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ABSTRACT 

 

 

Arsenic is a class I carcinogen and causes various cancers and diseases. Its 

toxicity, prevalence, and potential for human exposure has classified arsenic as the 

number one environmental toxin according to the Environmental Protection Agency. 

Contamination of groundwater and soil leads to over 200 million human exposures above 

the health limit. In every environment where arsenic and microbes coexist, microbes are 

the principal drivers of arsenic speciation, which is directly related to bioavailability, 

toxicity, and bioaccumulation. These speciation events drive arsenic behavior in the soil, 

water, and as recent data suggests, human-associated microbiomes. This dissertation 

details arsenic-microbial interactions through an omics platform, utilizing 

transcriptomics, metabolomics, and proteomics profiling as a way to globally assess the 

impacts of arsenic exposure. This work followed two main aims: (1) characterize cell 

metabolism during arsenic exposure in soil bacterium Agrobacterium tumefaciens 5A, a 

model organism for arsenite oxidation, and (2) assess the impacts of specific arsenic-

processing bacteria within the gut microbiome of mammals. The results of this work 

provide a foundational understanding for how arsenic speciation events are regulated and 

how they affect nutrient cycling in environmental systems, which is necessary for 

bioremediation and health initiatives.  
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CHAPTER ONE  

 

 

INTRODUCTION 

 

 

Arsenic: King of Poisons, Poison of Kings 

 

 

 Arsenic is the most common elemental contaminant and due to its toxicity, 

prevalence, and potential for human exposure, it has been the highest priority EPA toxin 

for over two decades (Agency for Toxic Substances and Disease Registry, 2017). 

Contamination of soil and water sources currently leads to arsenic exposures for over 200 

million people worldwide that exceed the 10 µg/L drinking water limit as set by the EPA 

(Naujokas, Anderson, Ahsan, Vasken Aposhian, et al., 2013). As a naturally-occurring 

element, arsenic from the earth’s crust is introduced to the surface through volcanic and 

geothermal activity and weathering of rocks and minerals. Anthropogenic sources of 

arsenic include mining, coal combustion, smelting, and the use of arsenic-containing 

pesticides, fertilizers, wood preservatives, poultry growth promoters, and cosmetics, in 

addition to others. While arsenic has been banned for use in most domestic products, the 

ramifications of arsenic introduction (either natural or anthropogenic) into soil and water 

systems continues to lead to agricultural and human exposures in both developed and 

underdeveloped countries.  

 Human exposures occur most often through arsenic-contaminated drinking water, 

though dietary sources are also significant in some areas. In the U.S. alone, it is estimated 

that over 25 million people are drinking water over the exposure limit (WHO, 2007; Lu, 

Abo, et al., 2014). Groundwater and subsurface drinking water aquifers are of major 
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concern, affecting many private wells across the United States (Ayotte et al., 2017). At 

the extreme, arsenic contamination of drinking water in Bangladesh during the 1990s was 

considered the largest mass poisoning in history, where over 20 million people were 

exposed to levels of arsenic over 50 µg/L (Smith et al., 2000; Flanagan et al., 2012). 

Dietary arsenic exposure results from food grown in arsenic-contaminated soils or 

exposed to contaminated irrigation water. Of particular concern is arsenic-contaminated 

rice, which has been estimated to be the source of 60% of ingested arsenic in China 

(Stone, 2008; Alava et al., 2013). Fish, seafood, and wine are other documented sources 

of arsenic ingestion (Alava et al., 2013; Watanabe and Hirano, 2013; Cubadda et al., 

2017).  

 Arsenic is lethal in high doses and has a long history as a poison, with perhaps 

one of the most famous cases being the supposed poisoning of Napoleon Bonaparte in 

1821 (Hughes et al., 2011). The lethal level of arsenic depends on body mass, but 

roughly ranges from 70-180 mg/kg (Agency for Toxic Substances and Disease Registry, 

2017). At sub-acute levels however, continued arsenic exposure leads to a variety of 

cancers and disease outcomes, including hyperpigmentation, peripheral vascular disease, 

reproductive disorders, and cancers of the lung, bladder, kidney, and skin (Kapaj et al., 

2006; Liu and Waalkes, 2008; Watanabe and Hirano, 2013). Arsenic-induced disease is 

variable among similarly-exposed populations, where the occurrence of arsenic-induced 

cancer is roughly 20% in exposed humans (Naujokas, Anderson, Ahsan, Aposhian, et al., 

2013). 
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Arsenic Chemistry 

 

The toxicity, bioavailability, and bioaccumulation of arsenic is directly related to 

its chemical speciation (Inskeep and McDermott, 2001). Arsenic exists in four oxidation 

states—0, +3, +5, and -3—though 0 and -3 occurrences are rare. There are various routes 

of speciation, including oxidation, reduction, thiolation, and methylation, that can be 

driven by both biotic and/or abiotic factors. Primarily, these reactions transform arsenic 

between inorganic and organic, and/or trivalent (+3) and pentavalent (+5) forms 

(summary of key arsenicals found in Fig. 1.1). As a general rule, trivalent arsenical 

species are much more toxic than pentavalent, with the notable exception of mono-

methyl arsenite (MMAsIII) (discussed further below).  
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Arsenic naturally occurs in minerals, most often associated with sulfides as 

arsenopyrite (FeAsS), realgar (As4S4), and orpiment (A2S3). Though arsenic is not a 

highly abundant mineral (~1.5-2 ppm in earth’s crust), it gets concentrated upon 

mineralization and then can be subsequently released in higher amounts, most commonly 

in association with other metals such as copper, gold, lead, zinc, and iron or sulfidic ores 

(Shen et al., 2013). As an example, average arsenic concentrations measured in 

sedimentary iron ores have been estimated at 400 ppm, though have been reported as 

high as 2,900 ppm (National Research Council Committee, 1977). The adsorption and 

solubility of arsenic, particularly in the presence of iron and sulfur, depends on its 

speciation, pH and oxygen levels. For example, arsenical sulfide precipitation increases 

with acidic pH, and dissolution increases with alkalinity (Rodriguez-Freire et al., 2014).  

Iron oxidation has been shown to cause removal of phosphorus and arsenic from 

groundwater (Baken et al., 2015), and the presence of iron-reducing bacteria in the 

presence of arsenic alters absorption patterns (Oremland and Stolz, 2005).  

There are two inorganic forms of arsenic; the oxyanions arsenite (AsIII, As(OH)3) 

and arsenate (AsV, HnAsO4
-(3-n)) (Fig. 1.1). AsIII is the more toxic and more mobile 

species, and is the predominant form under reducing conditions—thus, the most common 

form in sub-oxic water systems, anaerobic sediments, and aquifers. AsIII binds iron 

(hydr)oxides (Gupta and Chen, 1978) but is less strongly absorbed by iron 

oxides/oxyhydroxides in the solid state (Tufano et al., 2008), leading to arsenic 

mobilization in groundwater. AsV is predominant in aqueous, oxic environments such as 

surface waters and aerobic soils, and is thus more likely to be ingested. In aerobic 
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conditions, AsV is strongly absorbed by a variety of common minerals (ferrihydrite and 

alumina, iron, and manganese oxides) (Gupta and Chen, 1978; Dixit and Hering, 2003; 

Oremland and Stolz, 2003) making it less mobile.  

Methylated arsenicals (Fig. 1.1) are found in nature as the byproducts of animal 

excretions (including humans) and occur in low concentrations in the environment. The 

toxicity of these arsenicals is considerably varied, where some (e.g. trimethylarsine oxide 

(TMAO)) are essentially non-toxic, where as MMAIII and dimethylarsenite (DMAIII) are 

highly toxic and carcinogenic (Dopp et al., 2010). Other organoarsenicals such as 

arsenobetaine and arsenosugars (Fig. 1.1) are found in marine animals and algae and are 

benign (Edmonds et al., 1977; Edmonds and Francesconi, 1981; Le et al., 1994; Leffers 

et al., 2013).  

Arsenic can also exist in a thiolated form (Fig. 1.1). Much of soluble arsenic is 

thiolated, particularly in alkaline environments, and tends to occur in geothermal waters 

(Planer-Friedrich and Wallschläger, 2009). Thiolation is driven primarily by abiotic 

sources, and is determined by presence of sulfide, ratios of arsenic to sulfate or hydrogen 

sulfide, and pH (Wilkin et al., 2003; Bostick et al., 2005; Stauder et al., 2005). For 

example, H2S reduction of AsV is very low at pH 7, but increases substantially with 

decreasing pH (Rochette et al., 2000). Thiolated arsenicals have also been detected in 

human urine, and studies have demonstrated that thiolation occurs in colon material when 

sulfate-reducing bacteria are present (Pinyayev et al., 2011; Rubin et al., 2014). The 

toxicity of thiolated arsenicals is also quite varied; e.g. DMAsV becomes more toxic when 

a sulfur is incorporated forming DMMTAsV (almost as toxic as AsIII), though the addition 
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of another sulfur (DMDTAsV) again reduces toxicity similar to that of pentavalent 

methylated species (Naranmandura et al., 2009). 

 

Mechanisms of Toxicity 

 

Arsenic toxicity is dependent on a variety of factors, such as valence, pH, 

bioavailability, and degree of methylation, which has made characterization of the 

mechanisms of toxicity complicated. As such, these mechanisms are not fully 

characterized for all arsenicals. However, there are some key cellular responses that are 

well-defined and characteristic of arsenic exposure. AsIII enters cells through aqua-

glyceroporins (Sanders et al., 1997; Liu et al., 2002) and has a high affinity for sulfhydryl 

groups. Thus upon exposure in a living cell, AsIII binds up cysteine-rich proteins. In 

particular, AsIII inactivates pyruvate dehydrogenase and 2-oxo-glutarate dehydrogenase 

by binding vicinal thiols and blocking enzyme function, which has a major effect on 

carbon cycling (Jain et al., 2012) and creates significant metabolic diversions (Tokmina-

Lukaszewska et al., 2017).  

Oxidative stress is one of the major toxic effects of arsenic exposure. Trivalent 

arsenicals inhibit glutathione reductase and thioredoxin reductase, which limits the cell’s 

ability to protect against oxidants leading to accumulation of H2O2 and O2-. This is 

evidenced by the upregulation of key oxidative stress proteins, such as superoxide 

dismutase (Sod) and catalase (Cat) in AsIII-resistant bacterial strains (Parvatiyar, Eyad M. 

Alsabbagh, et al., 2005). Activation of NADPH oxidase by arsenic-induced oxidative 

stress has been shown to affect vasculature and result in endothelium dysfunction 

(Ellinsworth, 2015). Evidence of arsenic-glutathione conjugates being formed during 
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methylation (Hayakawa et al., 2005) or for excretion (Leslie, 2012) may also contribute 

to decreased levels of available glutathione.  

AsV induces cellular toxicity by acting as a phosphate analog. It enters the cell 

through phosphate transporters, and the cell tries to utilize the analog for vital cellular 

processes—such as ATP or DNA synthesis—but AsV does not form a stable ester bond, 

ultimately blocking oxidative phosphorylation. However, AsV can form stable products 

via C-As bonds in some arsenic-resistant organisms, like incorporation into 

phosopholipids to form various arsenolipids in marine organisms (Rumpler et al., 2008; 

García-Salgado et al., 2012; Viczek et al., 2016) and during phosphate stress in AsIII-

tolerant bacteria (Wang et al., 2018). 

Other important avenues of arsenic toxicity include dysfunction of DNA repair 

and methylation. Genotoxicity occurs through inhibition of DNA repair mechanisms and 

results in genetic mutations, aberrations, DNA-protein cross-links, and sister chromatid 

exchanges. The inhibition of DNA repair mechanisms is speculated to occur by arsenic 

interactions with zinc fingers on repair enzymes (Rossman, 2003). Arsenic exposure also 

alters DNA methylation patterns, inducing both hypomethylation (Zhao et al., 1997) and 

hypermethylation (Majumdar et al., 2009; Reichard and Puga, 2010). Global 

hypermethylation has been shown to lead to aberrant estrogen signaling and genomic 

instability in rat and human liver cells (Waalkes et al., 2004; Chatterjee and Chatterji, 

2010), and hypermethylation of tumor suppressors, including p53, is related to altered 

cell proliferation and tumor promotion (Chanda et al., 2006; Hossain et al., 2012; Miao et 

al., 2015).  
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Microbial-Arsenic Interactions 

 

 In all environments where arsenic and microbes coexist, microbes are the main 

drivers of arsenic speciation, which is directly related to toxicity and bioaccessibility. 

These important reactions are carried about by a variety of bacteria from various phyla 

originating from distinct environments, including water, soil, mine-tailings, and human-

associated microbiomes. The prevalence of basic arsenic-processing genes is quite 

common, due to evolutionary artifacts of a reducing and anoxic earth atmosphere where 

AsIII was highly soluble. As such, the most basic arsenic detoxification genes deal 

primarily with AsIII, not AsV, but microbes have evolved mechanisms of dealing with 

both. Mechanisms for arsenic tolerance range from arsenic resistance methods—such as 



9 

 

extrusion, precipitation, chelation, sequestration—to arsenic metabolizing methods, 

including conversion to organic species and energy generation. It is important to note that 

more than one of these tolerance mechanisms can co-occur in the same organism. The 

more common systems for arsenic tolerance in microbes are summarized in Table 1.1 and 

highlighted below.  

 

 Arsenic Detoxification. The most common microbial genes for arsenic tolerance 

are ars genes, where a minimal ars operon is evolutionarily conserved in bacteria, 

archaea & eukaryotes (Andres and Bertin, 2016). This basic operon is arsRBC, which 

encodes for an AsIII-responsive repressor (arsR), an AsIII efflux pump for extrusion 

(arsB), and an AsV reductase (arsC). In this case, a bacterium exposed to AsV utilizes 

ArsC to reduce AsV to AsIII, which is then extruded using ArsB. More complex ars 

operons have been characterized and can contain a combination of a variety of genes 

(Table 1.1) (reviewed in Zhu et al., 2017). These additional proteins encoded by various 

ars genes include an AsIII chaperone (ArsD), an arsenic methyltransferase (ArsM), C-As 

bond lyase for demethylation (ArsI), oxidation of methylated species (ArsH), and 

extrusion of methylated AsIII (ArsP).  

ArsM, one of the primary focuses of this thesis work, is not a typical member of 

ars operons, but is nonetheless found in bacteria and archaea, as well as orthologs in 

eukaryotes (Qin et al., 2006; Bhattacharjee and Rosen, 2009; Ye et al., 2012). The most 

recent proposed mechanism of AsIII methylation (Fig. 1.2) requires AsIII-glutathione 

complexes As(GS)3 or MAs(GS)2, as the substrates for ArsM (Hayakawa et al., 2005, Fan 

et. al., 2018). AsIII then accepts a methyl group from s-adenosylmethionine (SAM) to 
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form MAs(GS)2 or DMAs(GS), which are unstable and quickly dissociate into highly 

toxic trivalent arsenicals, MAsIII and DMAsIII. Under aerobic conditions these arsenicals 

spontaneously oxidize to their pentavalent forms which are less toxic. Arsenic 

methylation has been traditionally viewed as a detoxification method in bacteria because 

the ability to methylate arsenic can confer a growth advantage (Qin 2006, Yuan 2008, 

Yoshi & Rosen 2014). However, because MMAsIII and DMAsIII are now known to be 

carcinogenic (Cohen et al., 2013), and the fact that some bacteria contain genes for 

arsenic demethylation (ArsI) (Yoshi & Rosen 2014) and extrusion of methylated AsIII 

(ArsP) suggests that methylated products are not always beneficial.  

 

 

 

 Arsenite Oxidation. Arsenite oxidation is the transformation of AsIII to the less 

toxic AsV by an AsIII oxidase. Genes for arsenite oxidation are phylogenetically and 



11 

 

ecologically spread throughout bacteria and archaea (Andres and Bertin, 2016), and AsIII 

oxidases have been characterized in both auto- and heterotrophic bacteria that are 

phylogenetically distinct (Cavalca et al., 2013). These genes (known as aio in bacteria) 

occur primarily in alpha-, beta-, and gamma-Proteobacteria (Inskeep et al., 2007), 

though some have been identified in other phyla including Deinococcus-Thermus, 

Bacteroidetes, and Chloroflexi (Inskeep et al., 2007; Heinrich-Salmeron et al., 2011). 

AsIII oxidation can be solely a detoxification method (Muller et al., 2003), or can be 

coupled with respiration of oxygen (most commonly), nitrate, or chlorate for energy 

generation (reviewed in Andres and Bertin, 2016). A typical aio operon (Table 1.1) 

consists of an arsenite oxidase (aioBA), and may also contain a three component 

regulatory system (aioXSR) (Kashyap et al., 2006; Koechler et al., 2010; Liu et al., 

2012), a c-type cytochrome (aioC), and a molybdenum cofactor (aioD) (Cai et al., 2009).  

 

Dissimilatory AsV Respiration. Though not as common, some bacteria contain 

genes encoding a membrane-bound AsV respiratory reductase (arrAB) (Table 1.1) which 

allows the cell to utilize AsV as a terminal electron acceptor during anaerobic respiration. 

These organisms have been found in a variety of environments, including freshwater 

sediment, hot springs, aquifers, soda lakes, and likewise use a variety of electron donors 

(lactate, hydrogen, acetate, formate, pyruvate, butyrate, fumarate, malate) (reviewed in 

Oremland and Stolz, 2003). Dissimilatory AsV-respiring prokaryotes are found in 

Firmicutes, gamma-, delta-, and epsilon-Proteobacteria, Aquificae, Deferribacteres, 

Chryosiogenetes (Cavalca et al., 2013), and some archaea (Andres and Bertin, 2016).  
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Microbial-Arsenic Interactions in the Body 

 

  Established links between arsenic and cancer have classified arsenic as a group I 

carcinogen (Martinez et al., 2011), however, similarly exposed people typically do not all 

show signs of disease. The rate of arsenic-induced cancer is approximately 20% in 

humans and there is significant unexplained inter-individual variability even after 

accounting for important epidemiologic factors (i.e. genetics, diet, age, sex, metabolic 

capacity) (Naujokas, Anderson, Ahsan, Aposhian, et al., 2013). Given the extensive 

literature illustrating microbial reactivity with arsenic, as well as the rapidly developing 

literature that links human health with the activity or function of the gut microbiome, 

recent attention has been focused on investigating whether and to what extent the 

microbiome impacts the outcomes of human arsenic exposure.  

 

Arsenic Metabolism in Mammals 

 

Upon ingestion, inorganic arsenic is readily absorbed by mammalian cells via 

phosphate transporters (AsV) and aquaglycerolporins (AsIII) in the intestines (Villa-

Bellosta and Sorribas 2008, 2010), and evidence from experiments in cell lines suggests 

glucose transporters can also be involved in uptake of arsenicals (reviewed in Yang et al., 

2012; Roggenbeck et al., 2016). Following absorption, AsV is rapidly reduced to AsIII in 

the blood by glutathione (Delnomdedieu et al., 1994), purine nucleoside phosphorylase 

(Radabaugh et al., 2002; Németi et al., 2010), or possibly glutathione-s-transferase 

omegas (Chowdhury et al., 2006). Methylation of AsIII then occurs in liver hepatocytes 

by arsenic methyltransferase As3mt, which is analogous to the bacterial ArsM described 
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above (Fig. 1.2), producing unstable methyl-arsenic-glutathione conjugates, which 

rapidly dissociate to trivalent methylated arsenicals that are oxidized spontaneously in 

aerobic environments to methylated, pentavalent forms. It has been demonstrated that 

As3mt activity considerably impacts the body’s ability to clear arsenic from the body 

(Drobna et al., 2009; Hughes et al., 2010), and As3mtKO mice are extremely sensitive to 

arsenic exposure (Yokohira et al., 2010, 2011; Coryell et al., 2018). DMAV is the most 

abundant arsenical detected in urine (Watanabe and Hirano, 2013), and higher ratios of 

MMAsIII to DMAsIII are associated with elevated cancer risk (Chen et al., 2003; Chen, 

2004). Thus, though arsenic methylation has been considered a detoxification method, 

when trivalent arsenicals are the major products, conditions become highly cytotoxic 

(Hirano et al., 2004; Alava et al., 2013; Watanabe and Hirano, 2013). Mechanisms of 

arsenic cytotoxicity described above (e.g. protein inactivation, inhibition of ATP 

production, DNA repair, and DNA methylation) affect various tissues, particularly the 

bladder, liver, lungs, and skin. Cytotoxic effects can induce cell death, and the subsequent 

regenerative proliferation increases probability of cancer development (Cohen et al., 

2013). For obvious reasons, the bladder and liver are tissues that encounter high levels of 

arsenic as they are directly involved in detoxification and excretion. For the skin and 

lungs, keratins (skin) and surfactant proteins (lungs) contain relatively high amounts of 

cysteines (Kishore et al., 2006), which are thought to play a role in arsenic accumulation 

in these tissues by binding trivalent arsenicals (Cohen et al., 2013). Depending on the 

type of arsenicals and the tissue, arsenic effects can be non-cancerous but still induce 



14 

 

responses leading to disease, e.g. arsenic toxicity to cardiovasculature can lead to 

atherosclerosis (Negro Silva et al., 2017). 

 

Arsenic Perturbs the Gut Microbiome 

 

Within the past decade, key studies have established links between arsenic 

exposure, host health, and the gut microbiome. Multiple research groups have shown that 

arsenic exposure perturbs microbial community profiles in the gut of mice, affecting β-

diversity of key phyla like Firmicutes, Verrucomicrobia, and Bacteroidetes (Lu et al., 

2013, 2014; Dheer et al., 2015; Chi et al., 2017), and decreasing α-diversity in exposed 

mice (Chi, Bian, Gao, Tu, et al., 2017). Some resolution of genera has been achieved 

(Chi, Bian, Gao, Tu, et al., 2017), however, it is important to consider variation in arsenic 

tolerance even among species or strains (Macur et al., 2004). Using a morphology-based 

approach, bacterial diversity and abundance changes in mucosal microbiomes during 

arsenic exposure have been documented using transmission electron microscopy (TEM), 

indicating changes in microbial biofilms at the gut endothelium (Dheer et al., 2015).  

Metabolic alterations correlating with shifts in microbiome communities also 

occur upon arsenic exposure. Changes in gut bacterial gene and metabolite profiles have 

been shown in vivo, including decreased abundance of genes for secondary metabolite 

metabolism and transport (Guo et al., 2014), inorganic ion metabolism (Guo et al., 2014), 

increased nitrogen and arginine metabolites (Dheer et al., 2015), and changes in 

metabolite levels of indole compounds, fatty acids, bile acids, isoflavones, and 

glucuronide and carnitine conjugates (Lu, Abo, et al., 2014). Additionally, gene 

abundances were decreased for pyruvate metabolism and short-chain fatty acid synthesis, 
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and increased for starch metabolism in gut microbes during arsenic exposure in vivo (Chi, 

Bian, Gao, Tu, et al., 2017). Perturbations in community profiles have been associated 

with inflammation (presumably via increases in LPS production, PAMPs) (Chi, Bian, 

Gao, Tu, et al., 2017) and gut permeability, which is thought to be a contributing factor to 

hepatocellular carcinoma (Choiniere and Wang, 2016). Most recently, it has been shown 

that the presence of a normal, functioning gut microbiome, including specific species, 

like Faecalibaterium, protect against arsenic toxicity (Coryell et al., 2018). Together 

these studies suggest that microbial communities shift upon arsenic exposure and can 

respond metabolically, impacting overall host health and community dynamics in the gut. 

 

Arsenic Transformation by Gut Microbes 

 

 Evidence for arsenic transformation by gut microbes comes primarily from in 

vitro studies using a simulator of the human intestinal microbial ecosystem (SHIME), 

though animal studies are increasing. In vitro studies have shown that incubation of 

arsenic with colon material can result in AsV reduction (Herbel et al., 2002; Yin et al., 

2015), and methylation (van de Wiele et al., 2010; Pinyayev et al., 2011; Yin et al., 2015; 

Yu et al., 2016) and thiolation (Rubin et al., 2014) occur via colon isolates. Other factors 

impacting bacterial arsenic transformation in vitro include iron (Yu et al., 2016), 

particularly in terms of methylation (Rubin et al., 2014), and the presence of sulfate-

reducing bacteria, which impacts production of thiolated arsenicals (Rubin et al., 2014). 

Building upon these studies, there is in vivo evidence that the gut microbiome can affect 

arsenic transformation. In mice with perturbed gut microbiomes due to bacterial 

infection, gut bacterial communities and arsenic speciation profiles were altered during 



16 

 

arsenic exposure, particularly affecting methylation and thiolation events (Lu et al., 

2013). Other factors, like genetics and diet, have been shown to impact gut microbiome 

profiles, arsenic metabolism (Lu, Mahbub, et al., 2014), and arsenic bioavailability 

(Narukawa and Chiba, 2010; Alava et al., 2013, 2015). At this juncture, it is unclear 

whether arsenic transformation by gut microbes has a positive or negative impact on 

overall host health. Given the extensive literature that documents the importance of 

microbial arsenic transformations in environmental systems, particularly in terms of 

methylation (host and microbial), characterizing microbial-arsenic interactions in vivo has 

important implications for the field. 

 

Conclusion 

 

 

 Arsenic is a high priority pollutant that affects millions of people worldwide. The 

toxicity, bioavailability, and mobility of arsenic is directly related to its chemical 

speciation. Arsenic speciation is driven by abiotic and biotic factors, with microbes being 

one of the main drivers for arsenic speciation in ecological systems, including water and 

soil systems that directly impact human and agricultural exposures. The overarching 

focus of this dissertation was to better understand arsenic speciation events, how they are 

regulated, and their impacts to nutrient cycling in the environment and in human-

associated microbiomes. This was achieved by focusing on two primary aims. First, I 

characterized the effects of arsenite exposure on global cell metabolism in soil bacterium 

Agrobacterium tumefaciens 5A, a model organism for arsenite oxidation. Herein, 

transcriptomics and metabolomics profiling were used to identify cell functions and 
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regulatory patterns impacted during arsenic oxidation. Second, I set out to characterize 

the impacts of specific E. coli strains on arsenic-exposed mice, with a focus on bacterially 

encoded arsenic genes, arsRBC and arsM. The results of this work provide extensive 

documentation of the impacts of arsenic to bacterial cell metabolism, and detail important 

findings regarding bacterial behavior and protein expression in the gut during arsenic 

exposure in vivo.   
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Abstract 

 

 

In environments where arsenic and microbes coexist, microbes are the principal 

drivers of arsenic speciation, which directly affects bioavailability, toxicity, and 

bioaccumulation. Speciation reactions influence arsenic behavior in environmental 

systems, directly affecting human and agricultural exposures. Arsenite oxidation 

decreases arsenic toxicity and mobility in the environment, and therefore understanding 

its regulation and overall influence on cellular metabolism is of significant interest. The 

arsenite oxidase (AioBA) is regulated by a three-component signal transduction system 

AioXSR, which is in turn regulated by the phosphate stress response, with PhoR acting as 

the master regulator. Using RNA-sequencing, we characterized the global effects of 

arsenite on gene expression in Agrobacterium tumefaciens 5A. To further elucidate 

regulatory controls, mutant strains for histidine kinases PhoR and AioS were employed, 

and illustrate that in addition to arsenic metabolism, a host of other functional responses 

are regulated in parallel. Impacted functions include arsenic and phosphate metabolism, 

carbohydrate metabolism, solute transport systems, and iron metabolism, in addition to 

others. These findings contribute significantly to the current understanding of the 

metabolic impact and genetic circuitry involved during arsenite exposure in bacteria, 

which informs how arsenic contamination will impact microbial activities involving 

several biogeochemical cycles in nature. 
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Introduction 

 

Arsenic is the most common elemental toxin in water and soil systems across the 

world and has been the highest priority EPA contaminant for over a decade (Agency for 

Toxic Substances and Disease Registry, 2017). An estimated 250 million people 

worldwide have been exposed to excessive levels of arsenic, which over the long-term 

leads to a variety of diseases and cancers (Kapaj et al., 2006; Naujokas, Anderson, 

Ahsan, Aposhian, et al., 2013). Important factors affecting arsenic cycling in the 

environment and human exposure (i.e., toxicity, bioavailability, and bioaccumulation) are 

directly related to its chemical speciation (Inskeep and McDermott, 2001). In every 

environment where arsenic and microbes coexist, microbes are principal drivers of this 

chemical speciation, and are thus an integral part of understanding arsenic cycling (Kang 

et al., 2012a). 

 A critical arsenic transformation process occurring in nature is arsenite (AsIII) 

oxidation. AsIII-oxidizing microorganisms may utilize AsIII as a sole electron donor, 

deriving energy from the oxidation of AsIII to arsenate (AsV). AsIII oxidation can also be a 

detoxification mechanism, converting the more toxic AsIII to the less toxic AsV. The soil 

bacterium Agrobacterium tumefaciens 5A is a model organism for AsIII oxidation, and 

studies during the past decade involving this organism have yielded several important 

observations about the cellular mechanisms that control AsIII oxidation. First, the sensing 

of AsIII and induction of the AsIII oxidase occurs through a three-component signal 

transduction system (Kashyap et al., 2006; Liu et al., 2012). A periplasmic AsIII-sensing 

protein, AioX, senses AsIII and initiates a signal cascade involving a transmembrane 
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histidine kinase, AioS, and its cognate regulatory response partner, AioR. Phosphorylated 

AioR then initiates transcription of the AsIII oxidase structural genes (aioBA), thereby 

inducing AsIII oxidation. More recently, key findings indicate that AsIII oxidation is 

sensitive to phosphate levels, to the extent that expression of aioBA as well as aioSR  is 

controlled by the phosphate stress response (PSR) (Kang et al., 2012b; Shi et al., 2018). 

The PSR genes (Pho/Pst) are also regulated via a signal transduction system, in this case 

involving the histidine sensor kinase PhoR and its cognate regulatory partner PhoB 

(Hsieh and Wanner, 2010). In A. tumefaciens 5A, there are two pho/pst loci; the pho/pst1 

locus is located directly adjacent to the aio gene cluster (Fig. 2.1), whereas the pho/pst2 

locus is located elsewhere in the genome (genome sequence not closed, therefore exact 

distance is unknown). Recent studies have linked the function and regulatory control of 

these two systems, where PhoR (pho/pst2 locus, Fig. 2.1) is the master regulator 

controlling expression of aioSRBA, and thus AsIII oxidation (Hao et al., 2012; Kang et al., 

2012b; Li et al., 2013; Shi et al., 2018). These studies have been instrumental in 

providing a foundational description of the genetic circuitry that controls regulation of 

AsIII oxidation in organisms that carry the regulatory genes aioXSR.  

 Despite these advances in describing the regulation of AsIII oxidation, the global 

cellular impacts of the Pho/Pst and Aio regulatory systems remain poorly characterized. 

The cellular functions affected by AsIII as well as the regulatory effects of both the Pho 

and Aio systems during AsIII oxidation remain to be fully explored. To address this, we 

used a high-throughput RNA sequencing platform to obtain gene expression profiles to 
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define the cellular functions regulated in response to AsIII exposure, and more 

specifically, via the two histidine kinases, AioS and PhoR in A. tumefaciens 5A.  

 

Materials and Methods 

 

 

Bacterial Strains and Growth Conditions  

 

The bacterial strains used in this study were Agrobacterium tumefaciens 5A (wild 

type) and the mutant strains 5A(∆aioS), and 5A(∆phoR). Briefly, the mutant strains were 

constructed by in-frame deletions using cross-over PCR and levansucrose resistance 

selection of mutants as previously described (Kang et al., 2012b). All strains were grown 

at 30°C in defined minimal mannitol medium as described previously (Kang et al., 

2012b; Wang et al., 2015) except the FeCl3 content was reduced 10X so as not to 

interfere with RNA extraction and purification. This was judged to be non-limiting 

because: i) normal FeCl3 levels in the minimal mannitol medium results in most auto-

oxidizing to the insoluble Fe3+ specie and thus not bioavailable anyway (but does 

interfere with RNA extraction); ii) the relative number of cells in the induction and the 

short duration of the experiments (maximum 6 h) cells would not result in Fe limitation; 

and iii) the transcriptional response of the cells was the complete opposite of what would 

be expected if the cells were experiencing Fe limitation (40 of 41 affected genes were 

down-regulated). Overnight cultures were diluted with fresh media (0 µM phosphate) to 

O.D. 0.05., in quadruplicate, and supplemented with either 50 µM phosphate (control) or 

50 µM phosphate + 100 µM AsIII and incubated at 30°C with aeration for 6 hours. 

Previous research has determined that induction of the aio genes occurs at 4 hours of 
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growth in the presence of AsIII, and at 6 hours arsenite oxidation is fully underway (Kang 

et al., 2012b). At 6 hours, cells were harvested by centrifugation at 8,000xg for 5 minutes 

at 4°C. 

 

Cell Lysis and RNA Extraction  

 

Cell pellets were resuspended in 1 mL RNAprotect Bacteria Reagent (Qiagen) 

and incubated at room temperature for 5 minutes to stabilize cellular mRNA. Cells were 

then centrifuged at 5,000 xg at 4°C for 10 minutes and supernatant removed. The cell 

pellets were resuspended in 200 µL TE buffer (10 mM Tris-Cl, 1 mM EDTA, pH 8.0) 

containing 1 mg/mL lysozyme (ThermoScientific) and mixed by pipetting for 5 minutes 

to lyse cells. Following lysis, RNA was extracted using a RNeasy Mini Kit (Qiagen), 

including on-column DNase digestion. RNA concentration was measured using a 

SpectraMax microtiter plate reader (Molecular Devices, CA). RNA was further purified 

using the RNA Cleanup protocol included in the RNeasy Mini Kit (Qiagen), with the 

final concentration and purity confirmed using an Agilent 2100 Bioanalyzer (Agilent 

Technologies).  

 

Library Preparation and RNA Sequencing  

 

RNA was sequenced at the Brigham Young University DNA Sequencing Center 

(Provo, Utah), employing their in-house pipeline protocols.  Briefly, ribosomal RNA was 

removed using the Illumina Ribo-Zero rRNA Removal Kit for Gram-negative bacteria. 

Resulting RNA was prepped for sequencing using the Illumina TruSeq Stranded Total 

RNA Sample Prep. The cDNA library was sequenced in high output mode using Illumina 
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sequencing technology (Illumina HiSeq 2500 sequencing platform), generating 50 bp 

single-stranded reads, with at least 12 million reads per sample. All reads have been 

submitted to read archive under accession number PRJNA494424 

 (NCBI Sequence Read Archive). 

 

Data Processing and Analysis 

 

 Raw sequences were first assessed for quality using FastQC (Version 0.11.4; 

Andrews, 2010). All sequences had high quality scores (> than 30). Ribosomal RNA and 

adapter sequences were removed using Trimmomatic (Version 0.32; Bolger et al., 2014). 

Sequences were then aligned and quantified using Kallisto (Version 0.43; Bray et al., 

2016). The parameters used for alignment were kmer size of 31, fragment length 180 and 

standard deviation of 20, using the EnsemblBacteria genome for Agrobacterium 

tumefaciens 5A (ASM23612v2). Kallisto also performed 100 bootstraps for assessment 

of technical variance. After alignment and quantification, the R package “Sleuth” was 

used for differential analysis. Sleuth uses the bootstraps performed in Kallisto to adjust 

for technical variance as well as compare groups of samples using the Wald Test. P-

values were adjusted for multiple comparisons using the Benjamini-Hochberg method 

(Benjamini and Hochberg, 1995). Reads were normalized to transcripts per kilobase 

million (TPM), which were obtained by dividing transcript number by the length of gene 

in kilobases, resulting in reads per kilobase. All reads per kilobase were counted within a 

sample and that number was divided by 1 million for a per million scaling factor to 

generate the TPM. Only differentially expressed genes with an average TPM >1, a fold 

change greater than ± 2, and a q-value less than 0.05 were included in the analysis. Gene 
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IDs were converted using Uniprot to access available E.C. numbers, gene ontology terms 

and gene names. 

 

Motif Searches 

 

To search for putative σ54 (RpoN) and AioR binding sites, 300 nucleotides 

upstream of genes differentially regulated in the aioS mutant (153 genes) were scanned 

using the Find Individual Motif Occurrence algorithm in MEME Suite (5.0.1). FIMO 

utilizes log-posterior odds scoring and position-specific priors to search for a given motif 

(Grant et al., 2011; Cuellar-Partida et al., 2012). The well-defined σ54 consensus 

sequence, TGG(N9)TGC, (Cannon et al., 1993; Kang et al., 2012a) and proposed AioR 

binding sequences GTCCGCAAAATCAGGACA (Corsini et al., 2017) and 

GT[TC][AC][CG][GCT][AG][AG]A[ACT][CGA][GCT][GTA]AAC (Shi et al., 2018) 

were used as search inputs. Only motifs with a p-value ≤ 0.001 were considered as 

putative binding sites. Representative sequence logos were constructed using WebLogo 

(2.8.2, Berkley, CA).  

 

Results 

 

Initial analyses set out to characterize the cellular functions impacted in wild type 

cells actively growing but experiencing phosphate stress (50 µM Pi)  and arsenite 

exposure (100 µM AsIII), as  a PSR condition is a prerequisite for induction of AsIII 

oxidation (Kang et al., 2012b). A complete list of all significant changes in gene 

expression resulting from AsIII exposure and/or due to mutations in phoR or aioS is 

provided in Suppl. File 1, in which expression changes are grouped alphabetically by 
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function. Note that depending on perspective, some of these genes could be placed in 

other functions; e.g. glyoxylate metabolism is also part of carbon metabolism.  

We document and catalog transcription changes of 1,544 genes in total, 

encompassing numerous cell functions. This is quite robust in scope and so herein we 

elected to emphasize specific classes of cellular functions that are well represented with 

respect to number of genes influenced (i.e. major cellular responses), but that also 

represent novelty with respect to our understanding of AsIII oxidation. In particular, we 

provide some focus on the aio and two different pho/pst loci (Fig. 2.1), wherein we have 

previously documented significant and complex regulatory changes (Kang et al., 2012b; 
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Kang et al., 2016; Wang et al., 2018). All comparisons and contrasts were between 

uniformly treated cells and thus transcriptional changes can be used to demarcate the 

PSR, AsIII effects, and/or the regulatory influences of PhoR or AioS as defined by the 

respective mutants, �phoR and �aioS.  

 

AsIII Exposure has Global Effects in Wild Type Cells 

 

Comparing gene expression profiles of wild type A. tumefaciens 5A cultured with 

and without AsIII (100 µM) showed differential regulation of 483 genes; 232 up-regulated 

and 250 down-regulated (Table 2.1, Suppl. File 1). Grouping the genes according to 

function (alphabetically) illustrated a truly global response, involving the perturbation of 

a wide range of cellular processes (Table 2.1, Suppl. File 1). Differences in regulation 

included phenomena that were expected based on prior work (Kashyap et al., 2006; Kang 

et al., 2012b; Kang et al., 2015; Wang et al., 2018), such as up-regulation of aio genes 

(2- to 87-fold increase), arsenic resistance (3- to 110-fold), and pho/pst1 locus genes (2- 

to 555-fold) (see Fig. 2.1). However, there were several up-regulated functional 

categories that are novel, including carbohydrate metabolism (19 genes, 2- to 8-fold), 

oxidoreductase/electron transport (18 genes, 2- to-147-fold), various transporter activities 

(22 genes, 2- to 6-fold), as well as genes encoding some aspect of copper tolerance (6 

genes, 2- to 21-fold).  

Down-regulated processes included 41 genes coding for various aspects of iron 

metabolism and transport, along with 91 genes annotated as transporters for a very wide 

variety of solutes (Suppl. File 1). In contrast to up-regulation of the pho/pst1 locus, genes 

in the pho/pst2 locus were down-regulated (Table 2.1, Suppl. File 1, Fig. 2.1) (discussed 
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further below). Overall, it is clear that AsIII induces a broad response that affects cell 

metabolism at a variety of levels and in a very large number of functional categories.  

 

PhoR Exerts System-Wide Transcriptional Regulation 

 

A visual summary of transcriptional activity in the �phoR mutant as compared to 

wild type is provided in Fig. 2.2A, 2.2B, and general summary given in Table 2.1. In the 

comparison between the wild type and ∆phoR mutant, nearly 800 genes were 

differentially regulated in the absence of AsIII (Table 2.1, Fig. 2.2). Lack of a functional 

PhoR resulted in reduced expression of 493 genes, illustrating how PhoR-based signaling 

normally initiates positive regulatory influences under the PSR growth conditions 
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imposed. In addition, loss of PhoR resulted in enhanced expression of 286 genes, 

showing that many functions are somehow normally repressed in a way that involves 

PhoR function (Table 2.1, Suppl. File 1, Fig. 2.2A, 2.2B). Functions most affected 

include carbohydrate and amino acid metabolisms, iron acquisition, detoxification and 

stress responses, virulence factors, and redox. Transport functions were the most severely 

disrupted; expression of 147 genes was reduced, most of which by 2- to 4-fold, although 

some were reduced >100-fold (Suppl. File 1). The most dramatic example is a 

phosphonate ABC transporter substrate-binding protein reduced 286-fold (Suppl. File 1).  

Differential regulation in the ∆phoR mutant in response to AsIII was similarly 

large (Fig. 2.2B). Significant changes for a total of 792 genes were noted; 433 genes 

expressed at lower levels and 358 expressed at higher levels than the wild type (Suppl. 

File 1). Transcription increases were primarily in the 2- to 5-fold range, although there 

were a few instances where increases were as high as 24-fold (sulfatase gene). Most of 

the same functional categories were as observed in the –AsIII ∆phoR:WT comparison 

discussed above; however, in many cases different genes were involved (Suppl. File 1). 

Increased expression ratios for many genes were similar for both +AsIII and –AsIII 

cultures, implying little-to-no AsIII effect; examples here include genes annotated as 

being involved in translation, nickel transport, nucleotide metabolism and ATP synthase 

(Suppl. File 1). Significant AsIII-associated transcription decreases include genes 

involved in carbohydrate metabolism (2- to 41-fold decrease), LPS synthesis (2- to 134-

fold decrease), metalloproteins (2- to 75-fold decrease), transport (2- to 160-fold 
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decrease), and methyltransferase activity (2- to 96-fold decrease). A full list of the 

genes/functions impacted in the ∆phoR mutant are provided in Suppl. File 1.  

 

AioS Exhibits a Much Smaller Regulatory Profile 

 

The same experiments and analysis with the ∆aioS mutant revealed a smaller 

regulatory footprint. In the absence of AsIII, the expression of only 13 genes in six 

functional categories was altered (Fig. 2.2C, Table 2.1): including redox (2 genes, 2- to 4-

fold decrease), phage proteins (2 genes, 2-fold decrease), and transport (3 genes, 2- to 
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3.6-fold). In the presence of AsIII, a much more extensive regulatory role of AioS was 

observed in ∆aioS cells: 116 genes were expressed at significantly lower levels than in 

the wild type strain and 32 genes were expressed at higher levels (Fig. 2.2D, Table 2.1). 

This finding implies that AioS-based regulation normally enhances expression of 116 

genes and decreases expression for 32 genes. Numerous cell activities appear to be 

affected, including conjugal transfer, phage biology, and transport activities (Suppl. File 

1). Briefly summarizing, these findings indicate that AioS plays a much larger regulatory 

role, directly or indirectly, during AsIII exposure than previously known. Specific 

functions influenced by PhoR and AioS will now be examined in more detail, below. 

 

Arsenic Resistance and AsIII oxidation 

 

Expression of the arsenic detoxification genes at the ars1 and ars2 loci in the wild 

type was up-regulated in AsIII exposed cultures (Table 2.2). This is consistent with our 

prior work (Kang et al., 2012b; Kang et al., 2016) and was expected. Relative to wild 

type cells, expression of these genes was essentially unaltered in either mutant in the 

absence of AsIII (Table 2.2).  In AsIII-exposed ∆aioS and ∆phoR mutants, the ars1 locus 

was unaffected except for arsR2, where expression was reduced ~3-fold in the �aioS 

mutant. Expression of an uncharacterized ars locus (AT5A_25235, 25240, 25245) was 

also up-regulated in the wild type (Table 2.2), although generally at lower levels than 

observed for genes in the ars1 and ars2 loci and similarly reduced in the �aioS mutant, 

implying these genes may require AioS for AsIII induction. Both AioS and PhoR appear 

necessary for controlling expression of the ars2 operon (Fig. 2.1) in a repressing manner  
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(Table 2.2, Suppl. File 1) and includes the regulatory protein ArsR4, which has its own 

regulatory footprint (manuscript in preparation).  

The different regulatory patterns of the aio genes observed for the wild type and 

mutants offer new insight into the regulation of AsIII oxidation (Table 2.2). Several 

important observations should be noted: i) in wild type cells, aioX, aioS and aioR were all 

similarly induced (~ 2- to 3-fold), whereas aioB and aioA transcript abundance was an 

order of magnitude greater (Table 2); ii) aioX induction by AsIII appears uninfluenced by 

AioS but requires PhoR (consistent with Wang et al. 2018); iii) aioB, aioA, aioR and aioS 

require both AioS and PhoR (Table 2); iv) aioB and aioA are up-regulated to different 

extents in the wild type cell (~3-fold difference), illustrating that transcription of these 

genes is somehow uncoupled, although this difference largely disappears in either mutant 

(Suppl. File 1); and v) in the absence of AsIII, aioB expression, but not aioA, was 

significantly reduced in both mutants (about the same level), indicating that both AioS 

and PhoR are somehow necessary for aioB expression in the absence of AsIII (Table 2.2). 

 

Phosphate Stress Response 

 

Strain 5A contains two loci with several genes annotated as encoding elements of 

the PSR (Fig. 2.1), and in addition another locus containing a large cluster of genes 

encoding phosphonate acquisition and metabolism. All genes in the pho/pst1 locus were 

up-regulated by AsIII in the wild type (~20- to >550-fold, Table 3), whereas the 

phosphonate locus was not influenced and the pho/pst2 locus was uniformly down-

regulated 3- to 4-fold by AsIII (Table 2.3).  



46 

 

Based on expression changes in the ∆phoR mutant, the phosphonate component of 

the PSR appears regulated through only PhoR (as expected), whereas both signal 

transduction systems (PhoR and AioS) are involved in regulating the two different 

pho/pst loci, although with opposing effects (Table 2.3). AsIII effects on transcription in 

the ∆phoR strain were variable; e.g., genes associated with metabolism of polyphosphate 

(ppk, ppx) and phosphonate (phnN, phnM) were not influenced, whereas expression of 

the phnE1,E2, phnCLKJ, and phnIHG phosphonate operons and the pho/pst2 locus were 

significantly reduced in the ∆phoR mutant as compared to wild type (Table 2.3). Even 

though these genes appeared unaffected by AsIII in the wild type, AsIII did nevertheless 

influence their expression in the ∆phoR mutant. In the absence of AsIII, loss of PhoR had 

variable effects (down-regulated 0- to 25-fold), suggesting the existence of PhoR-PhoB 

associated promoters in the pho/pst1 locus region involving phosphonate metabolism. 

While less robust, PSR regulatory patterns involving AioS were evident. Up-

regulation of pho/pst2 locus genes in the +AsIII ∆aioS mutant near perfectly matched the 

down-regulation in the +AsIII wildtype strain (Table 2.3), inferring the role of AioS in 

constraining the expression of the pho/pst2 in AsIII exposed wild type cells (in parallel 

with aio gene induction, Table 2.2). During AsIII exposure, expression of the pho/pst1 

locus genes (directly adjacent to the aio operon, Fig. 2.1) in both mutants was lower than 

the wild type, with ∆phoR having a larger effect on expression than the ∆aioS mutation. 

Thus, AioS and PhoR appear necessary for optimal expression of most of the pho/pst1 

locus during AsIII exposure, with the exception of phoB1, which is transcribed 

divergently from the rest of the operon (Fig. 2.1) and not affected by the ∆aioS mutation.  
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Iron Acquisition 

 

In the wild type cells, expression of a surprisingly large contingent of genes 

encoding functions associated with iron acquisition/metabolism were affected by AsIII (2- 

to 56-fold, Table 2.4). Expression of 41 genes in 14 different apparent operons were 

altered, with all but one gene down-regulated and with most annotations implying some 

type of iron transport or regulation activity. This was not a random coincidental change in 

transcription, but rather a well-organized cell response. For the most part, expression 
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changes within apparent operons were uniform for all genes involved, although there 

were instances where some genes were expressed at much higher levels (e.g. 

AT5A_23525, AT5A_23530, AT5A_23535; Table 4), perhaps explained by either 

differences in mRNA half-life or additional promoters within the gene clusters (putative 

operons). Most of these transcriptional changes are governed in some fashion by PhoR 

(Table 2.4), whereas AioS appears to be of little influence on this category of function. 

The  �phoR mutation resulted in various patterns of transcriptional changes; some that 

were mutually exclusive with respect to presence or absence of AsIII, and others where 

the addition of AsIII resulted in attenuation of the down-regulation effect seen in the wild 

type cell (e.g., AT5A_07245, AT5A_07250) or exerted a repressive effect where there 
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was none in the wild type (e.g., AT5A_15751, AT5A_15756, AT5A_15761, 

AT5A_15766) (Table 4). 

 

Phage Biology and Conjugal Transfer 

 

Genes associated with phage biology were affected in both mutants, primarily in 

response to AsIII exposure (Table 2.5). This involved perturbation of four distinct operons 

encoding 37 proteins (Table 2.5). The effects were largely antagonistic between mutants 

in the presence of AsIII; i.e., all genes exhibiting increased expression in the �phoR 

mutant were decreased in the �aioS mutant. Another surprise was to learn that AioS 

impacts genes involved in conjugal transfer (Table 2.5). This was not evident in AsIII-

treated wild type cells nor in the ∆phoR mutant, but as with most transcriptional 

perturbations noted in this study, the effects included entire operons and thus not likely to 

be non-random or spurious. 

 

Carbohydrate Metabolism 

 

AsIII perturbations of genes encoding aspects of carbohydrate metabolism were 

very apparent (Table 2.1). In the wild type, 19 genes were up-regulated, including 

phosphoenolpyruvate carboxykinase, acetate kinase, glucose dehydrogenase, glycogen 

synthase, and in particular glycoside metabolism (Suppl. File 1). Transcripts encoding 

eight proteins responsible for sugar conversions, galactose metabolism, and 

glyoxylate/dicarboxylate were all down-regulated. Additionally, a considerable number 

of sugar transporters were down-regulated in the wild type (27 genes, 2- to 3.5-fold). 

AioS appears to have little regulatory influences over this category of cell function. By 
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contrast, loss of PhoR resulted in reduced expression of 32 genes in the absence of AsIII 

and 48 genes in AsIII treated cells (up to 41-fold; Suppl. File 1). For the ∆phoR mutant 

and in the absence of AsIII, major transcriptional reductions occurred with genes encoding 

glycoside metabolism. The addition of AsIII resulted in further decreased expression for 

many of these same genes, as well as decreased expression of genes encoding aspects of 

exopolysaccharide synthesis (Suppl. File 1).  

 

Amino Acid Metabolism 

 

Amino acid metabolism is another major aspect of cellular metabolism that was 

influenced by AsIII (Table 2.1). In the wild type, alanine racemase and ornithine 

decarboxylase were upregulated (2.5- to 2.8-fold, respectively) (Suppl. File 1), whereas 

genes encoding reactions involved in the synthesis of glutamate, glutamine, lysine, 

cysteine, methionine, and phenylalanine were downregulated (2- to 6-fold). As noted 

above for carbohydrate metabolism, AioS appears to exert little influence on amino acid 

metabolism, whereas again PhoR plays an important regulatory role, although varying as 

a function of AsIII. In the absence of AsIII, transcription of 37 genes in this category were 

altered in the ∆phoR mutant. Of these, 29 genes were increased, with glycine (four genes) 

and histidine (eight genes) metabolism particularly influenced. When AsIII was included 

in the medium, 30 amino acid-related genes were affected relative to wild type, but of 

these, seven were not changed substantially from the �phoR –AsIII condition and thus 

we conclude that their expression was dependent on PhoR, and independent from AsIII 

(Suppl. File 1).  
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Other Functions Influenced 

 

Substantive changes in transcript abundance for a variety of other functions was 

also observed and are important to discuss in the context of identifying novel regulatory 

influences by AsIII, PhoR, AioS, or combinations thereof. The wild type arsenic response 

included increased transcription of copper tolerance/metabolism genes, with PhoR 

apparently playing an important role in this regard (Suppl. File 1). Likewise, PhoR also is 

involved in controlling functions associated with detoxification and stress response 

(Suppl. File 1). Fe-S cluster biosynthesis is down-regulated in the wild type, but this  

response appears to be largely controlled by some other regulatory pathway because 

PhoR and AioS do not appear to be involved. Some aspects of chemotaxis were 

repressed, whereas others were activated and again PhoR was often involved. Other 

functions wherein PhoR exerts some type of regulatory control include synthesis of biotin 

and cobalamin (both in the absence of -AsIII), LPS synthesis (+/- AsIII), Type VI secretion 

system (+/- AsIII), nucleotide metabolism, glycerol/fatty acid metabolism (+/- AsIII), 

oxidoreductases, and sulfur metabolism.   

 

Motif Searches 

 

Pho boxes are well recognized as PhoB binding sites and are characterized as an 

important regulatory component of the PSR (Wanner, 1993, 1996).  However, there is 

little equivalent information concerning AioXSR-based transcriptional controls and 

therefore we conducted motif searches focused on ∆aioS-perturbed genes to initiate this 

type of analysis. An important assumption going into this analysis was that 

transcriptional control of all �aioS-influenced genes would also involve AioR, the 
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cognate regulatory protein for AioS. Targeted motif searches included binding sites for 

AioR (Corsini et al., 2017; Shi et al., 2018) and σ54, which is known to be involved in 

transcriptional regulation of arsenite oxidase in 5A and Herminiimonas arsenicoxydans 

(Koechler et al., 2010; Kang et al., 2012a). Searches were conducted within the 300 

nucleotide region upstream of the translational start site for each gene.  

Of the 148 genes significantly influenced by the ∆aioS mutation (with or without 

AsIII), potential σ54 binding sites were found for 100, the majority (83 genes) of which 

were positively influenced by AioS (Suppl. File 2). Multiple putative σ54 binding sites 

were found for 45 genes (up to six sites per gene), but there was no apparent relationship 

between σ54 binding site abundance and +/- change in expression as a function of AsIII 
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exposure in the ∆aioS mutant or wild type strains (data not shown). Distribution within 

the upstream 300 nucleotide region varied significantly (Fig. 2.3), with the vast majority 

residing further upstream from the translational start than normally documented (Cannon 

et al., 1993). Additionally, there was no correlation between σ54 binding site motif 

position and fold change in expression, nor between gene expression levels/patterns as a 

function of sequence deviations from the search motif (Suppl. File 2). 

The predicted and experimentally demonstrated degenerate AioR binding site 

motif (Li et al., 2013; Shi et al., 2017) and that predicted by Corsini et al. (2017) were 

used to search for potential AioR binding sites (see Suppl. File 2). Of the 148 genes 

influenced in the ∆aioS mutant, only slightly over half (78 genes) were associated with 

one or the other putative AioR-type binding sites (Suppl. File 2). The Corsini et al. 

(2017) motif was associated with only 18 of these genes, whereas the motif described by 

Shi et al. (2017) was found associated with 67 genes; seven genes were found to be 

associated with both motifs. As would be predicted, the degenerate sequence of Shi et al. 

(2017), allowed for greater flexibility and thus it was identified more frequently. We did 

not observe any relationship between AsIII-related gene expression and occurrence or 

abundance of either type of AioR binding site (Suppl. File 2).   

 

Discussion 

 

 

This study summarizes an RNASeq-based in-depth examination of the global 

impacts of AsIII exposure on A. tumefaciens 5A, a model organism for understanding how 

and why microbes react to arsenic. In particular, this organism is used to study the 
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genetics and regulation of AsIII oxidation, and thus a focal point of this study was to 

examine AsIII effects on gene expression while the cells are engaged in AsIII oxidation. 

To facilitate this, the PSR must be induced because expression of aioSR and ultimately 

aioBA is controlled by the PSR (Kang et al., 2012b; Wang et al., 2018). Therefore, the 

influence of AsIII on global expression patterns occurs within a background of the PSR. 

Nevertheless and as expected, the results also captured responses well documented as 

induced by AsIII, but not requiring the PSR (e.g. ars genes).   

While we provide a comprehensive and function-organized listing of all genes 

affected, we elected to focus some of our description and discussions on genes/functions 

previously identified so as to further expand on these important elements of AsIII 

responses and AsIII oxidation. In particular, the genome loci illustrated in Fig. 2.1 was of 

interest because past efforts (Kang et al. 2012; Kang et al. 2016) have shown this to be a 

relative “hot spot” with regards to regulating AsIII oxidation and arsenic resistance, and 

how their transcription is integrated with the PSR. As well, we sought to highlight 

novelty in regards to the current understanding of bacterial responses to AsIII.  

Previous microarray-based AsIII exposure studies were conducted with 

Herminiimonas arsenicoxydans (Cleiss-Arnold et al., 2010) and Rhizobium NT-26 

(Andres et al., 2013). The PSR has yet to be characterized in either organism, but we note 

that PSR culture conditions used in the current study were very similar to those described 

for the “Late Phase” expression patterns of H. arsenicoxydans  (Cleiss-Arnold et al., 

2010). A PSR scenario is less clear for Rhizobium NT-26 (Andres et al., 2013) because of 

the relatively high starting Pi concentration in the media used (1.25 mM), although this is 
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similar to that used for A. tumefaciens strain GW4 (Wang et al., 2015, 2018) and thus 

potentially may have translated to a PSR condition in the stationary phase cells used by 

Andres et al. (2013). To clarify this situation, the PSR needs to be characterized in these 

organisms so as to determine if there are substantive variations among these bacteria. 

Regarding strain 5A wildtype cell responses, up-regulation of several specific 

genes was expected in the presence of AsIII (e.g. ars, pho/pst1, aio) and is consistent with 

our prior work (Kang et al., 2012b, 2016), illustrating consistency and reproducibility 

between studies, and accordingly served as internal controls to validate the study in 

general. In terms of general functions, several AsIII-influenced responses (Table 2.1) were 

also observed in the above cited microarray studies (Cleiss-Arnold et al., 2010; Andres et 

al., 2013). Examples include stress responses, numerous transport activities, amino acid 

and nucleic acid metabolisms, etc. (Suppl. File 1). However, there were several AsIII-

influenced functions in strain 5A that were not found in reviewing these studies and may 

stem from the deeper probing capacity of RNASeq relative to the lower sensitivity of 

microarrays. One prominent example concerns iron. Genes encoding functions associated 

with different aspects of iron homeostasis were uniformly down-regulated (41 genes 

reduced 2- to 56-fold). This reflected 10 separate putative operons and thus implies a 

well-organized cellular response (Table 2.4), with iron transport operons a major target of 

suppression. Iron reacts with H2O2 in the Fenton reaction to generate the HO
.
 radical (see 

review by Imlay, 2013) and so we speculate that constraining iron uptake might be 

viewed as one form of oxidative stress response in cells already undergoing oxidative 

stress brought on by AsIII exposure. Oxidative stress is a known cellular reaction to AsIII 
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exposure (Parvatiyar, Eyad M Alsabbagh, et al., 2005) and indeed we observed 

significant increases in katG (catalase-peroxidase), three separate ahpD (alkyl 

hydroperoxide reductases), and two glutathione S-transferase genes linked to PhoR 

(Suppl. File 1). Similar oxidative stress responses were also reported for H. 

arsenicoxydans and Rhizobium NT-26 (Cleiss-Arnold et al., 2010; Andres et al., 2013). 

PhoR has a role in controlling these iron genes, although it is apparently linked to 

substantial up-regulation, not down-regulation as observed in the wild type cell. As with 

many other functions, its opposite influence relative to wild type invokes the role of some 

other repressive-type regulator that is normally activated by PhoR. 

Other novel wildtype strain responses involved differential regulation of the two 

different pho/pst loci (Table 2.3). The pho/pst1 locus genes are highly up-regulated in the 

+AsIII cells, whereas the pho/pst2 locus is primarily down-regulated. Comparing the 

�phoR mutant to the wildtype strain in -AsIII cells illustrates the pho/pst2 locus genes are 

significantly affected, whereas the pho/pst1 locus is not. By contrast, the pho/pst1 locus 

genes are highly up-regulated by AsIII, and PhoR nevertheless exerts regulatory influence 

(Table 2.4) (Wang et al., 2018). In comparing pho/pst2 gene expression changes in the 

wildtype and �aioS mutant, it appears that the AsIII-based repression of the pst/pho2 

genes in the wild type strain is associated with AioS-based signaling activity. AioS is also 

essential for up-regulating the AsIII oxidase genes (aioBA) required for synthesizing the 

phosphate analog, AsV, that we hypothesized partially spares Pi in some cellular features 

(Wang et al., 2015, 2018). This differential response and control circuitry of the pho/pst 

loci provides new insight as to their role in this bacterium. We consider the pho/pst2 
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locus to be the primary PSR operon frequently documented as being the foundation of the 

PSR in various Gram negative bacteria (Wanner and Chang, 1987; Wanner, 1996; Hsieh 

and Wanner, 2010), however its apparent AioS-linked suppression represents a feedback 

loop that serves to shut down the PSR when a Pi substitute (AsV) becomes available. 

Some AsIII responses are difficult to explain in physiologic terms, yet are obvious 

and organized. Extensive transcriptional changes in phage-associated genes (Table 2.5) 

was too broad and operon driven to be coincidental. Expression perturbation of these 

genes was only encountered in the AsIII-treated mutants, where the respective roles of 

PhoR and AioS appear antagonistic to one other; these mutant transcription patterns 

predict PhoR has repressive effects, whereas AioS plays an activating role (Table 2.5). 

One explanation could be that part of the PSR involves PhoR repression of phage 

proteins so as to restrict phosphate use for replicating viral genomes. Conversely, AsIII 

activation of phage may be linked to oxidative stress, as recorded previously for some 

enterobacteria (Binnenkade et al., 2014). Thus, in our experimental conditions (PSR plus 

AsIII exposure), these regulatory systems cancel out one another and may explain why no 

AsIII-based regulatory change was observed for these and other similarly affected genes 

in the wild type strain.  

The discovery of AioS involvement in regulating conjugal transfer was also not 

anticipated, although arsenic resistance in some enterobacteria has been shown to be 

plasmid associated (Smith, 1978), and thus activation of conjugal transfer genes upon 

AsIII exposure could be linked in this context. In contrast, there is no PhoR influence for 

the conjugal transfer genes, suggesting that another regulatory function somehow 
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balances the regulatory influence of AioS such that no net change is observed in the wild 

type strain.  

Another interesting wildtype strain AsIII response concerns up-regulation of genes 

involved in copper resistance/metabolism (Suppl. File 1). PhoR plays a variable role in 

controlling these genes (Suppl. File 1), but almost exclusively in cells not exposed to AsIII 

(Suppl. File 1). At this juncture, the exact regulatory linkage is not clear except to suggest 

that PhoR interacts with response regulators that have both activating and repressing 

activities, and is supported by PhoR being implicated in controlling expression of a large 

number of transcriptional regulators (many putative, not yet characterized) (Suppl. File 

1), perhaps indicating regulatory cascades originating from PhoR. Such entanglements 

with other transcriptional regulators are almost certainly involved when attempting to 

explain the very extensive PhoR/PSR transcriptional footprint in strain 5A as well as the 

observations made in similar studies with E. coli and Corynebacterium glutamicum 

(Ishige et al., 2003; Baek and Lee, 2007; Marzan and Shimizu, 2011). In the absence of 

AsIII, expression of 23 putative transcriptional regulators was altered in the �phoR 

mutant (Suppl. File 1), with each no doubt controlling their own suite of genes that then 

contribute to the apparent PSR. Further, there appeared to be an AsIII effect layered on 

top of PhoR. In comparing AsIII-treated �phoR mutant and wildtype cells (Table 2.1-2.5, 

Suppl. File 1), relative changes could be grouped into three basic categories. The first 

category involves genes for which expression in +AsIII treated cells remained essentially 

the same as in -AsIII cells, suggesting these genes are part of the PSR per se, and not 

affected by AsIII. The second category involved expression changes (increases or 
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decreases) that were further amplified by AsIII, suggesting PhoR control but with an 

additive effect of AsIII on top of the PSR. This may or may not involve AioSR activation, 

which only takes effect when the cell is exposed to AsIII, but is ultimately controlled by 

PhoR (Wang et al., 2018) and thus at this juncture it is difficult to sort out specific 

regulators involved. A third category included genes unperturbed in -AsIII cells (i.e., no 

PhoR effect, per se), but that exhibited significantly altered transcription in +AsIII cells. 

Here, this could reflect de-repression of promoters controlled by AsIII-sensitive ArsR 

repressors. An example could include genes controlled by ArsR4, as its encoding gene 

(arsR4) appears to be part of PhoR/AioS circuitry (Table 2.2).  

Reduced expression in the -AsIII treated �phoR mutant reflects genes normally 

activated by PhoR-based signaling in the wild type cell and is consistent with what is 

most often viewed to be the role of its cognate regulator protein, PhoB; i.e., 

transcriptional activation via phosphorylated PhoB (PhoB-P). Conversely, genes up-

regulated in the -AsIII �phoR mutant (Suppl. File 1) suggests genes normally repressed 

by PhoB-P. PhoB-P linked repression activity has been documented previously (Sola-

Landa et al., 2008; Pratt et al., 2010; Santos-Beneit et al., 2011; Morero et al., 2014; Park 

and Kiley, 2014). Also of relevance in this regard, phoB1 (Fig. 2.1) expression was not 

altered in -AsIII cells, whereas levels of phoB2 (Fig. 2.1) were reduced ~21 fold in the 

�phoR mutant. This implies that PhoB2 is likely the primary response regulator 

partnered to PhoR in the PSR, as opposed to PhoB1. Such a significant reduction in 

PhoB2 in the cell no doubt also played a role in both up-regulation and down-regulation. 
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Regarding AioS, its regulatory influence is clearly much smaller than PhoR (Fig. 

2.2, Suppl. File 1). Nevertheless, �aioS profiling yielded interesting results that broaden 

our understanding of the AioS-AioR signaling system. Thus far, the regulatory role of 

AioS has only been linked to regulating aioBA when the cell is exposed to AsIII (Kashyap 

et al., 2006; Koechler et al., 2010; Wang et al., 2018). Consistent with this view, the 

great majority of the transcriptional changes registered for the ∆aioS mutant only 

occurred in AsIII-exposed cells, clearly linking this sensor kinase with primarily AsIII-

specific responses, which conforms to current expectations. Based on our recent report 

(Wang et al., 2018), positive control of aioS by PhoR-PhoB (Table 2.2) was anticipated 

and in turn AioS positively controls aioB, aioA, aioC and aioD (Table 2.2) through its 

interaction with its cognate response regulator AioR (Kashyap et al., 2006; Shi et al., 

2017). Note that aioX (encodes the required periplasmic AsIII binding protein) is 

controlled by PhoR (Table 2.2), consistent with the evidence of a Pho box associated with 

its promoter region (Wang et al., 2018), and again, linking AsIII oxidation with the PSR. 

AioS is also linked to the expression of genes encoding functions associated with the 

PSR, and its role in this regard has two opposing affects; up-regulation of genes in the 

pho/pst1 locus that is proximal to the aio genes (Fig. 2.1), but down-regulation of the 

other, disparately located pho/pst2 locus (Fig. 2.1, Table 2.3, Suppl. File 1). As 

mentioned above, the AioXSRBA genes are critical for the generation of a phosphate 

substitute (AsV) under PSR conditions, and thus could also be part of a signaling system 

that attenuates the formal components of the PSR when a phosphate substitute (i.e., AsV) 

becomes available.   
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It was of interest to determine if the genes influenced by AioS might also be 

physically linked with σ54 and AioR binding sites, which are viewed to be essential for 

the expression of the aioBA genes (encode AsIII oxidase) (Kang et al., 2012a; Corsini et 

al., 2017; Shi et al., 2018). As expected, both were found upstream of aioB (Suppl. File 

2), but this was not the case for most of the genes perturbed in the �aioS mutant (Suppl. 

File 2). Lack of association between �aioS perturbed genes and σ54 and/or AioR binding 

sites may be due to at least two phenomena. First, there are many genes that are in AsIII-

sensitive operons known to be controlled by AioSR, but are distal from the promoter and 

thus could classify as an �aioS sensitive gene not closely associated with an AioR 

binding site. Examples include aioA and aioD, the second and fourth genes in the aio 

operon, respectively, which are driven by the aioB promoter that has multiple AioR 

binding sites (Suppl. File 2).  However, we draw attention to aioC, the third gene in this 

specific operon; there are two AioR binding sites and an σ54 binding site upstream of 

aioC (within aioA). This may explain the highly enhanced expression of aioC, although 

one might also expect commensurately increased aioD expression due to read through. 

However, this was not the case, though the differences may also be due to differential 

mRNA half-life. Some �aioS sensitive genes have no recognizable σ54 or AioR binding 

sites, and many others have one or the other, but not both. Potentially at least, AioS may 

phosphorylate (an)other response regulator (i.e. cross-talk, Zhou et al., 2005) as we 

showed for PhoB1 and PhoB2 (Wang et al., 2018) that would then serve to regulate the 

expression of these genes absent of a σ54 and/or AioR binding site.  
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Advanced Model 

 

Based on the results of several studies we have conducted spanning the past 

decade (Kashyap et al., 2006; Kang et al., 2012a, 2012b, 2014, 2016; Wang et al., 2015, 

2018), we have been developing a model to visually depict and document the regulatory 

events occurring in strain 5A in response to AsIII (Fig. 2.4). The master regulator is the 

PhoR-PhoB2 pair that controls the PSR, including the expression of aioSR (Kang et al., 

2012b; Wang et al., 2018), which in turn activates aioBA in combination with RpoN 

(Kashyap et al., 2006; Koechler et al., 2010; Kang et al., 2012a). Expression of aioBA 

also requires the presence of AsIII, which is the trigger ligand that interacts with the 

periplasmic AsIII binding protein, AioX, that initiates the AioS-AioR transduction 

pathway.  

Transcriptional controls are complex, occurring in a step-wise, cascade fashion. 

The pho/pst2 locus encodes the actual PSR components, up-regulating in response to Pi 

limitation. When the Pi limited cell is simultaneously exposed to AsIII, another set of 

regulatory events come into play:  i) AsIII causes ArsR1 to vacate the phoB1 and pstS1 

promoters, which are then activated by PhoB2; ii) PhoR phosphorylation of the resulting 

PhoB1 facilitates induction of aioXSR; and iii) in combination with RpoN, AioR activates 

transcription of aioBA, which then transitions the cell into an AsIII oxidizing state. We 

have demonstrated that both PhoR and AioS can phosphorylate PhoB1, PhoB2, as well as 

AioR (Wang et al., 2018), deeply integrating these two regulatory systems. Once AsIII 

oxidation begins at the cytoplasmic membrane in the periplasm, AsV can be taken up into 

cytoplasm via the PstSCAB complex, otherwise known as a high affinity phosphate (Pi)  
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transporter. PstSCAB has higher affinity for Pi, but nevertheless will accommodate AsV 

transport when the AsV:Pi ratio becomes sufficiently high, which would be expected 

under conditions wherein Pi is already limiting so as to induce the PSR. Once inside the 

cell, AsV apparently can substitute for Pi in specific molecules (e.g., arsenolipids, 
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functionally replacing phospholipids) resulting in enhanced growth under conditions that 

are limited by Pi (Wang et al., 2018). At this stage, feedback circuits become engaged. 

Specifically, PhoR-PhoB2 begin shutting down the ars2 locus, and AioS (presumably via 

AioR-Pi) also begins constraining expression of the ars2 locus. AioS-based shut down of 

the pho/pst2 locus might be argued to be a second stage of the cell’s response to Pi stress. 

AsIII oxidation yields the phosphate analog, AsV, that selectively replaces Pi in some 

molecules, freeing Pi for essential cellular processes (Wang et al., 2018). As this 

sparing/replacement process begins, attenuation of the PSR ensues. 

 

Conclusion 

 

 

In summary, AsIII exposure brings about broad changes in the model soil 

bacterium A. tumefaciens 5A. While not all bacteria will react exactly the same, it is 

reasonable to assume that the responses characterized herein are likely representative. As 

monitored at the transcriptional level, the effects are truly global, impacting metabolisms 

and activities central to nutrient cycling, energy generation, solute transport, iron 

metabolism, conjugation, and phage biology. These activities are foundational to 

microbial activities in nature. These data confirm previously documented phenomena as 

well as present novel cellular changes upon AsIII exposure, particularly highlighting the 

regulatory controls exerted by the sensor histidine kinases PhoR and AioS. From this we 

conclude that arsenic contamination of any environment would be expected to 

significantly alter the most basic of microbial activities, that then potentially translate into 

gross perturbations of all biogeochemical cycling.  
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Abstract 

 

 

Arsenite oxidation is an important arsenic transformation process that directly 

impacts arsenic toxicity, bioaccumulation, and bioavailability in environmental systems. 

Agrobacterium tumefaciens 5A is a model organism for arsenite oxidation and work with 

this organism has determined important regulatory factors controlling arsenite responses. 

The genes for arsenite oxidation (aio) encode a periplasmic AsIII sensor AioX, 

transmembrane histidine kinase AioS, and cognate regulatory partner AioR. This three-

component regulatory system controls expression of the arsenite oxidase AioBA. 

Furthermore, it has been shown that these aio genes are under ultimate control of the 

phosphate stress response, with histidine kinase PhoR as the master regulator. Due to the 

interconnection between these two regulatory systems, it is of interest to determine the 

cell-wide impacts of these key histidine kinases during AsIII exposure. This study 

employed an 1H NMR and LC-MS based metabolomics platform to determine metabolic 

profiles of ∆phoR and ∆aioS mutants during arsenite oxidation. These data were linked 

with previously published transcriptomics analyses with the same mutants, to better 

understand cell metabolism during AsIII exposure and characterize cell functions 

impacted by PhoR and AioS. The results showed distinct metabolic profiles between the 

mutants, and pathway mapping showed considerable disruptions in central carbon 

metabolism in the WT and phoR mutant, and to a lesser extent in the aioS mutant. These 

data detail metabolic impacts of AsIII, PhoR, and/or AioS, and inform current paradigms 

concerning arsenic-microbial interactions in contaminated environments and the impacts 

to nutrient cycling.  
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Introduction 

 

Arsenic is the highest priority EPA contaminant due to its prevalence, toxicity, 

and potential for human exposure (Agency for Toxic Substances and Disease Registry, 

2017). Contamination of water and soil systems across the world has led to over 200 

million human exposures, where continued exposure is characterized by a variety of 

diseases and cancers (Kapaj et al., 2006; Naujokas, Anderson, Ahsan, Vasken Aposhian, 

et al., 2013). The toxicity and bioavailability of arsenic is directly related to its chemical 

speciation, and in virtually all environments studied, it is well established that microbes 

are the principal drivers of this speciation (Inskeep and McDermott, 2001). Thus, 

understanding bacterial arsenic speciation events, how they are regulated, and the 

associated metabolic effects are essential for addressing environmental arsenic 

contamination.  

One important arsenic transformation process is arsenite oxidation, during which 

the more toxic inorganic species, arsenite (AsIII), is oxidized to less toxic arsenate (AsV). 

Agrobacterium tumefaciens 5A is a model organism for AsIII oxidation and research on 

this organism during the past decade has revealed several key features about the control 

of bacterial AsIII oxidation. The AsIII oxidase (AioBA) is regulated by a three-component 

signal transduction system; periplasmic AsIII sensor protein (AioX), histidine kinase 

(AioS), and its cognate regulatory partner (AioR) (Kashyap et al., 2006; Liu et al., 2012). 

AsIII enters a cell via aquaglycerolporins, is sensed in the periplasm by AioX, upon which 

AioS phosphorylates AioR, then inducing expression of the AsIII oxidase. AsIII is 

subsequently oxidized in the periplasm, and the resulting AsV (a phosphate analog) enters 
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the cytoplasm via phosphate transporters. Recent studies have determined important 

regulatory links between the phosphate stress response (PSR) and AsIII oxidation, to the 

extent that AsIII oxidation is sensitive to phosphate levels and is ultimately under control 

of the PSR (Y. S. Kang et al., 2012; Wang et al., 2018). The PSR is regulated through a 

two-component signal transduction system (PhoR/PhoB), where histidine kinase PhoR is 

the master regulator controlling expression of aioSRBA (Wang et al., 2018), in addition to 

the well-defined PSR genes (Wanner, 1996; Hsieh and Wanner, 2010). Cross talk 

between these two regulatory pairs, PhoR/PhoB and AioS/AioR, has also been 

demonstrated (Y. S. Kang et al., 2012). Improved growth under low-Pi conditions 

following AsIII exposure and evidence for partial incorporation of AsV into cellular lipids 

in A. tumefaciens 5A (Wang et al., 2018) indicates that a close relationship between these 

regulatory components has important biological underlay.  

Recent transcriptomics experiments demonstrated that AsIII exposure induces 

global cell responses in A. tumefaciens 5A, many of which involve the important 

regulatory controls PhoR and to lesser extent, AioS (Rawle et al., 2019). These data have 

expanded the traditional view of arsenic impacts to one that involves multiple 

fundamental nutrient cycles in addition to arsenic detoxification and oxidative stress 

responses. This work has laid the foundation for a comprehensive understanding of 

arsenic exposure in AsIII-oxidizing bacteria. While considerable insight has been gained 

from in-depth transcriptomics analysis, using a single omics approach to characterize a 

biological system does not provide a complete global understanding. As such, we have 

employed a metabolomics approach using liquid-chromatography mass spectrometry 
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(LC-MS) and nuclear magnetic resonance (NMR) spectroscopy to assess changes in 

metabolite pools during AsIII oxidation, specifically those occurring in response to PhoR 

and/or AioS signaling. Additionally, we have combined these metabolomics data with 

transcriptomics analysis under similar conditions (Rawle et al., 2019), with the ultimate 

goal of providing a global description of AsIII oxidation and its regulation.  

 

Materials & Methods 

 

Bacterial Strains and Growth Conditions 

 

A. tumefaciens 5A deletion mutants used in this study were derived using cross-

over PCR with levansucrose selection to create in-frame deletions of phoR and aioS, as 

previously reported (Y. S. Kang et al., 2012). Growth conditions were as documented 

prior (Kang et al., 2012; Tokmina-Lukaszewska et al., 2017; Rawle et al., 2019). Briefly, 

WT, ∆phoR, and ∆aioS strains were cultured in a defined minimal mannitol medium 

(MMNH4) overnight at 30°C with aeration (Y. S. Kang et al., 2012; Wang et al., 2015), 

and then centrifuged for 10 minutes at 3500 x g and washed in 20 mL of 0.85% NaCl. 

Cells were resuspended in fresh MMNH4 media with 50 µM phosphate and aliquoted into 

ten cultures. Five of these cultures were supplemented with 100 µM AsIII. All cultures 

were grown for six hours at 30°C with aeration, then centrifuged for 10 minutes at 3500 x 

g and rapidly rinsed twice with 20 mL of ice cold 0.85% NaCl. 200 ± 5 mg of cell 

biomass for each sample was aliquoted for metabolomics and stored at -80°C. A portion 

of each sample was also plated on MMNH4 agar plates for normalization to colony-

forming units (CFU).  
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Metabolite Extraction 

 

To extract metabolites, cells were treated as reported in Tokmina-Lukaszewska et 

al. (2017). First, cells were lysed by two rounds of freeze-thaw in liquid nitrogen 

followed by sonication on ice for 5 minutes. 50% MeOH was added to cell lysate and 

incubated at -20°C for 30 minutes. Cells were centrifuged at 20,000 x g for 15 minutes at 

-9°C to pellet cell debris. Supernatants were centrifuged through pre-washed 100 kDa 

molecular weight cutoff spin filters (Pall Corporation) at 13,000 x g for 20 minutes at 

4°C. Spin columns were washed twice with 100 µL 50% MeOH and centrifuged as 

before. All spin column eluates were centrifuged through a pre-washed 3 kDa spin filter 

following the same protocol as the 100 kDa filters. The final eluates were dried down 

under reduced pressure and stored at -80°C for metabolomics analysis.  

 

NMR Analysis, Data Processing, and Statistical Procedures 

 

Dried metabolite samples were re-suspended in 600 µl of NMR buffer (0.25 mM 

4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) in 90%H2O/10% D2O, 25 mM sodium 

phosphate, pH 7), and transferred into 5 mm NMR tubes. All one dimensional (1D) 1H 

NMR spectra were recorded at 298 K using a Bruker AVANCE III solution NMR 

spectrometer operating at 600.13 MHz (1H Larmor frequency) magnetic field strength. 

The instrument is equipped with a 5 mm liquid-helium-cooled TCI cryoprobe with Z-

gradient and a SampleJet automatic sample loading system. NMR data was acquired 

using the Bruker-supplied 1d excitation sculpting water suppression pulse sequence 

‘noesypr1d’ with 256 transients, a 1H spectral window of 9600 Hz, 32K data points, a 

dwell time interval of 52 μsec, and a recovery (D1) delay of 5s between acquisitions. The 
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NMR spectra were first processed with the Bruker TOPSPIN 3.5 software using standard 

parameters for referencing, and apply an EM line broadening function of 0.3 Hz. The 

spectra were phased manually and a qfil polynomial function of 0.2 ppm in width was 

applied to remove the residual water 1H signal. Metabolite identification and 

quantification were carried out using Chenomx v8.3.  NMR suite software and associated 

reference spectral database of small molecule compounds for 600 MHz NMR 

spectrometers (Chenomx Inc). 0.24 mM of DSS was added to each sample and used as an 

internal standard for metabolite quantification, while the NMR signals corresponding to 

imidazole were used to correct for small chemical shift changes arising from slight pH 

variations.  

 Resulting lists of metabolites and concentrations normalized to CFUs were 

uploaded to MetaboAnalyst 4.0 (Chong et al., 2018) for univariate and multivariate 

statistical analysis. In MetaboAnalyst, metabolite concentrations were normalized by log-

transformation and auto-scaling (mean centered divided by the standard deviation of each 

variable) prior to univariate and multivariate analysis. Student t-test, 2D principal 

component analysis (PCA) and 2D partial least squares discriminant analysis (PLS-DA) 

were performed to identify distinct metabolite patterns associated with the different 

bacterial strains and cell growth conditions. In addition, variable importance in projection 

(VIP) plots were generated from the 2D-PLS-DA analyses, to assess the importance of 

each variable in the projection used the 2D-PLS-DA model building. Change in 

metabolite levels were also used to assess which metabolite expression patterns 
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contributed most to the separation of the different groups in resulting 2D-PCA and 2D-

PLS-DA score plots.  

 

LC-MS Instrumentation, Data Acquisition, and Data Processing 

 

LC-MS analysis was performed on an Agilent 1290 UPLC coupled to an Agilent 

6538 Q-TOF mass spectrometer. MS was conducted in positive ion mode, with a 

capillary voltage of 3500V, fragmentation voltage of 120V, and skimmer set at 45V. 

Drying gas temperature was 350°C with flow of 12 L/min and nebulizer set at 55 psi. 

Spectra were collected over a 50-1700 m/z range at a rate of 1 spectrum per second. 

Samples were run in randomized order with a pooled sample used for QC at the 

beginning, middle, and end of MS que. 

Chromatographic separation for polar and non-polar metabolites was achieved 

using two separate LC columns. Dried metabolite pellets were resuspended in 50 µL 50% 

MeOH. For polar metabolites, the cellular extract was diluted 10-fold and 10 µL was 

injected into a Cogent Diamond Hydride HILIC column (150 mm x 2.1 mm, 4 µm, 100 

A) (Microsolv Technology Corporation). A 25-minute 99-30%B gradient was employed 

using 10mM aqueous CH3COONH4 (solvent B) and 10 mM CH3COONH4 in 95% MeCN 

(solvent A), with a 0.6 mL/min flow rate and temperature of 25°C. As per QC runs, 

retention time shift was 14 seconds and calculated mass error was 2 ppm, with a 17% 

relative standard deviation of peak areas. For non-polar metabolites, 10 µL of undiluted 

metabolite extract was injected into a Zorbax RRHD Eclipse Plus reverse phase C18 

column (150 mm x 2.1 mm, 1.8 µm) (Agilent Technologies). A 35-minute 2-98%B 

gradient was employed using 0.1% FA in MeCN (solvent B) and 0.1% FA (solvent A). 
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Retention time shift for the C18 column was < 2 seconds, calculated mass error was < 11 

ppm, and relative standard deviation of peak areas was < 7%.  

 For MS-MS data collection, the acquisition rate was set at 1 spectrum per second 

with a scan range of 50-1300 m/z (auto mode) or 50-800 (targeted mode). Isolation width 

was 4 m/z and collision energy set at 35V for targeted mode or linear gradient for auto 

mode. Identifications of MS-MS data were made by matching fragmentation patterns to 

the Metlin database. Additional IDs were made using an in-house database of compounds 

by m/z match and confirmed in silico. 

 Acquisition, spectral analysis, and conversion of raw data files to MZxml format 

was performed in MassHunter (Qualitative Analysis version B.04.00, Agilent 

Technologies). XCMS (REF) was used for detection of mass features and alignment, ran 

with default parameters for UPLC-Q-TOF, with the exception of peak width settings, 

which were modified to min 5s and max 20s (C18) and max 40s (HILIC). Any zeros in 

the data (<0.4% overall), were imputed with the average of treatment group. 

MetaboAnalyst 4.0 (Chong et al., 2018) was used for autoscaling of data, statistical 

analysis, and generation of PCA plots.    

 

Transcriptomics Data 

 

The gene expression data incorporated into this study originated from a 

previously published dataset (Rawle et al. 2019). Briefly, bacterial strains and growth 

conditions were the same as described above, with the exception of decreased iron 

content (10x) in the media due to iron interference with RNA extraction and purification. 

Iron limitation was not expected to occur in the cultures because i) auto-oxidation of iron 
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to insoluble Fe3+ occurs in the minimal mannitol used for culturing which would render 

most iron not bioavailable anyways, and ii) because the short duration of the cell culture 

(6 hours). Indeed, there was no evidence of iron limitation in the transcriptional response 

(40 out of 41 affected genes were down-regulated, the opposite of what would be 

expected under iron limitation). RNA was extracted using a RNeasy® Mini Kit (Qiagen) 

with DNase digestion on-column. RNA was prepped and sequenced at the Brigham 

Young University DNA Sequencing Center (Provo, Utah) utilizing the Illumina Ribo-

Zero rRNA Removal Kit for ribosomal RNA depletion and the Illumina TruSeq Stranded 

Total RNA Sample Prep Kit for cDNA library creation. cDNA was sequenced using an 

Illumina HiSeq 2500 platform and raw reads were processed, normalized, and 

statistically analyzed using Trimmomatic (Bolger et al., 2014), Kallisto (Bray et al., 

2016), and R (package “Sleuth”). Only differentially regulated genes with a TPM > 1, 

fold change > 2, and a q-value < 0.05 were used in the current analysis, a total of 1,546 

genes.  

 

Pathway Annotation 

 

NMR- and LC-MS-identified metabolites were classified into metabolic pathways 

using the topology search tool of MetaboAnalyst 4.0 (Chong et al., 2018), which groups 

metabolites according to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

annotations (Ogata et al., 1999; Kanehisa et al., 2014). Enzymes annotated to the same 

KEGG pathways were retrieved, and genes from our transcriptomics dataset were 

matched pathways by name and E.C. number (if available).  
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Results 

 

To assess the metabolic impacts of the important regulatory kinases PhoR and 

AioS during AsIII oxidation, A. tumefaciens 5A cells were cultured in phosphate limiting 

conditions to induce aioXSRBA expression (Y. S. Kang et al., 2012; Wang et al., 2018). 

Cells were given six hours to ensure that a full metabolic response to AsIII was underway 

(Kang et al., 2012). The growth conditions mirror those employed in our previous studies 

with A. tumefaciens 5A which detail metabolic responses of wild-type (WT) cells 

exposed to AsIII (Tokmina-Lukaszewska et al., 2017) and transcriptomic responses of 

WT and mutant cells to AsIII (Rawle et al., 2019). This study focuses on profiling 

metabolic changes in ∆phoR and ∆aioS mutant strains by utilizing 1H NMR and LC-MS 

for nontargeted metabolomics analysis. The metabolomics data was augmented with 

previously published transcriptomics data to generate a multi-omics analysis 

characterizing AsIII oxidation and its regulation.  

 

Metabolomics Profiles of ∆phoR and ∆aioS Mutants are Distinct 

 

 Metabolite extracts from WT, ∆phoR, and ∆aioS cells cultured with and without 

AsIII were analyzed by NMR. Metabolites were identified and quantified by fitting the 1D 

1H spectral patterns, chemical shifts, and spectral intensities to reference spectra of small 

molecules using the Chenomx software (Weljie et al., 2006) and its associated small 

molecule library for 600 MHz NMR spectrometers. The Chenomx-based metabolite 

profiling approach enabled the unambiguous identification and quantification of 33 

intracellular metabolites present in each of the three strains. To visualize overall 
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metabolic differences between the WT and mutant cells, an unsupervised 2D principal 

component analysis (2D-PCA) of NMR metabolites was performed (Fig. 3.1A, 3.1B). 

2D-PCA plots indicated that WT and ∆aioS metabolic profiles differed very little in both 

the absence or presence of AsIII. In contrast, the metabolic profile of the ∆phoR mutant 

clearly separated from the WT and ∆aioS mutant both in the presence and absence of 

AsIII. This observation supports previous reports for PhoR function in phosphate limiting 

conditions (Van Bogelen et al., 1996; Ishige et al., 2003; Hsieh and Wanner, 2010) and 
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reflects patterns that we have documented in transcriptomics studies (Rawle et al., 2019); 

PhoR has a considerably larger metabolic footprint in both the absence and presence of 

AsIII compared to AioS, which is almost exclusively an AsIII-responsive protein. NMR 

metabolites were further analyzed using 2D partial least squares discriminatory analysis 

(PLS-DA) to identify metabolites that contribute the most to the variation between 

sample groups, as determined by variance in projection (VIP) values (Suppl. File 3). Only 

metabolites with VIP values greater than one were used in subsequent analysis.  

 To deepen the coverage of the metabolome, we performed untargeted LC-MS 

analysis using both reverse-phase (RP) and HILIC chromatography. In total, 3,092 non-

polar (RP) and 1,010 polar (HILIC) features were detected across all samples (Suppl. File 

4-5). The larger number of non-polar features is consistent with trends identified in 

previous metabolomics analyses of these cells (Tokmina-Lukaszewska et al., 2017). Of 

the detected LC-MS features, 23 were identified by accurate mass and fragmentation 

pattern (MS-MS). An additional 18 were identified using an in-house standard database, 

with 5 metabolites identified by both methods. 2D principal component analysis of all 

MS features (Fig. 3.1C-3.1F) displayed comparable separation patterns between groups 

to those observed in the NMR-based metabolic profiles (Fig. 3.1A, 3.1B), where WT and 

∆aioS profiles were more similar to each other and ∆phoR more distinct. One exception 

was the more stringent separation of WT and ∆aioS cells by PCA of polar metabolites in 

the absence of AsIII (Fig. 3.1C). This was less pronounced in the presence of AsIII (Fig. 

3.1D), and metabolite differences between WT and ∆aioS cells + AsIII were most 

apparent in the non-polar fraction (Fig. 3.1F). These patterns suggest that the polar  
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metabolite profile is modified by the loss of aioS in the absence of AsIII, whereas in the 

presence of AsIII, non-polar metabolites were more affected by loss of aioS. In terms of  

PhoR, the non-polar metabolites appeared least sensitive to the ∆phoR mutation in the 

absence of AsIII, while all other comparisons resulted in distinct ∆phoR separation from 

the other groups.   

Pairwise comparisons were made between WT and mutants from the NMR and 

LC-MS data. In the pool of identified metabolites, 37 were significantly regulated among 

the sample groups (Table 3.1). These metabolites included various amino acids (e.g. Ala, 

Pro, Val, Trp, Tyr, Arg, Leu, Ile, Lys), sugars (e.g. ribose, sucrose, maltose, maltohexose, 

maltotetraose, maltopentaose), and other key metabolites for cell function (e.g. betaine, 

choline, cytosine, adenosine, putrescine, nicotinate). Most fold changes were in the 1.5-3 

range, though some were as high as 10-fold (betaine, sorbitol). Comparing fold changes 

between the strains highlighted regulatory patterns involving PhoR and AioS that are 

important to note; i) metabolites variably affected by both histidine kinases regardless of 

AsIII (e.g. β-alanine, betaine) or exclusively in the presence of AsIII (e.g. arginine, 

glutamate), ii) metabolites affected only by PhoR, whether in the absence of AsIII (e.g. 

maltose, dipeptide ala-gly), presence of AsIII (e.g. 5-oxoproline, isonicotinate), or both 

(e.g. cytosine, glutamine), and iii) metabolites affected only by AioS, whether in the 

absence of AsIII (e.g. hypoxanthine) or only the presence of AsIII (e.g. maltopentaose). 

Similar to what was visualized in the 2D-PCA score plots (Fig. 3.1), these metabolite 

expression patterns (Table 3.1) reflect the distinct profiles of ∆phoR and ∆aioS, and detail 

more specifically which metabolites appear to be affected by PhoR, AioS, or both.   
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Pathway Analysis Using Transcriptomics and Metabolomics Data 

 

Transcriptomics and metabolomics data were combined to determine if co-

regulation could be readily observed. This was done by classifying transcription and 

metabolite changes according to KEGG pathways designations, where a full list of 

pathways perturbed in the WT and one or both mutants is included in Supplemental File 

6. Important caveats to consider in these pathway analyses are that some metabolites (e.g. 

glutamate) are common to numerous KEGG pathways, and thus linking them to specific 

genes is difficult. Additionally, in terms of reaction and/or pathway sequences, genes 

encoding some reactions in a particular KEGG pathway may be far removed from a 

metabolite in question. Therefore, there could be minimal expectation that we would 

observe a close association between metabolite changes in one sector of a KEGG 

pathway map and genes encoding reactions far removed from that metabolite. As such, it 

is important to bear in mind that the pathway analysis exhibits metabolic perturbations 

from a big picture standpoint, where we simply asked whether an overall pathway was 

influenced at both omics levels for a particular strain comparison. 

At this most general level of analysis in the wildtype strain, there were apparent 

perturbations of genes and metabolites for a number of KEGG pathways (Suppl. File 6). 

These changes did not always correlate from the perspective of organized cell responses 

to AsIII, i.e., cellular responses were variable in the context of directly matching gene 

transcription with relevant metabolites. An example where there was agreement concerns 

sorbitol; AsIII exposure resulted in reduced expression of sorbitol transporter genes, 

which coincided with reduced levels of sorbitol in the cell (Fructose and mannose 
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metabolism, Suppl. File 6). Another example concerns increased expression of pckA that 

encodes phosphoenolpyruvate carboxykinase coinciding with reduced levels of fumarate 

and malate (Pyruvate metabolism, Suppl. File 6), which would support gluconeogenic 

flow out of the TCA cycle to PEP.  

However, we also encountered numerous examples where there were apparent 

disconnects. Fumarate, alanine, glutamate and glutamine levels were all increased in AsIII 

exposed WT cells, yet there was no change in many genes encoding reactions relevant to 

this KEGG pathway (Alanine, aspartate, and glutamate Metabolism, Supp. File 6). 

Glutamate and glutamine levels were increased yet there was no significant change in 

expression of genes encoding functions that would help facilitate this carbon flow in the 
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WT (Suppl. File 6). In such cases, we acknowledge perturbation, but also that our 

knowledge is limited as to the origin of those metabolic changes according to these data.  

 In considering the ∆phoR and ∆aioS mutants, there were six KEGG pathways that 

showed AsIII perturbation in both mutants at both omics levels, when compared to the 

WT (Fig. 3.2A, Suppl. File 6). Metabolomics expression trends (Fig. 3.1, Table 3.1) were 

again highlighted in pathway classifications; PhoR had a larger influence over 

metabolism than AioS when compared to the WT. At this most general level of analysis, 

the results provide two layers of evidence supporting the involvement of PhoR and AioS 

in cellular functions and regulation. PhoR influence of these pathways involved some 

responses that did not change upon AsIII exposure. For example, when comparing the 

∆phoR mutant to the WT for arginine and proline metabolism (Suppl. File 6), down-

regulation of genes encoding homospermidine synthase (AT5A_02715), proline 

dipeptidase (AT5A_23006), and a spermidine/putrescine transporter (AT5A_20446) 

matched reduced abundance of proline and putrescine, regardless of AsIII exposure. 

Within this same category however, there were transcripts and relevant metabolites that 

were affected exclusively in the presence of AsIII, including arginase, argJ (arginine 

biosynthesis bifunctional protein), and ornithine cyclodeaminase, along with arginine, 

and glutamate (Suppl. File 6). AioS played a much smaller role, only affecting one or two 

genes and/or metabolites in each pathway during AsIII exposure (Fig. 3.2A, Suppl. File 

6). For example, decreased transcript levels of ornithine cyclodeaminase and decreased 

levels of arginine and glutamate were the only changes seen in the arginine and proline 

metabolism cluster for the ∆aioS mutant vs. WT + AsIII (Suppl. File 6). 
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The other pathways impacted in both mutants + AsIII (Fig. 3.2A), including 

glutathione metabolism, pantothenate and CoA metabolism, galactose metabolism, 

fructose and mannose metabolism, and valine, leucine, and isoleucine metabolism, were 

also affected by both PhoR-specific and PhoR-AsIII-specific responses, and were 

minimally impacted by AioS. Other patterns showed KEGG designations that were 

impacted exclusively by PhoR (Fig. 3.2B), phenylalanine metabolism and 

nicotinate/nicotinamide metabolism, suggesting responses that do not directly involve 

AioS. As discussed above, it was difficult to elucidate clear origins of metabolic 

perturbation and we highlight these pathways not to overstate omics alignment, but rather 

to survey the evidence for possible pathways affected during AsIII exposure in these 

strains. 

 

Multi-omics Mapping of Carbon Metabolism During AsIII Exposure 

 

 To dial in on important controls affecting cell metabolism during AsIII exposure, 

transcriptomics and metabolomics data were overlaid to model potential carbon flow 

according to the regulatory influences of PhoR and AioS during AsIII oxidation (Fig. 3.3, 

3.4, 3.5, Appendix A, B). Flow begins from mannitol, which was the sole carbon source 

in the minimal media used for culturing A. tumefaciens cells. This model builds upon 

previous work which detailed metabolic bottlenecks in carbon metabolism as a result of 

AsIII-inhibition of pyruvate dehydrogenase (PDH) and α-ketoglutarate dehydrogenase 

(KGDH), leading to metabolic diversions stemming from pyruvate and α-ketoglutarate 

(Tokmina-Lukaszewska et al., 2017), as well as build-up of hypoxanthine resulting from 

xanthine oxidase inactivation by AsIII. These bottlenecks presumably arose from post- 
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translational enzyme inactivation, and thus would not necessarily be correlated with a 

transcriptional response.  

In the combined metabolomics and transcriptomics model for the WT +/- AsIII 

(Fig. 3.3), the data support the idea of metabolic diversion due to protein inactivation. 

There were no transcripts differentially expressed that would directly affect xanthine and 

hypoxanthine pools, suggesting that their change in expression upon AsIII exposure was 
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due primarily to the known AsIII inactivation of xanthine oxidase (George and Bray, 

1983; Hille et al., 1983), as previously hypothesized (Tokmina-Lukaszewska et al., 

2017). For the metabolite diversions at PDH and KGDH, there were some relevant genes 

differentially expressed along these pathways, but they did not seem to exert strong 

influence over ultimate metabolite pools. For example, the gene encoding dihydroxy-acid 

dehydratase (AT5A_22266) was decreased 2.2-fold during AsIII exposure. This enzyme is 

involved in valine and isoleucine production from pyruvate, however, valine and 

isoleucine levels were increased during AsIII exposure (Fig. 3.3, Suppl. File 6).  Potential 

reasons for the apparent disconnect between gene expression and relevant metabolites 

include i) the change in mRNA did not significantly impact protein level, and/or ii) there 

is a temporal shift between transcription and associated metabolic changes that was not 

captured in this single time point. Other genes were differentially expressed but there was 

no direct metabolite change associated at all; such as increased expression of PEP 

carboxykinase but no change in oxaloacetate or PEP abundance (Fig. 3.3). This could be 

indicative of flow through of PEP into gluconeogenesis, contributing to increased levels 

of sugars branching from fructose-6-P, glucose-6-P, and glucose-1-P. There was one 

example of metabolite and transcript expression that appeared correlated: ornithine and 

putrescine were increased in abundance, and increased transcript expression of ornithine 

decarboxylase (AT5A_00120) could contribute to the increased putrescine production. 

Furthermore, putrescine transporters were decreased, which could restrict putrescine 

trafficking in and out of the cell. Overall, however, metabolite abundances in the WT 

were increased whether or not the transcripts were increased or decreased, and this 
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pattern seems to be more strongly associated with AsIII inactivation of key enzymes than 

transcriptional control affecting the metabolic flow through these pathways (Fig. 3.3). 

 Data for the mutants were explored to assess whether PhoR and AioS influence 

the metabolic changes observed in the WT + AsIII. Mutant vs. WT comparisons in the 

absence of AsIII are included in the Appendices for reference (Appendix A, B). 
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Considering the same model of carbon metabolism discussed above, metabolomic and 

transcriptomic impacts of the ∆aioS mutation were very limited when compared to the 

WT + AsIII (Fig. 3.4), affecting 13 metabolites and four genes (though none of the 

affected genes were the same as those impacted in the WT upon AsIII exposure, Fig. 3.3). 

Almost all affected metabolites and transcripts in the ∆aioS mutant were decreased in 

abundance as compared to the WT, implying that in the WT cell AioS-based signaling 

would normally have an enhancement effect. Focusing on the enzyme blockages, there 

was no change in hypoxanthine and xanthine levels in the ∆aioS mutant + AsIII, nor were 

any associated transcripts altered, suggesting that the changes in the WT (Fig. 3.3) were 

due to AsIII inactivation of xanthine oxidase and not ∆aioS influence. At PDH and KGDH 

blockages, however, AioS appeared important for expression of valine and lactate, and 

glutamate and arginine, respectively, though transcriptional influence was very minimal. 

Expression of two genes encoding enzymes for breakdown of valine (AT5A_1590, 1595) 

may have had influence over levels of valine, which were decreased in the ∆aioS mutant, 

and decreased expression of transcripts encoding an ornithine cyclodeaminase 

(AT5A_17276) could have contributed to the decreased arginine levels. The few other 

metabolites that were decreased in expression in the ∆aioS mutant (β-alanine, tryptophan, 

raffinose, maltotriose, and maltopentose) were not associated with any direct 

transcriptional change observed in these data, at least according to current gene 

annotations. 

 The ∆phoR mutation had a much larger influence on metabolism, in regards to 

both transcripts and metabolites (Fig. 3.5). Two genes (AT5A_16821, 09485) and the 
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majority of metabolites that were differentially expressed in the WT during AsIII exposure 

(Fig. 3.3) were further impacted by PhoR (Fig. 3.5), as well as an additional 26 

transcripts, indicating the necessity of PhoR for normal metabolic function during AsIII 

exposure. One exception was hypoxanthine metabolism, where xanthine and 

hypoxanthine levels were unaffected by the ∆phoR mutation, (as well as ∆aioS (Fig. 
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3.4)), again indicating that AsIII inactivation of xanthine oxidase is the primary source of 

altered expression for those metabolites in the WT (Fig. 3.3). Several metabolites were 

altered in the ∆phoR mutant irrespective of the presence of AsIII, indicating that PhoR but 

not AsIII was important, including isoleucine, leucine, lactate, valine, nicotinate, ribose, 

and sucrose. At the transcriptional level, most seemed to be altered either in the absence 

(Appendix B) or presence of AsIII (Fig. 3.5), but few were affected in both (at least 

pertaining to this model) (Fig. 3.5). Many perturbed genes in the ∆phoR mutant + AsIII 

were concentrated around the PDH blockage, particularly genes encoding enzymes for 

the breakdown of leucine, isoleucine, and valine to acetyl-CoA. However, the levels of 

the corresponding metabolites were not impacted by AsIII exposure (just the ∆phoR 

mutation). Thus, it appears that the PhoR impact over transcriptional expression did not 

translate to a significant effect on those metabolites in the presence of AsIII. In contrast, at 

the KGDH blockage, the majority of metabolites and transcripts affected in the ∆phoR 

mutant were impacted by AsIII exposure. The direction of change (+/-) between 

transcripts and metabolites in this region of metabolism was not always correlated, e.g. 

glutamate synthase (AT5A_02785, 02795) was down regulated but glutamate levels were 

increased; however, considering the overall numbers of metabolite and transcriptional 

alterations shows that PhoR plays a role in influencing metabolic flow for glutamate 

metabolism during AsIII exposure (Fig. 3.5). At the big picture level, the trends indicate 

that PhoR has an important impact over carbon metabolism during AsIII exposure. 
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Discussion 

 

 

The goals of this study were to better elucidate the connection between gene 

regulatory networks and metabolic processes important to A. tumefaciens 5A during AsIII 

exposure. Previous transcriptomics studies documented global cellular responses to AsIII 

under PSR conditions (Rawle et al. 2019), and here we build upon and expand these data 

with a multi-omics approach concerning the important regulatory proteins PhoR and 

AioS and how they direct cellular responses. By pairing metabolomics with 

transcriptomics data, we obtain a more comprehensive readout of cell function and better 

understand the potential for post-translational effects. Problematically however, current 

metabolite databases are limited, particularly where arsenic is concerned. As such, it is 

important to note that the full transcriptomics analysis (Rawle et al. 2019) included 

pathways that were likely not identifiable by metabolomics analysis in this study due to 

metabolite identification limitations (e.g. compounds in which arsenic has been 

incorporated). Herein we elected to focus on pathways with both levels of omics 

evidence.  

 Research on AsIII-resistant organisms has characterized various functions induced 

by AsIII exposure (Baker-Austin et al., 2007; Bryan et al., 2009; Weiss et al., 2009; 

Cleiss-Arnold et al., 2010; Jain et al., 2012; Rawle et. al. 2019), ranging from direct 

arsenic responses like arsenic resistance (ars genes), AsIII oxidation, and oxidative stress, 

to more general cell functions like remodulation of carbon and amino acid metabolisms. 

There are several underlying factors that influence these metabolic changes during AsIII 

exposure, and as we document for A. tumefaciens 5A, can be quite complex. These 
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factors include 1) protein inactivation by AsIII, 2) PhoR- and AioS-based regulation, and 

3) influences of other AsIII-responsive systems (e.g. ars genes). To clearly highlight the 

factors driving cell metabolism during AsIII oxidation, each will be discussed in turn with 

a focus on carbon metabolism.  

 

Protein Inactivation by AsIII 

 

AsIII inactivation of specific enzymes is well documented (reviewed in Shen et al., 

2013), and is undoubtedly a major factor affecting the metabolic patterns observed in our 

data. As documented in the literature, there are enzymes that have been well 

characterized to be inhibited by AsIII, and as such offer an opportunity to directly assess 

whether there are other layers of cell response(s) at play. Specifically, is the altered 

carbon flow observed in metabolomics studies due solely to enzyme inhibition or is there 

evidence that the cell responds in a more directed, fundamental and organized fashion? 

The advanced status of our understanding of the regulatory systems governing AsIII 

responses in A. tumefaciens 5A affords a good opportunity to examine this directly, 

although with some caveats (discussed below).  

One example is xanthine oxidase, which is inactivated due to AsIII interaction 

with the molybdenum cofactor (Hille et al., 1983; Boer et al., 2004). Other similarly 

affected key cellular proteins include PDH, KGDH, and branched-chain alpha-ketoacid 

dehydrogenase complex, which involve a dihydrolipoamide subunit that is highly 

reactive with, and deactivated by, AsIII (Schiller et al., 1977; Chen et al., 2014). The 

resulting enzyme dysfunction leads to remodulation of carbon metabolism without 

necessarily invoking gene transcriptional changes (Jain et al., 2012; Tokmina-
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Lukaszewska et al., 2017). This pattern of AsIII inactivation was evident in our data for 

xanthine oxidase, where levels of xanthine and hypoxanthine were altered in the WT + 

AsIII (Fig. 3.3, Suppl. File 6), without any change in the mutants + AsIII (Fig. 3.4, 3.5) or 

any transcriptional influence in the WT (Fig. 3.3). For the PDH and KGDH blockages 

however, the results were more complex. Formate, malate, and fumarate were the only 

metabolites impacted in the WT without any associated WT transcriptional changes (Fig. 

3.3) or mutant effects (Fig. 3.4, 3.5), and thus seem to be impacted mainly by post-

translational AsIII-inactivation of PDH or KGDH. The other metabolites stemming from 

pyruvate and α-ketoglutarate however, appear to be additionally influenced by other 

factors because there were transcriptional and/or metabolite alterations in both mutant 

strains impacting these pathways (Fig. 3.4, 3.5, Suppl. File 6).  

The WT data did not provide strong evidence for a transcriptional influence over 

genes that could direct a bypass around PDH or KGDH, as the small amount of WT 

transcriptional expression did not appear to translate into any significant change in 

metabolite pools (Fig. 3.3). However, the importance of PEP carboxykinase 

(AT5A_17576) in committing cell metabolism to gluconeogenesis could indicate an 

important step that directs cell metabolism towards production of sugars (maltose 

metabolites, ribose, raffinose, stachyose), a clear pattern in the data, or to support 

metabolic flow into the shikimate pathway (Fig. 3.3). AsIII influence over levels of 

ornithine and putrescine, and the relevant enzymes ornithine decarboxylase and 

putrescine transporters in the WT (Fig. 3.3), could indicate a way to increase intracellular 

putrescine as a mechanism of stress management. Putrescine concentrations have been 
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correlated with positive growth and play a role in stimulating transcriptional responses 

under stress, where cells with impaired putrescine metabolism have defective stress 

responses (Schneider, Hernandez, 2013).  

 

Influence of ∆phoR and/or ∆aioS Mutations 

 

In addition to AsIII-inactivation of key enzymes, PhoR and AioS regulatory 

controls impact cellular metabolism in A. tumefaciens 5A during AsIII exposure (Kang et 

al., 2012; Wang et al., 2018; Rawle et al., 2019). PhoR impacts on metabolic profiles 

were evident across the board, while AioS influence was considerably smaller, as 

expected (Rawle et al. 2019) (Fig. 3.2, 3.4, 3.5, Suppl. File 6). Continuing to focus on 

carbon metabolism, overall patterns showed that PhoR and AioS both impacted metabolic 

flow, though specific, organized mechanisms were not obvious. At the PDH block, for 

example, expression patterns for genes encoding functions that facilitate conversion of 

pyruvate to various amino acids indicated that PhoR had a large impact in the presence of 

AsIII (Fig. 3.5), though the changes in associated metabolite levels were not AsIII specific 

(Fig 3.5) and the transcriptional changes, by themselves, would indicate carbon flow to 

these metabolites would be reduced. AioS on the other hand, affected several metabolites 

in the presence of AsIII, but not in conjunction with transcriptional change. As a specific 

example, lactate dehydrogenase expression was decreased ~ 3 fold in the ∆phoR mutant 

in the presence of AsIII, but lactate levels were increased regardless of the presence of 

AsIII. By contrast, lactate levels were decreased in the ∆aioS mutant + AsIII, suggesting 

AioS is important for the increased abundance seen in the WT, but there were no altered 

genes that appeared to affect lactate in the AioS mutant.  
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There were however, some examples of better correlation of PhoR and AsIII 

effects at the KGDH blockage. In this case, the metabolite and transcriptional changes in 

the ∆phoR mutant both occurred in the presence of AsIII, indicating a stronger 

relationship between the altered metabolisms under AsIII exposure. This can be seen in 

decreased abundance of glutamine synthetase transcripts (AT5A_12662, 10897) and 

glutamine, as well as decreased expression of saccharopine dehydrogenase 

(AT5A_23271) and reduced lysine. It is evident that AioS and PhoR impact carbon 

metabolism because of altered metabolite and or/transcript levels in the mutants, 

however, correlation between the two omics levels did not always offer a clear 

explanation for the mechanism. Furthermore, this suggests that there may be other 

uncharacterized factors at play (discussed further below).  

As seen in other multi-omics datasets, increase or decrease in the abundance of 

transcripts and metabolites is not always correlated (Redestig and Costa, 2011; Zelezniak 

et al., 2014; Silva et al., 2017). However, gene transcription changes do not account for 

post-translational modifications nor is flux necessarily directly correlated with metabolite 

levels (Zelezniak et al., 2014). Therefore, a focus on network connectivity and 

perturbation as a whole is important for understanding metabolic flow with these data 

(Yugi et al., 2016; Haas et al., 2017), as only studies detailing temporal changes in 

mRNA and metabolite fluxomics would be able to directly make these correlations. As 

such, the consistency of pathway-level perturbation in mRNA and metabolite levels in 

the ∆phoR and ∆aioS mutants (Fig. 3.2, Suppl. File 6) demonstrates that AsIII, PhoR, and 
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AioS (to a lesser extent) are important regulators for global metabolism during transition 

to dealing with the toxic effects of AsIII, in addition to inducing AsIII oxidation.  

 

Influence of Other AsIII-Responsive Regulation Systems 

 

A third level of metabolic regulation occurs through other transcriptional 

regulators. PhoR is known to regulate a considerable number of transcriptional regulators 

(~50 in A. tumefaciens 5A, Rawle et al. 2019), and some of the metabolic perturbations 

in our study are undoubtedly the result of downstream cascade effects of these proteins. 

Other regulatory impacts observed in the strains could be due to ArsR proteins, which are 

AsIII-sensitive transcriptional regulators that control arsenic-microbial interactions. 

Traditionally these proteins have been characterized as classic repressors, however, 

recent studies indicate that ArsR proteins in A. tumefaciens 5A have both repressor and 

activator activity (Kang et al., 2016) over a variety of cell functions in addition to arsenic 

detoxification (Saley et al., manuscript in preparation). We have documented that AioS 

impacts transcriptional expression of two of these proteins, ArsR2 and ArsR4 in the 

presence of AsIII, and there are also two uncharacterized ArsR family regulators impacted 

in the mutants (one by AioS, one by PhoR) (Rawle et al., 2019). The metabolic impact of 

these regulators is likely another important factor in global cell regulation during AsIII 

exposure in A. tumefaciens 5A. Additionally, in both the ∆phoR and ∆aioS mutants under 

AsIII exposure, transcriptional responses for a considerable number of uncharacterized 

proteins (almost 100 in ∆phoR vs. WT, 21 in ∆aioS vs. WT) was documented, and it 

would not be unreasonable to suggest that one or more of these proteins impacts the 

responses documented in this study. For example, lactate and valine levels were 
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perturbed in the aioS mutant + AsIII, but there are no annotated genes that seem to be 

involved, and thus perhaps are influenced by functions encoded by one or more of these 

uncharacterized genes. Full characterization of the A. tumefaciens 5A genome and 

functional analysis of uncharacterized proteins would be informative in this regard. 

As a final consideration, even though prior work showed induction of AsIII 

oxidation at 6 hours under phosphate limiting conditions (Y. S. Kang et al., 2012), it is at 

least possible that a full transition to an environment with AsIII may take longer and the 

cells we collected at 6 hours were still in the midst of adjusting at the overall metabolic 

level. Assessing later time points would provide evidence as to whether the apparent 

uncoupling of gene and metabolite expression was a result of cells being in a transition 

state, and/or simply an artifact of sampling metabolism at a single time point. 

Additionally, we acknowledge the implications of using an arbitrary fold change cut-off. 

While traditional RNAseq and proteomics analyses typically use a twofold threshold, it is 

possible that this could lead to an overestimation of treatment effects on cell responses. 

From a multi-omics standpoint, this is compounded by limitations in metabolite 

identification. However, there are examples of genes with lower expression changes that 

we know are biologically relevant under these experimental conditions, e.g. aioX (3.3-

fold), aioS (2.3-fold), and aioR (2-fold) in the WT + AsIII (Rawle et al. 2019). 

Furthermore, differences in protein function and reaction kinetics should be considered, 

where perhaps a twofold gene expression increase for a regulatory protein (like AioR) is 

sufficient for cell needs, whereas other types of proteins may follow an entirely different 

expression pattern to impact cell metabolism, e.g. gene expression for arsenite oxidase 
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(aioBA) increased 87-fold in the WT + AsIII (Rawle et al. 2019). Furthermore, the 

dynamic nature of metabolite flow through pathways may not always reflect protein 

function or lack thereof when measuring metabolites at a single time point. As such, 

while using a twofold cut-off may introduce some noise, it also allows for inclusion of 

biologically relevant data that is important for understanding metabolic patterns during 

AsIII oxidation, and is why we focus on coordinated cell responses (i.e. changes in 

operons, functions, and/or overall pathways).  

 

Conclusion 

 

 

 PhoR and AioS are important regulators that govern global metabolic responses in 

A. tumefaciens 5A during AsIII exposure, as evidenced in this multi-omics study. 

Transcriptional and metabolic profiles of the ∆phoR and ∆aioS mutants demonstrate a 

large contingent of cell functions affected by PhoR, and a considerably smaller amount 

affected by AioS. In addition to documented arsenic-specific responses like AsIII 

oxidation and arsenic detoxification, PhoR and AioS influence fundamental cell functions 

under AsIII-PSR conditions, including carbon, amino acid, and sugar metabolism. This 

study describes the metabolisms impacted during AsIII exposure and highlights the impact 

AsIII-oxidizing microbes likely have on key biogeochemical cycles in ecological systems.  
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CHAPTER FOUR 

 

 

GUT MICROBIOME EXPRESSION OF ARSENIC DETOXIFICATION GENES 

 

 

Introduction 

 

 

 Chronic exposure to arsenic increases the risk of a variety of pathologies and 

disease, including skin hyperpigmentation, peripheral neuropathy, vascular disease, 

reproductive disorders, and cancer (Kapaj et al., 2006; Watanabe and Hirano, 2013). 

However, similarly exposed people typically do not display equal disease penetrance. As 

such, there is significant unexplained inter-individual variability (Naujokas, Anderson, 

Ahsan, Vasken Aposhian, et al., 2013), even after accounting for important 

epidemiologic factors (i.e. genetics, diet, age, metabolic capacity). Given the 

longstanding research illustrating microbial reactivity with arsenic and the rapidly 

developing literature that links human health with the activity or function of the gut 

microbiome, there is increasing evidence that gut microbes play an important role in host 

arsenicosis.  

 There are several key findings that frame the relationship between host health and 

the gut microbiome during arsenic exposure. First, arsenic exposure leads to the 

taxonomic and metabolic alteration of the gut microbiome of mice (Guo et al., 2014; Lu, 

Abo, et al., 2014). Second, it has been shown that the human gut microbiome is capable 

of metabolizing various compounds (e.g. drugs, antibiotics, bile acids) before uptake by 

the host (Goldman et al., 1974; Lu et al., 2015). Most recently, it has been shown that the 

gut microbiome affords protection to arsenic-exposed mice, particularly when the 
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primary mammalian arsenic detoxification enzyme, As3mt (arsenic methyltransferase), is 

knocked out (Coryell et al., 2018). Importantly, this study showed that arsenic exposure 

in the absence of As3mt was not lethal, but became highly lethal when the microbiome 

was altered or absent. Together these studies illustrate that the gut microbiome is 

responsive to arsenic exposure and offers protective effects to arsenic-exposed mice, 

especially when the host lacks the ability to detoxify arsenic via methylation.  

Until recently, arsenic methylation was believed to be a strictly host-mediated 

process. As3mt is located in hepatic cells, but it was demonstrated that methylated 

arsenicals were detected in liver and urine samples of As3mtKO mice, albeit at lower 

levels (Drobna et al., 2009). This suggests that gut microbes may play a role in arsenic 

methylation, via an As3mt-analogous protein ArsM in bacteria (Qin et al., 2006, 2009), 

which can occur in microbiota including Faecalibacterium, Bacillus, Pseudomonas, and 

Streptomyces (Kuramata et al., 2015; Rosen et al., 2015; Coryell et al., 2018; Huang et 

al., 2018). Both the prokaryotic and eukaryotic proteins have four conserved cysteines 

important for arsenic methylation (with a few exceptions), though otherwise sequence 

similarity can be quite variable between orthologs (Yang and Rosen, 2016; Huang et al., 

2018). A multiple sequence alignment showing variation between ten orthologs, 

including As3mt, is included in Appendix C. In the proposed mechanism of arsenic 

methylation (for As3mt and its analogs) (Fig. 1.2), glutathione-arsenic conjugates 

As(GS)3 and MAs(GS)2 are the substrates for As3mt/ArsM, and trivalent conjugates 

MAs(GS)2 and DMAs(GS) are the enzyme products (Hayakawa et al., 2005, Fan et al., 

2018). These products are unstable and quickly dissociate into highly toxic arsenicals, 
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MAsIII and DMAsIII, which spontaneously oxidize under aerobic conditions to less toxic 

pentavalent forms. DMAsV is the most common detected arsenical in human urine 

(Watanabe and Hirano, 2013), though it is unclear how prevalent trivalent methylated 

arsenicals are in the body before oxidation and excretion.  

Arsenic methylation has been traditionally characterized as a detoxification 

strategy. However, when trivalent species are a final end product or persistent 

intermediate, arsenic methylation is carcinogenic and contributes to aberrant cellular 

functions leading to cancer (Cohen et al., 2013). The impacts of microbial arsenic 

transformation and the demonstrated sensitivity of germ-free As3mtKO mice (Coryell et 

al., 2018) argues for a fundamental investigation of the distinct biochemical roles of the 

host and the microbiome during arsenic exposure, particularly as it pertains to arsenic 

methylation and resulting host health. As such, this study focused on pairing germ-free 

mouse models with genetically-engineered Escherichia coli strains to differentiate 

between microbial and host contributions to arsenic metabolism. The goal of this study 

was to provide groundwork that is necessary for identification of specific microbes and 

biochemical pathways that decrease arsenic toxicity and the development of arsenicosis. 

However, the outcomes showed some unexpected bacterial growth patterns and protein 

expression during arsenic exposure in the mouse gut, and the resulting implications are 

important and informative for in vivo studies moving forward. 
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Materials and Methods 

 

 

Bacterial Strains and Culturing 

 

The E. coli AW3110-pET28a(ArsMc) construct was derived as described in Qin 

et al (2009). Briefly, ArsM was PCR amplified from Cyanidioschyzon sp. 5508 and 

cloned into pET28a+ using Not1 and NcoI restriction enzyme sites that were designed 

into PCR primers during amplification. pET28a(ArsMc) was transformed into the 

arsRBC deletion mutant AW3110 (Carlin et al., 1995).  

 

Bioassay. E coli strains were cultured in LB overnight, and then diluted in fresh 

LB supplemented with 0.3 mM IPTG, 50 ppm kanamycin, and 50 µM AsIII to OD595 

0.05. A SpectraMax microtiter plate reader (Molecular Devices) was used for absorbance 

readings. Cells were cultured at 37°C in a shaking water bath and OD595 measurements 

taken hourly for 12 hours. Following bioassay, cells were centrifuged for 10 minutes at 

8,000 x g, washed in 0.85% saline, and centrifuged again. Cell pellets were stored at -

80°C until further processing.  

 

Passaging Experiments. A single colony of AW3110-pET28a was cultured 

overnight in 5mL LB, and then diluted 1:100 into 10 mL fresh media (LB supplemented 

with 0.3 mM IPTG, 50 ppm kanamycin, and 0, 5, 10, 25, or 50 µM AsIII) every 24 hours, 

incubated at 37°C in a water bath with shaking at 160 rpm. Before cells were passaged in 

AsIII, they were passaged for seven days with IPTG and kanamycin only to mimic mouse 

experiments. In total, cells were passaged for 13 days, 7 days on IPTG and kanamycin 
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followed by 6 days on IPTG, kanamycin, and AsIII. After passaging, cells were cultured 

for the bioassay as outlined above.  

 

Mouse Handling 

 

Germ-free (GF) mice were cared for and housed in hermitically-sealed Hepa-

filtered isolators as approved by the Montana State University Institutional Animal Care 

and Use Committee. Mice received autoclaved food and water. Filter sterilized 

kanamycin, IPTG, and sodium arsenate stocks were administered in sterile water. Stool 

samples were plated and cultured aerobically and anaerobically on rich media throughout 

the experiments to assess for contamination. The mice were either C57BL/6 or As3mt 

knock-outs, and were derived GF as previously described (Coryell et al., 2018). For 

mono-associations, ~108 CFUs were orally gavaged for gut colonization. Stool samples 

were homogenized and diluted in 0.85% saline for plating on LB and LB-kanamycin to 

assess fecal loads and plasmid maintenance.  

 

ICP-MS 

 

Stool samples were prepared for ICP-MS by diluting 1:100 (weight to volume) in 

trace-metal grade nitric acid and digested by autoclaving at 115°C and 29.7 PSI for 30 

minutes. Following digestion, samples were brought to a final concentration of 5% nitric 

acid with DI water. Samples were analyzed on an Agilent 7500 ICP-MS using a constant-

flow-rate peristaltic auto-sampler. An external standard curve was used to quantify total 

arsenic in ChemStation (Agilent). 
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RT-PCR 

 

RNA was extracted from cell cultures and stool samples using a RNeasy Mini 

Kit (Qiagen). For lysis, samples were resuspended in 3X volumes of RLT lysis buffer 

(Qiagen) + beta-mercaptoethanol (20 µL per 1 mL RLT) and homogenized using 

sonication at 40% duty cycle (2 minutes for stool samples, 20 seconds for pure culture) 

(BioLogics Ultrasonic Homogenizer, Model 3000). Lysates were spun down at 13,000 x 

g for 5 minutes and the supernatants were processed following the Qiagen protocol 

including on-column DNase treatment. RNA was stored at -80°C for RT-PCR. 

 Reverse transcription was performed using a M-MLV Reverse Transcriptase kit 

(Promega). RNA, nuclease-free water, and primers were mixed and incubated at 70°C for 

5 minutes, followed by cooling on ice. The RT reaction mix was added (dNTPs, buffer, 

inhibitor, reverse transcriptase) and incubated at 42°C for 1 hour. cDNA samples were 

kept on ice until the GoTaq PCR mix (Promega) was added. For ArsMc (Qin et al., 

2009) and 16S Illumina primers, PCRs included 35 cycles of 95°C for 45 seconds, 50°C 

for 45 seconds, and 72°C for 1 minute. Resulting DNA was separated in a 1% agarose 

gel, run at 100V for 45-60 minutes.  

 

Western Blot 

 

Samples prepped for western blot were resuspended in 3X volumes (based on 

weight) of 4X SDS-PAGE buffer with 8M urea and 1M DTT, and lysed by sonication at 

40% duty cycle (2 minutes for stool samples, 20 seconds for pure culture) (BioLogics 

Ultrasonic Homogenizer, Model 3000). Samples were then boiled at 95°C for 5 minutes 
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and centrifuged for 3 minutes at 13,000 x g to pellet cell debris. Protein concentration of 

supernatant was measured using a NanoDrop 2000c spectrophotometer (Thermo 

Scientific). Protein from each sample (50 µg) was loaded into a precast 4-20% TGX gel 

(BioRad) and run for 90 minutes at 90V. Two gels were run for every sample; one for 

western blot and one as a loading control. Loading control gel was stained with 

GelCode Blue Safe protein stain (Thermo Scientific) overnight and destained with DI 

water.  

 For western blot, gel was rinsed twice with water and incubated in 1X transfer 

buffer (25mM Tris, 190mM glycine, 20% MeOH, pH 8.3) at 4°C for 10 minutes. A 

PVDF membrane (0.2 µM pore size, Life Technologies) was rinsed in MeOH for 5 

minutes with shaking, then twice with DI water for 5 minutes with shaking. Membrane, 

filter paper, and sponges were then incubated in 1X transfer buffer for 10 minutes at 4°C. 

Transfer was run at 100V (200 mAmps) for 70 minutes on ice. After transfer, membranes 

were washed 3 times with TBST (20mM Tris, 150mM NaCl, 0.1% Tween 20, pH 7.6) for 

5 minutes on a shaker at 4°C. Membranes were blocked with 5% skim milk (Difco) in 

TBST for 1 hour on a shaker at 4°C, followed by three 5-minute washes in TBST at 4°C 

with shaking. The membranes were then incubated overnight with an anti-his HRP-

conjugated antibody (Life Technologies, Cat. #46-0707) or anti-GAPDH HRP-

conjugated antibody (Life Technologies, Cat. #MA5-15738) diluted 1:2000 in TBST, 

followed by three 10-minute washes with TBST on a shaker at room temperature. 

Chemiluminescent HRP substrate (Advansta) was applied to the membranes, incubated at 
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room temperature in the dark for 3 minutes, and then exposed onto x-ray film and 

developed using an automatic developer.  

 

Proteomics Analysis 

 

Cell pellets were thawed on ice, resuspended in 100 µL 0.1M lysis buffer (Tris-

HCl at pH 6.8, 5 µM EDTA, 6M urea), and sonicated for 5 min at 40% duty cycle. The 

samples then were centrifuged at 15,000 rpm for 15 minutes. Four volumes of ice-cold 

acetone were added to supernatants and kept at -20°C for 1 hour to precipitate proteins. 

Proteins were pelleted by centrifugation at 5,000 RPM for 5 minutes and then 

resuspended in buffer (0.1M Tris-HCl at pH 6.8, 5 µM EDTA, 6M urea) and incubated at 

room temperature in the dark for 30 minutes. Then, 100 µL of a 10 mM DTT, 50 mM 

ammonium bicarbonate (pH 7.8) and 6M urea solution was added to 100 µg of soluble 

protein and incubated at room temperature for 1 hour. The mixture was transferred to a 

3K MWCO Nanosep centrifugal device and centrifuged at 5,000 RPM for 5 minutes to 

eliminate excess DTT. Iodoacetamide (IAM) was added (100 µL of 50 mM) in 50 mM 

ammonium bicarbonate (pH 7.8) and applied to the top membrane and incubated for 30 

minutes at room temperature in the dark. Four wash steps were then performed to 

exchange any remaining small molecules and urea in the sample using 50 mM 

ammonium bicarbonate (pH 7.8). The samples were digested using sequencing grade 

trypsin incubated at 37°C for 18 hours (ratio of 100:5 protein to protease). Following 

trypsin digestion, samples were centrifuged for 40 minutes at 8,000 RPM, and the pellet 

completely dried down in a speed vacuum. 
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LCMS Data Acquisition and Processing  

Peptide pellets were resolubilized in 30 µL of 95/5 (v/v) water/acetonitrile with 

0.1% formic acid. Samples were analyzed using a Dionex Ultimate 3000 nano UHPLC 

coupled with a Bruker maXis Impact with CaptiveSpray, with an Acclaim PepMap100 

C18 column used for trapping (100 µm × 2cm) and an Acclaim PepMap RSLC C18 (75 

µm × 50 cm, C18 2 µm 100A) for final peptide separation. Chromatography solvents 

were H2O with 0.1% (v/v) formic acid (A) and 80/20 acetonitrile/water (B). Trapping was 

performed for 2 minutes at flow rate of 10 µL/min, then HPLC valve was switched to 

elution position. The gradient was as follows: 0 to 5 min at 7% B, 5 to 125 min 3% to 

30% B, 125 to 127 min 30% to 80% B, 127 to 130 min 80% B, 130 to 133 80% to 3% B, 

133 to 140 min 3% B. During the entire run, the loading pump solvent was held at 10 

µL/min of 97% water, 3% acetonitrile, and 0.1% formic acid. Spectra were collected in 

positive mode from 150 to 1750 m/z at a maximum rate of 2 Hz for both precursor and 

fragment spectra. Data were analyzed using MaxQuant (version 1.6.4.0) (Tyanova, 

Temu, and Cox, 2016), with following the protocol developed by Cox and Mann (Cox 

and Mann, 2008). iBAQ values were used in the quantitative analysis and further 

statistical tests using Perseus (Tyanova, Temu, Sinitcyn, et al., 2016). 
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Results 

 

 

 The overarching goal for this study was to characterize gut microbiome and host 

contributions to arsenic metabolism in vivo and the overall impact on host health. To 

accomplish this, I focused on two primary aims; 1) identify whether specific gut microbes 

with different arsenic metabolisms would alter host arsenic absorption, and 2) measure 

the expression and stability of a bacterial arsenic methyltransferase, ArsMc, within the 

gut of mice. To do so, genetically engineered E. coli strains were inoculated into GF mice 

so that only one bacterial species colonized the gut (referred to as mono-associated or  

gnotobiotic mice). This reductionist approach provided a unique platform to focus in on 

host and gut microbe contributions to arsenic metabolism in vivo, with the ultimate goal 

of characterizing the individual and synergistic impacts of bacterial and host arsenic 

methylation on host health.  
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Arsenic Metabolism of Gut Microbes Alters Host Arsenic Absorption  

 

 To address whether gut microbiota with different arsenic metabolisms could 

afford varying levels of protection in exposed mice, three groups of mice were compared: 

GF (control), GF mice mono-associated with E. coli wild-type strain K12 (encodes the  

basic arsenic detoxification operon, arsRBC, see Table 4.1), and mice mono-associated  
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with E. coli deletion mutant AW3110 (∆arsRBC). The introduced E. coli was allowed to  

colonize for four days. All mice were then administered 100 ppm AsV in their daily water 

source for a 10-day exposure period. Just prior to and throughout the exposure, stool 

samples were collected to assess fecal bacterial load and total arsenic content. The WT E. 

coli and the deletion mutant colonized the GF gut to similar levels (Fig. 4.1A). After 10 

days of arsenic exposure, mice colonized with WT E. coli had higher levels of arsenic in 

fecal material (days 7-10) compared to mice colonized with the ∆arsRBC mutant (Fig. 

4.1B). This finding established that the presence or absence of the microbial arsRBC 

altered host excretion levels of arsenic.  

 

ArsM Affords Protection to Arsenic-Sensitive E. coli AW3110 

 

 At this juncture, we elected to narrow our focus on arsenic methylation because of 

its importance in mammalian arsenic detoxification. The majority of what is known about 

arsenic methyltransferases comes from studies on an arsenic methyltransferase cloned 

from thermoacidophilic eukaryotic alga, Cyanidioschyzon sp. 5508. This protein, ArsMc, 

rescues growth of arsenic-sensitive E. coli AW3110 (∆arsRBC) when exposed to AsIII 

(Qin et al., 2009). Our access to As3mtKO GF mice provided a novel opportunity to look 

specifically at host and gut microbiome arsenic methylation by mono-associating WT and 

As3mtKO GF mice with E. coli AW3110 or AW3110+ArsM to assess impacts to host 

health.  

The E. coli construct used in our experiments was AW3110-pET28a(ArsMc) (Qin 

et al., 2009) (Table 4.1), and we first set out to characterize ArsMc function and 

expression in vitro. Protein expression on the pET28a+ vector is under control of a T7  
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promoter and LacI repressor, where high copy protein expression is driven by adding the 

lactose analog, IPTG, to culture media. The plasmid itself is maintained by kanamycin 

resistance, and his-tags are encoded on both the C- and N-terminus of ArsMc for protein 

purification as well as for detection. Thus, in vitro expression was driven by culturing E. 

coli AW3110-pET28a(ArsMc) in LB supplemented with 0.3 mM IPTG and 50 ppm 

kanamycin (Qin et al., 2009). When compared to the AW3110-pET28a+ control, ArsMc 

rescued growth during 50 µM AsIII exposure (Fig. 4.2A), and ArsMc expression was 

confirmed by RT-PCR (Fig. 4.2B) and western blot (Fig. 4.2C). In the absence of IPTG, 

ArsMc was not detectable by western blot (Fig. 4.2C). At least in short term experiments 

(12 hours), the presence of AsIII did not appear to affect ArsMc protein expression, as 

long as IPTG was supplied (data not shown).  

 

 

 

 



125 

 

Plasmid-Encoded ArsMc is Not Stable in Gut Environment 

 

 Once ArsMc functionality and protein stability was verified in vitro, two groups 

of As3mtKO mice were gavaged with either E. coli AW3110-pET28a or AW3110-

pET28(ArsMc). Kanamycin was included in the drinking water from initial gavage to 

maintain plasmids. E. coli strains were allowed to colonize the mouse gut for 7 days, and 

then mice were administered 15 mM IPTG (Cronin et al., 2001; Ryan and Scrable, 2004) 

in their water, which was continued throughout the duration of the experiment. Following 

7 days on IPTG, 25 ppm AsV was also added to the water source. Stool was plated for 

CFU/g on both LB and LB-kan plates to assess bacterial load and plasmid maintenance. 

Plate counts were not significantly different between LB and LB-kan at any point during 

the experiment, which indicated that isolates retained their plasmids (Fig. 4.3).  

Stool samples were collected for RT-PCR and western blot 24 and 68 hours after 

the mice began drinking IPTG-containing water. At both time points, arsMc transcript 

expression was confirmed (Fig. 4.4A). ArsMc protein, however, was undetectable, 

though there was consistent detection of loading control glyceraldehyde-3-P 

dehydrogenase (GAPDH) in the stool (Fig. 4.4B). After mice began AsV exposure, 

ArsMc was still not detected by western blot. Multiple troubleshooting methods were 

employed to ensure protein extraction and western blotting protocols were technically 

sound, including implementing various protein extraction methods (freeze-thaw, 

sonication, different buffers, denaturants, protease inhibitors) and optimizing antibody 

dilutions, transfer time, and exposure time for western blotting. None of the alterations to 

the protocol resulted in ArsMc detection by western blot (summary of all troubleshooting 
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methods is found in Appendix D). Alternative methods of protein detection were then 

employed. First, a nickel column was used to bind ArsMc from stool lysates, a common 

method for purifying recombinant proteins due to the affinity of his-tags for nickel ions 

(Spriestersbach et al., 2015). When passed through a nickel column, ArsMc was detected 

from pure culture controls, but not from stool samples (data not shown). As a final 

confirmation, mass spectrometry was used for protein detection using shotgun 

proteomics. ArsMc peptides were only detected in pure culture controls but not in stool 



127 

 

samples. Mass spectrometry is an extremely sensitive way to detect proteins (Angel et al., 

2012), even in low abundance, and thus the absence of peptides detected in the stool 

samples offered convincing evidence that intact ArsMc was not present, and suggested 

problems with ArsMc stability or translation within the mouse gut.   

 To assess ArsMc stability in the gut environment, AW3110-pET28a(ArsMc) pure 

culture cell lysates were spiked into stool homogenates. Stool homogenates and cell 

lysates were prepped separately by sonication in 4X SDS loading buffer supplemented 

with 8M urea to inactivate proteases and disrupt any protein associations by strong 
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denaturation. Cell extracts from 1x106 E. coli cells (previously shown to be an ideal 

positive control loading) were then spiked into 15 mg, 30 mg, and 60 mg of stool 

homogenate and processed for western blot. The results showed attenuation and ultimate 

loss of ArsMc signal with increasing amounts of stool homogenate (Fig. 4.5A). To better 

mimic gut and stool extraction conditions, whole cells were spiked into stool 

homogenates (not lysed separately) and processed for western blot. At the highest 

bacterial cell loading rates (1x107 and 5x107 cells) a western blot signal was observed, 

but not at the lower cell levels (Fig. 4.5B), even though these cell levels from pure 

cultures normally yield a detectable-to-strong western signal. It is difficult to imagine that 

a protease would remain active under the harsh environment used for lysis (4X SDS-

PAGE, 8M urea), but the patterns we observed consistently suggested there was some 

property of the stool homogenate that promoted degradation of the ArsMc protein.  
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 As a final measure, three E. coli AW3110-pET28a(ArsMc) strains were isolated 

from the mouse stool and cultured with 50 µM AsIII to confirm phenotype. Unexpectedly, 

all three stool isolates were tolerant to AsIII exposure, and indeed to the level expected of 

a strain with a functioning ArsMc (Fig. 4.6). At this point, all evidence supported 

degradation and essential absence of ArsMc—the only known mechanism of AsIII-

tolerance in this AW3110 construct—and as such, the observed AsIII tolerance was quite 

puzzling. Plasmids were purified from three stool isolates and submitted for sequencing. 

While there were no errors in ribosomal binding sites or his-tags, the sequencing results 

showed that the plasmid from each stool isolate contained up to four single base 

mutations within the arsMc coding region. Furthermore, though the mutations were 

different between all isolates, each introduced frameshifts and premature stop codons 

which would result in incomplete protein synthesis and no translation of the N-terminus 

his-tag. These results explained why there was positive transcript expression—as the 

expected mRNA size would appear correct regardless of mutations—and why we could 

not verify protein expression of ArsMc in the stool. However, these results did not 

explain why the stool isolates were tolerant to AsIII or why there was pressure to 

eliminate expression of a protein that can mediate arsenic toxicity. With no functional 

ArsMc being expressed, how were these strains resistant to AsIII? 

 

AW3110 Readily Acquires Arsenic Tolerance In Vivo and In Vitro 

 

 In an attempt to better understand why or how mouse-passaged AW3110 acquired 

arsenic resistance, I next conducted batch culture experiments that mimicked some  
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aspects of the mouse gut. Imitating the exposure schedule of the mouse experiments, cells 

were passaged in vitro in LB supplemented with 0.3 mM IPTG and 50 ppm kanamycin 

for 7 days prior to arsenic exposure, followed by 6 days on either 0, 5, 10, 25, or 50 µM 

AsIII (in addition to IPTG and kanamycin). Passaging involved diluting an overnight 

culture of AW3110-pET28a+ 100-fold into fresh, IPTG / kanamycin supplemented 

media, repeating this every 24 hours. The goal was to mimic E. coli cells in the mouse 

gut experiencing a consistent influx of water containing IPTG, kanamycin, and arsenic as 

well as nutrients from mouse chow. After 13-days of passaging, all cultures were used in 

a 10-hour bioassay in which they were exposed to 50 µM AsIII. The results showed that 

passaged AW3110-pET28a+ cell lines acquired AsIII tolerance in vitro in an AsIII-

concentration dependent manner (Fig. 4.7).  
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Cells that were passaged in IPTG and kanamycin without any AsIII also acquired a 

level of AsIII tolerance, similar to that of AW3110-pET28(ArsMc) and cells passaged in 5  

or 10 µM AsIII (Fig. 4.7). This too was a very unexpected. I initially speculated that IPTG 

induced a basal stress response that “primed” AW3110 cells for arsenic exposure, which 

would explain why the cells unexposed to AsIII gained some tolerance. IPTG is toxic to 

cells when administered in high doses, and can cause membrane permeability (Dvorak et 

al., 2015) and heat shock-like effects (Kosinski et al., 1992), particularly in conjunction 
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with cell stress introduced by high copy plasmids like pET28 (Jones et al., 2000; Dvorak 

et al., 2015). However, control cells passaged without IPTG also gained a degree of AsIII 

tolerance (Appendix E), demonstrating that IPTG alone was not a driver for the acquired 
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AsIII tolerance. Additionally, the passaging experiments were repeated, this time omitting 

the 7-day IPTG/kanamycin passaging before arsenic exposure, and instead passaging  

using AsV instead of AsIII. In all cases the experiments showed the same trend – 

AW3110-pET28a readily acquired AsIII tolerance in vitro.  

To assess the source of AsIII tolerance in passaged AW3110 cells, a proteomics 

platform was employed to compare three cell types: 1) a stool isolate (i.e. “passaged” in 

the mouse), 2) AW3110-pET28a+ cells passaged in 50 µM AsIII in vitro (from the above 

experiments), and 3) non-passaged AW3110-pET28a+ control cells. Proteins were 

extracted from cell cultures collected after 10 hours of bioassay growth (50 µM AsIII, 50 

ppm kanamycin, 0.3 mM IPTG) in order to enhance expression of any proteomic changes 

responsible for the observed AsIII tolerance. Protein extracts were analyzed by shotgun 
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proteomics and 1,375 proteins were identified, and showed distinct proteomic profiles 

between the experimental groups (Fig. 4.8, Table 4.2, Suppl. File 7).  

 Hierarchical clustering of the samples showed that the passaged cells, whether 

from the mouse stool or in vitro, were most similar to each other and more distantly 

related to the non-passaged control (Fig. 4.8). Protein abundance differences were 

visualized by a clustered heatmap (Fig. 4.8), showing perturbations in fundamental cell 

functions including amino acid activation and translation, membrane-bound proteins, and 

carbon metabolism. Of the differentially expressed proteins, 63 had a fold change greater 

than five when comparing the stool isolate and passaged cells to the control (Table 4.2). 

The majority of these highly regulated proteins increased in abundance in the passaged 

cells as compared to the control, e.g., a ribosomal pseudouridine synthase (97-fold 

increase in in vitro passaged cells, 15-fold in stool isolate), an acid stress chaperone (~40 

fold increase in both stool isolate and in vitro passaged cells), and multiple oxidative 

stress proteins (glutaredoxin, thioredoxin, superoxide dismutase, 

thioredoxin/glutaredoxin peroxidase). Overall, a large cellular response involving 

fundamental cell functions appeared responsible for the AsIII tolerance observed in the 

stool isolates and in vitro passaged cells.  

 

Discussion 

 

 

The literature documents the importance of the gut microbiome in mediating 

arsenic exposure (Lu, Abo, et al., 2014; Dheer et al., 2015; Coryell et al., 2018; 

Richardson et al., 2018; Chi et al., 2019), particularly in the absence of host arsenic 
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detoxification (via As3mt) (Coryell et al., 2018). Building upon these findings, this study 

explored the roles of genetically defined E. coli strains when mono-associated in germ-

free mice during arsenic exposure, and based on the results documented several important 

conclusions will be discussed. First, arsenic metabolism by gut microbes affected the 

amount of arsenic excreted from the host (Fig. 4.1), as a result of the presence or absence 

of E. coli arsenic detoxification genes arsRBC. These results were unexpected. Because 

WT E. coli is capable of reducing AsV (via ArsC) and removing AsIII from the cells (via 

ArsB), we hypothesized that the mice colonized with WT E. coli would encounter higher 

levels of the more toxic and mobile species (AsIII) and thus experience more toxic effects, 

including higher arsenic absorption into the host. This, however, did not seem to be the 

case. While the mechanism is thus far unknown, these results show that not only does a 

microbiome protect against arsenic exposure (Coryell et al., 2018), but the actual arsenic-

transformation capabilities of gut species can alter the way in which arsenic is absorbed 

by the host. 

A second important finding was that plasmid-borne protein expression of arsenic 

methyltransferase ArsMc was unstable in the mouse gut (Fig. 4.4, Fig. 4.5). DNA 

mutations in the ArsMc coding region in all stool isolates suggested that there was not 

enough pressure for E. coli to maintain a functioning ArsMc in the gut. This was 

supported by the fact that the mutations were different for each strain and that a single 

mutation did not sweep the entire gut community. However, the cells did retain the 

plasmid itself, due to sufficient kanamycin-selective pressure in the gut. There are a few 

factors that could affect this loss of ArsMc expression. First, high protein expression 
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driven by pET28a could have led to a scenario in which the cost of producing ArsMc was 

too high and induced toxic effects to the cell. This has been documented for other cells 

expressing high copy plasmids (Glick, 1995; Jones et al., 2000). Second, the acquired 

AsIII tolerance by AW3110 (Fig. 4.6, Fig. 4.7) may have been another factor restricting 

ArsMc expression, where the cells adapted quickly enough to AsIII stress and in such a 

manner that the acquired tolerance was less costly to the cells than maintaining ArsMc. 

Lastly, ArsMc was degraded in the gut environment (Fig. 4.5). Initially, we speculated 

that degradation occurred because ArsMc was a eukaryotic algal protein and was thus 

marked for degradation as a foreign protein. However, tangential experiments using a 

protein from Faecalibacterium prausnitzii (a common gut microbiome member) within 

the same AW3110-pET28a construct had a similar end result; once gavaged into the 

mice, E. coli stopped expressing the plasmid-encoded protein (data not shown).  

 Another important finding was that AW3110 readily acquired AsIII resistance, in 

vivo and in vitro. Acquired tolerance in response to low-dose exposures of stressors (e.g. 

antibiotics, metals, chemicals) has been documented (Lou and Ahmed, 1997; Dangl et 

al., 2002; Berry et al., 2011). However, what is peculiar about the tolerance developed in 

AW3110 is the lack of any known arsenic-metabolism genes encoded on the genome, and 

the development of AsIII tolerance in strains not exposed to AsIII at all (Fig. 4.7). After 

passaging the strains for at least 7 days, their response in the bioassay to 50 µM AsIII was 

rather quick, even those passaged with no arsenic or low-doses of arsenic, with growth 

advantages appearing as early as 2 hours (Fig. 4.6, Fig. 4.7). This rapid response may 

indicate the role of a cytoprotective stress response, like multi-drug resistant proteins that 
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function to protect against a variety of toxins (Edgar and Bibi, 1997; Liu et al., 2001). 

Some multi-drug/multiple-stress resistant proteins were differentially regulated in these 

cells (Suppl. File 7), and could be part of a rapid response system, likely in addition to 

increased expression of proteins that deal more specifically with AsIII induced toxicity 

(e.g. oxidative stress). However, our proteomics experiments were performed at 12 hours 

growth, and earlier time points would need to be assessed to understand the potential role 

of a rapid response in these cells. 

Proteomic profiles of the passaged strains offer some insight into acquired AsIII 

tolerance. Some of the highly regulated proteins have been documented to increase AsIII 

tolerance by combating oxidative stress, including glutaredoxin (Sundaram et al., 2008; 

López-Maury et al., 2009), superoxide dismutase (Parvatiyar, Eyad M. Alsabbagh, et al., 

2005; Daware et al., 2012; Jain et al., 2012), and thioredoxin/glutathione peroxidase 

(Chang et al., 2003). Proteins involved in general cell functions, like carbohydrate 

metabolism (e.g. malate synthase, shikimate kinase, glyoxylate reductase) and ribosome 

metabolism (e.g. ribosome-recycling factor, ribosome-associated inhibitor, ribosomal 

synthase) were also differentially regulated in the passaged cells versus the control. 

Remodulation of carbon metabolism in response to AsIII has been documented in AsIII-

tolerant bacteria (Jain et al., 2012; Tokmina-Lukaszewska et al., 2017, Rawle et al., 

2019a, 2019b), a response due in part due to AsIII inactivation of key enzymes like 

pyruvate dehydrogenase and α-ketoglutarate dehydrogenase. Breakdown of ribosomes 

has also been documented for cells under arsenic stress (Basturea et al., 2012; Guerra-

Moreno et al., 2015), and is thought to be an rapid, adaptive mechanism to deal with 
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misfolding of newly synthesized proteins under AsIII exposure. It should also be noted 

there were multiple uncharacterized proteins (~15) highly regulated in these data, that are 

worth further investigation for their role in AsIII resistance. 

 The ability of AW3110 to acquire tolerance is highly relevant to the field of gut 

microbiome-arsenic interactions. First, arsenic bioassays cannot be used as an indirect 

way to assess protein function from gut isolates because acquired tolerance of arsenic-

sensitive strains could readily complicate results. Second, most analyses will likely focus 

on arsenic-related genes (ars, aio, arr, etc.) to determine microbial impacts to hosts. 

While these genes are undoubtedly a major piece of the puzzle, the ability of arsenic-

sensitive strains to acquire tolerance adds another layer of complexity, as they may also 

affect gut community dynamics under arsenic exposure. Studies focused on enrichments 

of arsenic-sensitive species in mixed communities upon arsenic exposure would be 

informative in this regard.  

 

Conclusion 

 

 

  The overarching goals of this study were to elucidate arsenic effects on mice 

mono-associated with genetically engineered E. coli strains. There are several 

implications from these findings. First, the type of bacteria within the gut can affect host 

arsenic absorption, which directly informs research characterizing bacterial genes that 

may promote host health during arsenic exposure. Second, it was demonstrated that 

plasmid-borne ArsMc is not expressed in the gut environment and thus similar strategies 

may not support protein function in vivo. Third, arsenic-sensitive E. coli AW3110 can 
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readily acquire arsenic resistance in vivo and in vitro. When assessing gut communities 

for their impacts on arsenic toxicity, it is important to keep in mind that strains without 

defined arsenic metabolizing genes may be capable of acquiring arsenic tolerance, which 

in turn may affect community profiles and ultimately host health. In sum, these results 

provide a foundation for characterizing host and bacterial roles in the biochemical 

processing of arsenic and the impacts to host health.  
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CHAPTER FIVE  

 

 

CONCLUDING REMARKS 

 

 

 The results documented in this dissertation illustrate the application of omics 

approaches in characterizing molecular systems, specifically pertaining to arsenic-

microbial interactions. While complex in nature, utilizing transcriptomics, metabolomics, 

and proteomics analyses provided foundational knowledge about cell metabolism and 

behavior and serve as a base point for further work. The overall conclusions of this work 

are several-fold: 

(1) Arsenite exposure induces global cellular changes that involve various 

fundamental nutrient cycles, including carbon, amino acids, sugars, sulfur, 

nitrogen, and various transport systems in Agrobacterium tumefaciens 5A. While 

every organism would not be expected to react in the exact same way, it is 

probable that many arsenite-oxidizing bacteria would have similar responses, 

which in turn would impact basic nutrient cycling in environmental systems.  

 

(2) Histidine kinases PhoR and Aios are important regulators controlling cell 

responses to arsenite in Agrobacterium tumefaciens 5A. In addition to arsenite 

oxidation and arsenic detoxification, these regulators also impact a variety of 

fundamental cell functions under a phosphate-limiting, arsenite exposed 

environment, including sugar transport, phage biology, and carbon metabolism. 
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(3) Remodulation of central carbon metabolism occurs upon arsenite exposure and 

results from arsenite inactivation of key proteins pyruvate dehydrogenase, α-

ketoglutarate dehydrogenase, and xanthine oxidase. Aspects of this remodulation 

are further impacted by histidine kinases PhoR and AioS in Agrobacterium 

tumefaciens 5A. 

 

(4) Concerning gut microbe interactions with arsenic, this work demonstrates that the 

specific arsenic detoxification capability (or lack thereof) of gut microbes impacts 

host arsenic excretion. Furthermore, arsenic sensitive bacteria are capable of 

developing arsenic tolerance in vivo, which could impact microbial community 

dynamics under host arsenic exposure.  

 

 These key findings provide a better understanding of how particular microbes 

react with arsenic, and demonstrate how arsenic can induce changes in microbial 

metabolism, nutrient cycling, and microbial interactions within environmental systems. 

Considering the widespread contamination of arsenic in soil and water systems, and the 

number of people impacted by these contaminations, these types of findings are 

important for addressing bioremediation efforts and health initiatives. Furthermore, this 

dissertation documents both the caveats and considerable benefits of assessing molecular 

systems using omics approaches, where fundamentals characteristics of cell behaviors 

can be elucidated on a global scale. 
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APPENDIX A 

 

 

CARBON METABOLISM IN ∆AIOS MUTANT WITHOUT ARSENITE 
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Metabolite model of carbon metabolism in the ∆aioS mutant vs. WT without AsIII, with 

mannitol being the initial substrate. Reaction steps were derived from KEGG pathway 

maps using the most parsimonious routes of metabolite formation, noting that not all 

enzyme reactions steps are depicted in the model. When multiple intermediates are 

involved between illustrated metabolites, the number of reactions is shown; e.g. x3, with 

the number of intermediates identified shown in parentheses. Green text denotes 

metabolites increased in abundance, blue text denotes metabolites decreased in 

abundance. Red dashed vector arrows indicate reactions suggested to be inhibited by 
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AsIII. There were no transcripts that changed in expression in these pathways in the ∆aioS 

mutant vs. WT without AsIII.  
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APPENDIX B 

 

 

CARBON METABOLISM IN ∆PHOR MUTANT WITHOUT ARSENITE 
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Metabolite model of carbon metabolism in the ∆phoR mutant vs. WT without AsIII, with 

mannitol being the initial substrate. Reaction steps were derived from KEGG pathway 

maps using the most parsimonious routes of metabolite formation, noting that not all 

enzyme reactions steps are depicted in the model. When multiple intermediates are 

involved between illustrated metabolites, the number of reactions is shown; e.g. x3, with 

the number of intermediates identified shown in parentheses. Green text denotes 

metabolites increased in abundance, blue text denotes metabolites decreased in 

abundance. Red dashed vector arrows indicate reactions suggested to be inhibited by 
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AsIII. Transcripts are denoted by AT5A identification number (purple text), with a 

triangle indicating increased expression (▲) or decreased expression (▼). 
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APPENDIX C 

 

 

MULTIPLE SEQUENCE ALIGNMENT FOR TEN ARSENIC 

METHYLTRANSFERASE ORTHOLOGS 
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Multiple sequence alignment of ArsM orthologs: Homo sapiens (AS3MT_HUMAN), 

Mus musculus (AS3MT_MOUSE), Rhodopseudomonas palustris (ARSM_RHOPA), 

Cyanidioschyzon sp. 5508 (ARSM_CYANID), Clostridium sp. (ARSM_CLOSP), 

Pseudomonas alcaligenes (ARSM_PSEA4), Methanosarcina acetiyorans 
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(ARSM_METAC), Rattus norvegicus (AS3MT_RAT), Halobacterium salinarum 

(ARSM_HALSA), Chlamydomonas reinhardtii (K0BVM7_CHLRE). Conserved 

cysteines are marked with a black star and highlighted in yellow. Colored blocks denote 

identical amino acids with the reference sequence (line 1, Rhodopsudomonas palustris 

ARSM_RHOPA). Aligned using Clustal Omega (EMBL-EBI). 
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APPENDIX D 

 

 

TROUBLESHOOTING METHODS FOR DETERMINING ARSMC PROTEIN 

EXPRESSION 
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Protein Extraction Methods 

1) Cells resuspended in PBS and lysed by three freeze/thaw cycles followed by 

sonication for 2 minutes. Lysates mixed 1:1 with 4X SDS-PAGE loading buffer + 

1M DTT and boiled at 95°C for 5 minutes before loading into gel.  

2) Cells resuspended in 1X Tris lysis buffer (MSD*) and sonicated for 10 2-second 

pulses. Lysates were centrifuged at 13,000 x g for 5 minutes and supernatants 

recovered. Protein extraction mixed 1:1 with 4X SDS-PAGE loading buffer + 1M 

DTT, boiled at 95°C for 5 minutes before loading into gel.  

*MDS buffer: 0.3 mM NaCl, 20 mM Tris (pH 7.5), 10 mM EDTA, 1 mM EGTA, 

1% Triton X-100, 1X protease inhibitor cocktail, 1mM PMSF 

a. Protocol repeated using MDS+8M urea, heating at 40°C for 10 minutes 

before centrifugation.  

3) Cells resuspended directly in 4X SDS-PAGE loading buffer + 1M DTT, boiled at 

95°C for 5 minutes, and then loaded into gel.  

4) Cells resuspended in 4X SDS-PAGE loading buffer + 1M DTT and then 

sonicated for 10 2-second pulses (2 minutes for stool samples). Lysates boiled at 

95°C for 5 minutes and then loaded into gel.  

5) Cells resuspended in 4X SDS-PAGE loading buffer + 1M DTT + 8M urea and 

then sonicated 2 minutes. Lysates boiled at 95°C for 5 minutes and then loaded 

into gel.  

a. Repeated with increased boiling of 10 minutes. 
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b. Repeated with protease inhibitors added to buffer. 

Western Blot Protocol Adjustments 

1) Adjusted amount of protein loaded onto gel (5-500 µg). 

2) Stained gel after transfer to ensure proteins transferred (Ponceau and Novex 

Membrane (Invitrogen) stain did not work on the PVDF membrane). 

3) Optimized antibody concentration by incubating membranes with different 

antibody dilutions: 1:500, 1:1000, 1:2000, 1:4000. 1:2000 gave best results.  

4) Increased transfer time (from 50 minutes up to 70 minutes). 

5) Increased exposure time of film (up to 2 hours).  

6) Used an anti-his-FITC-conjugated antibody to detect ArsMc, but it was not 

sensitive enough for detection. 

 

Purification using Nickel Column 

1) A HisTrap FF (5 x 1 mL, GE Healthcare, Cat. # 17-5319-01) nickel column was 

used to detect ArsMc from pure culture and stool lysates. Buffers used were: 

binding buffer (20 mM sodium phosphate, 500 mM NaCl, 5 mM imidazole, 6M 

urea, pH 7.4) and elution buffer (20 mM sodium phosphate, 500 mM NaCl, 500 

mM imidazole, 6M urea, pH 7.4). Buffers were filter sterilized before use. Sample 

was resuspended in MSD + protease inhibitors + 8M urea, sonicated for 5 

minutes, and debris pelleted by centrifugation for 5 minutes at 12,000 x g. 

Supernatant was loaded onto HisTrap column by hand and then FPLC was used at 

a flow rate of 1 mL/minute with binding buffer until curve stabilized. Then, 
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gradient elution was employed collecting 1 mL fractions. Fractions were 

concentrated using 3K MW spin filters (NanoSep) and run on an SDS-PAGE gel 

to assess for ArsMc.  

2) Purified ArsMc was incubated in stool homogenates for 0, 2, 5, and 10 minutes 

before running on SDS-PAGE for western blot. ArsMc signal disappeared after 

10 minutes in stool homogenate. 

 

Additional Methods  

1) Protein extracts from internal gut samples (ileum, duodenum, mid-colon, cecum) 

were processed for western blot, with no ArsMc detection in any gut samples.  
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APPENDIX E 

 

 

BIOASSAY OF AW3110 CELLS PASSAGED WITH OR WITHOUT IPTG 
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Bioassay following in vitro passaging of AW3110 for 7 days in LB (p-AW3110) or LB + 

IPTG (I-p-AW3110). For bioassay, cells were cultured at 37°C for 10 hours in LB with 

50 µM AsIII, 50 ppm kanamycin, and 0.3 mM IPTG.  
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