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ABSTRACT 

The transformation of arsenic, sulfur, and thioarsenic compounds was examined in 

alkaline, hypersaline Mono Lake, California, USA. The microbial communities were surveyed at 

five depths along a redox gradient at the deepest station in the lake using both 16S rRNA tag 

pyrosequencing and metatranscriptomics approaches. Most of the abundant OTUs observed in 

the 16S amplicon survey had been found previously in Mono Lake, thus indicating the microbial 

community remained relatively stable through periods of meromixis and mixing. Similar taxa 

were found through metatranscriptomics, but abundances varied, especially with Bacteroidetes 

(relatively less abundant) and Proteobacteria (relatively more abundant).  

The metatranscriptome samples were examined for arsenic- and sulfur-transforming 

bacteria by identifying transcript hits to enzymes catalyzing arsenic and sulfur redox 

transformations. Arsenite oxidase transcripts were dominated by the alternative (arxA) rather 

than the canonical (aioA) arsenite oxidase and were affiliated with organisms not previously 

identified as being involved in arsenite oxidation (Thioalkalivibrio and Halomonas). Arsenate 

reductase (arrA) transcripts were dominated by Deltaproteobacteria and Firmicutes. Transcripts 

of important sulfur cycle genes (soxB, aprA, dsrA) were dominated by sulfur-oxidizing 



Gammaproteobacteria and Deltaproteobacteria at 15 and 18 m, with a transition to sulfate 

reducing Deltaproteobacteria at 18-31 m. These results highlight the shift from arsenite and 

sulfide oxidation in the oxycline (15-18 m) to arsenate and sulfate reduction in the anoxic bottom 

waters (18-31 m), as has been detected by previous rate measurements. 

A phototrophic enrichment culture that was dominated by the purple sulfur bacteria 

Ectothiorhodospira sp. was obtained by amending Mono Lake water with thioarsenic 

compounds. The culture was able to convert thioarsenic compounds, arsenite, thiosulfate and 

monothioarsenate to obtain energy for photosynthetic growth. Monothioarsenate was used as the 

sole electron donor for anoxygenic photosynthesis, and the transformation was light-dependent. 

Additional pure cultures of members of the Ectothiorhodospiraceae were tested and most were 

able to convert monothioarsenate to arsenate. These findings highlight the important interactions 

between sulfur and arsenic in hypersaline, alkaline environments where arsenic is prevalent. The 

links between the bacteria that oxidize sulfur and arsenite and bacteria that reduce sulfate and 

arsenate are clearer.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Literature Review 

Arsenic and Sulfur Biogeochemistry 

Understanding the biogeochemistry of arsenic (As) is important to the toxicity of 

inorganic arsenic compounds and their presence in terrestrial and aquatic environments, from 

both natural (e.g. geothermal) and anthropogenic sources (e.g. mining). Dissolved inorganic 

arsenic is found in the environment primarily as the As+5 oxyanion arsenate (As(V), e.g. 

HAsO4
2-) and the As+3 oxyanion arsenite (As(III), e.g. H2 AsO3

-). Detoxification 

transformations of arsenic by microorganisms have been well studied, and include methylation, 

and non-energy yielding oxidation and reduction (Mukhopadhyay et al. 2002). Energy-yielding 

redox transformations of these compounds by microorganisms have only been identified in the 

last 20 years (Ahmann et al. 1994, Santini et al. 2000). Numerous reviews of arsenic 

biogeochemistry have been written, covering topics such as quantification of different forms of 

arsenic in the biosphere (Campbell and Nordstrom 2014, Cullen and Reimer 1989, Matschullat 

2000, Smedley and Kinniburgh 2002) and arsenic redox transformations (Bissen and Frimmel 

2003, Lievremont et al. 2009, Oremland and Stolz 2003, Sharma and Sohn 2009). In addition, 

arsenic redox chemistry has been argued to be important to the origin and evolution of life on 

earth (Duval et al. 2008, Kulp et al. 2008, Oremland et al. 2009, Schoepp-Cothenet et al. 2012, 

van Lis et al. 2013).  
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Arsenic-sulfur compounds are also present in the environment. Historically, much of the 

research on As-S compounds has been done on arsenic bearing minerals (arsenopyrite, orpiment, 

and realgar) due their prevalence in the geosphere (Lengke et al. 2009, Smedley and Kinniburgh 

2002). Recent studies have found that dissolved arsenic can be present as stable thioarsenic 

compounds in some environments, especially in sulfidic waters (Hollibaugh et al. 2005, 

Wallschlager and Stadey 2007). The detection of these compounds was made possible due to 

methodological innovations, namely the application of ion chromatography with inductively-

coupled plasma mass spectrometry (IC-ICP-MS) (Planer-Friedrich et al. 2007, Wallschlager and 

Stadey 2007, Wilkin et al. 2003). Thioarsenic compounds have been detected in sulfidic and 

neutral-to-alkaline waters (Wallschlager and Stadey 2007), including hot springs in Yellowstone 

National Park (Planer-Friedrich et al. 2007, Planer-Friedrich et al. 2009), groundwater (Stucker 

et al. 2013, Wallschlager and Stadey 2007), and in Mono Lake, California (Hollibaugh et al. 

2005) and Big Soda Lake, NV (Planer-Friedrich, unpublished data). Synthesized thioarsenic 

standards analyzed by IC-ICP-MS were determined to be thioarsenates, with As in the +5 

oxidation state (Stauder et al. 2005). X-ray absorption spectroscopy (XAS) has been used to 

differentiate between thioarsenates and thioarsenites in the same solution (Beak et al. 2008, 

Suess et al. 2009) and to determine that thioarsenite is formed in anoxic solutions of sulfide and 

arsenite (Planer-Friedrich et al. 2010). XAS is not sensitive enough for the analysis of 

environmental samples (Suess et al. 2009), and thioarsenites are rapidly converted to 

thioarsenates upon exposure to oxygen during IC-ICP-MS analysis (Planer-Friedrich et al. 2010). 

As a consequence, the redox state of the arsenic atom in environmental thioarsenic compounds is 

still unknown. However, since the compounds that are analyzed are believed to be thioarsenate, 

this is the term that is generally used, although it has been postulated that both thioarsenates and 
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thioarsenites could be stable in certain conditions (Helz and Tossell 2008). 

Microbial Transformations of Sulfur and Arsenic 

The known roles of prokaryotes in redox transformations of arsenic include dissimilatory 

arsenate respiration (reduction) and arsenite oxidation. These processes can yield energy or be 

resistance mechanisms (Oremland and Stolz 2003). Dissimilatory arsenate reducing/respiring 

prokaryotes are either heterotrophs that can grow on a variety of organic carbon sources or 

chemolithoautotrophs. Although these microorganisms grow using arsenate, many are able to use 

other electron acceptors such as nitrate or oxygen (Oremland and Stolz 2003, Oremland et al. 

2009). Microbial oxidation of arsenite to arsenate is widely distributed, both in heterotrophs (as a 

detoxification mechanism) and in chemolithoautotrophs that use arsenite as an electron donor. 

Oxidation of arsenite is coupled to a variety of terminal electron acceptors including oxygen, 

nitrate, and Fe(III) (Oremland and Stolz 2003). In addition, anoxygenic photosynthesis has been 

shown to be driven by arsenite oxidation in a variety of purple sulfur bacteria (Budinoff and 

Hollibaugh 2008, Kulp et al. 2008). The role of microbes in the biological transformation of 

thioarsenic compounds has only been studied recently in experiments with Mono Lake water 

(Fisher et al. 2008) and in geothermal drainages in Yellowstone National Park (Planer-Friedrich 

et al. 2009). In experiments with both Mono Lake water and enrichment cultures grown in 

minimal medium, thioarsenic compounds were formed from arsenite and sulfide, they were 

stable for at least 24 hours, and then were converted to arsenate or a mixture of arsenate and 

arsenite. Little to no arsenate was formed in sterile or killed controls (Fisher et al. 2008). 

Transformation of thioarsenic to arsenite occurred up to 500 times faster in Yellowstone 

geothermal drainages than in abiotic laboratory solutions, likely due to the influence of microbial 

activity (Planer-Friedrich et al. 2009). Studies have concluded that a mix of biotic 
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transformations mediated by Thermocrinis spp., and abiotic oxidation was responsible for 

thioarsenic transformations in this environment (Härtig and Planer-Friedrich 2012). Pure culture 

work confirmed that Thermocrinis ruber is capable of monothioarsenate transformation via 

oxidation of the thiol group, in addition to arsenite oxidation (Härtig et al. 2014). Finally, recent 

work has also shown that the sulfide-oxidizing, arsenate-reducing Deltaproteobacteria strain 

MLMS-1 (Hoeft et al. 2004) is capable of disproportionation of monothioarsenate to arsenite and 

S(0) (Planer-Friedrich et al. 2015). The complexities of thioarsenic transformation in natural 

waters are highlighted by the fact that arsenite and arsenate are both present during thioarsenic 

transformation in some laboratory experiments (Fisher et al. 2008). In addition, the natural 

distribution of arsenate, arsenite, and thioarsenic compounds in Mono Lake is dynamic spatially 

(by depth) and temporally (Hollibaugh et al. 2005). This complicates the interpretation of the 

mechanisms of formation and decomposition based on chemical analyses alone. In addition, the 

role of microorganisms in this process remains to be determined. It is also unclear if this process 

is mediated by a consortium of microorganisms or by a single species. Further, the genes, gene 

products, and pathways involved in this process are unknown, thus more experiments with pure 

cultures and molecular analysis is warranted. 

Prokaryotic transformations of arsenic have been studied extensively in Mono Lake, CA, 

due to its naturally high (200 µM) levels of dissolved inorganic arsenic. Mono Lake is a closed 

basin lake located in the western portion of the Great Basin, east of the Sierra Nevada Mountains. 

The lake is hypersaline (approximately 90 g L-1) and alkaline (pH 9.8). The high arsenic content 

is due to geothermal activity and input from hot springs. The lake is seasonally stratified, with 

typically one mixing event per year (monomixis), but has undergone periods of extended 

meromixis (prolonged stratification) in the recent past (Melack and Jellison 1998). The anoxic 
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hypolimnion contains high concentrations of reduced compounds such as arsenite, sulfide, and 

thioarsenic compounds, while the aerobic epilimnion contains the oxidized forms of these 

compounds: arsenate and sulfate (Hollibaugh et al. 2005, Oremland et al. 2004). Arsenate 

reduction was measured in Mono Lake and was found to occur in both the water column 

(Oremland et al. 2000) and sediments (Kulp et al. 2006). In addition, sulfate reduction is an 

important process in the anoxic bottom waters and sediment of the lake (Kulp et al. 2006, 

Oremland et al. 2000). Mono Lake is dominated by a strain of the picoeukaryote Picocystis, 

which contributes up to 50% of primary production in the lake (Roesler et al. 2002). The 

dynamics of Picocystis and of bacterioplankton are strongly influenced by the stratification and 

mixing regimes of the lake, as well as by grazing by the brine shrimp, Artemia monica (Jellison 

and Melack 1993). Other studies of the microbial ecology of Mono Lake have focused on 

important processes mediated by microbes including ammonia and methane oxidation (Carini 

and Joye 2008, Joye et al. 1999, Lin et al. 2005, Ward et al. 2000), nitrogen fixation (Oremland 

1990, Steward et al. 2004), chitin degradation (LeCleir et al. 2004, LeCleir et al. 2007), selenium 

transformations (Blum et al. 1998, Fisher and Hollibaugh 2008), and viral dynamics (Jiang et al. 

2004). The most well studied organisms from Mono Lake have been those that use inorganic 

arsenic and sulfur compounds to gain energy for growth (Table 1.1). 

Mono Lake Microbial Ecology 

The composition of the Mono Lake microbial community was first analyzed using PCR-

DGGE (Hollibaugh et al. 2001), subsequently augmented by sequencing amplicons of the 16S 

rRNA gene (Humayoun et al. 2003). Molecular characterization of both arsenic and sulfur 

cycling pathways in microorganisms from the lake used PCR amplification and sequencing of 

marker genes. Arsenate respiratory reductase (arrA) has been used as a marker for arsenate 
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reduction in the environment and in cultures (Malasarn et al. 2004), and studies have shown 

amplification of this gene from Mono Lake (Hollibaugh et al. 2006, Kulp et al. 2006). The 

canonical aerobic arsenite oxidase gene (aioA) (Lett et al. 2012) was not detected in arsenite-

oxidizing cultures from Mono Lake (Hoeft et al. 2007, Kulp et al. 2008) using a variety of 

primers. However, recent studies have shown that the arsenate reductase enzyme (ArrA) can 

work in reverse (Richey et al. 2009) and an alternative arsenite oxidase gene that is more similar 

to arrA than to aioA (identified as arxA) has been found in cultures and the environment (Zargar 

et al. 2010, Zargar et al. 2012). The enzymes responsible for arsenic transformations (AioA, 

ArrA, ArxA) are all members of the DMSO family of molybdopterin oxidoreductases, which are 

part of a larger class of enzymes known as the complex iron sulfur molybdoenzymes (CISM) 

(McEwan et al. 2002, Rothery et al. 2008, Schoepp-Cothenet et al. 2012, van Lis et al. 2013). 

These enzymes have been postulated to be very ancient, possibly pre-dating last universal 

common ancestors (LUCA) (Nitschke et al. 2013). 

Microbial Sulfur Cycling 

Compared with arsenic redox cycling, sulfur redox cycling by prokaryotes is more 

complicated, but has received more attention. Oxidation of reduced sulfur compounds – including 

sulfide, thiosulfate, elemental sulfur and polysulfides – is a process that is mediated by a wide 

variety of organisms and molecular mechanisms. The major groups of sulfur-oxidizing bacteria 

(SOB) include the Green Sulfur Bacteria (Chlorobiaceae), Purple Sulfur Bacteria, and Purple 

Non-Sulfur Bacteria. Mechanisms of sulfur oxidation include sulfide:quinone reductase (SQR), 

the reverse-acting sulfite reductase (Dsr) system, and the Sox system (Ghosh and Dam 2009). 

Key enzymes in the inorganic sulfur redox cycle involve oxidation of thiosulfate by the Sox 

system (SoxAXKBCDYZ), sulfide oxidation by sulfide:quinone reductase (SQR), transformation 
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of sulfide to sulfate or sulfate to sulfide through dissimilatory sulfite reductase (DsrAB and 13 

other proteins), adenosine-5'-phosphosulfate reductase (AprBA), and sulfate adenylyl transferase 

(Sat) (Dahl 2008, Friedrich et al. 2001, Frigaard and Dahl 2008, Muyzer and Stams 2008). The 

genes encoding these enzymes have been used as molecular markers (Loy et al. 2009, Meyer et 

al. 2007, Meyer and Kuever 2007, Mori et al. 2010, Muller et al. 2015). The detection of sulfate-

reducing bacteria in Mono Lake using aprA (apsA) and dsrAB was unsuccessful in most cases 

(Scholten et al. 2005), but divergence of the microbial community in Mono Lake from the 

published primer sequences likely the affected ability to detect these genes, as newly designed 

primers performed better with Mono Lake enrichment cultures (Meyer and Kuever 2007). 

Detection of sulfur-oxidizing bacteria using soxB (Tourova et al. 2013) and detection of sulfate-

reducing bacteria using dsr (Foti et al. 2008) has provided insights into sulfur cycling in other 

soda lakes. 

Omics Tools for Microbial Community Analysis 

Next-generation high throughput sequencing platforms (454 pyrosequencing and Illumina 

sequencing-by-synthesis) have become more prevalent than PCR-clone-sequence marker gene 

surveys and have been used in numerous studies including 16S rRNA amplicon surveys, 

especially in microbiome research (Caporaso et al. 2011), metagenomics (Dick et al. 2009, 

Sharon et al. 2013), and metatranscriptomics (Gifford et al. 2011, Hollibaugh et al. 2011, Moran 

et al. 2013). Previous studies of this type have looked at communities in habitats similar to Mono 

Lake, including meromictic soda lakes (Antony et al. 2013, Hawley and Hess 2014), submarine 

alkaline springs (Glaring et al. 2015), hypersaline mats (Harris et al. 2013), and hypersaline Lake 

Tyrell (Narasingarao et al. 2012). Arsenic and sulfur cycling have also been examined using 

these methods (Bertin et al. 2011, Plewniak et al. 2013, Rascovan et al. 2015), but generally 

7



have been focused on metagenomics rather than metatranscriptomics, the latter of which allows 

identification of the active members of microbial communities. 

Objectives 

The objectives of this dissertation are to combine molecular, chemical, and culture-based 

methods to explore microbial sulfur and arsenic cycling in Mono Lake, California. In Chapter 2, 

a big-picture overview of the composition of the microbial community of Mono Lake, CA is 

presented. Samples were taken at five different depths, covering the range of redox conditions in 

the stratified lake. The vertical distribution of microorganisms was determined using both 16S 

rRNA tag pyrosequencing and from taxonomy of mRNA transcripts. The most abundant 16S 

rRNA OTUs (>1% relative abundance) were compared with reference databases to determine the 

most abundant taxonomic groups. In addition, the relative abundance and phylogenetic 

composition of these sequences was compared with results from a previous study of the Mono 

Lake microbial community. Abundant (>1% relative abundance), transcriptionally active taxa 

were identified and compared at a broader taxonomic level (phylum and class) with OTUs 

defined by 16S rRNA sequences. The potential role of the different groups of bacteria in the 

environment is discussed and the results are compared with other studies made of other 

environments that are similar to Mono Lake. 

In Chapter 3, the arsenic and sulfur cycles in Mono Lake were examined more closely 

using metatranscriptomics. The dataset from Chapter 2 was used to explore the distribution of 

key transcripts for arsenite oxidation, arsenate reduction, sulfur/sulfide oxidation and sulfate 

reduction. A custom database approach was used to identify different molybdopterin 

oxidoreductase transcripts (which include arsenite oxidase and arsenate reductase). Another 

custom database was used to identify transcripts of key marker genes in the sulfur cycle 
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(adenosine-5’-phosphate reductase, aprA; dissimilatory sulfite reductase, dsrA; and thiosulfate 

hydrolase, soxB). In addition, reads were assembled to recover full length transcripts. The protein 

translation of these full length transcripts, as well as reference sequences that had abundant (>1% 

relative abundance) hits were used to create a phylogeny of each of the arsenic and sulfur cycling 

proteins. The abundances of hits to each reference sequence in the phylogenies were compared, 

highlighting the shift in sulfur and arsenic redox cycling with depth. A bacterium with abundant 

hits to both arsenic and sulfur transcripts (Thioalkalivibrio) was investigated in further detail. 

The difference in individual transcript abundance (relative to overall transcript abundance at each 

depth) was investigated to determine transcripts that were more abundant at one depth versus 

others. These results provide insight into specific aspects of the arsenic and sulfur cycle in Mono 

Lake and provide further evidence that sulfur and arsenic cycling are connected in this 

environment. 

In Chapter 4, arsenic, sulfur, and thioarsenic transformation by a specific group of 

bacteria (Ectothiorhodospiraceae) is examined. An anoxygenic photosynthetic enrichment 

culture was obtained from Mono Lake water using a mixture of thioarsenic compounds as the 

sole electron donor. This enrichment culture was tested for its ability to grow on mixtures of 

thioarsenic compounds, and more specifically for its ability to use the pure thioarsenic compound 

monothioarsenate. The bacteria in the enrichment culture were identified using 16S ribosomal 

RNA gene sequencing. The culture was dominated by an Ectothiorhodospira sp., a purple sulfur 

bacterium. Once the dominant bacterium in the enrichment culture was identified, pure cultures 

related to this group were tested for their ability to grow on monothioarsenate. The ability of 

these anoxygenic phototrophs to use monothioarsenate as the sole electron donor was found to be 

widespread in the Ectothiorhodospiraceae, with few exceptions. The ability of bacteria to 
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transform thioarsenates directly via anoxygenic photosynthesis adds a new perspective to the 

arsenic and sulfur cycles. 
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CHAPTER 2 

ANALYSIS OF THE MICROBIAL COMMUNITIES IN ALKALINE, HYPERSALINE, 

MONO LAKE, CALIFORNIA, USA THROUGH METATRANSCRIPTOMCS AND HIGH-

THROUGHPUT 16S RIBOSOMAL RNA SEQUENCING1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Edwardson C.F. and J.T. Hollibaugh. To be submitted to Environmental Microbiology.
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Abstract 

The vertical distribution of microorganisms in alkaline, hypersaline, Mono Lake, 

California, USA, was analyzed using 16S rRNA tag sequencing and taxonomy of 

metatranscriptomes. Samples were collected at five depths, capturing the major physicochemical 

zones in the lake during the first year of meromixis. Besides the picoeukaryotic algae Picocystis, 

the lake was dominated by bacteria from the phyla Proteobacteria, Firmicutes, and Bacteroidetes. 

Most (80%) of the abundant (>1% relative abundance) OTUs observed in the 16S amplicon 

survey had been found previously in Mono Lake. Metatranscriptomic taxonomic bins at the 

genus level were dominated by the Gammaproteobacteria Thioalkalivibrio (4-13%) and 

Thioalkalimicrobium (0-14%) and Firmicutes Dethiobacter (0-5%) and Clostridium (1-4%). 

Overall, these results showed that the Mono Lake microbial community remained stable through 

long-term meromixis and annual mixing events over 12 years and provided further insight into 

the communities that are transcriptionally active.
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Introduction 

Mono Lake, located to the east of the Sierra Nevada Mountains in the Great Basin in 

California, USA, has been studied extensively due to its unusual chemistry and biology 

(reviewed in (Oremland et al. 2004)). Briefly, Mono Lake is a closed-basin, hypersaline (~90 

g/L), and alkaline (pH ~9.8) lake with geothermal inputs leading to an elevated arsenic 

concentration (~200 µM). The lake is generally monomictic, but undergoes periods of meromixis 

(Melack and Jellison 1998), leading to elevated levels of sulfide in the monimolimnion, which in 

turn leads to formation of thioarsenic compounds (Hollibaugh et al. 2005). The biogeochemistry 

of the lake has been well studied (Oremland et al. 2004), with contributions focused on the role 

of microorganisms in arsenic geochemistry. These studies have used isolates (Blum et al. 1998, 

Budinoff and Hollibaugh 2008, Fisher and Hollibaugh 2008, Hoeft et al. 2007, Sorokin et al. 

2002), enrichment cultures (Edwardson et al. 2014, Fisher et al. 2008, Hollibaugh et al. 2006), 

and 16S rRNA and functional gene clone libraries (Giri et al. 2004, Humayoun et al. 2003, 

Scholten et al. 2005). Other aspects of the biogeochemistry of Mono Lake that have been studied 

include ammonia and methane oxidation (Joye et al. 1999, Lin et al. 2005, Ward et al. 2000), 

sulfur cycling (Hollibaugh et al. 2006, Scholten et al. 2005), chitin degradation (LeCleir et al. 

2004), and carbon fixation (Giri et al. 2004). The composition of microbial communities from 

extreme environments has been studied using both next generation sequencing platforms (Harris 

et al. 2013, Lanzén et al. 2013, Podell et al. 2014, Rascovan et al. 2015, Schneider et al. 2013, 

Yelton et al. 2013) and clone libraries (Antony et al. 2013, Foti et al. 2008, Mesbah et al. 2007) 

despite limited sequencing depth for the latter. In addition to determining the taxonomic 

composition of the microbial community in an environment based on marker genes (e.g. 16S 

rRNA), determining the transcriptional (mRNA) abundance of the microbial communities allows 

23



identification of organisms and pathways that may be more biogeochemically active. One of the 

first environmental metatranscriptomics studies (Poretsky et al. 2005) cloned and sequenced 

cDNA from Mono Lake. However, technological limitations restricted sequencing to 60 reads. In 

this study, we sampled five depths along a depth and redox gradient and sequenced amplified 

16S rRNA genes and mRNA transcripts from each depth. The samples were collected during 

summer stratification following a winter when the lake did not mix fully, signaling the onset of 

meromixis. We were interested in the microbial communities present along a redox and depth 

gradient in the lake at the beginning of stratification and how they compared to the microbial 

communities found through clone library analysis determined after long-term meromixis (5 

years) (Humayoun et al. 2003) and analysis of transcriptionally abundant (>1% relative 

abundance) microorganisms and their potential contributions to biogeochemical cycling in the 

lake. 

Materials and Methods 

Field Site and Sampling 

Water samples were collected from Mono Lake in July 2012 at Station 6 (37°57.85’ N, 

119°01.32’ W, surface elevation: 1945 m), the deepest station in the lake as described previously 

(Hollibaugh et al. 2005). Vertical profiles of temperature, pressure, conductivity, 

photosynthetically active radiation, turbidity, in vivo fluorescence and oxygen were obtained 

with a SeaBird SBE 19 Seacat CTD equipped with a C-Star transmissometer and WETstar 

fluorometer (Wet Labs), a Licor PAR sensor, and a SBE43 oxygen meter (SeaBird). Water 

samples for chemical analysis were collected as described previously (Hollibaugh et al. 2005). 

Samples for sulfide analysis were taken as described previously (Miller et al. 1993). Briefly, 

water was collected from discrete depths and injected into 8 mL, septa-capped vials containing 
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250 µL of 15% solution of zinc acetate and analyzed spectrophotometrically (Cline 1969). 

Samples for total arsenic and thioarsenic speciation were collected and analyzed by ICP-MS and 

IC-ICP-MS as described previously (Planer-Friedrich et al. 2007). 

Nucleic Acid Sampling and Processing 

Water samples for nucleic acid extraction were collected in duplicate from depths of 10, 

15, 18, 25 and 31 m, chosen to capture microbial communities from the major redox zones of the 

lake. Water for DNA analysis was collected using a 5 L Niskin bottle. The sample was drained 

into two acid cleaned and sample-rinsed 1L polycarbonate bottles that was allowed to overflow 

approximately 1 volume before being capped without headspace using a septum cap. Samples 

were kept in a cooler with ice packs and filtered within 8 hours of collection. Water was filtered 

through Sterivex-GV 0.22 µm pore-size cartridge filters (Millipore) using a peristaltic pump. 

Lysis buffer (1.8 ml: 0.75M sucrose, 40 mM EDTA, 50 mM TRIS; pH 8.3) was added, and 

samples were frozen until extraction. DNA was extracted from the filters as described previously 

using a lysozyme-proteinase K followed by phenol-chloroform extraction (Ferrari and 

Hollibaugh 1999). RNA was collected by pumping water from each depth through Masterflex 

PharMed tubing (Cole-Parmer), which has low light and oxygen permeability, directly onto 142 

mm diameter, 0.2µm pore-size Supor membrane filters (polyethersulfone, Pall Life Sciences). 

Filters were folded and placed in 15 mL polypropylene tubes then flash frozen in liquid nitrogen. 

Samples remained frozen until processed. RNA was extracted using a modification of a method 

described previously (Gifford et al. 2011). Briefly, the frozen filter was removed from the tube, 

transferred to a sterile Whirl-Pak bag, shattered with a mallet, and transferred immediately to a 

50 mL centrifuge tube containing 8 mL RLT lysis buffer (Qiagen RNeasy Kit) and 3 g of low-

binding 200 µm zirconium beads (OPS Diagnostics). Two internal standards (916 and 970 nt) 
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were added (3 x 1010 copies of each) to the tube, (Gifford et al. 2011, Satinsky et al. 2013, 

Satinsky et al. 2014), which was then vortexed at maximum speed for 10 minutes. Large 

particles were removed by low-speed centrifugation, the lysate was homogenized by drawing 

through a 21g syringe ~5-10 times, and RNA was extracted using the RNEasy Mini Kit 

(Qiagen). DNA was removed with Turbo DNA-free Kit (Life Technologies). Total bacterial 

abundance was determined by 16S rRNA gene quantitative PCR as previously described 

(Kalanetra et al. 2009). 

16S Tag Pyrosequencing 

The V4-V5 region of the 16S ribosomal RNA gene was amplified using 515F (Caporaso 

et al. 2011) and 907R (Armitage et al. 2012). The forward primer also contained the Roche LIB-

L Adapter A and a 10 nt MID tag on the 5’ end. The reverse primer contained the Roche LIB-L 

Adapter B on the 5’ end. PCR was performed in triplicate for each sample with Q5® High-

Fidelity polymerase (NEB). Each 25 µL reaction contained the following: Q5 Reaction Buffer (5 

µL of 5X), 200 nM of each primer, 200 µM each dNTP and 0.02U/µL of Q5 polymerase, and 1 

µL (12 – 61 ng) DNA template. The PCR program used was: 98 °C for 30 s, 25 cycles of 98 °C 

for 10 s, 60 °C for 10 s and 72 °C for 10 s, with a final step of 72 °C for 2 minutes. Samples were 

run on a 1% agarose gel and single bands of the expected length were cut and extracted using a 

QiaQuick Spin kit (Qiagen). The triplicates were pooled and an additional cleanup step was 

performed with a QiaQuick Spin kit to concentrate them. A final cleanup was performed using 

the AmpureXP kit (Beckman Genomics). Products were quantified using the PicoGreen kit (Life 

Technologies) and pooled at an equivalent weight. Each sample was sequenced at the Georgia 

Genomics Facility using 454 Titanium chemistry on approximately 1/60th of a plate. 
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Metatranscriptomics Processing 

Ribosomal RNA was depleted from the RNA pool as described previously (Stewart et al. 

2010) using subtractive hybridization probes synthesized from Mono Lake DNA collected as 

described above. Probes were synthesized from PCR products amplified using the primers 

described (Stewart et al. 2010) but with 25 µL reactions of Q5® High-Fidelity polymerase 

(NEB) following the manufacturers recommended reaction conditions and a modified 

amplification protocol: 98 °C for 30 s, 30 cycles of 98 °C for 10s, annealing (Eub16S: 63 °C, 

Eub23S: 55 °C, Arch16S: 67 °C, Arch23S: 64 °C, Euk18S: 65 °C, Euk28S: 61 °C) for 30 s, 72 

°C for 40, 60 or 80 s (16/18S, 23S and 28S reactions respectively), and 72 °C for 2 minutes. One 

PCR reaction was performed for each DNA replicate from each depth (n=10) and all were 

pooled and purified with a QiaQuick PCR Cleanup kit (Qiagen), and concentrated using a 

SpeedVac 120 (Savant), then a second round of purification was performed with the AmpureXP 

kit (Beckman Genomics) to remove remaining primers and primer dimers. The Arch16S PCR 

did not yield a usable product and thus was excluded from probe synthesis. Ribosomal RNA-

depleted samples were amplified using the MessageAmpII-Bacteria kit (Ambion). Double 

stranded cDNA was prepared using a combination of first and second strand kits: SuperScript III 

First Strand Synthesis (Life Technologies) primed with random hexamers, and NEBNext mRNA 

second Strand synthesis module (NEB). Double stranded cDNA was purified with a PureLink 

PCR cleanup kit (Life Technologies) followed by ethanol precipitation. The cDNA was sheared 

(Covaris instrument) to a targeted ~225 bp insert size, and libraries were prepared using the 

TruSeq DNA (Illumina) kit with custom indices developed by the Georgia Genomics Facility at 

the University of Georgia. Samples were pooled and sequenced on one lane of an Illumina 
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HiSeq2500 in Rapid Run mode with the 150PE (300 cycle) kit at HudsonAlpha Genomic 

Services Lab (Huntsville, AL). 

Bioinformatics – 16S rRNA Sequences 

Sequences were processed using QIIME versions 1.5 (initial sample processing and de-

noising) and 1.8 (OTU picking and taxonomic assignment) (Caporaso et al. 2010). Samples were 

split and filtered using default quality control settings, additionally with the removal of all reads 

with ambiguous bases (Huse et al. 2007) and all reads longer than 500 bp. Reads were de-noised 

using Denoiser (Reeder and Knight 2010) and checked for chimeras using USEARCH 6.1 de 

novo chimera picking (UCHIME) (Edgar 2010, Edgar et al. 2011). OTUs were picked using the 

open reference method with USEARCH 6.1 at a 97% identity cutoff. The SILVA rRNA 

database, release 111 (Quast et al. 2013), was used for reference-based OTU picking and for 

taxonomy assignment using UCLUST (Edgar 2010). Additional taxonomy assignment was 

performed for representative OTU sequences that were “unassigned.” These OTUs were 

assigned using SINA (Pruesse et al. 2012) against SILVA release 119 or the RDP classifier 

(Wang et al. 2007). The QIIME taxonomic assignments were compared to the SINA taxonomic 

assignments against SILVA release 119 to improve taxonomy assignments for a number of 

sequences. Chloroplast, mitochondria, and singleton OTUs were removed. Representative 

sequences of each OTU were used to search against the NCBI nr database using BLASTN 

(Altschul et al. 1990). Sequences from a previous Mono Lake microbial diversity study 

(Humayoun et al. 2003) (and unpublished sequences from other Mono Lake stations and depths 

from the same study) were downloaded from NCBI Genbank (n=274). All sequences that 

spanned the region amplified by the 16S rRNA primers (515F/907R) were aligned in Geneious 

and trimmed to the length of the amplicons (~375 nt, n=174). These sequences were processed in 
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QIIME as described above (except singletons were retained (n=48)) to determine OTUs at 97% 

identity and define taxonomy in the same manner as the amplicon sequences. The number of 

clones belonging to each OTU was manually determined for each depth at Station 6 (2 m, 17.5 

m, 23 m and 31 m); including clones not deposited in GenBank (see Humayoun et al. 2003). 

Relative abundances of each OTU were determined for each depth. Alpha and beta diversity 

analyses were performed on the 454 amplicons using the R package phyloseq (McMurdie and 

Holmes 2013).  

Bioinformatics - Metatranscriptomics 

FASTQ files were paired using PEAR (version 0.9.2) (Zhang et al. 2014) with a 

minimum overlap of 1 and no statistical tests. PRINSEQ (version 0.20.3) (Schmieder and 

Edwards 2011) was used to trim and perform quality control using the following parameters: 10-

90% GC content, minimum length 35bp, mean quality score of 20, trim from 3’ and 5’ ends with 

a sliding scale window of 3 and step of 1 with a minimum mean quality score of 20, trim >5 

uncalled bases from ends, trim >5 A/T tails, and only allow 1 uncalled base (any reads with 

uncalled bases were later removed). RiboPicker (0.4.3) (Schmieder et al. 2012) was used to 

identify rRNA reads. The default parameters (50% coverage, 75% identity, 30 base align length, 

BWA-SW Z-best value of 3) and the non-redundant rRNA database were used. FASTQ files 

were converted to FASTA files using FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) 

default settings, which removes any reads that contain uncalled bases. A custom BLAST 

database was created using BLAST+ (Camacho et al. 2009), using sequences of the cDNA 

internal standards provided by B. Satinsky and M.A. Moran (Satinsky et al. 2014). A BLASTN 

(Altschul et al. 1990) search against the custom database was used to count reads assigned to 

internal standards. Recovery calculations were performed based on counts of hits with a bit score 
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>50 relative to the number of internal standard sequences added to each sample (Satinsky et al. 

2013). These sequences were removed from the input FASTA files using a QIIME script 

(filter_fasta.py) (Caporaso et al. 2010). A local RapSearch2 (Zhao et al. 2012) database of all 

protein sequences in the RefSeq (Tatusova et al. 2014) database (release 64) was downloaded 

from NCBI. Rapsearch2 was used to annotate metatranscriptome reads using an e-value cutoff of 

10-5, only keeping the top hit. Further processing removed all hits with a bit score <40 (Gifford et 

al. 2011). Custom scripts were used to fully annotate and assign taxonomy to hits. Absolute 

abundances (transcripts/L) were calculated by multiplying read counts for each library by the 

multiplication factor determined from internal standard recovery divided by sample volume 

filtered. Relative abundance at each depth was determined by taking the average of the absolute 

abundance for the two transcript libraries per depth and dividing by the sum of these averages. In 

order to focus confidently on protein-encoding transcripts, RefSeq hits to proteins with 

annotations that contained the terms ‘hypothetical’ and ‘putative’ were removed. It should be 

noted that this likely removed hits to some transcripts that encode valid proteins whose function 

is either not known or annotation is incorrect, but it also removed incorrect annotations of non-

protein encoding transcripts (Tripp et al. 2011). Disproportionally abundant hits to “cell wall 

hydrolases” were present in the dataset. In one case (library 31A), the top Bacteria hit was 11% 

of all bacterial transcripts, whereas the top non-hypothetical hit was only 2%. Analysis of each of 

the hits which made up >1% of hypothetical/cell wall hydrolases was performed through a 

TBLASTN search against the nr/nt nucleotide database with the best hit RefSeq protein 

sequence. This analysis (data not shown) revealed misannotated ribosomal RNAs, small RNAs 

or ribozymes, as had also been found previously (Tripp et al. 2011). Thus, reads were removed 

with the following annotations that were deemed to be inaccurate: "hydrolase" and anything with 
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"predicted protein," "uncharacterized protein” and "cell wall-associated hydrolase” in the 

annotation. 

Phylogenetic Analysis 

The phylogeny of the 16S rRNA sequences that were obtained from 454 sequencing was 

compared with the longer sequences obtained previously by Sanger sequencing (Humayoun et 

al. 2003). All OTUs from 454 sequencing with >1% relative abundance (n=35) were aligned 

with OTUs from Sanger sequencing with >1% relative abundance (n=60) and with 16S rRNA 

genes retrieved from genome sequences for taxa represented at >1% relative abundance in the 

metatranscriptomics dataset, as well as other reference 16S rRNA sequences. All sequences were 

trimmed to the length of the 454 reads (~375bp) and aligned in using the SINA aligner (Pruesse 

et al. 2012). Alignments were imported into Geneious 8 (Biomatters, LTD), and neighbor joining 

consensus trees (Jukes-Cantor distance) with 100 bootstrap replicates were built, with 

Halobacterium salinarum as outgroup. Three separate trees (Proteobacteria, Firmicutes, and 

other phyla) were constructed in this manner.  

Results 

Chemical Characteristics of Mono Lake 

Mono Lake station 6, the deepest station and site of many of the previous microbiological 

studies of the lake, was sampled at five discrete depths based on the chemical profile of the lake 

at the time of sampling (Figure 2.1, Table 2.S1). The epilimnion is characterized by the highest 

temperatures (>15°C), highest light, highest dissolved oxygen, and is subject to intense grazing 

by brine shrimp, Artemia monica (Jellison and Melack 1993). The base of the epilimnion (10 m), 

the base of the oxycline (15 m), and near the base of the thermocline (18 m) was sampled. The 

dissolved oxygen level was 0.83 mg/L at 15 m, and decreased to the instrument’s limit of 
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detection at 15.8 m (0.68 mg/L), thus the 15 m sample is considered to be suboxic. The anoxic 

hypolimnion was sampled at 25 m and 31 m. 

Community Profiling by 16S rRNA Analysis 

Between 4,137 and 16,913 high quality reads per depth were obtained (Table 2.1). 

Chloroplast sequences accounted for 5% to 57% of the reads (Table 2.1) and made up an 

increasing proportion of the reads as depth increased. Chloroplast sequences were dominated 

(>99%) by one OTU, which was 99% similar to the 16S rRNA gene sequence from Picocystis 

salinarum CCMP1897 chloroplasts and identical to a plastid sequence previously retrieved from 

Mono Lake (Humayoun et al. 2003).  

A combined total of 243 OTUs in all samples from all depths was found. The distribution 

by depth of all 243 of these OTUs, with read counts, relative abundance, and full taxonomy is 

presented in Tables 2.S2 and 2.S3. The use of a variety of alpha diversity metrics revealed that 

alpha diversity was lowest at 10 m and highest at 18 m or 25 m, depending on the metric used 

(Figure 2.S1). Unweighted UniFrac analysis of beta diversity (Hamady et al. 2009) showed that 

the communities were structured by depth, with the 10 m and 31 m samples most dissimilar from 

the others, and the 15, 18 and 25 m samples similar to each other (Figure 2.S1). Weighted 

UniFrac, which takes into account relative abundances of OTUs, revealed a different 

relationship, with the 25 m and 31 m communities most similar to each other, and the community 

in the 10 m sample most dissimilar to the other communities (Figure 2.S1). The phyla 

Proteobacteria (26-39%), Bacteroidetes (28-39%), Firmicutes (1-26%), and Actinobacteria (4-

15%) were abundant, and only one other phylum (Spirochaetes, 1-4%) made up more than 1% at 

any depth (Figure 2.2). 
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Forty-one of the 243 observed OTUs were present at all five depths. These core OTUs 

make up 61-74% of the overall microbial community at all depths. The most abundant (OTU 8, 

5.4 – 19.8% relative abundance) was classified as a Bacteroidetes (class Cytophagia) related to 

clone ML602J-37 retrieved from Mono Lake in a previous study (Humayoun et al. 2003). 

Another Cytophagia (represented by clone ML310M-34) was also present in all depths (1.1-

7.2%) but was more abundant in samples from below the oxycline. Five additional abundant 

(>1% relative abundance) core OTUs included two Actinobacteria (Microbacteriaceae, 1.7-4%; 

Nitriliruptor, 1.9-8.7%), an Alphaproteobacteria (unclassified Rhodobacteraceae, 4.1-6.7%), a 

Gammaproteobacteria (Marinicella, 1.3-5.6%), and Spirochaeta (1.2-2.5%).  

One of the OTUs present at all depths and the most abundant at 31 m could not be 

classified by QIIME and had only 8 full length hits at 73-74% identity to the NCBI nr database 

using BLASTN. This OTU appeared to be a chimeric sequence or sequencing error, with a 54 nt 

region having 94% identity to clones in the nr database (Alphaproteobacteria), followed by a 72 

nt region with no hits to the nr database, and a short region of 242 nt that was only 79-80% 

identical to clones in the nr database (Firmicutes). The presence of the same OTU in all samples 

indicates that it was not likely a PCR artifact, and full length 16S rRNA sequence analysis would 

be required to accurately classify this OTU. 

Twenty-nine OTUs were present at all depths except 31 meters. The most abundant of 

these were members of the Gammaproteobacteria (Spiribacter and Thiomicrospira). The most 

abundant OTUs that were only found in samples of anoxic water (15-31 m) were related to 

Bacteroidales (the ML635J-40 aquatic group) previously identified in Mono Lake clone libraries 

(Humayoun et al. 2003). Thirty-five OTUs were present at >1% relative abundance at any depth 

and some of these (n=20) were present at all depths (Table 2.2). The closest representative 
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sequences in the NCBI nr database for all but four of these abundant OTUs (ML2012 OTU 80, 

150, 151, and 166) were retrieved from Mono Lake or other soda lakes. In one case (OTU 80), 

the top hit to a sequence from Mono Lake was only slightly less similar than the top hit (99.5 vs 

99.7%), from a deep subsurface bore-hole enrichment experiment. OTU 151 was only 89% 

similar to a 16S rRNA gene sequence from a Mongolian soda lake isolate (Dethiobacter 

alkaliphilus AHT1). Many of the other top hits were to 16S rRNA gene sequences from soda 

lakes (including Mono Lake) isolates. Additionally, 57% of the sequences from the closest 

cultured representatives were less than 95% similar to these OTUs, suggesting the presence of 

organisms representing previously undescribed genera (and in some cases higher taxonomic 

levels) in Mono Lake. 

Transcriptionally Active Taxa Determined by Metatranscriptomics 

In addition to the abundance of OTUs present in the 16S rRNA analysis, the 

transcriptionally active microbial community based on mRNA taxonomic affiliation was 

examined by sequencing duplicate cDNA libraries of mRNA collected in parallel with the DNA 

at each depth. Between 8 and 18 million paired reads per library were obtained, with an average 

read length of ~240 nt (Table 2.S4). On average, 68.4% of the metatranscriptome sequences 

were most closely related to Bacteria, 30.4% to Eukarya, 0.6% to Archaea, and 0.8% to Viruses. 

For the Bacteria, 45-59% of hits to RefSeq were hypothetical proteins or misannotations and 

subsequently removed from analysis (see Materials and Methods) (Table 2.S5). The phylum-

level composition of the transcriptionally active microbial community was compared to the 

composition reflected by 16S rRNA genes in Figure 2.2. Metatranscriptome reads from 

Proteobacteria accounted for 43-61% of the transcriptionally active taxa in libraries from all 

depths. Firmicutes (7-32%) and Bacteroidetes (5-14%) were the next most transcriptionally 
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active phyla. Bacteroidetes transcripts were more abundant at 10 m than at other depths, and 

Firmicutes transcripts were abundant in the anoxic depths (15-31 m). Actinobacteria transcripts 

were abundant (14%) at 10 m but less abundant in the anoxic depths.  

Because internal standards were used, overall bacterial transcript abundance 

(transcripts/L) could be compared among all depths. Transcript abundance ranged from ~0.25 to 

~1.5 trillion transcripts per liter on average at each depth, increasing with depth (Figure 2.S3). 

Closer examination of the differences between the 16S OTUs and the transcriptome genome bin 

taxonomy relative abundance (Figure 2.3) show the largest differences within the Bacteroidetes 

and Proteobacteria phyla. In general, the Bacteroidetes are relatively more abundant in the 16S 

OTU dataset than in the metatranscriptome dataset. The opposite is true for Proteobacteria. The 

biggest differences at the class level are for the Cytophagia and Bacteroidia classes in the 

Bacteroidetes (more abundant in 16S OTUs) and in the Delta- and Gammaproteobacteria (more 

abundant in mRNA transcript bins).  

The contribution of individual genera that contribute to >1% of the transcript pool at each 

depth was determined (Table 2.3). The genus-level bins that contained the most transcripts in 

samples from 10 m include Spiribacter (4%) and Thioalkalivibrio (4%), two 

Gammaproteobacteria in the Ectothiorhodospiraceae family. Spiribacter has been found 

previously in moderately halophilic environments and is a strict aerobe, which could indicate the 

reason for its presence only in oxic (10 m) and suboxic (15 m) depths in Mono Lake. 

Thioalkalivibrio has been isolated previously from soda lakes, including Mono Lake (Sorokin et 

al. 2001, Sorokin et al. 2002). Other transcriptionally abundant genera at 10 m include 

Cyanobium (3%) and Synechococcus (2%). A Cyanobium strain was previously isolated and 

characterized from Mono Lake, but cell counts showed that it was more abundant at aphotic 

35



depths than at the surface (Budinoff and Hollibaugh 2007). However, the finding of more 

transcripts at 10 m would reinforce the hypothesis that the abundance of Cyanobium cells in the 

aphotic zone was due to inactive or sinking cells. Three phyla were only abundant at 10 m: 

Actinobacteria, Bacteroidetes and Verrucomicrobia. The top genomic bins for these phyla are not 

known to be haloalkaliphilic, but indicate the closest sequenced relative for these phyla.  

Thioalkalivibrio was also the most transcriptionally abundant genus at all depths below 

15 m and another Gammaproteobacteria haloalkaliphile (Sorokin et al. 2001), 

Thioalkalimicrobium, was the most abundant at 15 m (14% of the libraries), and combined with 

Thioalkalivibrio, these two Gammaproteobacteria accounted for 27% of the transcripts in these 

libraries. Clostridium species also appeared more abundant at 15 m and below, likely due to their 

anaerobic lifestyle, and at 18 m an increase of another genus in the order Clostridiales, 

Dethiobacter, was observed. This thiosulfate-reducing haloalkaliphile (Sorokin et al. 2008) was 

the third most abundant genus behind the chemolithotrophic sulfur oxidizers (Thioalkalivibrio 

and Thioalkalimicrobium, both 9%) abundant at 18 m. An increase in sulfate-reducing genera of 

the Deltaproteobacteria from 18 to 31 m was also detected. Obligate anaerobic Firmicutes and 

Spirochetes taxa increased in abundance at 25 and 31 m, and a decrease in the abundance of 

sulfur-oxidizing bacteria was seen at these depths as well. One interesting observation was the 

increasing presence of Trichodesmium transcripts (1 to 4% relative abundance) with depth. To 

analyze further, these transcripts were assembled using the Geneious assembler with default 

settings. The consensus sequences were searched with BLASTN against the Mono Lake 

Picocystis genome (C. Saltikov, unpublished). Approximately 90% of the hits were >97% 

identical and 25% (278/1180) were 100% identical to Picocystis. Further, these hits were to a 

single Picocystis consensus sequence of 87,248 bp. This sequence is 86% similar (nucleotide 
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identity) to the Picocystis salinarum chloroplast from San Francisco Bay (Lemieux et al. 2014), 

indicating these hits were likely Picocystis chloroplast sequences. Interestingly, a 

Trichodesmium-related Oscillatoriales species, Phormidium, which was identified in deep lake 

nitrogen-fixing aggregates in Mono Lake (Oremland 1990), was not detected in these samples. 

Phylogenetic Analysis 

The phylogenetic relationships and relative abundances of the 16S rRNA OTUs 

determined by 454 sequencing were compared to the 16S rRNA OTUs determined by Sanger 

clone library (Humayoun et al. 2003), with representative 16S rRNA sequences from both the 

metatranscriptome taxonomic genome bins (MTBs) as well as best hits to the NCBI nr database 

(Figures 2.4, 2.5, 2.6). Eleven of the 454 OTUs representative sequences were identical to the 

Humayoun clone OTU representative sequences. In general, the relative abundances were similar 

between the two datasets but in a few cases there were large discrepancies. The relative 

abundance of Actinobacteria OTU 83 was only 3% at 18 m, whereas the most closely related 

clone OTU made up almost 40% of all clone sequences at 18 m (17.5 m in the Humayoun 

dataset). In addition, there was a group of Firmicutes clone OTUs at 25 and 31 m with no similar 

454 OTU. This group also has no closely related reference 16S rRNA sequence, with the closest 

being Dethiobacter alkaliphilus at ~90% identity. In fact all of the abundant Firmicutes (and 

Tenericutes, which grouped phylogenetically within the Firmicutes) 454 OTUs were only 87-

96% similar to any 16S sequence in the NCBI 16S database. For the Proteobacteria (Figure 2.4, 

Table 2.2), only one 454 amplicon OTU was not closely related to a previously obtained clone. 

This OTU (ML2012 OTU 80) was most closely related to Desulfonatronum thiodismutans and 

Desulfonatronum lacustre isolates from Mono Lake and Lake Kivu, a Russian soda lake, 

respectively (Pikuta et al. 2003). Some of the OTUs that were obtained were most closely related 
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to clones from a sulfide-oxidizing, arsenate-reducing enrichment culture obtained from Mono 

Lake water (Hollibaugh et al. 2006) rather than to sequences retrieved directly from a water 

column sample. The other major groups identified consisted of Verrucomicrobia, Actinobacteria, 

Bacteroidetes (Flavobacteria, Chitinophaga), Spirochetes, Cyanobacteria, Planctomycetes, and 

an unclassified OTU (OTU 151) (Figure 2.6). None of the OTUs were related to the 

Cyanobacteria or Chlorobium MTBs that were present in the metatranscriptome. This could be 

due to bias in the primers used to amplify 16S rRNA genes. 

Discussion 

 Unlike the previous study (Humayoun et al. 2003) a set of OTUs that spanned all depths 

in the lake was observed. In most cases, the relative abundance of these OTUs did not vary 

greatly between depths. In some cases the relative abundance of these OTUs was greater than the 

relative abundance of related MTBs. This could indicate presence of inactive or dormant cells 

(e.g. spores). Seven OTUs made up 23-45% of the community at all depths. These include two 

Cytophagia OTUs (12-21% relative abundance) most closely related (90-93% identity) to 

Gracilimonas (facultative aerobe) and Balneola (aerobic) species (Choi et al. 2009, Urios et al. 

2008). An Alphaproteobacteria (Rhodobacteraceae) OTU (4-7%) was 99% similar to purple non-

sulfur Roseinatronobacter monicus isolated from Mono Lake (Boldareva et al. 2007). This 

species is an obligate aerobe. Related Rhodobaca species are able to grow under anaerobic 

conditions if illuminated, thus the OTUs persistence just below the oxycline might be a 

consequence of photoheterotrophic “maintenance” or, alternatively, the organism might be 

associated with microoxic conditions created by the abundant oxygenic Picocystis found at this 

depth. However, it is unlikely that adequate irradiance is available in the highly reducing water 

below the chemocline. Recovery of this OTU from those depths may be due to the presence of 
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stationary or dead cells (“preserved nucleic acids”). An OTU related to Nitriliruptor species 

(Actinobacteria) contributed to 4-7% at all depths. The most closely related strain is the aerobic 

Nitriliruptor alkaliphilus, a haloalkaliphile isolated from soda lakes in isobutylnitrile-degrading 

enrichment cultures (Sorokin et al. 2009). Since the metatranscriptome was analyzed, the 

genome of Nitriliruptor alkaliphilus was released, and it is likely that if this genome had been 

included in the analysis there would be hits corresponding to this genome.  

Due to the abundance and diversity of reduced sulfur compounds, one of the major 

questions in soda lake biogeochemistry is sulfur-cycling dynamics (Sorokin et al. 2011). Sulfur 

cycling microbial taxa in soda lakes are also among the most well characterized in terms of 

cultured isolates (Sorokin et al. 2013). As expected, OTUs representing many sulfur-oxidizing 

bacteria in both the 454 OTUs and MTBs at 15-31 meters with Thioalkalimicrobium (OTU 41) 

and Thioalkalivibrio (OTUs 10 and 50) made up 5-12% of the 454 OTUs and 24-12% of the 

MTBs. Below 15 m, Thioalkalimicrobium decreased but Thioalkalivibrio increased with depth. 

Both taxa should have decreased with depth, as these are aerobic sulfur oxidizers. Although 

some Thioalkalivibrio have the ability to use alternative electron acceptors such as nitrate 

(Sorokin et al. 2011), transcriptomic evidence (e.g. nitrate reductase) that would indicate that this 

was occurring was not found (see Chapter 3). The abundance of these two organisms as the 

likely dominant sulfur-oxidizing bacteria was not surprising, as Thioalkalivibrio jannaschii and 

Thioalkalimicrobium cyclicum were both isolated from Mono Lake (Sorokin 2002). A number of 

different sulfate-reducing bacteria appear between at 18 and 31 m (various Deltaproteobacteria 

and OTU 20). This was expected as it is known that sulfate-reducing activity is higher at depth in 

the lake, particularly when it is strongly stratified (Oremland et al. 2000). In addition, 

Dethiobacter alkaliphilus, the most abundant MTB in the Firmicutes phylum, is a sulfate-
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reducing bacterium (Sorokin et al. 2008). Arsenic cycling, along with sulfur cycling is of interest 

in Mono Lake in particular due to findings from a number of previous studies. Further detail into 

the active microbial taxa related to sulfur and arsenic cycling are discussed in Chapter 3. 

Previous work in Mono Lake looked at nitrogen cycling (Carini and Joye 2008) and 

observed peak ammonia oxidation rates at 12-14 m along with the presence of ammonia-

oxidizing bacteria. In both the tag pyrosequencing and metatranscriptome datasets ammonia-

oxidizing bacteria and archaea were at low abundance (<1% relative abundance). Moreover, little 

evidence was seen for the presence of ammonia-oxidizing archaea in the metatranscriptome, 

along with very low abundance of ammonia-oxidizing bacteria such as Nitrosomonas, and no 

OTUs representing known nitrifying bacteria in the 454 libraries. One possible explanation is the 

presence of methanotrophs (e.g. Methylomicrobium and Methyloglobus). It is known that some 

methane-oxidizers can also oxidize ammonia (Nyerges and Stein 2009).  

Diversity relative to previous Mono Lake study and other soda lakes 

Other recent studies have found similar bacteria and community structures in soda lakes, 

and closely related environments. Sequences where the closest hit was a Mono Lake clone 

sequence have also been recovered from other soda lakes (Lanzén et al. 2013, Wani et al. 2006). 

Clone sequences L1228J-1 (Firmicutes) and ML635J-40 (Bacteroidetes) were found in the 

interior of ikaites columns (pH >10, but permanently cold) found in the Ikka Fjord in Greenland. 

Ikaites are similar to calcium carbonate tufa that forms in alkaline environments. In addition, 

Rhodobaca, Desulfonatronum, Thioalkalimicrobium, Thioalkalivibrio, and Tindallia species 

were also found in these ikaites, which is an environment similar to classical soda lake 

environments (Glaring et al. 2015). The alpha diversity was similar to that found in the 

Humayoun et al. study, where community diversity increased with depth. However, a decrease in 
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community diversity at 31 m was seen. This may be due to the low sampling effort at 31 m 

relative to the other depths (Table 2.1). Similar changes in community diversity with depth were 

found in Lake Kivu, Africa, with diversity being greater in the anoxic regions of the lake 

(İnceoğlu et al. 2015). The microbial communities found in Soap Lake (Washington) also have a 

composition similar to Mono Lake and other soda lakes, with greater diversity in the deep 

sulfidic region (Dimitriu et al. 2008). A number of clone sequences that were abundant in the 

Humayoun et al. study were not represented by any 454 OTUs, but in general the Mono Lake 

microbial communities seem to have remained stable after mixing events. Differences could also 

be attributed to sequencing depth and primer biases.
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Figure 2.1. CTD and chemical profiles of Mono Lake Station 6. Sampling depths are indicated 
by horizontal dashed lines. Abbreviations: As, arsenic; S, sulfur; DO, dissolved oxygen; PAR, 
photosynthetically active radiation; RF, relative fluorescence; 16S, 16S ribosomal rRNA gene; 
Bact., Bacteria. 
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Figure 2.2. Phylum-level comparison of taxonomic affiliation of 16S rRNA gene and mRNA 
transcript relative abundance by depth. 
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Figure 2.3. Difference in relative abundance between mRNA transcript bins and
16S rRNA OTUs by class. The relative abundance of 16S OTUs at the class level was
subtracted from the relative abundance of mRNA class-level bins. Positive bars indicate 
greater relative abundance in class-level transcript bins. Negative bars indicate greater 
relative abundance in 16S OTUs at the class level. Class names are colored by phylum.
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Figure 2.4. Proteobacteria abundance by depth. Green taxa are tag pyrosequencing OTU 
representative sequences. Blue taxa are Mono Lake clone OTU representative sequences from
Humayoun et al., 2003. Black sequences are metatranscriptome taxonomic bin 16S reference 
sequences (>1% relative abundance in metatranscriptome) and best hits to NCBI 16S rRNA 
database. Proteobacteria classes are colored by vertical bar as follows: Delta, gold; 
Epsilon, red; Gamma,green; Alpha, blue. The outgroup is Halobacterium salinarum.
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Figure 2.5. Firmicutes abundance by depth. Green taxa are tag pyrosequencing OTU
representative sequences. Blue taxa are Mono Lake clone OTU representative sequences from
Humayoun et al., 2003. Black sequences are metatranscriptome taxonomic bin 16S 
reference sequences (>1% relative abundance in metatranscriptome) and best hits to
NCBI 16S rRNA database. The outgroup is Halobacterium salinarum. 
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Figure 2.6. Other phyla abundance by depth. Green taxa are tag pyrosequencing OTU
representative sequences. Blue taxa are Mono Lake clone OTU representative sequences from
Humayoun et al., 2003. Black sequences are metatranscriptome taxonomic bin 16S reference
sequences (>1% relative abundance in metatranscriptome) and best hits to NCBI 16S rRNA 
database. Colored bars indiciate phylum. Coloring is identical to Figure 2.2. The outgroup is 
Halobacterium salinarum. 
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CHAPTER 3 

INSIGHTS INTO THE ROLE OF SULFUR-OXIDIZING AND REDUCING PROKARYOTES 

IN THE SULFUR AND ARSENIC CYCLES IN ALKALINE, HYPERSALINE MONO LAKE, 

CALIFORNIA, USA, REVEALED THROUGH METATRANSCRIPTOMICS1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Edwardson C.F. and J.T. Hollibaugh. To be submitted to ISME Journal.
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Abstract 

The transcriptionally active sulfur- and arsenic-cycling microbial community in Mono 

Lake, CA, an alkaline, hypersaline, and stratified lake was investigated. Arsenic cycling at 15 

and 18 meters was dominated by arsenite-oxidizing bacteria belonging to Thioalkalivibrio and 

Halomonas species. A transition to arsenate-reducing belonging to both Deltaproteobacteria and 

Firmicutes groups was observed at 25 and 31 m. Sulfur cycling was also dominated by 

Thioalkalivibrio, in addition to Thioalkalimicrobium, at 15 and 18 m with a transition to sulfate-

reducing bacteria belonging to the class Deltaproteobacteria at 25 and 31 m. Some of the 

organisms responsible for arsenate reduction were potentially also involved in sulfate reduction 

in the water column. Further investigation showed that Thioalkalivibrio transcripts related to 

arsenic and sulfur oxidation were more highly transcribed at 15 m relative to other depths. 
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Introduction 

Microbial cycling of sulfur and arsenic compounds is important to human health and to 

the fate of these elements in the environment (Mandal and Suzuki 2002). Historically, sulfur and 

arsenic have been studied together due to their co-occurrence in the minerals arsenopyrite, 

orpiment and realgar (Lengke et al. 2009). In addition, soluble arsenic-sulfur oxyanions, known 

as thioarsenic compounds, have been identified in the environment and are thought to play an 

important role in the arsenic and sulfur cycles, especially in sulfidic and alkaline waters 

(Hollibaugh et al. 2005, Planer-Friedrich et al. 2007, Wilkin et al. 2003). The diversity, ecology 

and physiology of microorganisms catalyzing the transformation of sulfur compounds such as 

sulfide, elemental sulfur, sulfate, and thiosulfate, are well known (Kelly et al. 1997, Muyzer and 

Stams 2008). The microbial cycling of arsenic is also well studied, with both oxidative and 

reductive transformations characterized (Oremland et al. 2004, Oremland et al. 2009). More 

recently, microbial interactions in the sulfur and arsenic cycle have begun to be appreciated 

(Edwardson et al. 2014, Fisher et al. 2008b, Hoeft et al. 2004). Thioarsenic compounds have 

now been demonstrated to support microbial growth (Edwardson et al. 2014, Fisher et al. 2008b, 

Härtig et al. 2014, Planer-Friedrich et al. 2009, Planer-Friedrich et al. 2015). Many 

environments containing both arsenic and sulfur compounds have been investigated with regards 

to the microbial communities involved, including alkaline thermal springs (Planer-Friedrich et 

al. 2009) and soda lakes (Hollibaugh et al. 2005). One such environment is Mono Lake, a 

hypersaline soda lake in northern California, USA. Mono Lake contains elevated levels of 

arsenic (200 µM) and sulfide is prevalent, especially in anoxic parts of the lake, leading to 

measurable concentrations of thioarsenic compounds. These compounds are stable due to the 

elevated pH of the lake (Hollibaugh et al. 2005, Planer-Friedrich et al. 2010).  
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Most of the studies involving the microbial transformations of arsenic and sulfur have 

involved enrichments or pure cultures (Edwardson et al. 2014, Hoeft et al. 2004) or by 

amplifying functional genes from the environment (Hollibaugh et al. 2006). The enzymes 

involved in dissimilatory transformation of arsenic are well established. Arsenate respiratory 

reductase (ArrA) (Saltikov and Newman 2003), the aerobic arsenite oxidase (AioA) (Lett et al. 

2012), and the more recently identified alternative arsenite oxidase (ArxA) are members of the 

complex iron-sulfur molybdoenzyme (CISM) family (van Lis et al. 2013). Also known as 

molybdopterin oxidoreductases due to the presence of a Mo-containing pterin cofactor, these 

enzymes are part of the dimethylsulfoxide (DMSO) reductase family of enzymes that also 

includes various oxidoreductases, such as formate dehydrogenase and respiratory nitrate 

reductase (McEwan et al. 2002, Rothery et al. 2008). Molecular markers for both oxidative and 

reductive microbial sulfur transformations include the thiosulfate/sulfur oxidation Sox enzyme 

system (Meyer et al. 2007), the reversible dissimilatory sulfite reductase (dsrAB) (Muller et al. 

2015), and adenosine-5'-phosphosulfate (APS) reductase (aprBA). APS reductase catalyzes the 

transformation of APS to sulfite, which is a key step in both sulfate reduction and sulfite 

oxidation to sulfate (Meyer and Kuever 2007c).  

The study of environmental transcripts to infer the potentially active microbial 

communities and their roles in biogeochemical cycling in various environments is almost 

ubiquitous, with insights into microbial carbon cycling in the ocean (Poretsky et al. 2010, 

Satinsky et al. 2014), the nitrogen cycle (Hilton et al. 2015, Hollibaugh et al. 2014), and sulfur 

cycle in numerous environments (Canfield et al. 2010, Chen et al. 2015, Spain et al. 2015, 

Stewart et al. 2011, Vila-Costa et al. 2010). Here, high throughput sequencing of environmental 

mRNA transcripts (metatranscriptomics) was used to gain further insights into the microbial 

68



communities responsible for arsenic and sulfur cycling in Mono Lake, CA. Transcripts of key 

enzymes mediating the oxidative and reductive microbial sulfur and arsenic cycle were 

identified. The focus of this chapter was to determine the abundance of active sulfur and arsenic 

cycling prokaryotes and examine how the abundance of these microorganisms varied with depth. 

In addition, further insights into potential novel arsenic and sulfur cycling microorganisms were 

examined. 

Materials and Methods 

Field Site, Sampling and Nucleic Acid Processing 

Water was collected from five depths at Mono Lake and RNA was collected and 

processed as described previously (Chapter 2). Briefly, water column profiles of environmental 

variables (conductivity, temperature, depth, dissolved oxygen and chlorophyll a concentrations 

and beam attenuation) were obtained using a SBE19 CTD (SeaBird Electronics) (Hollibaugh et 

al. 2005) and used the data to determine ideal sampling depths at that covered a range of redox 

conditions. Samples for sulfide analysis were taken as described previously (Miller et al. 1993). 

Briefly, water was collected from discrete depths and injected into 8 mL, septa-capped vials 

containing 250 µL of 15% solution of zinc acetate and analyzed spectrophotometrically (Cline 

1969). Samples for total arsenic and thioarsenic speciation were collected and analyzed by ICP-

MS and IC-ICP-MS as described previously (Planer-Friedrich et al. 2007). Water (~0.5-2 L) 

from 10, 15, 18, 25 and 31 m was filtered through 0.2 µm pore size, 142 mm, Supor (Pall Life 

Sciences) membrane filters, which were immediately flash frozen in liquid nitrogen. Total RNA 

was extracted from two filters collected from each depth and mRNA was processed as described 

previously (Gifford et al. 2011, Stewart et al. 2010), with internal standards added (Satinsky et 
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al. 2013), converted to cDNA and sequenced on an Illumina HiSeq instrument to obtain 150 bp 

paired-end reads. 

Bioinformatics – Metatranscriptomics 

Initial processing of the dataset and taxonomic binning was described previously 

(Chapter 2). Briefly, reads were quality filtered with PrinSeq (Schmieder and Edwards 2011) and 

paired with PEAR (Zhang et al. 2014), discarding reads that did not overlap. Average paired read 

size was ~240 bp. Ribosomal RNA and internal standard sequences were found using RiboPicker 

(Schmieder et al. 2012) , and internal standard sequences were counted using BLASTN. These 

sequences were removed, and remaining reads aligned with reference protein sequences (NCBI 

RefSeq database) using Rapsearch2 (Zhao et al. 2012). For hits to Bacteria, the full taxonomy 

(NCBI-based) and counts of these hits were determined with custom scripts.  

Molybdopterin Oxidoreductase Identification 

A custom database of 110 representative molybdopterin oxidoreductase (also known as 

Complex Iron-Sulfur Molybdoenzymes (CISM)) catalytic subunit amino acid sequences was 

prepared with sequences from various references (Denton et al. 2013, Grimaldi et al. 2013, 

Rothery et al. 2008, Schoepp-Cothenet et al. 2012) (Table 3.S1). The sequences were 

downloaded from NCBI and edited in Geneious (Biomatters LTD). BLASTX (Altschul et al. 

1990) was used to perform a search of all reads from each depth against this database. All hits 

with a bit score greater than 40 were retained (Gifford et al. 2011). The query reads that had hits 

to the custom database were matched with their respective RapSearch2 hit to the RefSeq 

database. If there was no RapSearch2 hit, BLASTX was used to search against the RefSeq 

database. Full taxonomy was obtained with custom scripts. 
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Sulfur Cycling Identification 

Representative amino acid sequences for proteins involved in oxidative and reductive 

microbial sulfur cycling (Table 3.S2) were obtained using a text search of the UniRef90 database 

(Suzek et al. 2015). Additional sequences for some proteins (AprBA, DsrAB, Sat, SorAB, 

SoxABCDXYZ) (Frigaard and Dahl 2008, Loy et al. 2009, Meyer et al. 2007, Meyer and 

Kuever 2007a, Meyer and Kuever 2007b, Mori et al. 2010) were obtained from GenBank and 

RefSeq. Duplicates were removed in Geneious, and sequences were re-clustered at 90% identity 

with CD-HIT (Li and Godzik 2006). All reads from each depth were searched against this 

database using BLASTX, and then processed as described above for the CISM database.  

Metatranscriptome Assembly and Annotation 

An additional quality control step was performed on the raw reads to ensure better 

sequence assembly. TrimGalore (www.bioinformatics.babraham.ac.uk/projects/trim_galore/) 

was used to remove Illumina adapter sequences. PEAR was used with default settings and MAP 

statistical test enabled to pair overlapping reads (Zhang et al. 2014). All reads in each library, 

including unpaired reads, were assembled using Trinity version r20140717 (Celaj et al. 2014, 

Grabherr et al. 2011). Bowtie2 (Langmead and Salzberg 2012) was used to map reads from each 

library to the resulting contigs. The contigs were annotated with Prokka (Seemann 2014) and 

also searched against the custom CISM and sulfur databases to confirm the presence of a full 

length ORF of interest using the BLAST functions in Geneious. Full length ORFs (identified as 

PROKKA_XXXX) that had hits to proteins of interest in the database were retained for further 

analysis. Additional ORFs (identified as MANUAL_XXXX) were discovered using Geneious 

when a contig had a BLASTX hit to the custom databases but no Prokka annotated ORF. To 
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reduce the number of contig sequences to analyze, all protein sequence translations of the ORFs 

were clustered with CD-HIT at a 90% identity cutoff.  

Phylogenetic Analysis 

The full length amino acid sequences corresponding to the “best hits” to the custom 

databases were obtained from the NCBI RefSeq database. The counts of each hit were used to 

calculate transcripts per liter for each library, and an average was taken for each depth. Only 

“best hits” greater than 1% relative abundance for a given gene at any depth were considered for 

phylogenetic analysis. The full-length protein translations of the assembled transcripts were also 

included in phylogenetical analysis. Transcript abundances for the assembled protein translations 

were obtained by taking the total number of hits that mapped to the full contig containing the 

transcript of interest and diving by the length of the contig and multiplying by the length of the 

transcript of interest. This hit count was then converted to transcripts/L as described above. 

Protein sequences were aligned in Geneious with MAFFT (Katoh and Standley 2013). The best 

evolutionary model was determined using Prottest 3.4 (Darriba et al. 2011), and that model was 

used to determine phylogeny using the PhyML Geneious plugin (Guindon and Gascuel 2003). 

Outgroups were chosen as noted in each figure and the maximum likelihood consensus tree from 

100 bootstraps was used. Initial alignments and trees were analyzed for paralogs by visual 

inspection, and “best hits” to proteins other than those being analyzed (paralogs) were removed 

from analysis. Additional reference sequences from the custom databases were added to trees for 

sulfur cycle proteins based on a 64% identity cluster value using CD-HIT. This cutoff was 

chosen based on its previous use in an analysis of DsrAB (Muller et al. 2015). This percent 

identity roughly corresponds to sequences grouping at the genus level (Luo et al. 2014).  
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Thioalkalivibrio Analysis 

The most abundant genus (Thioalkalivibrio) and genome bin (Thioalkalivibrio 

nitratireducens) were analyzed further to look at differential transcript abundance between 

depths. All Thioalkalivibrio reads were filtered out of the data set using the QIIME script 

filter_fasta.py. BLASTX was used to align these hits to all Thioalkalivibrio nitratireducens 

proteins in custom a database to ensure correct comparison between libraries/depths. Raw counts 

of hits to each protein in the T. nitratireducens genome were collected for each library. The 

Bioconductor/R package DESeq2 (Love et al. 2014) was used to determine log2 fold changes in 

transcript abundance at each depth, with a Benjamini-Hochberg false discovery rate (adjusted p-

value) of 0.05 or lower. The log2fold changes are relative to the 15 m samples, chosen mainly 

because of the greatest abundance of Thioalkalivibrio at that depth. 

Results and Discussion 

Chemical Characteristics of Sampling Depths 

A basic description of the limnology at the time of sampling at Mono Lake (Station 6, 

July 2012) has been described previously (Chapter 2), and the CTD and depth profile is included 

in Chapter 2 (Figure 2.1). Briefly, samples were obtained from 5 depths (10 m, 15 m, 18 m, 25 m 

and 31 m) along a redox gradient. The concentration of sulfide, arsenate, arsenite, and 

thioarsenic compounds varied with depth (Figure 2.1). The 10 m sample was from the base of the 

epilimnion, dominated by the oxyanion arsenate (99.9% of arsenic, 211 µM). The 15 m sample 

was from the base of the oxycline, and the 18 m sample was from at the base of the thermocline. 

Both the 15 and 18 m samples were from the redox transition zone where arsenic speciation 

shifts from arsenate (15 m: 80.3%, 142 µM) to arsenite (18 m: 95%, 196 µM). Trace quantities 

of thioarsenates began to appear at these depths. The anoxic hypolimnion was sampled at 25 m 
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and 31 m. Sulfide appears at these depths, with a decrease in arsenite concentration likely due to 

formation of thioarsenates. Sulfide and thioarsenic concentrations were much lower than 

recorded during long term meromixis (Hollibaugh et al. 2005). Although not measured at the 

time of sampling, sulfate concentration remains generally constant in the lake at ~100-150 mM 

throughout the water column (Oremland et al. 2000). 

Overview of Metatranscriptome 

The taxonomic affiliations of metatranscriptomic reads were analyzed previously 

(Chapter 2). Reads were aligned with the NCBI RefSeq database and grouped according to 

taxonomy. Counts at different taxonomic levels were performed, and absolute (transcripts/L) and 

relative (proportion of total transcripts in each library or depth) abundances were calculated. 

Genera that made up >1% relative abundance at any depth are plotted in Figure 3.1. The most 

abundant genera belonged to the Proteobacteria and Firmicutes phyla; especially at 15-31 m. 

Transcripts belonging to Thioalkalivibrio and Thioalkalimicrobium were especially abundant. 

These two members of the Gammaproteobacteria order Chromatiales are sulfur-oxidizing 

bacteria, and representative species Thioalkalivibrio jannaschii and Thioalkalimicrobium 

cyclicum have been isolated from Mono Lake (Sorokin et al. 2002). Identification of these top 

genera as containing taxa that are known to be able to perform arsenic and sulfur redox 

transformations was performed based on literature searches (Amend et al. 2014, Canfield et al. 

2010, Sorokin et al. 2015). This search revealed that almost half (27/57) of these genera contain 

taxa with known capability for dissimilatory sulfur and arsenic metabolism, highlighting the 

importance of sulfur and arsenic oxidizing bacteria in the lake. 
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Arsenic Redox Activity 

The abundance of transcripts hits to and the phylogeny of the catalytic subunit of both the 

dissimilatory arsenate reductase (ArrA) (Saltikov and Newman 2003) and arsenite oxidase 

(AioA, ArxA) (Lett et al. 2012, Zargar et al. 2012) was used to identify the bacteria involved in 

arsenic redox transformations at different depths in the lake. Because of the ubiquity and ancient 

origin of these enzymes and their varying functions (Schoepp-Cothenet et al. 2012), many of the 

database entries and/or genomic annotations of these enzymes are incorrect, such as known 

arsenate reductases that are annotated as “formate dehydrogenase.” In addition, many of the 

annotations are non-specific with respect to the substrate of the enzyme, such as “molybdopterin 

oxidoreductase” or “dehydrogenase”. Therefore, investigation of a specific subset of these 

enzymes required more than textual parsing of hits to the RefSeq database. This initial search of 

reads against a custom database (Table 3.S1) was used to place each read into the most likely 

CISM protein bin. In the next step, reads with hits to the CISM database were matched to their 

respective RefSeq database hit. Relative to the 15-31 m samples, the CISM transcript abundance 

at 10 m was low (Figure 3.2) so the focus was only on the other depths. At 15 m anaerobic 

arsenite oxidase (arxA) was the most abundant CISM transcript. The abundance of arxA was 

lower at 18 – 31 m, with an increase in abundance of arsenate reductase, implying a potential 

shift from arsenite oxidation to arsenate reduction as the dominant respiratory arsenic 

transformation. The canonical arsenite oxidase (aioA) was detected at very low abundance at all 

depths. In addition to arsenic redox enzymes, the most abundant CISM transcripts belonged to 

different types of formate dehydrogenases (fdhA, fdhN, fdnG). These enzymes catalyze the 

conversion of formate to CO2 and occur in a wide variety of organisms (Grimaldi et al. 2013). 

Analysis of the top RefSeq hits identified as formate dehydrogenase in the CISM custom 
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database revealed two general types of formate dehydrogenase (data not shown). One is 

membrane bound and known to be involved with generating a proton motive force through 

electron transport through nitrate reductase (Jormakka et al. 2002), and the other is a formate 

dehydrogenase known to be associated with the formate hydrogen lyase complex (McDowall et 

al. 2014). Further evaluation is needed to identify their role in Mono Lake biogeochemistry.  

A closer examination of the taxonomic affiliation of arxA and arrA transcripts (Figure 

3.3) show that the arxA transcripts were dominated by Thioalkalivibrio and Halomonas, with 

transcripts mostly affiliated with Thioalkalivibrio nitratireducens, Halomonas boliviensis, and 

Halomonas sp. A3H3. There is no direct evidence that Thioalkalivibrio is able to oxidize 

arsenite, but two other relatives in the Ectothiorhodospiraceae family, Ectothiorhodospira sp. 

PHS-1 (Kulp et al. 2008) and Alkalilimnicola ehrlichii MLHE-1 (Hoeft et al. 2007) oxidize 

arsenite and transcribe the arxA gene (Zargar et al. 2010, Zargar et al. 2012). In addition, a Mono 

Lake enrichment culture that oxidized arsenite via the formation of thioarsenic compounds 

contained mainly Thioalkalivibrio jannaschii (Fisher et al. 2008b). T. jannaschii was able to 

transformation thioarsenic compounds, but growth was not observed in the process (Edwardson 

et al. 2014). Halomonas species from Big Soda Lake, NV (a lake with chemistry similar to 

Mono Lake) have been shown recently to oxidize arsenite and to contain arxA (A. Conrad, 

unpublished thesis). In addition, an arsenite-oxidizing, arxA-containing Halomonas-related strain 

(ANAO-440) was isolated from a Mongolian soda lake (Hamamura et al. 2014). Thus, 

Halomonas and Thioalkalivibrio strains may be more important members of the arsenite 

oxidizing community in Mono Lake may than previously understood.  

The taxonomic affiliation of the arrA transcripts was more diverse, with representatives 

from at least 7 phyla. Dominant bacterial genera include Desulfurispirillum, Desulfitobacterium, 

76



Desulfosporsinus, Aeromonas, Ferrimonas, and Thioalkalivibrio. Strains in all of those genera 

have been shown either directly (Nakagawa et al. 2006, Niggemyer et al. 2001, Pérez-Jiménez et 

al. 2005, Rauschenbach et al. 2012) or indirectly (Pepi et al. 2007) to be able to reduce arsenate. 

Six different arrA hits had greater than 10% relative abundance at 15-31m: Thioalkalivibrio 

nitratireducens, Desulfurispirillum indicum, Desulfovibrio alkalitolerans, Natronobacterium 

gregoryi, Alkaliphilus oremlandii, and Natranaerobius thermophilus (Figure 3.3). Only 

Alkaliphilus oremlandii and Desulfurispirillum indicum have previously been shown to reduce 

arsenate (Fisher et al. 2008a, Rauschenbach et al. 2012). Natronobacterium gregoryi has 

recently been hypothesized to reduce arsenate based on the similarity of its arsenate respiratory 

reductase operon to an arsenate-reducing haloarchaeal biofilm community (Rascovan et al. 

2015). An additional haloarchaeal arsenate reductase was also detected (Halobiforma sp.). None 

of the other organisms to which these transcripts hit, besides the aforementioned, have been 

tested for their ability to transform arsenic, to our knowledge. Thioalkalivibrio nitratireducens 

appears to contain an arsenate reductase in addition to an arsenite oxidase, but since it is not 

known whether the organism is able to oxidize arsenite or reduce arsenate, the actual role of this 

organism in the arsenic cycle is less clear. It could be argued that since it is transcribing more 

arxA than arrA, it is more likely oxidizing arsenite, but alternatively it could switch between 

oxidation of arsenite oxidation and arsenate reduction depending on redox conditions. The fact 

that it is present at all depths introduces the question of what electron acceptor would be used by 

the T. nitratireducens in the anoxic depths of Mono Lake. Most of the characterized 

Thioalkalivibrio strains are aerobic, with some able to use nitrogen compounds (NO3, NO2, 

N2O) as alternative electron acceptors (Sorokin et al. 2013). The characterized strain of 

Thioalkalivibrio nitratireducens is able to reduce nitrate (but not nitrite) (Sorokin et al. 2003), 
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however very few (<10) periplasmic nitrate reductase transcripts were detected relative to the 

total number of transcript hits to T. nitratireducens (>100000) . In addition, this strain also 

contains an octaheme nitrite reductase that functions in vitro but has unclear function in vivo 

(Tikhonova et al. 2006), and approximately 50 transcripts per library hit to this protein. The only 

other annotated nitrate-associated transcript that was detected is a nitrate/nitrite sensor.  

The majority of transcripts assembling into full length ArrA and ArxA sequences 

belonged to one ArrA and one ArxA consensus sequence, clustered at 90% identity (Figure 3.5). 

A search of the consensus sequences against the NCBI database showed that the ArrA sequence 

(PROKKA_00186) was most closely related to Halarsenibacter silvermanii, a strain isolated 

from nearby Searles Lake (Blum et al. 2009), and Natranaerobius thermophilus, a 

haloalkalithermophile isolated from a soda lake in Wadi An Natrun, Egypt (Mesbah et al. 2007). 

The ArxA sequence (PROKKA_00030) was most closely related to Oceanospirillales bacteria 

including Nitrincola lacisaponensis and Halomonas strains. Neither of these sequences clustered 

closely with reference sequences in the phylogenetic trees, indicating the potential for abundant 

arsenic oxidizing and reducing organisms that have yet to be isolated from Mono Lake, despite 

numerous characterized and sequenced strains of arsenic respiring organisms from that 

environment. Alternatively, misassembly of transcripts could contribute to a chimeric sequence 

and the more dissimilar it is to cultured strains could be an artifact. The arrA and arxA transcripts 

do not appear hit to one dominant RefSeq sequence. This could be due to a number of factors. 

First, in performing the homology search using Rapsearch2, only the top hit was retained. 

However, when the sequences are highly dissimilar from database sequences there tends to be a 

number of “top hits” with similar but slightly lower bit scores. Also, with short reads, one read 

from an environmental transcript might align to one database sequence better than another read 
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from the same transcript, leading to differential binning of that transcript. Therefore, consensus 

sequences from correct assemblies may actually be a better representation of the majority 

environmental sequence. Alternatively, there may be a diverse arsenite-oxidizing and arsenate-

reducing community in Mono Lake. One way to improve on this analysis would be to perform a 

metagenome assembly and align the metatranscriptome reads to assembled metagenome 

scaffolds. 

Sulfur Redox Cycling  

Microbial oxidation of sulfur compounds (sulfide, sulfite, thiosulfate, and elemental 

sulfur) is performed by both phototrophic and lithotrophic bacteria (Friedrich et al. 2005, 

Frigaard and Dahl 2008). Oxidative and reductive transformation of sulfur compounds is 

mediated by a large number of enzymes, but recent molecular surveys have focused on soxB, 

aprBA, and dsrAB (Meyer et al. 2007, Meyer and Kuever 2007c, Muller et al. 2015). 

Metatranscriptome reads from these sulfur cycling genes were examined for the presence of soxB 

(thiosulfate oxidation), aprA (indirect sulfite to sulfate through APS or reverse) and dsrA (sulfite 

to sulfide or the reverse) to identify the organisms most likely involved in sulfur transformations 

and to determine how they varied by depth (Figure 3.4). At 15 m, transcripts of key sulfur genes 

were dominated by Gammaproteobacteria, with aprA and dsrA transcripts dominated by 

Thioalkalivibrio. SoxB transcripts were dominated by Thioalkalimicrobium, although 

Thioalkalivibrio was also abundant. The relative abundance of the soxB transcripts, compared 

with dsrA and aprA, decreased with depth. Deltaproteobacteria aprA transcripts were present at 

15 m, but they increased at 18 m, dominated by Deltaproteobacteria strain MLMS-1. At 25 and 

31 m, the aprA transcripts were dominated by the Deltaproteobacteria Desulfatibacillum, 

Desulfococcus, Desulfonatronospira, and Desulfovibrio. These organisms also contributed to the 
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dsrA transcript pool; however, the dsrA transcript pool also contained reads affiliated with the 

sulfate-reducing Clostridia, including Desulfotomaculum, Natranaerobius, Desulfurispora and 

Dethiobacter. The proportion of the dsrA transcripts affiliated with unclassified 

Thermoplasmatales archaea increased with depth. DsrA transcripts from 15 m contained 

representatives of Clostridia and Deltaproteobacteria as well as some Gammaproteobacteria, but 

as depth increased, the contribution of Gammaproteobacteria decreased. More careful 

phylogenetic analysis revealed that the custom database search recruited paralogous sequences of 

a 4Fe-4S ferredoxin of unknown function, but possibly assimilatory sulfite reductase. So, 

although the Firmicutes contribute to sulfur cycling in the lake, it is unclear if they are gaining 

energy from the reduction of sulfur compounds or using the dissimilatory sulfite reductase 

enzyme complex. Phylogenetic analysis also revealed the Thermoplasmatales sequences to be 

paralogous as well. Of the sequences that contribute to >1% of the dsrA transcripts at every 

depth, all are members of either the oxidative (“reverse”) group and are dominated by 

Thioalkalivibrio sequences, or are members of the Deltaproteobacteria families 

Desulfovibrionales and Desulfobacterales. Two assembled AprA consensus sequences were 

abundant at 15 and 18 m. PROKKA_00232, related to Desulfobulbus propionicus and strain 

MLMS-1, and PROKKA_00196, related to Thioalkalivibrio nitratireducens. This transcript was 

also abundant at 25 m, as were 5 transcripts related to sulfate-reducing Deltaproteobacteria 

(Figure 3.6), highlighting the transition between sulfide oxidation and sulfate reduction between 

18 and 25 m. An almost identical trend is seen with DsrA (Figure 3.7). A general trend is a shift 

from Desulfurivibrio alkaliphilus and strain MLMS-1 at 15 m and 18 m to the 

Desulfovibrionales group (Desulfovibrio and Desulfonatronospira thiodismutans). The 

Desulfobulbaceae (including MLMS-1 and Desulfurivibrio) are known sulfide oxidizers (Hoeft 
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et al. 2004, Hollibaugh et al. 2006, Pfeffer et al. 2012). Thus, it appears that sulfide oxidation 

occurs at 15-18 m, with a switch to sulfate reduction at 25 and 31m. This is consistent with 

previous rate measurements (Oremland et al. 2000). That study also measured arsenate reduction 

rates in the water column and hypothesized that both arsenate and sulfite reduction were 

occurring simultaneously or that there was a potential shift in SRB activity between sulfite and 

arsenate reduction. This is supported by the present study due to the recovery of transcripts 

affiliated with arsenate reduction and dissimilatory sulfite reduction from both Desulfovibrio and 

Desulfonatronospira. Thus, sulfate reduction in Mono Lake appears to be dominated by 

Deltaproteobacteria members of the order Desulfovibrionales. This work is also in agreement 

with previous studies of sulfur-reducing bacteria in Mono Lake (Scholten et al. 2005) that 

identified abundant sulfate-reducing bacteria in the anoxic depths of the lake through 16S rRNA 

genes but were not able to identify functional marker genes (dsrAB, aprA), likely due to 

inadequate primer sequences or low abundance of extracted DNA. SoxB is solely an indicator 

for sulfur (thiosulfate) oxidizing bacteria, whereas the other two enzymes are found in sulfate-

reducing bacteria as well. The use of the soxB gene sequence as a molecular marker in previous 

studies has shown that it is present in soda lakes other than Mono Lake (Tourova et al. 2013). 

However, PCR analysis did not verify the presence of Thioalkalimicrobium in those 

environments, either due to issues with the primer sequences or to its absence or low abundance. 

Thioalkalimicrobium soxB was abundant at all depths below 15 m, while Thioalkalivibrio soxB 

decreased with depth, even though Thioalkalivibrio transcripts were more abundant than 

Thioalkalimicrobium at 31m. This could indicate a potential shift in metabolism for 

Thioalkalivibrio, whereas Thioalkalimicrobium does not appear to be able to oxidize other sulfur 

compounds, based on lack of transcript hits to aprA or dsrA. Also, the Thioalkalimicrobium 
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cyclicum genome does not contain the Apr or Dsr pathway, despite the ability of T. cyclicum to 

use sulfur compounds other than thiosulfate in pure culture (Sorokin et al. 2002).  

Thioalkalivibrio transcription analysis 

Additional analyses of the top genome bin, Thioalkalivibrio nitratireducens, were 

performed due to its presence in both arsenic and sulfur cycling genes. All genus-level 

Thioalkalivibrio transcripts hits from the 10-31 m samples were realigned to the T. 

nitratireducens (Tnat) genome by BLASTX against all Tnat protein sequences. The assumption 

was that other sequences that binned at the genus level to Thioalkalivibrio strains would have 

homologs in the Tnat genome. The goal was to capture the functional diversity of the 

Thioalkalivibrio genus, since it is likely that the abundant organism in Mono Lake is a different 

strain of Thioalkalivibrio. Only 86% of all Thioalkalivibrio transcripts had hits in the Tnat 

genome. The average inferred amino-acid percent identity of the transcripts to the Tnat proteins 

was 78%, which corresponds to approximately the genus level. Differential expression analysis 

was performed to look for transcripts that might be transcribed more at one depth than another. 

The Thioalkalivibrio transcription pattern at 10, 18, 25 and 31 m was compared to transcription 

at 15 m, arbitrarily chosen as a reference depth for comparison purposes. The top 10 significant 

(adjusted p-value <0.05) differentially transcribed genes are listed in Table 3.S3 for each depth 

compared to 15 m. The transcription patterns of the known sulfur and arsenic genes in the Tnat 

genome were analyzed (Table 3.S4). Transcripts with hits to sulfite and arsenite oxidation genes 

(dsr and arx operons) were among the transcripts with the highest negative log-fold change at 10 

m vs 15 m. The genes that were the most highly transcribed at 15 m (relative to the other depths) 

include members of the dissimilatory sulfite reductase operon and proteins involved in electron 

transport and respiration, indicating respiration of sulfite at 15 m. In addition, differential 
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transcription analysis of inferred arsenate reductase and arsenite oxidase genes show that arsenite 

oxidase and arsenate reductase operons are more highly transcribed at 15 m relative to other 

depths. This reinforces the data from the transcript counts indicating that arsenite oxidation and 

sulfite oxidation by Thioalkalivibrio are important at 15 m. A number of genes that were 

transcribed more strongly at 18-31 m than at 15 m were annotated as hypothetical proteins. 

Predictions about their functions are available through conserved domain analysis (see Table 

3.S3). One such transcript encodes a putative DUF302 domain-containing protein. While the 

function of this protein is not known, recent studies have hypothesized that it is contained in an 

operon encoded by a plasmid in a Synechocystis strain that is induced by the presence of both 

arsenite and sulfide (Nagy et al. 2014). Thus, a role in arsenic and/or sulfur cycling would not be 

surprising. In addition to arsenic and sulfur cycle genes being highly differentially transcribed, a 

large number of genes that were more highly transcribed at 15 m relative to other depths were 

related to growth (ribosome and ATP related), respiration and electron transport (ubiquinone and 

cytochrome), and carbon assimilation (RuBisCO). One hypothesis is that Thioalkalivibrio is 

more actively growing and/or respiring at 15 m than at other depths, but the cells are present and 

transcription continues to occur. This would also help explain the fact that Thioalkalivibrio 

would not have an electron acceptor (oxygen, nitrate or potentially arsenate) readily available at 

18-31 m. Thus, Thioalkalivibrio appears to be a key player in both the sulfur and arsenic cycles, 

especially at 15 m, but possibly at 18-31 m as well. 
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Figure 3.1. Relative abundance of genus-level transcript bins by depth. Relative abundance
was calculated using the average of the absolute abundance in both transcript libraries at each 
depth. Genera are colored by phylum, and the text above the abundance bars indicate 
cultured taxa in the genera transform arsenic and sulfur compounds as follows: 
SOB, sulfur-oxidizing bacteria; SRB, sulfate-reducing bacteria; As(III), arsenite oxidation; 
As(V), arsenate reduction.
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Figure 3.2. Abundance of CISM transcripts by depth. See Table 3.S1 for abbreviation
definitions.
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Figure 3.3. Abundance of arsenic transcripts by class and genus.
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Figure 3.4. Abundance of sulfur transcripts by class and genus.
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Figure 3.6. Phylogeny and abundance of adenosine-5’-phosposulfate reductase (AprA) by
depth. Transcript hits (blue) are indicated by organism and RefSeq accession number.
Assembled transcripts are colored green. Nodes labeled with “AprA” are sequences used in 
the reference database. Thermoproteus uzoniensis is the outgroup.
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Figure 3.7. Phylogeny and abundance of dissimilatory sulfite reductase (DsrA) by
depth. Transcript hits (blue) are indicated by organism and RefSeq accession number.
Assembled transcripts are colored green. Nodes labeled with “DsrA” are sequences used in 
the reference database. Pyrobaculum is the outgroup.
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Figure 3.8. Phylogeny and abundance of SoxB by depth. Transcript hits (blue) are indicated 
by organism and RefSeq accession number. Assembled transcripts are colored green. Nodes 
labeled with “SoxB” are sequences used in the reference database. Aquifex aeolicus is the
outgroup.
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Abstract 

Thioarsenates are the dominant arsenic species in arsenic-rich, alkaline and sulfidic waters, 

but bacterial interactions with these compounds have only recently been examined. Previous 

studies have shown that microorganisms play a role in the transformation of monothioarsenate to 

arsenate, including use of monothioarsenate as a chemolithotrophic electron donor coupled with 

oxygen as an electron acceptor. We obtained enrichment cultures from two saline, alkaline lakes 

(Mono Lake, CA and Big Soda Lake, NV) that are able to use monothioarsenate as the sole 

electron donor for anoxygenic photosynthesis. These anoxic cultures were able to convert a 1 

mM mixture of thioarsenates completely to arsenate in approximately 13 days and 4 mM 

monothioarsenate to arsenate in approximately 17 days. This conversion was light dependent, 

thus monothioarsenate can be used as the sole electron donor for anoxygenic photosynthesis. 

Both of the Mono Lake and Big Soda Lake enrichment cultures were dominated by an organism 

closely related to Ectothiorhodospira species. We tested additional strains of purple sulfur 

bacteria and found widespread ability to use monothioarsenate as an electron donor. The ability 

of bacteria to transform thioarsenates directly via anoxygenic photosynthesis adds a new 

perspective to the well-studied arsenic and sulfur cycles.  
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Introduction 

Understanding arsenic biogeochemistry is important due to its toxicity and widespread 

distribution in groundwater as a result of geothermal processes and anthropogenic pollution. 

Biologically mediated transformations of the arsenic oxyanions arsenate (As(V)) and arsenite 

(As(III)), and of organoarsenicals have been well documented (Sharma and Sohn 2009). In 

addition, recent reports have revealed the presence of thioarsenates in the environment, 

especially in alkaline and sulfidic waters (Härtig and Planer-Friedrich 2012, Planer-Friedrich et 

al. 2007, Planer-Friedrich et al. 2009, Stauder et al. 2005) including the hypersaline and alkaline 

Mono Lake, CA, USA (Hollibaugh et al. 2005). In Mono Lake, periods of meromixis lead to 

high sulfide concentrations below the oxycline and to the accumulation of thioarsenates, which 

can contribute as much as half of the arsenic in the water column (Hollibaugh et al. 2005, 

Wallschlager and Stadey 2007). Microbial transformations of arsenic compounds in Mono Lake 

have been examined extensively (Oremland et al. 2004, Oremland et al. 2009), generally 

focusing on arsenite oxidation and arsenate reduction as energy-yielding reactions for bacteria 

(Hoeft et al. 2004, Hollibaugh et al. 2006, Oremland et al. 2002). Recent studies have indicated a 

potential biological role in the transformation of thioarsenates (Fisher et al. 2008, Härtig and 

Planer-Friedrich 2012, Planer-Friedrich et al. 2009). Experiments in which arsenite and sulfide 

were added to Mono Lake water under oxidizing conditions revealed the formation of 

thioarsenates, followed by the production of arsenate. Abiotic controls showed no appreciable 

accumulation of arsenate (Fisher et al. 2008). Other work under oxidizing conditions in drainage 

channels from sulfidic, alkaline hot springs showed that trithioarsenate, the dominant arsenic 

species at the source, was biologically transformed to arsenate along the channel with 

intermediate accumulation of arsenite and monothioarsenate (Planer-Friedrich et al. 2009). 
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Incubations of filter-sterilized geothermal water with and without the addition of filamentous 

microbial streamers (dominated by Thermocrinis ruber) showed that abiotic trithioarsenate 

transformation to arsenate was coupled to biotic sulfide oxidation, with an intermediate 

accumulation of arsenite. In sulfide-free medium, direct microbial transformation of 

monothioarsenate to arsenite or arsenate was shown (Härtig and Planer-Friedrich 2012). A recent 

experiment using a pure culture confirmed that T. ruber is capable of aerobic growth using 

monothioarsenate as an electron donor, producing arsenate and sulfate (Härtig et al. 2014). The 

mechanism for the conversion of thioarsenates to arsenate and/or arsenite have been 

hypothesized to involve either direct biological conversion of thioarsenate to arsenate and sulfate 

(equation 1) by sulfur-oxidizing bacteria; abiotic conversion to arsenite and elemental sulfur 

(equation 2) with subsequent biological oxidation to arsenate (equation 3) and sulfate (equation 

4); or abiotic decomposition (desulfidation) (equation 5) with subsequent biological oxidation of 

free sulfide (equation 6) driving the chemical equilibrium toward the products arsenate and 

finally sulfate (Fisher et al. 2008, Härtig and Planer-Friedrich 2012). 

HAsVO3S-II 2- + H2O + 2O2  HAsVO4
2- + SVIO4

2- + 2H+ (1) 

HAsVO3S-II 2- + 2H+  H3AsIIIO3+ S0 (2) 

2H3AsIIIO3 + O2  2HAsVO4
2- + 4H+ (3) 

2S0 + 3O2 + 2H2O  2SVIO4
2- + 4H+ (4) 

HAsVO3S-II 2- + OH-  HAsVO4
2- + HS-II - (5) 

HS-II - + 2O2  SVIO4
2- + H+ (6) 

Previous work with enrichment cultures from Mono Lake dominated by the 

chemolithotrophic sulfur-oxidizing bacterium Thioalkalivibrio sp. demonstrated the conversion 

of thioarsenates to arsenate (Fisher et al. 2008). This haloalkaliphilic member of the 
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Gammaproteobacteria family Ectothiorhodospiraceae has been isolated from diverse soda lakes 

and bioreactors (Sorokin et al. 2008, Sorokin et al. 2013). Other members of the 

Ectothiorhodospiraceae include the phototrophic purple sulfur bacteria (Imhoff 2006) and 

Alkalilimnicola ehrlichii MLHE-1, an arsenite-oxidizing chemolithotroph isolated from Mono 

Lake (Hoeft et al. 2007). Since phototrophic purple sulfur bacteria have previously been shown 

to oxidize both reduced sulfur compounds (Dahl 2008) and arsenite (Budinoff and Hollibaugh 

2008, Kulp et al. 2008) we hypothesized that they might play a role in thioarsenate 

transformation. To test this hypothesis we established anaerobic enrichment cultures of 

anoxygenic phototrophs able to use thioarsenates for growth, using inocula from Mono Lake and 

Big Soda Lake, a meromictic, alkaline lake in Fallon, NV. In addition, we tested pure cultures of 

phototrophic purple sulfur bacteria for their ability to use thioarsenates for growth. 

 

Materials and Methods 

Field Site and Sampling 

Anoxic water was collected from Station 3 (37°58.97’ N, 119°05.35’ W) (Hollibaugh et al. 

2001) at a depth of 25 m in Mono Lake, CA, USA on 29 June 2011 and from Big Soda Lake, 

NV, USA (39° 31.66’ N, 118° 52.62’ W) at a depth of 20 m on 20 September 2011. The 

chemistry of these lakes has been described previously (Cloern et al. 1983, Hollibaugh et al. 

2005). Vertical profiles of temperature, pressure, conductivity, photosynthetically active 

radiation (PAR), beam attenuation, in vivo fluorescence and oxygen were obtained with a Sea-

Bird SBE 19 Seacat CTD equipped with a C-Star transmissometer and WETstar fluorometer 

(Wet Labs), PAR sensor (Licor), and dissolved oxygen meter (SBE43, Sea-Bird). Vertical 

profiles of arsenic and sulfur speciation in Big Soda Lake were performed by collecting samples 
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from discrete depths and analyzed as described below. See Figure 4.S1 for CTD and chemical 

depth profiles. Water was collected from a 5L Niskin bottle into polycarbonate bottles flushed 

with 3 volumes of flowing water and capped with no head space as described previously 

(Hollibaugh et al. 2005). Bottles were transported and stored in the dark at 4°C. 

Chemicals and Chemical Analysis 

All stock solutions were made using anoxic ultrapure water in an anaerobic chamber (5% 

H2/95% N2 atmosphere, Coy Laboratories). A mixture of thioarsenates was prepared by 

combining anoxic sodium sulfide (Na2S·9H2O) and sodium arsenite (NaAsO2) stock solutions at 

a 4:1 S:As molar ratio, and was used in experiments at a final concentration equivalent to 4 mM 

sulfide and 1 mM arsenite, unless otherwise noted. This mixture reacts spontaneously to form 

thioarsenic compounds, mostly trithioarsenite, which is extremely reactive and oxidizes to tri- 

and tetrathioarsenate. Thioarsenite oxidation can be induced by oxygen but also by elemental 

sulfur (e.g. found as polysulfide impurities in a sulfide standard). Tri- and tetrathioarsenate are 

both unstable and eventually decompose to a mixture of arsenite, arsenate, and di- and 

monothioarsenate (Planer-Friedrich et al. 2010). The thioarsenate mixture was prepared and 

added to medium immediately prior to inoculating cultures in all growth experiments. 

Monothioarsenate was synthesized as either Na3AsO3S·7H2O (Suess et al. 2009), or 

Na3AsO3S·12H2O (Brauer 1963). Samples for chemical analysis were collected using sterile 

needles and syringes, and filtered through 0.2 µm PTFE syringe filters in the anaerobic chamber. 

Samples for thioarsenate speciation were collected in 2 mL cryovials and immediately flash 

frozen in liquid nitrogen and stored at -80°C prior to analysis, when they were thawed in an 

anaerobic chamber. This method has been previously shown to preserve thioarsenic species 

(Planer-Friedrich et al. 2010). Total arsenic and speciation of arsenite, arsenate, and 
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thioarsenates was performed by ICP-MS and IC-ICP-MS, respectively, as described previously 

(Planer-Friedrich et al. 2007). Arsenic speciation in experiments with monothioarsenate 

amendments was analyzed by HPLC as described previously (Hoeft et al. 2004) using a Waters 

626 HPLC with a 0.008 M H2SO4 eluent (pH ~2). This protocol enables detection of arsenate, 

monothioarsenate, and arsenite (retention times of 12.8, 14, and 17.5 minutes, respectively) but 

not of the more thiolated arsenic species. Detection was by absorbance at 200 nm. Others (Hoeft 

et al. 2004) have measured arsenate and arsenite at 210 nm, but we obtained better sensitivity at 

200 nm. Samples for sulfide analysis were collected by 0.2 µm filtration and precipitation with 

zinc acetate. Free sulfide was measured spectrophotometrically by the methylene blue method 

(Cline 1969). 

Enrichment Cultures 

Water collected from Mono Lake as described above was diluted 1:10 in 0.2 µm-filtered 

Mono Lake water amended with the 4:1 S:As thioarsenate mixture at a final concentration 

equivalent to 2 mM sulfide and 0.5 mM arsenite. This water was dispensed into 150 mL serum 

bottles and incubated anaerobically with incandescent light at room temperature (22-25 oC). 

Enrichments were transferred as 1:10 dilutions into the same medium monthly for three months 

and then transferred as either 1:10 or 1:100 dilutions into an Artificial Mono Lake Water 

(AMLW) medium containing the following (g L-1): NaCl (60), (NH4)2SO4 (0.5), MgSO4
.7H2O 

(0.25), KCl (1.7), Na2B4O7·H2O (2), Na2SO4 (16.5), KH2PO4 (0.25), K2HPO4 (0.5) and 900 

mL ultrapure water. After the medium was autoclaved and cooled, 100 mL of a filter-sterilized 

solution of Na2CO3 (106 g L-1) and NaHCO3 (42 g L-1) (150 mM final concentration in the 

AMLW medium), 10 mL L-1 of vitamin solution (Oremland et al. 1994), and 1 mL L-1 of 

unchelated trace elements SL-10 (Widdel et al. 1983) were added aseptically. The final pH of the 
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medium was 9.3-9.5. The addition of basic sulfide and arsenite stock solutions to the AMLW did 

not raise the pH above 9.55 because of the carbonate-bicarbonate buffer in the medium. Anoxic 

media was obtained by storing the loosely capped container in the anaerobic chamber for a 

minimum of 48 hours. Enrichment cultures were transferred every 2-4 weeks into fresh media 

amended with the thioarsenate mixture. Anoxic water from Big Soda Lake was amended with 

0.1 mM sulfide and 0.1 mM arsenite. This enrichment culture was incubated at room temperature 

in the light for a month and then fed with the thioarsenate mixture. Once growth was apparent, 

the culture was transferred 1:1 to AMLW, and then 1:10 and 1:100 into AMLW, with the 

thioarsenate mixture added at each transfer. Growth was monitored by observing increases in 

pink to dark red pigmentation and an increase of cells monitored by epifluorescence microscopy 

(DAPI) (Porter and Feig 1980) or optical density measurements at 600 nm (OD600) (Eppendorf 

BioPhotometer™). 

Thioarsenate Amendment Experiments 

All amendment experiments were set up and sampled in an anaerobic chamber using 150 mL 

serum bottles with black butyl rubber stoppers and aluminum crimp seals. All incubations were 

at 30 °C. Phototrophic organisms were incubated under fluorescent grow lights (three GE 

#49892 15W bulbs). An array of LEDs emitting at 850 nm (IR12-850 x 4, total ~2.4 W, 

EnvironmentalLights.com) was added to the incubator for some experiments and experiments 

using this setup are noted. One of our Mono Lake Enrichment cultures (EC8) was used for 

growth experiments. To compare growth of the enrichment culture on thioarsenates vs. sulfide 

alone, a late-log phase culture was diluted 1:25 into triplicate bottles of AMLW that were 

amended with either the thioarsenate mixture or 4 mM sulfide. Negative controls were prepared 

in triplicate as described above but inoculated with 0.2 µm-filtered, late-log phase culture 
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medium, however one replicate of the thioarsenate amended negative controls was contaminated 

and discarded. A late-log phase culture was diluted 1:25 into triplicate bottles of AMLW that 

were amended with either 4 mM monothioarsenate or 4 mM thiosulfate (S2O3
2-) to compare 

growth of the enrichment culture on monothioarsenate vs. thiosulfate. Triplicate negative 

controls were prepared as described above; however, one replicate of the monothioarsenate 

abiotic control was discarded due to contamination. We tested the dependence of growth and 

monothioarsenate oxidation on photoautotrophy by comparing replicates of a late-log phase 

culture diluted 1:25 into six bottles of AMLW. Two replicates were incubated in the dark and 

four replicates were incubated in light (grow lights plus IR LEDs). Growth was monitored by 

OD600 and monothioarsenate conversion to arsenate was monitored by HPLC as described 

above. Once growth reached mid-exponential phase, two of the light-incubated cultures were 

placed in the dark for the duration of the experiment. 

Additional cultures were obtained from the sources listed in Table 4.S1 and grown as 

described there. Cultures were given an electron donor (1-5 mM monothioarsenate or 4:1 S:As 

thioarsenate mixture as described in Materials and Methods) at the time of inoculation. We tested 

the ability of these cultures to grow on thioarsenates by inoculating (1:25 dilution) fresh medium 

containing the electron donor being tested with a culture grown to late exponential phase, then 

following substrate conversion (HPLC) while monitoring growth (OD600). These cultures were 

incubated at 30 °C in the light as described above or in the dark with nitrate (5 mM) as the 

electron acceptor if the organism was not phototrophic. Thioalkalivibrio jannaschii was 

incubated aerobically. 
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Composition of Enrichment Cultures 

Two sets of 16S rRNA gene clone libraries were prepared and sequenced to determine the 

composition of the enrichment cultures. Genomic DNA was extracted from enrichment culture 

Mono Lake EC8 after 6-7 transfers during the initial selection phase. Cells from 1.9 mL of the 

culture were harvested by centrifugation at 12,000 RPM (10,700 x g) for 5-10 minutes. The 

pellet was resuspended in 1.8 mL of lysis buffer, then DNA was extracted and purified as 

described previously (Ferrari and Hollibaugh 1999). In addition, cells from Mono Lake (EC “ML 

Ecto,” EC8, and EC12) and Big Soda Lake (EC13) enrichment cultures were harvested as 

described above to compare the composition of the cultures after 20-30 transfers. We extracted 

and purified DNA from these cells using the PureLink® Genomic DNA kit (Invitrogen) as per 

manufacturer’s instructions for Gram-positive bacteria. PCR was performed in duplicate or 

triplicate (depending on the library) with OneTaq® DNA Polymerase (NEB) using Bacteria-

specific 27f (5’-AGAGTTTGATCMTGGCTCAG-3’) and universal 1492r (5’-

GGTTACCTTGTTACGACTT-3’) 16S rRNA gene primers (Lane 1991, Turner et al. 1999). The 

PCR program used for the initial EC8 clone libraries was as follows: initial denaturation at 94 °C 

for 30 s, 35 cycles of denaturation at 94°C for 30 s, annealing at 62°C for 30 s, and extension at 

68°C for 30 s, with a final extension of 45 minutes (Humayoun et al. 2003). The PCR program 

used for the second set of clone libraries increased the initial denaturation to 3 minutes, 

decreased the annealing temperature to 48°C for decreased stringency (Frank et al. 2008), and 

decreased the final extension to only 10 minutes. PCR products were pooled and run on a 1% 

agarose gel. Bands corresponding to the expected product size were cut and DNA was extracted 

from the gel with QIAquick® Gel Extraction Spin Kit (Qiagen). The amplicons were cloned into 

pCR®-4-TOPO® vector using the TOPO TA Cloning® Kit for Sequencing (Invitrogen). 
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Colonies containing cloned inserts were picked and grown in Luria-Bertani (LB) medium with 

ampicillin, then inserts were sequenced by GeneWiz, Inc. Sequences were checked for chimeras 

with DECIPHER (Wright et al. 2012) and Bellerophon (Huber et al. 2004) and chimeric 

sequences were discarded. Sequences were edited and aligned, then consensus sequences were 

generated for alignments that were >99% similar using Geneious R7 (Biomatters, Ltd). 

Consensus and reference sequences were aligned using SINA (Pruesse et al. 2012). The SINA 

alignment was imported into Geneious and a neighbor-joining (Jukes-Cantor) tree was 

constructed with 100 bootstraps (Figure 4.S2). A BLASTN analysis (Altschul et al. 1990) 

against the NCBI nr and RefSeq databases was performed on the remaining sequences (Table 

4.S2). Sequences have been deposited in GenBank under accession numbers KM070827 -

KM070952. 

Results 

Comparison of Growth on Thioarsenates vs. Sulfide  

Analysis of arsenic speciation in a Mono Lake enrichment culture (EC8) amended with a 

mixture of 4 mM sulfide and 1 mM arsenite (thioarsenates mixture) or 4 mM sulfide only 

revealed that thioarsenates were present in the medium prior to the addition of the inoculum (t = 

-2 hours) and that trithioarsenate and arsenate concentrations increased for the first 21 hours after 

inoculation (Figure 4.1a). Arsenite concentration decreased rapidly during the first 2 hours prior 

to adding the inoculum then more slowly over the next 211 hours. Trithioarsenate was the 

dominant thioarsenate compound formed, with mono-, di- and tetrathioarsenate present as minor 

components. Concentrations of all arsenic compounds were relatively stable between 21 and 89 

hours. Trithioarsenate concentrations decreased between 89 and 211 hours, coincident with 

increases in mono- and dithioarsenate. This was followed by the disappearance of thioarsenates 
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between 211-259 hours accompanied by a large increase in arsenate concentration. All added 

arsenite was completely converted to arsenate (1000 ± 35 µM) over the course of the experiment. 

Thioarsenate species formed initially in the abiotic control as described above, but speciation 

changed relatively little over the course of the incubation (Figure 4.1b). Initial sulfide 

concentrations were lower in the thioarsenate amendment compared to the sulfide-only 

amendment (Figure 4.2). Sulfide concentrations began to decrease steadily after 21 hours in both 

the thioarsenate and sulfide-only amendments. The time course suggests that the thioarsenate-

amended culture was using free sulfide in the thioarsenate mixture preferentially during the first 

68 hours of the experiment, since the concentration of sulfide in the thioarsenate amendment 

decreased during the first 68 hours (Figure 4.3) of the incubation, whereas the concentration of 

thioarsenates remained constant during that time period (Figure 4.1a). Sulfide and trithioarsenate 

concentrations decreased after 68 hours, while di- and monothioarsenate concentrations 

increased until 211 hours when di- and monothioarsenate began to be converted to arsenate. 

Sulfide concentrations in the sulfide-only amendment changed similarly to their pattern in the 

thioarsenates amendment, but did not decrease as quickly between 21 and 68 hours. Sulfide 

concentrations decreased only slightly in abiotic controls. The growth rate of the enrichment 

culture was similar when amended with the thioarsenate mixture or with sulfide alone (Figure 

4.3).  

Comparison of Growth on Monothioarsenate vs. Thiosulfate  

A Mono Lake enrichment culture (EC8) was amended with either 4 mM pure 

monothioarsenate or 4 mM thiosulfate in sulfide-free AMLW. The culture appeared to prefer 

thiosulfate to monothioarsenate, as there was a much shorter lag prior to the onset of exponential 

growth and the culture grew faster on thiosulfate than on monothioarsenate. The enrichment 
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culture grew exponentially on monothioarsenate after an initial lag of 165 hours. 

Monothioarsenate was completely converted to arsenate in 290 hours (total incubation of 455 

hours; Figure 4.4). There was no change in monothioarsenate or arsenate concentration in the 

abiotic controls during the incubation. Arsenite concentrations were initially less than 65 µM in 

both the enrichment culture and abiotic controls and decreased to below the limit of detection 

over the course of the experiment.  

Light-Dependence of Photoautotrophic Monothioarsenate Oxidation 

We compared growth of the Mono Lake enrichment culture (EC8) in light and dark 

incubations to verify that the oxidation of monothioarsenate was a phototrophic process. 

Monothioarsenate was only oxidized when enrichment cultures were illuminated. The 

concentration of monothioarsenate did not change when cultures were incubated in the dark 

(Figure 4.5a). The concentration of monothioarsenate decreased, with concomitant production of 

arsenate (Figure 4.5b) and growth (Figure 4.5c), when cultures were incubated in the light. 

Monothioarsenate oxidation, arsenate production and growth ceased when light-incubated 

cultures were placed in the dark. 

Monothioarsenate Oxidation by Additional Mono Lake and Big Soda Lake Enrichment Cultures 

We tested additional enrichment cultures from Mono Lake (EC12) and Big Soda Lake 

(EC13) that had been selected for growth on thioarsenates, for their ability to grow on 

monothioarsenate only. We also tested the enrichment culture containing Ectothiorhodospira sp. 

ML Ecto (designated EC “ML Ecto”), established and maintained in our lab (Budinoff and 

Hollibaugh 2008) and originally selected for its ability to grow photoautotrophically on arsenite. 

All of the enrichments were able to grow photoautotrophically by oxidizing sulfide, thiosulfate, 

monothioarsenate and a mixture of thioarsenates (Table 4.2). All of the enrichment cultures, 
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including EC8, were also able to grow by oxidizing arsenite photoautotrophically, but growth 

was very slow (weeks to months) with a long lag before growth and oxidation began (data not 

shown), as first described for EC “ML Ecto” (Budinoff and Hollibaugh 2008, Kulp et al. 2008).  

Composition of Enrichment Cultures  

Ninety-four cloned amplicons from an early transfer of EC8 were sequenced yielding 83 

usable sequences. Forty six (55.4%) of these shared >99 % identity to the Ectothiorhodospira 

variabilis strain WN22 (Gorlenko et al. 2009) 16S rRNA gene (NR_042700). The remaining 

sequences consisted of Firmicutes (28, 33.7%), Bacteroidetes (8, 9.6%) and Spirochetes (1, 

1.2%). Their top blastn hits are listed in Table 4.S1. Additional libraries from EC8, constructed 

after the experiments shown in Figure 4.1 (21 transfers) and Figure 4.4 (27 transfers) were 

conducted, contained only sequences that were >99% identical to the E. variabilis WN22 16S 

rRNA gene. Additional libraries from other Mono Lake (EC12 and EC “ML Ecto”) and Big 

Soda Lake (EC13) enrichment cultures also contained Ectothiorhodospira sp. as the dominant 

organism. The phylogenetic relationships of the dominant Ectothiorhodospira sp. in the 

enrichment cultures to pure cultures of members of the family Ectothiorhodospiraceae are shown 

in Figure 4.S2. 

Growth of Pure Cultures on Monothioarsenate 

We tested a number of pure cultures from the family Ectothiorhodospiraceae and one 

member of the Chromatiaceae (see Table 4.S1) for their ability to grow autotrophically by 

oxidizing monothioarsenate. This capability appears to be widespread among the 

Ectothiorhodospiraceae, but not universal (Table 4.2). Halorhodospira halophila, 

Ectothiorhodospira shaposhnikovii, Ectothiorhodospira sp. PHS-1 and Ectothiorhodospira sp. 

Bogoria Red were all able to grow in media containing only monothioarsenate as an electron 
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donor, while converting monothioarsenate to arsenate. The chemolithotrophic Thioalkalivibrio 

jannaschii oxidized monothioarsenate aerobically but did not appear to grow (no increase in 

OD600). The chemolithotrophic Alkalilimnicola ehrlichii did not oxidize monothioarsenate or 

thiosulfate with nitrate as an electron acceptor, and Halorhodospira abdelmalekii was the lone 

phototrophic Ectothiorhodospiraceae tested that was not able to oxidize monothioarsenate or 

thiosulfate photoautotrophically. Additionally, we tested the well-studied purple sulfur bacterium 

from the family Chromatiaceae, Allochromatium vinosum, for its ability to oxidize thioarsenates. 

When amended with the thioarsenate mixture, there was a decrease in total sulfur and an increase 

in monothioarsenate and arsenate, and growth. However, A. vinosum was not able to grow on 

monothioarsenate or to oxidize it to arsenate (Table 4.2). 

Discussion 

Thioarsenates as an Electron Donor for Anoxygenic Photosynthesis 

An enrichment culture from Mono Lake was shown to be able to grow on both a mixture of 

thioarsenates (Figure 4.1-4.3) and solely on monothioarsenate (Figure 4.4). Comparison of the 

enrichment culture with the abiotic control shows that decomposition of thioarsenates is driven 

by bacterial activity, as there is relatively little change in speciation of the thioarsenates in the 

abiotic control. Growth of the enrichment culture on sulfide and on the thioarsenate mixture was 

comparable (Figure 4.3), with a larger final OD in the sulfide-grown culture, potentially due to a 

difference in cell morphology or cell clumping. Sulfide concentrations were higher in enrichment 

cultures amended with sulfide only versus thioarsenates. The difference between treatments may 

reflect rapid formation of stable monothioarsenate or transient formation of insoluble elemental 

sulfur or arsenic-sulfur (e.g. orpiment) compounds that would have been removed by filtration 

prior to sulfide analysis. This experiment showed that the photoautotrophic enrichment culture 
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was responsible for the conversion of thioarsenates to arsenate, similarly to previous results from 

experiments with an aerobic, non-phototrophic enrichment culture (Fisher et al. 2008).  

In the first set of experiments it was unclear whether the enrichment culture was oxidizing 

thioarsenates directly or if it was oxidizing free sulfide present in the culture, driving the 

equilibrium toward the abiotic desulfidation of the thioarsenates, which (except for 

monothioarsenate) are unstable (Härtig and Planer-Friedrich 2012, Planer-Friedrich et al. 2010). 

Thus, we examined growth of the enrichment culture on a single thioarsenate compound 

(monothioarsenate) and compared the time course of growth on this substrate with growth on 

thiosulfate because of the similarities in the structures of the two sulfur-containing compounds 

(Table 4.1). Our results indicate direct transformation of monothioarsenate to arsenate. Previous 

experiments of monothioarsenate with T. ruber under aerobic conditions and high temperature 

(80°C) had shown that abiotic decomposition of monothioarsenate was relevant (Härtig et al. 

2014). However, abiotic decomposition of monothioarsenate did not occur under the conditions 

of our incubations. In addition, abiotic oxidation of monothioarsenate to arsenite and elemental 

sulfur (followed by the oxidation of those compounds to arsenate and sulfate) was observed in 

the T. ruber experiments. We saw no increase in arsenite concentrations in both biotic and 

abiotic treatments in our experiments. 

Potential Mechanism of Phototrophic Growth on Thioarsenates 

Our data suggest that direct oxidation of monothioarsenate may be facilitated by the 

thiosulfate oxidation (sox) pathway. This pathway has been well studied in a related member of 

the family Chromatiaceae, A. vinosum. The pathway involves oxidation of thiosulfate and 

attachment to the SoxYZ enzyme by SoxXAK, followed by hydrolysis and release of sulfate 

from the SoxYZ complex by the SoxB enzyme, and transfer of the sulfane sulfur from SoxYZ to 
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sulfur globules (Dahl 2008, Weissgerber et al. 2011). Further conversion of the sulfur globules to 

sulfate proceeds by a pathway discussed elsewhere (Dahl 2008). Due to the similarity of the 

structures of monothioarsenate and thiosulfate (Table 4.1), we hypothesized that Sox enzymes 

could cleave the thiol group from monothioarsenate. Among the Ectothiorhodospiraceae with 

sequenced genomes, Halorhodospira halophila (Dahl 2008), Ectothiorhodospira sp. PHS-1 

(Zargar et al. 2012), Ectothiorhodospira haloalkaliphila (JGI), Ectothiorhodospira 

shaposhnikovii DSM 2111 (Terrence Meyer, personal communication), and a number of 

Thioalkalivibrio species (JGI), all contain sox genes and many have been shown here to be able 

to oxidize monothioarsenate. Of the strains we tested that could not oxidize monothioarsenate, 

Alkalilimnicola ehrlichii only contains soxY and soxZ genes (Hoeft et al. 2007). We used 

degenerate PCR primers (Meyer et al. 2007) to test for the presence of soxB in the enrichment 

cultures and the strains for which we had no genome sequences. Only Halorhodospira 

abdelmalekii did not yield a PCR product (data not shown), and this organism was unable to 

oxidize monothioarsenate. However, if a complete sox pathway is all that is required, presumably 

A. vinosum should have been able to oxidize monothioarsenate. Other factors, such as resistance 

to arsenic toxicity or the differences in pH and salt requirements between A. vinosum and the 

Ectothiorhodospira strains we tested, could play a role in their ability to oxidize 

monothioarsenate. 

Relevance of Thioarsenate Oxidation to Mono Lake and Other Sulfidic Environments 

Biological oxidation (as well as reduction, which we have not explored here) of 

monothioarsenate and other thioarsenates is relevant to arsenic geochemistry as it is an 

underexplored transformation of environmentally relevant arsenic and sulfur compounds that 

could affect their toxicity (Planer-Friedrich et al. 2008) or mobility (Stucker et al. 2013). 
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Humayoun and colleagues (Humayoun et al. 2003) detected many potentially sulfur-oxidizing 

Gammaproteobacteria related to Thioalkalivibrio throughout the water column of Mono Lake. 

The primers used in that study only cover about 25% of the diversity of the Ectothiorhodospira 

(determined by examining 16S rRNA gene reference sequences with TestPrime using the Silva 

SSU r117 database (Klindworth et al. 2013)), so it is possible that Ectothiorhodospira are an 

even larger portion of the microbial community in Mono Lake than previously indicated 

(Humayoun et al. 2003). Our work has shown that both chemolithotrophic and photoautotrophic 

processes may impact the concentrations of thioarsenic compounds in natural waters.  

Conceptual Model of Thioarsenate Oxidation to Arsenate 

Aerobic oxidation of monothioarsenate (equation 1), may occur in the oxic upper layers of 

Mono Lake mediated by aerobic sulfide oxidizing bacteria as previously described (Fisher et al. 

2008). Anaerobic oxidation of monothioarsenate by purple sulfur bacteria would be more likely 

in deeper and more sulfidic anoxic waters. Our interpretation of the oxidation of the thioarsenate 

mixture by the enrichment culture is that biological oxidation of free sulfide occurs preferentially 

to thioarsenate oxidation. As free sulfide is oxidized biotically, the medium becomes sulfide-

deficient, leading to abiotic desulfidation of tetra-, tri-, and dithioarsenates, leaving 

monothioarsenate which is more stable under these conditions (Härtig and Planer-Friedrich 2012, 

Planer-Friedrich et al. 2010). Monothioarsenate oxidation then occurs directly (equation 5), 

potentially due to direct cleavage by an enzyme in the thiosulfate oxidation pathway (sox) or by a 

similar mechanism involving an unknown enzyme or pathway. An alternative hypothesis is that 

monothioarsenate decomposes abiotically to arsenite and elemental sulfur (equations 2-4), as 

shown in experiments with T. ruber (Härtig et al. 2014) where arsenite and elemental sulfur are 

oxidized sequentially. More rapid growth of enrichment cultures and pure Ectothiorhodospira 
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strains on thiosulfate and monothioarsenate versus arsenite suggests that they prefer sulfur-

containing compounds over arsenite (data not shown). In addition, we did not see an increase in 

arsenite concentration in any of our experiments. Therefore, decomposition of monothioarsenate 

seems less likely than direct oxidation of the sulfur group on monothioarsenate  

In conclusion, we have shown that many Ectothiorhodospiraceae are capable of 

photoautotrophic (and perhaps chemoautotrophic) growth on thioarsenic compounds (especially 

monothioarsenate). This process could play an important role in the transformation of arsenic 

and sulfur compounds in sulfidic environments. 
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Figure 4.1. Thioarsenate speciation in (a) enrichment culture EC8 (triplicates); and (b) filtered 
abiotic controls (duplicates). Treatments were amended with a 4:1 S:As mixture of thioarsenates 
and As speciation was determined by IC-ICP-MS. Points are means of replicates with error bars 
indicating standard deviation for triplicates and range for duplicates.
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Figure 4.2. Sulfide concentrations for the enrichment culture (EC8) and abiotic controls 
shown in Figure 4.1. Data points are means and standard deviations, except for the 
thioarsenate mixture abiotic control where duplicates were analyzed and are shown as 
mean and range.
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Figure 4.3. Growth of the enrichment culture (EC8) shown in Figure 4.1. Points are shown 
as means of triplicates with error bars indicating standard deviation. The y-axis is log scale.
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Figure 4.4. Conversion of monothioarsenate to arsenate by enrichment culture EC8 
(closed symbols, solid lines) and comparison to abiotic controls (open symbols, solid 
line), and growth of the enrichment culture on monothioarsenate or thiosulfate (dashed 
lines). Experiments were run in triplicate with points shown as averages with error bars 
indicating standard deviation, except the monothioarsenate abiotic control in which 
duplicates were analyzed and error bars indicate range.
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Figure 4.5. Change in monothioarsenate concentration (a), arsenate concentration (b), and 
growth (c) for the enrichment culture (EC8) amended with monothioarsenate (4 mM) 
and grown in the light, dark, or grown in light until the time point indicated by the 
arrow on the graph, then transferred to the dark.
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CHAPTER 5 

CONCLUSIONS 

In the preceding chapters, molecular, chemical, and culture-based methods were used to 

explore the types of prokaryotes involved in arsenic and sulfur metabolism in the hypersaline, 

alkaline, Mono Lake, California, USA.  

In Chapter 2, an overview of the microbial community of Mono Lake, CA was presented. 

The vertical distribution of microorganisms was determined over five depths, capturing the major 

physicochemical zones in the lake during the first year of meromixis. Besides the picoeukaryotic 

algae Picocystis, the lake was dominated by bacteria from the phyla Proteobacteria, Firmicutes, 

and Bacteroidetes. Most (80%) of the abundant (>1% relative abundance) OTUs observed in the 

16S rRNA amplicon survey had been identified in a previous study in Mono Lake (Humayoun et 

al. 2003) and some (31%) were identical to sequenced 16S rRNA amplicons found in that study. 

Metatranscriptomic taxonomic bins at the genus level were dominated by the 

Gammaproteobacteria (Thioalkalivibrio, 4-13% and Thioalkalimicrobium, 0-14%), and 

Firmicutes (Dethiobacter, 0-5%) and Clostridium, 1-4%). The comparison of these results with 

previous studies shows that the lake community is generally stable over the long term, even with 

alternative regimes of stratification and mixing. These findings also reveal that many of the most 

abundant organisms at all depths in the lake are involved in sulfur cycling and many are probably 

involved in arsenic cycling as well. Although measurements of arsenic and sulfur cycling rates 

have been made previously, identification of the organisms involved has, up until now, been 

limited to surveys based on small libraries of cloned 16S rRNA amplicons and isolation of 
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strains. The full extent of the diversity of the biogeochemical cycles and organisms involved in 

microbial metabolism in Mono Lake was not determined, although the metatranscriptomes 

generated in this investigation can be used for future studies of important processes in 

biogeochemistry in the lake beyond arsenic and sulfur cycling. 

In Chapter 3, the arsenic and sulfur cycles in Mono Lake were examined more closely 

due to the prevalence of arsenic and sulfur cycling taxa revealed by the analysis presented in 

Chapter 2. The metatranscriptomics dataset from Chapter 2 was used to explore key transcripts 

of arsenite oxidation, arsenate reduction, sulfur compound oxidation, and sulfate reduction. A 

custom database approach was used along with phylogenetic analysis of functional marker 

protein sequences and the relative abundance of transcript hits to these proteins. These were key 

aspects of this analysis, as database entries would not have identified many of the organisms that 

were found to contain and transcribe gene transcripts related to arsenic cycling. The analysis of 

sulfur cycling transcripts increased our knowledge of the organisms in Mono Lake that are 

involved in sulfur cycling. Previous studies failed to identify the taxa involved in sulfur cycling 

because of primer bias. Although many of the organisms identified in this analysis are likely just 

the closest relatives present in the database, the phylogenetic placement of the assembled 

transcripts gives us more confidence in the identification of arsenic and sulfur cycling taxa. 

Further work using metagenomics assembly and binning may reveal the genomic context of 

these transcripts. 

In Chapter 4, an enrichment culture was used to investigate the transformation of a 

mixture of thioarsenic compounds. The culture was able to use monothioarsenate as the sole 

electron donor for anoxygenic photosynthesis. The culture was dominated by purple sulfur 

bacteria (Ectothiorhodospira sp.). Other members of the family Ectothiorhodospiraceae were 
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able to grow on monothioarsenate and thioarsenic compounds, thus this ability appears to be 

widespread. Thioarsenates are the dominant arsenic species in arsenic-rich, alkaline and sulfidic 

waters, but bacterial interactions with these compounds have only recently been examined. 

Although recent studies have shown the ability of bacteria to directly transform 

monothioarsenate (both oxidatively and reductively), this is the first study to show that it is used 

as an electron donor for anoxygenic photosynthesis. The molecular mechanism of this 

transformation was hypothesized to be mediated by sulfur-cycling related enzymes (thiosulfate 

hydrolase). Although this was not able to be demonstrated due to lack of genetic system for these 

organisms, future work should test this hypothesis once a genetic system is developed. Overall, 

this work builds upon previous studies of thioarsenic transformations and adds a new perspective 

to the arsenic and sulfur cycles. 

In summary, this work has increased the understanding of prokaryotes involved in 

transformations of sulfur, arsenic and thioarsenic compounds.  These results can be applied to 

global models of arsenic cycling, especially in alkaline, sulfidic waters. In addition, this work has 

increased the understanding of the prokaryotic diversity within a unique alkaline, hypersaline 

environment and revealed organisms not previously identified as being involved in arsenic and 

sulfur cycling. 
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A.

B. C.

Figure 2.S1. Diversity metrics. A) Alpha diversity metrics, B) unweighted
Unifrac and C) weighted Unifrac heirarchical clustering dendrograms, 
clustered by sample depth.
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Figure 2.S2. Absolute transcript abundance by depth (phylum level).
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Table 3.S2. Sulfur cycle custom database 
accession list 

Protein Accession (NCBI/UniRef) 
AprA AAV31643 
AprA ABV80013 
AprA ABV80029 
AprA ABV80041 
AprA ABV80043 
AprA ABV80054 
AprA ABV80093 
AprA ABV80095 
AprA ABV80103 
AprA UniRef90_A0A011A0F3 
AprA UniRef90_A0A069RM03 
AprA UniRef90_A0A075WE48 
AprA UniRef90_A0LH40 
AprA UniRef90_A4J274 
AprA UniRef90_A4WK85 
AprA UniRef90_A5CXS9 
AprA UniRef90_A8MAT5 
AprA UniRef90_A8ZWK0 
AprA UniRef90_B1I5T0 
AprA UniRef90_B4SAM7 
AprA UniRef90_B5YHN7 
AprA UniRef90_B6WW23 
AprA UniRef90_B8FAH1 
AprA UniRef90_B8J3Y0 
AprA UniRef90_B8PS61 
AprA UniRef90_C0QHK8 
AprA UniRef90_C2CYH7 
AprA UniRef90_C4XI69 
AprA UniRef90_C6PP03 
AprA UniRef90_C7LXN7 
AprA UniRef90_C8VW02 
AprA UniRef90_C8X4M7 
AprA UniRef90_C9KJT0 
AprA UniRef90_C9RD80 
AprA UniRef90_D2RDW9 
AprA UniRef90_D3SC63 
AprA UniRef90_D5CSL2 
AprA UniRef90_D6SNE3 
AprA UniRef90_D6Z3P1 

Protein Accession (NCBI/UniRef) 
AprA UniRef90_D8F004 
AprA UniRef90_E1QFL6 
AprA UniRef90_E3HDY5 
AprA UniRef90_E8RDT8 
AprA UniRef90_F0QUP3 
AprA UniRef90_F2KPU8 
AprA UniRef90_F2L4M7 
AprA UniRef90_F2NF60 
AprA UniRef90_F3YU89 
AprA UniRef90_F6CPR9 
AprA UniRef90_F8AE53 
AprA UniRef90_F8C2J6 
AprA UniRef90_G2E1B5 
AprA UniRef90_G2FXB9 
AprA UniRef90_G7W5Z9 
AprA UniRef90_I3BVG3 
AprA UniRef90_I3YDV4 
AprA UniRef90_I4C3L4 
AprA UniRef90_J0WPC1 
AprA UniRef90_J7IY83 
AprA UniRef90_K0B3R1 
AprA UniRef90_L0R9F9 
AprA UniRef90_L7EH99 
AprA UniRef90_M1E8J8 
AprA UniRef90_M1P518 
AprA UniRef90_M1WQM0 
AprA UniRef90_N0BEM0 
AprA UniRef90_Q313I5 
AprA UniRef90_Q3A8Q8 
AprA UniRef90_Q3SGL5 
AprA UniRef90_Q3SKF6 
AprA UniRef90_Q4FMD5 
AprA UniRef90_Q5UEX5 
AprA UniRef90_Q97MT7 
AprA UniRef90_R5EAZ1 
AprA UniRef90_R5GBE3 
AprA UniRef90_R6BBC6 
AprA UniRef90_R6LVL7 
AprA UniRef90_R6VLM0 
AprA UniRef90_R7CPD7 
AprA UniRef90_S6BVC5 
AprA UniRef90_S7T3E4 

177



AprA UniRef90_S7UU91 
AprA UniRef90_T2G6Z9 
AprA UniRef90_U2NIQ2 
AprA UniRef90_V4L4W5 
AprA UniRef90_V4LK44 
AprA UniRef90_V9U1P3 
AprA UniRef90_W0SI19 
AprA UniRef90_W6NLB4 
AprA UniRef90_W9V999 
AprA UniRef90_X0PN84 
AprB ABV80004 
AprB ABV80012 
AprB ABV80018 
AprB ABV80020 
AprB ABV80028 
AprB ABV80034 
AprB ABV80036 
AprB ABV80040 
AprB ABV80044 
AprB ABV80051 
AprB ABV80053 
AprB ABV80055 
AprB ABV80077 
AprB ABV80079 
AprB ABV80085 
AprB ABV80089 
AprB ABV80094 
AprB ABV80096 
AprB ABV80100 
AprB ABV80105 
AprB UniRef90_A0A075HJU7 
AprB UniRef90_A0A075WHM3 
AprB UniRef90_A0LH39 
AprB UniRef90_A3MW32 
AprB UniRef90_A4J273 
AprB UniRef90_A4WK84 
AprB UniRef90_A5CXS8 
AprB UniRef90_A8MAT4 
AprB UniRef90_A8ZWJ9 
AprB UniRef90_B1I5T1 
AprB UniRef90_B4SAM8 
AprB UniRef90_B5YHN8 
AprB UniRef90_B6WW24 

AprB UniRef90_B8FAH2 
AprB UniRef90_B8GUT8 
AprB UniRef90_B8J3Y1 
AprB UniRef90_C4XI68 
AprB UniRef90_C7LXN6 
AprB UniRef90_C8VW03 
AprB UniRef90_C8X4M8 
AprB UniRef90_C9RD81 
AprB UniRef90_D2RDX0 
AprB UniRef90_D3RSA0 
AprB UniRef90_D5CSL1 
AprB UniRef90_D6SNE2 
AprB UniRef90_D6Z3P2 
AprB UniRef90_D8F003 
AprB UniRef90_E1QFL5 
AprB UniRef90_E3ISN5 
AprB UniRef90_E8RDT7 
AprB UniRef90_F0JIU7 
AprB UniRef90_F0QUP4 
AprB UniRef90_F2KPU7 
AprB UniRef90_F2L4M6 
AprB UniRef90_F2NF61 
AprB UniRef90_F3YU90 
AprB UniRef90_F6CPR8 
AprB UniRef90_F8A9X1 
AprB UniRef90_F8C2J7 
AprB UniRef90_F9UHZ8 
AprB UniRef90_G2E1B6 
AprB UniRef90_G2FE27 
AprB UniRef90_G4RNG3 
AprB UniRef90_G7VH35 
AprB UniRef90_G7W5Z8 
AprB UniRef90_I3BVG2 
AprB UniRef90_I3YDV5 
AprB UniRef90_I4C3L3 
AprB UniRef90_I4D642 
AprB UniRef90_J9YWB1 
AprB UniRef90_K0NCP7 
AprB UniRef90_L0RB73 
AprB UniRef90_M1E9F9 
AprB UniRef90_M1WM61 
AprB UniRef90_N0BP05 
AprB UniRef90_Q1NTY2 
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AprB UniRef90_Q313I6 
AprB UniRef90_Q3SGL4 
AprB UniRef90_Q3SKF5 
AprB UniRef90_Q5UEX6 
AprB UniRef90_S6AHB8 
AprB UniRef90_S7UAR1 
AprB UniRef90_S7UPH6 
AprB UniRef90_S7VIS5 
AprB UniRef90_T1B7T0 
AprB UniRef90_T1C8T8 
AprB UniRef90_T2G899 
AprB UniRef90_W0DJW5 
AprB UniRef90_W0SIV0 
AprB UniRef90_W6KDK5 
AprB UniRef90_W9W058 
AprB UniRef90_X0QIE0 
DsrA ABX82416 
DsrA ABX82429 
DsrA ABX82437 
DsrA ABX82440 
DsrA BAJ17549 
DsrA UniRef90_A0A060BKJ3 
DsrA UniRef90_A0A068JI07 
DsrA UniRef90_A0A075WSN6 
DsrA UniRef90_A0L9L4 
DsrA UniRef90_A0LQK6 
DsrA UniRef90_A1BCS1 
DsrA UniRef90_A1HQ02 
DsrA UniRef90_A1WYF3 
DsrA UniRef90_A3MW49 
DsrA UniRef90_A3MW60 
DsrA UniRef90_A4J9D6 
DsrA UniRef90_A4WJC1 
DsrA UniRef90_A4WK64 
DsrA UniRef90_A5CVW6 
DsrA UniRef90_A8ZX93 
DsrA UniRef90_B1I6P0 
DsrA UniRef90_B1YBR0 
DsrA UniRef90_B3EHJ7 
DsrA UniRef90_B3ELT3 
DsrA UniRef90_B3QRF1 
DsrA UniRef90_B4S963 
DsrA UniRef90_B4SE97 

DsrA UniRef90_B5YIF2 
DsrA UniRef90_B8FDV1 
DsrA UniRef90_B8FME3 
DsrA UniRef90_B8GUE5 
DsrA UniRef90_B8IZA1 
DsrA UniRef90_B8PS63 
DsrA UniRef90_C0QD64 
DsrA UniRef90_C4XH83 
DsrA UniRef90_C7LUX2 
DsrA UniRef90_C7N3T9 
DsrA UniRef90_C8W1Y8 
DsrA UniRef90_C8WZS1 
DsrA UniRef90_C9RA42 
DsrA UniRef90_D2RFY6 
DsrA UniRef90_D5CSI3 
DsrA UniRef90_D6E7E1 
DsrA UniRef90_D6SSJ8 
DsrA UniRef90_D6Z6P8 
DsrA UniRef90_D8F2V3 
DsrA UniRef90_E1QFJ4 
DsrA UniRef90_E1QPH9 
DsrA UniRef90_E1YFB2 
DsrA UniRef90_E3HZD3 
DsrA UniRef90_E5Y7F0 
DsrA UniRef90_E6QSS7 
DsrA UniRef90_E8RE36 
DsrA UniRef90_F0JJB3 
DsrA UniRef90_F2KRS8 
DsrA UniRef90_F2NJG0 
DsrA UniRef90_F3YZL0 
DsrA UniRef90_F6B661 
DsrA UniRef90_F6CRI3 
DsrA UniRef90_F6DQV7 
DsrA UniRef90_F7NEE2 
DsrA UniRef90_F8AAL5 
DsrA UniRef90_F8C2Z7 
DsrA UniRef90_G2DAV7 
DsrA UniRef90_G2FW57 
DsrA UniRef90_G2H7S1 
DsrA UniRef90_G4RNF1 
DsrA UniRef90_G4RNF2 
DsrA UniRef90_G7W9K1 
DsrA UniRef90_G7WBP5 
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DsrA UniRef90_H5WQR1 
DsrA UniRef90_H6Q9Y4 
DsrA UniRef90_I1X4G7 
DsrA UniRef90_I1X4J3 
DsrA UniRef90_I1X4R9 
DsrA UniRef90_I1X4V2 
DsrA UniRef90_I1X507 
DsrA UniRef90_I1X533 
DsrA UniRef90_I1X5A3 
DsrA UniRef90_I2PX20 
DsrA UniRef90_I3BY25 
DsrA UniRef90_I3XV44 
DsrA UniRef90_I4C0R2 
DsrA UniRef90_I4C3X6 
DsrA UniRef90_I4D5U6 
DsrA UniRef90_I4D7Z0 
DsrA UniRef90_J7J276 
DsrA UniRef90_K0ND70 
DsrA UniRef90_K2QXR7 
DsrA UniRef90_L0DW28 
DsrA UniRef90_L0F545 
DsrA UniRef90_L0GQK7 
DsrA UniRef90_L0R6S6 
DsrA UniRef90_M1E9A0 
DsrA UniRef90_M1PP41 
DsrA UniRef90_M1WMP4 
DsrA UniRef90_N0BK96 
DsrA UniRef90_O33998 
DsrA UniRef90_P45574 
DsrA UniRef90_Q0A838 
DsrA UniRef90_Q251E4 
DsrA UniRef90_Q2RI32 
DsrA UniRef90_Q2W1V4 
DsrA UniRef90_Q315R9 
DsrA UniRef90_Q3A9H7 
DsrA UniRef90_Q3AP71 
DsrA UniRef90_Q3B6V5 
DsrA UniRef90_Q3IBI2 
DsrA UniRef90_Q3SG18 
DsrA UniRef90_Q3SJ48 
DsrA UniRef90_Q3SJA5 
DsrA UniRef90_Q59109 
DsrA UniRef90_Q6AQ47 

DsrA UniRef90_Q93TS8 
DsrA UniRef90_Q9ACL3 
DsrA UniRef90_R4KMH8 
DsrA UniRef90_S6AAH8 
DsrA UniRef90_S7TLS8 
DsrA UniRef90_S7TVX7 
DsrA UniRef90_S7UKR1 
DsrA UniRef90_V4JJE7 
DsrA UniRef90_V4L2I2 
DsrA UniRef90_V6F6X7 
DsrA UniRef90_W0E527 
DsrA UniRef90_W0SHF1 
DsrA UniRef90_W6KK51 
DsrA ZP_00053120 
DsrB ABX82417 
DsrB ABX82438 
DsrB ABX82439 
DsrB BAJ17550 
DsrB BAJ17556 
DsrB UniRef90_A0L9L5 
DsrB UniRef90_A0LQK7 
DsrB UniRef90_A1AXC8 
DsrB UniRef90_A1HQ01 
DsrB UniRef90_A1RQX0 
DsrB UniRef90_A1WYF4 
DsrB UniRef90_A3MW48 
DsrB UniRef90_A3MW59 
DsrB UniRef90_A4J9D5 
DsrB UniRef90_A4SC59 
DsrB UniRef90_A4WJC2 
DsrB UniRef90_A4WK63 
DsrB UniRef90_A4WK74 
DsrB UniRef90_A8MD33 
DsrB UniRef90_A8ZX94 
DsrB UniRef90_B1I6N9 
DsrB UniRef90_B3ELT2 
DsrB UniRef90_B3QRG4 
DsrB UniRef90_B4SE96 
DsrB UniRef90_B5YIF3 
DsrB UniRef90_B8FME2 
DsrB UniRef90_B8GUE6 
DsrB UniRef90_B8IZA0 
DsrB UniRef90_C4XH84 
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DsrB UniRef90_C7LUX3 
DsrB UniRef90_C8W1Y9 
DsrB UniRef90_C8WZS2 
DsrB UniRef90_C9RA41 
DsrB UniRef90_D2RFY7 
DsrB UniRef90_D3RSN2 
DsrB UniRef90_D5CSI2 
DsrB UniRef90_D6E8X4 
DsrB UniRef90_D6SSJ7 
DsrB UniRef90_D6Z6P9 
DsrB UniRef90_D8F2V2 
DsrB UniRef90_E1QFJ3 
DsrB UniRef90_E1YFB1 
DsrB UniRef90_E3HZD2 
DsrB UniRef90_E5Y7F1 
DsrB UniRef90_E6QSS8 
DsrB UniRef90_E8RE37 
DsrB UniRef90_F0JJB4 
DsrB UniRef90_F0QUQ2 
DsrB UniRef90_F2KRS7 
DsrB UniRef90_F2NJF9 
DsrB UniRef90_F3YZL1 
DsrB UniRef90_F3Z1K8 
DsrB UniRef90_F6CRI2 
DsrB UniRef90_F7NEE3 
DsrB UniRef90_F8AAL4 
DsrB UniRef90_F8C2Z6 
DsrB UniRef90_G1UUT2 
DsrB UniRef90_G2FHM6 
DsrB UniRef90_G2FW56 
DsrB UniRef90_G4RNF0 
DsrB UniRef90_G4RNF3 
DsrB UniRef90_G7WBP4 
DsrB UniRef90_H5WQR0 
DsrB UniRef90_I1X4G8 
DsrB UniRef90_I1X4J2 
DsrB UniRef90_I1X4S0 
DsrB UniRef90_I1X4V1 
DsrB UniRef90_I1X508 
DsrB UniRef90_I1X574 
DsrB UniRef90_I1X5A4 
DsrB UniRef90_I3BY26 
DsrB UniRef90_I3XV44 

DsrB UniRef90_I4C3X5 
DsrB UniRef90_I4D7Y9 
DsrB UniRef90_I5B1F1 
DsrB UniRef90_K2QXR7 
DsrB UniRef90_K6UH91 
DsrB UniRef90_L0F3N5 
DsrB UniRef90_L0R867 
DsrB UniRef90_M1E861 
DsrB UniRef90_M1P948 
DsrB UniRef90_M1WKM5 
DsrB UniRef90_N0BL33 
DsrB UniRef90_P45575 
DsrB UniRef90_Q0A837 
DsrB UniRef90_Q2RI08 
DsrB UniRef90_Q2RI33 
DsrB UniRef90_Q2W1V3 
DsrB UniRef90_Q315R8 
DsrB UniRef90_Q3AP72 
DsrB UniRef90_Q3SG19 
DsrB UniRef90_Q59110 
DsrB UniRef90_Q6AQ46 
DsrB UniRef90_R4KL11 
DsrB UniRef90_R6GEJ7 
DsrB UniRef90_R6THS5 
DsrB UniRef90_S7UGF5 
DsrB UniRef90_S7V9M2 
DsrB UniRef90_T2G8V8 
DsrB UniRef90_V6F8U6 
DsrB UniRef90_W0SE78 
DsrB UniRef90_W6KAS1 
sat AAC23622 
sat NP_661756 
sat YP_314632 
sat YP_379885 
sat YP_903355 

SorA AAK58572 
SorA AF154565 
SorA CAL62480 
SorA NP_773897 
SorA SOR_ACIAM 
SorA UniRef90_A0A010QBH0 
SorA UniRef90_A0A031JPR6 
SorA UniRef90_A0A072SZV5 
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SorA UniRef90_A1VQR6 
SorA UniRef90_A1W216 
SorA UniRef90_A1WIA1 
SorA UniRef90_A4SYY7 
SorA UniRef90_A5FZZ7 
SorA UniRef90_A5V4V0 
SorA UniRef90_B6BGQ1 
SorA UniRef90_D7BCC9 
SorA UniRef90_D8PJI2 
SorA UniRef90_E0US48 
SorA UniRef90_E1SSH7 
SorA UniRef90_E3HRZ2 
SorA UniRef90_E3HWB7 
SorA UniRef90_E4TZK0 
SorA UniRef90_E4U0G5 
SorA UniRef90_E6X486 
SorA UniRef90_H0Q3T6 
SorA UniRef90_I2K7N2 
SorA UniRef90_I3UAU6 
SorA UniRef90_I3UE79 
SorA UniRef90_K0I4F5 
SorA UniRef90_L0AMI1 
SorA UniRef90_L9W9I7 
SorA UniRef90_M0L922 
SorA UniRef90_M0LKM9 
SorA UniRef90_M1XT02 
SorA UniRef90_Q01QB1 
SorA UniRef90_Q128W0 
SorA UniRef90_Q15RV6 
SorA UniRef90_Q1LDM3 
SorA UniRef90_Q1QGB1 
SorA UniRef90_Q1QI23 
SorA UniRef90_Q3SN69 
SorA UniRef90_Q46WP0 
SorA UniRef90_Q7P1Q5 
SorA UniRef90_Q8U195 
SorA UniRef90_Q8Y177 
SorA UniRef90_R4XMR5 
SorA UniRef90_T0I2I8 
SorA UniRef90_V5UEC2 
SorA YP_004737743 
SorA YP_982913 
SorA ZP_00051098 

SorB DOXA_ACIAM 
SorB DOXD_ACIAM 
SorB NP_773898 
SorB UniRef90_A0A010PCW4 
SorB UniRef90_A0A076FWK2 
SorB UniRef90_A0A076PLH1 
SorB UniRef90_A1VQR5 
SorB UniRef90_A1W215 
SorB UniRef90_A1WIA2 
SorB UniRef90_A4G7J2 
SorB UniRef90_A4SYY6 
SorB UniRef90_A5FZZ8 
SorB UniRef90_B3R8H9 
SorB UniRef90_C5T8U3 
SorB UniRef90_D3DHG5 
SorB UniRef90_D7BCD0 
SorB UniRef90_D8N691 
SorB UniRef90_D8NMH5 
SorB UniRef90_D8NWU0 
SorB UniRef90_E0US49 
SorB UniRef90_E4U0G4 
SorB UniRef90_E6PMK2 
SorB UniRef90_E6PUC6 
SorB UniRef90_F8GN54 
SorB UniRef90_G2IUB0 
SorB UniRef90_H0Q3T5 
SorB UniRef90_H0S2N5 
SorB UniRef90_H1FYW1 
SorB UniRef90_I3UE78 
SorB UniRef90_M5J3H2 
SorB UniRef90_Q128W1 
SorB UniRef90_Q15RV7 
SorB UniRef90_Q1LDM2 
SorB UniRef90_Q1QI22 
SorB UniRef90_Q3SN68 
SorB UniRef90_Q46WP1 
SorB UniRef90_Q7P1Q4 
SorB UniRef90_Q8EIW3 
SorB UniRef90_Q9LA15 
SorB UniRef90_U7NKB4 
SorB UniRef90_V8QTJ2 
SorB ZP_00051120 
SorB ZP_01044877 
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SoxA CAL61370 
SoxA NP_214239 
SoxA NP_767651 
SoxA NP_769372 
SoxA NP_770154 
SoxA NP_949804 
SoxA NP_949805 
SoxA UniRef90_A0A067A3E1 
SoxA UniRef90_A0A069E0F4 
SoxA UniRef90_A0A069I3Y9 
SoxA UniRef90_A0A073A2I4 
SoxA UniRef90_A0L1A9 
SoxA UniRef90_A1SUH0 
SoxA UniRef90_B2UG47 
SoxA UniRef90_B8GN87 
SoxA UniRef90_B8GUQ0 
SoxA UniRef90_C1DX05 
SoxA UniRef90_D0J0E4 
SoxA UniRef90_D3DJG4 
SoxA UniRef90_D3DJG5 
SoxA UniRef90_D6CVG6 
SoxA UniRef90_D7A6E5 
SoxA UniRef90_E3T355 
SoxA UniRef90_E6PWC2 
SoxA UniRef90_F7QKL8 
SoxA UniRef90_G2DG34 
SoxA UniRef90_L0E1H3 
SoxA UniRef90_O33434 
SoxA UniRef90_Q08IS0 
SoxA UniRef90_Q0BZC2 
SoxA UniRef90_Q0K5U7 
SoxA UniRef90_Q1LHT4 
SoxA UniRef90_Q1W3E4 
SoxA UniRef90_Q8KDM7 
SoxA UniRef90_Q939U1 
SoxA UniRef90_Q9K4M4 
SoxA UniRef90_R7X0C6 
SoxA UniRef90_UPI0002624BF0 
SoxA UniRef90_UPI0002625345 
SoxA UniRef90_UPI0002E9D2AC 
SoxA UniRef90_UPI0003664F8C 
SoxA UniRef90_UPI00036B1448 
SoxA UniRef90_UPI0003763A9D 

SoxA UniRef90_UPI000378A4EA 
SoxA UniRef90_UPI00039DD43E 
SoxA UniRef90_UPI0003A123E7 
SoxA UniRef90_UPI0003AA4674 
SoxA UniRef90_UPI0003B67AD7 
SoxA UniRef90_UPI0003F723CF 
SoxA UniRef90_UPI0003F8947D 
SoxA UniRef90_UPI0003FB4C92 
SoxA UniRef90_UPI0003FBB608 
SoxA UniRef90_UPI000404EC9D 
SoxA UniRef90_UPI000426A502 
SoxA UniRef90_UPI000426C4E8 
SoxA UniRef90_UPI00045E7ED0 
SoxA UniRef90_UPI0004781C04 
SoxA UniRef90_UPI00047A67D1 
SoxA UniRef90_UPI000481FA01 
SoxA UniRef90_UPI0004887A23 
SoxA UniRef90_UPI00048C8096 
SoxA UniRef90_UPI00048D508B 
SoxA UniRef90_UPI00048FD07C 
SoxA UniRef90_UPI000490A5AB 
SoxA UniRef90_UPI000493E076 
SoxA UniRef90_UPI000493E69C 
SoxA UniRef90_UPI0004942F6A 
SoxA UniRef90_UPI000494E41C 
SoxA UniRef90_UPI000497B2F6 
SoxA UniRef90_UPI0004A71C50 
SoxA UniRef90_UPI0004A74927 
SoxA UniRef90_UPI0004A76731 
SoxA UniRef90_UPI0004A77426 
SoxA UniRef90_V5UEB6 
SoxA UniRef90_V8QZI7 
SoxA UniRef90_W0SI65 
SoxA YP_001003514 
SoxA YP_001021624 
SoxA YP_005023 
SoxA YP_144681 
SoxA YP_166248 
SoxA YP_286330 
SoxA YP_314322 
SoxA YP_314676 
SoxA YP_380216 
SoxA YP_390871 

183



SoxA YP_392779 
SoxA YP_465488 
SoxA YP_487970 
SoxA YP_487971 
SoxA YP_549441 
SoxA YP_571374 
SoxA YP_571375 
SoxA YP_578861 
SoxA YP_681833 
SoxA YP_865820 
SoxA YP_903997 
SoxA ZP_00588640 
SoxA ZP_00628737 
SoxA ZP_00912864 
SoxA ZP_00956138 
SoxA ZP_00961295 
SoxA ZP_00963530 
SoxA ZP_01014858 
SoxA ZP_01037117 
SoxA ZP_01055913 
SoxA ZP_01102558 
SoxA ZP_01144907 
SoxA ZP_01167150 
SoxA ZP_01225766 
SoxA ZP_01439477 
SoxA ZP_01549054 
SoxA ZP_01583268 
SoxA ZP_01627097 
SoxA ZP_01743246 
SoxA ZP_01748360 
SoxB AAF99435 
SoxB AAL68888 
SoxB ABR67341 
SoxB ABR67342 
SoxB ABR67343 
SoxB ABR67346 
SoxB ABR67348 
SoxB ABR67350 
SoxB ABR67351 
SoxB ABR67353 
SoxB ABR67355 
SoxB ABR67356 
SoxB ABR67358 

SoxB ABR67362 
SoxB ABR67363 
SoxB ABR67364 
SoxB ABR67365 
SoxB ABR67367 
SoxB ABR67368 
SoxB ABR67369 
SoxB ABR67371 
SoxB ABR67372 
SoxB ABR67373 
SoxB ABR67374 
SoxB ABR67375 
SoxB ABR67376 
SoxB ABR67378 
SoxB ABR67379 
SoxB ABR67381 
SoxB ABR67382 
SoxB ABR67383 
SoxB ABR67385 
SoxB ABR67386 
SoxB BAF34125 
SoxB NP_767649 
SoxB UniRef90_A0A024IG50 
SoxB UniRef90_A0A059ZWT2 
SoxB UniRef90_A0A060A1Q5 
SoxB UniRef90_A0A068X7F5 
SoxB UniRef90_A0A073A2I0 
SoxB UniRef90_A0A076JZ94 
SoxB UniRef90_A0A085F516 
SoxB UniRef90_A0L8X0 
SoxB UniRef90_A1AVJ1 
SoxB UniRef90_A1B9M4 
SoxB UniRef90_A1WYE1 
SoxB UniRef90_A2SIJ8 
SoxB UniRef90_A4A7K1 
SoxB UniRef90_A4SCF8 
SoxB UniRef90_A4U035 
SoxB UniRef90_A4WZF4 
SoxB UniRef90_A5CXN3 
SoxB UniRef90_A5E9W5 
SoxB UniRef90_A5G305 
SoxB UniRef90_A6Q623 
SoxB UniRef90_A6Q7K2 

184



SoxB UniRef90_A6SV46 
SoxB UniRef90_A7BVE9 
SoxB UniRef90_A8ESB5 
SoxB UniRef90_A8UQT9 
SoxB UniRef90_B1XV30 
SoxB UniRef90_B2UG44 
SoxB UniRef90_B3Q926 
SoxB UniRef90_B8J5R8 
SoxB UniRef90_D0J0E2 
SoxB UniRef90_D1KBD0 
SoxB UniRef90_D3PPJ4 
SoxB UniRef90_D3RVS5 
SoxB UniRef90_D5X456 
SoxB UniRef90_D6V8B3 
SoxB UniRef90_D7A6E2 
SoxB UniRef90_E0US21 
SoxB UniRef90_E3T345 
SoxB UniRef90_E3T356 
SoxB UniRef90_E4TZM8 
SoxB UniRef90_E6PWC4 
SoxB UniRef90_E6WZY0 
SoxB UniRef90_E8PNQ6 
SoxB UniRef90_F3L3A7 
SoxB UniRef90_F7QKM2 
SoxB UniRef90_F7ZJW5 
SoxB UniRef90_G0EZG6 
SoxB UniRef90_G0JQ03 
SoxB UniRef90_G2DEK7 
SoxB UniRef90_G4SUB0 
SoxB UniRef90_G8NAE9 
SoxB UniRef90_H9ZQC5 
SoxB UniRef90_I1X4F3 
SoxB UniRef90_I1X5E6 
SoxB UniRef90_I1X5K7 
SoxB UniRef90_I2K4N6 
SoxB UniRef90_I3BTH9 
SoxB UniRef90_I3UCZ6 
SoxB UniRef90_I7EL48 
SoxB UniRef90_I9W4T4 
SoxB UniRef90_J6LAS2 
SoxB UniRef90_J7FQ58 
SoxB UniRef90_K7R6V1 
SoxB UniRef90_K9H957 

SoxB UniRef90_L0E2P8 
SoxB UniRef90_L0NJ68 
SoxB UniRef90_L9PLX3 
SoxB UniRef90_M4Z9F8 
SoxB UniRef90_M5RIF5 
SoxB UniRef90_N6YCZ3 
SoxB UniRef90_O67671 
SoxB UniRef90_Q07M24 
SoxB UniRef90_Q12AA1 
SoxB UniRef90_Q1LHT7 
SoxB UniRef90_Q1QH98 
SoxB UniRef90_Q2BJY1 
SoxB UniRef90_Q2IRV4 
SoxB UniRef90_Q30TY6 
SoxB UniRef90_Q31FD2 
SoxB UniRef90_Q3APA0 
SoxB UniRef90_Q47BC3 
SoxB UniRef90_Q89PG5 
SoxB UniRef90_Q8KDM5 
SoxB UniRef90_Q93RP6 
SoxB UniRef90_S6AIY2 
SoxB UniRef90_S6BI80 
SoxB UniRef90_S9QBQ7 
SoxB UniRef90_S9QZ03 
SoxB UniRef90_S9SH65 
SoxB UniRef90_T0JU50 
SoxB UniRef90_U3AIF0 
SoxB UniRef90_UPI00035E960C 
SoxB UniRef90_UPI000367CAFC 
SoxB UniRef90_UPI0003B4636C 
SoxB UniRef90_UPI000484B283 
SoxB UniRef90_UPI0004970BC9 
SoxB UniRef90_UPI0004975CA2 
SoxB UniRef90_V4RMK9 
SoxB UniRef90_V5C8X2 
SoxB UniRef90_V9WLD2 
SoxB UniRef90_W0DC07 
SoxB UniRef90_W0TR16 
SoxB UniRef90_W6KJI5 
SoxB UniRef90_W8RTR7 
SoxB UniRef90_W9VAG2 
SoxB YP_166249 
SoxB YP_314321 

185



SoxB ZP_00051299 
SoxB ZP_00944480 
SoxB ZP_00956139 
SoxB ZP_00961294 
SoxB ZP_00963529 
SoxB ZP_01014859 
SoxB ZP_01037116 
SoxB ZP_01225765 
SoxB ZP_01439476 
SoxB ZP_01549055 
SoxB ZP_01627095 
SoxB ZP_01743245 
SoxB ZP_01748359 
SoxC AAF99436 
SoxC BAF34119 
SoxC UniRef90_A0A031GIF1 
SoxC UniRef90_A0A031GJ34 
SoxC UniRef90_A0A068TK00 
SoxC UniRef90_A0A072CFS9 
SoxC UniRef90_A0A076K0U9 
SoxC UniRef90_A0A085F517 
SoxC UniRef90_A1B9M5 
SoxC UniRef90_A2SHK3 
SoxC UniRef90_A4SX05 
SoxC UniRef90_A4WZF3 
SoxC UniRef90_A5EHW2 
SoxC UniRef90_A5EL64 
SoxC UniRef90_A5G2Z8 
SoxC UniRef90_A6Q6A0 
SoxC UniRef90_A6SV39 
SoxC UniRef90_A8ESA8 
SoxC UniRef90_B1A9Y7 
SoxC UniRef90_B3Q925 
SoxC UniRef90_B4ZYT0 
SoxC UniRef90_B6AX77 
SoxC UniRef90_B6BGQ8 
SoxC UniRef90_B6DXB1 
SoxC UniRef90_B8KX43 
SoxC UniRef90_B9VWK7 
SoxC UniRef90_C3KM89 
SoxC UniRef90_C7CBQ1 
SoxC UniRef90_D4GGW8 
SoxC UniRef90_D5X462 

SoxC UniRef90_D7A6E1 
SoxC UniRef90_E0URX4 
SoxC UniRef90_E0XCR7 
SoxC UniRef90_E6PWB8 
SoxC UniRef90_E6WZX3 
SoxC UniRef90_E8PNQ0 
SoxC UniRef90_F5RC00 
SoxC UniRef90_F7QKM3 
SoxC UniRef90_G8PPV5 
SoxC UniRef90_H1S1S8 
SoxC UniRef90_H1S535 
SoxC UniRef90_H9ZQD1 
SoxC UniRef90_I1B0R0 
SoxC UniRef90_I1X4F4 
SoxC UniRef90_I1X5E7 
SoxC UniRef90_I2IKC6 
SoxC UniRef90_I2K4I3 
SoxC UniRef90_I3UGE4 
SoxC UniRef90_I4WBQ2 
SoxC UniRef90_I9BU82 
SoxC UniRef90_K2IRL8 
SoxC UniRef90_L0NHN6 
SoxC UniRef90_Q07M25 
SoxC UniRef90_Q0JZ20 
SoxC UniRef90_Q0K5U1 
SoxC UniRef90_Q130M0 
SoxC UniRef90_Q16A44 
SoxC UniRef90_Q1YN56 
SoxC UniRef90_Q2IK73 
SoxC UniRef90_Q2PY06 
SoxC UniRef90_Q30NU7 
SoxC UniRef90_Q31JC1 
SoxC UniRef90_Q47BB7 
SoxC UniRef90_Q5ZQM9 
SoxC UniRef90_Q608I6 
SoxC UniRef90_R0EJL1 
SoxC UniRef90_R9RUA0 
SoxC UniRef90_S9QYV4 
SoxC UniRef90_V9VR91 
SoxC UniRef90_W4HNG0 
SoxC UniRef90_X2C028 
SoxC YP_001021628 
SoxC YP_166250 

186



SoxC YP_549445 
SoxC YP_576401 
SoxC ZP_00956140 
SoxC ZP_00961293 
SoxC ZP_01014860 
SoxC ZP_01037115 
SoxC ZP_01102563 
SoxC ZP_01167156 
SoxC ZP_01549056 
SoxC ZP_01627101 
SoxC ZP_01743243 
SoxC ZP_01748358 
SoxD AAF99437 
SoxD BAF34120 
SoxD CAA55825 
SoxD CAL61376 
SoxD NP_772760 
SoxD NP_772761 
SoxD UniRef90_A0A017HEE8 
SoxD UniRef90_A0A076K5N0 
SoxD UniRef90_A0A085BSM5 
SoxD UniRef90_A0A085F518 
SoxD UniRef90_A0A087LQX8 
SoxD UniRef90_A0KDR0 
SoxD UniRef90_A0NXV5 
SoxD UniRef90_A1B9M6 
SoxD UniRef90_A2SIK3 
SoxD UniRef90_A3JVA5 
SoxD UniRef90_A3K9X0 
SoxD UniRef90_A3SQX3 
SoxD UniRef90_A3SZG8 
SoxD UniRef90_A3VJS7 
SoxD UniRef90_A3W515 
SoxD UniRef90_A3WF82 
SoxD UniRef90_A3X8I7 
SoxD UniRef90_A4G4C9 
SoxD UniRef90_A4SX06 
SoxD UniRef90_A5EHW3 
SoxD UniRef90_A5G2Z9 
SoxD UniRef90_A6FWD0 
SoxD UniRef90_A9E7B1 
SoxD UniRef90_B3Y967 
SoxD UniRef90_B6B6H7 

SoxD UniRef90_B7QUA6 
SoxD UniRef90_B7RJ59 
SoxD UniRef90_C5ASA3 
SoxD UniRef90_D0CYH6 
SoxD UniRef90_D5X461 
SoxD UniRef90_E6PWB9 
SoxD UniRef90_F3L3A1 
SoxD UniRef90_F7QKM4 
SoxD UniRef90_G0EZH4 
SoxD UniRef90_G2HTV9 
SoxD UniRef90_G8PPV4 
SoxD UniRef90_G8PQT3 
SoxD UniRef90_H0TEH6 
SoxD UniRef90_H9ZQD2 
SoxD UniRef90_I1B0Q9 
SoxD UniRef90_I1X4F5 
SoxD UniRef90_I1X5E8 
SoxD UniRef90_I2K4I2 
SoxD UniRef90_I7EBT7 
SoxD UniRef90_J6UBC9 
SoxD UniRef90_K2K603 
SoxD UniRef90_K9GM86 
SoxD UniRef90_L0NGY6 
SoxD UniRef90_M7Z612 
SoxD UniRef90_Q07M26 
SoxD UniRef90_Q0F958 
SoxD UniRef90_Q0FI42 
SoxD UniRef90_Q0G1J3 
SoxD UniRef90_Q12A96 
SoxD UniRef90_Q130M1 
SoxD UniRef90_Q16A43 
SoxD UniRef90_Q1YN57 
SoxD UniRef90_Q2CI91 
SoxD UniRef90_Q2IK74 
SoxD UniRef90_Q2IRV6 
SoxD UniRef90_Q30NU8 
SoxD UniRef90_Q31JC0 
SoxD UniRef90_Q46W68 
SoxD UniRef90_Q47BB8 
SoxD UniRef90_Q5LUQ4 
SoxD UniRef90_Q5ZQM8 
SoxD UniRef90_Q6N1E3 
SoxD UniRef90_Q89PG3 

187



SoxD UniRef90_Q9LAH4 
SoxD UniRef90_S6GR29 
SoxD UniRef90_S9Q6N8 
SoxD UniRef90_S9QW81 
SoxD UniRef90_S9RG15 
SoxD UniRef90_S9SEX2 
SoxD UniRef90_U2Z8R6 
SoxD UniRef90_V4RPQ7 
SoxD UniRef90_V4TNH9 
SoxD UniRef90_W1IAE9 
SoxD UniRef90_W8S6R7 
SoxD UniRef90_W8SPY1 
SoxD YP_576402 
SoxD ZP_01102562 
SoxD ZP_01167155 
SoxD ZP_01627100 
SoxX AAF99431 
SoxX AAL68883 
SoxX BAF34124 
SoxX NP_214238 
SoxX NP_767654 
SoxX UniRef90_A0A017HCY5 
SoxX UniRef90_A0A024IFB5 
SoxX UniRef90_A0A037ZKQ3 
SoxX UniRef90_A0A058ZH00 
SoxX UniRef90_A0A059FH77 
SoxX UniRef90_A0A059FUE6 
SoxX UniRef90_A0A059ILR8 
SoxX UniRef90_A0A060A1Q0 
SoxX UniRef90_A0A061SWJ3 
SoxX UniRef90_A0A062V9X3 
SoxX UniRef90_A0A066ZSV2 
SoxX UniRef90_A0A069E0J3 
SoxX UniRef90_A0A069I633 
SoxX UniRef90_A0A072SPP3 
SoxX UniRef90_A0A073IJ63 
SoxX UniRef90_A0A085BSL9 
SoxX UniRef90_A0A085EWI5 
SoxX UniRef90_A0A085F512 
SoxX UniRef90_A0L8X4 
SoxX UniRef90_A0LE09 
SoxX UniRef90_A1AX72 
SoxX UniRef90_A1B9M0 

SoxX UniRef90_A3JVB2 
SoxX UniRef90_A3K9X6 
SoxX UniRef90_A3SQX9 
SoxX UniRef90_A3SZH5 
SoxX UniRef90_A3VJS1 
SoxX UniRef90_A3W521 
SoxX UniRef90_A3X8I1 
SoxX UniRef90_A4A7K6 
SoxX UniRef90_A4G4D4 
SoxX UniRef90_A4SCG3 
SoxX UniRef90_A4SX10 
SoxX UniRef90_A4SY09 
SoxX UniRef90_A4U039 
SoxX UniRef90_A4WZF8 
SoxX UniRef90_A4YQR0 
SoxX UniRef90_A5CW22 
SoxX UniRef90_A5EFF6 
SoxX UniRef90_A5EHV7 
SoxX UniRef90_A5G300 
SoxX UniRef90_A6FWC4 
SoxX UniRef90_A6Q627 
SoxX UniRef90_A7BMU2 
SoxX UniRef90_A8V4S5 
SoxX UniRef90_A9DG90 
SoxX UniRef90_A9E7C5 
SoxX UniRef90_B1Y5Z4 
SoxX UniRef90_B2UG46 
SoxX UniRef90_B2V885 
SoxX UniRef90_B3QNI6 
SoxX UniRef90_B4SEK9 
SoxX UniRef90_B6B6I3 
SoxX UniRef90_B6BLD5 
SoxX UniRef90_B7A5J7 
SoxX UniRef90_B7QUB2 
SoxX UniRef90_B7RJ65 
SoxX UniRef90_B8J5R7 
SoxX UniRef90_B8KK52 
SoxX UniRef90_C0QSK9 
SoxX UniRef90_C1DX01 
SoxX UniRef90_C5AS97 
SoxX UniRef90_C7CBM7 
SoxX UniRef90_D0J0E3 
SoxX UniRef90_D1KB33 

188



SoxX UniRef90_D3DJG6 
SoxX UniRef90_D3RVS6 
SoxX UniRef90_D5X457 
SoxX UniRef90_D6ZZE3 
SoxX UniRef90_D7A6E6 
SoxX UniRef90_D7BJA2 
SoxX UniRef90_D7BJA4 
SoxX UniRef90_E3I2K1 
SoxX UniRef90_E3T352 
SoxX UniRef90_E4TZM4 
SoxX UniRef90_E6PWC3 
SoxX UniRef90_E8PNQ5 
SoxX UniRef90_F3L3A2 
SoxX UniRef90_F6D9V8 
SoxX UniRef90_F7QKL7 
SoxX UniRef90_G2DG26 
SoxX UniRef90_G2FEE4 
SoxX UniRef90_G2HTW0 
SoxX UniRef90_G4ST10 
SoxX UniRef90_G7D5M1 
SoxX UniRef90_G8PPW0 
SoxX UniRef90_G9ZYW2 
SoxX UniRef90_H0RXF2 
SoxX UniRef90_H0SDE7 
SoxX UniRef90_H0T6J6 
SoxX UniRef90_H0TE11 
SoxX UniRef90_H0TEH0 
SoxX UniRef90_H0TTT9 
SoxX UniRef90_H9ZQC6 
SoxX UniRef90_I1B0R5 
SoxX UniRef90_I1X4E9 
SoxX UniRef90_I1X5E2 
SoxX UniRef90_I3BTG8 
SoxX UniRef90_I7EL29 
SoxX UniRef90_J5PG72 
SoxX UniRef90_K2KNX1 
SoxX UniRef90_K2M8N9 
SoxX UniRef90_K9GPT3 
SoxX UniRef90_L0DZN3 
SoxX UniRef90_L0NHP1 
SoxX UniRef90_L9PJU5 
SoxX UniRef90_M1SFR1 
SoxX UniRef90_M4ZBM7 

SoxX UniRef90_M5FCM9 
SoxX UniRef90_Q0BZB9 
SoxX UniRef90_Q0F963 
SoxX UniRef90_Q0FI48 
SoxX UniRef90_Q12AA0 
SoxX UniRef90_Q16A49 
SoxX UniRef90_Q1LHT5 
SoxX UniRef90_Q1QH93 
SoxX UniRef90_Q1YN51 
SoxX UniRef90_Q2BJX5 
SoxX UniRef90_Q30TZ0 
SoxX UniRef90_Q31I23 
SoxX UniRef90_Q3APA5 
SoxX UniRef90_Q3SF12 
SoxX UniRef90_Q3SKB7 
SoxX UniRef90_Q46W74 
SoxX UniRef90_Q47BC2 
SoxX UniRef90_Q5LUR0 
SoxX UniRef90_Q5ZQN1 
SoxX UniRef90_Q89PG9 
SoxX UniRef90_Q8KDN0 
SoxX UniRef90_S6AAT6 
SoxX UniRef90_S6CGK8 
SoxX UniRef90_S9QAN8 
SoxX UniRef90_S9QYV0 
SoxX UniRef90_S9S607 
SoxX UniRef90_U3AIF3 
SoxX UniRef90_U3QMU2 
SoxX UniRef90_U7FK99 
SoxX UniRef90_UPI0002557C77 
SoxX UniRef90_UPI0002624BF3 
SoxX UniRef90_UPI0002625346 
SoxX UniRef90_UPI00031C4E59 
SoxX UniRef90_UPI00035CC676 
SoxX UniRef90_UPI00037AE83F 
SoxX UniRef90_UPI0003B33203 
SoxX UniRef90_UPI0003B48222 
SoxX UniRef90_UPI0003F6E61F 
SoxX UniRef90_UPI0003FB94FE 
SoxX UniRef90_UPI0003FF5931 
SoxX UniRef90_UPI000402021D 
SoxX UniRef90_UPI0004047A27 
SoxX UniRef90_UPI0004114A47 

189



SoxX UniRef90_UPI000418F09F 
SoxX UniRef90_UPI000421118D 
SoxX UniRef90_UPI000427E63B 
SoxX UniRef90_UPI0004630B9F 
SoxX UniRef90_UPI00046491FB 
SoxX UniRef90_UPI0004649619 
SoxX UniRef90_UPI000468AFF0 
SoxX UniRef90_UPI000468B01A 
SoxX UniRef90_UPI00046A36EF 
SoxX UniRef90_UPI000474F109 
SoxX UniRef90_UPI000479E22C 
SoxX UniRef90_UPI00047C8CAD 
SoxX UniRef90_UPI00047D4666 
SoxX UniRef90_UPI00047DAE3C 
SoxX UniRef90_UPI00047E9CEA 
SoxX UniRef90_UPI00047F0B43 
SoxX UniRef90_UPI0004894EDC 
SoxX UniRef90_UPI00048B7235 
SoxX UniRef90_UPI00048CB8E7 
SoxX UniRef90_UPI00048E6357 
SoxX UniRef90_UPI00048EA2E6 
SoxX UniRef90_UPI00048FD590 
SoxX UniRef90_UPI0004947346 
SoxX UniRef90_UPI0004954A60 
SoxX UniRef90_UPI0004A27858 
SoxX UniRef90_UPI0004A759B6 
SoxX UniRef90_UPI0004DEE564 
SoxX UniRef90_V2GK44 
SoxX UniRef90_V4RW72 
SoxX UniRef90_V5UD20 
SoxX UniRef90_V8QYH5 
SoxX UniRef90_V9VR85 
SoxX UniRef90_W0DGR9 
SoxX UniRef90_W0SL49 
SoxX UniRef90_W0TR11 
SoxX UniRef90_W3RII9 
SoxX UniRef90_W6K750 
SoxX UniRef90_W8RTP1 
SoxX UniRef90_W9VKJ1 
SoxX UniRef90_X6KYI6 
SoxX UniRef90_X7F369 
SoxX YP_001003514 
SoxX YP_001021623 

SoxX YP_144684 
SoxX ZP_00051298 
SoxX ZP_01439480 
SoxX ZP_01583271 
SoxX ZP_01627096 
SoxY AAL68884 
SoxY NP_214241 
SoxY UniRef90_A0A011N2L9 
SoxY UniRef90_A0A011NUF7 
SoxY UniRef90_A0A011PYX1 
SoxY UniRef90_A0A011QRB6 
SoxY UniRef90_A0A014Q9I5 
SoxY UniRef90_A0A037ZM09 
SoxY UniRef90_A0A038FXH4 
SoxY UniRef90_A0A058ZI38 
SoxY UniRef90_A0A059FGX6 
SoxY UniRef90_A0A059FTV3 
SoxY UniRef90_A0A059ILL9 
SoxY UniRef90_A0A059ZX70 
SoxY UniRef90_A0A061SWV4 
SoxY UniRef90_A0A062VFF2 
SoxY UniRef90_A0A066ZTQ2 
SoxY UniRef90_A0A069DZZ9 
SoxY UniRef90_A0A073IW05 
SoxY UniRef90_A0A076K5N2 
SoxY UniRef90_A0A076PL66 
SoxY UniRef90_A0A085EWI4 
SoxY UniRef90_A0A085U1Y4 
SoxY UniRef90_A0A086MPU4 
SoxY UniRef90_A0L8X3 
SoxY UniRef90_A0LBZ5 
SoxY UniRef90_A0LE08 
SoxY UniRef90_A0Y7L0 
SoxY UniRef90_A1AX71 
SoxY UniRef90_A1B9M1 
SoxY UniRef90_A1BCG2 
SoxY UniRef90_A1VMV3 
SoxY UniRef90_A1WYE3 
SoxY UniRef90_A2SCZ4 
SoxY UniRef90_A2SHK2 
SoxY UniRef90_A2SHV5 
SoxY UniRef90_A2SIK2 
SoxY UniRef90_A3JVB1 

190



SoxY UniRef90_A3K9X5 
SoxY UniRef90_A3SQX8 
SoxY UniRef90_A3SZH4 
SoxY UniRef90_A3VJS2 
SoxY UniRef90_A3W520 
SoxY UniRef90_A3X8I0 
SoxY UniRef90_A4A7K5 
SoxY UniRef90_A4G4D1 
SoxY UniRef90_A4SCG2 
SoxY UniRef90_A4U038 
SoxY UniRef90_A4WZF7 
SoxY UniRef90_A4YQQ9 
SoxY UniRef90_A4Z2R6 
SoxY UniRef90_A5CW21 
SoxY UniRef90_A5EFF5 
SoxY UniRef90_A5EHV8 
SoxY UniRef90_A6FWC5 
SoxY UniRef90_A6FWD1 
SoxY UniRef90_A6Q0Z3 
SoxY UniRef90_A6Q626 
SoxY UniRef90_A6Q6A2 
SoxY UniRef90_A6Q7J9 
SoxY UniRef90_A9DG89 
SoxY UniRef90_A9E7C1 
SoxY UniRef90_B0UD54 
SoxY UniRef90_B0ULZ3 
SoxY UniRef90_B1XV34 
SoxY UniRef90_B1Y5Z3 
SoxY UniRef90_B1ZD61 
SoxY UniRef90_B2UG50 
SoxY UniRef90_B2V883 
SoxY UniRef90_B3EDN6 
SoxY UniRef90_B3QNI5 
SoxY UniRef90_B3QVQ9 
SoxY UniRef90_B4S942 
SoxY UniRef90_B4SAA2 
SoxY UniRef90_B6BLD4 
SoxY UniRef90_B7RJ64 
SoxY UniRef90_B8GSV6 
SoxY UniRef90_B8IQV4 
SoxY UniRef90_B8J5R3 
SoxY UniRef90_B8KK53 
SoxY UniRef90_C0QSK7 

SoxY UniRef90_D0J5V0 
SoxY UniRef90_D0KVR0 
SoxY UniRef90_D1KB32 
SoxY UniRef90_D3PPJ0 
SoxY UniRef90_D3RVA1 
SoxY UniRef90_D3SQG3 
SoxY UniRef90_D5X056 
SoxY UniRef90_D6ZZE4 
SoxY UniRef90_D7A6E4 
SoxY UniRef90_D7BJA8 
SoxY UniRef90_D8JT39 
SoxY UniRef90_D8JX76 
SoxY UniRef90_D8N4B2 
SoxY UniRef90_E0US18 
SoxY UniRef90_E2CPN8 
SoxY UniRef90_E3T353 
SoxY UniRef90_E4TZM5 
SoxY UniRef90_E6PWC0 
SoxY UniRef90_E6VNJ6 
SoxY UniRef90_E6WZX6 
SoxY UniRef90_E8PNR0 
SoxY UniRef90_F0IXH2 
SoxY UniRef90_F2J559 
SoxY UniRef90_F3L3A3 
SoxY UniRef90_F6D9V7 
SoxY UniRef90_F7QKM0 
SoxY UniRef90_F7XDM9 
SoxY UniRef90_F8J7I5 
SoxY UniRef90_F9UFE8 
SoxY UniRef90_F9ZRL9 
SoxY UniRef90_G2HTW1 
SoxY UniRef90_G4E208 
SoxY UniRef90_G4SW94 
SoxY UniRef90_G7D5M2 
SoxY UniRef90_G8NAE5 
SoxY UniRef90_G8PPV9 
SoxY UniRef90_G9AF80 
SoxY UniRef90_H0SDE8 
SoxY UniRef90_H0T6J7 
SoxY UniRef90_H0TE12 
SoxY UniRef90_H0TEH1 
SoxY UniRef90_H1G5T4 
SoxY UniRef90_I0GCH3 

191



SoxY UniRef90_I0HQT0 
SoxY UniRef90_I0HT98 
SoxY UniRef90_I1B0R4 
SoxY UniRef90_I1X4F0 
SoxY UniRef90_I1X5E3 
SoxY UniRef90_I1XH31 
SoxY UniRef90_I1YI19 
SoxY UniRef90_I2K4N9 
SoxY UniRef90_I2QQX6 
SoxY UniRef90_I3BR67 
SoxY UniRef90_I3BTH3 
SoxY UniRef90_I7EBQ8 
SoxY UniRef90_I9BUS6 
SoxY UniRef90_J0JHQ0 
SoxY UniRef90_J6IZW2 
SoxY UniRef90_K0C270 
SoxY UniRef90_K2J7E4 
SoxY UniRef90_K2K608 
SoxY UniRef90_K2M5E4 
SoxY UniRef90_K2M5S3 
SoxY UniRef90_K9HEN3 
SoxY UniRef90_L0DS17 
SoxY UniRef90_L0NGZ0 
SoxY UniRef90_L9PJS5 
SoxY UniRef90_M3ADQ6 
SoxY UniRef90_M4ZXP5 
SoxY UniRef90_M5FC80 
SoxY UniRef90_M7NY92 
SoxY UniRef90_N0B728 
SoxY UniRef90_Q07M22 
SoxY UniRef90_Q08IS2 
SoxY UniRef90_Q0A810 
SoxY UniRef90_Q0BZC0 
SoxY UniRef90_Q0F962 
SoxY UniRef90_Q0FI47 
SoxY UniRef90_Q0G1I8 
SoxY UniRef90_Q0K5U4 
SoxY UniRef90_Q12A97 
SoxY UniRef90_Q16A48 
SoxY UniRef90_Q1H4W5 
SoxY UniRef90_Q1QH94 
SoxY UniRef90_Q1YN52 
SoxY UniRef90_Q2IRV2 

SoxY UniRef90_Q30NU9 
SoxY UniRef90_Q30TY9 
SoxY UniRef90_Q31I24 
SoxY UniRef90_Q3APA4 
SoxY UniRef90_Q47BB9 
SoxY UniRef90_Q5SME5 
SoxY UniRef90_Q5ZQN0 
SoxY UniRef90_Q606M9 
SoxY UniRef90_Q89PG8 
SoxY UniRef90_Q89RM9 
SoxY UniRef90_Q8KDM9 
SoxY UniRef90_Q939U3 
SoxY UniRef90_Q9LCU9 
SoxY UniRef90_S6AN33 
SoxY UniRef90_S6BK39 
SoxY UniRef90_S6GM86 
SoxY UniRef90_S9Q6P7 
SoxY UniRef90_S9QW78 
SoxY UniRef90_S9SEW8 
SoxY UniRef90_T0JHL9 
SoxY UniRef90_U2FZY1 
SoxY UniRef90_U2Z8S0 
SoxY UniRef90_U7FLG9 
SoxY UniRef90_UPI0001D2F204 
SoxY UniRef90_UPI0002624BF2 
SoxY UniRef90_UPI000262534B 
SoxY UniRef90_UPI000262CA43 
SoxY UniRef90_UPI000303F7FD 
SoxY UniRef90_UPI0003471B8A 
SoxY UniRef90_UPI00035EAC6F 
SoxY UniRef90_UPI0003692C93 
SoxY UniRef90_UPI0003776C2D 
SoxY UniRef90_UPI0003794352 
SoxY UniRef90_UPI00037DC00C 
SoxY UniRef90_UPI00037EF751 
SoxY UniRef90_UPI000381A352 
SoxY UniRef90_UPI000399A29E 
SoxY UniRef90_UPI0003B3274C 
SoxY UniRef90_UPI0003B3BEF2 
SoxY UniRef90_UPI0003B488E9 
SoxY UniRef90_UPI0003B49753 
SoxY UniRef90_UPI0003D3E6EC 
SoxY UniRef90_UPI0003F8CDD6 

192



SoxY UniRef90_UPI000401FAF6 
SoxY UniRef90_UPI0004044E76 
SoxY UniRef90_UPI000404D468 
SoxY UniRef90_UPI0004159FDB 
SoxY UniRef90_UPI00041906BC 
SoxY UniRef90_UPI0004198596 
SoxY UniRef90_UPI00041D828D 
SoxY UniRef90_UPI00041DF2C9 
SoxY UniRef90_UPI0004242031 
SoxY UniRef90_UPI000428C6D4 
SoxY UniRef90_UPI00045EABAE 
SoxY UniRef90_UPI000463563B 
SoxY UniRef90_UPI000463915B 
SoxY UniRef90_UPI000464FF21 
SoxY UniRef90_UPI0004652082 
SoxY UniRef90_UPI00046898FE 
SoxY UniRef90_UPI000468AE21 
SoxY UniRef90_UPI000468F355 
SoxY UniRef90_UPI0004699585 
SoxY UniRef90_UPI000476F967 
SoxY UniRef90_UPI00047803F5 
SoxY UniRef90_UPI00047830A7 
SoxY UniRef90_UPI0004798D06 
SoxY UniRef90_UPI00047D0486 
SoxY UniRef90_UPI00047DD103 
SoxY UniRef90_UPI00047E679C 
SoxY UniRef90_UPI00047E8334 
SoxY UniRef90_UPI00047F3688 
SoxY UniRef90_UPI000482BF58 
SoxY UniRef90_UPI0004838221 
SoxY UniRef90_UPI000484A9D2 
SoxY UniRef90_UPI0004873CE1 
SoxY UniRef90_UPI00048743A7 
SoxY UniRef90_UPI000489AF17 
SoxY UniRef90_UPI00048D610F 
SoxY UniRef90_UPI00048E3569 
SoxY UniRef90_UPI00048E3ED9 
SoxY UniRef90_UPI00048E4C68 
SoxY UniRef90_UPI00048EB85E 
SoxY UniRef90_UPI00048EF79A 
SoxY UniRef90_UPI00048F4A6E 
SoxY UniRef90_UPI0004909348 
SoxY UniRef90_UPI000491074A 

SoxY UniRef90_UPI00049140EF 
SoxY UniRef90_UPI000493CF2B 
SoxY UniRef90_UPI0004944899 
SoxY UniRef90_UPI000494D7DB 
SoxY UniRef90_UPI0004961FC5 
SoxY UniRef90_UPI000496D483 
SoxY UniRef90_UPI000497F93C 
SoxY UniRef90_UPI0004A4BF04 
SoxY UniRef90_UPI0004A73F59 
SoxY UniRef90_V2HG49 
SoxY UniRef90_V4RPR2 
SoxY UniRef90_V4XXB6 
SoxY UniRef90_V5SG23 
SoxY UniRef90_V5UFF6 
SoxY UniRef90_V7FKT0 
SoxY UniRef90_V8QWX8 
SoxY UniRef90_V9R0A0 
SoxY UniRef90_V9VS74 
SoxY UniRef90_W0DFP8 
SoxY UniRef90_W0TSS3 
SoxY UniRef90_W1I831 
SoxY UniRef90_W1I9V2 
SoxY UniRef90_W1JTS6 
SoxY UniRef90_W3RFW4 
SoxY UniRef90_W3RHE1 
SoxY UniRef90_W4HNF5 
SoxY UniRef90_W4M2V1 
SoxY UniRef90_W6K921 
SoxY UniRef90_W6KAT5 
SoxY UniRef90_W7W9K2 
SoxY UniRef90_W7X0Z9 
SoxY UniRef90_W8KKJ7 
SoxY UniRef90_W8SPX6 
SoxY UniRef90_W9GV49 
SoxY UniRef90_W9T5H5 
SoxY UniRef90_W9V147 
SoxY UniRef90_W9V1I1 
SoxY UniRef90_X6GHK6 
SoxY UniRef90_X6KVK9 
SoxY UniRef90_X7F5A5 
SoxY YP_166246 
SoxY YP_314324 
SoxY ZP_00048026 

193



SoxY ZP_00944482 
SoxY ZP_01627099 
SoxZ AAL68885 
SoxZ NP_214240 
SoxZ UniRef90_A0A014NK72 
SoxZ UniRef90_A0A016XI15 
SoxZ UniRef90_A0A023WSD0 
SoxZ UniRef90_A0A024ELE4 
SoxZ UniRef90_A0A024IH18 
SoxZ UniRef90_A0A038GP89 
SoxZ UniRef90_A0A058ZJ83 
SoxZ UniRef90_A0A059FH44 
SoxZ UniRef90_A0A059FTX8 
SoxZ UniRef90_A0A059ZSV1 
SoxZ UniRef90_A0A059ZT96 
SoxZ UniRef90_A0A060B571 
SoxZ UniRef90_A0A062VHU1 
SoxZ UniRef90_A0A063Y027 
SoxZ UniRef90_A0A069E5G5 
SoxZ UniRef90_A0A069P469 
SoxZ UniRef90_A0A069PT42 
SoxZ UniRef90_A0A072SS55 
SoxZ UniRef90_A0A076K500 
SoxZ UniRef90_A0A076PPB1 
SoxZ UniRef90_A0A076PSP1 
SoxZ UniRef90_A0A081Y6N8 
SoxZ UniRef90_A0A083UHG7 
SoxZ UniRef90_A0A084CGI3 
SoxZ UniRef90_A0A085AJK3 
SoxZ UniRef90_A0A085EWI3 
SoxZ UniRef90_A0A085F515 
SoxZ UniRef90_A0A085U1Y5 
SoxZ UniRef90_A0L8X2 
SoxZ UniRef90_A0LBZ6 
SoxZ UniRef90_A0Y7K9 
SoxZ UniRef90_A1AX70 
SoxZ UniRef90_A1B9M2 
SoxZ UniRef90_A1BCG3 
SoxZ UniRef90_A1VMV4 
SoxZ UniRef90_A1WYE4 
SoxZ UniRef90_A2SHK2 
SoxZ UniRef90_A2SIK1 
SoxZ UniRef90_A4A7K4 

SoxZ UniRef90_A4G4D2 
SoxZ UniRef90_A4SCG1 
SoxZ UniRef90_A4SY07 
SoxZ UniRef90_A4U037 
SoxZ UniRef90_A4WZF6 
SoxZ UniRef90_A4Z2R7 
SoxZ UniRef90_A5CW20 
SoxZ UniRef90_A5EFF4 
SoxZ UniRef90_A5EHV9 
SoxZ UniRef90_A5G302 
SoxZ UniRef90_A6Q0Z4 
SoxZ UniRef90_A6Q6A3 
SoxZ UniRef90_A6Q7K0 
SoxZ UniRef90_A6SV43 
SoxZ UniRef90_A6UGH9 
SoxZ UniRef90_A7BZ97 
SoxZ UniRef90_A7IFH5 
SoxZ UniRef90_A7IG79 
SoxZ UniRef90_A8LNR0 
SoxZ UniRef90_B0UD53 
SoxZ UniRef90_B0UE04 
SoxZ UniRef90_B0ULZ4 
SoxZ UniRef90_B1LTL2 
SoxZ UniRef90_B1LTL3 
SoxZ UniRef90_B1XV33 
SoxZ UniRef90_B1Y090 
SoxZ UniRef90_B1Y5Z2 
SoxZ UniRef90_B1Y6K7 
SoxZ UniRef90_B1ZD62 
SoxZ UniRef90_B1ZHG3 
SoxZ UniRef90_B2UG49 
SoxZ UniRef90_B2V882 
SoxZ UniRef90_B3EDN7 
SoxZ UniRef90_B3Q927 
SoxZ UniRef90_B3QK90 
SoxZ UniRef90_B3QNI4 
SoxZ UniRef90_B3QVQ8 
SoxZ UniRef90_B4S943 
SoxZ UniRef90_B4SAA3 
SoxZ UniRef90_B4SEL1 
SoxZ UniRef90_B4U5W2 
SoxZ UniRef90_B4WZA8 
SoxZ UniRef90_B6BGQ5 

194



SoxZ UniRef90_B6BLD3 
SoxZ UniRef90_B6BUI0 
SoxZ UniRef90_B6JC94 
SoxZ UniRef90_B6JCA1 
SoxZ UniRef90_B8EMG4 
SoxZ UniRef90_B8GSV5 
SoxZ UniRef90_B8IQV5 
SoxZ UniRef90_B8ITV3 
SoxZ UniRef90_B8J5R4 
SoxZ UniRef90_B9R512 
SoxZ UniRef90_C0N5K9 
SoxZ UniRef90_C0N5L0 
SoxZ UniRef90_C0N6H3 
SoxZ UniRef90_C0QSK6 
SoxZ UniRef90_C1DX04 
SoxZ UniRef90_C4ZLW3 
SoxZ UniRef90_C6WT69 
SoxZ UniRef90_C6WY83 
SoxZ UniRef90_C6WZ72 
SoxZ UniRef90_C7CBM5 
SoxZ UniRef90_C8S585 
SoxZ UniRef90_D0CYI0 
SoxZ UniRef90_D0D4Q4 
SoxZ UniRef90_D0DC14 
SoxZ UniRef90_D0DC24 
SoxZ UniRef90_D0KVR1 
SoxZ UniRef90_D1KB31 
SoxZ UniRef90_D3DJG3 
SoxZ UniRef90_D3PPJ1 
SoxZ UniRef90_D3RVA2 
SoxZ UniRef90_D3SCC1 
SoxZ UniRef90_D3SQG2 
SoxZ UniRef90_D5CSJ5 
SoxZ UniRef90_D5V1N4 
SoxZ UniRef90_D5X057 
SoxZ UniRef90_D6V9F0 
SoxZ UniRef90_D6ZZE5 
SoxZ UniRef90_D7A6E3 
SoxZ UniRef90_D7A706 
SoxZ UniRef90_D7BJA6 
SoxZ UniRef90_D7BJA7 
SoxZ UniRef90_D7DL18 
SoxZ UniRef90_D7DN95 

SoxZ UniRef90_D8JTG3 
SoxZ UniRef90_D8JUZ8 
SoxZ UniRef90_D8JVS2 
SoxZ UniRef90_D8JX75 
SoxZ UniRef90_E0URX7 
SoxZ UniRef90_E0US19 
SoxZ UniRef90_E2CL87 
SoxZ UniRef90_E3CXC4 
SoxZ UniRef90_E3HWB4 
SoxZ UniRef90_E3I4S2 
SoxZ UniRef90_E3T354 
SoxZ UniRef90_E4QLU8 
SoxZ UniRef90_E4QQ55 
SoxZ UniRef90_E4TZM6 
SoxZ UniRef90_E6PWC1 
SoxZ UniRef90_E6WZX7 
SoxZ UniRef90_E7RVZ0 
SoxZ UniRef90_E8PNQ9 
SoxZ UniRef90_E8TEB2 
SoxZ UniRef90_F2KHA7 
SoxZ UniRef90_F2N5P0 
SoxZ UniRef90_F3KQZ3 
SoxZ UniRef90_F3L3A4 
SoxZ UniRef90_F3LM28 
SoxZ UniRef90_F4E032 
SoxZ UniRef90_F6D9V6 
SoxZ UniRef90_F7QKM1 
SoxZ UniRef90_F7XDN0 
SoxZ UniRef90_F8G2W4 
SoxZ UniRef90_F8JF67 
SoxZ UniRef90_F8JGS0 
SoxZ UniRef90_F9U727 
SoxZ UniRef90_F9U7E3 
SoxZ UniRef90_F9UF34 
SoxZ UniRef90_F9UFE9 
SoxZ UniRef90_F9ZV84 
SoxZ UniRef90_F9ZYJ3 
SoxZ UniRef90_G0JQ01 
SoxZ UniRef90_G2DAU2 
SoxZ UniRef90_G2DX33 
SoxZ UniRef90_G2HTW2 
SoxZ UniRef90_G3IS74 
SoxZ UniRef90_G3IY47 

195



SoxZ UniRef90_G4E207 
SoxZ UniRef90_G4SW93 
SoxZ UniRef90_G4T2D2 
SoxZ UniRef90_G8QKP3 
SoxZ UniRef90_G9ZYW4 
SoxZ UniRef90_H0HRE2 
SoxZ UniRef90_H0T6J8 
SoxZ UniRef90_H0TE13 
SoxZ UniRef90_H0TEH2 
SoxZ UniRef90_H1G5T3 
SoxZ UniRef90_H5WQS5 
SoxZ UniRef90_H5WUU6 
SoxZ UniRef90_H5WV54 
SoxZ UniRef90_H5YBP8 
SoxZ UniRef90_H5YL39 
SoxZ UniRef90_H8GQG4 
SoxZ UniRef90_H8Z1K6 
SoxZ UniRef90_H9ZQC2 
SoxZ UniRef90_I0GCH4 
SoxZ UniRef90_I0GGT5 
SoxZ UniRef90_I0HQT1 
SoxZ UniRef90_I0HT97 
SoxZ UniRef90_I1X4F1 
SoxZ UniRef90_I1X5E4 
SoxZ UniRef90_I1XH32 
SoxZ UniRef90_I1YI18 
SoxZ UniRef90_I2K4I0 
SoxZ UniRef90_I2K4N8 
SoxZ UniRef90_I3BR66 
SoxZ UniRef90_I3BTH0 
SoxZ UniRef90_I3CHS1 
SoxZ UniRef90_I3CIE6 
SoxZ UniRef90_I3UAU9 
SoxZ UniRef90_I3YDE8 
SoxZ UniRef90_I4WBQ5 
SoxZ UniRef90_I7DP42 
SoxZ UniRef90_I9CNH3 
SoxZ UniRef90_I9W4T0 
SoxZ UniRef90_J0BBT1 
SoxZ UniRef90_J2LF23 
SoxZ UniRef90_J6UCE8 
SoxZ UniRef90_J7QG90 
SoxZ UniRef90_K0CEB3 

SoxZ UniRef90_K2EHK9 
SoxZ UniRef90_K2KNA9 
SoxZ UniRef90_K7RJS1 
SoxZ UniRef90_K8R1Q6 
SoxZ UniRef90_K9GM94 
SoxZ UniRef90_K9NLQ5 
SoxZ UniRef90_L0DQM7 
SoxZ UniRef90_L0NHJ7 
SoxZ UniRef90_L0NIN5 
SoxZ UniRef90_L9PKB0 
SoxZ UniRef90_M1SUD1 
SoxZ UniRef90_M3ACX6 
SoxZ UniRef90_M4ZCH9 
SoxZ UniRef90_M5FBW6 
SoxZ UniRef90_M7PTJ2 
SoxZ UniRef90_N0B4W0 
SoxZ UniRef90_N0B9T2 
SoxZ UniRef90_N0BD58 
SoxZ UniRef90_N6Y5U2 
SoxZ UniRef90_N6Z231 
SoxZ UniRef90_Q07M23 
SoxZ UniRef90_Q08IS1 
SoxZ UniRef90_Q0A809 
SoxZ UniRef90_Q0BZC1 
SoxZ UniRef90_Q12A98 
SoxZ UniRef90_Q16A47 
SoxZ UniRef90_Q16BU1 
SoxZ UniRef90_Q1H4W4 
SoxZ UniRef90_Q1LHT2 
SoxZ UniRef90_Q1QH95 
SoxZ UniRef90_Q2IRV3 
SoxZ UniRef90_Q30NV0 
SoxZ UniRef90_Q30TY8 
SoxZ UniRef90_Q31I25 
SoxZ UniRef90_Q3APA3 
SoxZ UniRef90_Q47BC0 
SoxZ UniRef90_Q47BF9 
SoxZ UniRef90_Q4KEK7 
SoxZ UniRef90_Q606M7 
SoxZ UniRef90_Q89GZ8 
SoxZ UniRef90_Q89PG7 
SoxZ UniRef90_Q8KDM8 
SoxZ UniRef90_Q939U2 
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SoxZ UniRef90_Q93RP7 
SoxZ UniRef90_S6AD68 
SoxZ UniRef90_S6BZD5 
SoxZ UniRef90_S6HCD0 
SoxZ UniRef90_S6HWT4 
SoxZ UniRef90_S6K860 
SoxZ UniRef90_S9R144 
SoxZ UniRef90_S9RG20 
SoxZ UniRef90_S9S3R2 
SoxZ UniRef90_T0KQT7 
SoxZ UniRef90_T0KUE9 
SoxZ UniRef90_U1GSD6 
SoxZ UniRef90_U1GWL5 
SoxZ UniRef90_U2YPX1 
SoxZ UniRef90_U4UY68 
SoxZ UniRef90_U6ZU35 
SoxZ UniRef90_U7HZE3 
SoxZ UniRef90_UPI0001D2E42C 
SoxZ UniRef90_UPI0002557C75 
SoxZ UniRef90_UPI000262534A 
SoxZ UniRef90_UPI000262CA42 
SoxZ UniRef90_UPI0002D43C00 
SoxZ UniRef90_UPI0002FC5BAD 
SoxZ UniRef90_UPI0003043DDC 
SoxZ UniRef90_UPI000316C1C9 
SoxZ UniRef90_UPI000347A4AE 
SoxZ UniRef90_UPI00036BCE3E 
SoxZ UniRef90_UPI000375F72D 
SoxZ UniRef90_UPI000376BB71 
SoxZ UniRef90_UPI00037B61A2 
SoxZ UniRef90_UPI00038205FC 
SoxZ UniRef90_UPI00039F1F0A 
SoxZ UniRef90_UPI0003A83415 
SoxZ UniRef90_UPI0003AB4228 
SoxZ UniRef90_UPI0003B342F9 
SoxZ UniRef90_UPI0003B41470 
SoxZ UniRef90_UPI0003B6E9FD 
SoxZ UniRef90_UPI0003F60C12 
SoxZ UniRef90_UPI0003F7BF12 
SoxZ UniRef90_UPI0003F9BE42 
SoxZ UniRef90_UPI0003F9FF46 
SoxZ UniRef90_UPI0003FC4C9B 
SoxZ UniRef90_UPI0003FE0C33 

SoxZ UniRef90_UPI0003FE3227 
SoxZ UniRef90_UPI0003FF5A8C 
SoxZ UniRef90_UPI000403F7D1 
SoxZ UniRef90_UPI0004046508 
SoxZ UniRef90_UPI0004059456 
SoxZ UniRef90_UPI0004062EE0 
SoxZ UniRef90_UPI0004067DEB 
SoxZ UniRef90_UPI00040FE41C 
SoxZ UniRef90_UPI0004108A98 
SoxZ UniRef90_UPI0004115B3F 
SoxZ UniRef90_UPI000416AE6C 
SoxZ UniRef90_UPI0004175FD1 
SoxZ UniRef90_UPI000417B19D 
SoxZ UniRef90_UPI0004182055 
SoxZ UniRef90_UPI00041C3D99 
SoxZ UniRef90_UPI00041D7F60 
SoxZ UniRef90_UPI000427A264 
SoxZ UniRef90_UPI00042A746A 
SoxZ UniRef90_UPI00045EA11F 
SoxZ UniRef90_UPI00045EA925 
SoxZ UniRef90_UPI0004628D24 
SoxZ UniRef90_UPI000464CABF 
SoxZ UniRef90_UPI0004674533 
SoxZ UniRef90_UPI000469F979 
SoxZ UniRef90_UPI00046EED09 
SoxZ UniRef90_UPI0004712D78 
SoxZ UniRef90_UPI00047147A5 
SoxZ UniRef90_UPI000474636C 
SoxZ UniRef90_UPI000475CCA1 
SoxZ UniRef90_UPI000475D8AC 
SoxZ UniRef90_UPI0004764188 
SoxZ UniRef90_UPI0004764F79 
SoxZ UniRef90_UPI00047685CE 
SoxZ UniRef90_UPI0004768EB6 
SoxZ UniRef90_UPI000477F027 
SoxZ UniRef90_UPI000478BA3C 
SoxZ UniRef90_UPI00047CA8CD 
SoxZ UniRef90_UPI00047D74EF 
SoxZ UniRef90_UPI0004825105 
SoxZ UniRef90_UPI000483ACAD 
SoxZ UniRef90_UPI000486F572 
SoxZ UniRef90_UPI000487E6F0 
SoxZ UniRef90_UPI0004881DA0 
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SoxZ UniRef90_UPI0004887F27 
SoxZ UniRef90_UPI00048A8CDE 
SoxZ UniRef90_UPI00048AAEFB 
SoxZ UniRef90_UPI00048B0517 
SoxZ UniRef90_UPI00048B0EBD 
SoxZ UniRef90_UPI00048B8261 
SoxZ UniRef90_UPI00048BD26C 
SoxZ UniRef90_UPI00048BD286 
SoxZ UniRef90_UPI00048D80B2 
SoxZ UniRef90_UPI00048D9694 
SoxZ UniRef90_UPI00048DB779 
SoxZ UniRef90_UPI00048E7C0C 
SoxZ UniRef90_UPI000491AE87 
SoxZ UniRef90_UPI000491B33C 
SoxZ UniRef90_UPI0004945061 
SoxZ UniRef90_UPI0004946A64 
SoxZ UniRef90_UPI00049529C6 
SoxZ UniRef90_UPI0004954A99 
SoxZ UniRef90_UPI00049737F9 
SoxZ UniRef90_UPI000497F376 
SoxZ UniRef90_UPI0004A6B850 
SoxZ UniRef90_UPI0004DEF66E 
SoxZ UniRef90_UPI0004DFC4AE 
SoxZ UniRef90_V4TNI5 
SoxZ UniRef90_V5BQV4 
SoxZ UniRef90_V5SE51 
SoxZ UniRef90_V5SEW1 
SoxZ UniRef90_V5SGH0 
SoxZ UniRef90_V5SI82 
SoxZ UniRef90_V5UDU6 
SoxZ UniRef90_V6F7Y5 
SoxZ UniRef90_V6JAM9 
SoxZ UniRef90_V8QX52 
SoxZ UniRef90_V9R0A0 
SoxZ UniRef90_W0DCQ4 
SoxZ UniRef90_W0PFG0 
SoxZ UniRef90_W0SIR7 
SoxZ UniRef90_W0SK33 
SoxZ UniRef90_W0TPF2 
SoxZ UniRef90_W1I849 
SoxZ UniRef90_W1K234 
SoxZ UniRef90_W2DML3 
SoxZ UniRef90_W2DSY5 

SoxZ UniRef90_W6KA14 
SoxZ UniRef90_W6KAM3 
SoxZ UniRef90_W8KIR7 
SoxZ UniRef90_W8S6R4 
SoxZ UniRef90_W9H4S0 
SoxZ UniRef90_W9VS11 
SoxZ UniRef90_X6GLR8 
SoxZ UniRef90_X6KZR4 
SoxZ UniRef90_X6L3S8 
SoxZ UniRef90_X7EE56 
SoxZ UniRef90_X7F6W8 
SoxZ UniRef90_X7FC27 
SoxZ YP_166247 
SoxZ YP_314323 
SoxZ ZP_00056090 
SoxZ ZP_00956137 
SoxZ ZP_00963531 
SoxZ ZP_01014857 
SoxZ ZP_01037118 
SoxZ ZP_01055914 
SoxZ ZP_01167151 
SoxZ ZP_01167153 
SoxZ ZP_01225767 
SoxZ ZP_01439478 
SoxZ ZP_01549053 
SoxZ ZP_01627098 
SoxZ ZP_01743247 
SoxZ ZP_01748361 

Total Protein Count 
AprA 91 
AprB 92 
DsrA 127 
DsrB 102 
Sat 5 

SorA 51 
SorB 43 
SoxA 116 
SoxB 155 
SoxC 85 
SoxD 90 
SoxX 204 
SoxY 298 
SoxZ 413 
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Figure 4.S1. CTD and chemical profiles of Mono Lake Station 3 (June 29, 2011), and 
Big Soda Lake (September 20, 2011).
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Figure 4.S2. Neighbor-Joining consensus tree based on 16S rRNA gene sequences. Node labels 
are consensus support values based on 100 bootstraps. Consensus sequences from enrichment 
cultures are in blue. The outgroup is in bold. Genbank accession numbers for reference 
sequences are given in parentheses.
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