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Highlights 

 Of 245 prokaryotic taxa at 271 geothermal sites, 103 were in 56 sites with Hg. 
 46% of Archaea and 40% of Bacteria taxa were in those reported to contain Hg. 
 Richness of Bacteria >Archaea across the Hg-containing sites with pH > 4.5.  
 Homologs of Mer genes for Hg reduction at higher frequency in acidic sites. 
 MerA homologs in western U.S. hot springs are most like those in 4 archaeal orders. 
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Abstract 

Because geothermal environments contain mercury (Hg) from natural sources, 

microorganisms that evolved in these systems have likely adapted to this element. 

Knowledge of the interactions between microorganisms and Hg in geothermal systems 

may assist in understanding the long-term evolution of microbial adaptation to Hg with 

relevance to other environments where Hg is introduced from anthropogenic sources. For 

example, revealing factors that constrain microbial detoxification of Hg may be useful in 

bioremediation of Hg wastes.  A number of microbiological studies with supporting 

geochemistry have been conducted in geothermal systems across western North America. 

Approximately 1 in 5 study sites include measurements of Hg. Of all prokaryotic taxa 

reported across sites with microbiological and accompanying physicochemical data, 42% 

have been detected at sites in which Hg was measured. Genes specifying Hg reduction 

and detoxification by microorganisms were detected in a number of hot springs in 

Yellowstone National Park, Wyoming and in other hot springs across the region. 

Archaeal-like sequences, representing two crenarchaeal orders and one order each of the 

Euryarchaeota and Thaumarchaeota, dominated in metagenomes’ MerA (the mercuric 

reductase protein) inventories, while bacterial homologs were mostly found in one deeply 

sequenced metagenome. MerA homologs were more frequently found in metagenomes of 

microbial communities in acidic springs than in circumneutral or high pH geothermal 

systems, possibly reflecting higher bioavailability of Hg under acidic conditions. MerA 

homologs were found in hot springs prokaryotic isolates affiliated with Bacteria and 

Archaea taxa. Acidic sites with high Hg concentrations collectively contain more of these 

Archaea taxa than these Bacteria taxa while the reverse appears to be the case in 
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circumneutral and high pH sites with high Hg concentrations. However, MerA has been 

detected in only a small fraction of the Archaea and Bacteria taxa inhabiting sites 

containing Hg. Nevertheless, the presence of MerA homologs and their distribution 

patterns in systems in which Hg has yet to be measured demonstrates the potential for 

detoxification by Hg reduction in these geothermal systems, particularly the low pH 

springs that are dominated by Archaea. Similar analysis for the potential of spring 

microbes to methylate Hg was not possible because of the paucity of information 

currently available on methylmercury accumulation and on methylation by microbes 

from geothermal springs. An important challenge to understanding interactions between 

Hg and microorganisms in geothermal systems is knowledge of Hg bioavailability. A 

more systematic coordinated interdisciplinary research effort is needed to better 

understand the interactions between Hg and abiotic components of geothermal systems 

that impact Hg bioavailability. The impact of Hg on microbial community composition 

and function can then be assessed, and the role of microorganisms in Hg transformations 

in these environments may be better appreciated.  
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1. Introduction 

Western North America (NA) hosts a large number of hot springs, many of which result from 

the tectonic processes in this part of the world. Accordingly, many are associated with the belts 

of recent past or present volcanic activity. Thermal springs are also found in other areas where 

rocks have been faulted and intensely folded in geologically recent time. Approximately 840 

geothermal areas have been identified in the western contiguous United States, not counting the 

>10,000 geothermal features found in Yellowstone National Park, and the additional 79 

identified in Alaska (Waring, 1965). Across this geothermal landscape, temperatures range from 

slightly above ambient to over 100°C (Berry et al., 1980), pH ranges from 1 to 10 (Ball et al., 

2008; Thompson and DeMonge, 1996) and sulfide concentrations range from <0.3 to 5.8 mM 

(Dodsworth and Hedlund, 2010; Kulp et al., 2008). This wide range of environmental conditions 

creates niches that support diverse assemblages of prokaryotic life (Spear et al., 2006). Of the 

environmental parameters examined to date, temperature, pH, and sulfide vs. dissolved oxygen 

concentrations have been shown to be the key determinants of microbial community composition 

in a number of these geothermal systems (Inskeep et al., 2013; Miller et al., 2009; Purcell et al., 

2007; Sharp et al., 2014).  

Many geothermal systems also contain toxic metals, among them mercury (Hg) (Becker, 

1888; Cobble, 1987; de Beaumont, 1847; Dreyer, 1940a; Dreyer, 1940b; White, 1955; White, 

1957; White et al., 1963). Mercury in these systems exists in gaseous, liquid and solid forms. 

Subsurface hydrothermal fluids leach Hg from reservoir rock and transport it to the surface in 

either an aqueous or vapor phase (Fig. 1). The concentration and solubility of Hg in these phases 

is influenced by the amount of Hg in the rock as well as by fluid temperature and chemistry 

(Engle et al., 2006). Gaseous Hg typically exists as Hg0 and HgS. Thermodynamic calculations 

indicate that aqueous ionic Hg may exist at parts per trillion concentrations, depending on 
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conditions (Cobble, 1987; Varekamp and Buseck, 1984). Since most analyses measure only total 

Hg (THg) after filtration to remove suspended solids, the concentrations of the different forms of 

aqueous ionic Hg that exist under the various geothermal conditions are not well documented. 

However, it is known that sulfide and chloride concentrations and temperature are important 

determinants of the forms and concentrations of aqueous ionic Hg species in these systems 

(Glew and Hames, 1972; Krup, 1988). The concentration of THg can be as high as 2.23 mg/L in 

unfiltered acidic, sulfidic hot spring water as a result of the penetration of thermal plumes of 

cinnabar (Simbahan et al., 2005). If Hg is transported in the fluid as Hg-S or Hg-Cl, it can 

precipitate as cinnabar, metacinnabar or calomel, the former being the more stable under hot 

springs conditions (Cobble, 1987).  

Biota inhabiting geothermal springs has had to adapt to the high concentrations of Hg in 

many of these systems. Hot springs microorganisms in particular have had to evolve strategies to 

deal with the toxic effects of high Hg concentrations under the various conditions that exist in 

these habitats. Molecular and phylogenetic analyses clearly show that the MerA protein, whose 

homodimer forms the active mercuric reductase enzyme which specifies Hg detoxification 

among many prokaryotes, first evolved in thermophilic microbes in geothermal environments 

(Barkay et al., 2010) prior to its spread to broadly distributed mesophilic microbes (Boyd and 

Barkay, 2012). The Mer detoxification system involves reduction of the inorganic Hg to the 

elemental volatile form, Hg(0), an activity found in several thermophilic microbes common in 

geothermal springs (Barkay et al., 2010). Thus, the activities of these microorganisms as well as 

temperature, pressure, and composition of solution affect the behavior (volatility, redox state, 

solubility) of Hg which impacts its fate and its influence on other life forms in the system. Here 

we synthesize information on the microbiology of hot springs of western NA, the relationships 
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between the microbiology and the physicochemical properties, including Hg, and the MerA-

mediated mechanism of Hg detoxification maintained by the microorganisms in these 

environments.   

2. Microbiology of terrestrial geothermal systems of western North America 

Hot springs of western NA have provided much information on the constraints of 

temperature and pH on microbial diversity. For example, temperature and pH have been shown 

to exert a strong influence on the diversity and types of microbial inhabitants in these systems 

(Miller et al., 2009; Purcell et al., 2007; Sharp et al., 2014). Correspondingly, the types of 

microorganisms inhabiting acidic hot springs differ greatly from those found in circumneutral 

thermal features (Reysenbach et al., 2005). Neutral-alkaline springs have consistently higher 

microbial diversity than acid springs, and acid spring communities are distinct from those in 

neutral and alkaline springs regardless of temperature (Sharp et al., 2014). Alkaline 

environments support greater algal diversity than acidic habitats, and diversity decreases 

regardless of pH when heavy metal concentrations are high (Amaral-Zettler, 2013). In general, 

the more extreme the environmental conditions, the lower the microbial diversity. However, the 

influence of Hg on the microbial communities in these systems is poorly understood.      

2.1. Description of sites 

Published information on prokaryotic taxa was collected from 271 geothermal sites across 

western NA with known pH, temperature and sulfide concentration, hereafter referred to as sites 

with both microbiological and physicochemical data. Of these sites, 44 had a pH>8.0 (high pH 

sites), 141 sites had a pH≥4.5≤8.1, (circumneutral sites) and 86 sites had a pH<4.5 (acidic sites) 

(Table 1). Correspondingly, 38 of the 271 sites had a temperature <55 ºC (low temperature sites) 

113 had a temperature between 55 and 73 ºC (moderate temperature sites) and 120 had a 
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temperature greater than 73 ºC (high temperature sites). The sites were further grouped according 

to sulfide concentration as sulfide is an important source of energy for a number of prokaryotic 

chemotrophic taxa in geothermal systems (Inskeep et al., 2013; Inskeep et al., 2010; Simbahan et 

al., 2005). Here, high sulfide sites are those with concentrations >3 M while low sulfide sites 

are those with concentrations <3 M. The 3 M sulfide value reflects the highest detection limit 

encountered for a number of the sites included in the present survey (Inskeep et al., 2013; Jay, 

2014; Klatt et al., 2013; Kozubal et al., 2012). Grouping of sites according to these pH and 

temperature ranges and sulfide concentration reflects the boundaries of key physiological 

processes for energy generation by microorganisms in geothermal systems (Boomer et al., 2009; 

Boyd et al., 2012; Brock, 1967; Castenolz et al., 1990; Kato et al., 2014; Klatt et al., 2013; 

Reysenbach et al., 2005; Ward et al., 1998).  

2.1.1. Sites with mercury data 

Mercury, which is common but not typically included in chemical surveys of hot springs, 

may also constrain microbial community diversity through its deleterious effects on cellular 

processes. Total Hg (THg) concentrations were obtained from the published literature for 56 or 

21% of the 271 geothermal sites with microbiological and physicochemical data (SI Tables 1 and 

2). The sites extend across five geomorphic provinces of western NA and include 27 acidic sites, 

19 circumneutral sites and 10 high pH sites (Table 1). All but one of the acidic and circumneutral 

sites reside within Yellowstone National Park (YNP), WY, at or near the boundary between the 

Northern and Middle Rocky Mountain geomorphic provinces. The high pH sites are distributed 

between YNP and areas of California and Oregon within the Basin and Range geomorphic 

province. Thus, microbiological and physicochemical data that include Hg measurements are 

available for only a limited number of geothermal features across the region.  
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The 56 sites in which Hg has been measured exhibit a wide range of THg concentrations (SI 

Tables 1 and 2). Values range from 1.6 ng/L in circumneutral, moderate temperature, low 

sulfide, filtered water at a site within the Chocolate Pots thermal feature in YNP (Ball et al., 

2008), to 24 g/L in high pH, moderate temperature, high sulfide water of hot springs on Paoha 

Island in Mono Lake, CA (Mariner et al., 1977). Sites were further grouped according to THg 

concentration: low Hg sites with THg concentrations ≤100 ng/L and high Hg sites with THg 

concentrations >100 ng/L (Fig. 2). Mercury concentrations >100 ng/L are considered high for 

surface waters. Non-geothermal Hg-contaminated sites exhibiting Hg concentrations >100 ng/L 

have been shown to select for Hg-resistant microorganisms (Schaefer et al., 2004) as has Coso 

Spring, a low pH hot spring with mg/L concentrations of suspended cinnabar derived from a 

natural subsurface source (Simbahan et al., 2005). Since Hg availability and toxicity is 

influenced by pH, temperature and sulfide (Benoit et al., 2001; Benoit et al., 1999; Edgcomb et 

al., 2004; Farrell et al., 1990; Varekamp and Buseck, 1984), grouping of sites according to these 

environmental variables reflects Hg bioavailability.  

The site groups generally contain different numbers of sites with low and high THg 

concentration (Fig. 2). Several site groups contain only sites with high or low THg 

concentrations, while no Hg data is available for any of the sites in the circumneutral, low 

temperature, high sulfide group or any of the sites in the acidic, low temperature high sulfide 

group. The majority of high pH site groups have only one site in which Hg was measured (Fig. 

2).  

2.2. Distribution of prokaryotic taxa 

A total of 245 prokaryotic taxa have been reported across all 271 geothermal sites with 

microbiological and physicochemical data (Table 1). Taxonomic assignments range from low 
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resolution domain-level affiliations to high resolution genus-species identification, although 

genus is the highest resolution considered here (SI Figs. 1-3). Assignments are primarily based 

on 16S rRNA gene sequence analysis of isolates and environmental clone libraries and to a lesser 

extent on metagenomic analysis of samples collected from the sites.  

The prokaryotic taxa reported across the 56 sites in which Hg was measured comprise 42% 

of the taxa distributed across all 271 sites (Table 1). Representation of taxa at sites with and 

without Hg data varies across the pH range. Of taxa reported across all 86 acidic sites 55% are 

present in one or more of the 27 sites in which Hg concentration was measured (Table 1). 

However, only 39% or 73 of the 187 taxa reported across all 141 circumneutral sites are present 

in the 19 sites in which Hg was measured, and only 21% or 19 the 89 taxa reported across all 44 

high pH sites are present in the 10 sites in which Hg was measured (Table 1). A plot of the 

number of taxa vs. number of Hg-containing sites investigated reveals a rarefaction curve 

showing that the number of taxa in Hg-containing sites will plateau far short of the 245 taxa 

detected across the 271 sites reported here (SI Fig 4). Nevertheless, it remains to be determined 

whether any of the taxa reported at one or more of the 271 sites that were not detected at any of 

the 56 sites in which Hg was measured reflects their sensitivity to Hg.  

2.2.1. Distribution of Bacteria and Archaea  

Bacterial taxa outnumber archaeal taxa across all 271 sites with microbiological and 

physicochemical data (Table 1). Specifically, bacterial taxa outnumber archaeal taxa across the 

141 circumneutral and 44 high pH sites, whereas archaeal taxa outnumber bacterial taxa across 

the 86 acidic sites (Table 1). Correspondingly, richness of the bacterial community was higher 

than that of the archaeal community across the 10 high pH and 19 circumneutral sites with Hg 

data, while richness of the archaeal community was higher than that of the bacterial community 
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across the 27 acidic sites in which Hg was measured (Table 1). Thus, the relative changes in 

bacterial and archaeal richness across the pH range of Hg-containing sites reflects the trend 

exhibited by the larger subset of geothermal features across the region. These data are consistent 

with previous reports of the dominance of Archaea in sulfidic, acidic systems and the dominance 

of Bacteria in low sulfide, circumneutral and high pH geothermal systems in western NA 

(Hugenholtz et al., 1998; Inskeep et al., 2013; Klatt et al., 2013; Meyer-Dombard et al., 2011). 

However, exceptions to these trends have been observed. DeLeon et al (De Leon et al., 2013) 

recently reported higher than expected archaeal diversity at high pH sites in YNP, and Costa et 

al. (Costa et al., 2009) found comparable archaeal and bacterial richness in low sulfide 

circumneutral hot springs in the Basin and Range geomorphic province in Nevada.  

Richness-based beta diversity, the effective number of distinct compositional units in a 

region, was determined for each site group. Beta diversity was standardized across site groups 

using the Sorensen index of dissimilarity to minimize the effect of differences in the number of 

sites in the groups on the diversity value (Chao et al., 2012). Index values for 12 of the 18 site 

groups range from 0.17 to 1.0 for archaeal communities and from 0.31 to 0.74 for bacterial 

communities (Table 2). The remaining site groups contain fewer than two sites or exhibit a beta 

diversity of 1, resulting in zero or negative index values. Table 2 also reveals patterns of 

dissimilarity across site groups. Dissimilarity is greater in archaeal than in bacterial communities 

in 8 of the 12 site groups. However, the difference is less than 23% (mean = 14±6%) in 5 of 

these groups. Dissimilarity of archaeal communities exceeds that of bacterial communities by 

approximately a factor of two across all acidic and high pH, low temperature, low sulfide site 

groups, across all circumneutral, moderate temperature, low sulfide site groups and across all 

high temperature, high sulfide site groups. Dissimilarity of bacterial communities exceeds that of 
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archaeal communities by more than a factor of two across all acidic, high temperature, low 

sulfide and across all moderate temperature low sulfide site groups. 

Sulfide concentration has a greater effect on the dissimilarity of archaeal than bacterial 

communities across some temperature and pH ranges. When dissimilarity is greater in low than 

in high sulfide site groups with the same temperature and pH ranges, the difference is 

significantly greater (p < 0.05) for the archaeal communities (2.3±0.30-fold, n=3) than for the 

bacterial communities (1.3±0.22-fold, n=3) (Table 2). When dissimilarity is less in low than in 

high sulfide site groups with the same temperature and pH ranges, the difference for the archaeal 

communities (1.7±0.22-fold, n=2) is again greater than that for the bacterial communities (0.52-

fold, n=1). Thus, sulfide concentration appears to have a more pronounced effect on archaeal 

community dissimilarity than on bacterial community dissimilarity across these temperature and 

pH ranges.  

Sorensen index values for communities associated with the different site groups were 

subjected to principal component analysis (PCA) using XLSTAT Version 2016.02.28540. The 

three pH ranges served as the variables and the different combinations of temperature and sulfide 

ranges served as the observations. Missing data for four observations were replaced using the 

mean or mode method. Dissimilarity in low and moderate temperature, low sulfide site groups 

and in high temperature high sulfide site groups account for most observation variance in the 

first dimension (F1) while dissimilarity in the moderate temperature high sulfide site group 

accounts for most of the observation variance in the second dimension (F2) (Fig. 3). The 

dissimilarity of archaeal communities in acidic and high pH sites accounts for most of the 

variance among variables, while dissimilarity of archaeal and bacterial communities associated 

with the low temperature, low sulfide sites accounts for most of the variance among observations 
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in the first dimension (Fig. 3). The dissimilarity of archaeal and bacterial communities in 

circumneutral sites accounts for most of the variance among variables and that in moderate 

temperature, high sulfide sites accounts for most of the variance among observations in the 

second dimension (Fig. 3). The variance across these two dimensions accounts for 83% of the 

variance in community dissimilarity across site groups. The variance in dissimilarity of bacterial 

communities in high pH site groups accounts for much of the variance in high temperature, high 

sulfide site groups (Fig. 3). The dissimilarities of archaeal communities in acidic and high pH 

site groups are positively correlated (Pearson correlation =0.89), as are the dissimilarities of 

archaeal communities in circumneutral site groups and bacterial communities in acidic site 

groups (0.86). In summary, the results show that pH, temperature and sulfide concentration 

collectively exert a large impact on beta diversity of archaeal and bacterial communities in these 

geothermal systems. The beta diversity trends exhibited by archaeal communities often differ 

from those of bacterial communities across the same range of pH, temperatures and sulfide 

concentrations in geothermal systems. It remains to be determined whether these trends are 

maintained as more microbial community and physicochemical data are obtained for sites that 

fall within the underrepresented site groups.  

2.2.2. Prokaryotic taxa at acidic sites containing Hg 

A number of taxa appear to be common inhabitants of Hg-containing geothermal systems. Of 

the 46 taxa reported across all 27 acidic sites in which Hg was measured, 7 Archaea and 4 

Bacteria taxa were detected at three or more sites (SI Table 3). That some taxa are reported at 

more sites than other taxa to some extent reflects the inclusion of data from distribution studies 

of specifically targeted taxa (Clingenpeel et al., 2013; Kozubal et al., 2008; Miller-Coleman et 
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al., 2012; Papke et al., 2003; Reysenbach et al., 2005; Ross et al., 2012; Takacs-Vesbach et al., 

2013; Takacs-Vesbach et al., 2008; Tin et al., 2011; Whitaker et al., 2003).  

The genus Hydrogenobaculum (domain Bacteria, phylum Aquificae) is not only the most 

frequently reported taxon across all 86 acidic sites (present at 29 or 34% of the sites) with 

microbiological and physicochemical data (SI Figs. 1a-f), but is also the most frequently reported 

taxon across the 27 acidic sites (detected at 14 or 52% of the sites) in which Hg was measured 

(SI Table 3). The majority of the sites (9 of 14) in which this genus has been reported are high 

Hg sites. The majority (11) of these 14 sites also have a high or moderate temperature and high 

sulfide concentration; conditions that favor Hg volatilization and precipitation which reduce Hg 

bioavailability (Benoit et al., 2001; Benoit et al., 1999; Varekamp and Buseck, 1983; Varekamp 

and Buseck, 1984). The high frequency of occurrence of Hydrogenobaculum at sites with these 

characteristics is consistent with its widespread distribution across acidic, sulfur-containing 

geothermal habitats (Burgess et al., 2012; Donahoe-Christiansen et al., 2004; Mathur et al., 2007; 

Reysenbach et al., 2005). 

Among Archaea, the genus Metallosphaera (phylum Crenarchaeota) is a common inhabitant 

of acidic geothermal sites, particularly those containing iron (Kozubal et al., 2008). The genus 

has been reported in 39 (45%) of the 86 acidic sites with microbiological data (SI Figs. 1a-f) and 

in 5 or 19% of the 27 sites in which Hg was also measured, the majority of which (4 of 5) are 

high Hg sites (SI Table 3). Other taxa detected at three or more acidic, Hg-containing sites 

include the crenarchaeotes Acidianus, Thermocladium and Thermoproteus, the actinobacteria 

Acidimicrobium and the firmicutes Alicyclobacillus and Sulfobacillus. To date, the sites at which 

Acidimicrobium has been reported are all low Hg sites, whereas at least one of the sites in which 

the other taxa have been reported is a high Hg site. Other taxa detected at more than one low Hg 
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site include Group I.1-e Thaumarchaeota and the proteobacteria Desulfurella (SI Figs. 1a-d, 1f). 

To date, the sites in which Hg was measured that contain Group I.1-e Thaumarchaeota and 

Desulfurella are all low Hg sites (SI Table 3). Additional studies are needed to determine 

whether some prokaryotic taxa are unable to tolerate the high THg concentrations that occur at 

some acidic geothermal sites. However, the limited data to date suggest that a number of 

archaeal and bacterial taxa tolerate the high THg concentrations at many acidic geothermal sites. 

2.2.3. Prokaryotic taxa at circumneutral sites containing Hg 

There are fewer total prokaryotic taxa but more bacterial taxa reported at high frequency (3 

or more sites) across all 19 circumneutral sites in which Hg was measured than are reported 

across the 27 acidic sites in which Hg was measured. Of the 73 taxa reported across the 19 

circumneutral sites, 1 Archaea and 5 Bacteria are reported at high frequency (SI Table 4). The 

archaeon Vulcanisaeta is the only genus reported at high frequency across acidic and 

circumneutral sites in which Hg was measured, all but one of which are high Hg sites. Similarly, 

the majority of circumneutral sites supporting the frequently encountered chemotrophic Bacteria 

Thermus, Hydrogenothermus and Thermocrinus are high Hg sites. By contrast, the majority of 

circumneutral sites supporting the frequently reported phototrophic Bacteria Chloroflexus and 

Synechococcus are low Hg sites. Additional studies are needed to determine whether phototrophs 

are more sensitive to Hg than chemotrophs in these circumneutral geothermal systems.   

2.2.4. Prokaryotic taxa at high pH sites containing Hg 

Of the 19 prokaryotic taxa reported across all 10 high pH sites in which Hg was measured, 

only the cyanobacterium Synechococcus was detected at high frequency (SI Table 5). 

Synechococcus ecotypes have been shown to inhabit microbial mats at a number of 

circumneutral geothermal sites in western NA, particularly those with low to moderate 
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temperatures (Papke et al., 2003). The seven high pH sites in which Synechococcus was detected 

are distributed across all temperature and sulfide groups except the low temperature, high sulfide 

group (SI Table 5). The data suggest that Synechococcus tolerates low THg concentrations in the 

presence of high and low sulfide concentrations at high temperatures, high Hg concentrations in 

the presence of high and low sulfide concentrations at moderate temperatures, and high Hg 

concentrations in the presence of  high sulfide concentrations at low temperatures (SI Table 5). 

Thus, Synechococcus may be less tolerant of high Hg concentrations at high temperatures than at 

moderate and low temperatures.  

Of the high pH sites in which Hg was measured, those with low Hg contain the majority of 

taxa (16 of 19) (SI Table 5). Only Group 1 Crenarchaeota, the -proteobacteria 

Ectothiorhodospira and the cyanobacterium Oscillatoria were reported at high pH sites with 

high THg concentrations (SI Table 5). The results suggest that across the pH range of geothermal 

systems in NA, archaeal and bacterial richness appears most constrained by Hg concentration 

under high pH conditions.  

3. Potential for Hg reduction and detoxification in terrestrial hot springs in western North 

America 

Mercury is a widespread and persistent toxic element that when converted to its methylated 

form, the potent neurotoxic substance monomethylmercury (MeHg), is bioaccumulated and 

biomagnified through organisms in food chains. At the top of the food chain, therefore, 

organisms may contain extremely high MeHg concentrations leading to neurological damage and 

sometimes death (Driscoll et al., 2013). Microorganisms play an important role in modulating 

MeHg formation in the environment by methylating inorganic Hg to MeHg, degradation MeHg, 

and carrying out redox transformations that control the availability of inorganic Hg to 
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methylating microbes (Barkay et al., 2003).  

While human activities have added Hg to many environments, particularly since the advance 

of the industrial revolution, [reviewed by (Driscoll et al., 2013)], natural processes are 

responsible for Hg enrichment in geothermal environments above the element’s average 

abundance in the earth crust (see above). This fact raises the interesting hypothesis that 

thermophilic microbes evolved in the presence of Hg in geothermal environments (Barkay et al., 

2010; Vetriani et al., 2005) creating a genetic potential that, when challenged by increased 

anthropogenic Hg inputs elsewhere, could spread to diverse microbes in more recently Hg-

impacted environments (Boyd and Barkay, 2012). While this hypothesis was tested by analyzing 

the composition of mercury resistance operons (mer operons) in sequenced microbial genomes 

(Boyd and Barkay, 2012), here we examine this possibility by considering abundance and 

distribution of MerA, the mercuric reductase enzyme, in metagenomes from geothermal 

environments. Mercury methylation is not considered in this paper as there is little information 

currently available on methylation by microorganisms in hot springs and on the effect of MeHg 

on life in geothermal environments.   

3.1. mer operon-mediated Hg resistance 

Mercury is the most toxic metal to microorganisms inhibiting growth in common laboratory 

media when a concentration of a few µM is exceeded (Nies, 1999). The major mechanism of this 

toxicity is the consequence of the very high affinity of Hg to thiol moieties leading to the 

distortion of protein structure and loss of activity. To survive this high toxicity, microbes may 

employ an elaborate resistance system, encoded by the mer operon, whereby exposed cells 

actively transport inorganic Hg into the cell where it is reduced to the elemental form, Hg0, by 

MerA.  Because Hg0 is lipophilic and highly volatile (Henry’s constant 0.3 dimensionless) and 
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has low aqueous solubility (6 µg per 100 ml of water at 25 ºC), it readily diffuses out of the cell 

and partitioned into the gaseous phase and away from the immediate environment of the resistant 

microbe (Barkay et al., 2003). 

 The mer operon, initially characterized among common mesophilic bacteria (Smith, 1967), 

was more recently described among several thermophilic bacteria (Freedman et al., 2012; Wang 

et al., 2009) and archaea (Artz et al., 2015; Schelert et al., 2004) from deep-sea hydrothermal 

vents and marine and terrestrial hot springs. We have assessed the role of the mer operon in Hg 

detoxification in terrestrial hot springs by examining the abundance of MerA homologs, 

specifying the central function of the mer operon (Barkay et al., 2003) in the genomes of 

microbes common in hot springs (section 3.1.1 and SI Table 6) and in metagenomes of microbial 

mats (section 3.1.2 and SI Table 6). 

3.1.1. Occurrence of MerA in microbial taxa found in geothermal systems of western North 

America 

The potential for MerA to increase microbial fitness in hot springs was examined by looking 

for MerA in the genomes of microbes that have been reported in geothermal systems by 

homology searches of their translated complete microbial genomes.  Among 245 bacterial and 

archaeal taxa detected across hot springs in western NA (SI Figs. 1-3), at least 9 archaeal and 29 

bacterial taxa had at least one representative where MerA was present (SI Table 6).  The 

remaining included taxa for which complete genome sequences are not yet available or 

homology searches failed to detect MerA.  The distribution of MerA-carrying taxa in the 

different classes of springs shows interesting trends: 

1. At low pH springs archaeal and bacterial taxa have similar representation of MerA while 

bacterial MerA-carrying taxa dominate at higher pH springs (Fig. 4). Moreover, archaeal taxa 
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with MerA homologs are particularly rare in cooler springs, i.e., <55 ºC.  This distribution 

may simply reflect taxa abundance as metagenomic analysis indicates that at pH <4.5 

microbial surface-associated communities consist mostly of Archaea and the bacterial order 

Aquificales, whereas Bacteria are common in less acidic springs (Inskeep et al., 2013). 

2. Consistent with prior observations on the intolerance of Cyanobacteria to low pH (Brock, 

1973), phototrophic taxa, both anoxygenic and oxygenic, are not present in springs with pH 

<4.5 (SI Table 6). While homologs of the broadly-distributed Tn501-like MerA (Barkay et 

al., 2003) and the newly discovered Synechocystis-like MerA (Marteyn et al., 2013) were 

detected among cyanobacterial taxa, low levels of homology (e value of ~ 50 for the entire 

protein sequence) were noted. For example, the presence of only 9 of 16 conserved amino 

acid residues in the redox active site of MerA and absence of amino acids residues essential 

for MerA activity (Barkay et al., 2010; Boyd and Barkay, 2012) question the functionality of 

Tn501-like MerA among Chloroflexi and the Cyanobacteria.  The environmental 

significance of the Synechocystis MerA, strongly suggested by the occurrence of taxa with 

this locus across a broad range of ecological niches (SI Table 6), is presently unknown. 

3.1.2. Relationships between occurrence of MerA in microbial communities and geothermal 

spring pH 

The occurrence of MerA homologs in the metagenomes of microbial communities from hot 

springs in the northwestern U.S. was determined by searching the Joint Genome Institute (JGI) 

translated metagenomes databases (https://img.jgi.doe.gov/cgi-

bin/m/main.cgi?section=FindGenesBlast&page=geneSearchBlast) using the protein sequence of 

the prototypic Tn501 MerA (accession number CAA77323;Fox, 1982 #136}. At the time of this 

analysis, April 2015, there were 64 such metagenomes in the database (SI Table 7) with a total of 



19 
 

23,811,152 genes, 165 of which were homologs of MerA giving an overall frequency of 1 

homolog/1.4x105 genes. It will be interesting to see if MerA frequency correlates with the 

concentration of Hg as more Hg data becomes available. 

3.1.2.1. pH-dependent distribution of MerA in metagenomes    

A clear inverse correlation is observed between spring pH and the frequency of MerA 

homologs in the community metagenome gene pool (Fig. 5A). Springs at pH <4.5 had an 

average of 102 MerA homologs/106 genes, those at pH of 4.5-8.0, 14 MerA/106 genes and the 

single spring at a pH >8.0 where MerA was detected had 12 MerA/106 genes. Note that this 

analysis includes only metagenomes where MerA was detected and those with >104 total gene 

counts. In addition, at pH<4.5 MerA homologs are present in most metagenomes (17 of 21), at 

lower frequency (8 of 22) at circumneutral pH, and in only 1 of 5 metagenomes from high pH 

sites (Fig. 5B).  

We performed PCA analysis to further examine the relationships between MerA frequency 

and spring pH and temperature. There was not enough springs with known sulfide and Hg 

concentrations to include these variables in the analysis. A PCA biplot of this frequency as a 

function of spring pH and temperature clearly shows the opposing directions of MerA 

distribution and spring pH (Fig. 5C). In fact, five of the seven highest frequencies of MerA, 124 

to 154x10-6 MerA/gene) are in springs with pH < 4.5 whereas the lowest MerA frequencies (7 to 

26x10-6), are associated with six of eight springs with pH of 5.7 to 7.6. Temperature has a slight 

positive effect on MerA frequency over the temperature range of 53 ºC to 90 ºC, which spans all 

sites for which metagenome sequences were available (SI Table 7). Thus, acidic springs are more 

likely to have populations containing MerA homologs. This relationship may be related to the 

higher concentration of dissolved total Hg in the water of low, as compared to higher, pH springs 
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(D.K. Nordstrom, personal communication) suggesting selection of taxa that possess MerA in 

the springs.  This abundance of MerA in metagenomes from acidic springs is consistent with the 

frequent presence of MerA in the genomes of acidophilic Archaea (SI Table 6) (Barkay et al., 

2010; Boyd and Barkay, 2012), and with the definition of low pH springs as archaeal systems 

(Inskeep et al., 2013). Similar analyses relating spring temperature to presence and abundance of 

MerA showed no significant trends or patterns.  

3.1.2.2. MerA type distribution   

All MerA homologs were identified by their similarity to known MerA sequences using 

tblastn searches 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=tblastn&PAGE_TYPE=BlastSearch&LINK

_LOC=blasthome). Most homologs are most closely related to archaeal sequences (Fig. 6) and 

they are related to four order-specific groups, two within the Crenarchaeota (Sulfolobales and 

Thermoproteales), one within the Euryarchaeota (Thermoplasmatales) and one within the 

Thaumararchaeota (Nitrososphaerales).  Bacterial homologs are very rare and the majority are 

found in a single very large metagenome from Obsidian Pool where about half of all homologs 

are bacterial.  

When the class-level distribution is considered relative to pH of the spring water, some clear 

patterns emerge (Fig. 7). Sulfolobales-type MerA sequences were mostly present in low pH 

springs while the Nitrososphaerales-type sequences were not present at any spring with a pH < 

3.0. Interestingly, (Beam et al., 2014) reported dominance of Thaumarchaeota-related sequences 

in the metagenomes of low pH Yellowstone springs (pH 2.9-3.1). This apparent discrepancy may 

simply be due to the fact that Nitrososphaerales-like MerA were identified here by their closest 

similarity to MerA of Candidatus Nitrososphaera gargensis Ga9.2 (SI Table 6), a strain that was 
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isolated from a hot spring with slightly alkaline pH (Lebedeva et al., 2005). Thus, as was 

observed with pure cultures (see 4.1.1), MerA distribution followed the distribution of taxa most 

notably with regard to sequences affiliated with the Sulfolobales and their preference in low pH 

springs (Inskeep et al., 2013). 

3.1.2.3. Relationship of MerA occurrence to taxa detected at acidic sites  

Previous studies suggest that some taxa of the Aquificae, including Hydrogenobaculum 

possess early forms of the mer operon (Barkay et al., 2010; Freedman et al., 2012; Romano et al., 

2013). However, a MerA homolog most closely affiliated with Hydrogenobaculum has yet to be 

reported at a site in which both the taxon and Hg are found. This taxon’s close association with 

elemental sulfur in acidic geothermal systems may offer a different means of protection, possibly 

by occupying a niche where Hg bioavailability is reduced, precluding the need for MerA under 

these conditions.  

Metagenomic studies have also detected gene sequences most closely affiliated with MerA of 

the crenarchaeote Metallosphaera at four of the acidic sites in which the genus was detected and 

Hg was measured (SI Figs. 1a, 1c and 1d). Given its frequency and abundance at Hg-containing 

sites, Metallosphaera may play a significant role in Hg reduction in its habitat.  MerA most 

closely affiliated with other crenarchaeotes (Sulfolobus, Caldiverga and Vulcanisaeta) have been 

reported at one or more of the same sites in which these genera were detected (SI Figs. 1a and 

1d, SI Table 8). All three genera have been reported at low and high Hg sites (SI Table 3). Thus, 

lineages of the Crenarchaeota may be important mediators of Hg reduction in acidic geothermal 

systems. 

3.1.2.4. Relationship of MerA occurrence to taxa detected at circumneutral sites 
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MerA have also been detected for less frequently encountered taxa at circumneutral sites 

with Hg data. MerA most closely affiliated with the crenarchaeote Pyrobaculum and the 

Aquificae Hydrogenobacter have been detected at high temperature, high sulfide, high-Hg sites 

in which these genera have been reported (SI Fig. 2a-1 and 2a-2, SI Table 8). Thus, MerA 

homologs are distributed across bacterial and archaeal taxa inhabiting circumneutral as well as 

acidic high temperature, high sulfide sites. 

3.1.2.5. Relationship of MerA system occurrence to taxa detected at high pH sites 

MerA have been detected in two high pH geothermal systems in YNP: one affiliated with 

Pyrobaculum in Conch Spring (SI Fig. 3a, SI Table 8) and one affiliated with Rhodothermus at 

low Hg Bijah Spring (Wang et al., 2011). No Hg data is yet available for Conch Spring and no 

taxon closely related to Rhodothermus has yet been detected in Bijah Spring. Thus, the 

significance of MerA in high pH geothermal systems remains to be determined. To date, MerA 

has been reported for only a small fraction of the taxa detected at Hg-containing geothermal 

systems. The majority of taxa inhabiting these systems may therefore utilize MerA that have 

evaded detection by protein homology studies or because they utilize an alternative Hg resistance 

system. 

3.2. Relating MerA distribution and frequency in hot spring microbial communities to its 

global distribution and potential utilization in Hg bioremediation 

Of the mechanisms known to confer Hg resistance to microorganisms (Barkay et al., 2003; 

Hidalgo et al., 2010; Latinwo et al., 1998) the MerA-mediated system is the most successful Hg 

detoxification known to date. Phylogenetic reconstructions strongly support an origin and early 

evolution of MerA, the central function of the mer operons, in geothermal environments (Barkay 

et al., 2010) and subsequent developments by localization on plasmids, addition of transport 
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functions, and increasing sophistication of regulatory circuits that tightly control mer operon 

expression (Boyd and Barkay, 2012). The result is a highly efficient Hg detoxification system 

that is broadly distributed among obligate and facultative aerobic microbes in all environments 

and provides the important ecosystem service of converting Hg(II) to Hg(0) in those 

environments where Hg(II) may exist at toxic levels (Barkay et al., 2010). Furthermore, mer 

operon activities are used to treat Hg-laden wastes (Wagner-Döbler et al., 2000b), for the 

construction of bioreporters to detect bioavailable Hg(II) (Chiasson-Gould et al., 2014) and to 

manufacture Hg-specific biosorbents (Kostal et al., 2003).  

By investigating patterns of MerA distribution among microbial taxa in geothermal 

environments where this protein originated, it should be possible to identify conditions that 

constrain MerA success as a detoxification system. For example, in sections 3.1.2.2. to 3.1.2.5 

above and in Figure 7, MerA distribution followed taxa distribution suggesting that taxon fitness 

determines MerA distribution, a pattern that extends to global distribution of MerA (Barkay et 

al., 2010; Boyd and Barkay, 2012).  In man-impacted environments one expects, and indeed 

observes (Wagner-Döbler et al., 2000a) that it is the indigenous members of the community, 

rather than strains genetically engineered to optimize mer operon activities (Horn et al., 1994) 

that dominate Hg removal. The strong relationship between MerA frequency and pH revealed 

above (section 3.1.2.1 and Fig. 7) supports other studies which have documented the influence of 

pH on Hg bioavailability (Kelly et al., 2003). This knowledge should provide valuable insight on 

the conditions under which the mer operon activities will be most successful as a bioremediation 

strategy.   

4. Summary 
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Microbiological and physicochemical data that include Hg measurements are available for a 

limited number of geothermal features across western NA. Those features in which Hg has been 

reported, the majority of which contain sulfide and have high or moderate temperature and 

circumneutral or acidic pH, exhibit a wide range of Hg concentrations. Acidic, Hg-containing 

sites have the greatest portion of taxa reported across acidic sites for which microbiological data 

is available while high pH, Hg-containing sites have the smallest portion of taxa reported across 

the corresponding high pH sites. It remains to be determined whether microbial communities at 

high pH sites contain a higher percentage of Hg-sensitive taxa than those at acidic sites.  

However, bacterial and archaeal genera known to carry MerA, the enzyme that specifies 

resistance to Hg, have been isolated from many hot springs with archaeal taxa dominating in low 

pH and bacterial taxa dominating in circumneutral and high pH springs. Interestingly, 

phototrophic taxa with MerA homologs are only detected in circumneutral and high pH sites.  

Thus, a potential for mer-operon mediated Hg detoxification exists in geothermal springs and its 

distribution depends on taxon distribution as constrained by physical and chemical factors. 

Richness of bacterial communities is greater than that of archaeal communities across Hg-

containing circumneutral and high pH sites while the opposite is observed across Hg-containing 

acidic sites, a pattern that extends across the broader geothermal landscape irrespective of the 

presence of Hg. Richness-based beta diversity of bacterial and archaeal communities varies 

across the pH, temperature and sulfide concentration range of geothermal systems in NA. Sulfide 

concentration appears to have a greater effect on archaeal than on bacterial community 

dissimilarity across some temperature and pH ranges. The beta diversity trends exhibited by 

archaeal communities often differ from those of bacterial communities across the same range of 

pH, temperatures and sulfide concentrations in these systems. 
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The taxa most commonly encountered within the Hg-containing acidic, circumneutral and 

high pH site groups generally differ from one another. The exceptions are Vulcanisaeta which is 

common across both acidic and circumneutral site groups and Synechococcus which is common 

across both circumneutral and high pH site groups. 

Homologs of MerA are present in microbial community metagenomes from 16 of 48 springs 

for which metagenomes were available. Low pH springs emerge as an environment favoring 

MerA as (i) most metagenomes from such springs contain MerA, (ii) MerA is more abundant in 

acidic than circumneutal and high pH springs, and (iii) PCA analysis clearly shows an inverse 

relationship between spring pH and MerA frequency. These relationships are likely related to 

higher concentrations of dissolved Hg, and thus Hg bioavailability, in low pH springs. 

Most MerA homologs detected in metagenomes from hot springs in the western U.S. are 

most similar to those of four archaeal orders common in geothermal springs, including 

Sulfolobales which dominate acidic springs and Nitrososphaerales which are restricted to springs 

with pH >3.0. The MerA homologs most similar to those of Bacteria come from one large 

metagenome from a circumneutral spring. These patterns are only partially explained by known 

distribution patterns of microbial taxa, highlighting our limited understanding of factors that 

constrain taxa distribution and Hg bioavailability in geothermal ecosystems. 

5. Challenges 

An understanding of the interactions between Hg and microorganisms in geothermal systems, 

while assisted in recent decades by improvements in molecular methods, still faces major 

challenges. Some challenges are specific to geothermal systems while others apply to many 

environments where Hg and microorganisms coexist. 
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1. Microbial communities in geothermal systems often exist in sediments or as substratum-

associated biofilms or mats. Strong chemical gradients develop within these sessile 

communities due to mass transport limitations. Thus, the chemical conditions (i.e., pH, 

sulfide and Hg concentration) to which these communities are exposed typically differ from 

what is measured in the overlying bulk aqueous phase.  

2. We do not yet know the spatial boundaries of a functional community residing in the 

chemical gradients of these systems. Consequently, we do not know the concentrations of a 

chemical to which the community is exposed. Even if the area or volume of a functional 

community can be defined, the size of a sample may not be large enough for chemical 

analysis. 

3.   The communities are not only influenced by the chemistry of the overlying bulk aqueous 

phase but also by the chemistry and mineralogy of the solid phase with which they are 

associated (Ramsing et al., 2000; Reardon et al., 2004; Ruff-Roberts et al., 1994). Some of 

the same aqueous phase elements that influence community composition may also be 

present in the solid phase (i.e., sulfide and Hg in the form of cinnabar or metacinnabar). 

Furthermore, unknown heterogeneities on the surface of the solid phase may also influence 

community distribution. 

4. The temperature and chemistry of many geothermal features vary over time. The 

composition of the microbial community is likely to change in response to these 

environmental variables. Sampling for microbiological and chemical characterization, 

including Hg, needs to be carried out simultaneously across different time scales to 

determine how variations in Hg concentration affect community composition. 
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5. Geothermal systems often contain both soluble chemicals and particulate mineral phases that 

react strongly with Hg. The interactions of Hg with dissolved organic matter and sulfides 

are currently considered to drive Hg bioavailability in both soluble and mineral phases in 

sedimentary environments (Hsu-Kim et al., 2013). While, it is likely that these interactions 

also influence Hg bioavailability in geothermal microbial communities, the critical 

combined effects of pH and temperature on taxa and MerA distributions clearly highlight 

the need to integrate factors unique to geothermal systems into existing paradigms of Hg 

bioavailability. Thus, the study of such systems provides unique opportunities to expand our 

understanding of Hg biogeochemistry in environments where microbial interactions with 

this toxic metal has been evolving for billions of years. 

6. Future directions for research 

Microorganisms appear to have been exposed to Hg early in their evolution during 

colonization of geothermal habitats (Barkay et al., 2010).  The interactions that have evolved 

between Hg and microorganisms in these systems over time likely affect those which have 

developed more recently in environments impacted by anthropogenic inputs of Hg. Perhaps the 

most important thing learned from the current synthesis is the need for a systematic coordinated 

interdisciplinary research approach to microbiological and geochemical sampling and analysis, 

including Hg and its various forms in geothermal systems. This approach should fill many of the 

gaps in our understanding of microbe-Hg interactions and provide a clearer picture of 

biogeochemical cycling of Hg in these systems.  
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Table 1. Distribution of archaeal and bacterial taxa across pH site groups   

Site group   
No. of 
sites   

No. of 
archaeal 

taxa   

No. of 
bacterial 

taxa   

No. of 
prokaryotic 

taxa 

All sites with microbiological & 
physicochemical data 

 
271  83  162  245 

All acidic sites with microbiological & 
physicochemical data 

 
86  46  38  84 

All circumneutral sites with 
microbiological & physicochemical data 

 
141  55  132  187 

All high pH sites with microbiological & 
physicochemical data 

 
44  32  57  89 

All sites with microbiological & 
physicochemical data including Hg 

 
56  38  65  103 

All acidic sites with microbiological & 
physicochemical data including Hg 

 
27  27  19  46 

All circumneutral sites with 
microbiological & physicochemical data 
including Hg  

19  20  53  73 

All high pH sites with microbiological & 
physicochemical data including Hg   

10   3   16   19 

 



Table 2. Sorensen index of dissimilarity for prokaryotic communities in different site groups         

   Archaeal communities  Bacterial communities 

Site group  Acidic  Circumneutral  High pH  Acidic  Circumneutral  High pH 

highTa, highSa 
 0.17 (16)b  0.66 (15)  0.75 (3)  0.64 (6)  0.38 (23)  0.67 (3) 

highT, lowS  0.42 (6)  0.43 (23)  NDc (1)  ND (1)  0.37 (26)  0.48 (5) 

modT, highS  0.49 (16)  0.40 (3)  ND (1)  0.46 (11)  0.31 (10)  ND (1) 

modT, lowS  0.26 (15)  0.79 (8)  0.61 (9)  0.69 (9)  0.45 (9)  0.52 (11) 

lowT, highS  0.40 (2)  ND (1)  ND (0)  0.60 (2)  0.67 (5)  ND (0) 

lowT, lowS   1.0 (3)   ND (0)   1.0 (2)   0.56 (6)   0.74 (6)   0.47 (6) 
 aT and S refer to temperature and sulfide concentration, respectively 
bnumber of sites is in parenthesis 
cno data         

 



Figure Legends 

 
Figure 1. Overview of mercury pathways and transformations in terrestrial geothermal systems 
as constructed from Sabadell and Axtmann 1975; Varekamp and Bruseck, 1984; Varekamp and 
Bruseck, 1986.  

Figure 2. Distribution of sites with Hg data across site groups. T refers to temperature, ModT 
refers to moderate temperature, S+ and S- refer to high and low sulfide concentration, 
respectively. 

Figure 3. Principal component analysis constructed with beta diversity dissimilarity transformed 
into Sorensen index values. Principal component 1, F1 and principal component 2, F2, plotted 
against each other, with a total of 83.02% of variation explained. A-A = archaeal-acidic pH, A-N 
= archaeal-circumneutral pH, A-H = archaeal-high pH, B-A = bacterial-acidic pH, B-N = 
bacterial-circumneutral pH, B-H = bacterial-high pH, hThS = high temperature, high sulfide 
concentration, hTlS = high temperature, low sulfide concentration, mThS = moderate 
temperature, high sulfide concentration, mTlS = moderate temperature, low sulfide 
concentration, lThS = low temperature, high sulfide concentration, lTlS = low temperature, low 
sulfide concentration. 
 
Figure 4. The distribution of bacterial and archaeal MerA-carrying taxa in hot springs in NA. 
MerA homologs were detected by a blastp search using https://img.jgi.doe.gov/cgi-
bin/m/main.cgi?section=FindGenesBlast&page=geneSearchBlast. MerA of Tn501 was used as a 
query and the search was constrained to e values of <10-50. 

Figure 5. Relationships between MerA distribution and spring physicochemical parameters. (A) 
frequency of MerA in metagenomes in which MerA was detected as a function of site pH, (B) 
the number of metagenomes in which MerA was detected (unfilled bars) and the number of 
metagenomes (filled bars) available from sites with a pH within the indicated range, (C) 
principal component analysis constructed with site MerA frequencies, temperature and pH. 
Principal component 1, F1 and principal component 2, F2, plotted against each other, with a total 
of 83.02% of variation explained.  
 
Figure 6. Order-specific affiliation of MerA homologs from hot springs microbial communities.  
Homologs were sorted by the taxonomic order of their most closely related MerA sequence. 
 
Figure 7. Distribution of MerA homologs as a function of spring pH. 
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