential for mapping biosignatures between sulfur compounds 

of different redox states in a cold spring system. The objectives of this study were to provide a 

comprehensive meta-genomic, -proteomic, and -transcriptomic analysis of the functional 

potential and expressed metabolism of the streamers and to link the S-isotopic signatures of 

sulfur cycling in the spring channel environment. 

 

4.4 Results 

4.4.1 Phylogenetic classification  
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Streamers were sampled in May, when the GH outflow channels are partially snow-covered and 

streamers are most abundant. Pyrosequencing of 16S rRNA identified Proteobacteria as the 

most abundant phylum in the streamers, with Actinobacteria, Bacteroidetes, and Cyanobacteria 

constituting the rest of the community (Figure 4.2). Within Proteobacteria, 

Gammaproteobacteria were the most abundant, with Thiomicrorhabdus the most abundant 

genus in the total population at 27% relative abundance. Pseudomonas, Methylococcaceae, and 

Marinobacter were also identified within Gammaproteobacteria. These results suggest that 

Thiomicrorhabdus, while the most abundant genus within the streamers, did not completely 

dominate the 16S rRNA transcript pool.  

 

4.4.2 Metagenome analyses 

MIRA assembly of the metagenome produced 4.9 Mbp of assembled sequence data in 2,653 

contigs. MG-RAST analysis attributed 70.5% of contigs to Thiomicrospira (using a database that 

has not been updated to reflect recent changes to the Thiomicrospira genus). No other phylum or 

class was assigned more than 3% of total contigs. Other represented phyla included Firmicutes, 

Bacteroidetes, and Euryarchaeota. Fifteen partial 16S rRNA sequences were identified in the 

assembled sequence. Fourteen aligned at >99% identity to Thiomicrorhabdus sp. NP51 and other 

Thiomicrorhabdus spp, most commonly T. arctica, while one aligned with 90% identity.  

 

4.4.3 Thiomicrorhabdus sp. metagenome-assembled genome 

Metagenome binning of the MIRA assembly produced a single bin, which was attributed to 

Thiomicrorhabdus. The Thiomicrorhabdus bin represented a near-complete metagenome-

assembled genome (MAG) at 2.3 Mbp and was estimated at 96% complete with 3% 
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contamination and 100% strain heterogeneity by CheckM. Two partial 16S sequences were 

identified within the MAG, and aligned with 99% identity to T. arctica and 100% identity to 

Thiomicrorhabdus sp. NP51 (formerly Thiomicrospira sp. NP51) previously isolated from the 

springs (GenBank: EU196304.1) (6). Amino acid identity (AAI) was calculated against the 

NCBI RefSeq and Microbial Genomes Atlas Online TypeMat databases. Thiomicrorhabdus 

arctica was identified as the closest species at 86.89% AAI. According to the standards for 

classification with AAI described in Konstantinidis et al. (32), the Thiomicrospira sp. genome 

can thus be considered a new species in the Thiomicrorhabdus genus. Additionally, average 

nucleotide identity (ANI) was calculated with 10 Thiomicrospira, Thiomicrorhabdus, and 

Hydrogenovibrio genomes (File S1). The closest genome was T. arctica at 84.76%, while the 

rest were calculated at 75-77%. An ANI below 95% indicates the genome represents novelty at 

the species level at a minimum (32). As such, the MAG was classified as Thiomicrorhabdus sp., 

possibly representing a new species of Thiomicrorhabdus. The MAG will thus be referred to as 

Thiomicrorhabdus sp. GH.  

 

4.4.4 Metatranscriptome results 

Following quality control, 7,128 sequences were detected in the metatranscriptome. Of these, 

3,106 were annotated in MG-RAST (43.6%) and 2,992 were classified by COG identifiers 

(41.9%) (File S1). The largest group of sequences were uncharacterized or poorly characterized 

(COG categories S and R, 544 sequences, 18.2%) (File S1). The majority (89%) of annotated 

sequences were aligned to Thiomicrorhabdus sp. GH contigs (2,767 sequences). Of the 

remaining 11% (339 sequences), sequences aligned to Bacteroides (88, exclusively 
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transposases), Escherichia coli (37), Nitrosococcus (4), Marinobacter (3), and others in smaller 

amounts.  

 

4.4.5 Metaproteome results 

In the metaproteome, 1,593 unique proteins were identified (File S1). Of these, 95% aligned to 

predicted peptides in the GH metagenome, and 68% aligned to peptides from Thiomicrorhabdus 

sp. GH. The predicted gene phylogeny for peptides annotated in joint genome institute found the 

closest match of 83% of peptides in T. arctica, and the closest match of 93% to be in 

Thiomicrorhabus, Thiomicrospira, or Hydrogenovibrio spp. In addition, the closest match in the 

NCBI nr database for nearly all proteins (98%) was Hydrogenovibrio crunogenus XCL-2, which 

is closely related to Thiomicrorhabdus. Approximately 35 proteins were annotated as other 

species, including sulfur metabolic proteins and cell envelope modification proteins. The 

Exponentially Modified Protein Abundance Index (emPAI), which estimates relative protein 

abundance in proteomic studies, was calculated for each identified protein (File S1). The PAI 

value is calculated from the ratio of observed peptides per protein to the number of theoretically 

observable peptides per protein. The emPAI value is calculated as 10 to the power of PAI minus 

one. Annotated proteins with an emPAI value greater than zero (indicating that they have a 

relatively high concentration in the proteome compared to those with a score of 0) were 

primarily ribosomal proteins, which is to be expected in a metaproteome sample. Proteins related 

to stress response and sulfur metabolism with emPAI values above zero included a cold-shock 

DNA-binding domain protein, exo-polysaccharide synthesis proteins, and a flavocytochrome c 

sulfide dehydrogenase.  
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4.4.6 Sulfur metabolism 

The Thiomicrorhabdus sp. GH MAG contained putative genes for approximately half of the Sox 

pathway, which oxidizes thiosulfate to sulfate. In the MAG, soxB, soxC, soxD, soxF, and soxH 

were identified. A soxX and partial soxA and soxY were found in unassembled metagenome reads 

that were attributed to Thiomicrorhabdus. It is possible that these were not assembled due to 

microdiversity in the samples. Additionally, SoxB and SoxF were identified in the 

metaproteome, and both aligned to predicted peptides from Thiomicrorhabdus sp. GH. Given the 

previous detection of thiosulfate oxidation by the streamers, it seems likely that it is indeed 

capable of this oxidation despite incomplete identification of the pathway in the assembled 

MAG. The Thiomicrorhabdus sp. GH MAG and transcriptome and the metaproteome contained 

the assimilatory sulfate reduction pathway (although adenylylsulfate kinase was not found in the 

transcriptome and metaproteome), which reduces sulfate to sulfide (33). Only one other 

Thiomicrorhabdus genome examined here contained these genes (Thiomicrorhabdus sp. Milos-

T2), which may indicate unique capabilities within this genus for cysteine biosynthesis in the 

case of low sulfide concentrations. The metagenome, metatranscriptome, and metaproteome do 

not contain the dissimilatory sulfate reduction pathway (33) beyond sulfate adenylyltransferase, 

indicating that Thiomicrorhabdus sp. GH is apparently incapable of this sulfate reduction 

pathway as well as the reverse pathway proposed as a sulfur oxidizing mechanism for some 

chemolithoautotrophic sulfur oxidizers (34).  

 

The Thiomicrorhabdus sp. GH MAG, the streamer metatranscriptome, and the metaproteome 

contained a flavocytochrome c sulfide dehydrogenase (EC 1.8.2.-), which oxidizes sulfide to 

sulfur and is commonly found in phototrophic bacteria that use reduced sulfur compounds as 
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electron donors for CO2 fixation (35). The Thiomicrorhabdus sp. GH MAG and transcriptome 

also contained a sulfide:quinone reductase, which catalyzes the oxidation of sulfide to elemental 

sulfur and deposits sulfur globules outside the cell. Additionally, enzymes catalyzing sulfide 

oxidation to cysteine and serine are present (cysteine synthase (EC 2.5.1.47) and serine O-

acetyltransferase (EC 2.3.1.30)). A single gene (dsrE) was identified in the MAG from the Dsr 

gene cluster, which oxidizes sulfur globules. The Thiomicrorhabdus sp. GH MAG, streamer 

metatranscriptome, and the metaproteome also contained rhodanese enzymes, which cleave 

thiosulfate and have been proposed to be involved in thiosulfate oxidation pathways (36). They 

did not contain the sulfur oxygenase reductase (SOR), which catalyzes the conversion of sulfur 

in the presence of molecular oxygen to sulfite, thiosulfate, and hydrogen sulfite (37). With the 

exception of the assimilatory sulfate reduction pathway, the capability of the Thiomicrorhabdus 

sp. GH MAG in the utilization of sulfide and thiosulfate was typical of previous reports of 

Thiomicrorhabdus spp. and consistent with in situ activity measurements.  

 

4.4.7 Additional metabolic pathways 

A single Form II RuBisCO was identified in the MAG. This is unusual for Thiomicrorhabdus 

spp., which typically also contain a Form IAq RuBisCO. While the RuBisCO gene is located 

near a carbonic anhydrase gene, the MAG lacks a carboxysomal locus and many typical 

carboxysomal genes like those found in other Thiomicrorhabdus spp. (38). Thiomicrorhabdus 

arctica and Milos-T2 are the only Thiomicrorhabdus, Thiomicrospira, and Hydrogenovibrio spp. 

that lack this locus. It does contain SulP-family transporters that are homologous to those 

identified on Thiomicrorhabdus carboxysomal loci and shown to be upregulated in low inorganic 

carbon conditions (38), and may transport bicarbonate into the cell to compensate for low DIC 
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concentrations. Additionally, both alpha- and beta-carbonic anhydrases were identified in the 

MAG. Most genes encoding enzymes in the Calvin-Benson-Bassham cycle were identified in the 

MAG, with the exception of sedoheptulose-1,7-bisphosphatase (EC 3.1.3.37). This is common in 

Thiomicrorhabdus, and it has been proposed that they use the transaldolase version of the cycle 

(22). No transaldolase was identified in the MAG, transcriptome, or metaproteome. 

 

The genes related to nitrogen metabolism in the Thiomicrorhabdus sp. GH MAG were typical of 

Thiomicrorhabdus, which utilize ammonium as an N source (23). The Thiomicrorhabdus sp. GH 

MAG contained Type I glutamine synthetase and glutamate synthase, which convert ammonia to 

glutamine and glutamate. It also contained several regulators and adenylators of glutamine 

synthetase. In the transcriptome and metaproteome, glutamine synthetase (Type I), glutamate 

synthase, and glutamate-ammonia-ligase adenylyltransferase were identified, as well as nitrite 

reductase and PII nitrogen regulatory protein. The Thiomicrorhabdus sp. GH MAG, 

transcriptome, and proteome also contained ammonia permease, ammonium transporter, and 

nitrate transporter. In the metagenome, there was additional functional potential, including 

assimilatory nitrate reduction genes on contigs attributed to Hahella (Gammaproteobacteria), 

Sphingopyxis (Alphaproteobacteria), and Pseudoalteromonas (Gammaproteobacteria).  

 

The Thiomicrorhabdus sp. GH MAG contained putative genes for a complete Embden-

Meyerhof-Parnas glycolysis pathway. As found in all other Thiomicrorhabdus, Thiomicrospira, 

and Hydrogenovibrio genomes (22), the citric acid cycle was incomplete and lacked NADH 

malate dehydrogenase (EC 1.1.1.37) and a complete 2-oxoglutarate dehydrogenase complex (EC 

1.2.4.2/2.3.1.61/1.8.1.4). Only one of the proposed alternative genes (succinate semialdehyde 
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dehydrogenase, EC 1.2.1.24) was identified, suggesting that the citric acid cycle is incomplete 

and functions only in biosynthesis of intermediates. In addition, electron transport chain 

components previously found in other Thiomicrorhabdus spp. were identified, including a 

cytochrome bc1 complex and cbb3-type cytochrome c oxidase (Figure 4.3) (22).  

 

4.4.8 Stress response 

The Thiomicrorhabdus sp. GH MAG contained a number of genes related to osmotic and 

temperature stress response. This included ectoine synthesis and regulation genes (ectABC) and 

choline and betaine uptake genes (ProVWX and BetT transporters). While these genes are 

present in many Thiomicrorhabdus, Thiomicrospira, and Hydrogenovibrio spp., the 

accumulation of compatible solutes has been shown to be an important strategy in cold- and salt-

adapted microorganisms, including in the Arctic (39, 40), and is thus likely a survival 

mechanism for Thiomicrorhabdus sp. GH survival in 8% salinity and -1.3 to 7°C in the GH 

springs. The MAG also contained three Na+/H+ antiporter genes, generally found in higher 

copies in cold adapted organisms (41). Cold response genes present include cold-induced stress 

response regulator CspE (42) and a DEAD box helicase that is involved in translation at low 

temperatures (43).  

 

Presence and copy number of a variety of stress response genes were identified in six 

Thiomicrorhabdus genomes as well as the Thiomicrorhabdus sp. GH MAG, transcriptome, and 

metaproteome (Table 4.1; extended table in File S1). The genomes were sourced from 

environments with a range of temperatures and salinities, including hydrothermal vents (T. sp. 

13-15a, T. frisia Kp2, T. sp. Milos-T2), marine sediments (T. chilensis and T. arctica), and a cold 
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saline lake (T. HaS4). Of particular interest were genes in the psychrophilic and closely-related 

T. arctica. It is worth noting here that the Thiomicrorhabdus sp. GH MAG was estimated to have 

100% strain heterogeneity, and thus there exists the possibility that it consists of a co-assembly 

of multiple strains, which could artificially increase copy number. Given low estimated 

contamination and the presence of gene copies on separate contigs for the genes discussed 

below, we will assume that the comparisons remain valid. Gene presence and copy number were 

largely similar across the stress response genes examined here, suggesting that the ability to 

respond to various stressors is relatively universal across the genus. The Thiomicrorhabdus sp. 

GH MAG contained higher copy numbers of glutathione peroxidase (EC 1.11.1.9) (two copies 

vs. one copy) and thioredoxin reductase (EC 1.8.1.9) (seven copies vs. one copy) than any other 

Thiomicrorhabdus genome, which may suggest an increased ability to respond to oxidative 

stress. However, it also lacked a catalase found in 5 out of 7 Thiomicrorhabdus genomes used for 

comparison. Also present was the general stress response DNA-binding protein Dps (EC 

1.16.3.1) which was identified only in the Thiomicrorhabdus sp. GH MAG, T. arctica, and T. sp. 

HaS4 (one copy in each), which were all found in cold environments. Most notable, however, is 

the presence of genes related to exo-polysaccharide biosynthesis in T. arctica and the 

Thiomicrorhabdus sp. GH MAG. Both contained epsC-L biosynthesis and transport genes 

(between one and 11 copies of each), which were generally not identified in any other genome 

with the exception of epsC (at least one copy in all genomes), epsF (one copy in T. milos), and 

epsG (one copy in T. milos). Thiomicrorhabdus arctica also contained one copy of ExoZ. Most 

exo-polysaccharide biosynthesis proteins were identified in the transcriptome and metaproteome. 

In addition, the Thiomicrhabdus sp. GH MAG and T. chilensis genome contained a capsular 

polysaccharide export protein and capsule polysaccharide biosynthesis protein (both present in 
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single copies). The presence of exopolysaccharide biosynthesis genes has previously been noted 

for T. arctica (22).  

 

4.4.9 Sulfur isotope results  

Analysis of the sulfur isotope composition of streamers showed that they had the most negative 

signatures with average δ34S of -29.21 ‰ and Δ33S of 0.13 ‰ (Table 4.2). The sediment had 

isotopic compositions which were negative in δ34S from a minimum of -25.48 ‰ to a maximum 

of -11.61 ‰ and appeared to become slightly more negative with depth although the data are 

scattered. The Δ33S ranged between 0.05 and 0.11 ‰. We analyzed the isotopic composition of 

the sulfate remaining after chromium reducible sulfur (CRS) extraction at 5, 7.5, and 10 cm 

depth and found that they closely clustered around an average δ34S of 20.46 ‰ and Δ33S of 0.02 

‰ which is a value closely resembling that of the sulfate in the springs (44) as well as seawater 

sulfate and Carboniferous evaporites (see (45) for support) which are the likely source of sulfate 

in the spring. 

 

4.5 Discussion 

The Thiomicrorhabdus sp. GH MAG and transcriptome and the metaproteome suggested sulfide 

oxidation to sulfur and CO2 fixation as the primary redox functions occurring in the streamers 

(Figure 4.3). The metagenome and MAG contained nearly all of the Sox pathway, but the soxZ 

gene was not identified. As it is an essential part of the oxidation pathway, it is unclear if the 

soxZ gene was not detected in the assembly or whether the remaining genes would be functional. 

Additional mechanisms have been proposed involving truncated versions of the Sox pathway, 

such as a thiosulfate oxidation pathway excluding the Sox(CD)2 enzymes (46), but no pathway 
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has been proposed that excludes the SoxZ protein as found here. Additionally, only SoxB was 

detected in the metatranscriptome or metaproteome. That the additional Sox proteins were not 

found suggests that despite their presence in the metagenome, they may not be expressed. 

Without the SoxY/Z complex with which it interacts, it is unclear what activity the SoxB protein 

would have. However, the measurement of in situ thiosulfate oxidation activity by the streamers 

suggests that a thiosulfate oxidation mechanism is likely functional within Thiomicrorhabdus sp. 

GH. Thiosulfate scavenging by rhodanese may be occurring as described in Hydrogenovibrio 

thermophilus, which uses acceptor substrates like cyanide and lipoic acid (47). 

 

Both a flavocytochrome c sulfide dehydrogenase and a sulfide:quinone reductase were identified 

in the metagenome, metatranscriptome, and metaproteome. These proteins oxidize sulfide to 

elemental sulfur which is then deposited in extracellular globules. The formation of extracellular 

globules has previously been observed primarily in organisms lacking Sox(CD)2, which is found 

in the Thiomicrorhabdus sp. GH MAG, but it has also been observed in Thiomicrospira 

containing the soxCD genes dependent on extracellular pH (47, 48). As such, it is suggested that 

the Thiomicrorhabdus sp. GH streamers are oxidizing sulfide to sulfur with extracellular 

deposition of elemental sulfur, and perhaps oxidizing thiosulfate to sulfate as a secondary 

activity. These results are consistent with previous in situ measurements of sulfide and 

thiosulfate oxidation and CO2 fixation in microcosms of streamer samples (7) that in combination 

with the -omics results obtained in this study strongly indicate that the Thiomicrorhabdus sp. GH 

MAG obtained represents a Thiomicrorhabdus strain capable of forming streamers embedded 

with S granules and supporting lithoautotrophic metabolism through S oxidation and carbon 

fixation under ambient conditions.  
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Within the metagenome there were a notable number of genes related to exo-polysaccharide 

biosynthesis and transport. Several of these genes have previously only been identified in T. 

arctica within the genus. Their presence in the Thiomicrorhabdus sp. GH MAG is thus not 

surprising given its close relatedness to T. arctica and previous identification of EPS structures 

in the streamers (7). EPS formation has been associated with protection from environmental 

stressors such as cold and desiccation, as well as mediating adhesion (49, 50). High levels of 

EPS production have been detected in psychrophiles (39). It is possible that it directly provides 

environmental protection to these Thiomicrorhabdus spp., or it may contribute to formation of 

the GH streamers, which have been theorized to form at sites of increased dissolved oxygen 

concentration to facilitate survival (7). It is unclear whether aggregate formation would have any 

impact on T. arctica. In addition, T. chilensis lacks these genes but has been shown to form 

aggregates (51). Additional experimentation is required to determine if these genes confer unique 

capability to T. arctica and Thiomicrorhabdus sp. GH. Regardless, based on the presence of 

these genes and others related to stress response we conclude that Thiomicrorhabdus sp. GH is 

cold and salt tolerant.   

 

The GH spring water is characterized by salinities that are greater than seawater (salinity 7-8%) 

and sulfate concentrations of 38.5 mM (4).  This is the result of the spring being formed from salt 

diapirs and groundwater originating in Phantom and Astro Lakes flowing through salt layers 

from Carboniferous evaporites (52). The δ34S of sulfates from the spring water, 22.2 ‰ (44), 

corresponds to that of sulfate deposited in Carboniferous evaporites (45). Thus, the source of the 

sulfur in the GH spring is probably from Carboniferous evaporites. A portion of this sulfate is 
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converted in the spring sediment by microbial sulfate reduction to sulfide, which accumulates in 

the spring water to concentrations of 0.26 mM (5). While sulfate reduction can in principle occur 

deep in the aquifer and convert a portion of the sulfate to sulfide before entering the discharge 

area, it is likely that most of the sulfide is produced at the discharge area in the spring source 

sediments. Sulfide production is mostly a result of sulfate reduction in the uppermost portion of 

sediments, where the availability of labile organic carbon is at its highest. This is consistent with 

observations from marine and freshwater sediments which often show a close coupling between 

the site of sulfide production and the site of sulfide oxidation (53). Based on the analysis of δ34S 

of CRS (which includes reduced inorganic sulfur compounds such as thiosulfate and 

polysulfides) and sulfate in the sediment, the sulfide is isotopically light relative to the sulfate, 

consistent with active dissimilatory sulfate reduction occurring in the springs. However, the δ34S 

of sulfate in the spring water and in the sediment are close to the Carboniferous evaporites, 

suggesting that the consumption of sulfate by dissimilatory sulfate reduction has had little to no 

effect, from a mass balance perspective on the δ34S of sulfate flowing out of the spring and thus 

is quantitatively unimportant. Moreover, the δ34S of CRS in the sediment does not reflect a deep 

source of sulfide because the most negative δ34S is observed in the shallowest sediment. If the 

sulfide was produced deep in the spring, iron oxides in the sediment would react with this sulfide 

to produce CRS with a δ34S reflecting the deep sulfide (uniform and low) which is not the case. 

These rule out a significant source of deep sulfide.   

 

Thus, the isotopic difference between CRS and sulfate (δ34SH2S - δ34S SO4) reflects the 

fractionation in an open system and can be taken as a proxy for the net sulfur isotope 

fractionation induced by the microbial community in the spring (34ε). In our study, 34ε appears to 
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be roughly -50 ‰ if the most negative CRS samples (the streamers) are compared with the pore 

water sulfate (Table 4.2). This fractionation between the reduced sulfur and sulfate are within the 

range produced by pure cultures of sulfate-reducing bacteria (54) and within the typical range 

observed in marine sediments dominated by sulfate reduction as the main organic matter 

mineralization process (e.g. (55). The CRS extractions performed on the streamers also extracted 

elemental sulfur, a product of sulfide oxidation. Elemental sulfur and sulfur-containing minerals 

have previously been identified in the streamers with microscopy (7). In this study the genes 

responsible for sulfur globule production were identified within the Thiomicrorhabdus sp. GH 

MAG. Interestingly, the microbiological and molecular analysis documented the ability of the 

streamers in the GH spring to oxidize sulfide and intermediate sulfur oxidation phases while 

lacking the pathway to oxidize sulfide to sulfate (Figure 4.3). It is therefore possible that 

additional or unknown sulfur cycling processes are contributing to the observed fractionation 

between sulfate and CRS.   

 

Multiple sulfur isotopes (the relationship between the isotopic discrimination of 34S/32S and 

33S/32S) in some instances are different between different kinds of metabolic pathway and can 

provide some independent insight into the sulfur cycling. The relationship between the multiple 

isotopes of sulfur we define here as  

𝜆 =
𝑙𝑛 & ε((

1000 + 1,

𝑙𝑛 &
ε(-

1000 + 1,
 

where 33ε is the net minor sulfur isotope fractionation induced by the microbial community in the 

spring. For example, sulfate reduction produces a relationship between the 34S/32S and 33S/32S 

which falls in a defined field on a plot of 34ε vs λ (Figure 4.5A) whereas re-oxidative sulfur 



 179 

cycling can produce λ which fall outside of this field (56, 57). The CRS extracted from the 

streamers are characterized by a large 34ε but low λ (Figure 4.5). This means that these sulfur 

isotope fractionations can be explained by microbial sulfate reduction while re-oxidative cycles 

that induce large multiple sulfur isotope fractionations like disproportionation are not required to 

explain the measurements. This being said, at high sulfur isotope fractionations it becomes 

increasingly difficult to differentiate sulfate reduction from re-oxidative processes (58). The 

streamers are capable of re-oxidizing sulfide to elemental sulfur but do not seem to be able to 

oxidize elemental sulfur to sulfate. The multiple sulfur isotopes suggest the re-oxidation of 

sulfide undergone in the streamers may not be causing significant fractionation and it rules out a 

re-oxidative pathway like disproportionation processing an important fraction of the sulfur found 

in the streamers. This also agrees with the suggestion from the metagenomics study that 

Thiomicrorhabdus sp. GH does not have the metabolic machinery to disproportionate the 

intermediates to sulfate (Figure 4.3). Alternatively, in the event that elemental sulfur is 

disproportionated to sulfate and sulfide, the fractionation induced by this process could be 

diluted in the large sulfate pool and leave little of the signature evident. 

 

The isotopic δ34S of CRS extracted from spring source sediments is lower than the streamers. 

Compared with the streamers, the sediment has a lower 34ε and a higher λ (Figure 4.5A). This 

trajectory appears to have a slight depth-dependence and is not associated with any known 

microbial process. Rather, the multiple sulfur isotope signature observed in the core taken from 

the GH spring can be best explained as a mix between CRS with two unique sources. The first 

corresponds to the isotopic signature in the CRS pool that was recovered from the streamers, 

likely microbial sulfate reduction in an open system. The second source of reduced sulfur is 
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speculative as it has not been measured. One possibility is that the sediments contain detrital 

sulfides that have survived the weathering process and would typically be composed of an 

igneous isotopic signature δ34S = 0 ‰ , Δ33S = 0 ‰ . Mixing these two sources of sulfide 

reproduces the sulfur isotopes measured in the sediment where between 10 to 60% of the sulfide 

must be contributed by sulfate reduction and the balance from the detrital source (Figure 4.5B). 

Alternative possibilities are 1) in the sediment closed system conditions prevail and a significant 

portion of the sulfate is reduced to sulfide thereby influencing the net isotope fractionation 

observed in the sediment; 2) our extraction procedure also extracts sulfate from the sediment. 

The first alternative possibility is less likely because sulfate was extracted from three sediment 

depths and showed no isotopic enrichment trends that could be associated with sulfate reduction 

under a closed system. The second alternative possibility is very unlikely because the CRS 

procedure employed does not make use of a strong enough reductant to reduce sulfate, as is 

demonstrated by a strong set of controls which are run in parallel with the extractions. 

 

In summary of the isotope results, the sulfur isotope measurements suggest that sulfate reduction 

occurs in close proximity to the streamers, where the most labile organic matter is present 

(Figure 4.4). The sulfide produced by sulfate reduction leads to elemental sulfur formation in 

close proximity to the streamers. The multiple sulfur isotopes did not reveal clear evidence that a 

microbial re-oxidative cycle is contributing to the isotopic signature that was measured. The 

sulfur isotopic signature observed in the reduced sulfur in the sediment is likely the result of 

mixing of two sources of sulfur; first the sulfide which is produced as a result of microbial 

sulfate reduction in situ, which has a negative δ34S, and second, detrital sulfide which was 

deposited along with the sediment and which has a δ34S of around 0 ‰ (Figure 4.5).  
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The study presented here combines -omic and isotopic approaches to characterize microbial 

streamers and sulfur cycling in an extreme Arctic cold saline spring. We elucidated the biotic and 

abiotic sources and transformations of sulfur compounds, and identified the contributions of SRB 

and S-ox microbial populations to sulfur cycling. In addition, we described a novel 

Thiomicrorhabdus sp. MAG sequenced from the most cold- and salt-extreme environment thus 

far with unique features related to sulfur metabolism and stress response, and discussed how 

Thiomicrorhabdus-dominated sulfur-oxidizing streamers are able to survive in a unique polar 

ecosystem. Overall, these results show that a cold hypersaline environment supports significant 

populations of chemolithotrophic microbes and expands our understanding of how 

Thiomicrhabdus and other sulfur-oxidizing bacteria flourish in extreme cryoenvironments, with 

implications for the possibility of life existing in analogous Martian habitats or the outer icy 

moons hypothetically capable of supporting chemolithotrophic, phototrophic independent 

microbial life.   

  

4.6 Experimental Procedures 

4.6.1 Study site and sample collection  

The geology, geomorphology, and water chemistry of the network of perennial springs adjacent 

to Gypsum Hill (GH) (79°24’30°N, 90°43’05°W) are described in detail in previous papers (3, 4, 

59). Previous details of the sediment microbial community completed by 16S rRNA clone library 

construction and metabolic assays are described by Perreault et al. (5, 6). The first descriptions of 

the streamer community are described in Niederberger et al. (7).  The springs from which 

streamer samples were collected include GH-4, site of the initial investigation by Perreault et al. 
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(5), and a new spring channel GH-9, adjacent and downstream from GH-4. Temperature, 

oxidation reduction potential, and total sulfides were measured in the field as described 

previously to ensure that conditions were consistent with previous characterization. At time of 

sampling, the dissolved H2S concentration in the streams was determined to be ~1 ppm 

(CHEMtrix, Calverton). Daytime air temperatures averaged -15°C in both GH-4 and GH-9 and 

the water temperature was 7°C.   

 

Streamer samples were collected in May 2010 using sterile tweezers and were subsequently 

stored in LifeGuard Soil Preservation Solution (MO BIO Laboratories, Carlsbad) for molecular 

analyses, and in spring water for S-isotopic analyses. Samples were transported and stored at -

20°C until further analysis, which was completed within two weeks of sampling. Sediment cores 

from the GH-4 and GH-9 spring sources were collected using a homemade rubber piston corer 

using 3.8cm diameter PVC pipe, rinsed with ethanol. Only short cores (<5cm) could be 

recovered from GH-4, while a 23cm core was recovered from GH-9. A duplicate core was 

collected at GH-9 for immediate pore-water extraction using Rhizon pore water samplers 

(Eijkelkamp Agrisearch, the Netherlands) but insufficient pore water was extracted for further 

analyses. Intact sediments cores were stored at -20°C until processed for isotopic analyses in the 

lab.  

 

Additional sample collection for the snow-covered channel head-space gas was attempted using 

a glass vacuum sampler containing zinc acetate (4% w/v). Although ~300 mL of gas was 

sampled and bubbled through the Zn-acetate solution, insufficient H2S precipitated as ZnS 

needed for downstream isotopic analyses.  
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4.6.2 Metagenome library 

All meta-omic analyses were completed on streamer samples stored in LifeGuard Soil 

Preservation Solution (MO BIO Laboratories, Carlsbad).  For metagenomic analyses, total 

genomic DNA was extracted from 2 x 0.5 g (wet weight) streamers using the Ultra Clean DNA 

Extraction kit (MO BIO Laboratories, Carlsbad) according to manufacturer’s protocols. A total 

of 1 ug of DNA was sent for whole genome shotgun sequencing using a Roche 454 GS-FLX 

Titanium sequencer (454 Life Sciences, Branford), located at the Centre for Applied Genomics, 

Hospital for Sick Children (Toronto, Canada). Quality filtering of raw sequence data was 

performed using FastQC, followed by de novo assembly using MIRA v2.0 (60). The assembled 

metagenome totaled 4.9Mbp with 2,653 contigs and was annotated using MetaGenomics Rapid 

Annotation using Subsystem Technology (MG-RAST) (ID: 4466258.3) (61, 62). Protein 

annotations were determined using BLAST against M5NR compiled protein database at a cutoff 

e-value <1e-5. Taxonomic and functional classification were compared within the MG-RAST 

workbench and against COGs and the NCBI non-redundant databases using a basic local 

alignment search tool for proteins (BLASTp) (63). The metagenome was also uploaded to joint 

genome institute integrated microbial genomes and microbiomes (JGI IMG)/MER for annotation 

and additional analysis. CommunityM and barrnap were used to identify 16S rRNA sequences in 

the assembled data. Extracted sequences were aligned against the SILVA database (132 SSU Ref 

NR 99). The metagenome and metatranscriptome sequence data are available in GenBank under 

the BioProject accession number VCMH00000000. 
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Assembled MIRA contigs were binned with MetaBAT (v2.12.1) using standard and sensitive 

settings (64). A single identical bin with 206 contigs (2.3 Mbp total) was produced with both 

settings. The output bin was taxonomically identified and analyzed with CheckM (65). Binning 

was attempted a second time with MIRA contigs after removal of previously-binned contigs, but 

no additional bins could be produced. Binned contigs were queried against the NCBI nucleotide 

(nt) and Greengenes (13_5) databases with BLASTn (66-68). Binned contigs were also uploaded 

to RAST for annotation (69). Amino acid identity was calculated with the Microbial Genomes 

Atlas Online (70). Average nucleotide identity was calculated with FastANI v1.1 (71).  

 

For gene copy number comparisons, protein-coding genes were predicted in the 

Thiomicrorhabdus sp. GH genome with Prodigal v2.6.3. Protein annotations for all reference 

genomes were downloaded from the NCBI Genome database and used to create a custom 

BLAST database. The protein-coding genes from all genomes were individually queried against 

the custom database with BLASTp using a cut-off e-value of 1e-15. Additionally, the reference 

genomes were queried against the Thiomicrorhabdus sp. GH protein-coding genes annotated 

with JGI IMG/MER.  

 

4.6.3 Metatranscriptome library 

Total RNA was extracted from 2 x 2.0 g (wet weight) streamer samples using the PowerSoil 

RNA Extraction kit (MO BIO, Carlsbad, USA) according to manufacturer’s protocols with 

modifications as follows: (i) an additional 1.0 g of 0.1 mm glass beads (MO BIO, Carlsbad, 

USA) were added to each reaction tube, (ii) bead-beating time was doubled, and (iii) nucleotide 

precipitation was performed overnight. Extracted RNA was pooled and treated with 
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amplification grade DNase I (1U/uL, Invitrogen, Carlsbad, USA) at room temperature for 15 

minutes following the manufacturer’s instructions and then inactivated by the addition of EDTA 

at 65°C for 20 minutes. The iScript cDNA synthesis kit (Bio-Rad, Hercules) was used for cDNA 

synthesis from RNA according to the manufacturer’s protocols. The cDNA was cleaned using 30 

k Amicon Ultra-0.5 mL Centrifugal Filters (Millipore Corporation, Burlington). The cDNA 

library was sequenced by the Research and Testing Laboratory (Lubbock) using a Roche 454 

GSFLX Titanium sequencer (454 Life Sciences, Branford) system with bacterial primers 

(28F:5’GAGTTTGATCNTGGCTCAG’3, 519R:5’ GTNTTACNGCGGCKGCTG’3) following 

established protocols (72). The sequence library was trimmed, aligned, and dereplicated using 

the ribosomal database project pyrosequencing pipeline (73) with a minimum quality score of 20 

and a minimum sequence length of 150 bp. Trimmed sequences were aligned using the 

pyrosequencing aligner with Bacteria/Archaea model and clustered using complete-linkage 

clustering method with a maximum distance of 15% and step size of 1.0. The dereplicated 

sequences were generated using representative sequence method with 98% similarity and then 

analyzed via the BLASTn algorithm against the GenBank nr database (63). Phylogenetic trees of 

selected sequences were generated with MEGA 5 (74), using a bootstrap method with 1,000 

replications and a Jukes-Cantor model.  

 

The remaining DNase I-treated RNA (1.5ug) was enriched for mRNA using the 

MICROBExpress kit (Ambion, Austin) to deplete bacterial 16S and 23S rRNAs, according to the 

manufacturer’s instructions. The total mRNA yield was used in cDNA synthesis using the iScript 

cDNA synthesis kit (Bio-Rad, Hercules) as earlier. The cDNA was cleaned to remove oligos and 

amplification reagents using 30 k Amicon Ultra-0.5 mL Centrifugal Filters (Millipore 
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Corporation, Burlington) to a final amount of 2.3 µg. The cDNA was then treated with RNase H 

(Invitrogen, Carlsbad) according to manufacturer’s protocols followed by sample clean-up using 

the Amicon Ultra filters (as above) yielding 1.8 µg. Whole genome amplification (WGA) was 

used to increase template yields using the GenomiPhi V2 kit via multiple displacement 

amplification (MDA) (GE Healthcare, Piscataway, USA) according to manufacturer’s protocols. 

Briefly, 2 µL of cDNA with concentration 867 ng/µL were combined with 9 µL sample buffer 

and heated at 95 °C for 3 mins, cooled to 4 °C briefly then followed by incubation at 30 °C for 

90 min with addition of 10µL of 10:1 enzyme:reaction buffer. To terminate the reaction, the 

sample was heated at 65°C for 10 mins yielding 6.5 µg templates ranging from 200bp-1kb. The 

transcriptome library was generated using paired-end 2x 100bp sequencing on the Illumina 

HiSeq 2000 platform by the Centre for Applied Genomics, Hospital for Sick Children (Toronto, 

ON, Canada) with library preparation completed using standard oligonucleotides designed for 

multiplexed paired-end sequencing. 

 

The transcriptomic data was quality filtered with removal of duplicate reads and reads with total 

quality < 20 and assembled using the metagenome as a scaffold using MIRA v2.0 and Newbler 

for comparison and annotated in MG-RAST, as earlier. Transcripts were aligned using bowtie2 

run in the default end-end mode (75) and total counts were generated using HTSeq-count (76). 

 

4.6.4 Metaproteomic analyses 

Protein extraction of environmental samples with single or limited extraction methods may 

neglect proteins with particular characteristics, such as hydrophobic or membrane-bound 

proteins (77, 78). In order to overcome this extraction bias, streamer samples were processed 
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using one of two different protein extraction methods (one-step detergent vs. phenol-chloroform) 

and one of two different purification methods to maximize the total number of surface and 

intracellular proteins recovered. In all cases, extractions were completed on streamers washed 

with PBS buffer at environmental salinity (7.5% NaCl) to clear away residual sediments without 

cell lysis. A subsample of washed streamers were then extracted using standard phenol-

chloroform-isoamyl alcohol (25:24:1) extraction. This yielded a protein pellet with a black and 

white fraction. To promote solubilization, the pellet was first solubilized with formic acid (80% 

v/v), and any residual pellet was re-suspended in twelve times the pellet volume of lysis solution 

(5 M urea, 2 M thiourea, 1% DTT, 4% CHAPS, 0.5% ASB-14). In a second method, the washed 

streamers were extracted directly into the lysis solution and cells were disrupted by sonication 

(Fisher Scientific, Ontario, Canada) using 0.5 s bursts for three cycles of 30 s and incubated for 

1.5 h at room temperature with agitation. Extracts were separated with centrifugation at 14,000 × 

g for 10 min. As in the first method, any residual pellet was re-extracted using the lysis solution. 

These extractions yielded four separate fractions, on which two purification steps were 

completed on the heterogeneous protein extract to remove remaining contaminants: (i) The 

aqueous fraction of the protein extracts was processed using the Wessel and Flugge protocol (79) 

which uses methanol-chloroform to pellet protein, or (ii) the aqueous fraction was treated with 

cold-acetone (20% v/v) addition to precipitate the proteins from the cloudy supernatant. In total, 

eight different protein fractions were collected, including all possible combinations of the two 

extraction methods and two purification methods, and quantified individually using a modified 

Bradford assay (80). Yields ranged between 2.5 and 30.9 µg/µL.  
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All protein extracts were separated in 1D SDS-PAGE (12% acrylamide) gels run at 175V for 

45min. Gels were subsequently stained with silver nitrate and imaged on a FluorS (Bio-Rad, 

Hercules) gel scanner. Each lane was cut into ~25 gel slices and destained with 15 mM 

potassium hexacyanoferrate, 50 mM sodium thiosulfate. Proteins were digested with 10 ng/µL 

trypsin in 50 mM ammonium bicarbonate at 37°C for 16 h and final volumes were concentrated. 

The resulting peptides were analyzed by nano-liquid chromatography MS/MS (nLC-MS/MS) 

using an LTQ XL orbitrap MS (Thermo Fisher Scientific, Ottawa, Canada) coupled to a 

nanoAcquity ultrahigh-pressure liquid chromatography system (Waters, Milford). Peak lists were 

automatically generated by Proteinlynx software (Waters, Milford) with the following 

parameters: smoothing—four channels, two smooths, Savitzky-Golay mode; centroid—

minimum peak width at half height of four channels, centroid top 80%. Peptide spectra were 

searched against the National Centre for Biotechnology nonredundant database and using Mascot 

2.0.6 (Matrix Science, London, UK). A peptide score of 30 and above for a top-ranked hit was 

taken as positive identification, with each MS/MS spectrum verified by manual inspection. 

Annotated proteins were matched with COG assignments as above. Protein abundance was 

quantified within each of the 8 extracted fractions using emPAI (exponentially modified protein 

abundance index) (81).   

 

4.6.5 Sediment minerology via XRD  

The 23cm core from GH-9 was divided into 2.5 cm sections and subsamples were sent for X-ray 

diffraction (XRD) analysis. Sediments were air dried at room temperature and crushed by hand 

with a mortar and pestle, then prepared in back-packed powder mounts, to decrease preferred 

orientation of the crystallites. Detailed mineral determination was performed via XRD (Co K-
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alpha radiation λ=1.7902 Å, Rigaku Rotaflex, 45kV, 160 mA) at the Laboratory for Stable 

Isotope Science at the University of Western Ontario (London, Canada). Data were collected 

with an effective step size of 0.02º from 2º-82º 2θ. Crystalline mineral phases were identified 

using the International Center for Diffraction Data Powder Diffraction File (ICDD PDF-4) and 

the BrukerAXS Eva software package at the micro-XRD facility at the University of Western 

Ontario. Qualitative relative abundances of minerals observed were determined based on visual 

inspection of peak height intensities. 

 

4.6.6 S-isotopic analyses 

Total sulfur pools were measured in the streamers, the GH spring source sediments (core GH-8), 

core porewaters, and GH spring water. Several attempts to concentrate porewaters and strip 

sufficient dissolved sulfides from the GH spring waters were unsuccessful and were processed 

for sulfate only.  

 

Sequential extractions were completed following Bruchert and Pratt (82) and Pellerin et al. (58). 

Briefly, the 23 cm sediment core from GH-9 was divided into 2.5 cm sections and ~1.0 g of each 

fraction was transferred to boiling flasks and reacted with 15 mL 6 N HCl to produce acid 

volatile H2S (AVS). This was carried by N2 gas through a cold-water distillation column, a water 

trap, and bubbled through an acidic zinc acetate trap, which precipitated the evolved H2S as a 

purified ZnS. Subsequently, 20 mL of 1 M CrCl3 and 15 mL of 12 N HCl was injected into the 

boiling flasks to release any CRS into the distillation column and precipitate the H2S as a 

purified ZnS. A few drops of silver nitrate (0.1 N) were added to the zinc acetate solution to 

convert the ZnS to Ag2S. This reaction was carried out for several days in the dark. The Ag2S 
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was then separated from the solution by filtration on a 0.22 µm membrane filter, rinsed with 1 N 

NH3OH and three times with Milli-Q water, scraped from the filter, and dried for a minimum of 

3 h at 50°C. The remaining sediment residues following CRS extraction were centrifuged to 

remove CRS solution, washed with Milli-Q water, dried overnight at 50°C, and weighed and re-

extracted for total sulfate using 15 mL of Thode solution containing a mixture of (32:15:53) HI, 

H3PO2 and HCl) at 100 °C under a stream of pure N2 for 90 min (83) using the same trapping 

method as described earlier.  The same series of extractions was repeated with 0.1 g of 

lyophilized streamers and 0.7 g of wet streamer sample. All precipitated residues were weighed 

and 3-4 mg of sample were retained for isotopic analyses. 

 

The samples were subsequently converted to sulfur hexafluoride and the gas purified using the 

procedure outlined in Pellerin et al. (58) before analysis of the sample with a MAT 253 gas-

source MS running in dual inlet mode in the Stable Isotope Laboratory of the Earth and Planetary 

Sciences Department (McGill University, Montreal, Canada). Isotopic compositions are reported 

using δ notation 

𝛿 𝑆(0 	= 	&
𝑅			𝑠𝑎𝑚𝑝𝑙𝑒(0

𝑅		𝑉 − 𝐶𝐷𝑇(0 ,	− 1	 × 	1000 

where 3iR = 3iS/32S, i is 3 or 4, and V-CDT refers to the Vienna-Cañon Diablo Troilite 

international reference scale. The measurement of multiple sulfur isotope is reported in ‘cap’ 

notation and expressed as  

∆ 𝑆(( = 	𝛿 S(( − 1000× @&1 +
𝛿 𝑆(-

1000,
A.CDC

− 1E 

 
∆33S is the measured degree to which the δ33S fractionation differs from the value expected from 

a reference near mass-dependence (56). All sulfur isotope data reported relative to Vienna Cañon 
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Diablo Troilite (V-CDT), against which the international reference material IAEA-S-1 is taken to 

have the following isotopic composition: Δ33S = -0.061‰ and δ34S ≡ -0.3‰. The mass 

spectrometric uncertainty is described in Pellerin et al. (31).    
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Figure 4.1. Field photograph of the streamers in the GH springs. The arrow indicates the 

location of the streamers.  
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Figure 4.2. Phylogenetic classification of streamers from Gypsum Hill springs based on 16S 

rRNA pyrosequencing and showing reads > 1% relative abundance. 
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Figure 4.3. Model of Thiomicrorhabdus sp. GH partial genome cellular systems. Enzymes 

related to carbon, sulfur, and nitrogen metabolism are presented based on genomic, 

transcriptomic, and proteomic analysis. Stress response enzymes are also presented. 

Abbreviations are as follows: ACoA, acetyl-CoA; AP, antiporter; Asp, aspartic acid; AT, 

ammonium transporter; bc1, cytochrome bc1; CA, carbonic anhydrase; CBB cycle, Calvin-

Benson-Bassham cycle; cbb3, cbb3-type cytochrome oxidase; CS, cysteine synthase; Cys, 

cysteine; cytc, cytochrome c; ETC, electron transport chain; FCSD, flavocytochrome c sulfide 

dehydrogenase; G3P, glyceraldehyde-3-phosphate; Gln, glutamine; Glu, glutamate; ND, NADH 

dehydrogenase; O-ASer, o-acetylserine; PGA, 3-phosphoglyceric acid; SD, succinate 

dehydrogenase; Ser, serine; SO, serine o-acetyltransferase; Sox, sulfur oxidation pathway; SQR, 

sulfide:quinone reductase; SulP, SulP-family transporter; U, ubiquinone. 
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Figure 4.4. Model of sulfur compounds in GH spring environment based on isotopic analysis.  
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Figure 4.5. Summary of multiple sulfur isotope results. A. The measurements of multiple sulfur 

isotope as fractionations relative to the sulfate in the stream. Red squares correspond to the 

streamers, green circles correspond to the sediment, grey background corresponds to the field 

associated with pure cultures of sulfate reducing bacteria. B. The measurements of multiple 

sulfur isotope and a mixing model. Red squares and green circles are same as A, blue squares are 

measurements of porewater sulfate and brown circle is an igneous endmember (see text for 

details). Black line corresponds to the mixing line between the streamers end member and the 

igneous end member. Black squares correspond to changes in fractions of 10% of each end 

member. 
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Table 4.1. Stress response genes in Thiomicrhabdus genomes. Extended table in File S1. The 

‘present in MT/MP’ column indicates if the gene is present in the metatranscriptome and/or 

metaproteome. 

 Name T. sp. 
GH 

T. arctica T. 
chilensis 

T. 
Milos-

T2 

T. 13-
15A 

T. 
frisia 
Kp2 

T. 
HaS4 

Present 
in 

MT/MP 
Osmotic stress L-ectoine 

synthase (EC 
4.2.1.-) 

1 1 1 1 1 1 1 ü 

L-2,4-
diaminobutyric 

acid 
acetyltransferase 
(ectA) (EC 2.3.1.-) 

1 1 1 1 1 1 1  

diaminobutyrate-
-2-oxoglutarate 
transaminase 

(ectB) (EC 
2.6.1.76) 

2 2 5 4 5 4 3 ü 

L-proline glycine 
betaine ABC 

transport system 
permease (ProV) 

(EC 7.6.2.9) 

19 21 19 16 20 20 18 ü 

L-proline glycine 
betaine binding 
ABC transporter 
protein (ProX) 

(EC 7.6.2.9) 

2 1 0 1 1 0 0 ü 

L-proline glycine 
betaine ABC 

transport system 
permease 

protein (ProW) 
(EC 7.6.2.9) 

1 1 0 1 1 0 0  

High-affinity 
choline uptake 
protein (BetT) 

1 1 2 1 1 1 0  

Na+/H+ 
antiporter 

3 3 3 1 4 3 3  

Oxidative stress Superoxide 
dismutase (EC 

1.15.1.1) 

1 1 1 1 1 1 1 ü 

Catalase (EC 
1.11.1.6) 

0 1 1 1 1 0 1  

Peroxiredoxin 
(EC 1.11.1.15) 

6 6 6 5 6 7 5  

Glutathione 
peroxidase (EC 

1.11.1.9) 

2 1 1 1 1 1 1  

Thioredoxin 
reductase (EC 

1.8.1.9) 

7 1 1 1 1 1 1 ü 
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Cold shock Cold shock 
proteins 

3 3 2 5 4 4 2 ü 

Heat shock Chaperone 
protein DnaK 

1 1 1 1 1 1 1  

Chaperone 
protein DnaJ 

4 4 4 1 4 4 3 ü 

Heat shock 
protein GrpE 

1 1 1 1 1 1 1 ü 

GroES 1 1 1 1 1 1 1 ü 
GroEL 1 1 1 1 1 1 1 ü 
Hsp90 3 0 0 0 0 0 0 ü 

General stress 
response 

Stringent 
starvation 
protein A 

1 1 2 2 1 1 1  

Universal stress 
protein A 

1 2 4 2 2 2 3  

General stress 
protein Ctc 

1 1 1 1 1 1 1 ü 

 Non-specific 
DNA-binding 

protein Dps (EC 
1.16.3.1) 

1 1 0 0 0 0 1 ü 

Periplasmic 
stress and 
membrane 
alteration 

Outer membrane 
protein H 
precursor 

4 1 1 1 1 1 1 ü 

Fatty acid 
desaturase 

1 1 1 1 0 2 0  

Capsular and 
exo-

polysaccharides 

ExoZ 0 1 0 0 0 0 0  
EpsC 11 1 1 2 1 1 1 ü 
EpsD 1 1 0 0 0 0 0 ü 
EpsF 2 1 0 1 0 0 0  
EpsG 1 1 0 1 0 0 0 ü 
EpsI 1 1 0 0 0 0 0  
EpsL 2 1 0 0 0 0 0 ü 

Capsular 
polysaccharide 
export protein 

1 0 1 0 0 0 0 ü 

Capsule 
polysaccharide 

biosynthesis 
protein 

1 0 1 0 0 0 0 ü 
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Table 4.2. Characteristics and isotopic compositions of streamers and sediments.  

Sample Depth (cm) δ34S Δ33S 

Streamers Surface -27.78 
-29.31 
-30.55 

 

0.12 
0.14 
0.14 

 

Core (chromium 

reducible sulfur) 

2.5 
5 

7.5 
10 

12.5 
15 

17.5 
20 

22.5 
25 

27.5 
 

-16.93 
-11.61 
-23.68 
-20.30 
-25.48 
-16.33 
-23.36 
-23.88 
-22.91 
-25.35 
-16.63 

 

0.06 
0.04 
0.09 
0.09 
0.10 
0.05 
0.11 
0.10 
0.09 
0.10 
0.06 

 

Core (SO42-) 5 
7.5 
10 

 

21.08 
20.45 
19.86 

 

0.01 
0.03 
0.02 
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Chapter 5. Discussion 

Cold saline springs such as Lost Hammer and Gypsum Hill host microbial communities that are 

actively metabolizing and reproducing under polyextreme conditions. This thesis contains the 

first in-depth study of microbial genomes and in situ gene expression in these springs in order to 

further our understanding of how microbial life is sustained under extreme cold and salinity.  

 

5.1 Identifying the microbial community inhabiting the springs 

Previous studies of the LH and GH springs utilized methods including CARD-FISH and 16S 

rRNA gene sequencing to characterize the microbial community, as well as a 454-

pyrosequencing metagenome for LH (176, 180, 181). Estimates of sequencing depth and 

bacterial rarefaction curves indicated that these surveys did not capture the complete microbial 

diversity present in the springs but indicated a high degree of taxonomic novelty (178, 181). In 

Lost Hammer, microbial community structure varied significantly between studies, likely due to 

the low biomass and use of DNA amplification prior to sequencing (178, 181). Additionally, 

previous analysis of isolates from GH and LH described their growth conditions and screened for 

select marker genes, but did not fully sequence and characterize their genomes through whole-

genome sequencing (132, 180).  

 

This study utilized a combination of genome-resolved metagenomics, single-cell genomics, and 

16S rRNA gene amplicon sequencing to describe the microbial community in the spring 

sediments. Over 160 MAGs and SAGs were assembled from LH and GH, nearly all of which 

were novel in comparison with the GTDB database. In both springs, the microbial communities 

were primarily bacterial, with <2% of archaeal and eukaryotic reads. Bacteroidota, 
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Proteobacteria (Alpha- and/or Gammaproteobacteria), and Desulfobacterota were among the 

most abundant phyla in both springs. In Lost Hammer, Campylobacterota were also relatively 

abundant, and within these phyla the most abundant orders included Flavobacteriales 

(Bacteroidota) and the sulfur cycling taxa Desulfobulbales (Desulfobacterota), 

Campylobacterales (Campylobacterota), and Halothiobacillales (Gammaproteobacteria). In 

Gypsum Hill, Spirochaetota were also relatively abundant, and the most abundant orders 

included Bacteroidales (Bacteroidota); Desulfuromonadales, Desulfobacterales, and 

Desulfobulbales (Desulfobacterota); and Thiomicrospirales (Gammaproteobacteria).  

 

Comparison of the MAGs in Gypsum Hill and Lost Hammer identified significant overlap at the 

family level (72% of MAGs in GH belonging to the same family as LH MAGs), but relatively 

few MAGs at the genus or species level (<15%), suggesting that factors such as physicochemical 

parameters and nutrient availability likely have a significant influence on community structure. 

Differences in abundant sulfur-oxidizing Gammaproteobacteria were potentially due to the 

much higher salinity in LH (24%) compared to GH (7-8%). Halothiobacillales (Guyparkeria) 

abundant in LH are halophilic and typically have a much higher optimal and maximum salt 

concentration for growth than Thiomicrospirales (Thiomicrorhabdus) abundant in GH (187, 

188), which may enable them to outcompete Thiomicrospirales in highly saline LH. Sulfate-

reducing Desulfobulbales (BM506 sp. and Desulfurivibrionaceae) related at the genus level were 

abundant in both springs, indicating this genus is highly adapted to the range of cold and saline 

conditions across the springs. Other differences in sulfate-reducing Desulfobacterota between 

the springs, such as the high abundance of Desulfuromonadales (Desulfuromusa) in GH in 

comparison to LH, potentially result from the differences in abundant S-oxidizing bacteria in 
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each spring, e.g. production of elemental sulfur by Thiomicrorhabdus in GH that is subsequently 

reduced by Desulfuromonadales.  

 

Other differences could not be readily posited to result from environmental factors or community 

interactions, such as the relative absence of Spirochaetota in LH compared to GH (0.1% and 5%, 

respectively). The Spirochaetota phylum includes halophiles (189) and has been detected in 

environments more extreme than LH such as Lake Vida (-13°C) (26). While Spirochaetota are 

typically chemoorganotrophs (190), the GH Sphaerochaetales sp. MAG contains the Wood-

Ljungdahl pathway for CO2 fixation and an [NiFe] hydrogenase involved in hydrogenotrophic 

respiration, indicating it could potentially utilize the H2 and CO2 present in LH. Sulfate-reducing 

Spirochaetota have only recently been identified through MAG-based studies (166, 191), and the 

GH Sphaerochaetales sp. would thus be an interesting target for future study, e.g. cultivation or 

enrichment of isolates, to characterize its capabilities and stress tolerance and determine potential 

factors for its variable abundance in the springs and similar environments. Additionally, in-depth 

comparisons could be made in future between metagenomes, MAGs, and SAGs from GH and 

LH in order to identify shared or divergent traits in correlation with physicochemical parameters, 

such as in previous comparisons between sea ice and cryopeg environments (14, 15). This could 

better elucidate the effects of these parameters on spring community structure and function.  

 

In GH, taxonomic characterization was largely consistent with previous 16S rRNA gene 

sequencing surveys, which primarily identified abundant Proteobacteria including Alpha-, 

Gamma-, and Deltaproteobacteria (Desulfobacterota) (132, 176, 177). Sulfur-oxidizing and 

sulfate-reducing clades detected in this study, including Thiomicrorhabdus (Thiomicrospira), 
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Halothiobacillus, Desulfobacteraceae, and Desulfuromonadaceae, have been consistently 

identified in the spring sediments since their initial characterization in 2007 (176). Additionally, 

the Thiomicrorhabdus sp. GH detected in the microbial streamers belonged to the same species 

(by 16S rRNA gene alignment) as the Thiomicrorhabdus previously identified in 2009, 

corroborating the results of this study. 

 

LH microbial community structure has been largely inconsistent between studies despite highly 

stable conditions in the spring sediments. Previous metagenomic sequencing identified ~40% of 

reads belonging to Cyanobacteria (181), while another study utilizing 16S rRNA gene 

sequencing identified Chloroflexi comprising up to 55% of relative abundance (178). Both of 

these phyla were found at <1% abundance in the metagenome reported in this study. 

Synergistetes previously identified at up to 10% of relative abundance (178) were present at 

~0.01% in the metagenome in this study. Conversely, Desulfobacterota (Deltaproteobacteria), 

which comprised ~20% of metagenome relative abundance in this study, were either not detected 

(180) or present in relatively low abundance (1-5%) in previous studies (178, 181). These 

differences are potentially due to the low spring biomass and usage of multiple displacement 

amplification methods in previous studies, resulting in outsize impacts from sequencing and 

sampling bias. Metagenome and SAG sequencing in this study additionally identified taxa 

previously undetected in LH, including DPANN archaea, Patescibacteria, CG03, and 

Campylobacterota. Despite these differences, there has been some consistency in detected taxa 

between studies. Gammaproteobacteria have been relatively abundant in all studies, and 

Gammaproteobacterial genera detected in previous studies including Halomonas, Marinobacter, 

Thiomicrorhabus (Thiomicrospira), and Thiobacillus (180, 181) were recovered in the MAGs 
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and SAGs reported here. Additionally, ANME-1 identified by SAG sequencing in this study 

were previously detected in 16S rRNA gene clone libraries in 2010 (180).  

 

These results demonstrate the necessity for high-coverage sequencing and avoidance of DNA 

amplification in studies of low-biomass, high-salinity environments such as LH. One limitation 

of this study in characterization of the microbial community was in sampling of a single time 

point for metagenomic or 16S rRNA sequencing in GH and LH as a result of logistical 

constraints. While biological replicates were utilized to minimize sampling bias, a multi-year 

sampling campaign would add robustness to the observed community structure and resulting 

conclusions. Relative similarity between the metagenome (sampled in 2019) and 16S rRNA gene 

profiling (sampled in 2021), as well as consistency with previous studies, suggests the GH 

metagenome was not significantly impacted by sequencing or sampling bias. However, potential 

bias in the LH community described here cannot be conclusively determined based on the 

available data.  

 

The predominance of Bacteroidota and Proteobacteria (primarily Gammaproteobacteria) in the 

GH and LH sediments is consistent with other cold, hypersaline environments such as Antarctic 

lake brine pockets (17), cryopegs (15), and sea ice (15). Genomes from halophilic genera 

common to these environments such as Marinobacter and Halomonas were additionally 

recovered by MAG assembly in LH. Some sulfur-cycling taxa present in GH and LH have also 

been found in other cold, hypersaline, and sulfate-rich environments including Blood Falls 

subglacial brines (Thiomicrorhabdus, Desulfocapsaceae) (28) and the nearby AHI spring Colour 

Peak (Desulfuromonas, Desulfobulbus, Halothiobacillus, Thiomicrorhabdus) (176, 192), 
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indicating that these taxa are adapted and common to these polyextreme environments. In 

comparison of the GH microbial community with other cold, saline, or sulfur-rich environments 

by NMDS ordination, GH clustered most closely with Blood Falls compared to other brine 

environments, reflecting this similarity. Other taxa present in LH were detected for the first time 

under polyextreme cold and hypersaline conditions, expanding the known range for these 

microorganisms, including ANME-1 and the candidate phyla DPANN archaea and CG03 

bacteria.  

 

5.2 Identifying the active microbial community and metabolisms 

Functional gene expression was characterized for over 160 MAGs and SAGs as well as unbinned 

genes in both LH and GH, providing the most in-depth characterization of in situ microbial 

activity thus far. Sulfur cycling was a major process in both springs, representing some of the 

most abundantly expressed metabolic genes in LH and GH. Sulfur cycling gene expression could 

be attributed to inhabitant microorganisms for the first time, confirming in situ activity of S-

cycling Gammaproteobacteria and Desulfobacterota including Guyparkeria and BM506 in LH 

and Desulfuromusa, Desulfovibrionaceae, Halothiobacillus, and Thiomicrorhabdus in GH. Other 

sulfur cycling taxa included Campylobacterota, Alphaproteobacteria, Bacteroidota, and 

Spirochaetota. Other metabolisms were detected for the first time in situ, including expression of 

methane, nitrogen, and hydrogen cycling genes, as well as gene expression by fermentative and 

heterotrophic microorganisms. Relative expression and abundance of lithoautotrophic MAGs 

indicated that primary production in both GH and LH is driven by chemolithoautotrophy rather 

than photoautotrophy. Additionally, functional gene and protein expression in the 
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Thiomicrorhabdus sp. GH present in the GH streamers indicated that they are sustained by 

aerobic, chemolithoautotrophic sulfide oxidation.  

 

The majority of sulfide oxidation gene expression was attributed to strict aerobes in both LH and 

GH despite the low oxygen concentrations in the springs. Microorganisms can utilize aerobic 

metabolisms, including aerobic sulfide oxidation, down to nanomolar O2 concentrations (50, 89). 

It thus not necessarily surprising that aerobic metabolisms are present in LH and GH considering 

the relative energetic favorability of O2 as an electron acceptor and the energetic cost of osmotic 

adaptations (13). However, these results raise additional questions about the nature and spatial 

organization of sulfur cycling in the spring sediments. Oxygen concentrations are highest at the 

sediment-water interface (6-30 uM O2) and quickly decrease with depth down to undetectable (0 

uM) or near-nanoxic (1.2 uM) concentrations one centimeter below the surface. Alternate 

electron acceptors including nitrate and iron are present in the spring sediments in higher 

concentrations. While there was minimal evidence of iron cycling, expression of dissimilatory 

nitrate reduction genes was detected in both springs, including by facultatively anaerobic SOBs. 

Given these conditions it remains unclear why strictly aerobic SOB are more abundant and have 

higher gene expression than facultatively anaerobic SOB. Potential reasons for outcompetition 

by aerobes include energy conservation or nutrient uptake efficiency, or more energetically 

efficient osmotic adaptations given that the aerobic SOBs (Halothiobacillus, Thiomicrorhabdus, 

Guyparkeria) are commonly identified in hypersaline environments (187, 188). Putatively 

facultatively anaerobic SOBs present in the springs include uncultured Gammaproteobacteria 

(SZUA-116) and Bacteroidales (UBA5536, ML635J-15), halotolerant and halophilic Gamma- 

and Alphaproteobacteria typically found in marine environments (Oleiagrimonas, Salinisphaera, 
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Roseovarius, Acidimangrovimonas) (193-196), and Campylobacterota (Sulfurimonadaceae, 

Sulfurimonas) globally ubiquitous in diverse S-rich environments (197). In environments 

occupied by both S-oxidizing Campylobacterota and Gammaproteobacteria such as 

hydrothermal vents, they are suggested to occupy different ecophysiological niches based on 

factors including preferential adaptation to differing sulfide concentrations (198) or kinetically 

advantageous biochemical pathways in Gammaproteobacteria occupying oxic zones (199). 

Further genomic analysis and/or cultivation of spring SOBs for physiological analysis could help 

elucidate differences in energetic pathway efficiency, osmotic and cold tolerance, nutrient 

uptake, etc. that influence spring SOB activity and abundance. 

 

Given the oxygen gradient present in the spring sediment and water column, future comparisons 

over depth across this gradient to correlate oxygen, nitrogen, and sulfur cycling gene expression 

and taxa abundance with nutrient profiles would be informative. For example, in marine 

environments, optimal oxygen, sulfide, and nitrate concentrations typically do not overlap, and 

S-oxidizing bacteria may contain adaptations to bridge this gradient such as nutrient storage or 

motility (86). Nutrient and microbial community depth analyses in GH and LH could help 

identify whether similar niches or adaptations influence community structure and function. 

Previous measurements of S oxidation in sediment microcosms suggest that reduced sulfur 

compounds are non-limiting in GH (132). Thus, highly active aerobic S-oxidizers may occupy 

only a narrow oxic zone, with lower rates of S oxidation by facultative anaerobes and anaerobes 

at depth.  
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Expression of anaerobic methane oxidation (AOM) genes by ANME-1 archaea and bacterial 

methanotrophy genes by Methylobacter provided the first in situ evidence of active methane 

metabolism in LH, and is the coldest ambient temperature at which ANME-1 activity has been 

detected. Despite this detected activity, both ANME-1 and Methylobacter were present in low 

abundance in the sediment (<1%) despite the high concentrations of methane (40-50% ppmv). 

Future cultivation of isolates or enrichment cultures would be useful in identifying potential 

energetic or physiological constraints on these microorganisms. Additionally, genomic analysis 

in this study was insufficient to determine electron acceptor utilization or potential syntrophic 

interactions in the LH ANME-1, but suggested potential alternate electron donors. Due to the 

low abundance of LH ANME-1, cultivation of enrichment cultures may be necessary for further 

elucidation of their activity, e.g. through amendment of microcosms with potential electron 

donors and acceptors. Single-cell transcriptomics or proteomics could also provide higher-

coverage and more thorough detection of ANME-1 gene expression than achieved in this study.  

 

5.3 Identifying microbial stress response capabilities and adaptations 

Thiomicrorhabdus sp. GH present in streamers in the GH outflow channels contained response 

genes for cold, osmotic, and oxidative stress. Gene expression of ectoine synthesis and betaine 

uptake suggested accumulation of organic compatible solutes as a strategy for osmoregulation. 

Most notably, it contained and expressed genes for production and export of exopolysaccharides 

(EPS), which are associated with cold stress response in psychrophiles (200). Comparison of 

these stress response genes in Thiomicrorhabdus sp. GH to other Thiomicrorhabdus spp. showed 

these exopolysaccharide-related genes were primarily present in only Thiomicrorhabdus sp. GH 

and the closely-related psychrophilic T. arctica. Thiomicrorhabdus sp. GH contained additional 
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genomic redundancy (higher gene copy number) of EPS-related genes, which is associated with 

cold adaptation (higher protein production to overcome low kinetic energy) (201). These results 

suggested that Thiomicrorhabdus sp. GH utilize EPS production for cold stress protection, 

resulting in formation of the microbial streamers present in the GH channels. Aggregate 

formation has been observed in Thiomicrorhabdus spp. in culture (202), but they have not 

previously been observed forming biofilms or aggregates in the environment. As previously 

noted, the streamers primarily form at sites of higher oxygen concentration (1 ppm O2) in the 

channels (139), suggesting that increased Thiomicrorhabdus abundance due to relatively 

available oxygen may incidentally result in streamer formation rather than EPS production due to 

cold stress alone. Co-occurrence of relatively high oxygen and sulfide concentrations and cold 

temperatures may explain the presence of Thiomicrorhabdus streamers in GH outflow channels 

compared with the source sediments or cold marine sediments inhabited by T. arctica (203). 

Examination of streamer formation in microcosms under varying substrate concentrations and 

temperature could better constrain the influence of these parameters.  

 

Stress-response genes were also identified in ANME-1 and DPANN archaea and CG03 bacterial 

genomes. All genomes contained genes related to ‘salt-in’ strategies for osmoregulation, in 

which K+ ions are accumulated to achieve osmotic balance. This strategy is less energetically 

expensive than compatible solute synthesis (11) and thus may be preferable in the relatively 

oligotrophic LH spring sediment, particularly in the putatively heterotrophic DPANN and CG03. 

No genomes examined (ANME-1 or CG03) contained the signature acidic amino acid 

enrichment typical of salt-in halophiles; however, this is not a universal trait and thus does not 

rule out this strategy (11). ANME-1 and QMZS01 (DPANN) archaea additionally contained 
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genes for compatible solute synthesis and uptake, indicating multiple strategies for osmotic stress 

response may be available to these organisms based on energy or carbon availability. Compatible 

solute synthesis is also associated with cold adaptation by lowering the freezing point of the 

cytoplasm (8) and may additionally be utilized for that purpose.  

 

Due to the lack of cultured representatives for these clades, their osmoregulation or cold 

adaptation mechanisms have not previously been conclusively determined. Other DPANN phyla 

(Nanohaloarchaeota) present in hypersaline environments utilize salt-in strategies (204), and 

ANME-1 have previously been suggested to utilize compatible solutes based on the presence of 

synthesis genes (122). While this study identified stress response capabilities in these genomes, 

their expression and function in situ was largely inconclusive due to low metatranscriptomic 

coverage and low taxon abundance. Comparative single-cell or meta- transcriptomics in 

microcosms under varying salt or cold stress could potentially be utilized to identify adaptation 

mechanisms in these microorganisms. The high energy cost of osmoregulation has been 

suggested as a reason for the absence or inhibition of AOM in other hypersaline environments 

(122). Thus, a better understanding of the mechanisms of the cold and salt stress response and 

adaptation in LH ANME-1 would be useful in constraining AOM favorability in extreme 

environments globally and in extraterrestrial habitats.  

 

5.4 Future work 

This study reported the first in-depth characterization and analysis of over 160 bacterial and 

archaeal genomes and survey of functional gene expression in unique cold, hypersaline Arctic 

springs. While providing the most complete survey thus far of microbial diversity and function, it 
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raises additional questions regarding community structure, interactions, and energetics. 

Suggested avenues for future investigation have been included throughout this discussion, and 

will be summarized briefly here.  

 

This study’s conclusions were limited by single time points and bulk sediment sampling due to 

logistical and time constraints. The influence of physicochemical parameters and nutrient and 

oxygen gradients on microbial community structure and function could be investigated in future 

by depth profiling of the spring waters and sediments, as well as comparison between AHI 

springs. Due to low spring biomass and high salinity, relatively large sample inputs are required 

for DNA and RNA extraction, making fine-scale sampling and sequencing of sediments 

technically challenging. This could be addressed by comparison of larger-scale sediment sections 

or usage of 16S rRNA gene profiling, amplicon sequencing, or reverse transcription quantitative 

PCR in place of metagenomic and metatranscriptomic sequencing. Depth profiling of the 16S 

rRNA gene and cDNA in Lost Hammer has previously been described (178); however, the 

identified microbial community differed significantly from this study and thus it would be useful 

to re-attempt this experiment with high-throughput shotgun and metatranscriptomic sequencing 

if possible.  

 

MAG and SAG assembly and analysis in combination with functional gene expression linked 

metabolic activity to microbial diversity, and described functional capabilities and stress 

adaptations in novel microbial genomes. Cultivation of isolates or enrichment cultures is 

necessary for confirmation of predicted functions and to further characterize physiological and 

functional capabilities. Potential targets include the highly active SRBs and SOBs, uncultured 
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phyla such as CG03, and taxa with high relevance to astrobiology such as ANME-1. Previous 

culturing attempts have recovered some SRBs and SOBs in the springs, such as 

Thiomicrorhabdus (132). These could likely be targeted using traditional culturing methods. For 

taxa more recalcitrant to culturing, recent methodological innovations to culturing including use 

of cell sorting or microfluidics to isolate cells may be necessary (135). MAG and SAG data may 

be utilized in ‘reverse genomics’ methods to identify specific genes for use in targeted cell 

isolation or for development of specialized media based on predicted nutrient requirements 

(205). 

 

This study demonstrated the presence of active chemolithoautotrophic microbial communities in 

briny environments analogous to putative habitats on worlds such as Mars, Europa, and 

Enceladus. Future studies of gene expression or metabolic activity in microcosms or cultivated 

isolates under more highly extreme cold, salt, and anoxic conditions could better inform the 

favorability and response of microbial community function to predicted extraterrestrial 

conditions. For example, hydrogen-dependent sulfate reduction was previously measured in LH 

sediment microcosms down to -20°C, the coldest temperature recorded, indicating that these 

communities are highly adapted to extreme cold and salinity (178). Including comparative 

community profiling and gene expression in similar studies would enable better understanding of 

the influence of these conditions on the total microbial community. Additionally, the 

Thiomicrorhabdus sp. GH streamers demonstrate the accumulation of significant biomass by a 

chemolithoautotrophic SOB under cold and hypersaline conditions. Biofilms and similar biomass 

accumulations can result in morphological and mineralogical (e.g. elemental sulfur deposition) 

biosignatures (206). Thus, further constraining the conditions required for streamer formation 
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under cold and hypersaline conditions would be informative for prediction of similar 

accumulations on extraterrestrial worlds.  
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Final Conclusion and Summary 

The study of microbial life in the cryosphere expands our understanding of the cold and saline 

limits of life on Earth and other worlds. The cold saline springs on Axel Heiberg Island are some 

of the most northern springs on Earth, and they host unique microbial communities adapted to 

life under extreme conditions. This study utilized meta’omics to further our understanding of the 

limits and capabilities of microbial diversity and activity under the cold and hypersaline 

conditions in Lost Hammer and Gypsum Hill Springs. 

 

In Chapter 2, I characterized microbial diversity and activity in sub-zero, hypersaline Lost 

Hammer Spring. Using genome-resolved metatranscriptomics, I identified a microbial 

community predominantly driven by chemolithoautotrophic microorganisms, including highly 

active aerobic sulfide-oxidizing Guyparkeria spp. utilizing trace oxygen. Additional aerobic and 

anaerobic sulfur, nitrogen, hydrogen, and carbon cycling microorganisms and metabolisms were 

detected, including anaerobic methane-oxidizing archaea active under some of the most extreme 

temperature and salinity conditions recorded thus far.   

 

In Chapter 3, I characterized active sulfur cycling microorganisms sustaining a primarily 

chemolithoautotrophic microbial community inhabiting the cold and hypersaline Gypsum Hill 

Spring sediment. A hydrogenotrophic, sulfate-reducing novel Desulfovibrionaceae sp. largely 

drives primary production and, as in Lost Hammer, aerobic sulfide-oxidizing metabolisms in 

Halothiobacillus and Thiomicrorhabdus predominated despite low oxygen concentrations. 

Elemental sulfur is likely a significant intermediate in the spring sulfur cycle, sustaining an 

abundant and highly active sulfur-reducing Desulfuromusa sp.  
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In Chapter 4, I describe the aerobic, sulfide-oxidizing, chemolithoautotrophic Thiomicrorhabdus 

sp. GH that comprise and form unique microbial streamers in the Gypsum Hill outflow channels. 

I identified in situ expression of exopolysaccharides (EPS) that result in formation of these 

streamers, putatively in response to cold and salt stress.  

 

This study demonstrates that the AHI springs sustain active chemolithoautotrophic microbial 

communities under cold and hypersaline conditions. It expands the known temperature and 

salinity range for microbial metabolisms such as AOM and microorganisms such as ANME-1 

and DPANN archaea. Finally, it demonstrates the potential for microbial life in analogous 

sulfate-rich, sub-zero brines on Mars, Europa, Enceladus, and beyond. 
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Appendix 1. Supplementary Materials for Chapter 2 

Extended Materials and Methods 

i. Site description and sample collection 

Lost Hammer (LH) spring discharges through a precipitated mineral salt tufa as described in 

previous publications (1-5) (Figure S2.1). LH emits gases composed of methane (50%), nitrogen 

(35%), carbon dioxide (10%), and trace hydrogen, helium, and short-chain alkanes (1). The 

spring sediments and water contain high concentrations of sulfate (100 000 mg/kg) as well as 

sulfide (<50 mg/kg), ammonia (2.55 mg/kg), nitrate/nitrite (2.87 mg/kg), and iron (13 000 

mg/kg) (1). Physical and geochemical parameters in the outlet (Table S2.1) have remained 

highly stable since 2005, allowing comparison among samples collected in different years.  

 

For this study, sediment samples (top ~10 cm) were collected in July 2017 and July 2019 with an 

ethanol-sterilized scoop, and stored in sterile Falcon tubes filled to maximum to avoid aerobic 

headspace. Sediment from July 2017 was used for metagenomic sequencing, and sediment from 

July 2019 was used for RNA and SAG sequencing. In parallel, sediment for RNA extractions 

was mixed with Zymo Research DNA/RNA Shield (Irvine, CA, USA). Samples were kept at 

<5°C during transportation to Montreal, after which they were stored at -20°C for DNA and 

RNA extraction and at -5°C (unfrozen) for SAG sequencing. Physical and geochemical 

parameters of the overlying water were measured in situ with a YSI Professional Plus 

Multiparameter instrument (Yellow Springs, OH, USA) and a PyroScience Piccolo2 oxygen 

meter (Aachen, Germany). Ortho-phosphate and ammonia were measured in situ with 

CHEMetrics Inc. (Midland, VA, USA) test kits. 
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ii. DNA extraction, metagenome sequencing, and metagenome data analyses 

DNA was extracted from two 5 g portions of sediment with a Qiagen DNeasy PowerMax Soil 

Kit (Hilden, Germany). The resulting DNA from each sediment sample was concentrated with a 

Thermo Fisher Scientific SpeedVac Vacuum Concentrator (Waltham, MA, USA) and sequenced 

on a HiSeq2500 (2x126 base reads) (Illumina, San Diego, CA, USA) at The Centre for Applied 

Genomics (Toronto, ON, Canada). Low-quality reads and bases were trimmed with 

Trimmomatic (v0.38, settings LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15) (6). 

Remaining reads were classified with Kaiju (v1.7.3, default settings, nr_euk database) (7) and 

phyloFlash (v3.4) (8). The reads from the two sediment samples were co-assembled with 

Megahit (v1.1.3, setting meta-sensitive) (9) as well as assembled separately with metaSPAdes 

(v3.13.0, default settings) (10). Reads were mapped to each assembly with BBMap (v38.26, 

minid=0.95) and contigs longer than 5000 bp were binned with MetaBAT (v2.12.1) (11). Bin 

completeness and contamination was estimated with CheckM (v1.0.12) (12). The Megahit co-

assembly and resulting bins were selected for downstream analysis based on sequencing statistics 

as determined by metaQUAST (v5.0.1) (13) and number of high- and medium-quality bins. 

Sequencing and assembly statistics can be found in Tables S2.2 and S2.3. The metagenome was 

annotated with the Joint Genome Institute’s IMG/M system using KEGG, COG, and pfam 

databases (14, 15). Bins were classified with the Genome Taxonomy Database Toolkit (v1.3.0, 

reference data R05-RS95) (16). Phylogenomic trees were constructed with Anvi’o (v6.2) using 

the Bacteria_71 collection of single copy genes (17). Amino acid sequences for all genes were 

concatenated, with a total alignment length of 24 451 bp, and approximately-maximum-

likelihood trees were constructed in FastTree with default settings within Anvi’o, with midpoint 

rooting. Additional analyses were as follows: FeGenie was used to identify iron-related genes 
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(18); amoA and pmoA were distinguished by HMMer using FunGene Hidden Markov Models 

(19); hydrogenases were classified with hydDB (20). Reductive and oxidative DsrAB were 

classified as follows: DsrAB amino acid sequences were aligned against reference sequences 

from Muller et al. (21) using MUSCLE with default settings (22). Maximum likelihood 

phylogenetic trees were constructed in CLC Genomics Workbench (v. 12.0.3) using the WAG 

protein substitution model and 1000 bootstraps (Figure S9). DsrAB were classified as reductive 

or oxidative based on phylogenetic clustering and the presence of accessory proteins as in 

Anantharaman et al. (23).  

 

iii. Single cell sorting, genome amplification, sequencing, and data analyses 

Sediment was shipped on ice to the Single Cell Genomics Center at the Bigelow Laboratory for 

Ocean Sciences (East Boothbay, ME, USA) for SYTO-9 fluorescence-activated single-cell 

sorting (FACS), DNA extraction, and genome amplification with WGA-X (as described in 

Stepanauskas et al. (24)). The 16S rRNA gene was PCR amplified from the genomes (primers 

27F (25) and 1492R (26)) and sequenced at the Centre de Recherche at Université Laval 

(Quebec City, QC, Canada) on an Applied Biosystems 3730xl DNA Analyzer (Foster City, CA, 

USA). Obtained 16S rRNA sequences were annotated by BLAST with the SILVA rRNA 

database (release 138) (27). For whole genome sequencing, libraries were prepared with a 

Nextera XT DNA Library Prep Kit and sequenced on a MiSeq (Illumina) with MiSeq Reagent 

Kit v3 (600 cycles, 2x300 base reads). Low quality reads and bases were trimmed with BBDuk 

(minimum Phred quality score 15, minimum length 30 bp) and contaminant human reads were 

removed with DeconSeq (28). Genomes were assembled with SPAdes (v3.13.1, settings --sc --

careful) (29) and screened for contamination using JGI’s Kmer Frequency Analysis tool and by 



 255 

read classification with Kaiju (v1.7.3) (7). Average nucleotide identity of the SAGs against other 

SAGs and metagenome bins was calculated with FastANI (v1.3) (30). Genome annotation was 

done as described for the metagenome.  

 

iv. mRNA extraction, sequencing, and analysis 

RNA was extracted in triplicate with a Zymo Research ZymoBIOMICS DNA/RNA Miniprep 

Kit from approximately 3 g sediment per extraction. Extracted samples were then treated with 

the Invitrogen Turbo DNA-free kit (Carlsbad, CA, USA) to remove contaminating DNA. The 

treated samples were then pooled and concentrated with a New England Biolabs Monarch RNA 

Cleanup Kit (Ipswitch, MA, USA). Ribosomal RNA was depleted with a New England BioLabs 

NEBNext rRNA Depletion Kit (Bacteria) and a sequencing library was prepared with a New 

England BioLabs Ultra II RNA Library Prep Kit. The generated cDNA library was sequenced at 

The Center for Applied Genomics at the Hospital for Sick Children (Toronto, ON, Canada) on a 

NovaSeq 6000 (Illumina) with an S Prime 100-cycle flow cell (2x100 base reads). Reads were 

trimmed with Trimmomatic (settings LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 

MINLEN 50) and rRNA reads were removed with SortMeRNA (v4.2.0) (31). Human 

contaminant reads were removed with BBMap using the BBTools RemoveHuman masked 

reference genome. Reads were classified with Kaiju (v1.7.3), and reads classified within 

common sequencing contaminant groups as in Sheik et al. (2018) (32) were removed (~81,500 

reads removed representing 77 genera; the genera with the most reads removed were 

Pseudomonas (~12,000 reads), Streptococcus (~7000 reads), and Ralstonia (~6000 reads)). 

Remaining reads were aligned to metagenome contigs and SAG scaffolds with bowtie2 

(v2.3.5.1, with setting -very-sensitive-local) (33). Reads aligned to CDS regions were counted 
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with HTSeq (v0.12.4) (34) and transcripts per million reads (tpm) was calculated to normalize 

expression values for each gene. For comparison of stress response genes in SAGs to those in 

related genomes, protein-coding genes from reference genomes were queried against LH SAG 

protein-coding genes with BLASTp using a cut-off e-value of 1e-15.  

 

v. Sequencing data availability  

Sequencing reads, metagenome, MAGs, and SAGs were deposited in NCBI under BioProject 

PRJNA699472. JGI annotations of the metagenome and SAGs are available under GOLD Study 

ID Gs0135943. SAGs were also deposited individually in JGI (Table S2.4). 

 

vi. Gibbs free energy calculations 

Gibbs free energy values were calculated using the method reported in Jones et al. (2018) (35) 

with the following parameters based on measurements reported in Table S1: 278.1° K, pH 6.4, 

7.39 M ionic strength, 1.02 x 10-7 M CH4, 3.81 x 10-4 M NH3, 8.61 x 10-6 M H2S, 1.57 x 10-5 M 

O2, 2.31 x 10-5 M NO3-, 1.04 M SO42-, 4.11 x 10-5 M CO2, 3.16 x 10-7 M H+, 3.12 x 10-5 M NO2-, 

and 0.23 M Fe3+.  

  

Supplementary Results and Discussion 

Discrepancy between recovered MAGs and SAGs  

Using the criteria of average nucleotide identity >95%, only one SAG was found to correspond 

to MAGs. Typically, more overlap between the two datasets would be expected, particularly for 

those taxa abundant in the microbial community (36); conversely, the SAGs appear to be 
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enriched for taxa at low abundance in the metagenome. In the following sections we will discuss 

possible reasons as to why this occurred.  

 

Firstly, multiple selection steps occurred during generation of the SAGs that may have excluded 

or did exclude genomes from taxa abundant in the metagenome and MAGs. While 365 events 

(cells) were sorted during single cell sorting, only the 95 wells with the greatest estimated 

genome amplification (based on fluorescence during the amplification reaction) were selected for 

further analysis. This may have resulted in a biased selection of cells: for example, selecting for 

those genomes most responsive to the MDA reaction or those most resistant to environmental 

fluxes that may have occurred during transportation or sorting. Additionally, after an initial 

round of 16S rRNA Sanger sequencing, some wells with highly similar (>98%) 16S rRNA 

sequences were excluded from subsequent genomic sequencing to maximize sequencing 

coverage on the remaining wells. This included several Halomonas and Desulfobulbaceae 

genomes represented by MAGs, therefore potentially reducing the number of SAGs that may 

have corresponded to MAGs. As a result of these filtering steps, SAGs corresponding to MAGs 

may have been excluded and low-abundance taxa including archaeal genomes may have been 

enriched. 

 

Secondly, 20% of reads map to the high- and medium-quality MAGs, due in part to stringent 

quality control during binning (i.e. only contigs >5000 bp were binned). As a result, while the 

MAGs broadly represent the taxonomic groups present in the metagenome, they represent only a 

portion of the sum diversity. Therefore, this restrictive binning process in combination with the 
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relatively high number of SAGs corresponding to taxa at low abundance in the metagenome may 

also have contributed to the discrepancy.  

 

Thirdly, the samples collected for metagenomic analysis and for SAG sequencing were collected 

in different years (2017 vs. 2019, respectively). This was necessitated by the small amount of 

sediment removed during sampling to avoid disturbing the site in combination with the low 

biomass of the sediment, requiring relatively high amounts of sample for processing. While the 

physical and geochemical parameters of the spring have remained stable for the ~15 years that 

we have studied the spring, including the measurements taken in 2017 and 2019, we can’t 

exclude the possibility of minor changes in the spring that could have affected the microbial 

community sampled. Additionally, due to the low biomass and high salinity of the sediment, it is 

difficult to extract DNA. Biases introduced by the differing processing steps during MAG and 

SAG sequencing (for example, DNA extraction vs. separation of cells from sediment) may 

therefore have had outsize effects.  

 

To summarize, we suggest several factors potentially contributing to the discrepancy between 

MAGs and SAGs: 1) Selection during generation of SAGs, 2) Stringent binning criteria, and 3) 

Differences in input samples and biases introduced by differing experimental procedures. We 

conclude by noting that although there is a discrepancy between the MAGs and SAGs, there is 

overlap between the two samples additional to what was discussed in the manuscript. In addition 

to the corresponding SAG and MAG noted in the manuscript, two additional SAGs had 16S 

rRNA sequences >98% identical to unbinned 16S rRNA sequences, and nearly all taxonomic 

groups represented by the SAGs were also present in the metagenome reads and 16S sequences 
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as classified by kaiju and PhyloFlash (with the sole exception of Iainarchaeota reads). 

Additionally, comparison of 16S rRNA sequences in the SAGs to previous 16S rRNA 

sequencing from over ten years ago (1) identified common sequences (>98%) between the two 

datasets, including sequences for Halomonas, ANME-1, and Iainarchaeota, suggesting that the 

discrepancy is more likely due to the potential technical factors discussed above rather than 

significant changes in the microbial community. The relative abundances of the microbial 

community represented in the metagenome are consistent with those observed in previous 

CARD-FISH and 16S rRNA and metagenomic sequencing (1, 2). We therefore suggest that the 

metagenome and MAGs more accurately represent the taxa abundant in the microbial 

community, whereas the SAGs are disproportionately enriched in low-abundance bacteria and 

archaea due to the potential factors discussed above. 
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Supplementary Figures and Tables 

 

Figure S2.1. A. Location of the LH spring on Axel Heiberg Island in the Canadian High Arctic. 

Map generated in QGIS with the Natural Earth dataset. B. View looking into the LH salt tufa to 

the spring source (July 2019). C. View of the LH tufa and outflow channels (July 2019).  
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Figure S2.2. Taxonomic classification of metagenome and metatranscriptome reads. Reads were 

classified by Kaiju using the NCBI non-redundant database. Metagenome reads are an average of 

the relative abundance in duplicate samples.  
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Figure S2.3. Relative expression (tpm) attributed to MAGs and SAGs containing CO2-fixation 

genes (autotrophic MAGs/SAGs) and those without (heterotrophic MAGs/SAGs). Unbinned 

genes with mapped transcripts were omitted from this analysis.  
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Figure S2.4. Comparison of predicted protein isoelectric points for A. ANME-1 SAGs S10-S14 

and B. CG03 SAG S2. Protein isoelectric points were calculated with the ExPASy Compute 

pI/MW online tool. Genomes for comparison (based on similar analysis in Nigro et al. (37)) 

include microorganisms known to accumulate salts through the “salting-in” osmoregulation 

strategy (Salinibacter ruber and Halobacterium salinarum) and those that do not accumulate 

salts (E. coli K12 and Desulfohalobium retbaense).  
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Figure S2.5. Metabolic reconstruction of Iainarchaeia SAG S9 (670822 bp, 52.9% 

completeness, 0% contamination). Solid lines represent genes present within the genome, and 

dashed lines indicate steps or pathways absent from the genome. Table S2.15 contains a 

complete list of annotated genes represented in this figure. 
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Figure S2.6. Metabolic reconstruction of QMZS01 SAGs S4-S8 (between 563912-779153 bp, 

57.7-76.2% completeness, 0.8-2.2% contamination). Solid lines represent genes present within 

the genome, and dashed lines indicate steps or pathways absent from the genome. Table S16 

contains a complete list of annotated genes represented in this figure. 
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Figure S2.7. Maximum likelihood phylogenetic tree of RbcL/CbbL sequences. The tree was 

constructed in CLC Genomics Workbench with 1000 bootstraps and WAG substitution model 

using reference sequences from NCBI. A RubisCO-like protein sequence from 

Rhodopseudomonas palustris TIE-1 (ACF00976.1) was used as an outgroup (direction indicated 

by arrow).  

 

 



 267 

 

Figure S2.8. Metabolic reconstruction of candidate phylum CG03 SAG S2 (1039757 bp, 62.8% 

completeness, 0% contamination). Solid lines represent genes present within the genome, and 

dashed lines indicate steps or pathways absent from the genome. Table S2.17 contains a 

complete list of annotated genes represented in this figure.  
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Figure S2.9. Maximum likelihood phylogenetic tree of DsrAB. The tree was constructed in CLC 

Genomics Workbench with 1000 bootstraps and WAG substitution model using reference 

sequences from Muller et al. (2015). Sequence names include the gene IDs and MAG number 

where applicable. A sequence from eggNOG group COG2221 (Campylobacter ureolyticus 

JFJK01000015_gene476) was used as an outgroup (direction indicated by arrow). 
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Table S2.1 (xlsx). Physical and geochemical parameters of Lost Hammer water and sediment. 

Located in Supplementary Tables xlsx file.  

 

Table S2.2. Metagenome and metatranscriptome sequencing statistics. 

DNA/RNA Sample 
(NCBI ID) 

Sequencing 
platform 

Read length Raw read 
pairs 

Read pairs 
after quality 
control 

DNA SRR13628066 Illumina 
HiSeq2500 

2x126 116844950 116746762 

DNA SRR13628065 Illumina 
HiSeq2500 

2x126 107914225 107647735 

RNA SRR13633097 Illumina 
NovaSeq6000 

2x100 9009952 4233149 
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Table S2.3. Metagenomic assembly statistics. 

Assembler Megahit v1.1.3 

# contigs 1620755 

# contigs >= 1000 bp 276578 

# contigs >= 5000 bp 36050 

# contigs >= 10000 bp 14841 

# contigs >= 25000 bp 3946 

# contigs >= 50000 bp 1251 

Total length (bp) 1599970111 

GC % 51.63 

N50 2968 

N75 1032 

L50 67307 

L75 264669 

% reads mapping to contigs (average of 
two samples) 

89.7 

% reads mapping to contigs > 5000 bp 67.9 

Average coverage of metatranscriptome 
against the metagenome (reads/base) 

0.093 ± 59 

Average coverage of metatranscriptome 
against CDS with mapped reads 
(reads/base) 

13 ± 604 
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Table S2.4 (xlsx). SAG supplemental information. Located in Supplementary Tables xlsx file. 

 

Table S2.5 (xlsx). MAG supplemental information. Located in Supplementary Tables xlsx file. 

 

Table S2.6 (xlsx). Relative expression for KEGG, COG, and pfam IDs. Located in 

Supplementary Tables xlsx file. 

 

Table S2.7 (xlsx). Taxonomic classification of genes of interest with mapped transcripts. 

Located in Supplementary Tables xlsx file. 

 

Table S2.8 (xlsx). Gene presence and expression in medium-quality MAGs. Located in 

Supplementary Tables xlsx file. 

 

Table S2.9 (xlsx). Complete list of genes with mapped transcripts. Located in Supplementary 

Tables xlsx file. 

 

 

 

 

 

 

 

 



 272 

Table S2.10. Gibbs free energy of redox pairs present in LH. Values were calculated using the 

methodology in Jones et al. (2018) (35) (additional details in Supplementary Methods). These 

values should be considered preliminary estimates as some parameter concentrations are based 

on single-year measurements.  

Redox pair △G reaction (kJ/mol electron-1) 

H2/O2 -111.9 

H2/NO3- (to NH3) -61.3 

N2/NO3- (to NO2-) -68.1 

H2/SO42- -3.0 

H2/CO2 -9.1 

H2S/O2 -109.0 

H2S/NO3- -93.8 

Fe2+/O2 -16.0 

NH3/O2 -52.9 

NH3/NO3- -90.8 

NH3/SO42- -56.5 

CH4/O2 -205.7 

CH4/NO3- -32.4 

CH4/SO42- 6.1 
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Table S2.11 (xlsx). Stress response gene comparison to related genomes. Located in 

Supplementary Tables xlsx file. 

 

Table S2.12 (xlsx). Gene content of MAGs. Located in Supplementary Tables xlsx file. 

 

Table S2.13 (xlsx). Gene content of SAGs. Located in Supplementary Tables xlsx file. 

 

Table S2.14 (xlsx). ANME-1 composite genome gene content. Located in Supplementary Tables 

xlsx file. 

 

Table S2.15 (xlsx). Iainarchaeia sp. S9 gene content. Located in Supplementary Tables xlsx file. 

 

Table S2.16 (xlsx). QMZS01 composite genome gene content. Located in Supplementary Tables 

xlsx file. 

 

Table S2.17 (xlsx). CG03 sp. S2 gene content. Located in Supplementary Tables xlsx file. 

 

Table S2.18 (xlsx). Metagenome copy number and total relative expression of genes of interest. 

Located in Supplementary Tables xlsx file. 
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Appendix 2. Supplementary Materials for Chapter 3 

 

Figure S3.1. a. Photograph of GH-4 primary outlet and downstream channels (July 2019). A fine 

layer of gypsum coats the area around the springs. b. Location of the Gypsum Hill springs on 

Axel Heiberg Island, Nunavut, Canada (indicated with red dot). Map generated in QGIS with the 

Natural Earth dataset. c. Photograph of the Gypsum Hill springs area in which GH-4 is located. 

Photos: E. Magnuson. 
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Figure S3.2. Phylogenetic tree of DsrAB sequences. The tree was constructed in CLC Genomics 

Workbench with 1000 bootstraps and WAG substitution model using reference sequences from 

Müller et al. (2015) (1). Sequence names include the contig IDs and MAG ID where applicable. 

A sequence from eggNOG group COG2221 (Campylobacter ureolyticus 

JFJK01000015_gene476) was used as an outgroup (direction indicated by arrow). 
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Figure S3.3. Phylogenetic tree of DsrA sequences. The tree was constructed in CLC Genomics 

Workbench with 1000 bootstraps and WAG substitution model using reference sequences from 

Müller et al. (2015) (1). Sequence names include the contig IDs and MAG ID where applicable. 

A sequence from eggNOG group COG2221 (Campylobacter ureolyticus 

JFJK01000015_gene476) was used as an outgroup (direction indicated by arrow). 
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Figure S3.4. Phylogenetic tree of DsrB sequences. The tree was constructed in CLC Genomics 

Workbench with 1000 bootstraps and WAG substitution model using reference sequences from 

Müller et al. (2015) (1). Sequence names include the contig IDs and MAG ID where applicable. 

A sequence from eggNOG group COG2221 (Campylobacter ureolyticus 

JFJK01000015_gene476) was used as an outgroup (direction indicated by arrow). 
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Figure S3.5. Phylogenetic trees of DsrA and DsrB sequences. These sequences were aligned 

separately due to lack of clustering when included with other DsrAB sequences as in Figures 
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S3.2-S3.4. The trees were constructed in CLC Genomics Workbench with 1000 bootstraps and 

WAG substitution model using reference sequences from Müller et al. (2015) (1). Sequence 

names include the contig IDs and MAG ID where applicable. A sequence from eggNOG group 

COG2221 (Campylobacter ureolyticus JFJK01000015_gene476) was used as an outgroup 

(direction indicated by arrow). 
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Figure S3.6. Relative abundance of reads in the metagenome and metatranscriptome classified 

by Kaiju using the NCBI non-redundant database (nr_euk). Relative abundance was averaged 

between replicates for both the metagenome and metatranscriptome. 
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Figure S3.7. Level of taxonomic novelty of ASVs (2,885 ASVs in total). The number of 

classified and unclassified ASVs at each taxonomic level was determined according to rank 

assignment and taxonomic classification in DADA2 using the AssignTaxonomy function and the 

SILVA database.  

 



 287 

 

Figure S3.8. Spearman’s rank correlation of the top 50 most abundant taxa in the subset of 

thirteen 16S rRNA gene sequencing data sets with environmental parameters. Metadata for this 

plot is located in Table S3.4. 
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Figure S3.9. NMDS plot with Bray-Curtis dissimilarity matrix for 16S rRNA gene amplicon 

sequences from GH and comparable environments. Metadata for this plot is located in Table 

S3.4.  

 

Table S3.1 (xlsx). Physical and chemical parameters in GH-4. Located in Supplementary Tables 

xlsx file. 
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Table S3.2. Sequencing library statistics. 

Library type Sample 
Name 

Sample NCBI 
ID 

Read 
lengt
h 
(base 
pairs) 

Raw 
read 
pairs 

Read 
pairs 
after 
quality 
control 

Read 
mapping 
rate to 
metagenom
e co-
assembly 
(%) 

Metagenome Replicat
e 1 
(GH1) 

SAMN3237817
3 

2x100 3448510
5 

3448320
7 

71.52 

Metagenome Replicat
e 2 
(GH2) 

SAMN3238694
6 

2x100 3784433
6 

3784358
4 

80.54 

Metagenome Replicat
e 3 
(GH3) 

SAMN3238694
7 

2x100 3678923
9 

3678807
1 

81.09 

Metatranscriptom
e 

Replicat
e 1 (R2) 

SAMN3238663
9 
 

2x100 5925943
1 

3022108
2 

59.09 

Metatranscriptom
e 

Replicat
e 2 (R5) 

SAMN3238663
7 

2x100 2911074
3 

1869723
5 

30.72 

Metatranscriptom
e 

Replicat
e 3 (R6- 
technica
l 
replicate
) 

SAMN3238663
8 
 

2x100 4884094
0 

2531332
6 

60.72 

Metatranscriptom
e 

Replicat
e 3 (R9- 
technica
l 
replicate
) 

SAMN3238663
8 

2x100 4840589
9 

2920450
7 

42.83 

Amplicon Replicat
e 1 
(GH34) 

SAMN3240623
9 
 

2x300 322476 170529 N/A 

Amplicon Replicat
e 2 
(GH35) 

SAMN3240624
0 
 

2x300 256138 130640 N/A 

Amplicon Replicat
e 3 
(GH36) 

SAMN3240624
1 
 

2x300 474775 202598 N/A 
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Table S3.3. Metagenome co-assembly statistics. 

Contigs 464165 

Total length (bp) 519632022 

Maximum contig length (bp)  874936 

Average contig length (bp) 1119 

N50 (bp) 2577 

Contigs >2 kb 43091 

Total length contigs >2 kb  283840215 

Metagenome-assembled genomes (#) (>50% 

complete, <10% contamination) 

57 

Total length in metagenome-assembled 

genomes (bp) 

182741013 

 

Table S3.4 (xlsx). Metadata for amplicon metagenome libraries used in beta diversity analysis. 

Located in Supplementary Tables xlsx file. 

 

Table S3.5 (xlsx). Taxonomic count table used for beta diversity analysis. Located in 

Supplementary Tables xlsx file. 

 

Table S3.6 (xlsx). List of contigs in each MAG. Located in Supplementary Tables xlsx file. 

 

Table S3.7 (xlsx). MAG supplemental information. Located in Supplementary Tables xlsx file. 
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Table S3.8 (xlsx). Taxonomic classification of genes of interest with mapped transcripts. 

Located in Supplementary Tables xlsx file. 

 

Table S3.9 (xlsx). Gene content of MAGs. Located in Supplementary Tables xlsx file. 

 

Table S3.10 (xlsx). Relative expression of genes of interest in MAGs. Located in Supplementary 

Tables xlsx file. 

 

Table S3.11 (xlsx). Total tpm per genome feature product ID. Located in Supplementary Tables 

xlsx file. 

 

Table S3.12 (xlsx). Gene counts and relative expression of genes of interest in the metagenome. 

Located in Supplementary Tables xlsx file. 

 

Table S3.13 (xlsx). Complete BLAST output of elemental sulfur reduction proteins queried 

against Desulfuromusa sp. GH17. Located in Supplementary Tables xlsx file. 

 

Table S3.14 (xlsx). Relative expression of all genes. Located in Supplementary Tables xlsx file. 
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Appendix 3. Supplementary Materials for Chapter 4 

 

Figure S4.1. Relative abundance of annotated feature COG categories in the metagenome, 

Thiomicrorhabdus partial genome, metaproteome, and metatranscriptomes.  

 

 


