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Abstract:

A novel Hydrogenobaculum sp. was isolated from an acid-sulfate-chloride geothermal spring in
Yellowstone National Park (YNP), WY,USA that had previously been shown to contain microbial
populations engaged in arsenite oxidation. Acid-sulfate-chloride thermal springs are a prominent spring
type in the Yellowstone geothermal complex and provide unique habitats to study chemolithotrophy
where iron, sulfur, arsenic, and perhaps hydrogen gas represent the predominant potential electron
donors for generating energy. The organism (designated H55) is an obligate microaerophilic
chemolithoautotroph that grows exclusively on hydrogen gas as an electron donor. The optimum
temperature and pH for H55 are 55-60°C and 3.0, respectively, and the 16S rDNA sequence of H55 is
98% identical to Hydrogenobaculum acidophilum. Whole cells of H55 displayed Michaelis-Menten
type kinetics when oxidizing arsenite, with an estimated Km of 80uM arsenite and a Vmax of 1.47 pM
arsenite oxidized / min. (for 1.0 x 10 6 cells per ml). The native habitat of H55 contains large amounts
of ferric iron in the stream sediments and high concentrations of aqueous hydrogen sulfide, with
concentrations of the latter negatively correlated with arsenite oxidation in the spring. Both chemical
species were examined for their contribution to, or influence of, overall (i.e. biotic plus abiotic) stream
arsenic redox activity by comparing their effects with arsenite oxidation activities of pure cultures of
HS55. The abiotic oxidation of arsenite by ferric iron occurred at significantly slower rates than that
observed with H55, and aqueous sulfide appeared to inhibit the putative arsenite oxidase of H55. The
abiotic reduction of arsenate via aqueous sulfide was negligible under the experimental conditions
utilized. The isolation and characterization of this novel Hydrogenobaculum sp. initiates the process of
characterizing the microbial populations inhabiting acid-sulfate-chloride thermal springs in YNP, and
contributes fundamental information to enhance the general understanding of the biogeochemistry that
shapes the YNP geothermal landscape.



ARSENITE OXIDATION BY A HYDROGENOBACULUM SP. ISOLATED FROM

YELLOWSTONE NATIONAL PARK

. ) . by ' . N

Jessica Donahoe-Christiansen

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Master of Science ‘_
in

Land Resources and Environmental Sciences

MONTANA STATE UNIVERSITY
Bozeman, Montana

August 2002




APPROVAL

of a thesis submitted by

Jessica Donahoe-Christiansen

This thesis has been read by each member of the thesis committee and has been
found to be satisfactory regarding content, English usage, format, citations, bibliographic
style, and consistency, and is ready for submission to the College of Graduate Studies.

Dr. Timothy McDermott Date
(Signature

Approved for the Department of Land Resources and Environmental Science

Dr. Jeffrey Jacobsen Date Z/vt/oz,

Approved for the College of Graduate Studies

Dr. Bruce McLi Date 'Zd-0
(Signature)



i

STATEMENT OF PERMISSION TO USE

In presenting fhis thesis in partial fulfillment of the requiréments for a master’s
degree at Montana State University, I agree.that the Library shall make it available to
borrowers under rules of the Library.

If I have indicated my intention to gopyright this thesis by including a copyright
notice page, copying is aliowable only for scholarly purposes, consistent with “fair use”
as prescribed in the U.S. Copyright Law. Requests for permis.si'on for extended quotation
from or reproduction of this thesis 1n whole or in parts may be granted only by the

copyright holder.

Slgnature/:l{)mtm MALW 6&44‘32“@”‘

Date g “20~ 09




1.

iv

TABLE OF CONTENTS
LITERATURE REVIEW ..........covenne.... e e e e 1
Arsenic and the Environment............oooiiiiiiiie e el 1
Properties Of ATSENIC. ......ovuiiiiiiit it e e 2
ATSenic MICTODIOIOZY . .« uvettt it i e, 5
Arsenate Reduction .......ovvviviinniiieiireeeeennnennnns, s 5
Arsenite OXIdation ....o.vvvueiiieiii e 8
Arsenic Oxidation and Reduction ............oovevevrriveenreeennanannnn., 11
Other Arsenic Transformations ........o.eivuiiereiinteeenteeaeeeeieeaeraenennen, 12
Abiotic Arsenic Oxidation and Reduction .........cooeeeeeersnsiieeseennnennnnns 14
References CIted. ... .. coovvutert i it et et 17
INTRODUCTION ..ottt e e e 24
References CIted. .. .. cuvvriiriiitiit e 26
MATERIALS AND METHODS. ..ottt e, 28
Site Description.................. e e 28
Sampling and Enrichment Cultures.............ovieiiiiiiriiiiniini e eanee e 29
IVLBAIA. ettt et e e e e 30
IS0lation ProCeUIEs. .. ..ve ittt e e e et e 30
VI ICTOSCOPY . cvuvt ettt ettt ettt et et et et e et et et et e e en e s e et e e et nen e 31
Nucleic Acid Extraction..................u..... L 31
DGGE Analysis of Partial PCR Amplified 16S tDNA.........cocooe covniieereneneeeneeeennn 33
Gene Products
Full 16S tDNA Amplification and Sequencmg ................................................ 34
Arsenic Speciation ASSAYS.........cuueieeamntrererneerimeerreeireaireee.. e 35
KiINEtICS ASSAYS. ... uiiiitiit ettt ettt ettt ettt ettt er e ettt anns .35
Effects of Abiotic Chemistry on Bacterial.........ccooviiiiiiiiiiiiii i 36
Arsenite Oxidation _ "
Statistical ANALYSIS.....ccouuiieniri e 37
REFETENCES Cte. . . vvvet it i iiitene et ettt e et e e e e e RETPR 38
EXPERIMENTAL RESULTS. ..ottt et e 39
Enrichment Cultures / IS0Iation. ............ouciviiiieeiiiieeceiirreee s e eeearseessraeseneeeens 39
Pure Culture Characterization...............cceeevennn. et ne e V42
Arsenic Speciation ACHVILY......c.viiieiitt vt 45
As(IIT) Oxidation Kinetics ............. e 45

Tolerance of AS(III) and AS(V) w..c.coviveierniiemiiinniiiininiss s 46




s,

\Z

‘ . TABLE OF CONTENTS — CONTINUED

Effects of Sulfide on As(IIT) Oxidation .............c.ccvuvuenennn... e 48

Effects of Ferric Iron on As(III) Oxidation ...........covviueinieninniniiannans. 49
Additional Notes on H55 Arsenic Speciation ACHVIty ...........o.vverenennnnn.. 51
References Cited. ... ..ocoiinin it 53
DISCUSSION .......... e e e 54
COMNCIUSIONS . ... vve ettt e e et et ettt 59
61




vi

LIST OF FIGURES

Figure ' : l ‘ Page
1. Arsenite Oxidation as a Function of Headspace ..... e, 40
Gas Phase Treatment | ‘

2. DGGE of Dilution Extinction SIategy ......................... R e, 143
3. SEMofanHS5Cell ...........ccueneen. e e 43
4. A) Optimal Temperature for H55 ........coooovveiiiiiineniniiinninnn, e 44
B) Optimal pH for HS5 ...coniiiii e, 44

5. Arsenite Oxidation Kinetics ...............coovviiiiiiiiiiiiiniinn e, 46
6. HS55 Tolerance to Arsenite and Arsenate .............. ............ 47
7. Effect of Phosphate Concentration on Arsenite and ....................o.ocovov.. 48

Arsenate Toxicity to H55 '

8. A) Effect of Aqueous Sulfide on Arsenite Oxidation by H55.........cocvvnennn.e. 50
B) Arsenate Reduction by Aqueous Sulfide ...........coooiviiviiiiiiiiniiinn. 50

9. Effect of Ferric Iron on Arsenite Oxidation ...............ccooeioiiiiiiiiiiiinnnciinnn 51
10. A) Arsenite Oxidation by HS5 .....oooiiviii 52

B) Arsenic Oxidation and Reduction by HS5 ...... [T UURRURRR ORI 52




vii

ABSTRACT

A novel Hydrogenobaculum sp. was isolated from an acid-sulfate-chloride
geothermal spring in Yellowstone National Park (YNP), WY, USA that had previously
been shown to contain microbial populations engaged in arsenite oxidation. Acid-sulfate-
chloride thermal springs are a prominent spring type in the Yellowstone geothermal
complex and provide unique habitats to study chemolithotrophy where iron, sulfur,
arsenic, and perhaps hydrogen gas represent the predominant potential electron donors
for generating energy. The organism (designated H55) is an obligate microaerophilic
chemolithoautotroph that grows exclusively on hydrogen gas as an electron donor. The
optimum temperature and pH for H55 are 55-60°C and 3.0, respectively, and the 168
tDNA sequence of H55 is 98% identical to Hydrogenobaculum acidophilum. Whole
cells of H55 displayed Michaelis-Menten type kinetics when oxidizing arsenite, with an
estimated K, of 80uM arsenite and a Vi, of 1.47 uM arsenite oxidized / min. (for 1.0 x
10° cells per ml). The native habitat of H55 contains large amounts of ferric iron in the
stream sediments and high concentrations of aqueous hydrogen sulfide, with
concentrations of the latter negatively correlated with arsenite oxidation: in the spring.
Both chemical species were examined for their contribution to, or influence of, overall
(i.e. biotic plus abiotic) stream arsenic redox activity by comparing their effects with
arsenite oxidation activities of pure cultures of H55. The abiotic oxidation of arsenite.by
ferric iron occurred at significantly slower rates than that observed with H55, and
aqueous sulfide appeared to inhibit the putative arsenite oxidase of H55. The abiotic
reduction of arsenate via aqueous sulfide was negligible undér the experimental
conditions utilized. The isolation and characterization of this novel Hydrogenobaculum
sp. initiates the process of characterizing the microbial populations inhabiting acid-
sulfate-chloride thermal springs in YNP, and contributes fundamental information to
enhance the general understanding of the biogeochemistry that shapes the YNP
geothermal landscape. :




CHAPTER 1
LITERATURE REVIEW

Arsenic and the Environment

Arsenic is ubiquitous in the environmeﬁt, and due to its acute and chronic
toxicity, it has become oné of the most globally relevant pollutants (1). Major natural
sources of arsenic in the biosphere derive principally from igneous activity, weathering of
parent rock, and légching of subsurface minerals via geothermal waters (2). It is
commonly found in trace amouﬁts in the ajmos'phere, fresh and marine waters, and in
soils in the foliowing concentration ranges: atmospheric dust, 50-400ppm; marine water,
2.6 ppb; fresh water, 0.4 ppb; soils, 0.1-1000ppm (3). Numerous anthropogenic activities
have also resulted in the release of arsenic into the environment. These inclﬁde mining
activities, ore smelting, sulfuric acid manufacturing, agricultural pesticide use, wood
preservation plants, combustion of fossil fuels, pharmaceuticals industry, semiconductor
use, and Wéstewater from underground geothermal electric power stations (4,5,6,7). As
an elemental pollutant, arsenic cannot be mineralized to a harmless gas as is the case with
many organic contaminants (i.e. CO,), and thus there is keen interest for achieving a
better understanding of the processes involved in t}le natural cycling and behavior of

arsenic in the landscape.




Properties of Arsenic

The cémmon valence states of arsenic are -3, 0, +3 and +5, correspénding to
arsine gas, arsenic metal, arsenite, and arsenate, respectively (4). It is widely distributed
in nature as salts of copper, nickel and iron as well as arsenic sulfides or oxides (3).
Among these, the most abundant and widespread mineral form of arsenic is arsenopyrite
(FeAsS) t7). Examining Var‘ious geologic materials often reveals some form of arsenic,
as it will readily sori)' ohto certain m;etals commonly found in aquatic and terrestrial
sediments (8). There are aléo naturally occufring methylatéd arsenicals that result from
biochemical activities of certain bacteria, algae and fungi (3).

In wa_ter,' arsenic is primarily found as arsenate (AsV[HzAsO4’]) or arsenite
(ASIII[H3ASO3]) (8). The predominant arsenic specie in marine waters is arsenite
(As[III]), while the dominant arsenic specie in freshwater systems is quite variable (3).
Under oxidizing conditions (0.2V-0.5V at pH 7), the anionic arsenate (As[V]) form is
thermod'ynamically favored, whereas ’.che‘ uncharged As(IIl) often predominates in
reducing environments (0-0.1V at pH 7) (9). However, it is important to note that
predicting arsenic chemical speciation based solely on environmental redox potential (i.e.
oxic or anoxic conditions) is not always‘ accurate. For example, there are documented
cases of higher than preéict@d levels of As(IIl) in oxic surface waters (10,11). The
inconsistency between what is predicted and what is actually observed is an important
issue that has slowed progress in understanding arsenic behavior in the environment.

Numerous processes can influence the bioavailability of arsenic in the

environment, including sorption/desorption, oxidation/reduction, and
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/
precipitation/dissolution reactions. When arsenic is introduced into an aquatic system, it

either binds to the sediments or cycles in the surface water (4). It has been well
established that As(V) sorbs strongly to surf;aces of Fe, Mn or Al oxides (12). The
removal of As(V) from the water column via ferric iron (Fe[lIlI]) has been shown to be
greatest under mildly acidic conditions (2,13). Under \;vell-oxidized conditions, As(V)
species are relatively immobile in aqugtic systems containing sufficient amounts of Fe,
Mn or Al oxides (14). Adsorption and co-precipitation reactions bind the aq'ueous As(V)
to particles that settle through the water column, accumulating in sediments, and thus
explaining why arsenic concentrations in the sediments-are often higher than those in the
overlying water (10). Arsenite has also been shown to adsorb to metal oxide surfaces,
although not at the magnitude observed with As(V) species (4,15). Consequently, As(IIT)
is generally considered to be much more mobile in situ (4,8,16,17).

There are specific conditions that result in the release of As(V) from the sediment
back into the water column. For example, a substantial addition of organic carbon will
often result in oxygen dépletion, thus lowering the redox potentiali (4). Sedimentary
Fe(III) could then be reduced by anaerobic Fe(Ill)-reducing microérganisms, resulting in
the release of sorbed arsenic into pore waters (reductive dissolution) (17,18,19). A
fraction of the désorbed As(V) may diffuse downward through the sediment profile into
anaerobic sulfate-reducing zones, providing opportunity for it to be cycled back to As(III)
via As(V) respiring bacteria (see below) and precipitating as arsenic sulfides (i.e.

orpiment [As,S;] or realgar [AsS]) under acidic conditions (20). All of these potential
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states contribute to the complexity of arsenic behavior in soils, groundwater and
“sediments. |

Understanding the cycling and movement of arsenic in the environment is critical
to efforts aimed at predicting endpoint accumulations or potential toxi‘city. Arsenic is
- able to induce cell transformations resulting in intensive gene damage (1,3,21). Long-
term arsenic exposure induces neoplasia (tumorigenic potentie;l) Oftel.’l leading to cancers
of the lung, skin, blddder, kidney, and liver (1,6). Arsenite is viewed as ranging from
twenty-five to one hundred times ﬁore toxic than As(V), and several hundred times more
toxic than methylated arsenicals, particularly to microbial cells (1,8). Arsenite toxicity
derives from its affinity for protein sulfhydryl groups, initiating such problems as
destabilization of proteins and interference of protein function (e. g enzymatic reactions)
(1‘,21).- Arsenate is an analog of phosphate, thus it is capable of disrupting
phosphorjlating reactions involved in nucleic acid synthesis or energy metabolism (i.e.
ATP cycling) (1,3). Because of the types of cellular metabolic and synthesis activities |
that are disrupted and the introduction into basic cellular building blocks, As(III) and
As(V) can be found in numerous cellular proteins and lipids, resulting in arsenic
accumulation in living tissues (1).

The damaging affects of arsenic are being witnessed globally. Members of a .
small community in Georgia, USA are experiencing neurological damage due to
inhalation of high levels of arsenic in air-borne soil particles (22). In several villages in
Taiwan, Ipng-term arsenic exposure has now been linked to an extraordinarily high

incidence of non-insulin-dependent diabetes mellitus (23). The largest single
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documented arsenic"mgsls poisoning disaster involves the contanﬁnation of grounc.iwater
in Bangladesh. Thousands of expoéed people have died and millions more are currently
enduring numerous cancers (24). Ironically, while the toxicity of arsenic is well
understood, there are examples where it has been included as an experimental drug in
specific medical treatment protocols. In short term trials, arsenic trioxide (As,Os) has

been used with positive results to treat patients stricken with acute promyelocytic

leukemia (25).

Arsenic Microbiology

Microorganisms iﬁ natural environments are continuously exposed to metals and
metalloids, some being necessary as micronutrients (i.e. magnesium, copioer and zinc),
while others often have no apparent function except to exert toxic effects (i.e. mercury,
arsenic and lead) (3). For arsenic, the most frequently stﬁdied microbial interactions are
those that are viewed to be involved with éitﬁer arsenic resistance or for energy-
generation, with As(IIT) oxidation and As(V) reduction involved in both categories of
reactions (2,3,10,17,26,27). Biologically based arsenic redox activity has been known for
some time, with the first microorganisms reported to oxidize or reduce arsenic isolated
from cattle dipping tanks in the early 1900’s (28). As subsequent research has shown,
these microbial transformations are an integral facet of arsenic behavior and mobility in

aqueous and soil environments (4).

Arsenate Reduction. Microorganisms appear to reduce arsenic primarily for

resistance/detoxification strategies (nondissimilatory reduction) or for energy generation




6

(dissimilatory reduction) (4)'. Nond.issimﬂatory As(V) reduction is observed in resistance
or detoxification strategies, where no energy is gained via the reduction process. In this
case, arsenic resistance is genetically encoded by the ars genes, which are widely
distributed throughout the prokaryotes and may be plasmid- or chror-nosomal-encoded\
(3,29). Plasmids containing ars genes have been documented for Escherichia,
Staphylococcus, Pseudomonas and Rhodococcus species (30,31). Chromosome-located
ars genes have been reported for NUmerous bacterial‘ species including Erwinia
carotovora, Citrobacter freundii, E. coli, P. aeruginosa, Ei.fzterobacter cloacae, Shz’gélla
sonnei, Klebsiella pneumoniae, and Salmonella arizonae (32).

The basic features of the ars encoded As(V) resistance model typically includes

“active transport of As(V) into the cell via a phosphate transporter, reduction to As(III) by

a soluble As(V) reductase, followed by active extrusion by a cytoplasmic membrane
efflux pump (3,33). This pump efficiently provides the cell protection from As(V),
As(III) and antimonate (34,35). The ars operons of E. coli and Staphylococcus sp. are
representative of ars operon arrangements typically found in bacteria (35,36,37). E. coli |
plasmid R773 contains an ars operon consisting of five genies named arsd, arsB, arsC,
arsD and arsR, while the ars operons of S. aureus plasmid pI258 and S. xylosus plasmid
pSX267 contain only the arsB, arsC and quR genes (3,36,38).

The arsR gene encodes a negative-acting regulatory protein that controls the
expression of the ars operon, which is only induced in the presence of As(IIl), antimonite
and bismuth (39). The arsD gene is also a regulatory protein that is indep;andent of the

inducer and responsible for controlling the maximum expression of the ars operon (40).
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The arsC gene encodes an As(V) reductase that reduces intracellular As(V) to As(iII)
(2,3,41). The Kyu'’s of purified As(V) reductases for As(V) are quite variable, ranging
from lpM fbr‘ S. aureus, 300uM for Chrysiogenes arsenatis, to 8mM for the E. coli
enzyme (2,41,42,43). The As(V) reductases of E. col;' and S. aureus require other
proteins (glutaredoxin and thioredoxin, respectively) to successfully complete the
reduction reaction, showing no evidence of independent activity (3,43).

The ArsA ATPase contains two ATP binding sites that are both necessary for
ATPase activi’.cy, and is bound to ArsB, an _integral membrane protein (44). Together,
they form a complex that is the first system described to be an anion-transporting ATPase
conferring resistaﬁce to As(IIl) and aﬁtimonite (45)'. In certain cases, ArsB can utilize
membrane potential energy to pump As(III) out of the c.ell in the absence of the ArsA
ATPase (36). However, it has been shown that expressing the E. coli ArsA with the S.
aureus ArsB substantially increases the degree of Aé(III)‘ resistance when compared to
that of ArsB alone (3).

An arsH gene was discovered in Yersinia and Thiobacillus ferrooxidans. The
function of ArsH is unknown, but it is required by'\these particular bacteria for maximal
resistance of arsenic (46,47).

Under anaerobic or microaerobic conditions, As(V) can serve as an electron
acceptor to couple with electron transport and generate energy via anaerobic respiration
(2,4,27). Dissimilatory As(V) reduction in the Bacteria appears obligatorily coupled to
the oxida"[ion of organic substrates and-is catalyzed by a terminal reductase which is

typically associated with a cytochrome (2). Arsenate respiration was first demonstrated
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with environmental isolates that exhibited anaerobic growth in the presence of As(V) as
the sole potential electron acceptor and that oxidized stoichiometric amounts of lactate,
formate, or acetate (27,48,49). Dissimilatory As(V) reduction has since been
characterized in various bacteria, including Sulfurospirillum barnesii, Bacillus
arsenicoselenatis, Chrysiogenes arsenatis, Desulfomicrobium strain Ben-RB, B.
* selenitireducens and Desulfotomaculum auripigmentum (4,27,48,50). Arsenate-resﬁiring
Archaea have also been isolated. The hyperthérinophile P.yrobaculum. was shown to be
capable of anaerobic chemolithoautotrophip As(V) feduction using carbon dioxide as a
carbon source and ﬁydrogen as the electron donor (51).

Finally, regulation of reducing equivalents is another, albeit less understood,
mechanism of As(V) reduction that is utilized by organisms such as Rhodobacter
sphaeroides, which apparently maintain intracellular redox potential via continuous
electron dumping (30). A pool of reducing equivalents accumulates during anaerobic.
growth in the light, eventually to a threshold that negatively affects photosynthesis (2).
One mechanism to reduce this pool of reductant, and thus alleviate the negative feedback
on photosynthesis, is thought tomoccur through the reduction of heavy-metal oxyanions,
including As(V) (2). The enMe that carries out this reaction is poteﬁtially a membrane-

bound, FADH,-independent metal reductase (52).

Arsenite Oxidation. There have been several examples in the literature of

organisms capable of oxidizing As(IIl) to As(V), including the genera Alcaligenes,
Pseudomonas, Archromobacter and Xanthomonas (10,53,54). The oxidation of As(III)

has often been viewed to be a detoxification strategy. Such theory stems from As(III)




9

being much more toxic than As(V) and that despite the fact that the reaction is exergonic
[2H;As0;5 + O, = HAsO, + 3H' (| G°=-256 kJ/Rx)], most As(IIl) oxidizers could not
" be shown to gain energy‘from'the process (but see below). The Vést majority of the
As(II) oxidizing microorganisms isolated thus far are heterotrophic (requiring the
presence of organic materials for growth) (26,54,55,56). There have been only two
microorganisms reported in.the literature that grow chemolithoautotrophically with-
As(I1I) as the electron donor, oxygen as the electron acéeptor, and carbon dioxide as the
carbon source. The first was Pseudomonas arsenitoxidans, which exhibited extremely
long doubling times (approximately two days) and poor growth yields (57). More'-
recently, other organisms (two closely related strains named NT-25 and NT-26) capable
of chemolithotrophic growth on As(ITI) were isolated from a gold mine in the Northern
Territory of Australia.  Phylogenetic analysis placed these bacteria within the
Agrobacterz'um-Rhizébium branch of the d-Proteobacteria (26). Growth by these
organisms with As(II) as the sole electron source was relatively rapid, with a doubling
time of 7.6 hours (26). |

Unlike the better characterized ars genes and the biochemistry of As(V)
reduction, the genes encoding proteins involved in As(IIl) oxidation have not been
identified. TWo mechanisms of As(IIl) oxidation have been charaqterized, one en‘zyme‘
driven and the other associated with peroxide formation initiated by membrané exposure
to arsenic (53,58). An As(IIl) oxidase has been purified from the outer surface gf the
cytoplasmic membrane of Alcaligenes faecalis strain NCIB 8687 aﬁd then characterized

(53). Alcaligenes faecalis was found to have As(Ill) oxidizing activity only when the
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cells were grown in the presence of As(III), consistent with other reports of inducible
As(III) oxidation (35). The enzyme is an 85 kDa monomer consisting of five or six iron
atoms, one molybdenum atom and one sulfide atom (53). Both azurin and a c-type
cytochrome were established as electron acceptors for the As(III)' oxidase, potentially
forming a periplasmic electron transfer pathway resulting in As(IIl) detoxification (53).
Using azurin as the oxidizing substrate, a Kn, of 8uM As(III) was estimated (53). This
As(III) oxidase is the first known oxyomolybdoenzyme to contain a HiPIP (4Fe-4S), 3Fe,
and/or Rieske-type (Fe-S) reaction center (53). | The HiPIP and Rieske-type centers have |
high reduction potentials-of 300-400 aﬁd 200-300 mV respectively, making them feasible
combonents of an As(IIl) oxidase given that the oxidation of As(IIT) to As(V) has the
reduction potential of 60mV (53,59). One of the Agrobacterium-Rhizobium-like As(III)
oxidizing organisms was also found to have an As(II) oxidase, purified from the
periplasm of the cell, that is currently being characterized with the gene(s) encoding the
enzyme being cloﬁed and sequenced (26).

In an organism referred to as Pseudomonas pudita, As(IIT) oxidation was shown
to initiate the process of free radical-mediated lipid peroxidation, resulting in elevated
" levels of peroxides of unsaturated fatty acids (UFA) and As(V) in the culture medium
(60). Certain multivalent metals, and metalloids such as arsenic, can initiate the
formation of active forms of oxygen, changing valence states in the process (60,61):
* Transition metals are capable of initiation reactions due to theirvability to donate or accept
electrons, resulting in the formation of free radicals of the UFA hydroperoxides and

contributing to the following reaction:
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ROOH + Me?*  Me™ + RO" + OH' (61).
In additional experiments with this organism, lipid synthésis increased upon exposure to
As(III) (60). The increased lipids resulted in decrfeased membrane permeability, which is
thought to offetr added protection against cell lysis (60). - The cells that were oxidiéing
As(III) were also reported to have a marked increase in the activity of the antioxidant
enzymes, catalase, superoxide dismutase, glutathione peroxidase and glutathione

reductase, all of which aid in the consumption of free radicals (60).

Arsenic Oxidation and Reduction. A microorganism isolated from the Growler

Hot Spring in northérn California, USA has the ability to .both oxidize As(IIT) and reduce
As(V) (62). The isolate, designated HR13, is closely related to the genus Thermus and
exhibited an interesting oscillating arsenic redox cycle (62). A 16h peﬁod of As(III)
oxidation (at a rate of 0.15mg/L/min’) was followed by a 12 hour reduction phase of
As(V) back to As(Ill), after which the entire cycle re-commenced (62). Growth of this
organism was not observed when As(III) was supplied as the only potential electron
source, indicating that the oxidation of As(IIT) was utilized as a detoxification strategy
(62). The strain did have the ability to gro§v via As(V) respiration, with As(V) acting as
the electron acceptor for lactate oxidation (62). The culture conditions during thé
experiments were discovered to be oscillating between aerobic and anaerobic, with
As(III) ox&dation occurring under oxic coﬁditions followed by As(V) respiration during
anoxic periods (62). Under continuous aeration, As(V) redﬁction was not observed (62).
The effect that‘ Thermus HR13 has on arsenic cycling in situ would likely depend on the

oxygen availability in the particular environment.
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Other Arsenic Transformations

Numerous marine organisms such as macroscopic algae, crustaceans, mollusks,
phytoplankton, and certain fish will assimilate arsenic (63,64,65). Several of these
marine organisms are able to incofporate arsenic into carbon skeletons to form
organoarsenical compounds (66). For example, an arsenic atom can replace a nitrogen
atom in the compound glycine betaine, forming arsenobetaine which aids in cellular
osmotic pressure regulation (2). One study r-eported a Gram-negative bacterium isolated
from activated sludge as capable of utilizing an organoarsenicél as thg sole carbon source
required for growth (67). This particular bacteriurﬁ had the ability to t;reak' the carbon-
afsenic bond in arsonoacetate and arsonochloroacetate, utilizing the carbon from the
acetate accofnpanied by a quantitative extracellular release of As(V) (67).

Arsenic volatilization pathways are particularly common in anaerobic
environments such as freshwater sediments, active compost piles and sewage sludge
(68,69). q Gaseous arsenicals derive from methylation reactions, and have been
documented in a variety of bacteria and fungi (63). A strain of Methanobacterium was
shown to form volatile dimethylarsine from As(V), As(Ill), and methanearsonic acid
(70), while anaerobically respiring Pseudomonas and A.lc.aligenes will synthesize arsine
gas from either As(III) or As(V) (71).

The abbve methylation reactions are perhaps easiest to rationalize as general
detoxification mechanisms or as toxicity avoidance strategies. Another potentially

important toxicity avoidance scheme might also be viewed to occur at the cellular uptake

level. For As(V) to exert.its full toxic éffeot, it must first enter the cell via an active
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anion transporter in order to achieve lethal or inhibitory concentrations. Arsenate is an
analog of phosphate, and thus enters the cell via phosphate transporters. Phosphate
transporters have been well studied in E. coli and 4. johnsonii, where two systems, each
with varying degrees of phosphate affinity, have been described (72,73). The Pit
transport system catalyzes the transport of soluble, neutral metal phosphates (MeHPO,),
but kinetic analysis has found that i1; will also transport As(V), exhibiting a K, of about
25uM for both phosphate and As(V) (73). The latter property results in the failure of the
Pit transporter to significantly discriminate between phosphate and As(V), and thus
similar uptake rates occur for each (3,72). In these particular bacteria, the Pit system is
constitutively expreséed, showing no alteration in expression levels during phosphate
deprivation (73). The second phosphate transporter is referred to as the Pst (phosphate
specific) transporter, and is highly “'si)eciﬁc for phosphate, having a 100-fold higher
affinity for phosphate (Kn of 0.25 uM P) than for As(V) (72,73). | The Pst system has
been shown to mediate the transport of H,PO4 and HPO,* in A. johnsonii, and is up-
regulated during phésphate limitation or starvation (73). The form and amount of
phosphate present in the environment dictates which transport system will dominate. In‘a
natural system that is phosphate stressed, a bacteriai cell will have a decreased amount of
As(V) uptake due to the Pst transpc;rt system’s high affinity for POy relative to As(V).
Complete As(V) resistance is typically observed in those mutants defective in the Pit
pathway (3). However, if there is an excess of phosphate available, the Pit transport
system will dominate resulting in an increased amount of cellular As(V) uptake, provided

the P:As ratios are not excessive.
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Abiotic Arsenic Oxidation and Reduction

Metals in water sediments and soils have long been studied for their arsenic
sorbing abilities (16,74,75). However, metals can also participate in abiotic As(III)
oxidation. Particular attention has been devoted to iron (Fe) and manganese (Mn)v oxides
due to their abundance in sediments/soils. The oxidation of As(III) by Mn(IV) and
Fe(III) oxides is thermodynamically favorable as viewed by the following reactions:

MnO, + H3As03 +2H" = Mn** + H3As0,4 (E°=0.67v)

2Fe’ + H3As0s + 2H0 > 2Fe”" + HyAsO4 + 2H" (E°=0.21v)
‘ (76). It was found that at near neutral pH, the Mn dioxides birnessite, cryptomelane, aﬁd
pyrolusite act as strong As(III) oxidants, while Fe(IlI) species showed extremely slow
oxidation rates (77). Arsenite was also observed to bind to Fe and Mn oxide surfaces
without oxidation occurring (75). However, As(V) appears to preferentially sorb to Fe-
oxides more readily than to Mn-oxides (74). The sorption of arsenic onto Fe and Al
oxides, as well as onto clay mineral edges, occurs via a ligand exchange mechanism (12).

The pH of a system is a driving force in the sorption equilibrium of arsenic to
metals and in redox reactions involving Fe(III) and sulfide (16,7'8,79).1 Under lower pH
conditions (e.g. pH 1.0-4.0),/sorlption of As(V) onto metal oxide surfaces increases due to
the net positive charge gained on sediment surfaces and the net ﬁegative charge of As(V)
(16). Acidic envlironments have also been shown to increase tﬁe oxidation of As(III) to
As(V) by Fé(III) (79). Over a one week ioeriod, no discernable As(III) oxidatic;n occurred

via Fe(IIl) at pH 7, while As(II) was nearly quantitatively oxidized to As(V) at pH 2
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(79). This differential Fe effect is viewed to be caused by the low sqlubility of Fe(III)
1ons at higher pH values (79).
Another pH dependent abiotic arsenic redox reaction is the reduction of As(V) by
dissolved sulfide as depicted in the following equation:

HyAsO4 + HpS + H' = H3As0s + 1/8Sg + Hy,O- (78).

This is a potentially common reaction occurring particularly in the deeper, anoxic
sediments (80). Aqueous sulfide (H,S or HS") was found to be 300 times more effective
as a reductant at pH 4 than at pH 7 (78). Arsenite may not be the direct reaction product,.
with arsenic-sulfide complexes forming that ‘may persist for several days until
dissociating to As(III) (7l8).

Abiotic As(IIIj oxidation by hydrogen peroxide (H,0,) in combination with other
metals has also been examined (81,82). There are numerous in situ studies indicatirig the
presence of H»0O, at varying amounts in freshwater, rainwater, and in marine
environments (81). It was reported that, depending on pH, ionic strengtfl and
temperature, H,O, has the capability of increasing abiotic As(III) oxidation rates (82).
The rate of HyO, catalyzed oxidation was noted to be substantially higher in freshwaters
vs. seawate;rs (82). This was determined to be due to the increased amount of particular
metals (ie. Cu®*, Fe**, Fe**, Pb*, Cd**, Ni*, Zn**, Mn*") present in the freshwaters
examined (81). Specifically, copper and iron, combined with H,O, resulted in
substantial increases in abiotic As(IIl) oxidation, while lead appeared to have the most

effect in heavily polluted areas (81).
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The rate constants determined may have the potential application as a predictive
model for the amount of abiotic As(IIT) oxidation associated with H,O, and certain
metals in particular systems, thus aiding in the tedious task of monitoring arsenic
transformations and movement in nature (80). However, confounding variables must
also be taken into account when designing models meant to predict the movement and
behavior of arsenic in the environment. Chief among these are the competing inorganic
and organic ligands, which may dissolve the metal-As(III) complexes releasing arsenic
back into the water, and the influence of microbial oxidation/reduction activities that

affect the net arsenic speciation (4,82).




10.

11.

12.

17

REFERENCES CITED

Gebel, T.W. 2001. Genotoxicity of arsenical compounds. Int J Hyg Environ
Health 203: 249-262.

Oremland, R.S., and J. Stolz. 2000. Dissimilatory Reduction of Selenate and
Arsenate in Nature. In: Environmental Microbe-Metal Interactions. D.R. Lovely
(ed). ASM Press, Washington D.C., pp. 199-224.

Cervantes, C.; G. Ji, J.L. Ramirez, and S. Silver. 1994. Resistance to arsenic
compounds in microorganisms. FEMS Microbiol Rev 15: 355-367.

Newman, D.K., D. Ahmann, and F.M.M. Morel. 1998. A brief review of
dissimilatory arsenate reduction. Geomicrobiol J 15: 255-268.

Ruokolainen, M., .M. Pantsar-Kallio, A. Haapa, and T. Kairesalo. 2000.
Leaching, runoff and speciation of arsenic in a laboratory mesocosm. Sci Total
Environ 258: 139-147.

Pratt, G.C.,, K. Palmer, C.Y. Wu, F. Oliaei, C. Hollerbach, and M.J. Fenske.
2000. An Assessment of Air Toxics in Minnesota. Environ Health Perspect 108:
815-825.

Wakao, N., H. Koyatsu, Y. Komai, H. Shimokawara, Y. Sakurai, and H. Shiota.
1988. Microbial oxidation of arsenite and occurrence of arsenite-oxidizing
bacteria in acid mine water from a sulfur-pyrite mine. Geomicrobiol 6: 11-24.

Korte, N.E. and Q. Fernando. 1991. A review of arsenic (III) in groundwater.
Crit Rev Environ Cont 21: 1-31.

Mok, W.M., and C.M. Wai. 1994. Mobilization of arsenic in contaminated river
waters. In: J.O. (ed). Arsenic in the environment. New York: Wiley, pp. 99-117.

Cullen, W.R., and K.J. Reimer. 1989. Arsenic speciation in the environment.
Chem Rev 89: 713-764.

Sohrin, Y., M. Matsui, M. Kawashima, M. Hojo, and H. Hasegawa. 1997.
Arsenic biogeochemistry affected by eutrophication in Lake Biwa, Japan.
Environ Sci Technol 31: 2712-2720.

Goldberg, S. 1986. Chemical modéling of arsenate adsorption on aluminum and
iron oxide minerals. Soil Sci Soc Am J 50: 1154-1157.




13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

18

. Hering J.G., P.Y. Chen, J.A. Wilkie, M. Elimelech, S. Liang. 1996. Arsenic

removal by ferric chloride. J Am Water Works Assoc 88: 155-167.

Darland, J.E., and W.P. Inskeep. 1997. Effects of pore water velocity on the
transport of AsO4 through a sand. Envrion Sci Tech 31: 704-7009.

Xu, H., B. Allard, and A. Grimvall. 1991. Effects of acidification and natural
organic materials on the mobility of arsenic in the environment. Water, Air, and
Soil Poll 57-58: 269-278.

Nimick, D.A., JN. Moore, C.E. Dalby, and M.W. Savka. 1998. The fate of
geothermal arsenic in the Madison and Missouri Rivers, Montana and Wyoming.
Water Resources Research 34: 3051-3067.

Niggemyer, A., S. Spring, E. Stackebrandt, and R.F. Rosenzweig. 2001.
Isolation and characterization of a novel As(V)-reducing bacterium: implications
for arsenic mobilization and the genus Desulfitobacterium. Appl Envrion
Microbiol 67: 5568-5580. '

Aggett J., and G.A. O’Brien. 1985. Detailed model for the mobility of arsenic in
lacustrine sediments based on measurements in Lake Ohakuri. Environ Sci
Technol 19; 231-238. .

Roden, E.E., and J.M. Zachara. 1996. Microbial reduction of 'crystalline iron(III)
oxides: influence of oxide surface area and potential for cell growth. Envrion Sci
Technol 30: 1618-1628.

Moore, J.N., W.H. Ficklin, and C. Johns. 1988. Partitioning of arsenic and .
metals in reducing sulfidic sediments. Environ Sci Technol 22: 432-437.

Lee, T.C., M. Oshimara, and J.C. Barrett. 1985. Comparison of arsenic induced
cell transformation, cytotoxicity, mutation and cytogenetic effects in Syrian
hamster embryo cells in culture. Carcinogenesis 6: 1421-1426.

Gerr, F.,, R. Letz, P.B. Ryan, and R.C. Green. 2000. Neurological effects of
environmental exposure to arsenic in dust’ and soil among humans.
Neurotoxicology 21: 475-487.

Tseng, C.H., T.Y. Tai, C.K. Chong, C.P. Tseng, M.S. Lai, B. Lin, HY. Chiou,
Y.M. Hsueh, K.H. Hsu, and C.J. Chen. 2000. Long-term arsenic exposure and
incidence of non-insulin-dependent diabetes mellitus: a cohort study in
arseniasis-hyperendemic villages in Taiwan. Environ Health Perspect 108: 847-
851. )




19

24. Smith, A.H., E.O. Lingas, and M. Rahman. 2000. Contamination of drinking-

25.

26.

27.

28.

29.

30.

31.

32.

33.

water by arsenic in Bangladesh: a public health emergency. Bull World Health
Organ 78: 1093-1103.

Zhang, T., P. Westervelt, and J.L. Hess. 2000. Pathologic, cytogenetic and
molecular assessment of acute promyelocytic leukemia patients treated with
arsenic trioxide. Mod Pathol 13: 954-961.

Santini, J.M., LI Sly, RD. Schnagl, and J.M. Macy. 2000. A new
chemolithoautotrophic arsenite-oxidizing bacterium isolated from a gold mine:
phylogenetic, physiological, and preliminary biochemical studies. Appl Environ
Microbiol 66: 92-97.

Ahmann, D., A.L. Roberts, L.R..Krumholz, and F.M.M. Morel. 1994. Microbe
grows by reducing arsenic. Nature 371:750.

Green, HH. 1918. Description of a bacterium which oxidizes arsenite to
arsenate, and one which reduces arsenate to arsenite, isolated from a cattle-
dipping tank. S AfrJ Sci 14: 465-467.

Chen, C., TK. Misfa S. Silver, and B.P. Rosen. 1986. Nucleotide sequence of
the structural genes for an anion pump: the plasmid-encoded arsenical resmtance
operon. J Biol Chem 261: 15030-15038.

Moore, M.D., and S. Kaplan. 1992a. -Identification of intrinsic high-level
resistance to rare-earth oxides and oxyanions in members of the class
Proteobacteria: characterization of tellurite, selenite, and rhodium sesquioxide
reduction in Rhodobacter spaeroides. J bacterial 174: 1505-1514.

Cervantes, C., and J. Chavez. 1992. Plasmid-determined resistance to arsenic
and antimony in Pseudomonas aeruginosa. Antonie van Leeuwenhoek 61: 333-
337.

Diorio, C., J. Cai, J. Marmor, R. Shinder, and M.S. DuBow. 1995. An
Escherichia coli chromosomal ars operon homolog is functional in arsenic
detoxification and is conserved in gram-negative bacteria. J Bacteriol 177: 2050-
2056.

Rosen, B.P., S. Silver, T.B. Gladysheva, G. Ji, K.L. Oden, S. Jagannathan, W.
Shi, Y. Chen, and J. Wu. 1994. The arsenite oxyanion-translocating ATPase:
bioenergetics, functions, and regulation. In: Phosphate in microorganisms. A.
Torriani-Gorini, E. Yagil, S. Silver (eds). Washmgton DC ASM Press, pp. 97-
107..




34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

20

Mobley, H.T., and B.P. Rosen. 1982. Energetics of plasmid-mediated arsenate
resistance in Escherichia coli. Proc Natl Acad Sci 79: 6119-6122.

Silver, S., K. Budd, K.M. Leathy, W.V. Shaw, D. Hammond, R.P. Novick, G.R.
Willsky, M.H. Malamy, and H. Rosenberg. 1981. Inducible-plasmid determined
resistance to arsenate, arsenite, and antimony (IIl) in Escherichia coli and
Staphylococcus aureus. J Bacteriol 146: 983-996.

Ji, G, and S. Silver. 1992. Regulation and expréssion of the arsenic resistance
operon from Staphylococcus aureus plasmid pI258. J Bacteriol 174: 3684-3694.

Rosenstein, R., A. Peschel, B. Wieland, and F. Gotz. 1992. Expression and
regulation of the antimonite, arsenite, and arsenate resistance operon of
Staphylococcus xylosus plasmid pSX267. J Bacteriol 174: 3676-3683.

Rosen, -B.P.z S. Dey, D. Dou, G. Ji, P. Kaur, M.Y. Ksenzenko, S. Silver, and J.
Wu. 1992. Evolution of an ion-translocating ATPase. Ann N.Y. Acad Sci 671:
257-272.

Wu, J.,, and B.P. Rosen. 1991. The ArsR protein is a trans-acting regulatory
protein. Mol Microbiol 5: 1331-1336. -

Wu, J.,, L.S. Tisa, and B.P. Rosen. 1993. The arsD gene encodes a second trans-
acting regulatory protein of the plasmid-encoded arsenical resistance operon. Mol
Microbiol 8: 615-623.

Gladysheva, T.B., K.L. Oden, and B.P. Rosen. 1994. The ArsC arsenate
reductase of plasmid R773. Biochemistry 33: 7287-7293.

Krafft,T., and JM. Macy. 1998. Purification and characterization of the
respiratory arsenate reductase of Chrysiogenes arsenatis. Eur J Biochem 255:
647-653.

Ji,G., A.E. Garber, L.G. Armes, C.-M. Chen, J.A. Fuchs, and S. Silver. 1994.
Arsenate reductase of Staphylococcus aureus plasmid pI258. Biochemistry 33:
7294-7299.

Kaur, P., and B.P. Rosen. 1992. Complementation between nucleotide binding
domains in anion-translocating ATPase. J Bacteriol 175: 351-357.

Silver, S., G. Ji, S. Broer, S. Dey, D. Dou, and B.P. Rosen. 1993. Orphan
enzyme or patriarch of a new tribe: the arsenic resistance ATPase of bacterial
plasmids. Mol Microbiol 8: 637-642.




21

46. Ney1_:,'C.M., M. Iriarte, V.H. Thi, and G.R. Cornelis. 1997. Virulence and arsenic

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

resistance in Yersiniae. J Bacteriol 179: 612-619.

Butcher, B.G., S.M. Deane, and D.E. Rawlings. 2000. The chromosomal arsenic
resistance genes of Thiobacillus ferrooxidans have an unusual arrangement and

confer increased arsenic and antimony resistance to Escherichia coli. Appl
Environ Microbiol 66: 1826-1833.

Laverman, A.M., J.S. Blum, J.K. Shaefer, E.J.P. Phillips, DR Lovley, and R.S.
Oremland. 1995. Growth of strain SES-3 with arsenate and other diverse
electron acceptors. Appl Environ Microbiol 61: 3556-3561.

Macy, J.M., K. Nunan, K.D. Hagen, D.R. Dixon, P.J. Harbour, M. Cahill, and L.I.
Sly. 1996. Chrysiogenes arsenatis, gen nov., sp. nov., a new arsenate-respiring
bacterium isolated from gold mine wastewater. Int J Syst Bacteriol 46: 1153-
1157.

Macy, J.M., .M. Santini, B.V. Pauling, A.H. O’Neill, and L.I. Sly. 2000. Two
new arsenate/sulfate-reducing bacteria: mechanisms of arsenate reduction. Arch
Microbiol 173: 49-57.

Huber, R., M. Sacher, A. Vollmann, H. Huber, and D. Rose. 2000. Respiration
of arsenate and selenate by hyperthermophilic archaea. System Appl Microbiol
23:305-314. ’ ’

Moore, M.D., and S. Kaplan. 1992b. Members of the family Rhodospirillaceae
reduce heavy-metal oxyanions to maintain redox poise during photosynthetic:
growth. ASM News 60: 17-23.

Anderson, C.L., J. Williams, and R. Hillie. .1992. Tﬁe purification and
characterization of arsenite oxidase from Alcaligenes faecalis, a molybdenum-
containing hydroxylase. J Biol Chem 267: 23674-23682. '

Osborne, F.H., and H.L. Ehrlich. 1976. Oxidation of arsenite by a soil isolate of
Alcaligenes. J Appl Bacteriol 41: 295-305.

Phillips, S.E., and M.L. Taylor. 1976. Oxidation of arsenite to arsenate by
Alcaligenes faecalis. Appl Environ Microbiol 32: 392-399. .

Abdrashitova, S.A., B.N. Mynbaeva, and A.N. Ilyaletdinov. 1981. Oxidation of
arsenic by the heterotrophic bacteria Pseudomonas putida and Alcaligenes
eutrohus. Mikrobiologiya (Translated) 50: 41-45.




57

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

- 69.

22

. Ilyaletdinov, A.N., and S.A. Abdrashitova. 1981. Autotrophic oxidation of

arsenic by a culture of Pseudomonas arsenitoxidans. Mikrobiologiya (Translated)
50: 197-204.

Abdrashitova, S.A., G.G. ABdullina, and A.N. Ilyaletdinov. 1986a. Role of
arsenites in lipid peroxidation. Mikrobiologiya (Translated) 55: 212-216.

McNellis, L., and G.L. Anderson. 1998. Redox-state dependent chemical
inactivation of arsenite oxidase. J Inorganic Biochem 69: 253-257. -

Abdrashitova, S.A., B.N. Mynbaeva, B.B. Aidarkhanov, and A.N. Ilyaletdinov.
1990. Effect of arsenite on lipid peroxidation and on activity of antioxidant
enzymes in arsenite-oxidizing microorganisms. Mikrobiologiya (Translated) 59:
234-240.

Abdrashitova, S.A., G.G. Abdullina, and A.N. Ilyaletdinov. 1986b. Role of
lipids in the oxidation of arsenites by a culture of Pseudomonas putida.
Mikrobiologiya (Translated) 55: 582-585.

Gihring, T.M., and J.F. Banfield. 2001. Arsenite oxidation and arsenate
respiration by a new Thermus isolate. FEMS Microbiol Letters 204: 335-340.

Tamaki, S., and W.T. Frankenberger Jr. 1992. Environmental biochemistry of
arsenic. Revs Environ Contam and Toxic 124: 79-110.

Sanders, J.G. 1979. The concentration and speciation of arsenic in marine
macro-algae. Est Coast Mar Sci 9: 95-99.

Maher, W.A. 1983. Inorganic arsenic in marine organisms. Mar Pollut Bull 14:
308-310.

Lunde, G. 1977. Occurrence and transformation of arsenic in the marine
environment. Environ Health Perspect 19: 47-52.

Quinn, J.P., and G. McMullan. 1995. Carbon-arsenic bond cleavage by a newly
isolated Gram-negative bacterium, strain ASV2. Microbiol 141: 721-727.

Woolson, E.A. 1977. Fate of arsenicals in different environmental substrates.
Envrion Health Perspect 19: 73-81.

McBride, B.C., H. Merilees, W.R. Cullen, and W. Pickett. 1978. Anaerobic and
aerobic alkylation of arsenic. In: Organometals and Organometalloids
Occurrence and Fate in the Environment, F.E. Brickman, and J.M. Bellama (eds).
Am Chem Soc Symp Ser 82: 94-115. ) :




70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81L.

82.

23

McBride, B.C., and R.S. Wolfe. 1971. Biosynthesis of dimethylarsine by a
methanobacterium. Biochem 10: 4312-4317.

Cheng, C-N.,-and D.D. Focht. 1979. Production of arsine and methylarsines in
soil and in culture. Appl Environ Microbiol 38: 494-498.

Wanner, B.L. 1996. Phosphorus assimilation and control of the phosphate
regulon. In: Escherichia coli and Salmonella Cellular and Molecular Biology,
F.C. Neidhardt et al. (eds). Am Soc Microbiol, ASM Press, Washington, DC pp
1357-1381.

van Veen, H-W. 1997. Phosphate transport in prokaryotes: molecules, mediators
and mechanisms. Antonie van Leeuwenhoek 72: 299-315.

Spliethoff, H.M., R.P. Mason, and H.F. Hemond. 1995. Interannual variability in
the speciation and mobility of arsenic in a dimictic lake. Environ Sci Technol 29:
2157-2161. '

Oscarson, D.W., P.M. Huang, C. Defosse, and A. Herbillon. 1981. Oxidative
power of Mn(IV) and Fe(II) oxides with respect to As(IIl) in terrestrial and

‘aquatic environments. Nature (London) 291: 50-51.

Oscarson, D.W., P.M. Huang, and W.K. Liaw. 1980. The oxidation of arsenite
by aquatic sediments. J Environ Qual 9: 700-703.

Oscarson, D.W., P.M. Huang, W.K. Liaw, and U.T. Hammer. 1983. Kinetics of
oxidation of arsenite by various manganese dioxides. Soil Sci Soc Am J 47: 644-
648. '

Rochette, E.A., B.C. Bostick, G. Li, and S. Fendorf. 2000. Kinetics of arsenate
reduction by dissolved sulfide. Environ Sci Technol 34: 4714-4720.

Cherry, J.A., A.U. Shaikh, D.E. Tallman, and R.V. Nicholson. 1979. Arsenic
species as an indicator of redox conditions in groundwater. J Hydrol 43: 373-392.

Aurillo, A.C., R.P. Mason, and H.F. Hemond. 1994. Speciation and fate of
arsenic in three lakes of the Aberjona Watershed. Environ Sci Technol 28: 577-
585. ‘

Pettine, M., and F.J. Millero. 2000. Effect of metals on the oxidation of As(IIT)
with H,O,. Mar Chem 70: 223-234.

Pettine, M., L. Campanella, and F.J. Millero. 1999. Arsenite oxidation by H;O,
in aqueous solutions. Geochimica et Cosmochimica Acta 63: 2727-2735.

b




24
CHAPTER 2
INTRODUCTION

Arsenic contamination in the enviroﬁment has become the focus of great concern
due to -its well known toxicity and the frequency at which it has been found at
unacceptably high concentrations. It is ubiquitous in the Biosphere, found naturally at
varying concentrations in almost every environment. However, in some locations
anthropogenic sources such as hard rock mining or the use of arsenic-containing
herbicides have contributéd significantly to arsenic contamination of surface and groﬁnd
waters used for irrigation and/or drinking ( 1,2).

The arsenic content of hjfdrothermal springs is also well documented, and
- potentially can contribute significant arsenic loading into streams and rivers that drain
geothermally active areas (3,4). Arsenic concentrations in these geothermally-derived
waters normally range from 1-3 mg "', but have been documented to be as high as 150
mg 1" in some of the thermal environments located in Yellowstone National Park, WY,
USA (3). The arsenic found in these thermal systems exists predominantly asﬂ the
inorganic species arsenite (As[III]) and arsenate (As[V]) (4). The dominant species
emerging in geothermal waters is thought to be As(Il), while As(V) is
thermodynamically favored in most aerobic systems (5,6).

Several prokaryotes have the ability to reduce and/or oxidize arsenic (1,2,7,8,9).
Arsenate reduction can occur via a dissimilatory route, in which' As(V) is utilized as an

electron acceptor under anaerobic or microaerobic conditions, or by a detoxification
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strategy whereby As(V) is taken into a cell via a phosphate transporter, redﬁce_d by an
As(V) reductase and extruded from the cell by an As(III) efflux pump (10,11). Microbial
oxidation of As(III) has also been viewed as an arsenic detoxiﬁcétion mechanism, until
recently where it has been found to be used for generating enmergy to support
‘chemolithoautotrophic growth (7,12).

The thesis work described below follows previous studies that characterized the
microbial populations inhabiting an acidic-sulfate-chloride thermal spring in Yellowstone
National Park, WY, USA (13). An important parallel and companion study (Langner et
al. 2001) completéd the initial characterization of this spring by examining the basic
biogeochemical features and activities occurring along fhe outflow channel of the sl?ring
(14). One important observation in these initial experiments was that As(IIi) oxidation
occurred at very high rates, but only at specific locations. Therefore the primary goal of
this study was to initiate isolation and characterization efforts aimed at describing the
organisms contributing” to the As(Ill) oxidation measured previously at the whole
community level. Dilﬁtion—extinction enrichment procedures were targeted for any
organism(s) that oxidized As(III) under environmentally relevant conditions. Pure
culture characterization work with the resulting isolate sought to describe basic features
relevant to identification and classification, and to semi-quantitatively éxamine the
As(.III) oxidation capability to help establish the organism's ecological relevance With‘

respect to overall microbial community As(III) oxidation activity.
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CHAPTER 3

MATERIALS AND METHODS

Site Description

The research site was a geothermal spring located in Norris Geyser Basin,
Yellowstone National Park, WY, USA (44°43°54.8” N, 110°42°39.9” W, Spring No.
NHSP106, thermal inventory of YNP). The spring is approximately 0.5m Wide and 1-2
cm deep and is fed by a constant 63°C geothermal source having a pH of 3.1. There are
at least two substantial temperature gradients present. The first occurs with distance from
the source, resulting in a decrease in temperature as the water flows through 1;he channel.
The second occurs at right angles to. the first along the entirety of the channel, with the
highest temperature in the middle of the channel and then cooling towards the bank.
Distinctive microbial mats can be found along the spring floor, correlating to regions
along the temperature gradient. A yellow mat is present at the warmest sites (63-60° C),
and transitions to a-brown mat that is observed at the intermediate temperatures (55-51°
C), which then changes to a green color when temperatures decline further (50-45° C).
The pH remains constant at 3.1 throughout the entirety of the spring. There are high
amounts of dissolved éhloride (16.0 mM), sulfate (1.3mM), sodium (16.3mM). and
dissolved inorganic carbon (DIC) (4.4mM) carried in the spring source water, while
lowet concentrationis of sulfide (0.063mM) and dissolved organic carbon (DOC)

(0.08mM) are also present (1). Total aqueous arsenic concentration appears to remain
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relatively constant at 0.033mM throughout the area of the spring studied (1). Previous
work demonstrated that the proportion of arsenic as arsenate (As[V]) abruptly increases
at the transition from yellow to browﬁ zones (1). This area of rapid arsenite (As[III])

oxidation (the brown microbial mat) is the site from which the investigation originated.

Sampling and Enrichment Cultures

Brown microbial mat utilized for enrichment cultures was asepﬁcally sampled
with autoclaved tools, placed into 70mL serum bottles and submerged with 3;5mL of the .
spring water that was flowing directly above (vertical orientation) where the sample was
taken. Killed controls were prepared the same way except that 4% (w/v) formaldehyde
was added as a biocidal agent. The bottles were also outfitted with scuffed glass rods to
provide surfaces for microbial colonization and which could be easily manipulated for
subculture. The bottles were then sealed on site with butyl rubber stoppers and
transported to the laboratory for further preparation and incubation.

Three different head space gas I;hases were selected based on inferred physiology
of the microbial community populations identified in previous work on the basis of 16S
rDNA gene sequence analysis (2). One gas phase was filter sterilized air, a second was
filter sterilized air enriched with 10% of CO,, and the last contained a filter sterilized )
mixture composed of 85% Hj + 10% CO, + 5% air. Enrichments with each gas phase,

and their appropriate killed controls; were incubated at 55° C in the light and dark.
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Media

Additional spring water was also brought bacl; to the laboratory for use as growth
medium in the enrichment and dilution-extinction cycles that followed. Prior to use,
however, it was filter sterilized sequentially through Whatman 1 Qualitative Filter Paper,
0.45 Protran nitrocellulose filter paper, and finally through a Nalgene 0.20 PES bottle top
filter. In addition, a minimal médium was also developed which consisted of (per liter)
5.0g of elemental sulfur, 1.0g of (NH4),SO4, 1.0g of KgﬁPO4, 1.0g of NaCl, 0.3g of
MgSOQ,’ 7H20, 1.0mg of CaCl,, 0.06mg of NiSO4* 6H,0 and 2.0mL of a trace elements

solution (3). The pH was adjusted to 3.0 with HCl. The trace elements solution

contained (per liter) 1.0mg of MoO,, 7.0mg of ZnSO4* 7H,0, 0.5mg of CuSO4 5H,O,

1.0mg of H3BO;, 1.0mg of MnSO4* SH,O and 1.0mg of CoCly* 6H,O (3). Another

version of this medium that lécked elemental sulfur was also used. Solid medium was
prepared by adding 1.8% Phytagel (Sigma Chemical Co., St. Louis, MO, USA) to filter

sterilized spring water or to synthetic medium.

Isolation Procedures

Dilution-extinction routines were incorporated as part of the enrichment process.
For subculture from the serum bottles initiated at spring side (see above),A glass rods as
well as aqueous samples were transferred to fresh medium at 7 day intervals. At each
subculture, the highest dilution that still demonstrated arsenite oxidation was diluted to

extinction based on total cell concentration counts of the positive bottle. For transfer of
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biofilm material proliferating on glass rods, biofilm cells were scraped from the rods,
homogenized by vortexing, and then diluted to extinction based on total cell counts
derived from staining and direct microscopic counts. Cell counts for both aqueous and
biofilm samples was accomplished byl céllecting 1.0 mL of culture or homogenate onto a
25mm diameter 0.22pm polycarbonate, filter (Osmonics, Inc.), and staining with 4°,6-
Diamidinq-Z-phénylindole dihydrochloride '(DAPI) (final concentration of | 100mg/L, 30
minute incubation). After five washes with sterile wafer, the filter Was‘-placed onto a
microscope slide then viewed with a Zeiss Axioskop 2 epifluorescence microscope
outfitted with a 10x10mm, 1mm square eyepiece grid (Fisher Scientific) to quantify cells

in a known area for calculating cell concentration in the original suspension.

Microscopy

Routine examination of cell cultures was accomplished with a Zeiss Axioskop 2
microscope ‘equipped for brightfield, phase contrast, and epiflourescence work, and for
some experiments culture_s were also e;(amined with a J SM-'616O scanning electron
microscope (Jeol USA). For the latteé, cells were washed with sterile water, transferred
onto a small silica wafer, then coated with Au for analysis using the cryostage scanning

electron microscope.

Nucleic Acid Extraction

Mat material from the geothermal spring study site was aseptically placed into

2mL micro-centrifuge tubes and flash frozen on site in a dry ice-ethanol bath. The
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samples were fransported back to the laboratory on dry ice and kept at -80° C uptil used.
Two different nucleic acid extréction methods were utilized, both with consistent
reproducibility. The first method is based on three freeze-thaw cycles followed by a high
_ salt and sodium dodecyl sulfate (SDS)-Based extraction, as oﬁtlined by Zhou et al. (1996)
(4).. The DNA was 6btained via chloroform extraction followed by isopropanol‘
precipitation and then resuspended in either Tris-EDTA (TE) buffer, or sterile V\./ater. The
second method is based on that utilized by Schmidt-Goff and Federspiel (1993) (5). A
solution of microbial mat mat’erial, or culture pellet, was made isy mixing with a 1:1 (w/v)
ratio of sterile water. Approximately 0.5ml Aof this sc;lution was transferred into a 2.0 mL
screw cap tube, snap frozen in liquid nitrogen, and kept at -80° C for at least one hour.
The following was then added to the frozen sample: 0.5g 106 micron glass beads (Sigma
Chemical Co.), 33.3uL 20% SDS, 167pL 3% diatomaceous earth, and 583pL tris-
buffered phenol (pH 8.0). The samples were then homogenized on the high speed setting
for 160 sec in a mini-beadbeater (Biospec Prodﬁcts) then centrifuged for 15 minutes at
13,000g. The top aqueous layer was transferred to a sterile i.Sm‘l Eppendorf tube where
a 0.0612X volume of 3M sodium acetate and a 0.7967X volume of 95% ethanol were
added. Nucleic acids were precipitated for 2 hours to overnight at -20° C. The DNA was
again 'centrifuged for 15 minutes at 13,000g. The pellet was washed with 70% ethanol,

dried under a vacuum for 2 minutes and résuspended in 25-40 uL of nuclease-free water.
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DGGE Analysis of Partial PCR Amplified 16S rDNA Gene Products

A 323 bp section of the 16S trRNA gene was amplified using primers previ.ously |
described‘by Ferris ét al. (1996) (6). The forward primer was the Bacteria-specific
Bacl1070f (5’-ATGGCTGTCGTCAGCT-3") and the reverse was the universal Univlé92r
(5’-ACGGGCGGTGTGTAC-3"). The reverse primer was modified to contain a 40 bp
GC clamp at the 3' end, and allowed for separation of the resulting PCR products in a
denaturant gradient gel. The final PCR reaction mixture consisted of 0.4 uM of each
primer, 0.2 mM of each dNTP (deoxyribonucleotide triphosphate), 2.5 mM MgCl,, buffer
containing 10mM Tris-HCl, 50mM KCIl and 0.1% Triton X-100, and 1.0 U» of Taq
polymerase (Promega). The 50pL reactions were performed in a ngeAmp PCR System
9700 (PE Applied Biosystems) using the following program: 2 min at 95°C, followed by
26 cycles of 95°C for 45s, 43°C for 45s, 72°C for 45s, and ending with 7 min at 72°C.
PCR ﬁdelity (i.e. single product of correct size) was assessed by electroﬁhoresing the
reaction products in a 1.2% agarose gel, staining with ethidium bromide (Bio‘Rad), and
then viewing under UV light. The PCR products were then analyzed by denaturant
gradient gel electrophoresis (DGGE) using the DCode; Universal Mutation Detection
System (BioRad). Thé products were electrophoresed through an 8% acrylamide gel
containing an increasing denaturant gradient of 40-70% urea-formamide. The gels were |
run at 60°C at ‘6.0V for 15-18 h, the.:n stained with SYBR green (Bio Rad), allowing for

examination via UV light.
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Full 16S rDNA Amplification and Seqﬁencing

DNA extracted from the pure culture was used as the template for amplification
of the near full length 1’68 rRNA gene using the primer set Bac8f (5’-AGA GTT TGA
TCC TGG CTC AG-3’) and Univ1492r (5’-GGT TAC CTT GTT ACG ACT T-3%),
which were designed based upon the probes previously described by Amann et al. (1995)
(7). The PCR reagent composition and concentrations were the same as described above
for the DGGE primer set. The thermocylcer program for these amplifications was: 2 min
at 95°C, followed by 30 cycles of 95°C for 1 min, 45°C for 1 min, 72°C for 3 min, and a
final 7 min at 72°C. PCR products were examined as described above, purified using the
Microcon PCR centrifugal filter devices (Millipore), and then quantified by
electrophoresing through .an agarose gel alongside a mass ladder (Low DNA Mass
Ladder, GibcoBRL). For sequencing these PCR products, the.primer set consisted of
Bac8f, Univ533f (5’-GTG CCA GCM GCC GCG GTA A-3’, Where'M is A or C),
Bac785f (5’-GGA TTA GAT ACC CTG GTA G-3°), Bacl068f (5’-GCA TGG CYG
YCG TCA G-3°, where Yis Cor T), Uni%zS 19r (5>-GWA TTA CCG CGG CKG CTG-3’,
where W is A or T apd Kis G or T), 907r (§’-CCG TCA ATT CCT TTR AGT TT-3’,
where R is A 6r G), Bac1100r (5’:AGG GTT GCG CTG GTT G-37), énd Univ1492r.
Sequences were assembled with Sequencher 3.1.1 (Gene Codes Corporation) and
compared to sequences in GenBank using BLAST to reveal the closest match as a first

step in phylogenetic analysis.
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Arsenic Speciation Assays

The arsenic redox activity of the enrichments and of the isqlate was monitored
using chemical spe-ciation and analytical techniquels described previously by Langner et
al. (2001). Briefly, aliquots of cell cultures were centrifuged to pellet the cells, the
supernatant was filtered through a .22um in-line disposable syringe filter (Osﬁogics,
Inc.), then separated into two 15 mL HDPE plastic bottles (SmLs into each bottle); The
first aliquot was acidified with 0.1mL of 12.1 M HCI and stored at 4°C until a'nalyzed for
total arsenic levels. The second aliquot was prepared to determi-ne the concentration of
aqueous As(\}). For the latter, 1.0 mL of 2M Tris buffer (pH 6) was added to SmL of
- filtered sample. The sample was then sparged with N, while 1mL of 3% NaBH, (w/v in
0.1% NaOH) was added in 0.2 mL increments over a 4 min. time period. Any As(III)
present in the sample is reducéd to arsine gas by the NaBH,4, and the arsine gas is then
removed when the sarhple is sparged with N, NaBHy-treated samples were further
purged with N, for an additional 3 minutes, acidified with 0.1mL of 12.1 M HCI and
stored at 4°C. All samples ‘were analyzed by hydride generation atomic absorption
spectrometry (HG-AAS). Concentrations of As(III) were determined by the difference

between total arsenic [As(ts)] and As(V) detected by this analytical method.

Kinetics Assays

Kinetic parameters (K and Viux) of As(III) oxidation by the puré culture were
estimated using substrate saturation assays. Each assay contained a standard number of

cells (1.0 X 10° cells per mL) as determined in preliminary experiments that established a
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standard curve that compared culture cell number to cuiture total cellular protein. Cell
number of washed cultures was determined using a‘Petroff—Hauser counting chamber and
culture protein concentration was assayed using the Bradford assay (Biorad Protein
Assay, BioRad Laboratories). Washed cells were suspended in the synthetic growth
medium (described above) that was amended with’ nine different As(II) (as AsNaO,)
concentrations (5, 10, 25,50, 75, 100,150, 200 and 250uM), and samples were taken
after 1.0, 1.5, 2.0 and 2.5 hours of incubation at. 55°C. Culture filtrate samples were then
analyzed for As(ts) and As(V) using the HG-AAS. Linear plots of the As(III) oxidation
activity measured in the different assays were used to establish rates, which were then
plotted against substrate concentration and analyzed via non-linear regression (statistical

computer software, Origin V6.0; Microcal, MA) to estimate the Ky, and Viax.

Effects of Abiotic Chemistry on Bacterial Arsenite Oxidation’

| The effect of aqueous sulfide (S*) on As(III) oxidation was determined in cultures
incubated under conditions that mimicked in sifu conditions; ie. 55°C, pH 3.0,
microaerobic gas phase, and in situ relevant concentrations of As(IIl) and sulfide. As
with the kinetic experiments described above, assays were condupted_ in the synthetic
growth medium, but with the following modifications: cultures either contained no S*,
were.amended with 60pM S* (as Na,S) at the beginning of the experiments, or were
spiked with S* at the midway point (with each condition containing 36uM As(I1D)).
Identical ambunts of cells were added to each culture and every condition was replicated

in triplicate. Abiotic (non-inoculated) controls consisted of 30uM As(IIl) alone or of
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30uM As(V) (as AsHNayO4 © 7 Hy0) + 60uM S%. Samples were taken every 0.5 h-
during 3.5 h for arsenic speqiation and analysis as described above. To achieve a 2:1
ratio of S*:As in the aqueous phase, equilibrium equations were used to calculate and
correct for S* solubilify and concentration in the medium under the conditions used.
Abiotic Si' induced As(V) reduction rates were determined by prepa‘ring serum vials that
contained the synthetic medium with 60uM S* and 30pM As(V) (equilibrium equations
were again used to ensure correct Sz"concentrations). Samples were taken at days 1, 3
and 5 of incubation at 55°C for arsenic speciation and analysis as described above.

Bac;cerial As(III) oxidation rates were also compared to abiotic, ferric iron (Fe**) |
induced, As(III) oxidation. For these experiments, cultures was incubated with a 1:1 ratio
of Fe** (as FeCls) and As(ITI) (SOp,M of each), or As(IIl) alone. The experinients were
complete with abiotic (sterile) controls that consisted of 50uM As(III) + 50uM Fe**, or of
50uM As(II) only. Samples were taken after 7 days incubation at 55°C for arsenic
speciation and analysis as described above. All cultures were grown in the synthetic

medium described above and contained a known number of cells. Each of the aséay

conditions was replicated in triplicate.

Statistical Analysis

Where statistical analysis was required, the data was subjected to analysis of

variance (ANOVA) as applied by Microsoft Excel, Me edition.
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CHAPTER 4
EXPERIMENTAL RESULTS

Enrichment Cultures / Isolation

Previous work in the geothermal spring that is the subject of this thesis
demonstrated that As(IIT) oxidation began abruptly in a spe(.:iﬁc location approximately
4.5 m from the source, and which also coincided with a region of the mat system that
changed in color from yellow to brown (1,2). Sequence and phylogenetic analysis of 16S
rDNA PCR-clone libraries generated from this site showed that the microbial community
at this location was comprised of Hydrogenobaculum acidophilum- and Desulfurella-like
organisms (1). This phylogenetic information was used to infer physiology of the
resident organisms, which in turn helped guide the design of initial enrichment
conditions. ) Microaerobic conditions with H, as an electron donor for
Hydrogenobaculum-like bacteria, added CO, to optimize for growth of autotrophs (strict
or facultative), and anaerobic conditions for anaerobes like Desulfurella were all initial
conditions utilized. In an attempt to avoid enrichment bias that could result from the use
of any type of synthetic growth medium, initial enrichments used flowing spring water
that was collected directly overhead the sampled site. Each culture bottle also contained
autoclaved glass rods that would allow for capture of organisms that prefer colonization
of surfaces (as opposed to a planktonic lifestyle), as well as for convenient aseptic

transfer into fresh medium. Finally, the potential importance of phototrophs for the
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observed As(lll) oxidation process was assessed by duplicate sets of each enrichment
treatment incubated in the light and the dark at 55°C.
After seven days incubation of the enrichment vials, assays of arsenic species in
each vial demonstrated that As(I11) oxidation occurred only in those containing H2 gas in
the headspace (Figure 1). Arsenite oxidation did not occur in anaerobic enrichments and

was not influenced by light (results not shown).

Ny O1z?

Air Air+C02 H2+CO02+Air Control

Figure 1. As(lll) oxidation observed in the initial enrichments as a function of vial
headspace gas phase treatment. Results are the means of duplicate samples, with error
bars (where visible) depicting one standard error of the mean.

DGGE analysis of 16S rDNA gene fragments, PCR amplified from nucleic acid
extracts derived from the biofilm attached to the glass rods in the enrichment culture

containing H2gas in the headspace, implied that at least some of the microbes selected by

this treatment were a subset of organisms derived from the original brown microbial mat
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community (Figure 2). In these initial stages of enrichment, DGGE bands were not
purified and sequenced, however, the electrophoretic position of one of the bands in the.
enrichment bottle DGGE profile corresponded to a Hydrogenobaculum band identified in
previous work and that later would correspond to the pure culture obtained in this work
(D.

The results of the iritial enrichments implied that H, oxidizers were involved with
As(Ill) oxidation, and therefore in subsequent enrichment steps the enrichment medium
was changed to the synthetic medium (described above) which has been used previously
for the isolation of Hydrogenobaculum (3). Spring water or synthetic medium solidified
with phytagel failed to promote Hydrogenobaculum growth as determined by 16S rDNA
sequence analysis of organisms arising on these solid media (visible colonies).
Therefore, progress towards a pure culture achieved in subsequent enrichment steps was
monitored via DGGE and phase contrast microscopy. Also, aliquots of mature
enrichment cultures were spread onto various agar media as an additional means for
assessing the relative purity of the enrichment cultures (initial enrichments contained
organisms identified as Alicyclobacillus, which would grow on complex media).

After several cycles of dilution-extinction enrichment that resulted in decreased
community complexity, it was noticed that growth occurring on the glass rods diminished
substantially, such that subcultures at the later stages of enrichment used planktonic cells.
This phenomenon was independent of the media used (i.e. synthetic vs. spring water) and
could have been due to phenotypic mutations in the remaining organisms. Several cycles

of dilution-extinction enrichment, including two cycles of dilutions to a theoretical 0.5
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cell/mL (based on DAPI stained cells and direct microscopic counts), resulted in step- -
wise reduction in culture diversity until cultures were apparently comprised of a single
organism (Figure 2). To verify that the single DGGE band represented a clonal isolate,
the DNA contained in this band was purified, cloned into pTA (Invitrogen), and
transformed into E. coli. Plasmids were purified from ten randomly selected clones and
then the inserts sequenced. All cloned sequences were identical, indicating that a single

organism had been isolated.

Pure Culture Characterization

SEM examination of the isolated organism revealed a uniform morphology: small
(0.75 pm x 1.0 pm) flagellated (sub—polar) rods occurring singly or in chains of two to
three cells (Figure 3). The near full-length 16S rRNA gene of this organism was
sequenced. The closest BLAST match was determined to be Hydrogenobaculum
acidophilum (98% identical). The optimal culture pH and growth temperature were
determined to be 3.0 and 55-60°C, respectively (Figure 4). Under thése optimized
conditions, the culture doubling time was found to be approximately 25 hours.

From a treatment matrix that included all combinations of sulfide, ferrous iron,
elemental sulfur, sulfate, nitrate, H,, sucrose, tryptone, yeast extract, glucose, and formate
as electron donors and acceptors or as carbon sources, only H, coupled with CO, was
found to support growth, and only under microaerobic conditions (as defined by a gas
phase comprised of 1% oxygen). These results implied that H55 was an obligate

chemolithoautotrophic microaerophile.




Figure 2. DGGE of the brown microbial mat community (lane 1), followed by the initial
H2 gas headspace enrichment culture community (lane 2). Subsequent steps in the
dilution-extinction enrichment assays (lanes 3-4) resulted in reduced apparent diversity
and led to the isolation of the pure culture of H55 (lane 5).

Figure 3. Scanning electron micrograph (SEM) of a dividing, flagellated H55 cell.
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Figure 4. Optimization of growth conditions for isolate H55 as determined by maximum
culture optical density attained after 6 days of incubation. (A) Optimal temperature (B)
optimal pH. Results are from one of three experiments documenting this response, with
the data points representing the mean of triplicate observations. Error bars (where
visible) represent one standard error of the mean.
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Arsenic Speciation Activity

As(IIT) Oxidation Kinetics

When grown in the presence of As(IIT), strain H55 completely oxidized 50uM of -
As(IIT) within a 12 hour period. If the cells were not pre-exposed to As(III), there was a
lag phase (~ 24 h) before oxidation could be detected. However, growth of the culture
app;eared independent of pre-exposure‘ to As(Il), as cells pre-grO\;vn In either way
resiulted in similar growth curves (results not shown). A study utilizing the filtrate of a
mature culture showed no As(I) oxidizing capabilities, indicating that the oxidation
activity was intimately associated with the cell. A subsequent series of assays examined -

N

the kinetics of the realction in whole cells. Michaelis-Menten type kinetics-were observed
(Figure 5), providing évidenge that the oxidation mechanism was enzymatic in nature.
On the basis of aésays ‘containing 1.0 x 10° cells per ml, the putative arsenite oxidase in

+ this Hydrogenobaculum isolate demonstrated a Vmax of 1.47uM As(IIT) oxidized / min

and a Ky, of 80uM As(II).
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Figure 5. Kinetics of As(I11) oxidation by strain H55. Non-linear regression was utilized
for determining the Kmand Vnax The data points represent the mean of triplicate
observations. Error bars (where visible) represent one standard error of the mean.
Tolerance of As(l11) and As(V)

To measure the tolerance of strain H55 to As(lll) and As(V), cells were grown
with varying concentrations of As(lll) and As(V) (ranging from 50pM to 5mM) in the
presence of 2.5mM phosphate. Under these growth conditions, ImM of As(l1l) and ImM
As(V) were the highest concentrations of arsenic that still allowed for reasonable growth
(Figure 6). Surprisingly, H55 appeared to be slightly more sensitive to As(V) than
As(Il1).  Next generation experiments then assessed whether phosphate content

influenced arsenic toxicity. Preliminary experiments determined that the minimum

phosphate concentration required for optimum culture growth (as measured by optical
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density) was 0.75 mM phosphate (results not shown). When the As(l11) and As(V) levels
were held constant at 0.75 mM and phosphate levels varied (0.5 mM, 0.75 mM, 1.0 mM
and 5.0 mM), the cells again demonstrated greater tolerance to As(lll) than As(V), but
As(V) sensitivity was found to be dependent on levels of its chemical analog phosphate

(Figure 7).

0.160 i
0.140
0.120

0.100

~+-As(I11)

3 0.080
- As(V)

to 0.060
0.040 -
0.020

0.000
50jM  100[iM 250/jM 500GM 750pM 1mM 2mM 5mM

Figure 6. Growth response of strain H55 to increasing concentrations of As(lll) and
As(V). Growth for each concentration of As(lll) or As(V) was compared after the
cultures ceased growing, as determined by lack of increase in culture optical density.
Results are from one of two independent experiments demonstrating this response, with
each value being the mean of three replicate cultures for each arsenic concentration.
Error bars (where visible) depict one standard error of the mean.
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Figure 7. Effect of PO4 concentration on As(lll) and As(V) toxicity to strain H55.
Growth saturation points were monitored for each PO4 concentration in cultures where
the As(lll) or As(V) levels remained constant. Data points represent the mean of
triplicate observations from one of two independent experiments demonstrating this
response. Error bars depict one standard error of the mean.

Effects of Sulfide on As(l11) Oxidation

Previous work by Langner et al. (2001) and Jackson et al. (2001) showed that the
microbial As(l1l) oxidation observed was inversely related to aqueous levels of sulfide
present in the spring. Therefore, it was of interest to examine this phenomenon in greater
detail with the pure culture isolate to determine the potential role of aqueous sulfide (S2)

in influencing microbe-arsenic redox activity. In these experiments, S2'effects were
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assessed under conditions (oxygen concentration and As(II):S> ratios) that mimicked
those that were documented to occur iz situ (2). When H55 was grown in the presence of
S%, no As(IIT) oxidation was observed (Figure 8A). Furthermore, the addition of S* as a
spike midway through the experiment resultea in an immediate arrest of As(IIl) oxidation
activity. Abiotic non-inoculated controls also failed to show any As(II) oxidation nor
any apparent S* induced As(V) reduction (Figure 8A). Sulfide-induced As(V) reduction
was slow, requiring five days to reduce approximately 50% of the As(V) present (Figure
8B). From these results, it was concluded that the primary effect of aqueous sulfide in

these studies was to act as an inhibitor of the putative As(IlI) oxidase present in H55.

Effects of Ferric Iron on As(Il) Oxidation

Ferric iron (.Fe3 ") was a dominant surface chemical signature of the sediments of
the brov;/n mat from which H55 was isolated and in which the As(III) oxidation occurred
(2). Therefore it was of interest to compare abiotic-based As(IIl) oxidation via Fe** to
that carried out by strain H55 in order to obtain some sense of relative importance of each
to the in situ As(Ill) oxidation observed by Langner et al. (2001). There was no
statistically significant difference in As(III) oxidation betweeﬁ the two non-inoculated
sterile treatments that contained As(IT) and As(III) plus Fe** (Figure 9). Likewise, there
was no significant iron effect in the inoculated treatments, however As(Ill) oxidation in
the sterile controls were signiﬁcantly lower compared to that observed when strain H55

was present (Figure 9).
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Time (h)

Days 1, 3 and 5

Figure 8. Influence of aqueous sulfide on arsenic redox reactions. (A) The effects of S2
on the As(lll) oxidization by strain HS5. Arrow denotes time point when S2'spike was
added. (B) As(V) reduction by S2' Results for each set of experiments are from one of
two independent experiments demonstrating these responses, with each data point being
the mean of three replicate samples. Error bars (where visible) depict one standard error
of the mean.
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Figure 9. The effect of Fe3+ on As(lll) oxidation as compared to As(lll) oxidation by
strain H55. Results are from one of two independent experiments demonstrating this
response, with each value being the mean of three replicate observations. Error bars
depict one standard error of the mean.
Additional Notes on H55 Arsenic Speciation Activity

During the course of the various experiments, strain HS5 was also observed to be
capable of As(V) reduction. When grown in the presence of As(lll), strain H55 oxidized
all of the As(lll) within 12 hours incubation (Figure 1GA). However, when arsenic
species were analyzed in culture fluids at 24 h intervals, it was discovered that H55 re-
reduced the As(V) formed, but then followed again by an As(lll) oxidation phase,
although at much slower rates than the initial oxidation (Figure 10B). In additional
experiments, cells not previously exposed to arsenic were inoculated into media

containing As(V). After an apparent lag phase lasting approximately 24 h, As(V)

reduction was again observed (data not shown).
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Control
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Control
Time 0 24 hrs. 48 hrs. 72 hrs. 96 hrs.

Figure 10. Complex arsenic oxidation and reduction phenotype of Hydrogenobaculum
strain H55. (A) Complete oxidation of SOpM As(I11) by H55 within the initial 12 h after
inoculating H55 into synthetic media containing 50 pM As(lll). Cells had been pre-
exposed to As(lll). (B) Arsenic redox cycling by H55 as revealed by 24 h sampling over
long time periods. Data points represent the mean of triplicate observations from one of
two independent experiments demonstrating this response. Error bars (where visible)
depict one standard error of the mean.
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CHAPTER 5
DISCUSSION

The iéolation of the organism referred to -as H55 represents the first arsenite
oxidizing bacterium obtained from an acidic geothermal spring in Yellowstone National
Park that had previously been characterized for arsenite oxidation (1). The isolation
strategy used to obtain H55 included several éycles of dilution-extinction enrichment,
with culture screens based on the presence of measufable arsenite oxidation. Initially,
filter sterilized spring water was used as the enrichment medium so as to avoid
cultivation biaé, and the gas phase treatment matrix was based on the inferred physiology
of the various populations previously identified in molecular studies of the microbial
commurﬁty in this spring (2). In these various enrichment treatments, the only
enrichment condition that supported arsenite oxidation in vitro included microaerobic
levels of oxygen (~1% O), CO; as a carbon source, and H, as the primary potential
energy source.

The identity of the lone organism isolated after several rounds of dilution-extinction
was established as Hydrogenobaculum based on the '98% match of its near fuli length 16S
1RNA gene sequence with that of Hydrogenobaculum acidophilum. A designation of
Hydrogenobaculum for H55 is supported by other prominent features that are shared by
H55 and H. acidophilum. Both are short flagellated rods that are autotrophic,
| acidothermophilic, obligate microaerophiles that utilize H, as an energy source.

However, there are important qualitative differences between H55 and H. acidophilum.
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The optimum temperatur\e of H55 is approximately 55-60°C as compared to 65°C for H.
acidophilum, and HS5 will grow on H, alone as an energy source whereas H.
acidophilum requires both Hy and S° (3). These differences may ultimately warrant H55 |
beiﬁg designated as a novel species of Hydrogenobaculum, although such cqnclusions
await the results of ongoing cultivation and characterization efforts that preliminarily
suggest that the numerous Hydrogenobaculum genotypes identified by Jackson et al.
(2001) may constitute different ecovariants (ecovars). of the same species (unpublished
observations).

Arsenite oxidation in Hydrogenobaculum H55 is not a constitutive activity, but i-s
inducible after approximately 24 h of exposure to arsenite. Arsenite-regulated control is
a feature consistent with this oxidation activity being parf ofa detoxiﬁcatidn response as
suggested for other organisms that demonstrate arsenite oxidase activity (4,5). However,
it is important to note that the growth of H55 appeared unaffected by the presence of
arsenite in the growth medium prior to the induction of the arsenite oxidase activity.
Furthermore, H55 is consistently more sensitive to arsenate than arsenite (Fig. 6), which
\;;/ould be an unexpected outcome for a detoxification-based reaction. Repeated attempts
failed to demonstrate lithotrophic growth on arsenite by H55 when H, was omitted from
the head space (replaced with N, to maintain microaerobic growth conditions). The latter
could be due to the sensitivity of H55 to arsenite (Flg 6) at concentrations that would
otherwise' be required to demonstrate measurable chemolithotrophic growth by this

organism.
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Given the above observations, the rationale for arsenite oxidation by H55 is
obscure. In nature, H55 inhabits a flowing stream environment where arsenite is present
at a near constant 35 uM (1). At such low but constant levels, arsenite may not be
inhibitory to cellular processes, but could be present at concentrations that would still
allow for lithotrophic growth (constant replenishment). Another potentially important
aspect of the flowing environment would be‘the constant removal of arsenate, an end-
product of the arsenite oxidation reaction that was found in this study to be toxic to H55
(Fig. 6). In this particular environment, arsenate toxicity could be exacerbated by the low
levels of phosphate (below- detection limits; [1]), which otherwise copld compete with
arsenate to limit its. uptake and toxicity as was inferred by the results of this study (Fig.
7). ’

Kinetics studies were conducted to initiate the process of evaluating the in situ
relevance and contri‘bution of Hydrogenobaculum HS55 to total community arsenite
oxidation. The proportional contribution of H55 to this effort could be substantial,
although several unknowns currently limit the accuracy of any estimate. First, the lldnetic
estimates obtained for H55 are only reasonably accurate for the cell population used i_n
the reactions (1.0 x 10° cells per ml). Since in situ population estimates for H55 are not
yet available, it is not clear whether the Vi estiméte closely reflects the true
contribution of H55 to total community arsenite oxidation. The use of molecular tools
(e.g.. fluorescent in situ hybridization) for enumeration of H55 in its native habitat is
anticipated to be problematic due to the Hydrogenobaculum diversity occurring at the

field study site. Approximately 20 unique Hydrogenobaculum clones were observed in a
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PCR-derived community 16S rDNA library, placing restrictions on the prec.ision |
obtainable for any one particular isolate such as H55 (2).

- Another factor that could cénceivably influence the accuracy of estimates for H55
arsenite oxidation iz situ involves the culture conditions used to characterize H55 arsenite
oxidation. Characterized arsenite oxidases are known to be located on the outer face of
the cytoplasmic membrane and to react with arsenite diffusing into the periplasm (6,7).
Assurrﬁng the same occurs for H55, the kinetic estimates obtained in this study would be
diffusion-limited, particularly at lower arsenite concentrations, and therefore the
estimated Ky, may significantly undere;timate the ability of H55 to oxidize arsenite. This
issue may be further complicated by the expression of porins poteﬁtially involved in the
transfer of arsenite into the periplasm. If not optimal, then again H55 arsenite oxidation
rates would be restricted. All such factors are difficult to account for and simulate in
vitro, but presumably would be potential controlling factors in the native spring sediment
environment experienced by H55.

Ferric iron occurs in abundance in the stream sediment habitat | of
Hydrogenobaculum HS55, and could potentially contribute to overall arsenic Qxidation
rates observed in the sediment samples (1,8). The isolation of Hydrogenobaculum H55
provided the opportunity to compare biologically based arsenite oxidation rates to ferric
iron induced reactions. In assays that contained environmentally relevant concentrations
of ferric iron and arsenite, the influence of iron as an arsenite oxidant appeared limited.
Differences between iron treatments (with and withopt HS5) were not statistically

significant, despite the fact that the experiments were conducted over a significant period
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of time (7 d). These cuituring experiments extend beyond, but are still 'copsistent with,
previous in-field assays that showed that killed (formaldehyde-treated) sediment samples
failed to oxidize arsenite during short time (~ 10 min.) assays. I therefore conclude that
the contribution of ferric iron to arsenite oxidation is relatively small in comparison to
that éatalyzed by the microbes in this particular geothermal system.

The isolation of Hydrogenobaculum H55 also proved useful for more closely
examining the influence of sulfide on arsenite redox cycling. Previous extensive
molecular and biogeochemical characterization of the geothermal spring from which H55
was isolated showed evidencé that arsenite oxidation was negatively correlated with
aqueous sulfide concentration (1). Further, community molecular signafcufes obtained
with DGGE profiling identified H55 as being present in regions of the stream where
sulfide concentrations were high but where arsenite oxidation could not be measured (2).
In pure cultures of H55, the addition of sulfide resulted in the immediate apparent
inhibition of arsenite oxidation, but did not result in reduction of arsenate (Fig. 8A).
These reéults imply that the effect of sulfide was to limit or inhibit the enzyme reaction
rather than reduce any arsenate formed by the putative a;senite oxidase in HSS5. This
conclusion is supported by the very slow rates of sulfide-induced arsenate reduction that
occurred under the conditions used (Fig. 8B). It should be noted‘ that the rates of sulfide-
catalyzed arsenate reduction observed 1n this study were much slower than those
previously reported by Rochette et al. (2000). Differences in reaction conditions may
account for the higher rates of arsenate reduction observed by Rochette et al. (2000) who

used 0.1M acetate buffer under completely anaerobic conditions as compared to the
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culture conditions used here which included a minimal mediumlunder a gas phase of 85%
Hy +10% CO; + 5% air (9). Variation in media and gas phases could result in ionic
strength differences and/or redox potentials (the presence or absence of oxygen) that
might influence chemical reductions. Strain H55 was also observed to reproducibly
reduce the arsenate formed from the initial arsenite oxidation (Fig. 10B). Other bacteria,
such as a Thermus sp., have also recently been shown to oscillate between arsenite
oxidation and arsenate reduction, further emphasizing the interesting and complex

interactions between microorganisms and arsenic (10).

Conclusions

In summary, the primary goal of this project was to isolate a;nd characterize
arsenite oxidizing organisms from a geothermal microbial cdmmunity that had previously
been documented to oxidize arsenite. The cultivation of Hydrogenobaculum H55 is the
first such isolate, and its closest phylogenetic relative (based upoﬁ 16S rDNA sequence)
is Hydrogenobaculum acidophilum. Although there are numerous similarities between
H55 and H. acidophilum, a few major discrepancies between their physiologies is
indicative of H55 being a novel Hydrogenobaculum sp. Michaelis-Menten-like kinetics
revealed a potential arsenite oxidation rate for whole HS5 cells, however more in sifu
work would be needed to quantitatively predict the role of H55 in the arsenic redox cycle
of the geothermal épring. The geochemistry.in the spring H55 was isolated from consists
of aqueous sulfide emitted from the source and ferric iron within the brown microbial
mat. The affécts of each on the redox cycle of arsenic, in conjunction with strain H55,

was examined. The sulfide induced inhibition of arsenite oxidation ' by H55 is
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exl;lanatory of arsgnite oxidation patterns observed in s‘i/tu. The significantly slower
abiotic arsenite oxidation rates via ferric iron, whén compared to those obtained for H55,
presents further evidence for biotic activity being the major arsenitg oxidative force
within the geothermal spring. The ability of H55 to also reduce arsenate will require
further investigation before any in situ hypotheses can be formed.- This project was novel
in its approach of using enrichment culture teéhniques to obtain a pure cﬁlture and then
characterizing the physiology. of the pure culture in context with the iz situ conditions.
The combination of biotic and abiotic redox cycli'ng'of arsenic must 'be taken into account
when investigating the movement | of arsenic through a sysfem, thus a better
understandiné of the movement of arsenic in the geothermal spring examinéd for 1.ZhiS‘

project was achieved with the results from this study.
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