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ABSTRACT 

The biogeochemical cycle of arsenic (As) is very complex. The current practice 

of measuring total arsenic concentrations, especially in soil environments, ignores any 

differences in arsenic form or bioavailability, and therefore misrepresents the risk of 

arsenic to human health. Biotic and abiotic transformations of arsenic change its 

mobility, availability, and toxicity. A key reaction is arsenite (As(IIl)) oxidation to 

arsenate (As(V)), a form that is less bioavailable and fifty times less toxic. The role of 

microorganisms may be key to understanding As(III) oxidation rates in soils. This 

research studies how As(III) oxidation rates may be altered when soil microorganisms 

have had previous arsenic exposure. My primary hypothesis is: 

Previous exposure to arsenic affects the soil microbial population, allowing it 

to more quickly oxidize, and therefore detoxify, additional arsenite challenges. 

Microcosms of soils with different histories of arsenic contamination were amended with 

As(lII). As(III) oxidation rates were compared by monitoring the bioavailable (water-

extractable) arsenic concentrations using high performance liquid chromatography— 

hydride generation—atomic fluorescence spectrometry. Although As(III) oxidation 

occurred in all biologically active soils, reaction rates were positively correlated with 

previous As exposure, even with fewer and less diverse microorganisms in the 

chronically contaminated soils. 16SrDNA denaturing gradient gel electrophoresis 

analysis detected an emerging band with sequence homology to Thiomonas sp. NO 115 

after the highest contaminated soil was given the highest amendments. Bacterial isolates 

from that soil also showed different As transformation abilities, even when under the 
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same selection pressures. To determine if faster As(III) oxidation rates could be induced 

in an arsenic-naive soil, control soils were given multiple doses of As(III). Changes in 

As(III) oxidation rate were dependent on both the number of previous doses and the 

challenge dose. When a soil inoculated with microorganisms extracted from a pre-

exposed soil was challenged with SOOppm As(IlI), As(III) disappearance was more 

similar to an adapted soil, showing that it was the change in the microbial population that 

was responsible for the change in the As(III) oxidation rate. By studying how microbial 

populations adapt to environmental stressors like As(III), we may better understand not 

only the microorganisms, but also the biogeochemistry of arsenic. 
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CHAPTER 1: 

HYPOTHESIS AND SPECIFIC AIMS 

The biogeochemical cycle of arsenic is very complex, but effort must be made to 

understand how this toxic element behaves in the environment. The current practice of 

measuring total arsenic concentrations, especially in complex soil environments, ignores 

any differences in arsenic speciation or bioavailability. Arsenic has a complex chemistry, 

with each different chemical form having different chemical, physical, and biological 

properties. Biotic and abiotic transformations of these arsenic forms take place in the 

environment, changing the mobility, availability, and toxicity, and therefore the risk of 

arsenic to human health and welfare. Of key interest is the biotrans formation of arsenite 

(As(III)), a common form of arsenic pollution from smelters, to arsenate (As(V)), a form 

that can be 50 times less toxic, and much less mobile and available due to its extensive 

sorption to soil particles. While this oxidation reaction can occur abiotically, the role of 

microorganisms may be key to understanding the rates at which this reaction actually 

occurs in soils. It is already known that arsenic can be oxidized, reduced, methylated, or 

demethylated by soil microorganisms. This research studies how the biogeochemical 

cycle of arsenic may be altered when soil microorganisms have had previous exposure to 

arsenic. My primary hypothesis is as follows: 

The level of water-extractable (bioavailable) arsenic in soils from previous arsenic 

exposures affects the soil microbial population allowing it to more quickly 

oxidize, and therefore detoxify, additional arsenite challenges. 
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The following specific aims were used to test this general hypothesis. 

Specific Aim I: Determine the concentration and form of the water-extractable arsenic in 

soils with histories of arsenic contamination to more accurately reflect the bioavailable 

arsenic. 

Hypothesis: Only a small fraction of the total arsenic will be bioavailable (water-

extractable) since arsenic (both as arsenite, but especially arsenate) binds to iron, 

aluminum, clays, and other minerals in soils. In addition, each arsenic form 

interacts differently with the soil, so that there are differences in bioavailability of 

each. 

Rationale: Each form of arsenic, arsenite (As(III)), arsenate (As(V)), 

monomethylarsonic acid (MMA(V)), and dimethylarsinic acid (DMA(V)), has 

unique physical and chemical properties, which affect its affinity for and 

interaction with soil components. 

Specific Aim IT: Determine the relationship between the bioavailable As forms in soil 

and the soil microbial gene pool, as measured by microbial population size and diversity, 

and any changes that occur when soils are exposed to additional arsenite. 

Hypothesis: Soil microbial populations can be altered by a history of exposure to 

arsenic and react differently to subsequent additional exposure to arsenic. 

Rationale: Previous studies have monitored soil microbial populations in relation 

to total arsenic concentrations without regard to As speciation or bioavailability. 
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Adaptations of microbial populations may affect how additional arsenic is 

metabolized and therefore its speciation and bioavailability. 

Specific Aim III: Determine how microorganisms influence the concentration and form 

of water-extractable arsenic in soil, thereby altering the biogeocheniical cycle of arsenic. 

Hypothesis: Microorganisms can metabolize arsenic and therefore change the 

water-extractabie fraction of arsenic in soil. 

Rationale: Microorganisms are known to oxidize, reduce, methylate, demethylate 

and volatilize arsenic. Each arsenic form has different physical and chemical 

properties, and therefore different soil binding properties, bioavailability, and 

toxicity. 

Specific Aim IV: Evaluate the adaptation of a non-contaminated soil to arsenite 

exposure. 

Hypothesis: Arsenite exposure will select for As resistant microorganisms, 

resulting in adaptation of the soil microbial gene pool. 

Rationale: Soil microbial populations are very diverse, and arsenic is ubiquitous 

in the environment. The arsenic resistant microorganisms that are naturally 

present will become more dominant in the microbial population when it is 

exposed to arsenic. 
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CHAPTER 2: 

BACKGROUND 

21. Arsenic: Uses and Abundance 

Arsenic (As) has been known since ancient times. The name for this element, 

atomic number 33 on the periodic table, comes from the Greek, arsenikon, meaning a 

yellow substance (American Heritage Dictionary, 1983). It's name, however, seems 

synonymous with poison, even being called "inheritance powder" for its use in turning 

young, wealthy, wives into eligible, young, wealthier widows. While arsenic has fallen 

out of favor with assassins since methods were developed by Scheele in 1775, and 

perfected by Marsh in 1836 (Taylor, 1875), to detect it during autopsies, its deadly ways 

have been exploited in war gases, herbicides, pesticides, and as treatments against 

spirochete-caused syphilis and parasite-caused sleeping sickness (trypanosomiasis and 

Chagas' disease). Although these uses for arsenic have declined due to the development 

of better alternatives, arsenic trioxide is currently being used to treat certain forms of 

leukemia (Roboz, et al., 2000). Arsenic compounds, mostly arsenic trioxide (AS2O3), are 

also still used in the manufacture of glass and ceramics, pigments, antifouling agents, 

cosmetics, fireworks, and electronics (Smith, et al., 1998), with a world production of 

approximately 50,000 metric tons/year of AS2O3 in 1990 (Smith, et al., 1998). Another 

major use for arsenic is as a wood preservative for outdoor wooden structures and public 

play equipment. Chromated copper arsenate (CCA) treats about 80% of the wood used in 

the United States (Rouhi, 2001), and accounts for 70% of the U.S. arsenic demand 

(Smith, et al, 1998). In 2003, the United States Environmental Protection Agency 



(USEPA) announced a voluntary cancellation / termination of certain uses for CCA in 

residential uses such as playground equipment, decks, picnic tables, landscaping timber, 

residential fencing, patios, walkways, and boardwalks. This action, which went into 

affect in December 2003, does not affect the continued use of CCA for non-residential 

uses (including in agricultural and highway construction) or the removal of residential 

CCA-treated structures already in place (USEPA, 2003). 

Approximately 40% of the arsenic input into the atmosphere is from 

anthropogenic sources (Cullen and Reimer, 1989). Mining and smelting processes can 

contaminate the atmosphere, soils, sediments, surface waters and groundwater, since 

arsenic is a natural component of copper, gold, zinc, and lead ores, and has even been 

used as a pathfinder in prospecting to indicate the presence of valuable minerals. Arsenic 

is also found in coal in concentrations from 2-82ppm (mg As/kg), so that it is released 

during fossil fuel combustion into the fly ash and bottom ash (Smith et al., 1998). 

Although the use of arsenicals in agriculture has been greatly reduced, arsenic is still 

present in the environment decades later. Lead arsenate, calcium arsenate, magnesium 

arsenate, zinc arsenate, zinc arsenite, and Paris green (Cu(CH3COO)2 *(Cu(As02)2] were 

used extensively as insecticides in orchards from the late 1800's until the introduction of 

DDT (Smith et al, 1998). Residual arsenic levels of l(X)-200 mg As/kg soil have been 

measured with highs of over 2500ppm reported (O'Neill, 1990). Some of these 

inorganic arsenicals were also used as non-selective soil sterilants and weed killers. 

Organic arsenic compounds have been used as herbicides. Mono- and di-sodium 

methylarsonic acids have been used as post-emergence grass herbicides, while 



dimethylarsinic acid (DMA(V)) has been used as a cotton defoliant. Other uses of 

arsenic compounds in agriculture have included hide tanning, livestock dips for tick 

control, and feed additives for swine and poultry. An estimated 20-50 metric tons of 

roxarsone (4-hydroxy-3 -nitrophenyl arsonic acid) are used each year for feed-lot raised 

poultry to prevent coccidiosis, improve pigmentation, and increase growth. The resulting 

effluent can have arsenic concentrations over 20mg/kg (Oremland and Stolz, 2003). 

Even if all human-made uses of arsenic were eliminated, arsenic would still be 

part of the environment. Approximately 60% of the arsenic input into the atmosphere is 

from natural sources, such as soil weathering, biological activity, and volcanic activity. 

Over 200 As-containing minerals have been identified. These rocks and minerals are 

associated with over 99% of the arsenic found in natural reservoirs (rocks, oceans, soils, 

biota, atmosphere) (Bhumbla and Keefer, 1994). The average concentration of arsenic in 

crustal rock is 2-3mg/kg, making it the 20th most abundant element. The concentrations 

of total As in soil range between 0.2 to 40mg/kg, although most do not exceed 15mg/kg 

(National Research Council of Canada, 1978, Smith, et al., 1998). The difference 

between what is a "normal" background level (without an identified external source), and 

the As soil levels that require remediation is very small, with only about a 2.5 fold 

difference (Sheppard, 1992) 

Arsenic from anthropogenic and geological sources can also enter water supplies. 

A survey of European rivers showed total dissolved arsenic concentrations in fresh water 

in a range of 0.1 to 75 p.g/L with a geometric mean of 1.4 |ig/L (Cullen and Reimer, 

1989). While oceans can be a sink for arsenic, oceanic As levels tend to be less variable 
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than in freshwater. The arsenate concentrates with phosphate in deep water, and is found 

at concentrations of 1.0-1.8|ig/L in both the Atlantic and Pacific Oceans (Cullen and 

Reimer, 1989). Arsenic in ground water occurs where there are geological formations that 

have a layer that contains arsenic. These sites are often found in the Western United 

States. Geothermal, and ground waters generally have higher As levels than 

uncontaminated surface water. Concentrations of dissolved arsenic from Old Faithful in 

Yellowstone National Park are reported to be 1275 jig/L (Cullen and Reimer, 1989), 

while levels up to 934 jiig/L have been reported in well water in Taiwan (National 

Research Council, 1999). Increased demand for drinking water may increase exposure to 

arsenic due to using new groundwater supplies that are naturally high in arsenic, as was 

the tragic case in West Bengal India and Bangladesh when shallow tube wells installed to 

prevent cholera brought instead the "worst mass poisoning in human history" as 

described by the World Health Organization (Islam, et al, 2004). 

Arsenic levels in plants are dependent on the arsenic concentrations in both the 

soil and the water. Arsenic levels in plants are about 0.2 mg/kg (Cullen and Reimer, 

1989) and usually do not exceed 1 mg/kg (Smith et al, 1998). Even in soils with high 

arsenic levels, there seems to be a low soil-plant transfer of arsenic (Marin, et al., 1992.). 

Distribution of the arsenic in plants depends on the plant. Some plants concentrate 

arsenic in their roots and some concentrate it in the shoots. Plants also vary in their 

tolerance to arsenic and these factors make understanding the response of plants to 

arsenic very complex. 
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211. Human Exposure to Environmental Arsenic 

Humans are exposed to arsenic in the environment from ingestion, inhalation, and 

to a much lesser extent, dermal absorption. Inhalation of arsenic is mostly a concern for 

smelter workers or others with occupational exposures. Food is the primary human 

exposure pathway to arsenic compounds but dietary components are not consistent. Food 

accounts for 93% of the total arsenic intake for American humans, with the majority of 

this (90%) coming from seafood (Adams, et ah, 1994). It should be noted that the 

organic forms of arsenic in seafood, arsenobetaine and arsenocholine, are considered 

non-toxic, and seem to pass through the body unchanged (Kaise and Fukui, 1992). 

Depending on the amount of seafood consumed, total arsenic concentrations from food 

vary between 25 and 70 jig per day, with 5-10 |JLg per day in the inorganic (toxic) form 

(National Research Council, 1999). The level of arsenic in drinking water in the United 

States is regulated by the U.S. Environmental Protection Agency, and was recently 

proposed to be changed from 50 }Xg 1/L to 10 jig/L (by 2006) to reflect higher safely 

concerns (USEPA. 2001). The most significant pathway for exposure of humans to 

arsenic-contaminated soils is through incidental ingestion via hand-to mouth activities. 

Incidental ingestion of arsenic-contaminated soils by children is the model used in risk 

assessment for contaminated sites (Basta, et at, 2002). It is noteworthy that while 

exposure to environmental arsenic is inevitable, arsenic is not an essential element in 

humans. 

The extent of toxicity and the biochemical mechanisms of toxicity depend upon 

the form of arsenic to which one is exposed. Ingested soluble arsenic is absorbed into the 
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bloodstream through the gastrointestinal tract. The arsenic is metabolized in the body in 

what seems to be a detoxification pathway (see figure 2.1). The parent compound and its 

metabolites are excreted into urine. Until recently, the order of toxicity to humans was 

commonly listed as 

As(III) > > As(V) > MMA(V) > DMA(V), 

where MMA(V) and DMA(V) are the pentavalent forms monomethylarsonic acid and 

dimethylarsinic acid, respectively. Other compounds have now been discovered in 

tissues and urine after reanalysis of As(III) exposures. The newly identified compounds 

were the methylated compounds in the +3 oxidation state, MMA(III) (monomethylated) 

and DMA(III) (dimethylated). Recent experiments in cells and organ preparations 

suggest the order of toxicity should be: 

MMA(III) > As(III) > DMA(III) » As(V) > MMA(V) = DMA(V) 

(Petrick, et at., 2000). 

Specific biochemical mechanisms have been identified for the inorganic arsenic 

forms, arsenite (As(III)) and arsenate (As(V)). Arsenite interacts with sulfhydryl groups 

on enzymes (cysteines), while arsenate substitutes for phosphate in metabolic reactions. 

Even though the mechanisms of action of these arsenic compounds in the +3 and +5 

oxidation states are known, the development of signs and symptoms for specific diseases 

associated with arsenic are unknown. 

Arsenic compounds can cause both acute and chronic toxicity. Ingestion of 70-

180 mg of sodium arsenite may be fatal. Symptoms of acute arsenic toxicity include 

hemorrhagic gastroenteritis, cardiac arrhythmia, anemia, leukopenia, and delayed sensory 



loss in the peripheral nervous system. One to 4mg of As per day can result in a different 

set of signs and symptoms in adults. The most common findings after repeated arsenic 

ingestion are hyper-pigmentation and hyperkeratoses in the skin, which can progress to 

skin cancer. Arsenic is a known human carcinogen, causing increased risk of internal 

cancers in the liver, kidney, bladder and lung. These cancer sites were found after both 

ingestion and inhalation. (Goyer, 1996 and Kosnett, 1994.) 

FIGURE 2.1. Metabolic Pathway for Arsenic in Humans. (Based on Le, 2002) 

0 0 0 
II 2e- CHj^ II 2e- CH/ |i 

OH-As-OH OH-As-OH -> CH3-AS-OH CH3-AS-OH CH3-AS-OH 

I I . I I I 
OH OH OH OH CH3 

As(V) As(lII) MMA{V) MMA(III) DMA(V) 



23 

2II1. Arsenic Chemistry 

Arsenic is a metalloid that can occur in -3, 0, +3, and +5 oxidation states, can 

form inter-metallic compounds with several metals, and can form coordinate covalent 

bonds with electron deficient metals. It can also form arsenic carbon (As-C) bonds and 

can be incorporated into lipids and sugars. Arsenic has a complex chemistry, and each 

different form or compound has different chemical, physical, and biological properties. 

Arsenic can be oxidized, reduced, methylated, or demethylated during its biogeochemical 

global cycle but no one biological species has all the known reactions. (See figure 2.2). 

Marine, plant, and fungal metabolism of arsenic can result in complex organic arsenic 

compounds including arsenobetaine, arsenocholine, arsenosugars, and arsenolipids. 

Volatile forms of arsenic, including arsine (AsHj), and the mono, di-, or tri- methylated 

arsines, can be fonned by fungi and some bacteria, but have limited water solubility. 

Only the trivalent (III) and pentavalent (V) states are stable in aqueous solutions (Onken 

and Hossner, 1995) with arsenate (As(V)), arsenite (As(III)), and to a much lesser extent, 

monomethylarsonic acid (MMA(V)), and dimethylarsinic acid (DMA(V)) being the four 

chemical forms most likely to be present in the soil solution (Marin, et al, 1992). 

Arsenate and arsenite are the two inorganic arsenic oxyanioas that are readily 

reduced or oxidized, respectively, into one another, and so are usually found together. 

As(V) is predicted to be the thermodynaniically favored valence at redox potential (EH) 

values greater than -lOOmV at pH8 and 300mV at pH4. Below these redox potentials, 

As(III) is the themiodynamically stable valence. However, even in highly oxygenated 

samples, both As(V) and As(III) can be present. Arsenate (HASO4"' or H2ASO4") is 
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charged, while As(III) (H3ASO3) is uncharged at neutral pH under aerobic conditions • 

(Inskeep, et at, 2002). Arsenite is considered to be more toxic and more mobile 

(therefore more available) than arsenate. Oxidation-reduction reactions between As(III) 

and As(V) can occur either abiotically or biotically by common components in soils and 

waters. 

Monomethylarsonic acid and dimethylarsinic acid also tend to be present together 

as they are part of the same metabolic reduction and methylation pathway for arsenate. 

DMA(V) may be more abundant, but both of these methylated form are usually minor 

components in soils. 



FIGURE 2.2 The Biogeochemical Cycle of Arsenic. 
Living organisms such as humans could be exposed to arsenic through 
inhalation of particulates, or ingestion of water, soil, or food (plants or 
animals .such as seafood.) (Figure based on Smith et al., 1998, and 
Tamaki and Frankenberger, 1992.) 
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21V. Arsenic Bioavailability and Speciation in Soil Samples 

Although it has been known that different arsenic forms have different properties 

and toxicities, most measurements of As in the environment have been of total arsenic. 

Total arsenic levels are of little value because they do not differentiate between the 

arsenic forms, the oxidation state, or if the arsenic is water soluble or bound to soil 

components. A chemical can only be toxic if the biological organism can absorb it. The 

fraction of the chemical that can be absorbed by an organism is termed bioavailable. 

Since the chemical toxin must be dissolved for absorption to occur, water solubility is a 

reasonable estimate of the bioavailability of arsenic in soils. Both plants and 

microorganisms are only exposed to what is dissolved in aqueous soil solution. As 

defined by Rensing and Maier (2003), the external bioavailable metal is the soluble ionic 

form of the metal that can interact with biota—the soluble fraction of the total metal 

concentration. Water is a mild extractant and permits the concomitant analysis of several 

arsenic compounds. Extraction methods that use acids and bases may alter the arsenic 

form present. These other approaches often result in several different arsenic fractions 

that cannot be related in a biologically relevant manner. 

The form of arsenic is biologically relevant since different forms of arsenic have 

different physical, chemical, and toxicological properties. This information vital to risk 

assessment on availability and toxicity is not obtainable by measuring total arsenic or 

even arsenic fractions. Using high-performance liquid chromatography—hydride 

generation—atomic fluorescence spectrometry (HPLC-HG-AFS), arsenic forms of 

interest can be detected and speciated (As(III), As(V), MMA(V), and DMA(V), as well 
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as the more complex organic arsenic forms with the addition of a UV cracking module) at 

ppb (ng/mL) concentrations. This technique can be applied to the analysis of urine, soil, 

and food, as well as developed for blood, tissue, and air particle analysis. Other methods 

of arsenic detection are less sensitive (colorimetric assays), less specific (atomic 

absorption only measures total inorganic arsenic), considerably more expensive and 

difficult to use (inductively coupled plasma mass spectrometry (ICP-MS)), or require 

extensive sample preparation. 

Le, et a!., have developed HPLC-HG-AFS protocols that provide rapid, 

inexpensive, and simple methods of detecting arsenic in the ng/mL range, and so are ideal 

for running large numbers of samples (Le and Ma, 1998 and Le, et al, 1996). Arsenic 

compounds (As(III), As(V), MMA(V), and DMA(V)) can be separated in an aqueous 

mixture by anion exchange high performance liquid chromatography. This 

chromatography step is selective because, first, only anions will be retained by the 

column and leave neutral and cations to pass through un-retained, and second, HPLC 

gives thousands of separate equilibria to exploit small differences in the chemical 

properties of the arsenic compounds to be quantified. 

After the injected sample is carried through the column by the mobile phase, the 

HPLC effluent containing the separated arsenic forms flows to a commercially available 

hydride generation-atomic fluorescence detector (HG-AFD). Hydrochloric acid and 

sodium borohydride solutions are introduced via a peristaltic pump, and upon mixing 

with each other and the HPLC effluent, arsenic hydrides arc generated (arsine from 

As(IIl) and As(V), and monomethylarsine and dimethylarsine for MMA(V) and 



DMA(V), respectively), as well as the byproduct hydrogen that is used to generate the 

atomizing flame. The formation of the arsines also acts as a separation step because there 

are few compounds in a biological sample that will volatilize after treatment with 

borohydride. The hydride step also greatly enhances the detection limit by increasing the 

signal/noise ratio. In this case, the background compounds from the matrix create signal 

that adds to the apparent concentration by acting like noise. When the hydrides are 

formed and stripped from the aqueous solution, background compounds will not follow 

and the amount of noise is decreased, thereby increasing the .signal/noise ratio. 

The volatile arsines reach a gas dryer where a continuous flow of argon carries 

them to the atomic fluorescence detector via a hygroscopic membrane dryer tube to dry 

the gas stream. The arsines are atomized in the hydrogen flame, and an arsenic boosted 

hollow cathode lamp is used for fluorescence excitation. As the excited electrons go 

back to ground stale, they emit fluorescence which is detected. The detector contributes 

to the selectivity of the measurement because the fluorescence wavelength is specific for 

arsenic. From the generated chromatograph, comparison to known standards can 

determine the arsenic form via retention time and arsenic concentration from either peak 

area or peak height from a standard curve for each arsenic form. There are many 

advantages to this complex process, but one drawback is that each step requires time that 

allows for diffusion to occur, particularly when the sample is in the gas phase. As the 

arsine diffuses, the concentration gets smaller and is spread over a larger area, decreasing 

the ability to measure low concentrations. This has required hand integration for some of 

the more diffuse peaks. 
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2V. Arsenic in Soils: Abiotic Influences 

There are several abiotic factors that affect the concentration and speciation of the 

dissolved or, as it has been defined here, bioavailable arsenic in soils. The concentration 

of dissolved arsenic is limited by the solubility of the arsenic-containing compound and 

by the sorption of the arsenic onto various mineral phases or soil binding sites. Most 

arsenic minerals are too soluble to precipitate under typical environmental conditions. 

There are few limits on the solubility of Fe, Ca, Mn, Mg, and A1 arsenate salts in oxic 

systems. Under reduced conditions, As(III) may precipitate with sulfide, but there will 

still be high concentrations of As(lII) in solution. Sorption-desorption is a more important 

mechanism than precipitation-dissolution in controlling dissolved arsenic concentrations. 

The sorption-desorption equilibrium is determined by the As form present, the soil type 

with its number of available binding sites, the soil redox and pH conditions, and the 

presence of other ions, especially phosphate. 

Sorption to Fe(III) solids may be one of the most important sinks for arsenic in 

terrestrial (and aquatic) systems. Arsenate adsorbs strongly to many minerals, especially 

iron (Fe(III) and aluminum (Al(III) oxyhydroxides and clay minerals (Hering and 

Kneebone. 2002), forming surface complexes analogous to phosphate. Arsenite tends to 

bind more to just Fe(III) hydroxides. Arsenate is generally thought to have a higher 

sorption capacity than arsenite. An important factor is that under most environmental soil 

conditions, arsenite is present as the neutral H3ASO3 form, while arsenate is present as 

negatively charged H2ASO4" or HAsO/" oxyanion. Since most binding sites depend on 

charge for their interaction, arsenate is more likely to bind than arsenite. For either 



arsenate or arsenite, sorption generally increases with decreasing pH, with a maximum 

around the pKa of the conjugate base of the oxyanion (laskeep, et al., 2002). Arsenate 

and arsenite show different sorption patterns with different Fe(III) minerals that vary with 

pH dependence and maximal sorption capacity. Adsorption occurs if the energy of 

adsorption is greater than the energy necessary to dissociate the As acid. The extent of 

proton removal depends upon pH. The proton produced from the dissociation removes 

the OH" group from the coordinating layer of the surface, thus providing a site for the ion, 

and forming a negatively charged mono-layer at low As concentrations. The adsorption 

of more anions (higher As concentration) onto this negatively charged surface decreases 

as pH increases. 

Aisenite as H3ASO3 can be immobilized by oxidation to As(V), to give the 

charged form H2ASO4' or HAsO/" and their subsequent adsorption reactions. Arsenate 

retention in soils also occurs by adsorption mechanisms and through the precipitation of 

sparingly soluble metal arsenate salts. The adsorption maxima are related to amounts of 

ammonium oxalate-extractable Fe and ammonium oxalate-extractable Al. The 

ex tractable iron and aluminum fractions are Fe and Al hydroxides which can bond 

together as sesquioxidic components that occur as discrete colloidal precipitation, 

coatings on the planar surfaces and edges of clays, or as complexes with organic acids or 

humus (Livesey and Huang, 1981). The positive charges originating from exposed 

crystal edges of micas, vermiculites, smectites, chlorites, and kaolinites may also 

contribute to the adsorption of arsenic by soils (Livesey and Huang, 1981). The 
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adsorption maxima of arsenate are independent of acidity (at low concentrations) and of 

inorganic carbon content (Livesey and Huang, 1981). 

Plants grown in clays were not as severely stressed as plants grown in silt loams 

(Onken and Hossner, 1995). More arsenate can be bound and so there is less As(V) in 

the soil solution. In aerated soils, sorption of As increases over time. Under reduced 

conditions, arsenate reduces to arsenite, and is desorbed from the Fe and A1 hydroxides, 

increasing the As in the solution. The solubility of arsenic increases with decreasing 

redox conditions, with highest solubility at pH 5.5 with a redox of -200mV (Marin et al, 

1992a). Flooded (reduced) soils increase dissolved arsenic concentrations as arsenate is 

reduced to the more soluble arsenite. Drainage allows for oxidation back to arsenate 

(Marin, et al., 1992a). 

The role of phosphate on arsenic availability seems widely dependent upon when 

and how much is applied (Creger and Peryea, 1994). Arsenate is so chemically similar to 

phosphate that they compete for adsorption (binding sites in the soil) and absorption 

(uptake by the plant). Phosphorous, however, is less mobile than arsenic, and unlike As, 

does not undergo changes in its valence state (Smith, et al., 1998). At a fixed 

concentration of dissolved As(V), increasing dissolved phosphate reduces plant arsenic 

uptake and toxicity. When small amounts of As(V) are added, soil phosphate may be 

released from iron hydroxides, actually increasing the amount of this nutrient available to 

the plant and increasing plant growth (Onken and Hossner, 1995). When phosphate is 

added to soils already containing As(V), as would occur when fertilizer is added to 

contaminated crop soil, phosphate competes with arsenate for those binding sites on Fe 



and A1 oxide surfaces, and releases soil As in a soluble form (Pierce and Moore, 1982). 

This increases plant uptake of As(V) and toxicity (Creger and Peryea, 1994). 

Arsenic affects the uptake of other contaminants as well. Arsenic in hydroponic 

solutions increased Cu, Fe, and Ba concentrations in both the roots and shoots of black 

beans, while arsenate presence in soil increased Cu and Ni concentration in rice tissue 

(Tang and Miller, 1991). These are basic equilibrium reactions that use the formation 

constants of the ion pair complexes between arsenate (or phosphate) and Fe, Al 

hydroxides. These reactions depend on the relative affinity and the concentrations of the 

competing forms. They do not require the contribution of any living organisms. 

Abiotic factors also affect the speciation of the arsenic that is present in soil 

solution (the dissolved or bioavailable As). Redox potential and pH are factors that can 

affect the chemical form of arsenic abiotically (Onken and Hossner, 1995). Under 

/y 
oxygenated conditions, the most stable form will be arsenate (as H2ASO4", or HASO4 '), 

while in moderately reducing environments, like flooded soils, arsenite (H3ASO3) 

predominates (Onken and Hossner, 1995). Under moderately oxidizing conditions 

(<+100mV), arsenite readily converts to arsenate (Onken and Hossner, 1995). The 

reduction of arsenate to arsenite, however, can take weeks and requires that As(V) be in 

contact with reducing soil conditions. Although reduction may be favored 

thermodynamically, the chemical kinetics of reactions in two phases are probably 

important in the conversion of (V) to (III). Even though, Marin, et al. (1993) showed that 

the (1II)/(V) ratio increased with decreasing redox conditions, the ratio was not as high as 



33 

the amount that would be predicted thermodyiianiically from the following reduction 

reaction; 

H2ASO4" +3H+ +2e' "> H3ASO3 + H2O (equilibrium constant =10"^'). 

Changes in redox conditions can also cause reductive dissolution of Fe(III) oxide-sorbing 

phases, releasing bound arsenate, which can then become reduced to arsenite. Since 

arsenite can also bind to Fe(III) oxides, it is still possible that bound arsenate is reduced 

to arsenite, and then the As(III) is released when the Fe oxide-sorb ing phases are reduced 

and dissolved (Zobrist, et al, 2000). These redox changes would affect both the 

speciation and the sorption equilibria. 

Reduction and oxidation reactions can also occur abiotically by other naturally 

occurring chemical reactanLs. Arsenate can be reduced by dissolved sulfide (H2S or HS"), 

especially at pH values less than 5 (Rochette et al., 2000). The time scale for the abiotic 

reduction of As(V) to As(III) using sulfide had half-lives ranging from 21h to 900h 

(Inskeep, et al., 2002). Abiotic oxidation of As(III) to As(V) can also occur abiotically in 

soils and natural waters. Oxygen alone is not a strong enough oxidant to cause this 

reaction on any significant scale (half-life of 8760h) (Eary and Schramke, 1990). While 

laboratory experiments have considered reactions using hydrogen peroxide, OH- radicals, 

and Fe(III)-oxaIate with UV light, the most environmentally likely abiotic pathway that 

may contribute to As(III) oxidation involves manganese. Mn(IV) oxide surfaces, such as 

bimessite, can oxidize As(III) with a half-life of 2.6h or less. Manganese oxides may be 

especially important in marine sediments (Oscarson, et al., 1983). Note that all half-lives 

were estimated assuming 1st order kinetics. 
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2VI. Biotic Influences on Arsenic 

Arsenic can be oxidized, reduced, methylated, or demethylated by living 

organisms, although it has not been demonstrated that any one organism can perform all 

reactions. Arsenic can be volatilized or mobilized by microbial activity, but is generally 

not bioaccumulated or sequestered by microbes as some metals are (Thompson and 

Watling, 1987). This review will focus on redox reactions by microorganisms, since 

As(III) oxidation to arsenate and As(V) reduction to arsenite are the most common 

reactions in soils. 

Oxidation of arsenite ( As(III)) to arsenate (As(V)) can be described by the 

following chemical reaction: 2H3ASO3 + 02"^ HAs04^' + SHT AG° = -256kJ/Rx 

Arsenite oxidation can occur as an abiotic process, but microorganisms play an important 

role in arsenite oxidation in natural systems. As(III) oxidation can serve as a 

detoxification reaction since As(lII) is up to 50 times more toxic to bacterial cells than 

As(V) in most biological systems (Silver, et a!., 2002). Arsenite oxidation can also serve 

as a source of energy for at least three autotrophic bacteria, and perhaps as an auxiliary 

source of energy for some heterotrophs (Ehrlich, 2002). 

Bacterial oxidation of dissolved As(III) to As(V) was first reported in 1918 

(Green, 1918) when an isolate (named Bacillus arsenoxidans) was discovered from an 

arsenical cattle-dipping solution. Turner (1949) furthered the study of bacterial As(III) 

oxidation when he isolated and characterized 15 heterotrophs, again from cattle-dipping 

solution, which could oxidize O.IM As(III) to As(V). These included three Pseudomonas 

sp., and one Xanthomonas sp., with the rest being Achromobacter sp. Arsenite oxidizing 



bacteria have since been isolated from raw sewage enriched with arsenite. arsenic-

contaminated aquatic environments, marine environments, mine wastes, and soils. 

Arsenite oxidation to arsenate was first observed in a soil perfusion system in 1953 by 

Quastel and Scholefield (Quastel and Scholefield, 1953). 

Arsenite oxidizing bacteria include three autotrophic bacteria and one archeon, 

Sulfolobus acidocaldarius, strain BC, as well as many heterotrophic eubacteria. The 

three chemol ithoautotrophic bacteria that have been isolated from gold mine wastes use 

arsenite as the electron donor, oxygen as the terminal electron acceptor, and carbon 

dioxide—bicarbonate as the sole carbon source in a minimal salts medium. These 

bacteria are able to grow using the energy gained from the arsenite oxidation reaction. 

The half-life for arsenite for the NT-26 chemolithoatotroph has been estimated to be 1.8h 

(Santini, et ai, 2000). 

Reduction of arsenate to arsenite occurs by one of two mechanisms— 

dissimilatory reduction or detoxification. In dissimilatory reduction, As(V) is used as the 

terminal electron acceptor (TEA) during anaerobic respiration. An example of such a 

reaction is the growth of Bacillus arsenicoselenatis using lactate as the electron donor 

and As(V) as the TEA. The reaction can be described by the following equation 

(Oremland, et at., 2002): 

Lactate + 2HAs04' + ~>acetate" + 2H2ASO3' + HCO3" AG® = -23.4kJ/mole 

Seven species of Eubacteria (including Sulfurorspirillum sp., Desulfotomaculum sp.. 

Bacillus arsenicoselenatis, and Bacillus selenitireducens) and two species of 

Crenoarchaea that can reduce As(V) to As(III) by dissimilatory reduction have been 
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isolated (Oremland, et ai, 2002). Studies of the rates of arsenate reduction by this 

mechanism show half-lives averaging around 30h (Inskeep, et ai, 2002). For 

dissimilatory reduction of As(V) to occur, however, there must be high enough arsenic 

concentrations to support growth, and strict anaerobic conditions may be required. 

Environments such as sediments, hot springs, and freshwater and marine systems may 

support such conditions. 

The more common form of As(V) reduction by microorganisms is via a 

detoxification pathway. Although the resulting As(III) is more toxic, the use of an 

arsenite efflux pump removes the As(IlI) from the cell. Arsenate is reduced using either a 

glutaredoxin or thioredoxin coupled arsenate reductase (see next section). Many diverse 

bacterial genera seem to have this metabolic pathway, perhaps due to the ubiquity of 

arsenate and its similarity to the essential phosphate. This "detoxification" process can 

occur under both aerobic and anaerobic conditions and with low or high concentrations of 

arsenic present. Estimated half-lives of As(V) assuming first order kinetics can be 6-50h 

for Pseudomonas and other aerobic heterotrophs, using pure bacterial cultures (Inskeep, 

et al., 2002). 

Metliylation is usually part of a detoxification pathway. The methylated forms 

can then be reduced to the respective arsincs and these volatile gases can then dissipate. 

Methylation occurs by transfer of carbonium ions from S-adenosylmethionine (Gadd, 

1993). Surprisingly, there are several examples of aerobic bacteria that form the gaseous 

methylated arsines when given arsenite or arsenate as a substrate. Honschopp, et al. 

(1996) characterize a Flavobacterium—Cytophaga grown in both As(V) and As(III) that 
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produces trimethylarsine, while Shariatpanahi etal. (1981), describes the metabolites 

formed when the following bacteria are grown aerobically: Flavobacterium sp., Proteus 

sp.,£". coli, Pseudomonas sp., and Corynebacterium sp. Bacterial species Nocardia, 

Achromohacter, Aeromonas, Enterobacter, and Alcaligenes can also biomethylate 

(Shariatpanahi, et ai, 1983). Methanobacterium (strain M.o.H.) can reduce and 

methylate arsenate to dimetliylarsine under anaerobic conditions (McBride and Wolfe, 

1971). Many fungi can produce trimethylarsine as their final arsenic metabolite (Cox 

and Alexander, 1973, Cheng and Focht, 1979). 

Proof that demethylation reactions occur was shown by Woolson and Kearney's 

studies (1973) using carbon-14 labeled dimethylarsinic acid (then more commonly called 

cacodylic acid). A gram (-) bacterium has also been isolated from sewage sludge that 

was found to be able to cleave the carbon-As bond and utilize arsonoacetate as its sole 

carbon and energy source, with release of arsenate (Quinn and McMuIlan, 1995). 

Microorganisms may affect the speciation or concentration of bioavailable arsenic 

indirectly by changing the redox conditions of its environment, by excreting compounds 

such as fatty acids that may oxidize As(III) (Inskeep, et al., 2002), or affecting the 

chemistry of the binding sites of arsenate or arsenhe. Turpeinen, et al. (1999) has shown 

than microbes enhance mobilization of arsenic from soil by 19-24% compared to 

formaldehyde-inhibited controls. 
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2VII. Arsenic Toxicity to Soil Microorganisms and Adaptation to Arsenic 

Arsenic can be toxic to all life forms, including microorganisms. At the 

molecular level, arsenic interacts with cellular components and processes in 

microorganisms in a similar manner as those found in mammals. Arsenite binds to 

sulfhydryl groups disrupting protein function. Arsenate substitutes for phosphate in ATP, 

forming arsenato-ADP instead, which spontaneously hydrolyzes instead of acting as the 

energy currency for the cell. Contaminated soils show population shifts including 

changes in the number and diversity of the microbial species, as well as the ratios 

between fungi and bacteria. There can also be changes in ecological function and 

biochemical signs of soil health (activity and proliferation). 

Hiroki (1993) compared arsenic-polluted vs. unpolluted paddy and upland fields, 

and found that the ratio of the number of bacteria to the number of fungi was significantly 

lower in the polluted paddy than in the other plots. This plot, although it had a higher 

percentage of As(III) tolerant fungi, had a lower diversity index of fungal flora than the 

other conditions. 

Maliszewska, ei at, (1985) spiked both sandy and alluvial soils with a range of 

concentrations of arsenite and arsenate (as well as other metals), to define their influence 

on the development and activity of soil microflora. The study found that after 6 months in 

the alluvial soil, the numbers of bacteria, actinomycetes, and fungi were all stimulated 

compared to control soils, but only three species of Penicillium sp. were observed. In the 

sandy soil, there was less stimulation, with fungi growth inhibited by both As forms. 

Both arsenic forms in either soil type also inhibited both nitrifiers and Azotobacter sp. In 
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the sandy soil, cellulolytic bacteria and actinomycetes were inhibited, while cellulolytic 

actinomycetes and fungi were highly stimulated by arsenic in alluvial soil. Both As(lII) 

and As(V) inhibited dehydrogenase activity, although the sodium bi-arsenate was less 

harmful than the AS2O3. Cole and Turgeon (1978) looked at the long term affect (four 

annual applications) of calcium arsenate on litter decomposition, and found that the rates 

of glucose utilization, nitrification of ammonium and amylase synthesis were 

significantly lower in soil underlying treated turf vs. control turf. 

Microorganisms can, however, show resistance to arsenic through several 

mechanisms. Since arsenate is analogous to essential phosphate, As(V) can enter the cell 

through phosphate transporters. Some bacteria therefore possess two phosphate 

transporters—the typical PiT (inorganic phosphate transporter) that takes up both 

arsenate and phosphate at similar rates, and the specialized and inducible PsT (phosphate 

specific transporter), which is highly specific for phosphate. This form of resistance does 

not change the form of the arsenic (Cervantes, et ah, 1994). 

Microorganisms can metabolize arsenic with the pathway first elucidated in fungi 

(Challenger, 1945). The resulting methylated arsenic forms are generally considered less 

toxic, although complete reduction to the arsine forms may increase toxicity but decrease 

concentration by dissipation of these volatile forms (Woolson, 1977). 

Some microorganisms have developed complex reduction and extrusion systems 

to decrease the intracellular arsenic concentration, since at least some arsenate will be 

taken up into the cell with phosphate transport. Arsenic resistance genes are very 

common on plasmids in gram (+) and gram (-) bacteria. The genes are also often present 
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on the bacterial chromosome. The ars operon has been well studied in several 

microorganisms with similarities found in both sequence and biochemical mechanism. 

The arsC gene encodes for either a thioredoxin (pI258 family) (Ji, et al., 1994) or 

glutaredoxin {R773 family) (Gladysheva, et al, 1994) coupled arsenate reductase, while 

the arsB gene encodes for the arsenite efflux pump (Rosen and Borbolla, 1984). The 

arsR gene serves a regulatory role (Wu and Rosen, 1993a). Other genes may be present 

as well, including arsD (another regulatory gene) (Wu and Rosen, 1993b) and arsA, an 

ATPase subunit that associates with the arsB gene product so that the arsenite efflux 

pump can be energized by ATP hydrolysis (Rosen, et al., 1999). The five-gene system 

confers resistance to As(V), As(III), and Sb(III) (Silver et al, 2002). Arsenite, and 

arsenate that has been reduced to As(III), are pumped out of the cell in that form, thus 

decreasing intracellular arsenic concentration. As(III) cannot use the phosphate transport 

system to reenter the cell. The mechanism for dissimilatory arsenate reduction seems to 

be different than this arsenate resistance mechanism, since Shewanella sp. strain ANA-3 

has been found to have separate respiratory and detoxifying arsenate reductases (Sahikov, 

et al., 2003). 

Another adaptation to arsenite by microorganisms is arsenite oxidase. While 

biotic arsenite oxidation has been known since 1918, an actual enzyme was purified and 

characterized from Alcaligenes faecalis strain NCIB 8687 in 1992 (Anderson, et al.), and 

only recently has its crystal structure been resolved (Ellis, et al., 2001). Arsenite oxidase 

was determined to be part of the DMSO reductase family of molybdenum-containing 

enzymes, and to possess a [3Fe-4S] and a [2Fe-2S] Rieske center as well as the active site 



molybdenum. The gene and DNA sequence are now being elucidated (Anderson, et al., 

2002). When arsenite enters the cell via aquaglyceroporins (Rosen, 2(X)2), arsenite 

oxidase, located in the periplasm, oxidizes arsenite to arsenate. The arsenate then seems 

to be excreted to the media without further modification. Thermus sp. strain HR13 has 

been found to be able to both respire As(V) and oxidize As(III) (Gihring and Banfield, 

2001), but it is currently unknown if arsenite-oxidizing bacteria also utilize PsT 

transporters, or if a bacterium could have both arsenate detoxification reductase and 

arsenite oxidase abilities. It is apparent that different microorganisms have different 

strategies for dealing with the ubiquitous presence of arsenic in the environment. Many 

of these systems seem to be inducible and only activated when the arsenic threat is 

present. Those individual microbial species that can adapt shift the microbial populations 

during environmental stresses—the weak die, the resistant take over niches. 

Little is known about how these different arsenic resistance strategies are 

distributed among different soil microbial populations, or how this affects the overall 

speciation and bioavailability of the arsenic in the soil. While work has been done on 

how isolated cultures respond to arsenic stresses, little has been done under more in site-

like conditions with soil populations. This work will determine the rates of As(III) 

oxidation in soils with different histories arsenic exposures under additional arsenite 

stress. The changes in microbial populations will also be monitored. 
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CHAPTER 3: 

GROWTH OF A SOIL MICROBIAL COMMUNITY IN MEDIA 

AMENDED WITH DIFFERENT ARSENIC FORMS 

31. Abstract 

Since it would be arsenic-resistant microbes that could affect the bioavailability 

and toxicity of arsenic, we wished to determine how the four most common forms of 

arsenic found in soil affect the growth of soil microorganisms. Minimal salts media 

containing 0, 30, or 300ppmAs as either arsenite (As(III)), arsenate (As(V)), 

monomethylarsonic acid {MMA(V)), or dimethylarsinic acid (DMA(V)) were inoculated 

with microorganisms from a non-contaminated soil. Microbial growth was monitored by 

measuring optical density at 660nm. Three to 300ppm As as As{V) and 300ppm As as 

MMA(V) affected the growth curve by increasing the lag time. The lowest concentration 

that decreased cell yield, a sure sign of toxicity, was 300ppm As in the form of As(III). 

Changes in the arsenic forms present during growth in 30ppm As were determined using 

high-pressure liquid chromatography-hydride generation-atomic fluorescence 

spectrometry. Levels of MMA(V) and DMA(V) remained unchanged. As(V) was 

consistently reduced to As(III) during the exponential growth phase. When the initial As 

species was As(III), oxidation to As(V) was found in one of the three replicates, while the 

other two had similar As(III) levels as controls. This indicates that the ability to reduce 

As(V) to As(III) may be more prevalent than As oxidation in the soil community. 
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311. Introduction 

The most common arsenic forms in soil are arsenate (As(V)), arsenite (As(III)), 

monomethylarsonic acid (MMA(V)), and dimethylarsinic acid (DMA(V)) (Marin, et at., 

1992). The arsenic forms present in soil, and therefore the bioavailability and toxicity 

from the As, are affected by both biotic and abiotic influences. The objective of this 

research was to determine the effect of As form and concentration on the growth of a 

microbial soil community. Changes in the arsenic forms present as growth occurred were 

also measured. 

The first specific aim is to determine the effects on the lag phase, growth rate, and 

cell yield when soil microbes are grown in media with different forms and concentrations 

of arsenic. We hypothesize that the higher the arsenic concentration, the longer the lag 

phase and the smaller the cell yield, with the order of toxicity to the microbes likely to be 

As(IlI)>AsCV)>MMA(V)>DMA(V). The second specific aim is to determine the 

changes in arsenic speciation due to the activity of soil microbes with different initial As 

forms. We hypothesize that microbes can oxidize, reduce, methylate, and demethylate 

arsenic. 

3 III. Materials and Methods 

Soil A non-contaminated soil (no known exposure to arsenic) was collected in 

Prescott, Arizona. This soil, from the top 30cm of the soil surface horizon, has a given 

endogenous total arsenic concentration of 3}4,g/g soil (dry wt). The soil was stored in the 



dark at room temperature, and was sieved (pore size 2mm) before use. Soil moisture 

level was measured as 9% as determined by triplicate subsamples dried at 105°C for 24h. 

Soil Extract. For each replicate, Ig of soil (wet wt.) was diluted 10 fold (w/v) 

with sterile 0.1% pyrophosphate buffer, and then shaken at 160rpm for 30 minutes on a 

rotary shaker. After a short sedimentation time, 0.2mL of the aqueous layer of this soil 

extract was used as inoculum (Honschopp et al, 1996). 

Incubation. To monitor the response of the soil microbial community to arsenic, 

soil extracts were grown in minimal salts broth (lOOOmg/L glucose as the carbon source 

and 0.1 g/L sodium pyrophosphate as the phosphorous source, at pH to 6.0) (Roane and 

Pepper, 2000) amended with different forms and concentrations of arsenic. Optical 

density measurements were used to monitor growth. Each replicate consisted of 20mL 

total volume in 125mL Erlenmeyer flasks fitted with screw caps and baffles to allow for 

aeration. Minimal salts medium (19.2mL) was inoculated with 0.2mL soil extract (or 

buffer for sterile controls) and amended with the appropriate amount of filter-sterilized 

As (as As(V), As(lII), DMA(V), or MMA(V)) stock solution to give the specified final 

arsenic concentration. Sterile MilliQ water was used to bring the volume up to 20mL 

when necessary and for As-free controls. Flasks were shaken aerobically at lOOrpm on a 

rotary shaker at room temperature, with three replicates per treatment. Aliquots were 

removed approximately every 12 hours to measure optical density at 660nm on an 

UVA/'isible spectrometer. 

Arsenic speciation. To determine if the soil microbial community could 

transform arsenic, speciation of the soluble arsenic was determined by periodically taking 
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aliquots of the medium as the microorganisms were growing in 30ppm As for each As 

form. Aliquots used to measure optical density were diluted 1:10, then passed through a 

O.liim filter to remove soil and cellular debris, and stored at 4®C until analysis. Samples 

were then further diluted to lOOppb based on the initial As concentration and analyzed by 

high performance liquid chromatography-hydride generation-atomic fluorescence 

spectrometry (HPLC-HG-AFS). 100}j,L samples were injected onto a Hamilton PRP-

XI00 column for HPLC (Spectra Physics with Chromquest® software) separation of As 

forms using a potassium phosphate (pH 5.75) concentration gradient elution. Arsenic 

hydrides (arsines) were then generated from a reaction with the As forms with the NaBH4 

(1.5% w/v in 1% w/v NaOH) and HCl (1.5M). Arsenic was detected using atomic 

fluorescence spectrometry (P.S. Analytical, Millennium Excalibur, England). Briefly, the 

arsines are atomized by a hydrogen flame where an arsenic boosted hollow cathode lamp 

excites the electrons of the atoms, which release their energy as fluorescence when they 

come back to the ground state. This is delected as a change in wavelength, which is 

detected by a phototube and a signal output increases. From the generated 

chromatograms, comparison to known standards of As(III), As(V), MMA(V), and 

DMA(V) was used to determine arsenic form from retention time and arsenic 

concentration from peak area. The protocol is based on the method of Gomez-Ariza, et 

al. (1998), with modifications in the elution gradient as described by Gregus, et al. 

(2000). The arsenic forms that can be detected with this method are arsenite (As(III)), 

arsenate (As(V)), monomethylarsonic acid (MMA(V)), and dimethylarsinic acid 

(DMA(V)). 



3IV. Results 

The microbial communities extracted from the non-contaminated soil showed 

different responses when exposed to different forms and concentrations of arsenic. 

During growth in liquid culture, the lag time is the length of time before exponential 

growth begins. It usually denotes a time for adaptation to the environment, and is not 

necessarily a sign of toxicity. Lag time was affected most by arsenate, with as little as 

3ppm As as As(V) increasing the lag time by 12h compared to control media with no As 

(Figure 3.1). The lag time increased by 32 hours compared to controls when amended 

with arsenate concentrations of 300ppm As or higher. Maximum cell yield also 

decreased with the higher arsenate amendments. Growth in media amended with 

MMA(V), As(III) and DMA(V) are shown in Figures 3.2, 3.3. and 3.4, respectively. 

While the As concentration ranges used for the other arsenic forms were not as extensive, 

trends in lag time with response to dose were still seen. For example, 300ppm As as 

MMA(V) increased the lag time by 24h compared to controls, with no other effects on 

lag times or growth over the concentrations tested (0, 3, 30, and 300ppm). As(III) did not 

significantly affect the lag time with either 30 or 300ppm (both concentrations tested), 

but seemed to show slower rates of growth compared to controls, and a lower cell yield at 

300ppm compared to controls during the time studied. Note that growth curves of this 

mixed microbial population was less consistent (hence the larger error bars) when grown 

with As(III) than with the other arsenic forms. DMA(V) did not affect either the lag time 

or cell yield compared to controls at any of the concentrations tested (up to 400ppm, not 

all data shown). Based on lag time, arsenic forms showed an increased inhibitory 
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response in the order of As(V)>MMA(V)>As(III)=DMA(V), using the growth curves 

measured with common dosing concentrations of 0, 30, or 300ppm As. Final optical 

density measurements of cell yield, however, indicate that As(lII) is the most toxic form. 

The growth curves from these experiments show that the microbial community 

extracted from this control soil could grow in medium containing different arsenic 

compounds. To determine if these microbes could affect the form of arsenic in solution, 

arsenic speciation was done periodically over the growth period while soil extracts were 

grown in minimal salts media containing 30ppm arsenic as either As(III), As(V), 

MMA(V), or DMA(V). Sterile controls (no inoculation) for each arsenic form were also 

monitored. We found that neither MMA(V) nor DMA(V) was transformed to other 

aqueous arsenic forms during the study (data not shown). Arsenate was consistently 

reduced to As(III), even under these aerobic conditions (see Figure 3.5). It appears that 

most of the As(V) reduction occurred late in the exponential or in the stationary phases of 

the growth curve. (Note: Optical density does not distinguish between live or dead 

organisms, so that constant readings indicate no cell division occurring instead of a 

balance between living and dying cells.) Levels of As(V) in the non-inoculated control 

remained constant. Transformation of As(III) was less consistent, however, with one of 

three inoculated flasks showing oxidation to arsenate (see Figure 3.6). This As(III) 

oxidation correlated to the exponential phase of the mixed population growth curve when 

it did occur. The non-inoculated control for As(III) showed no measurable As(III) 

oxidation. 
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FIGURE 3.1 Growth of non-contaminated soil microbial communities in media 
amended with arsenic as arsenate (As(V)). 
Flasks of minimal salts broth were inoculated with extracts from control 
soils, amended with different concentrations of As(V), and incubated 
aerobically. Growth was monitored over time by measuring the optical 
density (66Qnm) of aliquots approximately every 12 hours. Error bars 
represent standard deviation; n=3. Note: Data is compiled from more than 
one experiment. Average control shown is representative of the other 
average controls. 
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FIGURE 3.2 Growth of non-contaminated soil microbial communities in media 
amended with monomethylarsonic acid (MMA(V)). 
Flasks of minimal salts broth were inoculated with extracts from control 
soils, amended with different concentrations of MMA( V), and incubated 
aerobically. Growth was monitored over time by measuring the optical 
density (660nm) of aliquots approximately every 12 hours. Error bars 
represent standard deviation: n=3. 
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FIGURE 3.3 Growth of non-contaminated soil microbial communities in media 
amended with arsenite (As(III)). 
Flasks of minimal salts broth were inoculated with extracts from control 
soils, amended with different concentrations of As(III), and incubated 
aerobically. Growth was monitored over time by measuring the optical 
density (660nm) of aliquots approximately every 12 hours. Error bars 
represent standard deviation: n=3. Note; Data is compiled from more than 
one experiment. Average control shown is representative of the other 
average controls. 
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FIGURE 3.4. Growtli of non-contaminated soil microbial communities in media 
amended with dimethylarsinic acid (DMA(V)). 
Flasks of minimal salts broth were inoculated with extracts from control 
soils, amended with different concentrations of DMA(V), and incubated 
aerobically. Growth was monitored over time by measuring the optical 
density (660nm) of aliquots approximately every 12 hours. Error bars 
represent standard deviation: n=3. Note: Data is compiled from more than 
one experiment. Average control shown is representative of the other 
average controls. DMA(V) concentrations of 20, 200, and 400ppm As 
were also tested, and showed growth curves similar to the control (data not 
shown). 
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FIGURE 3.5 Changes in arsenic speciation when non-contaminated soil microbial 
populations are grown in 30ppm arsenic as arsenate (As(V)). 
Flasks of minimal salts broth were inoculated with extracts from control 
soils, amended with BOppm As as As(V), and incubated aerobically. 
Growth was monitored over time by measuring the optical density 
(660nm) of aliquots approximately every 12 hours. Arsenic 
concentrations were measured using HPLC-HG-AFS. n=3. 
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FIGURE 3.6 Changes in arsenic speciation when non-contaminated soil microbial 
populations grown in 30ppm arsenic as arsenite (As(III)). 
Flasks of minimal salts broth were inoculated with extracts from control 
soils, amended with 30ppm As as As(III), and incubated aerobically. 
Growth was monitored over time by measuring the optical density 
(660nm) of aliquots approximately every 12 hours. Arsenic 
concentrations were measured using HPLC-HG-AFS. This replicate 
showed the most consistent growth curve, but was the only one to show 
significant arsenite decrease with concomitant arsenate increase. The 
other two replicates grown with 30ppm arsenic as As(III) did not show 
changes in the ratio of arsenic forms present. 
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3V. Discussion 

In these experiments, mixed soil microbial populations were extracted from a soil 

with a background level of 3ppm arsenic and no known previous exposure to arsenic. 

These extracted populations were grown in different concentrations of either arsenate 

As(V), arsenite As(III), monomethylarsonic acid MMA(V) or dimethylarsinic acid 

DMA(V). Growth was monitored by optical density over time, and any differences in 

lagtime or maximum yield were noted. When soil inoculates were grown in 30ppm 

arsenic media, the concentrations of the arsenic forms present were measured over time 

to determine the extent of biotransformation of the initial arsenic forms. Most arsenic 

studies with soil microorganisms have been done with either soil perfusion columns or 

with isolates, so that comparisons to this study, which used a mixed soil population 

extracted from a non-contaminated soil and grown aerobically in media, are indirect. 

When looking at a growth curve that represents an entire microbial community and not 

just one isolate, interpretation of the curve is more complex. These results, however, are 

in general agreement with other studies indicating the order of toxicity to microorganisms 

of the arsenic forms, that higher concentrations are more toxic, and that reduction and 

oxidation reactions are more common in soil than methylation or demethylation. 

Our first aim was to determine how different concentrations and forms of arsenic 

affected the growth curve of a mixed microbial population. Decreases in cell yield are 

the surest sign of toxicity—fewer microorganisms have grown in the environment. In 

this study, SOOppm As as arsenite decreased cell yield. This was the lowest tested 

concentration of any of the arsenic forms that decreased cell yield, indicating that As(III) 



is the most toxic form. This agrees with other studies that conclude that "for most 

biological systems, arsenite is perhaps 50 times more toxic to bacterial cells than is 

arsenate" (Silver, et at, 2002). Concentratioas of As(V) of 600ppm and 900ppm also 

caused a decrease in cell yield. MMA(V) and DMA(V) did not show any decrease in cell 

yield at the maximum concentrations tested (300ppm and 400ppni, respectively). 

Previous studies indicate that these organic forms of arsenic are less toxic than the 

inorganic forms. Turpeinen, et al. (1999), determined the toxicities of As(V) and 

DMA(V) using a method based on the BioTox™ test using Vibrio fischeri, a naturally 

bioluminescent bacteria. The EC50 value (effective concentration giving 50% inhibition 

of light output) for As(V) was 15.7ppm As, while DMA(V) did not inhibit light output 

with the 0-500ppm As concentrations tested. 

Arsenic may still have been toxic to some microbial species even though no 

overall decline in cell yield of the total mixed populations was observed. While 

Maliszewska, et al. (1985) found the number of fungi in alluvial soils treated with up to 

3000ppm As(III) or 10,000ppm As(V) was over 500% of non-arsenic spiked controls 

after 6 months, the group only observed three strains of Penicillium. That study also 

found that while both arsenic forms stimulated the overall number of bacteria and 

actinomycetes in alluvial soils compared to controls, the percentage of Azotobacter was 

significantly decreased, even at the lowest concentrations tested (500ppm As(III) or 

lOOOppm As(V)). Hiroki (1993) also found a larger number of fungi in polluted soils 

than in unpolluted soils, and no significant difference between the number of bacteria and 

actinomycetes in arsenic-polluted soils vs. unpolluted soils. Hiroki (1993) therefore 
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suggests that the assumption that the number of soil microbes decreases in soils highly 

polluted by heavy metals may not hold true for arsenic pollution, although this may 

depend on how long the soil has been contaminated. 

No change in cell yield does not mean, however, that all of the microbial species 

in a mixed soil population were As resistant (able to grow in the presence of arsenic). If 

dominant but non-resistant microbes die off, then their niche can then be filled by As 

resistant microorganisms already present in the soil. Arsenic tolerant microorganisms are 

present in soils that have had no known previous exposure to arsenic. Hiroki (1993) 

measured arsenic tolerance in bacteria from unpolluted upland fields (43ppm As). The 

ratio of viable counts (measured using the dilution plate-count technique) on plates 

containing either 75 or 750ppm arsenic as As(V) or As(III) to viable counts on Oppm As 

was measured for bacteria after 4 days. Approximately 75% of the bacteria were tolerant 

to 75ppm As(V), around 30% were tolerant to 750ppm As(V) or 75ppm As(III), and 3% 

were tolerant to 750ppm As(III). 

The PsT transporter and the ars type operon system are known inducible systems 

that can confer arsenic resistance. The need to induce specialized enzymes or 

transporters as part of a resistance mechanism can increase the lag time during the 

microbial growth curve. In this study, as little as 3ppm As as As(V) caused an additional 

12h lag in growth compared to controls. The lag time increased with higher 

concentrations of As(V) up to an additional 36h lag in growth with 300ppm (as well as 

600ppm and 900ppm) compared to controls. Silver, et al., (1981) found that 225ppm and 

450ppm (3mM and 6mM, respectively) of As(V) increased the lag time in 



Staphylococcus aureus, but that first growing cells in 7.5ppm (0.1 mM) As(V) or As(III) 

deleted that lag time. Arsenite and DMA(V) did not increase lag time at the 

concentrations tested in our study, but surprisingly, 300ppm As as MMA{V) increased 

the lag time an additional 24b compared to controls. MMA(V) is considered to be less 

toxic than the inorganic arsenic forms, and was not biotransformed when 30ppm 

concentrations were tested. Future studies must determine if this lag time is an indication 

of individual or communal adaptation. 

In traditional growth curves, lag times are usually a delay due to individual 

adaptation, such as the induction of enzymes. Lag times before exponential growth 

indicate a need for the microbe to adapt to its new environment, but when studying 

microbial communities, the environment includes interactions between different 

microorganisms. If dominant but non-resistant microbes die off, their niches can then be 

filled by As-resistant competitors. A lag time may be seen while these increase their 

numbers and become a more dominant species. A lag time may also incur if certain 

species change the arsenic forms, thus altering the environment to greater or lesser 

toxicity to other microorganisms. 

To study our second aim, to determine the extent of biotransformation of the 

initial arsenic forms, the current study measured changes in the concentrations of the 

arsenic fonns when soil inoculates were grown in 30ppm arsenic media for 7 days. We 

found that the MMA(V) and DMA(V) concentrations remained steady, and were not 

transformed to other aqueous arsenic forms during the study (data not shown). Cheng 

and Focht (1979) found the formation of arsine (AsHs) and either monomethylarsine or 



dimethylarsine, in the headspaces above flooded soils that had been spiked with 

MMA(V) or DMA(V), respectively, but did not measure the aqueous arsenic forms. 

We found that MMA(V) and DMA(V) were also not biotransformation products 

of As(Ill) and As(V). These results are consistent with the study by Turpeinen, et al. 

(1999), which found that formation of dissolved methylated arsenic forms by soil 

microbes was less than 0.1% during a five-day aerobic incubation. Methylation, while a 

detoxification reaction, may be of minor importance in these soils. 

In our study, arsenate was consistently reduced to As(IlI), even under these 

aerobic conditions. It appears that most of the As(V) reduction occurred late in the 

exponential or in the stationary phases of the growth curve. Levels of As(V) in the non-

inoculated control remained constant. Rapid rates of biotic As(V) reduction can occur 

either via the dissimilatory reduction pathway or the detoxification process. Unlike 

dissimilatory reduction, detoxification can occur under both aerobic and anaerobic 

conditions, by mechanisms that appear to be consistent with detoxification encoded by 

the widely distributed ara-like genes (Inskeep, et ah, 2002). Macur, et al. (2001) found 

rapid reduction of As(V) and enhanced mobilization of arsenic in mine tailings under 

aerobic transport conditions using column experiments. Bacteria isolated from the mine 

tailings column were able to rapidly reduce arsenate in aerated serum bottles, and were 

found to be closely related to bacterial species that carry ars operon homologues and are 

resistant to arsenic (Macur, et a!., 2001). In a previous study by Jones, et al. (2000), 

microorganisms extracted directly from soil with naturally elevated levels of arsenic 

(840|imol/kg or 63ppm total arsenic) were anaerobically grown in minimal media for 48 



hours with either 0.45,4.5,45,150, or 375ppm initial arsenate concentrations (given as 

6ia.M, 60txM, 600p.M, 2mM, and 5mM, respectively). Growth (as measured by optical 

density) was delayed in the 45ppm treatments as compared to the lower As 

concentrations, but growtli rates and maximum yields were similar in all tested 

concentrations. Only about 20% of the initial 45ppm As(V) concentration was reduced, 

while all of the As(V) was reduced during the time of the study for the lower initial 

concentrations. Another study (Macur, et al., 2(X)4) dosed a soil column, again using a 

soil with naturally elevated levels of arsenic, with an influent containing 56.25ppm As(V) 

(given as 75|aM). Little net As(V) reduction was observed under unsaturated flow, but 

the soil microorganisms were able to completely reduce the influent As(V) to As(III) in 

saturated soils. 

In our study, transformation of As(III) was not consistent, with only one of three 

inoculated flasks showing oxidation to arsenate. This As(III) oxidation correlated to the 

exponential phase of the mixed population growth curve when it did occur. The non-

inoculated control for As(III) showed no measurable As(III) oxidation. Several previous 

studies conclude that arsenite oxidation by soil microorganisms most commonly occurs 

when there has been pre-exposure to arsenic, and then in the late exponential phase or 

early stationary phase of the growth curve (Ehrlich, 2002). Quastel and Scholefield 

(1953) saw a lag time before arsenite oxidation occurred with initial perfusion of arsenite 

onto a soil column, but saw no lag upon reperfusion. Turner and Legge (1954) found 

AsIII only oxidized by cells previously grown in the presence of AsIII with maximum 

oxidation in 3-4day old cells. Using an isolate from raw sewage enriched with AsIII 



(Alcaligenes faecalis strain YE56) grown in amended minimal salts media, Phillips and 

Taylor (1976) found that As(III) oxidation first appeared at the end of exponential phase 

or in the beginning of stationary phase in un-adapted cultures, depending on the media 

used. Given the results of the above studies, the inconsistency in arsenite oxidation 

between the replicates in our study may be explained by the use of a mixed microbial 

population with different levels of arsenite resistance and biotransformation ability. 

Arsenite oxidation may be slower or less common than the competing As(V) reduction. 

In the replicate that showed arsenite oxidation, this reaction seemed to occur throughout 

log phase. Further study would be needed to better understand arsenite oxidation in soils 

3VI. Conclusions 

Although the soil used in this study had no known previous exposure to arsenic, 

the extracted mixed-microbial population was able to grow in high concentrations of 

As(III), As(V), MMA(V), and DMA(V), without little adverse effect on the mixed 

population growth curves. This would suggest the ubiquity of arsenic resistance in soil 

microorganisms. The arsenic forms could be put in order of toxicity to microbes as 

As(III)>As(V)>MMA(V)>DMA(V). This study also indicates that As(III) oxidation by 

naive microorganisms may not be as common a reaction as As(V) reduction, even under 

aerobic conditions. While this may seem counterintuitive in that arsenate is more toxic 

than arsenite, it may also suggest the widespread use of the detoxification mechanism 

encoded by the ar,s-like genes. In a mixed microbial population, competing reactions 

may result in a net reduction of arsenate with both oxidation and reduction occurring. 
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Methylation and demethylation seem to be minor reactions, since MMA(V) and DMA(V) 

were only found when they were the initial arsenic form, respectively. The formation of 

gaseous arsines (arsine, monomethylarsine, dimethylarsine or trimethylarsine) was not 

monitored during this study; however, no significant losses in total arsenic measured 

were noted. This study was done aerobically in liquid media without the influence of soil 

binding, which can lower the bioavailability of arsenic. The soil matrix also allows for 

both aerobic and anaerobic pockets to exist, which may affect the balance of 

microorganisms and the different As biotransformations that may occur. Further studies 

will characterize arsenite oxidation in the soil environment. 
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CHAPTER 4; 

THE INFLUENCE OF PREVIOUS ARSENIC EXPOSURE 

ON ARSENITE OXIDATION IN SOIL MICROORGANISMS 

41. Abstract 

Arsenic (As) is ubiquitous in the environment, both as a natural component of soil 

minerals and as a contaminant from human activities. Arsenic may be present in different 

forms, each differing in bioavailability, mobility, and toxicity, and each form of As 

present can be affected by either biotic and/or abiotic influences. This research compares 

the rates of arsenite (As(lII)) oxidation in soils with different histories of arsenic 

contamination. A control soil and three soils from a smelter site with low, medium, and 

high total As contamination were amended with 0, 100, 500, or lOOOppm As as As(lII). 

The soils were monitored for water extractable As at 0, 1, 3, 7, and 14 days by high 

performance liquid chromatography-hydride generation-atomic fluorescence 

spectrometry. While there were fewer microorganisms and less diverse populations in 

the soils with histories of As contamination, these soils had faster rates of As(III) 

disappearance, with a concomitant increase in arsenate, than soils previously exposed to 

low or no As. Trends indicate that the larger the additional As(III) spike, the faster the 

rate of As(III) disappearance in pre-exposed soils, relative to the control soil. Although 

As(III) oxidation occurs in all the biologically active soils, the reaction rates were 

correlated with previous As exposure. This may be due to selection pressures for 

microorganisms with As resistance and As(III) oxidase activity. 
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411. Introduction 

Arsenic (As) is ubiquitous in the environment. It is a natural component of many 

rocks and soil minerals, as well as a contaminant from human activities such as coal 

burning, wood treatment, cotton defoliation, and pesticide application. Although 

activities releasing As into the environment have decreased, the arsenic is still mostly 

present—even decades later (Cullcn and Reimer, 1989; Tamaki and Frankenberger, 

1992). 

There are several ways humans may be exposed to arsenic in soil. It may be 

directly inhaled or ingested by humans, leach into water supplies, or be taken up by 

plants and enter the food chain. Chronic exposure to sub-ppm levels of arsenic may lead 

to lung, bladder and other internal cancers, skin cancer, or Blackfoot's disease—a • 

vascular disorder. The mechanisms of toxicity for these diseases are unknown, but the 

form and concentration of arsenic available for human exposure—its bioavailability—has 

been hypothesized to determine the risk from the arsenic present in the environment. 

A conservative estimate of the amount of arsenic that could be bioavailable is the 

water-extractable fraction of arsenic. It can also be correlated to the pore water arsenic 

(Cullen and Reimer, 1989) which is a measure of As available to plants and 

microorganisms, and that can be leached into water supplies. Different forms of arsenic 

may be present in this fraction, with each having different chemical and physical 

properties, and therefore different cellular toxicities and different soil sorption 

coefficients. The four common forms of arsenic in the environment are the inorganic 

forms, arsenite (As(III)) and arsenate (As(V)), and the organic forms monomethylarsonic 
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acid (MMA(V)) and dimethylarsinic acid (DMA(V)). Both biotic and abiotic influences 

affect which arsenic form will be present in the water-extractable fraction of soil arsenic. 

Different soil components (organic matter, clay, iron oxides, calcium, manganese) can 

affect binding, while phosphate can compete for binding sites. Redox conditions and pH 

can affect charge, and therefore soil interactions. 

As(III) oxidation can be considered an important detoxification reaction since the 

resulting As(V) is less toxic and less bioavailable. Arsenite oxidation can occur as an 

abiotic process, but microorganisms play an important role in arsenite oxidation in 

natural systems. Bacterial oxidation of dissolved As(ni) to As(V) was first reported in 

1918 (Green, 1918) when an isolate (named Bacillus arsenoxidans) was discovered from 

an arsenical cattle-dipping solution. Arsenite oxidation to arsenate was first observed in a 

soil perfusion system in 1953 by Quastel and Scholefield (Quastel and Scholefield, 

1953). 

While biotic arsenite oxidation has been known since 1918, the actual enzyme, 

arsenite oxidase, was purified and characterized from Alcaligenes faecalis strain NCIB 

8687 in 1992 (Anderson, et at.), and only recently has its crystal stracture been resolved 

(Ellis, et al., 2001). Arsenite oxidase was determined to be part of the DMSO reductase 

family of molybdenum-containing enzymes, and to possess a [3Fe-4S] and a [2Fe-2S] 

Rieske center as well as the active site molybdenum. The gene and DNA sequence are 

now being elucidated (Anderson, et al, 2002). When arsenite enters the cell via 

aquaglyceroporins (Rosen, 2002), arsenite oxidase, located in the periplasm, oxidizes 

arsenite to arsenate. The arsenate then seems to be excreted to the media without further 
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modification. It is not yet known how common this arsenic resistance mechanism is, or 

its role in soil arsenic microbial interactions. 

This research compares the rates of As(III) oxidation in soils with different 

histories of arsenic contamination. I hypothesize that previous exposure to arsenic has 

affected the soil microbial population, which will therefore change the rate at which 

additional arsenic will be metabolized. 

4III. Materials and Methods 

Soil Characterization. The contaminated soils used in this work came from the 

Asarco Tacoma Smelter in Tacoma, Washington, a project area in the Commencement 

Bay Nearshore/Tideflats site, a United States Environmental Protection Agency (USEPA) 

Superfund site (EPA ID# WAD980726368). Lead smelting operations began at the site 

in 1890, but were then converted to smelting copper ores and concentrates in 1912. The 

smelter specialized in ores containing high arsenic concentrations, recovering arsenic 

trioxide and metallic arsenic as byproducts. After 95 years, smelting operations ceased in 

1985, with the arsenic production plant closing a year later. Arsenic, cadmium, copper, 

and lead released into the air, soil, and Commencement Bay as a result of the smelting 

operations have caused elevated contaminant concentrations in soil, house dust, indoor 

and outdoor air, and garden vegetables. Metals in the slag and soil have migrated to area 

surface and ground waters. Ingestion of contaminated soil has been deemed the primary 

route of exposure to arsenic for humans. Total As concentrations in soil exhibits a 

thousand fold range from 20 to 20,000ppm As or higher. Cleanup procedures have begun 



to remove contaminated soil from the affected neighborhoods and to contain the 

contamination by capping. 

Three soils from this century old copper and lead mining and smelting facility in 

Washington Slate were used in this study. These soils, which are referred to as Low, 

Medium, and High As soils, differed in their endemic levels of total arsenic. A Control 

soil (Brazito sandy loam) from Arizona with no known previous exposure to arsenic was 

also used for comparison. Soils were obtained from a depth of 60cm, sieved (pore size 

2mm), divided into weighed portions, and stored in the dark at room temperature until 

used. The original soil moisture levels were maintained during storage by adding filter-

sterilized MilliQ water as needed to maintain the original weight. All soil properties for 

the contaminated soils were detennined at the Soil, Water, and Plant Analysis Laboratory 

(SWAPL) at the University of Arizona. See Table 4.1 for soil characteristics and 

methods used. 

Microcosm Studies. For each soil and As dose, microcosms consisted of 

autoclaved 500mL polypropylene screw-top jars containing 50g (dry wt) of soil. To 

determine abiotic effects on arsenite oxidation, control microcosms were autoclaved three 

times on alternate days before As dosing. Microcosms were dosed on day 0 with water 

or neutralized (by L5 M HCl) aqueous sodium arsenite solution (drop-wise by a sterile 

filter syringe) to increase the total arsenic concentration by 0, 100, 500, or 1000jig arsenic 

per gram of soil (dry wt.), and to bring the soils up to 50% of their field capacities to aid 

As dispersal. Note that the Low As soil only received 0 and lOOppm As doses so that 

both the endogenous arsenate and the added arsenite could be monitored simultaneously. 
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Microcosms were maintained at room temperature in the dark at 50% field capacity 

throughout the monitoring period. Arsenic speciation and the microbial populations in 

each microcosm were monitored on days 0,1,3,7, and 14. Three replicates of each 

microcosm were used. 

Measurement of Water-Extractable Arsenic. To determine changes in water-

extractable arsenic, 5g (wet wt.) soil aliquots were diluted one to five (w/v) with MilliQ® 

water and shaken at 140rpm for Ihour in 50mL Falcon tubes. After centrifuging for 5 

minutes at 2000 rpm, the supernatant was filtered with a 0.2|im SPCA membrane filter 

syringe and stored at 4°C until analysis, when it was then serially diluted with MilliQ 

water to the appropriate ppb concentration range. Arsenic was speciated and quantified in 

these samples by high performance liquid chromatography-hydride generation-atomic 

fluorescence spectrometry (HPLC-HG-AFS) using a Spectra Physics HPLC and the 

Millennium Excalibur HG-AFS by P.S. Analytical (Kent, UK). The fluorescence signal 

of the detector was recorded using Chromquest® software, which also controlled the 

HPLC pumps. From the generated chromatographs, comparison to known standards of 

As(III), As(V), MMA(V), and DMA(V) was used to determine arsenic form from 

retention time and arsenic concentration from peak area. The protocol is based on the 

method of Gomez-Ariza, et al. (1998), with modifications in the elution gradient as 

described by Gregus, et al. (2000). The arsenic forms that can be detected with this 

method are arsenite (As(III)), arsenate (As(V)), monomethylarsonic acid (MMA(V)), and 

dimethylarsinic acid (DMA(V)). See Table 4.2 for HPLC-HG-AFS operating conditions. 
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Monitoring Microbial Populations. Microbial populations from the 

contaminated soils were initially characterized by both heterotrophic plate counts and by 

direct microbial counts. For each, l.Og of soil (dry wt.) was extracted with 9.5mL 

solution (0.2% Sodium hexametaphosphate, 6uM Zwittergen detergent (Brendecke et al., 

1993)) and vortexed for 2 minutes. Soil suspensions were serially diluted with 0.85% 

sterilized saline. For direct microscopic counts, 200|iL of each dilution was incubated for 

15 minutes in the dark with equal volume of the two-color nucleic acid fluorescence stain 

Live / Dead BacLight (Molecular Probes, Eugene OR), filtered through black Nucleopore 

carbonate filters (pore size 0.2 fxM) and mounted on slides with low-fluorescence 

immersion oil. Thirty random fields were counted at a magnification of lOOOX and 

averaged. Heterotrophic plate counts were made initially and on sampling days by 

plating serial dilutions of the soil suspensions on R2A agar (Difco Laboratories, Detroit 

MI) and incubating at 25°C for 7 days prior to counting. Direct microscopic counts and 

initial heterotrophic plate counts for the Control soil (Brazito sandy loam) had previously 

been calculated by acridine orange direct counts and R2A agar plating, respectively 

(Roane and Pepper, 2000). 

Analysis of covariance and analysis of repeated measures were the statistics used 

to analyze the data. Half-lives were estimated based on measured As(III) concentrations 

on day 0 and observed maximum average rates of As(III) decrease, assuming psuedo-

first-order reactions. 



Soil 
Moist. 
Content 
(%) 

pH 
Organic 
Carbon 
(%) 

Particle 
Distribution 

Total 
As 
(lAg/g) 

Bio
available 
Arsenic 
(Mg/g) 

Direct 
Microscopic 
cell counts 
(cells/g dry 

soil) 

Culturable 
Heterotrophic 
Plate counts 
(cells/g dry 

soil) 

Ratio of 
direct: 

culturable 
plate 

counts 

Soil 
Moist. 
Content 
(%) 

pH 
Organic 
Carbon 
(%) Sand 

{%) 
Silt 
(%) 

Clay 
(%) 

Total 
As 
(lAg/g) 

Bio
available 
Arsenic 
(Mg/g) 

Direct 
Microscopic 
cell counts 
(cells/g dry 

soil) 

Culturable 
Heterotrophic 
Plate counts 
(cells/g dry 

soil) 

Ratio of 
direct: 

culturable 
plate 

counts 

Control 4.6 8.2 0.21 76 12 12 N/D BDL 7.2x10' 3.2x10' 2.25 
soil (±0.32) (±0.91) 
Low As 9.5 5.0 0.11 80 11 9 23.4 <0.1 6.7x10® 3.3x10' 20 
soil (±0.31) (±0.29) 
Medium 14.0 6.5 0.13 68 28 4 13,158 133 3.8x10® 9.1x10^ (±3.8) 418 
As soil (±0.74) 
High As 10.0 5.7 0.25 73 18 9 20,850 271 5.6x10' 7.4x10^ (±3.2) 757 
soil (±1.1) 

Note Relationship between As contamination and the ratio of direct: culturable plate counts 

TABLE 4.1 Soil Characteristics—physical, chemical, and microbial characteristics of the soils used in this study. 

Moisture content: dried at 105°C for 24h 
pH: a 1:2 (w/v) solution of 0.0IM CaCl2 for 30 minutes 
Organic carbon: determined with NCS analyzer 
Particle distribution: determined hydrometrically 
Total As: determined by microwave digestion followed by ICP-OES 
Bioavailable As; determined by HPLC-HG-AFS (see methods) 
Direct Microscopic cell counts; determined with Live/Dead BacLight staining or acridine orange 
Culturable Heterotrophic Plate Counts: grown on R2A agar for 7 days 
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TABLE 4.2 Conditions for arsenic speciation by high performance liquid 
chromatography-hydride generation-atomic fluorescence spectrometry 
(HPLC-HG-AFS). 

HPLC Parameters 

Column Hamilton PRP X-100 (250*4.1mm) anion exchange column, 

lO^m particle size 

Mobile Phase— . 

Gradient Elution 

lOmM Potassium Phosphate (pH 5.75) for 0-2.0 min 

60mM Potassium Phosphate (pH 5.75) for 2.1-8.5 min 

lOmM Potassium Phosphate (pH 5.75) for 8.6-12.0 min 

Injected volume lOOfiL 

Flow rate ImUmin 

Hydride Generation Parameters 

Acid solution 1.5M HCl, L8mL/min 

Reducing reagent 1.5% (w/v) Sodium Borohydride (NaBH4) in 

1% (w/v) NaOH, 1.8mL/min 

Argon flow rate 300mL/min at the gas/liquid separator 

AFS Parameters 

Lamp Arsenic Boosted Hollow Cathode Lamp 

Wavelengtlas 

(preset) 

197.3nm, 193.7nm, and 189.0nm 

Primary Current 27.5mA 

Boost Current 35.0mA 
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41V. Results 

In this research, the rates of arsenite (As(III)) oxidation in soils with different 

histories of arsenic contamination were compared. The four soils are referred to as 

control, low, medium, and high As contaminated soils based on their relative previous 

exposure to arsenic. (See table 4.1). Although both control and low As soils had little 

measurable arsenic in the water-soluble (bioavailable) fraction, their responses to 

lOOppm As as arsenite were different. After the initial drop in As(III) between days 0 

and 1 (seen in all samples, both biotic and sterilized), the level of As(in) in the Control 

soil -hlOOppm amendment remained steady between days 1 and 3, and then began to 

decrease, disappearing between days 7 and 14, with a concomitant increase in As(V) 

levels. In the Low As soil, the lOOppm As as As(IIl) spike steadily decreased until it 

disappeared between days 3 and 7. In soils with higher endemic As levels (the Medium 

and High As soils), the lOOppm As(III) amendment disappeared within 3 days (See 

Figure 4.1). There was little increase in water-soluble As(V) detected when lOOppm 

As(III) was spiked into any of the previously contaminated soils. 

When comparing the responses of the soils to a SOOppm As(III) amendment, we 

see that there is a decrease in As(III) levels in the Control soil, but there is still 

approximately 30% of the water-extractable As(III) present after 14 days. Again, there 

was a lag time before As(III) began to disappear from day 3. In contrast, only 2% of the 

added As(lII) amendment is present at day 7 in the Medium As soil and 3.5% at day 3 in 

the High As soil (Figure 4.2). All soils showed a concomitant increase in water-soluble 

As(V). 
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Figure 4.3 shows similar but more pronounced trends. By 14 days, there was little 

decrease in As(III) levels when lOOOppm As as As(III) was spiked into the control soil. 

In contrast, the lOOOppm spike was removed by around day7 (8% remaining) in the 

Medium As soil and by day 5 (1.4% remaining) in the High As soil. There seemed to be 

a slight lag time in both of these soils, however, before the maximum rate of As(III) 

decrease was observed (see Table 4.3). The concomitant increase in water-soluble 

As(V) reached a maximum concentration around the time of total As(ni) disappearance, 

and then slowly decreased over the rest of the study. This might suggest soil binding of 

the newly formed As(V). The highest maximum observed rate of As(III) disappearance, 

206ppm/day (or 2.75mM/day), occurred when the High As soil was spiked with 

lOOOppm As as As(IlI). The lowest maximum observed rate of As(IIII) disappearance 

was in the Control soil at 5.25ppm/day (0.07mM/day). The shortest half-life for As(III) 

in a soil is estimated to be 1.4 days for the High As soil amended with lOOppm of As(III), 

and the longest half-life was 39.8 days for As(III) in the Control soil + lOOOppm (see 

Table 4.3). 

Data was subjected to an analysis of covariance and was then linearized by taking 

the natural log of the As(Ill) concentrations for days 1-14. The slopes were then 

compared using the standard errors. Non-overlapping intervals imply significant 

differences (see Table 4.4). Rates of arsenite disappearance increased with increasing 

levels of endemic arsenic—this is statistically significant at the l{XX)ppm spike, even 

between the Medium and High As soils. Analysis of Repealed Measures also confirmed 

that there was a significant difference in arsenite oxidation rates corresponding to the 



initial amount of water-extractable arsenate present. Rates of As(III) oxidation also 

increased with higher As (III) amendments in the High As(III) soil with a statistically 

significant difference between the 1 OOppm and the lOOOppm amendment. 

Abiotic controls showed the changes in concentrations of water-extractable 

As(III) are microbially mediated (See Figures 4.4, 4.5, and 4.6). As(III) was spiked into 

both autoclaved (sterile) and non- autoclaved soils, and the water-extractablc As levels 

and forms were monitored. In sterilized soils, the levels of arsenite and arsenate 

remained constant in both the Control soil (no previous As contamination) and the High 

As soil. In non-autoclaved soils there is an increase in arsenate with the concomitant 

decrease in arsenite. Similar results are seen for the Medium As soil (see Figure 4.6). It 

should be noted that autoclaving might have shifted some of the endemic arsenic from 

arsenate to arsenite. Decreases in As(III) concentration between dO and dl were seen in 

both autoclaved and non-autoclaved soils, and were not accounted for by increases in 

water-extractable As(V), Changes in total water-extractable As may also occur due to 

soil binding, especially of the arsenate form. 
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FIGURE 4.1 Comparison between soils amended with lOOppm As as As(III). 
Soils with different histories of arsenic contamination (no, low, medium, 
or high previous As exposure) were amended with lOOppm As as arsenite. 
The concentrations of water extractable arsenic were monitored over time. 
Arsenite concentrations are shown. 
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FIGURE 4.2 Comparison between soils amended with SOOppm As as As(III). 
Soils with different histories of arsenic contamination (no, medium, or 
high previous As exposure) were amended with SOOppm As as arsenitc. 
The concentrations of water extractable arsenic were monitored over time. 
Arsenite concentrations are shown. 
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FIGURE 4.3 Comparison between soils amended with lOOOppm As as As(III). 
Soils with different histories of arsenic contamination (no, medium, or 
high previous As exposure) were amended with lOOOppm As as arsenite. 
The concentrations of water extractable arsenic were monitored over time. 
Arsenite concentratioas are shown. 
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TABLE 4.3. Estimated half-lives and observed maximum rates for As(III) under 
different soil and amendment conditions. 
t(l/2) = [ln(0.5)]/(k*24h/d); k (h"')-ln([Ci-Max]/Ci); Ci (mM) = initial 
(dO) average As(III) concentration; Max (mM) = maximum decrease in 
As(III) observed over Ih (calculated from slope of linear trendline). 

Soil and Amendment Initial 
avg. 

As(IIl) 
(PPm) 

Linear equation of 
trendline for average 

As(III) using time-points 
listed 

Max 
rate 

mM/day 

t(l/2) 
days 

Cont. Soil + lOOppm 86 y = -5.2S01X + 51.318 
d3,7 = 1 

0.07 11.3 

Low As Soil + lOOppm 92 y = -28.25X + 104.27 
d 1,2,3 R^ = 0.9951 

0.38 2.2 

Med. As Soil + lOOppm 48 y = -14.577x +45.258 
dO,l,3 = 0.9746 

0.19 2.3 

High As Soil + lOOppm 140 y = -107.96x + 139.63 
d0,l R^ = l 

1.44 0.9 

Cont. soil + SOOppm 512 y = -23.135X + 469.27 
d3,7,14 R- = 1 

0.31 15.3 

Med. As Soil + SOOppm 346 y = -37.967X + 221.76 
dl,2,3,5 R- = 0.9111 

0.51 6.3 

High As Soil + SOOppm 765 y = -187.72x +599.24 
dl,2,3 R^ = 0.9707 

2.50 2.8 

Cont. Soil + lOOOppm 1065 y = -18.529x +936.23 
d3,7,14 R^ = 0.9502 

0.25 39.8 

Med. As Soil +1000ppm 912 y = -87.503X + 533.01 
dl,2,3,5 r2 = 0.9528 

1.17 7.2 

High As Soil + lOOOppm 1321 y =-206.16x+ 1035 
d2,3,5 r2 = 0.9934 

2.75 4.4 
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TABLE 4.4 Results of analysis of covariance and analysis of repeated measures. 
Comparison of slopes after data was linearized by taking the natural log of 
the As(lII) concentrations for days 1-14. Non-overlapping intervals imply 
significant differences. 

Soil and Amendment Slope Coefficient Slope + Standard Error 

Low As Soil + lOOppm -0.30201 -0.38242 to -0.2216 
Medium As Soil +100ppm -0.20921 -0.28371 to-0.13471 
Medium As Soil + SOOppm -0.23519 -0.26754 to-0.20284 
Medium As Soil 
+1000ppin 

-0.26818 -0.29469 to-0.24167 

High As Soil + lOOppm -0.16231 -0.25982 to -0.0648 
High As Soil + SOOppm -0.34258 -0.42470 to -0.25776 
High As Soil + lOOOppm -0.40420 -0.46402 to-0.34438 
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FIGURE 4.4 Oxidation of As{III) to As(V) in the High As soil: autoclaved vs. non-
autoclaved soil. 
lOOOppm As as arseaite (As(III)) was spiked into both autoclaved 
(sterile—dashed lines) and non- autoclaved (solid lines) microcosms of 
High As soil. The water-extractable levels of As(III) (diamonds), and 
As(V) (squares), as well as DMA(V) and MMA(V) (neither detected), 
were monitored over time. 
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FIGURE 4.5 Oxidation of As(III) to As(V) in the Control soil: autoclaved vs. non-
autoclaved soil. 
l(XX>ppm As as arsenite (As{III)) was spiked into both autoclaved 
{sterile—dashed lines) and non- autoclaved (solid lines) microcosms of 
Control soil. The water-extractable levels of As(III) (diamonds), and 
As(V) (squares), as well as DMA(V) and MMA(V) (neither detected), 
were monitored over time. 
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FIGURE 4.6 Oxidation of As(III) to As(V) in the Medium As soil: autoclaved vs. non-
autoclaved soil. 
lOOOppm As as arsenite (As(III)) was spiked into both autoclaved 
(sterile—dashed lines) and non- autoclaved (solid lines) microcosms of 
Medium As soil. The water-extractable levels of As(III) (diamonds), and 
As(V) (squares), as well as DMA(V) and MMA(V) (neither detected), 
were monitored over time. 
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4V. Discussion 

The three main aims of this study were 1) to determine the concentration and form 

of the water-extractable arsenic in soils with histories of arsenic contamination, in order 

to more accurately reflect the bioavialable arsenic; 2) to determine how soil 

microorganisms influence the form and concentration of additional As(III) in the 

bioavailable fraction, thereby altering the toxicity and mobility of the arsenic; and 3) to 

determine how different histories of arsenic contamination affect the rate of the microbial 

transformations of the water-extractable arsenic in soils. 

Although the contaminated soils had high levels of total endemic arsenic, the 

water-extractable (bioavailable) fraction was only approximately 1 % of the total arsenic 

concentrations. This bioavailable fraction was in the form of arsenate, even though the 

original arsenic form emanating from the smelter was As(III) (EPA, 1993). The low 

fraction of water-extractable arsenic after so many years of exposure is consistent with 

Other studies. Onken and Adriano (1997) showed that both arsenate and arsenite added in 

water-soluble form became more recalcitrant over time (68 days) requiring stronger 

extraclants to remove the added As. Arsenic (both as arsenite, but especially arsenate) 

can bind to iron, aluminum, clays, and other minerals in soils (Hering and Kneebone, 

2002). Although the water-extractable fraction represents only a small percentage of the 

total arsenic in the soil, it best represents the bioavailable fraction. 

In order to determine how soil microorganisms influence the fate of water-soluble 

As(III), different concentrations of As(III) were spiked into soils with different histories 

of arsenic contamination, and the concentrations of the different As forms in the water-
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extractable fraction were monitored for 14 days. The three soils from the smelter site 

were originally contaminated with arsenite over several decades. The soil used as a 

control had no known previous exposure to arsenic. However, all soils tested showed 

oxidation of As(Iir) to As(V) to some degree. As(III) disappearance from the water-

extractable fraction was microbially mediated, since As(III) levels in sterile soils 

remained constant over time. As(V) formed concomitantly with As(III) decrease, 

illustrating that most of the disappearance of water-extractable As(III) is due to As(III) 

oxidation. It should also be noted that no organic arsenic forms (MMA(V) or DMA(V)) 

were found in the water-extractable fractions at anytime during the study. While this 

does not necessarily mean that methylation did not occur (any MMA(V) or DMA(V) that 

did form may have bound to soil components), it is consistent with the study by 

Turpeinen, et al., (1999) that showed that As methylation was of minor importance in 

aerobic soils. 

Although the majority of As(III) oxidation found in our study was due to 

microorganisms (sterilized samples showed steady As(III) levels), oxidation of As(III) to 

As(V) can also occur abiotically in soils and natural waters. Oxygen alone is not a strong 

enough oxidant to cause this reaction on any significant scale (half-life 8760h) (Eary and 

Schramke, 1990). While laboratory experiments have considered reactions using 

hydrogen peroxide, OH- radicals, and Fe(III)-oxalate with UV light, the most 

environmentally likely abiotic pathway that may contribute to As(III) oxidation involves 

manganese. Mn(IV) oxide surfaces, such as bimessite, can oxidize As(IlI) with a half-

life of 2.6h or less. Manganese oxides may be especially important in marine sediments 
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(Oscarson, et ai, 1983). Note that all half-lives were estimated assuming 1st order 

kinetics. 

Although As(III) oxidation occurred in all the biologically active soils, the 

reaction rates are correlated with previous As exposure. Our data show increased rates of 

As(IlI) oxidation with increased endemic As levels, which was statistically significant at 

the lOOOppm spike. In addition, increased rates of As(III) oxidation occurred with higher 

As(III) amendments, with a statistically significant difference in the High As soil 

between the lOOppm and lOOOppm spikes. It should be noted that the low As soil, 

although having total As levels of 23.4ppm, had water-extractable levels of less than 

0.1 ppm, similar to the control soil. There were still some differences, however, in the 

rates of As(III) oxidation between these two soils. This should emphasize that it is the 

adapted microorganisms, and not the presence of arsenic itself that affects the oxidation 

rates. 

Although As(III) oxidation occurred at different rates depending on soil and 

amendment, arsenite disappearance from soil microcosms can generally be described as a 

four-stage process. The rapid decrease in As(III) during stage 1, which averages about 

40% in all soils, may be due to arsenite binding to soil components, or other re

distribution of the arsenic as an artifact of the study design. The levels of total water-

soluble arsenic (arsenite plus arsenate) are more consistent throughout the study with the 

total on day 1 than that on day 0. Quastel and Scholefield (1953) noted that As(III) 

concentration markedly decreased during the first 6 hours of perfusion. They found that 

the As(III) was adsorbed by the soil, in direct proportion to the concentration of As(III). 
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Arsenite can bind to Fe(III) hydroxides. Since arsenite is present as the neutral H3ASO3 

form under most environmental soil conditions, arsenate is more likely to bind than 

arsenite, since most binding sites depend on charge for their interaction. For either 

arsenate or arsenite, sorption generally increases with decreasing pH, with a maximum 

around the pKa of the conjugate base of the oxyanion (Inskeep, et al, 2002). Arsenate 

and arsenite show different sorption patterns with different Fe(III) minerals that vary with 

pH dependence and maximal sorption capacity. 

After day 1, there may be a pause or lag time where arsenite decrease is slow. 

This second stage did not occur with the previously exposed soils with the lOOppm 

amendment, but did with the control soil. There were also lag times in all soils with the 

lOOOppm amendment. This may be due to changes in the microbial population as they 

adapt to the high water-soluble arsenic concentrations. This can be done either 

individually through inducing an arsenic resistance mechanism, or by shifting the 

dominant microbial populations during environmental stresses. If dominant but non-

resistant microbes die off, then their niches can then be filled by As-resistant competitors. 

A lag time may be seen while these increase their numbers and become a more dominant 

species. 

The third stage is the time of maximum arsenite decrease. This occurs with a 

corresponding increase in arsenate, thus indicating arsenite oxidation. In this study, the 

soils with the history of the highest previous exposures to arsenic had the fastest rates of 

arsenite oxidation. Sterilized soils did not show this stage. 
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The fourth stage occurs after the arsenite has disappeared from the water-soluble 

fraction, leaving only arsenate. The concentration of arsenate in the water-soluble may 

also slowly decrease as it binds to soil components. Sorption to Fe(lII) solids may be one 

of the most important sinks for arsenic in terrestrial (and aquatic) systems. Arsenate 

adsorbs strongly to many minerals, especially iron (Fe(III)) and aluminum (AI(III)) 

oxyhydroxides and clay minerals (Hering and Kneebone, 2002), forming surface 

complexes analogous to phosphate. Arsenate is present as negatively charged H2ASO4' or 

HASO4 " oxyanion under most environmental soil conditions. Since most binding sites 

depend on charge for their interaction, arsenate is more likely to bind than arsenite. 

Arsenite as H3ASO3® can be immobilized by oxidation to As(V), to give the charged form 

H2ASO4' or HASO4 ' and their subsequent adsorption reactions. 

4VI. Conclusions 

The three soils from the smelter site were originally contaminated with arsenite 

over several decades. All of the water-extractable arsenic is now in the form of arsenate. 

Both biotic and abiotic influences could have oxidized the As(III) in the environment. 

The water-extractable fraction represents approximately just 1% of the total arsenic 

levels, although there is still a proportional difference between soils with different 

previous exposures to arsenic. The soil used as a control had no known previous 

exposure to arsenic. However, microorganisms in all soils tested could oxidize As(III) to 

As(V) to some degree. As(III) disappearance is biotically mediated, since As(III) levels 

in sterile soils remained constant after day 1. As(V) forms concomitantly with the As(III) 



decrease so we can conclude most of the As(III) disappearance is due to As(III) 

oxidation. No organic arsenic forms (MMA(V) or DMA(V)) were found in measurable 

amounts in the water-extractable fractions anytime during the study. Trends indicate that 

the larger the additional As(III) spike, the faster the rate of As(III) disappearance in pre-

exposed soils, while the opposite is true in the control soil. This may be due to selection 

pressures for microorganisms with As resistance and As(III) oxidase activity. 

To better understand what is happening to the arsenic, mass balance of arsenic 

over the incubation time should be measured. This could be especially helpful for 

monitoring arsenic disappearance when the Medium As soil is amended with low As(III) 

concentrations. As(III) seemed to largely disappear before the day 0 time-point could be 

measured, leading to low initial concentrations of water-extractable As(III). This could 

affect rate calculations. It is not clear what soil property could account for this 

phenomena. Currently just water extractable arsenic has been measured, as it is the most 

linked to bioavailability. To better study the role of microorganisms in the entire 

geochemical cycling of arsenic, the headspace, bound, and total arsenic should also be 

measured. To get more accurate rates of arsenite disappearance, more samples should be 

taken more frequently to monitor the changes in As concentration and form. It would be 

interesting to see the effect of higher arsenite amendments on the Low As soil, since 

although it is similar to the Control soil in that no water soluble arsenic was detected, the 

rate of arsenite decrease was higher than the Control soil. This should emphasize that it 

is the adapted microorganisms, and not the presence of arsenic itself that affects the 

oxidation rates. While this study has focused on the effect of soil microorganisms on the 



rates of As(III) oxidation, the effect of the As(III) on the soil microorganisms will 

studied next. 
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CHAPTER 5: 

CHANGES FOUND IN THE BACTERIAL POPULATIONS 

OF ARSENIC CONTAMINATED SOILS 

IN RESPONSE TO ADDITIONAL ARSENIC AMENDMENTS 

51. Abstract 

This study, in collaboration with Jeffrey B. McQuaid, evaluated the changes in 

microbial populations in arsenic-contaminated soils after they were re-amended with 

additional arsenic as arsenite. Microcosms containing one of three As-contaminated soils 

from a smelter site were amended with arsenic as arsenite. Changes in the microbial 

community were monitored by heterotrophic counts and 16S rDNA denaturing gradient 

gel electrophoresis (DGGE), which detected the emergence of a band corresponding to 

Thiomonas sp. N0115 in the most contaminated soil re-amended with arsenite. At the 

end of the two-week sampling period, soil extracts from the high As soil that had been 

spiked with lOOOppm As as As(III) were serially diluted into three types of growth media 

amended with lOOOppm As as As(III), and plated. Isolates were purified and identified 

using their 16S rDNA sequencing. Isolates were then grown in media with arsenite while 

monitoring changes in arsenic speciation. The three isolates tested varied in their arsenic 

transformation efficiency. 



511. Introduction 

Arsenic is ubiquitous in the environment, but can be present in different forms, 

each with its own chemical and physical properties, and therefore differences in mobility 

and toxicity. Microorganisms play an important role in the geochemical cycle of arsenic 

affecting the form of the arsenic present through oxidation, reduction, methylation, and 

demethylation reactions. Methylation and demethylation, as well as the formation of 

arsines, appear to be minor reactions in soils (Turpeinen, et al, 1999) and highly 

dependent upon the arsenic form initially present (Cheng and Focht, 1979). Microbial 

oxidation and reduction reactions are most prevalent, and both are seen in aerobic soils 

(Inskeep, et al., 2002). The potential for biotic transformations cannot be assumed to be 

present in all microbes to the same ability, and therefore the overall oxidation or 

reduction rates in a soil may be dependent on which microbes are present in that soil. 

To identify the dominant bacteria in such a complex environment as a soil, 

culture-independent methods are necessary, especially since metal-stressed bacteria may 

grow poorly on standard media (Roane and Pepper, 2000). For this study, 16S rDNA 

denaturing gradient gel electrophoresis (DGGE) was used. We hypothesize that 

previous exposure to arsenic affected the soil microbial population, and that exposure to 

additional arsenite would result in detectable changes in the microbial communities 

allowing microbial populations that could traasform arsenite to emerge. In this 

experiment, 16S rDNA DGGE analysis was used in three ways; 1) to comparc microbial 

populations in soils with different arsenic contamination histories; 2) to determine the 
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effects of additional arsenic stress on the microbial populations; and 3) to identify the 

dominant arsenic resistant isolates present in these soils. 

5III. Materials and Methods 

This experiment was done concurrently with the same microcosms as the study 

previously described in Chapter 4: The Influence of Previous Arsenic Exposure on 

Arsenite Oxidation by Soil Microorganisms. To review, three soils from a century old 

copper and lead mining and smelting facility in Washington state, differing in their 

endemic levels of total arsenic (designated as Low, Medium, and High As soils), were 

divided into microcosms consisting of autoclaved SOOmL polypropylene screw-top jars 

containing 50g (dry wt) of soil. Microcosms were dosed on day 0 with water or 

neutralized (by 1.5 M HCl) aqueous sodium arsenite solution given drop-wise by a sterile 

filter syringe to increase the total arsenic concentration by 0,100, 500, or lOOOfig arsenic 

per gram of soil (dry wt.), and to bring the soils up to 50% of their field capacities to aid 

As dispersal. Microcosms were maintained at room temperature in the dark at 50% field 

capacity throughout the monitoring period. Microbial populations from the contaminated 

soils were initially enumerated by both heterotrophic plating on R2A agar, and direct 

microbial counts (Live/Dead BacLight epifluorescence microscopy) as detailed in 

Chapter 4. Microbial populations (as well as the As forms present) in each microcosm 

were monitored on days 0,1,3,7, and 14. Duplicate Ig samples were removed for 

heterotrophic plating, and 0.25g samples were removed and frozen at -20°C for DNA 

extraction and community analysis. 
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Primer Design. Primers were designed by Jeffrey B. McQuaid, with the goal 

being to amplify the widest range of bacteria 16S rDNA genes. 5400 aligned eubacterial 

sequences were retrieved from the RDP database (Maidak et aL, 1999) and imported into 

the University of Wisconsin Genetics Computer Group software for multiple sequence 

analysis. The highly conserved segments of the 16S sequence that resulted from the 

consensus histograms constructed using PILEUP were checked for known mismatches 

(RDP database, particularly with soil bacteria) and for self-annealing capability (OLIGO 

program; National Biosciences). The primers selected, 341F and 784R, were the segment 

sequences with the least mismatches. A 35 base pair GC-rich sequence was attached to 

the 3' end of the forward primer to minimize hairpin formation during PGR 

amplification. The domain-level eubacterial primers used are listed in Table 5.1 below. 

TABLE 5.1 Primers used in this study. 
Primer Sequence(5'to 3') 
341F CTCCTACGGGAGGCAGCAGT 
784R GGACTACCAGGGTATCTAATC 
GC-clamp GGCGGGCGGGGCGCGAGGCGGCGGGCGGGCGGGGG 

DNA Extraction and PCR. Microbial DNA was extracted directly from the 

250mg (dry wt.) soil samples using the FastDNA SPIN Kit for Soil (BiolOl, Carlsbad, 

CA), with the following modifications: 1) samples were shaken for three 30-second 

rounds at 5.5 m/s in a cell disruptor, being chilled on ice in between; and 2) three freeze 

(-80°C) / thaw (60°C) cycles were used to thoroughly disrupt the bacterial cells, with lysis 

efficiency monitored by epifluorescence microscopy. The DNA was purified according 

to manufacturer's instructions, eluted into 100p,L of deionized water, and stored at -20°C. 
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PGR amplification of the purified DNA used a GeneAmp 2400 thermocycler (Perkin-

Elmer, Foster City, CA) and the following reaction mixture in a 100|iL volume; IX PGR 

buffer (50mM KG! and lOmM Tris-HCl [pH 8.3]), 2.5mM MgCb, lOOpM of each 

deoxynucleotide triphosphate base, 0.2p,M each of primers 341F and 783R, 2.5U of 

TaqGold polymerase (Perkin-Elmer, Foster Gity, GA), and 5{iL of a 1:10 dilution of the 

template DNA. The PGR amplification protocol consisted of an initial hot start 

denaturation for lOminutes followed by 30 amplification cycles of 60 seconds for 

denaturation at 94°G, 40 seconds for annealation at 50°G, and 40 seconds for extension at 

72°G. There was a final extension at 72°C for 90 seconds after the amplification cycles 

were completed. The formation of the 440 base pair PGR product was confirmed by 

separation by standard methods on an agarose gel, visualization with ethidium bromide 

stain, and quantification by comparison to a DNA mass ladder (Gibco, Grand Island, 

NY). 

Denaturing Gradient Gel Electrophoresis (DGGE). 75ng of PGR product was 

loaded onto 0.75mm thick 6.5% (w/v) polyacrylamide gels and separated by 

electrophoresis under constant voltage for 1500 volt-hours in a DGGE-2000 unit (GBS 

Scientific, Del Mar, GA) following manufacturer's instructions. Gradients containing 40-

60% denaturant, where 100% is 7M urea plus 40% deionized formamide, gave the best 

resolution. A narrower gradient of 45-55% denaturant was used for re-amplification to 

verify band uniqueness. After electrophoresis, gels were stained in a 1:10,000 dilution of 

SYBR Gold (Molecular Probes, Eugene, OR) for 20 minutes, and visualized under 

minimum fluorescence in a UV light cabinet (Alpha Innotech, San Leandro, GA). Bands 
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of interest were directly re-amplified, with uniqueness then verified by electrophoresis 

over the narrower re-amplification gradient. Unique bands were re-amplified with 

primers 34 IF (less the GC-clamp) and 784R, purified using a QIAquick PGR purification 

kit (Qiagen, Valencia, CA), and sequenced using the forward primer by the Laboratory of 

Molecular Systematics and Evolution Sequencing Facility at the University of Arizona, 

Tucson, AZ. Sequences were compared to known organisms in GenBank using a 

BLAST search (version 2.1, Altschul, et al, 1990, and then later, version 2.2.9, Altschul, 

etal, 1997). 

Arsenite-Resistant Bacteria: Enrichment and Isolation, After the two weeks of 

sampling, soil from the High As soil+10(X)ppm As microcosm was extracted as described 

for heterotrophic plate counts. The soil extracts were either directly plated onto R2A 

agar amended with lOOOppm As as As(III), or were serially diluted into enrichment flasks 

containing lOOOppm As as As(III) and one of three selective media as described in Table 

5.2. 

'ABLE 5.2 Selective media used for bacterial isolation. 
Bacteria to be selected for Medium Type Components (per liter) 
Autotrophic As(III) 
oxidizing 

Minimal Salt 
Enrichment 
Media 

Carbon source = bicarbonate 
Media described in Ilyaletdinov and 
Abdrashitova (1981) with 
Salts Amendment described by 

Newby et al. (2000) 
Heterotrophic As(III) 
oxidizing 

PYE 2.5g peptone 
1.25g yeast extract 
Minimal Salts Solution described 

by Mergeay, etal (1985) 
Heterotrophic As(III) 
oxidizing 

NAG 2g Sodium Gluconate 
Minimal Salts Solution described 

by Mergeay, et al. (1985) 
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Flasks were incubated on a rotary shaker at ISOrpm and 25°C, and 100|xL samples were 

periodically plated onto agar made from the particular enrichment medium. Isolates that 

grew on the plates were re-streaked to ensure purity, sequenced as described in the PGR 

protocol, and then originally compared to known organisms in the GenBank database 

using BLAST 2.1 (Altschul et al., 1990). Sequences from the excised bands and isolates 

were then deposited into GenBank under accession numbers AF308874-AF308877. A 

more recent search using BLASTN 2.2.9 (Altschul, et ai, 1997) compared the sequences 

from the excised bands and isolates to the nr database of 2,232,679 sequences; 

10,785,813,082 total letters (All GenBank+EMBL+DDBJ+PDB but not EST, STS, GSS, 

environmental samples or Phase 0, 1 or 2 HTGS sequences). 

Potential for Arsenic Transformation. Arsenite-resistant bacteria isolated from 

the High-As+lOOOppm As microcosm were tested for the ability to transform arsenic. 

Isolates were grown on a rotary shaker (120rpm) at room temperature in minimal salts 

media containing glucose as the carbon source and lOOppm As as either As(III) or As(V). 

A control for As speciation contained arsenic in the media, but no bacteria. Arsenic 

speciation was monitored in duplicate flasks by HPLC-HG-AFS (as described in Chapter 

4) for 1 week. Hall-lives were estimated based on measured As(III) concentrations on 

dayO and observed maximum average rates of As(III) decrease, assuming psuedo-first-

order reactions. 
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5IV. Results 

The bacterial populations of three smelter site soils with low, medium, and high 

total arsenic concentrations, respectively, were compared using direct and heterotrophic 

plate counts. (Sec Table 5.3.) Direct counts ranged from 5.64x10^ cells/g dry soil in the 

High-As soil to 6.74x10® celLs/g dry soil in the Low-As soil. The BacLight stain used 

also revealed a 'live': 'dead' (green vs. orange fluorescence) ratio of 60:40 in all three 

soils. A relationship was noted between As contamination and the ratio of direct: 

heterotrophic plate counts. Under these conditions, Culturable bacteria accounted for 5% 

of the total population in Low-As soil, 2% in the Medium-As soil, but only 0.1% in the 

High-As soil. When soils were amended with arsenite, heterotrophic plate counts 

increased slightly or remained constant for that soil throughout the study, regardless of 

the amount of As(III) added (results not shown). 



Soil 
Moisture 
Content 
(%) 

pH 
Organic 
Carbon 
(%) 

Particle 
Distribution 

Total 
Arsenic 
(^g/g) 

Bioavailable 
Arsenic 
W g )  

Direct 
Microscopic 
cell counts 
(cells/g dry 

soil) 

Culturable 
Heterotrophic 
Plate counts 
(cells/g dry 
soil) 

Ratio of 
direct: 

culturable 
plate 

counts 

Soil 
Moisture 
Content 
(%) 

pH 
Organic 
Carbon 
(%) Sand 

(%) 
Silt 
(%) 

Clay 
(%) 

Total 
Arsenic 
(^g/g) 

Bioavailable 
Arsenic 
W g )  

Direct 
Microscopic 
cell counts 
(cells/g dry 

soil) 

Culturable 
Heterotrophic 
Plate counts 
(cells/g dry 
soil) 

Ratio of 
direct: 

culturable 
plate 

counts 

Low As 9.5 5.0 0.11 80 11 9 23.4 <0.1 6.7x10® 3.3x10^ 20 
soil (±0.31) (±0.29) 
Medium 14.0 6.5 0.13 68 28 4 13,158 133 3.8x10® 9.1x10® 418 
As soil (±0.74) (±3.8) 
High As 10.0 5.7 0.25 73 18 9 20,850 271 5.6x10^ 7.4x10^ 757 
soil (±1.1) (±3.2) 

Note Relationship between As contamination and the ratio of direct: culturable plate counts 

TABLE 5.3. Soil Characteristics—physical, chemical, and microbial characteristics of the soils used in this study. 

Moisture content: dried at 105"C for 24h 
pH: a 1:2 (w/v) solution of O.OIM CaCh for 30 minutes 
Organic carbon: determined with NCS analyzer 
Particle distribution: determined hydrometrically 
Total As; determined by microwave digestion followed by ICP-OES 
Bioavailable As: determmed by HPLC-HG-AFS (see methods) 
Direct microscopic cell counts: determined with Live/Dead BacLight staining 
Culturable heterotrophic plate counts: grown on R2A agar for 7 days 
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To compare the microbial populations in the three contaminated soils, the banding 

patterns generated from the PCR-DGGE analysis were visually inspected. Although 

remarkably stable in all of the soil microcosms, the patterns were different for each soil, 

indicating highly different bacterial communities, with no major bands in common. The 

Low-As soil had a more smeared DGGE pattern than the more distinct banding seen in 

analysis of the High-As soil. Distinct bands may indicate that there is less diversity in the 

soil bacterial population living with higher As concentrations. To determine the effects 

of additional arsenic stress on the microbial populations, soils were monitored for 

changes in banding patterns over time after being amended with different concentrations 

of As(III). No bands in DGGE gels disappeared after arsenic amendment in any of the 

soils during the study. Only in the High-As soil amended with SOOppm or lOOOppm As 

as As(III), did a change in the banding pattern occur, with a band emerging on day 3 in 

the amended soils, but not in the water-amended controls (See Figure 5.1). This band 

emerged in all three replicates. Sequencing of this band (HS-1) identified it as a member 

of the p subdivision of proteobacteria, with 92.7% homology to the facultative autotroph 

Thiobacillus (now Thiomonas) thermosulfatus. A more recent BLAST search found 96 

% (419/435) homology to Thiomonas sp. N0115. 
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FIGURE 5.1. DGGE analysis of High As soil microcosms after amendment arsenic as 
As(III). 
Oppm (control/ water only), SCDppni and lOOOppm As as As(III) 
amendments are compared (left to right). The triangle ( •^) notes the 
emergence of a band (HS-1) on day 3 that intensified with time in the 
High As soil amended with SOOppm or lOOOppm As as arsenite. Excision 
and sequencing of this band showed 96% homology to Thiomonm sp, 
N0115. (Gel photo taken by Jeffrey B. McQuaid.) 
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No bacteria isolated from the High-As soil+lOOOppm microcosms were able to 

grow on the minimal salts enrichment media agar, despite its specificity for autotrophic 

bacteria like Thiomonas sp. Three unique isolates were identified using the heterotrophic 

arsenite enrichment media (PYE and NAG) and by direct plating onto arsenite-amended 

R2A agar. (10 bacteria were isolated in all, but several were duplicates able to grow in 

several media.) 16S rDNA sequences from these arsenic-resistant isolates were 

compared to the GenBank database, and showed homology to a bacillus and members of 

the a and y subdivisions of proteobacteria (See Table 5.4). Sequences from the excised 

band and isolates were deposited in GenBank under accession numbers AF308874-

AF308877. 

TABLE 5.4 Homology to GenBank sequences. 
Sequence 
and 
accession 
number 

Closest GenBank Match Similarity Match's GenBank 
Accession Number 

BandHS-1 
AF308877 

Thiomonas sp. NO] 15 96.3% AY455807 

Isolate #1 
AF308875 

Frateuria sp. WJ64 98.0% AY495957 

Isolate # 2 
AF308874 

Rhodopseudomonas rhenobacensis 98.8% AB087719 

Isolate # 4 
AF308876 

Bacillus psychrodurans str. DSM 
11713 

98.5% AJ277984 

Isolates #1, #2, and #4 were then grown in duplicate in minimal salts media with 

lOOppm As as either As(III) or As(V), and changes in arsenic forms were monitored by 

HPLC-HG-AFS over 7 days. All three bacteria were isolated from the soil with the 
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highest endemic arsenic concentration that had been spiked with the highest As(III) 

concentration (lOOOppm). This soil with its microbial population had shown rapid 

oxidation of the additional As(III) in the As speciation study. All isolates had shown 

resistance to high concentrations of arsenite since they could grow in media and agar 

containing lOOOppm As as As(lII). However, they varied in their efficiency of 

transforming arsenic. With isolates #1 and #2, As(III) levels decreased with a 

concomitant increase in As(V) over 7 days. Isolate #4, however, did not show any 

As(III) oxidation, with levels being similar to abiotic controls (Figure 5.2). 

The isolates were also grown in lOOppm As as As(V). In this case, it was isolate 

#4 that showed As biotransformation ability, by reducing approximately half of the 

As(V) to As(III) by day 7. Isolates #1 and #2 demonstrated no As(V) reduction ability 

under these conditions, with As(V) and As(III) levels remaining similar to the abiotic 

control (See Figure 5.3). 

The rates of As(III) oxidation by isolates #1 and #2 in media were slower than the 

rate of As(III) disappearance measured in the soil microcosms (See Table 5.5). 

Maximum rates of As(III) oxidation were 27ppm/day (0.37mM/day) and 16ppm/day 

(0.21mM/day) for isolates #1 and #2, respectively, compared to the High-As soil 

microcosm microbial population, in which lOOppm As as As(III) disappeared at a rate of 

122ppm/day (1.63mM/day) and lOOOppm disappeared at a rate of 206ppm/day 

(2.75mM/day). The rate of As(III) increase when isolate #4 was grown with lOOppm As 

as As(V) was 8ppm/day (O.llmM/day). (Linear equation of trendline for maximum 
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average As(III) increase was y = 8.3233x +3.0263, using dO,3, and 7 as the time-points to 

give an = 0.9758.) 

TABLE 5.5 Estimated half-lives and observed maximum rates of As(III) oxidation for 
the High As soil and its isolates. 

Sample Initial avg. 
As(III) 
(ppm) 

Linear equation of trendline for 
average As(III) using time-points 

listed 

Max rate 
mM/day 

t(l/2) 
days 

Community 
+100ppm in 
High As Soil 

252 y = -122.43x +219.81 
do, 1,2 — 0.826 

1.63 1.4 

Community 
+1000ppm in 
High As Soil 

1321 y = -206.45X + 1037.3 
d2,3,5 R^ = 0.9945 

2.75 4.4 

Isolate 1 
+100ppm in 
media 

94 y =-27.429x + 116.85 
dl.3 R2= 1 

0.37 2.4 

Isolate 2 
+100ppm in 
media 

99 y = -15.583x + 108.88 
dl,3,7 R2 = 0.999 

0.21 4.4 
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FIGURES.2. Transformation of As(III) by arsenic-resistant bacteria isolated from the 
High As soil amended with lOOOppmAs as As(III). 
Concentrations of As( III) and As(V) (shown in red open symbols and 
blue filled symbols, respectively) were monitored as Isolates #1 (triangle), 
#2 (diamond) and #4 (square) were grown with lOOppmAs as As(III). 
Results can be compared to the abiotic control (circle). 
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FIGURE 5.3. Transformation of As(V) by arsenic-resistant bacteria isolated from the 
High As soil amended with lOOOppmAs as As(III). 
Concentrations of As(V) and As(III) (shown in blue filled symbols and 
red open symbols, respectively) were monitored as Isolates #1 (triangle), 
#2 (diamond) and #4 (square) were grown with lOOppmAs as As(V). 
Results can be compared to the abiotic control (circle). 
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5V. Discussion 

The three As contaminated soils used in this study were from the same smelter 

site in Washington state, but had Low, Medium, and High As levels, respectively. The 

bacterial populations of the three soils also differed. Both direct and heterotrophic plate 

counts decreased with higher endemic As levels. A relationship was noted between As 

contamination and the ratio of direct: heterotrophic plate counts. Culturable bacteria 

accounted for 5% of the total population in Low-As soil, 2% in the Medium-As soil, but 

only 0.1% in the High-As soil. Lower culturability associated with metal-stressed soils 

has been seen in other studies with other metals (Baath et al., 1998, Roane and Pepper, 

2000). Regardless of the size of the As(III) amendment added, however, the 

heterotrophic plate counts remained constant or even increased slightly throughout the 

study for all soils. 

In this experiment, 16S rDNA DGGE analysis was used in three ways; 1) to 

compare microbial populations in soils with different arsenic contamination histories; 2) 

to determine the effects of additional arsenic stress on the microbial populations; and 3) 

to identify the dominant arsenic resistant isolates present in these soils. Previous studies 

have used PCR-DGGE analysis to monitor in situ changes in soil microbial populations 

after exposure to heavy metals (Macnaughton, et al., 1999). This method can only detect 

major changes in microbial populations since a bacterium must make up at least 1% of 

the population before its band will be visible, but has the advantage that it is a culture-

independent technique. 
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The Low-As soil had a more smeared DGGE pattern than the more distinct 

banding seen in analysis of the High-As soil. Few if any resolvable bands indicate a 

complex bacterial population where many species are equally abundant (Heuer and 

Smalla, 1997). In comparison, distinct bands indicate less diversity in the soil bacterial 

population living with higher As concentrations. The arsenic amendments, however, did 

not seem to lessen the diversity of the dominant bacteria in any of the soils, as would be 

indicated by bands disappearing. In fact, the opposite was true in the High-As soil + 

SOOppm or lOOOppm As microcosms. A band appeared in their DGGE analyses starting 

on day 3 and intensifying with time. The emergence of the DGGE band occurred after 

most of the As(III) was oxidized to As(V). It may be that the bacterium emerged into 

dominance because it was resistant to the arsenite, but then somehow preferred the 

resulting As(V) environment. However, since a bacterium must make up at least 1% of 

the population before its band will be visible, the bacterium could have been an active 

As(III) oxidizer, even before it became one of the dominant bacterium in the soil • 

population. This may suggest that the emergent microorganism was able to use energy 

from arsenite oxidation, which favored its growth. Arsenite oxidation is known to serve 

as a source of energy for at least three autotrophic bacteria, and perhaps as an auxiliary 

source of energy for some heterotrophs (Ehrlich, 2002). 

The emergent 16S rDNA band showed 96.3% sequence homology to Thiomoms 

sp. N0115. The Thiomoms genus (previously part of the Thiobacillus genus) consists of 

a phylogenetic cluster of thiobacilli capable of mixotrophic growth and is part of the P 

subdivision of proteobacteria (Moreira and Amils, 1997). Members of the Thiomonm 
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genus, like those of Thiohacillus, derive energy from the oxidation of reduced sulfur 

compounds (Holt, et at, 1994). It should be noted that Thiomonas sp. NO] 15 is 

associated with the oxidation of iron, sulfur and arsenic in mine waters and mine wastes 

(Coupland, et al, 2003). Based on the identification of the closest homolog at the time 

(92.7% sequence homology to Thiobacillus (now Thiomonas) thermosulfatus, a 

facultative autotroph), attempts were made to isolate the unknown bacterium in culture 

using a media for arsenite-oxidizing autotrophs as described by Ilyaletdinov and 

Abdrashitova (1981). These attempts proved unsuccessful under the conditions and 

media used. 

Three heterotrophic bacteria were successfully isolated from the lOOOppm 

amended High-As soil. All demonstrated high As resistance, since they were able to be 

maintained in lOOOppm As as As(III) media. Their ability to transform arsenic as isolates 

was tested in media containing lOOppm As of either As(III) or As(V). Isolate #1, which 

was shown to be 98.0% homologous to Frateuria sp. WJ64, was able to oxidize all of the 

As(III) present within the 7day study, but did not reduce arsenate. All strains of the 

genus Frateuria test positive for the production of HaS (Holt, et al, 1994). Frateuria sp. 

WJ64 is a y-proteobacteria and was found as part of a study titled "Microbiology of a 

wetland remediation system constructed to remediate mine drainage from a heavy metal 

mine" (Hallberg and Johnson, 2003). 

Isolate #2, which was shown to be 98.8% homologous to Rhodopseudomonas 

rhenohacensis, was also able to oxidize all of the As(III) within 7days, without the ability 

to reduce arsenate. Members of the genus Rhodopseudomonas prefer photoheterotrophic 
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growth using a number of organic carbon compounds as carbon source and electron 

donor. Photoautotrophic growth is possible, however, using hydrogen, thiosulfate, or 

sulfide as the electron donor under anaerobic conditions (Holt, et a!., 1994). 

Rhodopseudomonas rhenohacensis is a nitrate-reducing purple non-sulfur phototrophic 

bacterium classified as an a-proteobacteria (Hougardy et al., 2000). 

In contrast, isolate #4, shown to be 98.5% homologous to Bacillus psychrodurans 

str. DSM 11713, was able to reduce approximately 50% of the As(V), but was unable to 

oxidize As(III). It should be noted that members of the Bacillus genus can form 

endospores to survive adverse conditions and that most members (greater than 90%) test 

negative in the ability to actively rcduce sulfate to sulfide (Holt, et al, 1994). Bacillus 

psychrodurans str. DSM 11713 is psychrotolerant, and contains ornithine in its cell wall 

(Abd El-Rahman, et al., 2002). 

While all three bacterial isolates showed As resistance, they may have different 

strategies for dealing with arsenic and its many forms, depending upon which arsenic 

species they are likely to encounter, and which biological processes may be especially 

vulnerable. Arsenite and arsenate have different mechanisms of action at the biochemical 

level. Arsenite binds to sulfhydryl groups (which can disrupt proteins), while arsenate 

substitutes for phosphate in ATP to form arsenato-ADP, which spontaneously hydrolyzes 

instead of acting as the energy currency for the cell's metabolic reactions. 

Microorganisms can, however, show resistance to arsenic through several 

mechanisms. The most well studied arsenic resistance mechanism is the efflux system, a 

complex reduction and extrusion system in which arsenate that enters the cell via the 
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phosphate transporter is reduced and pumped out of the cell as As(III). The genes for this 

form of As resistance are very common on plasmids in gram (+) and gram (-) bacteria. 

The genes are also often present on the bacterial chromosome (Silver et a!., 2002). There 

can also be phosphate transporters that are able to favor phosphate over the chemically 

analogous arsenate, so that less As(V) enters the cell. This form of resistance does not 

change the form of the arsenic, however (Cervantes, et ai, 1994). Arsenite, which enters 

the cell via aquaglyceroporins (Rosen, 2002), can be pumped out of the cell as is if the 

cell has an arsenite pump. Another resistance mechanism to As(III) is oxidation to less 

toxic arsenate by an arsenite oxidase. While biotic arsenite oxidation has been 

recognized since 1918. the arsenite oxidase enzyme was purified and characterized from 

Alcaligenes faecalis strain NCIB 8687 in 1992 (Anderson, et aL), and only recently has 

its crystal structure been resolved (Ellis, et al, 2001). The gene and DNA sequence are 

now being elucidated (Anderson, et al, 2002). Arsenite oxidase, located in the 

periplasm, oxidizes arsenite to arsenate. The arsenate then seems to be excreted to the 

media without further modification. Thermus sp. strain HR13 has been found to be able 

to both respire As(V) and oxidize As(ni) (Gihring and Banfield, 2001), but it is currently 

unknown if arsenite-oxidizing bacteria also utilize PsT transporters, or if a bacterium 

could have both arsenate detoxification reductase and arsenite oxidase abilities. 

The bacterial isolates in this study seemed to have either arsenate reductase or 

arsenite oxidase ability, but not both. There does not seem to be a way to predict which 

arsenic resistance mechanism may be employed. Genome sequences could be searched 

for arsenic resistance genes. It is interesting to note that the three bacteria in this study 
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associated with arsenite oxidation (the DGGE band that emerged from the High-As soil 

during the highest rates of As(III) oxidation, and isolates #1 and #2 which were able to 

oxidize As(III) in media) are most homologous to bacterial genera associated with sulfur 

reactions. Thiomonas and Rhodopseudomonm can derive energy from the oxidation of 

reduced sulfur compounds. Arsenite is often found with sulfur compounds in the 

environment, especially from mining activities (like associated with the homologous 

Frateuria sp.). Arsenite is toxic because it can bind to biological sulfhydryl groups. For 

bacteria in sulfur environments and dependent on sulfur reactions, arsenite may be a more 

common and greater danger than arsenate, so that arsenite oxidase is the resistance 

mechanism of choice. 

Macur, et al. (2004) also found both As-oxidizing and As-reducing organisms in 

the same soil when studying the oxidation of As(III) to As(V) in As-contaminated Van 

Dyke soil from Madison River basin, downriver of geothermal sources of arsenic in 

Yellowstone National Park. Eight bacterial isolates were cultivated from unsaturated soil 

transport columns treated with influent containing 75pM (5.6ppm) As(III). These isolates 

were then observed under aerated serum bottle conditions, and were characterized 

regarding their ability to either oxidize or reduce 50p,M (3.75ppm) As(III) and As(V), 

respectively. Three were able to oxidize arsenite at rates of 0.09,0.26, or 0.33mM/day. 

This is similar to the rates of arsenite oxidation determined for isolates #1 and #2, which 

were 0.21 and 0.37mM/day, respectively. Five isolates from the Macur study were able 

to reduce arsenate at rates ranging from 0.31 to 1.16 mM/day. To compare, arsenite 

formation was measured to be 0.11 mM/day for isolate #4 grown with As(V). There was 
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an interesting note to the Macur study. Two isolates sharing 99% 16S rDNA sequence 

homology to Agrohacterium, but identical to each other, responded oppositely to 

arsenic—one could only oxidize As(III) and the other only reduced As(V). Since arsenate 

reductase genes can be encoded in plasmids, the possibility that one of the otherwise 

identical isolates has that plasmid and the other has lost it is being investigated. 

Since both As(III) oxidizing and As(V) organisms can occur in the same soil, 

changes in microbial population dynamics will affect which arsenic reaction will 

dominate, and therefore affect the form, availability, and toxicity of the arsenic present. 

5VI. Conclusions 

While Chapter 4 showed that soil microorganisms have a significant influence on 

the form and availability of arsenic present in soils, this study has shown that arsenic can 

have a significant influence on the microorganism populations present in soils. Arsenic 

seems to have adversely affected microbial health in the soils with a history of arsenic 

contamination. There were fewer numbers of microorganisms (direct and heterotrophic 

plate counts), less diversity (DGGE analysis showed more distinct bands rather than the 

smears of a typical uncontaminated soil), and a higher direct count to heterotrophic plate 

count ratio in the most contaminated soils. These soils with their long histories of arsenic 

contamination and adapted microbial populations were again changed when exposed to 

additional As(III). 16S rDNA PCR-DGGE analysis revealed a bacterial species emerge 

into dominance as the 500ppm and 1 OOOppm As(IlI) amendments were being oxidized in 

the High-As soil microcosms. 
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And yet, even when microorganisms are found in the same soil environment, 

under the same selection pressure, different bacteria show different strategies for dealing 

with the arsenic. When three highly As(III) resistant bacteria were isolated from the 

High-As soil, there was a variation in their ability to transform As(III) and As(V) in 

media. Two isolates used arsenite oxidation, while one was able to form As(III) from 

As(V). There is no way to predict which strategy a particular As-resistant bacterium will 

have, although perhaps a link between arsenite oxidation and sulfur reduction should be 

explored. Biotic arsenite oxidation and arsenate reduction reactions can co-exist in the 

same soil environment. Changing environmental conditions will affect the dynamics of 

the microbial populations, which can affect the equilibrium of the arsenic chemistry, 

which in turn can alter the soil bacteria populations. Further studies using As(V) as the 

additional As stress instead of As(III) could shed further light on the complexities of 

microbial responses to arsenic. 

Trying to understand soil population dynamics is difficult, since even dominant 

bacteria, such as the one that emerged from the High-As soil amended with lOOOppm As 

as As(III), may not be culturable under the test conditions. Future attempts to culture this 

bacterium for evaluation of arsenic transformation ability could be guided by information 

from the more closely homologous bacteria Thiomonm sp. NOII5. While the use of 

16S rDNA analysis has the advantage of being a culture-independent technique, only 

pronounced changes in the microbial populations can be detected. Subtle changes in 

species dynamics could be seen if group-specific primers were used. The primers used in 

this study only focused on eubacterial domains. Archaea may also play a role in arsenic 
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biogeocheniistry, especially in the extreme environments of high acidity and high heavy 

metal concentrations where arsenic contamination is often found. 16s rDNA analysis also 

cannot detect changes in plasmid distribution, which may affect arsenic resistance and 

transformation. Besides 16S rDNA analysis, other PGR techniques could be used to 

better understand the interactions between bacteria with different arsenic resistance 

strategies, such as searching the genomes for ars genes or analogs of arsenite oxidase. 

When considering the entire soil microcosm, the interaction between arsenic and 

fungal populations should also be investigated. It should be noted that extensive fungal 

growth was observed when trying to isolate bacteria from the High-As soil amended with 

lOOOppm As as As(III), even when using lOOOppm As plates. These arsenic resistant 

fungi populations may play a role in the overall rate of As(III) oxidation in soils, and, as 

seen in the bacterial populations, may fluctuate with exposure to arsenic. 

While arsenic exposure led to the emergence of one band when already 

contaminated soil was amended with additional As(III), it would be interesting to monitor 

the changes in microbial populations when a control soil is amended with high arsenic 

concentrations. The initial smear of bands seen for a typical healthy soil, however, may 

make it difficult to monitor changes in the band pattern. To begin to understand how a 

previously unexposed soil adapts to arsenic, the next study will monitor changes in 

overall arsenite oxidation rates as a naive soil is repeatedly exposed to arsenic. 
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CHAPTER 6: 

ADAPTATION OF ARSENITE OXIDATION RATES IN AN ARSENIC NAIVE SOIL 

61. Abstract 

Arsenic (As) is ubiquitous in the environment, both as a natural component of soil 

minerals and as a contaminant from human activities. Arsenic may be present in different 

forms, each differing in bioavailability, mobility, and toxicity. The form of As present is 

affected by both biotic and abiotic influences, so that manipulating those influences can 

change the rate of transformation from one form to another. Oxidizing arsenite (As(III)) 

to arsenate (As(V)) decreases both the toxicity and mobility of the arsenic. We 

hypothesized that repeated exposure to As(III) will allow soil microorganisms to adapt to 

higher levels of As(III) and give faster overall rates of As(III) oxidation. A soil with no 

known previous exposure to As was dosed weekly with lOOppm As as As(III), and then 

challenged with SOOppm As as As(III). The levels of water-extractable As(III) and As(V) 

were monitored over time by high performance liquid chromatography—hydride 

generation—atomic fluorescence spectrometry. Changes in the rate of As(III) oxidation 

were dependent on both the number of previous doses and the challenge dose. After the 

first dose, the soil had adapted to lOOppm As(III) with no further change in oxidation 

rate. The As(III) oxidation rates when the pre-dosed soils were challenged with SOOppm 

As as As(III), sequentially increased with more As exposure. Microorganisms from such 

an adapted soil were then extracted and used to inoculate an As-naive soil. This 

inoculated soil was then challenged with SOOppm As as As(III). The pattern of As(III) 
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disappearance in the inoculated soil was more similar to an adapted soil than to a naive 

soil, showing that it was the microbial population that was respoasible for the change in 

the rate of As(III) oxidation. A soil inoculum with an optimized As(III) oxidation rate 

could be used in soil remediation to lessen the risk from the environmental arsenic. 

611. Introduction 

Arsenic (As) is ubiquitous in the environment. It is a natural component of many 

rocks and minerals, as well as a contaminant from such human activities as coal-burning, 

wood treatment, cotton defoliation, and pesticide application. Although activities 

releasing As into the environment have decreased, the arsenic is still present—even 

decades later (Cullen and Reimer, 1989; Tamaki and Frankenberger, 1992). 

The most common forms of arsenic in the environment are arsenate (As(V)) 

arsenite (As(III)), monomethylarsonic acid (MMA(V)) and dimethylarsinic acid 

(DMA(V)). The different forms of arsenic have different chemical and physical 

properties, and therefore differ in their toxicity and bioavailability. A conservative 

estimate of the amount of arsenic that could be bioavailable is the water-extractable 

fraction of arsenic. It can also be correlated to the pore water arsenic (Cullen and Reimer, 

1989) which is a measure of the amount of As available to plants and microorganisms, 

and that can be leached into water supplies. Different forms of arsenic may be present in 

this fraction, with each having different chemical and physical properties, and therefore 

different cellular toxicities and different soil sorption coefficients. Arsenite has an affinity 

for sulfhydryl groups and can bind to functional groups of proteins. At typical soil pH, it 
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is neutral and has less binding to soil components, and is therefore more mobile. 

Arsenate can substitute for phosphate in ATP reactions. It tends to form complexes and 

bind with iron and other minerals in soil, and is therefore less likely to leach into water 

supplies. 

Both biotic and abiotic influences affect arsenic form and availability in soil. 

Different soil components (organic matter, clay, iron oxides, calcium, manganese) can 

affect binding, phosphate can compete for binding sites, and pH and redox conditions can 

affect charge, and therefore soil interactions. Microorganisms play an important role in 

the geochemical cycle of arsenic affecting the form of the arsenic present through 

oxidation, reduction, methylation, and demethylation reactions. Methylation and 

demethylation, as well as the formation of arsines, appear to be minor reactions in soils 

(Turpeinen, et al., 1999). Microbial oxidation and reduction reactions are most prevalent, 

and both are seen in aerobic soils (Inskeep, et al., 2002). The potential for biotic 

transformations cannot be assumed to be present in all microbes to the same ability, and 

therefore the overall oxidation or reduction rates in a soil may be dependent on which 

microbes are present in that soil. 

It is apparent that different microorganisms have different strategies for dealing 

with the ubiquitous presence of arsenic in the environment. Many of these systems seem 

to be inducible and only activated when the arsenic threat is present. Those individual 

microbial species that can adapt shift the microbial populations during environmental 

stresses. Changing environmental conditions will affect the dynamics of the microbial 
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populations, which can affect the equilibrium of the arsenic chemistry, which in turn can 

alter the soil bacteria populations. 

We hypothesize that repeated exposure to As(III) will allow the microorganisms 

of a soil to adapt to higher levels of As(III) as indicated by a faster overall rate of As(IlI) 

oxidation. This change in overall rate is most likely due to both As resistant 

microorganisms becoming more dominant in the microbial population, as well as 

adaptations in As-resistant microbes that induce their rates of As(III) oxidation. 

Microorganisms can adapt to other metals and compounds in the environment. Microbes 

have also adapted to arsenic in media, showing an increased arsenic resistance. We have 

also seen from the study in Chapter 4 that soils with histories of high arsenic 

contamination have faster rates of arsenite oxidation when re-challenged with arsenite 

than soils with no or low previous arsenic exposure. 

In this study, a soil with no previous history of arsenic contamination was 

repeatedly dosed with lOOppm As as As(III), and then challenged with SOOppm As as 

As(III). Changes in the levels of water-extractable As(III) and As(V) were monitored 

over time to determine the rate of As(III) disappearance. Microorganisms from an 

adapted soil were then used to inoculate an As naive soil to determine if a soil's overall 

rate of As(lII) oxidation could be manipulated. A soil inoculum with an optimized 

As(III) oxidation rate could be used in soil remediation to lessen the risk from 

environmental arsenic. As(III) oxidation can be considered an important detoxification 

reaction since the resulting As(V) is less toxic and less bioavailable. Water treatment 

plants often oxidize arsenic so that it will complex with iron and be removed from the 
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water system. It is therefore beneficial to attempt to maximize the rate of As(IIl) 

oxidation. 

6III. Materials and Methods 

Two approaches were used in an attempt to adapt a soil with no known previous 

exposure to arsenic, with the result seen as an increase in the rate of arsenite oxidation. 

The first approach (the multiple dosing study) was to add repeated weekly doses of 

lOOppm As as As(III) to a naive soil, and then monitor levels of water-extractable As(III) 

when the soil was challenged with an additional lOOppm or SOOppm As as As(III). In the 

second approach (the inoculation study), a naive soil was inoculated with an extract of 

the microorganisms from a repeatedly As-dosed soil. This inoculated soil was then 

challenged with SOOppm As as As(III), and monitored for changes in water-extractable 

arsenic levels. In both approaches, the soil type, initial microcosm set-up, and As 

monitoring protocols were similar. 

Soil. Brazito sandy loam was collected from the University of Arizona's Campus 

Agricultural Center in Tucson, Arizona. This soil had no previous exposure to arsenic. 

Soil samples were collected from the top lOcm of the soil surface horizon, sieved (pore 

size 2mm). divided into weighed portions, and stored in the dark stored at room 

temperature until used. The original soil moisture was maintained by adding filter-

sterilized MilliQ water as needed to maintain the original soil weight and moisture. Soil 

moisture was determined by triplicate subsamples dried at 105°C for 24h. Brazito soil 

has previously been characterized as having a sandy loam texture, a composition of 12% 



clay, 12% silt, and 76% sand, a pH of 8.2 to 8.5, and 1.1% organic matter (Newby, et al, 

2000). Culturable counts have been measured as 3.2xl0V 9.1x10® CFU/g with total cell 

counts of 7.2x10^+ 3.2x10® (Roane and Pepper, 2000). 

Microcosms. Triplicate microcosms for each initial experimental condition 

consisted of autoclaved 500mL polypropylene screw top jars containing 50g dry weight 

of Brazito soil. Microcosms were maintained at room temperature in the dark at 

approximately 55% field capacity throughout the monitoring period. 

Arsenic extraction. One-gram (wet wt) soil samples were diluted 5 fold (w/v) 

with MilliQ water and shaken for Ih at 150rpm on a rotary shaker at room temperature in 

12mL test tubes. The samples were then spun in a centrifuge for 5 minutes at 2000rpm. 

The supematants were filtered through a 0.2|am syringe filter and stored in Eppendorf 

tubes at 4"C until samples could be measured, when they were then serially diluted with 

MilliQ water as necessary to be in a 20-600ppb arsenic range (commonly an additional 

200 fold dilution). 

Speciation and detection of bioavailable arsenic. The bioavailable arsenic, 

defined here as the water-extractable fraction, was speciated and quantified by high 

performance liquid chromatography—hydride generation—atomic fluorescence 

spectrometry (HPLC-HG-AFS) using a Spectra Physics HPLC and the Millennium 

Excalibur HG-AFS by P.S. Analytical (Kent, UK). The fluorescence signal of the 

detector was recorded using Chromquest® software, which also controlled the HPLC 

pumps. From the generated chromatographs, comparison to known standards of As(III), 

As(V), MMA(V), and DMA(V) was used to determine arsenic form from retention time 



and arsenic concentration from peak area. The concentrations were then converted to |ig 

As/g soil (dry wt.) (ppm). The protocol is based on the method of Gomez-Ariza, et al. 

(1998), with modifications in the elution gradient as described by Gregus, et al. (2000). 

The arsenic forms that can be detected with this method are arsenite (As(III)), arsenate 

(As(V)), monomethylarsonic acid (MMAV), and dimethylarsinic acid (DMAV). (See 

Table 6.1 for HPLC-HG-AFS running conditions.) Note that all chemicals used were of 

highest analytical trace metal quality, and all glassware used was acid washed in 30% 

nitric acid for 24h, then rinsed in MilliQ water and soaked in HCl for another 24h before 

use. 
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TABLE 6.1 Conditions for arsenic speciation by high performance liquid 
chromatography-hydride generation-atomic fluorescence spectrometry 
(HPLC-HG-AFS). 

HPLC Parameters 

Column Hamilton PRP X-100 (250*4.1mm) anion exchange column, 

lOfim particle size 

Mobile Phase— 

Gradient Elution 

lOmM Potassium Phosphate (pH 5.75) for 0-2.0 min 

60mM Potassium Phosphate (pH 5.75) for 2.1-8.5 min 

lOmM Potassium Phosphate (pH 5.75) for 8.6-12.0 min 

Injected volume lOOp-L 

Flow rate ImL/min 

Hydride Generation Parameters 

Acid solution 1.5M HCl, l.SmL/min 

Reducing reagent 1.5% (w/v) Sodium Borohydride (NaBR)) in 

1% (w/v) NaOH, 1.8mL/min 

Argon flow rate 3(X)mL/min at the gas/liquid separator 

APS Parameters 

Arsenic Boosted Hollow Cathode Lamp 

Wavelengths 

(preset) 

197.3nm, 193.7nm, and 189.0nm 

Primary Current 27.5mA 

Boost Current 35.0mA 
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Multiple Dosing Approach (See Figure 6.1) 

Oxidation of lOOppm As asAs(IU). To determine if the rate of As(III) oxidation 

changes after repeated dosing with As(III), microcosms were sequentially dosed with 

lOOppm As as As(III). The initial triplicate microcosms, consisting of autoclaved 500mL 

polypropylene screw top jars containing 50g dry weight of Brazito soil, were given their 

1st lOOppm dose by amending with neutralized (by 1.5 M HCl) aqueous sodium arsenite 

solution to give a concentration of lOOfig added arsenic per gram of soil (dry wt). The 

microcosms were maintained at approximately 50% field capacity at room temperature in 

the dark. Changes in water-extractable arsenic were monitored for one week by taking Ig 

(wet wt) soil samples on days 0,1,3,5, and 7 after dosing. The microcosms were then 

given their 2nd lOOppm dose of As(III), taking into account the changes in soil sample 

size. Again the microcosms were maintained at 50-55% field capacity at room 

temperature in the dark, and monitored for one week by taking ig (wet wt) soil samples 

on days 0,1,3,5, and 7 after dosing. This dosing and monitoring schedule was repeated 

for the 3rd lOOppm dose and the 4th lOOppm dose. The rates of As(III) oxidation after 

exposure to 0,100,2x100, or 3xlOOppm As as As(III) could then be compared by 

determining how fast the 1st lOOppm, 2nd lOOppm, 3rd lOOppm and 4th lOOppm dose 

disappeared, respectively. The samples were therefore named (0)+l(X), (100)+100, 

(2x100)+100, and (3x100)+100, For a schematic of this dosing schedule, see Figure 6.1, 

part A. 
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Oxidation of SOOppm As as As(IIl). To determine how pre-dosed soils would 

respond to a larger arsenite challenge, the rate of As(III) oxidation of SOOppm As was 

measured after repeated dosing with lOOppm As as As(III). Sets of triplicate 

microcosms consisting of autoclaved SOOmL polypropylene screw top jars containing 50g 

(dry wt.) of Brazito soil were amended three times (days 2, 8, and 14), two times (days 8 

and 14), or one time (day 14) with a neutralized (by 1.5 M HCl) aqueous sodium arsenite 

solution to give a dose of lOO^ig arsenic per gram of dry soil each time. The microcosms 

were maintained at approximately 50% field capacity at room temperature in the dark. 

One-gram (wet wt.) soil samples were taken within 3h of each dosing to confirm the 

added concentrations of water-extractable arsenic. Seven days after the last lOOppm dose 

was given (during which As concentrations in the soils were monitored), all microcosms, 

as well as a new set of never-dosed control microcosms (50g dry wt. Brazito), were 

amended with neutralized (by 1.5 M HCl) aqueous sodium arsenite solution to give an 

additional dose of 500|ig arsenic per gram of soil (dry wt.). Microcosms were therefore 

named (3xl00)+500, (2xl00)+500, (100)+500, or Control+500, respectively. The 

microcosms were maintained at approximately 55% field capacity and kept at room 

temperature in the dark for two weeks. One-gram (wet wt) soil samples were taken on 

days 0,1,3,5,7,9,11, and 14 after the 500ppm dose to monitor changes in water-

extractable arsenic. For a schematic of this dosing schedule see Figure 6.1, part B. The 

(3xl00>f500 and the Control+500 microcosms from this study were also used as 

comparisons in the inoculation study described below. 
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Inoculation Approach. (See Figure 6.2) 

Pre-dosing. Another set of triplicate microcosms consisting of autoclaved 500mL 

polypropylene screw top jars containing 50g (dry wt.) of Brazito soil was prepared at the 

same time as the SOOppm dosing study. These microcosms were also amended three 

times (days 2, 8, and 14) with a neutralized (by 1.5 M HCl) aqueous sodium arsenite 

solution to give a dose of 100|ig arsenic per gram of dry soil each time, and were 

maintained at approximately 50% field capacity at room temperature in the dark. One-

gram (wet wt.) soil samples were taken within 3h of each dosing to confirm the added 

concentrations of water-extractable arsenic. These pre-dosed microcosms were used as 

the source of the 3x100 inoculum. 

Inoculum extraction. 7 days after the 3rd lOOppm dose was given, the pre-dosed 

microcosms and three non-dosed control microcosms (consisting of autoclaved 500mL 

polypropylene screw top jars containing 50g (dry wt.) of Brazito soil without any 

previous As(III) amendments) were prepared as the sources for the (3x100) inoculum and 

the Control inoculum, respectively. To extract the microorganisms from the microcosm 

soils, a 4:1 ratio of 0.1% sodium pyrophosphate: soil (dry wt.) was shaken for 30min at 

150rpm on a rotary shaker. The solutions were then allowed to settle 6h before sterile 

transfer of the supernatant to 50mL falcon tubes (3 per microcosm). The tubes then sat 

overnight before being spun for 5 minutes at 2(XX)rpm, and again for 15 minutes at 

26(X)rpm to pellet the bacteria. The supematants were discarded and the pellets were re-

suspended in ImL of 0.85% saline and pooled per original microcosm. The falcon tubes 

were rinsed again with ImL saline and this rinsate was added to the respective pools. The 
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pooled samples were spun at 2600rpm for 15 minutes, decanted, and re-suspended in 

4.73mL of 0.1% saline to produce the final inoculum in the volume required to bring 

each new microcosm up to 50% field capacity. 

Inoculation and dosing. Two sets of new triplicate microcosms were made as 

before using 50g (dry wt.) of Brazito soil in autoclaved 500mL polypropylene screw top 

jars. Microcosms were brought up to 50% field capacity with (3x100) inoculum, or 

Control inoculum. The new microcosms were then amended with neutralized (by 1.5 M 

HCl) aqueous sodium arsenite solution to give an additional dose of 500)jg arsenic per 

gram of soil (dry wt.). Samples were therefore named (3x100) inoc+500 and Control 

inoc+5(X), respectively, and were compared to the (3xl00)-i-500 and Control+500 of the 

500ppm dosing study. The microcosms were maintained at approximately 55% field 

capacity and kept at room temperature in the dark for two weeks. One-gram (wet wt) soil 

samples were taken on days 0,1,3,5,7,9,11, and 14 after the 500ppm dose to monitor 

changes in water-extractable arsenic. 

The changes in water-extractable As(III) and As(V) concentrations over time 

were graphed for all microcosms. The observed maximum average rate of As(III) 

decrease—As(III) oxidation—was determined from the slope of the linearized trendline 

over the days the maximum rate of As(III) decrease was observed. Any lag times before 

maximum rates of decrease occurred were also noted. Half-lives were estimated based 

on measured As(III) concentrations on day 0 and observed maximum average rates of 

As(IIl) decrease, assuming pseudo-first-order reactions. 
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FIGURE 6.1 Multiple Dosing Study. Set-up for lOOppm challenges (A.) or 500ppm 
challenge (B.) after multiple doses. Each rectangle represents a triplicate 
set of microcosms. The "+100" or "+500" is As(III) concentration (ppm 
As) added to the microcosm above it. The bolded notations are the names 
of the samples. Each arrow = 7days. Water-extractable As levels were 
monitored throughout part A., but only after the last lOOppm and for the 
14d after the 500ppm dose in part B. Note that the Control +500 and the 
(3xl00)+500 microcosms are the same ones used in the inoculation study. 
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FIGURE 6.2 The Inoculation Approach. 
Each rectangle represents a 
triplicate set of microcosms. 
The "+100" or "+500" is 
As(III) concentration 
(ppmAs) added to the 
microcosm above it. The 
wide arrows and stars 
represent the extraction and 
transfer of inoculum. The 
long black arrows represent 
7d between doses. The 
bolded notation represents 
the names of the samples. 
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6IV. Results 

Two approaches were used in an attempt to adapt a naive soil to arsenic, as 

measured as an increase in the rate of arsenite oxidation (As(III) disappearance). To 

determine if this change in oxidation rate is possible in a relatively short period of time, 

we used multiple doses of As(III) to "prime" the microbial soil population. Previous 

work (see chapter 4) has shown that lOOppm of As as As(III) disappeared from the water-

extraclable fraction of the biotic control soil microcosms within 7 days—tlie timeframe of 

this study—so lOOppm As as As(III) was used as the "primer". 

Multiple Dosing Study. A soil with no known previous exposure to arsenic was 

dosed weekly with lOOppm As as As(III), and the water-extractable As forms were 

measured over time after each dose. While it took approximately 5 days for the first dose 

of As(III) to disappear in the (0)+100 microcosms, the second, third, and fourth As(III) 

doses, (100)+100, (2x100)+100, and (3xl00)+100, all disappeared in 3 days. The level 

of water-extractable As(V) increased as the As(III) levels decreased in all microcosms, 

showing that As(III) oxidation was occurring. (See figure 6.3.) Note that As(III) levels 

did seem to rebound in the (2xl00)+100 and the (3xl00)+100 microcosms after 

disappearing, so that the fastest overall rate of As(III) oxidation for lOOppm As as As(III) 

was in the (100)+100 microcosms at 0.17 mM/day (see Table 6.2). Note that the results 

for (0)4-100, (100)+100 and (2x100)+100 were confirmed when the microcosms from the 

SOOppm challenge were monitored for the week after their last lOOppm dose, before they 

received their SOOppm challenge dose (results not shown). 



Soils that had received zero, one, two, or three lOOppm doses were then 

challenged with SOOppm As as As(III). The lag time before the maximum rate of As(III) 

disappearance occurred decreased with more lOOppm amendments, from 7 days in the 

Control+500 microcosms, to 5 days, 3days, and then 1 day in the (100)+500, 

(2xl(X))+500, and (3xl00)+500 microcosms, respectively (See Figure 6.4). The highest 

maximum overall rate of As(III) disappearance was 1.04 mM/day in the (3xl(X))+500 

microcosms, compared to 0.82 mM/day for the Control+500 samples. The (100)4-500 

microcosms showed the slowest maximum rate of As(III) disappearance, while the 

(2xl00)+500 microcosms were similar to the rate of As(III) disappearance found in the 

control soil (See Table 6.2). Also note that there were larger standard deviations in the 

As concentration measurements for the (100)+500 samples. Again, As(V) was 

concomitantly formed in all microcosms indicating that As(III) disappearance was 

primarily due to As(III) oxidation (See figure 6.5.). Note that similar trends and rates of 

As(III) oxidation were seen when lOg (dry wt.) aliquots from the l{X)ppm challenge 

microcosms were dosed with 500ppm, thus confirming the results for the (100)+500, 

(2xl00)+500, and (3xl00)+500 microcosms, including the larger standard deviations 

observed for the (100)+500 samples (results not shown). 
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TABLE 6.2 Estimated half-lives and observed maximum rates for As(III) under 
multiple dosing conditions. 
t(l/2) = [ln(0.5)]/(k*24h/d); k (h"^)=ln([Ci-Max]/Ci); Ci (mM) = initial 
(dO) average As(III) concentration; Max (mM) = maximum decrea.se in 
As(III) observed over Ih (calculated from slope of linear trendJine). 

Pre-Dose and Dose 
in Microcosm 

Initial avg. 
As(III) 
(ppm) 

Linear equation of trendline 
for average As(III) using 

time-points listed 

Max rate 
mM/day 

t(l/2) 
days 

(0)4-100 74 y = -8.34x +44.139 
dl,3,5 R^ = 0.9946 

0.11 6.14 

(100)+100 72 y= -12.848x + 39.136 
dl,3 == 1 

0.17 3.87 

(2xl00)+100 74 y=-11.977x +37.097 
d l 3  R ^ = l  

0.16 4.27 

(3xl00)+100 80 y= -10.053X + 36.37 
dl,3 R^ = 1 

0.13 5.50 

(100)+500 470 y= -48.301X + 522.66 
d5,7,9,ll R^ = 0.9813 

0.64 6.73 

(2xl(X})+500 417 y=-62.317x +443.31 
d3,5,7 R^ = 0.9904 

0.83 4.62 

(3xl00)+500 397 y= -77.882X + 449.64 
dl3,5 R^ = 0.9992 

1.04 3.52 

Control+500 451 y== -61.595X + 738.08 
d7,9,ll R^ = 0.9846 

0.82 5.06 

(3x100) Moc +500 432 y= -62.084X + 504.2 
d3,5,7 R^ = 0.9935 

0.83 4.81 

(Control) Inoc +500 412 y= -45.8X + 574.21 
d7,9,ll R^ = 0.9997 

0.61 6.22 
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FIGURE 6.3 Multiple Dosing Study—Oxidation of lOOppm As as As(III). 
Microcosms were sequentially dosed with lOOppm As as As(III) on days 
0, 8,16, and 24. As(III) (red triangles) and As(V) (blue squares) 
concentrations were monitored for 7d after each dose. 
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FIGURE 6.4 Multiple Dosing Study—Oxidation of SOOppm As as (AsIII). 
Microcosms were sequentially amended with lOOppm As as As(III) either 
zero (Control+500), one ((100)+500), two ((2xl{)0)+500), or three times 
((3xl00)+500), and were then dosed with SOOppm As as As(III). The rates 
of As(III) disappearance were then compared. Error bars represent the 
standard deviation for microcosms done in triplicate. 
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FIGURE 6.5. Multiple Dosing Study—Formation of As(V) when 500ppm is oxidized. 
Microcosms were sequentially amended with lOOppm As as As(III) either 
zero (Control+500), one ({100)+500), two ((2xl00)+500), or three times 
((3xl00)+500), and were then dosed with SOOppm As as As(III). The 
rates of As(III) disappearance were then compared. The concomitant 
As(V) formation is shown. Note that the different initial As(V) levels 
reflect the differences in previous As exposures. 
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Inoculation study. To determine if altering the microbial population could 

directly increase the rate of As(III) oxidation, microorganisms from a soil that had been 

sequentially exposed to three lOOppm As as As(III) amendments were extracted and used 

as inoculum for a previously non-exposed control soil. This inoculated soil was then 

exposed to 500ppm As as As(III) (the (3x100) inoc+500 microcosms). Results were 

compared to a control soil (Control+500), a control soil inoculated with inoculum from 

another control soil (Control inoc+500), and 3x100 pre-dosed soil ((3xl00)+500), that 

had all been amended with SOOppm As as As(][II). Control+500 and Control inoc +500 

microcosms both showed lag times of 7days before As(III) oxidation occurred at 

maximum rates. Although the maximum rates of As(III) disappearance were different, 

the standard deviations for Control+500 and Control inoc+500 over-lapped, indicating an 

overall similar response to the added As(III) (See Figure 6.6). 

The (3x100) inoc+500 microcosms (the never As-exposed soil inoculated with 

previously exposed microbes) and the (3xl00)+500 both showed Oppm of water-

extractable As(III) before day 9, rather than by day 13 as seen in the Control microcosms 

(See Figure 6.6). There was also a shorter lag time (3days) in the (3x100) inoc+500 

microcosms compared to controls, although the maximum rates of As(III) decrease were 

similar. As(V) concentrations also concomitantly increased as As(III) levels decreased, 

indicating that arsenite oxidation was occurring (data not shown). 
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FIGURE 6.6. Inoculation Study—Arscnitc oxidation of SOOppm As as As(IlI). 

Control soils were inoculated with microorganisms extracted from either a 
control soil (Control Inoculum +500) or a soil sequentially amended three 
times with lOOppm As as As(III) ((3x100) Inoculum +500). The soils 
were then exposed to 500ppm As as As(lII). Results are compared to a 
control soil without previous exposure or inoculation (Control soil +500), 
and a soil that had been sequentially amended three times with AsIII and 
then exposed to an additional SOOppm ((3x1 (X)) soil+500). 
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6V. Discussion 

Previous studies have shown that soils with a history of arsenic exposure show 

faster rates of arsenite disappearance when re-exposed to arsenite than soils with little or 

no previous exposure to arsenic. (See chapter 4). Most of this arsenite is oxidized to 

water-extractable arsenate. We hypothesize that the difference in As(III) oxidation rates 

is due to the adaptation of soil microbial populations to the arsenic in their environment. 

Other studies have shown that arsenite oxidation by soil microorganisms most commonly 

occurs when there has been a pre-exposure to arsenic (Ehrlich, 2002). The first studies of 

As(III) oxidation in soils showed that reperfusion of a soil with sodium arsenite solution 

increased the rate of As(III) oxidation and eliminated an initial lag time, while continued 

reperfusion resulted in an enriched soil where As(III) was oxidized rapidly at a constant 

rate (Quastel and Scholefield, 1953). Turner and Legge (1954) found As(III) only 

oxidized by cells previously grown in the presence of As(III) with maximum oxidation in 

3-4day old cells. 

Exposure to a toxin, such as arsenic, exerts a pressure on soil microbial 

populations. Only those that are resistant to that level of toxin will survive. Ecological 

niches may become available as sensitive bacteria die off or become dormant. There may 

be a transitional or lag time as resistant bacteria induce their resistance mechanisms, fill 

those ecological niches, and increase in number. 

Previous studies have shown that arsenic-contaminated soils have altered 

microbial population patterns compared uncontaminated soils, including changes in the 

number and diversity of the microbial species (Maliszewska, et al, 1985) and alterations 
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in the ratios between fungi and bacteria (Hiroki, 1993). There can also be changes in 

ecological function and biochemical signs of soil health (activity and proliferation) 

compared to a control soil (Cole and Turgeon, 1978). Results from chapter 5 showed 

both direct and heterotrophic plate counts were lowest in soils with the highest endemic 

As levels. The Low-As soil also had a more smeared DGGE pattern than the more 

distinct banding seen in analysis of the High-As soil. Distinct bands may indicate that 

there is less diversity in the soil bacterial population living with higher As concentrations. 

Further exposure to arsenic in the High-As soil amended with SOOppm or lOOOppm As as 

As(III), however, shifted the soil population again as indicated by a band emerging in the 

DGGE analyses starting on day 3 and intensifying with time. 

Microbial populations could adapt over time by transferring mobile elements. 

Newby et al. (2000) found that plasmids encoding for the degradation of 2,4-

dichlorophenoxyacetic acid (2,4-D) could be transferred to indigenous soil bacteria and 

enhance their rate of 2,4-D degradation. Arsenic resistance genes are very common on 

plasmids in gram (+) and gram (-) bacteria (Silver, et al. 2002). 

Arsenic-resistant bacteria that can transform arsenic will affect the overall rate of 

As(III) oxidation for a soil. Chapter 5 and other studies have shown that As(III)-

oxidizing and As(V)-reducing bacteria can be found in the same soil (Macur, et al., 

2004). Those bacteria with arsenite oxidase enzymes can directly oxidize the added 

As(III) to As(V). Those microorganisms dependent on reduction and extrusion systems 

would still be resistant to As(III) since they would be able to pump it out of their cells. 

They could, however, then reduce the As(V) formed by the oxidizers back to As(III). 
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The changes in the rates of As(III) oxidation can therefore reflect some of the 

changes in soil microbial populations that are exposed to arsenic over time. To determine 

if adaptation, as seen as an increase in the rate of As(III) oxidation, is possible in a 

relatively short period of time, two approaches were used. The first approach (the 

multiple dosing study) was to add repeated weekly doses of lOOppm As as As(III) to a 

naive soil, and then monitor levels of water-extractable As(lII) when the soil was 

challenged with an additional l(X)ppm or SOOppm As as As(III). In the second approach 

(the inoculation study), a naive soil was inoculated with an extract of the microorganisms 

from a repeatedly As-dosed soil. This inoculated soil was then challenged with SOOppm 

As as As(III), and the As (III) disappearance was monitored. 

Our study used multiple doses of As(III) to "prime" the microbial soil population 

in order to determine how the rate of As(III) oxidation can be altered in a relatively short 

period of time. This study showed that changes in As(lII) disappearance depend both on 

the number of previous doses and the challenge dose. Pre-exposure to As(III) affected 

how long it took a new dose of As(in) to disappear by altering the maximum rate of 

As(III) oxidation and/or the length of time before that maximum rate occurred (lag time). 

When soils were exposed to SOOppm As as As(III), the lag time before the maximum rate 

of As(III) disappearance occurred decreased with increasing number of lOOppm 

amendments, from 7 days in the Control+500 microcosms, to 5 days, 3days, and then 1 

day in the (l(X))+500, (2xlOO)+5(X), and (3xl00)+500 microcosms, respectively. No lag 

time was observed in response to any of the lOOppm As as As(III) doses, even when 

control soil was first exposed to As(III). Chapter 3 also showed no lag time when 
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microorganisms from another control soil were extracted and grown in media with either 

0,30, or 300ppm As as As(III). This seems to indicate that the basic mechanisms to 

resist such levels of As(III) are already present in a naive soil microbial population, but 

that SOOppm As(III) is a more selective stressor. 

Besides altering the lag time, priming naive soils with As(III) also changed the 

maximum observed rates of As(III) oxidation. Many factors can affect the concentration 

and form of arsenic measured in the water-extractable (bioavailable) fraction of soils, and 

therefore affect the overall observed rate of As(III) oxidation. The rates of arsenite 

disappearance and arsenate appearance in the water extractable fraction are composite 

rates of 1) the enzyme activities (arsenite oxidase and arsenate reductase) of the different 

microbial populations, 2) soil binding, and 3) perhaps other arsenic chemical reactions 

(formation of insoluble or gaseous forms). 

Biotic changes in overall As(III) oxidation rates could be due to an increase in the 

number of bacteria oxidizing the amount of As(III) present, more efficient mechanisms of 

oxidation being induced, increased mobilization of arsenic from As(V) being biologically 

leached from soils (Turpeinen, et al, 1999), or competition between As(III) oxidase 

reactions that decrease the levels of As(lII) and As(V) reductase reactions that increase 

the levels of As(III). There seems to be evidence that this competition occurs in this 

study. As(III) levels seemed to rebound after disappearing in the (2x100)+100 and 

especially the (3xl00)+100 microcosms. These soils seemed to have already maximized 

their rate of As(lII) oxidation of lOOppm As compared to non-exposed controls after just 

one previous dose. These soils had already been exposed to two or three previous doses 
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of lOOppm As as As(III), respectively, and had oxidized it all to As(V), so that there were 

higher concentrations of water-extractable As(V) in the soil than As(IIl). Those 

microorganisms dependent on reduction and extrusion systems for As(III) resistance 

would also be able to transform the increasing levels of As(V) back to As(III), and 

therefore alter the net concentration of As(III) and the calculated rate of As(IlI) oxidation. 

When the pre-dosed soils were challenged with SOOppni As as As{III), the highest 

maximum overall rate of As(III) disappearance was 1.04 mM/day in the (3xl00)+500 

microcosms, compared to 0.82 mM/day for the Control+500 samples. It could not be 

determined if the rate of oxidation of the SOOppm had maximized after three previous 

lOOppm doses. As(III) oxidation rates of 2.55mM/day have been seen when soils with a 

long history of high As contamination are re-exposed to SOOppm As as As(III) (See 

Chapter 4). The (100)+500 microcosms showed the lowest maximum rate of As(III) 

disappearance, as well as a longer lag time before the maximum rate was reached. Also 

note that there were larger standard deviations in the As concentration measurements for 

the (100)4-500 samples. This seems to imply that the soils were in transition. 

It should be noted that there has been variation in the measured response of the 

control soil to initial SOOppm As(in) amendments. The maximum observed As(III) 

oxidation rate determined in the Chapter 4 study appears much lower than in the current 

study. This study had more frequent sampling, however, and may therefore give a more 

accurate calculation. There was also a difference in oxidation rate between the SOg (dry 

wt.) Control+SOO microcosms from the current study and the lOg (dry wt.) Control+500 

microcosms used when lOg (dry wt.) aliquots from the lOOppm challenge microcosms 
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were dosed with SOOppm (results not shown). The rates determined for the (3xlOO)+5CX) 

and other pre-dosed microcosms, however, were nearly identical whether the microcosm 

held lOg or 50g of soil. Again this indicates that when initially exposed to high As 

concentrations, the soils may undergo an uneven transitional period of adjustment before 

a new equilibrium is reached. 

Inoculating a naive soil with the (3x100) inoculum before exposure to SOOppm As 

as As(III) seemed to smooth that transitional period by decreasing the lag time, and 

therefore decreasing the time it took for the SOOppm to disappear. The maximum rate of 

As(lII) oxidation was also faster than a control soil inoculated with extract from another 

control soil. This indicates that the changes in As(III) concentratioas are due more to 

changes in the microbial populations than to an interaction with the arsenic already 

present in pre-exposed soils. 

Oxidation of arsenite to arsenate reduces the acute toxicity of the arsenic, as well 

as decreasing it bioavailability by making it more likely to bind to the soil. Adapting soil 

microorganisms to arsenite increases the overall As(III) oxidation rate and therefore 

lessens the risk from arsenic in soil. By being able to develop an enhanced soil inoculum 

from the microbial populations already present, this approach can be used in soil 

remediation, lessening the risk from the arsenic in the soil without further As exposure 

necessary. 
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6VI. Conclusions 

Repeated doses of As(III) can change the overall rate of As(III) oxidation in soils 

by increasing the maximum rate of As(III) oxidation and/or decreasing the length of time 

before that maximum rate occurred (lag time). It requires more lOOppm doses to 

maximize the oxidation rate of an additional SOOppm As as As(lII) than an additional 

lOOppm. Future studies using different "priming" concentrations and time intervals may 

allow for faster adaptation as measured by faster rates of As(III) oxidation. 

Changes in the rates of As(III) oxidation are primarily due to changes in the 

microbial populations than to an interaction with the arsenic already present in pre-

exposed soils, as shown in the inoculation study. The inoculation study should be 

repeated to allow for better control of the size of the inoculum and to allow for the 

inoculate to acclimate to the new soil before being dosed with As(III). Using an extract 

from a historically contaminated soil as an inoculum for a naive soil could show an even 

faster rate of As(III) oxidation since it would likely introduce even more highly adapted 

organisms. 

While the inoculation study indicates that it is the microorganisms and not the 

accumulated As(V) that seems to most greatly affect the overall rate of As(III) oxidation, 

the As(V) may be affecting the microbial populations as well. Repeated dosing with 

lOOppm of arsenate and then challenge with As(III) may help define this effect. 

Soil microbial populations shift and adapt to the added arsenic, and then alter how 

additional arsenic is changed. Further studies are needed to determine how the microbial 

population shifts. The use of 16s rDNA DGGE analysis may be able to identify 
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pronounced changes in the dominance of different eubacteria genera. The role of the soil 

fungi populations in affecting the overall rate of As(III) oxidation should also be 

determined since the ratio of fungi to bacteria seems to increase in more arsenic exposed 

soils. 

By studying how microbial populations adapt to environmental stressors like 

As(IIl), we may better understand not only the microbial populations, but also the 

biogeochemistry of the arsenic. 
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CHAPTER 7: 

CONCLUSIONS AND FUTURE STUDIES 

71. Conclusions 

This research has studied how As(III) oxidation rates may be altered when soil 

microorganisms have had previous arsenic exposure. The primary hypothesis was that 

previous exposure to arsenic affects the soil microbial population, allowing it to more 

quickly oxidize, and therefore detoxify, additional arsenite challenges. 

The first specific aim was to more accurately reflect the bioavailable arsenic 

levels in soils with histories of arsenic contamination by determining the concentration 

and form of the water-extractable arsenic. The three soils from the smelter site were 

originally contaminated with arsenite over several decades. All of the water-extractable 

arsenic is now in the form of arsenate. The current water-extractable fraction just 

represents approximately 1% of the total arsenic level, although there is still a 

proportional difference between soils with different arsenic exposure histories. 

To see if microbial populations change with As exposure, the second specific aim 

was to determine the relationship between the bioavailable As forms in soil and the soil 

microbial gene pool by monitoring changes in microbial population size and diversity 

when soils are exposed to arsenite. To determine the effects of arsenic without the 

influence of soil binding, microbial populations extracted from a control soil were grown 

in media containing different concentrations and forms of arsenic. Although the soil had 

no known previous exposure to arsenic, the extracted mixed-microbial population was 
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able to grow in high concentrations of As(III), As(V), MMA(V), and DMA(V), with little 

adverse effect on the mixed population growth curves, suggesting the ubiquity of arsenic 

resistance in soil microorganisms. There were some changes in cell yield and lag time, 

so that the order of toxicity of the arsenic forms to microorganisms could be listed as 

As(III)>As(V)>MMA(V)>DMA(V). 

A history of arsenic contamination did seem to adversely affect soil microbial 

health. There were fewer numbers of microorganisms (direct and heterotrophic plate 

counts), a higher direct count; heterotrophic plate count ratio, and less diversity (16S 

rDNA DGGE analysis showed more distinct bands rather than the smears of a more 

typical soil), in contaminated soils than in a non-contaminated comparison soil. Soils 

with different histories of arsenic exposure had different 16S rDNA DGGE banding 

patterns with no major bands in common, implying that they have different bacterial 

communities. Additional As(III) did not adversely affect the microorganisms in soils 

with histories of arsenic contamination, however. Heterotrophic plate counts slightly 

increased or remained constant throughout the study. No loss of dominant bacterial 

species was seen using 16S rDNA DGGE analysis. The highest arsenite amendments 

did alter the dominant bacterial population in the highest contaminated soil, however, as 

indicated by the emergence of a band homologous to Thiomonas sp. N0115. 

The third specific aim for this research was to determine how microorganisms 

influence the concentration and form of water-extractable arsenic in soil. To determine 

the role of microorganisms in arsenite oxidation in aerobic soils, microcosms of soils 

with different histories of arsenic contamination were amended with As(III). As(III) 
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oxidation rates were compared by monitoring the bioavailable (water-extractable) arsenic 

concentrations using high performance liquid chromatography—hydride generation— 

atomic fluorescence spectrometry. As(III) disappearance was biotically mediated, since 

As(III) levels in sterile soils remained constant after day 1. As(V) formed concomitantly 

witli As(III) decrease implying that the As(lll) disappearance is due to As(III) oxidation. 

No organic arsenic species (MMA(V) or DMA(V)) were found in the water-extractable 

fractions anytime during the study. Studies measuring the ability of naive soil 

microorganisms to metabolize arsenic in a liquid media (without the influence of soil 

binding) indicated that methylation and demethylation are not common reactions for soil 

microorganisms, since MMA(V) and DMA(V) were only found when they were the 

initial arsenic species, respectively. 

Although As(III) oxidation occurred in all biologically active soils, reaction rates 

were positively correlated with previous As exposure, even with fewer and less diverse 

microorganisms in the chronically contaminated soils. Trends indicate that the larger the 

additional As(III) spike, the faster the rate of As(III) disappearance in pre-exposed soils, 

while the opposite is true in the control soil. The soil used as a comparison, had no 

previous known exposure to arsenic. However, microbial populations in all soils tested 

could oxidize As(III) to As(V) to some degree, although studies measuring the ability of 

naive soil microorganisms to metabolize arsenic in a liquid media (without the influence 

of soil binding) indicated that As(III) oxidation may not be as common a reaction as 

As(V) reduction in uncontaminated soils. Even under the selection pressure of a 
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chronically contaminated soil exposed to high As(III) levels, both As(IlI) oxidation and 

As(V) reduction abilities were found in bacterial isolates. 

The fourth specific aim was to evaluate the adaptation of a non-contaminated soil 

to arsenite exposure. To determine if faster As(III) oxidation rates could be induced in an 

arsenic-naive soil, control soils were given multiple doses of As(III). Changes in the rate 

of As(III) oxidation were dependent on both the number of previous doses and the 

challenge dose. Fewer doses were needed to adapt to lower As(III) concentrations. The 

Asflll) oxidation rates when the pre-dosed soils were challenged with SOOppm As as 

As(III) sequentially increased with more As exposure. When microorganisms from an 

adapted soil were used to inoculate an As-naive soil that was then challenged with 

SOOppm As as As(III), the rate of As(lII) oxidation was more similar to the adapted soil 

than to the naive soil, showing that it was the change in the microbial population that was 

responsible for the change in the As(III) oxidation rate. 

Previous exposure to arsenic changes the soil microbial population. Although it 

was not within the scope of this study to determine how the soil microbial population was 

changed, possibilities include induction of enzymes in individual organisms, or by 

alterations in the numbers, diversity, or ratio of soil microbial populations. The changed 

microbial population then responds differently to additional arsenite, by increasing the 

rates of arsenite disappearance, through decreased lag times and faster As(III) oxidation 

rates. These changes could alter the biogeochemical cycling of arsenic, affecting the 

toxicity and mobility of the arsenic for the entire ecosystem. 
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FIGURE 7.1 Oxidation of As(III) to As(V). 
Although what influences the rate of As(III) oxidation in soils can still be 
considered a black box, it is clear that soil microorganisms play a key role. 
Previous exposure to arsenic increases the rate of As(in) disappearance. 
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711. Future Studies 

Future studies based on this work could go in at least two directions; 1) better 

understanding of the shifts in soil microbial populations as environmental pressures 

change, and 2) applications to the remediation of arsenic-contaminated soils and water. 

This research has shown that soil microbial populations previously exposed to 

arsenic have faster rates of As(III) oxidation when challenged with additional As(III) than 

populations that have had less previous arsenic exposure. More accurate rates of arsenite 

disappearance could be obtained by sampling more frequently to monitor the changes in 

As concentration and form. The results already indicate, however, that there is a 

significant difference between the rates of As(III) oxidation between the High As soil (a 

soil that has a long history of high arsenic contamination) and the Control soil used for 

comparison. The High As soil and the Control soil differed in their soil microbial 

populations. There were fewer microorganisms and a higher direct: heterotrophic count 

ratio in the High As soil. While one 16S rDNA DGGE band emerged when the High As 

soil was amended with additional As(III), future studies should monitor the changes in 

microbial populations when the Control soil is amended with high arsenic concentrations. 

Within the High As soil and the adapted control soil, it seemed that biotic arsenite 

oxidation and arsenate reduction reactions co-existed in the same soil environment. 

While studies have been done comparing the number of As resistant microorganisms in 

adapted and naive soils, the distribution of the different possible mechanisms involved in 

As resistance has not been measured. The isolate study showed that resistant 

microorganisms might have different strategies and abilities to transform arsenic, even 
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when under the same environmental pressures. DNA probes based on arsenate reductase 

and arsenite oxidase genes could be used on DNA extracted from naive, contaminated, or 

adapted soils to detennine the presence and different potentials to transform arsenic. 

Plasmid distribution should also be monitored, since arsenic resistance genes are often 

plasmid-based. 

The potential roles of Archaea and fungi should also be investigated. Archaea 

may also play a role in arsenic biogeochemistry, especially in the extreme environments 

of high acidity and high heavy metal concentrations where arsenic contamination is often 

found. When considering the entire soil microcosm, the interaction between arsenic and 

fungal populations should also be investigated. It should be noted that extensive fungal 

growth was observed when trying to isolate bacteria from the High-As soil amended with 

lOOOppm As as As(lII), even when using lOOOppm As plates. These arsenic resistant 

fungi populations may play a role in the overall rate of As(III) oxidation in soils, and, as 

seen in the bacterial populations, may fluctuate with exposure to arsenic. 

The oxidation of As(III) to As(V) decreases innate toxicity and can lower 

availability by increasing binding. This work therefore has implications for soil and 

water remediation. The soil microbial populations from a contaminated soil or a nearby 

pristine soil can be "primed", and therefore adapted to high As(III) concentrations as the 

control soil did in the multiple dosing study. Repeated doses of As(III) can change the 

overall rate of As{III) oxidation in soils by increasing the maximum rate of As{III) 

oxidation and/or decreasing the length of time before that maximum rate occurred (lag 

time). Future studies using different "priming" concentrations and time intervals may 
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allow for faster adaptation as measured by faster rates of As(IlI) oxidation. Again, 16S 

rDNA DGGE analysis could be used to monitor changes in the soil microbial population 

during adaptation. 

The inoculation study showed that changes in the rates of As(III) oxidation are 

primarily due to changes in the microbial populations. The inoculation study should be 

repeated to allow for better control of the size of the inoculum and to allow for the 

inoculate to acclimate to the new soil before being dosed with As(III). Inoculating an 

already contaminated soil may better mimic remediation situations. Using an extract from 

a historically contaminated soil as an inoculum for a naive soil could show an even faster 

rate of As(III) oxidation since it would likely introduce even more highly adapted 

microorganisms. A soil inoculum with an optimized As(III) oxidation rate could be used 

in soil remediation to lessen the risk from the environmental arsenic. Conversion to 

As(V) and subsequent binding is a common step in water treatment facilities. Rapid 

oxidation to As(V) by an optimized inoculum could be done before chlorination. 

By studying how arsenite oxidation can be optimized, we will gain a better 

understanding of the biogeochemical cycle of arsenic and microbial ecology, while being 

able to apply the results to soil and water quality issues. 
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