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Abstract:

The primary goal of this work was to identify and characterize the microbial populations responsible
for transformations of As and 2,4-D in soils and waters. Chemical, spectroscopic, and microscopic
techniques were used to characterize the aqueous and solid phase geochemistry of soils, mine tailings,
and a geothermal spring. The role of specific microbial populations in these systems was examined
using cultivation-independent molecular methods [total DNA extraction, 16S rDNA amplification,
denaturing gradient gel electrophoresis (DGGE), and sequence analysis] coupled with either
characterization of microorganisms isolated from the same systems, or inference of physiological
characteristics from (i) closely related (16S rDNA sequence) cultured microorganisms and (ii) the
geochemical environments in which they were detected.

The microbial reduction of As(V) to As(IIl) and the subsequent effects on As mobilization in
contaminated mine tailings was examined under transport conditions. Enhanced elution of As from
mine tailings apparently resulted from the enrichment of aerobic As(V)-reducing Caulobacter leidyi,
Sphingomonas yanoikuyae, and Rhizobium loti -like populations after liming.

Arsenite was rapidly oxidized to As(V) via microbial activity in unsaturated Madison River Valley soil
columns. Eight aerobic heterotrophic bacteria with varying As redox phenotypes were isolated from
these columns. Three isolates, identified as Agrobacterium tumefaciens, Pseudomonas fluorescens, and
Variovorax paradoxus -like organisms, were As(III) oxidizers and all were apparently important
members of the soil microbial community responsible for net As(III) oxidation.

Successional changes in microbial communities colonizing an As-rich acid-sulfate-chloride geothermal
spring stream channel in Norris Geyser Basin of Yellowstone National Park were examined. Enhanced
As(IIT) oxidation correlated in time and space with the appearance of three Hydrogenobaculum -like
populations. The formation of an As(V)-rich hydrous-ferric-oxide mat correlated with the detection of
Thiomonas, Acidimicrobium, and Metallosphaera —like populations whose nearest cultivated relatives
(based on 16S rDNA sequence) were Fe-oxidizers.

Fingerprints of microbial communities (DGGE) established under increasing concentrations of 2,4-D
(0 - 500 mg kg'l) in batch soil microcosms showed that at least 100 mg kg'l 2,4-D was required to
obtain apparent shifts in community structure. The microbial community selected at high 2,4-D
concentrations was predominantly composed of Burkholderia -like populations, which harbored
homologs of tfdA genes.
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ABSTRACT

The primary goal of this work was to identify and characterize the microbial
populations responsible for transformations of As and 2,4-D in soils and waters.
Chemical, spectroscopic, and microscopic techniques were used to characterize the
aqueous and solid phase geochemistry of soils, mine tailings, and a geothermal spring.
The role of specific microbial populations in these systems was examined using
cultivation-independent molecular methods [total DNA extraction, 16S rDNA
amplification, denaturing gradient gel electrophoresis (DGGE), and sequence analysis]
coupled with either characterization of microorganisms isolated from the same systems,
or inference of physiological characteristics from (i) closely related (16S rDNA
sequence) cultured microorganisms and (ii) the geochemical environments in which they
were detected. -

The microbial reduction of As(V) to As(Ill) and the subsequent effects on As
mobilization in contaminated mine tailings was examined under transport conditions.
Enhanced elution of As from mine tailings apparently resulted from the enrichment of
aerobic As(V)-reducing Caulobacter leidyi, Sphingomonas yanoikuyae, and Rhizobium
loti -like populations after liming.

. Arsenite was rapidly oxidized to As(V) via microbial activity in unsaturated
Madison River Valley soil columns. Eight aerobic heterotrophic bacteria with varying As
redox phenotypes were isolated from these columns. Three isolates, identified as
Agrobacterium tumefaciens, Pseudomonas fluorescens, and Variovorax paradoxus -like
organisms, were As(IIl) oxidizers and all were apparently important members of the soil
microbial community responsible for net As(Ill) oxidation.

' Successional changes in microbial communities colonizing an As-rich acid-
sulfate-chloride geothermal spring stream channel in Norris Geyser Basin of Yellowstone
National Park were examined. Enhanced As(III) oxidation correlated in time and space
with the appearance of three Hydrogenobaculum -like populations. The formation of an

© As(V)-rich hydrous-ferric-oxide mat correlated with the detection of Thiomonas,

Acidimicrobium, and Metallosphaera —like populations whose nearest cultivated relatives
(based on 16S rDNA sequence) were Fe-oxidizers.

Fingerprints of microbial communities (DGGE) established under increasing
concentrations of 2,4-D (0 — 500 mg kg™") in batch soil microcosms showed that at least
100 mg kg’ 2,4-D was required to obtain apparent shifts in community structure. The
microbial community selected at.high 2,4-D concentrations was predominantly composed
of Burkholderia -like populations, which harbored homologs of #/d4 genes.




CHAPTER 1
INTRODUCTION

Geochemical processes are often inextricably linked with the activity of microbial
communities in soil and water environments. The geochemical environment controls
" which microorganisms may grow or survive by defining the bioavailability of specific
chemical constituents including essential nutrients and toxic elements. Conversely,
microorganisms alter their surrounding chemical environment as they carry out metabolic
and physiologic functions neéessary for growth and survival. At a minimum, microbial
activity involves the uptake of nutrieﬂts, the releaée of cellular by-products, and the
exchange of compounds associated with energy conservation. Microorganisms influence
their microenvironment in many other significant ways including the release of
siderophores that mobilize metals (e.g., /), detoxification reactions which result in
transformation of toxic compounds (e.g., 2), exudation of organic chemicals including
biofilm formation (e.g., 3) and release of protons. In essence, the geochemical
environment is a primary factor controlling microbial species distribution while
simultaneously the resident microorganisms are 'impo'rtant mediators of the geochemical
environment.

The role of specific microbial populations must be considered to accurately
predict spec-iation and fate of many chemical constituents in soils and waters. The use of
traditional cultivation methods to identify dominant microbial populations has béen

problematic since cultivatioh approaches may not capture the organisms important in the
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actual physical-chemical environments (4). With the advent éf molecular techniques
(e.g., amplification and sequencing of 16S rRNA genes), it is now possible to assess the
predominant microb_ial populations in natural samples without cultivation bias. Coupling
traditional cultivation with molegular approaches can be used to more accurately describe
the distribution and function of microorganisms in soils and natural waters. In some
cases, 16S rDNA sequence ar;alysis of environmental samples can be used to suggest the
function of uncultured organisms by inferring physiological attributes from
phylogenetically related characterized organisms. However, examples exist where such :
phylogenetic inference is inadequate f.or defining the physiology of naturally occurring
microorganisms. For example, closely related Thiomonas strains exhibit diffefent arsenic
(As) transforming capabilities under the same conditions (5). Moreover, numerous: 16S
tDNA sequences identified in soil-water systems do not have closely related cultivated
organisms V_from which to infer microbial properties (6, 7, also see Chapter 4, Novel
Organisms section).

The primary goal of the research conducted during my Ph.D. program was to
identify ‘microbial populations responsible for observed chemical transformations of
contaminants in soils, rhine tailings, and geothermal éprings using -a combination of
molecular, cultivation, and chemical characterization tools. The f_unction of specific
populations detected using cultivation-independent 16S. rDNA sequence analysis was
determined by cultivating microorganisms with identical 16S rDNA sequences‘ and

characterizing their chemical transforming properties. In the geothermal spring study,

function of populations detected with 165 analysis was inferred from the co-occurrence
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of specific geochemical processes with the appearance of speciﬁc micrdbial' populations.
The use of these strategies to icientify microbial populations associated with chemical
processes occurring in situ has provided an importan;c inethoslological approach for
unraveling the complex biological interactions that govern the distribution of important
chemical species in soil-water environments.

The research presented in this thesis demonstrates the apiolication of this
conceptual approach to understanding séveral microbially mediated chemical processes
in soil and water systems. Specifically, this work was focused on the bel.lavior of arsenic
(As) and 2,4-dichlorophenoxyacetic acid (2,4-D) in soil-water syste;lls, two very
different, yet important priority §nvironmenta1 pollutants. Arsenic is a highly toxic
metalloid, ubiquitous in the environment and often concentrated in mine tailings and
geothermal systems. Potentially harmful le‘vel‘s have also been detected iﬁ many drinking
water sources throughout the world. Cuﬁently, the' lgrgest mass poisoning iﬁ human
history is taking place in Bangladesh and surrounding areas, where As laden ground
waters are being consumed by millions of people (8). 2,4-D is a chlorinated organic
herbicide utilized éxtensively for broadleaf control throughout the world. The Montaﬁa
Department .of Agriculture and ‘the U.S. Geological Survéy have conducted several
monitoring programs and have founci significant vamounts of ‘2,4—D in ground waters
throughoﬁt thp U.S., including Montana 9, 10). _Both .As‘ aﬁd 2,4-D are subject to
ﬁqicrobial interactions that mediate their.chemical speciation and subseqﬁent behavior in
“soils and waters. Understanding processes that control the fate and transport of these

important types of contaminants is critical for successfully managing impacted
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ecosystems. In addition, understanding the behavior of these compounds may help us to
predict the behavior of other inorganic and chlorinated aromatic contaminants in the
environment.

Increased ipterest in the biogeochemical péthwayé controlling As distribution has -
resulted from epidemiological studies indicaﬁng that relatively low levels of As can
impair human health (/7). These findings have caused the U.S. EPA to decrease the
maximum contaminant level in drinking water from 50 ppb to 10 ppb. The role. of
miproorganisms in As cycling in the environment has received considerable attention
because it is thought that microbially mediated tré.nsfonnations of As may be the most
important factor controlling As speciation. The speciation of As is important because
different As species exhibit variation in solubility, mobility, bioavailability, and toxicity.
Chapters two, three, and four of this dissertation describe three separate studies focused

largely on the microbial populations. important in As oxidation-reduction reactions in

‘three different geochemical environments: mine tailings, unsaturated agricultural soils,

and geothermal springs. Although each individual study has provided meaningful insight
about microbial processes important in As-cycling, observations across * different
environments provides necessary data for exploring similarities and patterns useful for
Jpredictive purposes.

My initial research effort, fully descri.bed in chapter thQ, was to characterize the
As redox activity of aerobic microbial populations residing in mine tailings. This was
accomplished by utilizing both molecular and traditional isolation techniques to identify

dominant microbial populations present in the mine tailings, and then, correlating these
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populations to observed As transformations. The results demonstrated that microbially
mediated arsenate [As(V)] reduction was important under aerobic conditions and that this
process enhanced the leaching potential of As. In the study presented in chapter three, I
examined the diversity and relevance of As-transforming microbial populations resident
in an As-contaminated agricultural soil. This work showed that bacteria capable of either
oxidizing arsenite [As(II)] or reducing As(V) for apparent detoxification purposes
coexist in soils, and that identification of microorganisms based solely on 16S rDNA
sequence may not be sufficient for predicting the As transforming capabilities of specific
~ bacterial populations.

The goal of the study described in chapter four was to monitor changes in aqueous
and solid phase geochemistry, and microbial community structure associateci with initial
colonization of an acid-sulfate-chloride geothermal spring in Norris Geyser Basin,
Yellowstone National Park. The co-occurrence of specific geochemical processes with
the; appearance of specific microbial populations was used to infer the physiology and
“ecological role of microorganisms detected using molecular methods. Dr. Heiko Langner,
a postdoctoral fellow in Dr. Inskeep’s laboratory, initiated this project and led much of
the gffoﬂ to collect aqueous chemical field data. During this time, my work focused on -
molecular characterization of the spﬁng. With his departure after the field season, I
assumed the responsibilities of Ieadin;g and completing the project. The objectives of this
study were to; (i) correlate the distribution of bacterial and archaeal sequences; in time
and space with changes in teﬁperaMe and geochemical énergy gradients, (ii) identify

microorganisms responsible for rapid rates of in situ As(III) oxidation, and (iii) determine
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the microorganisms and processes responsible for the formation of As-rich hydrous ferric
0xide (HFO) mats. Understanding microbial processes associated with the formation of
HFO phaées is important primarily .due to théir extremely high capacity to sequester As,
and the fact that HFO phases are important in controlling the mobility of As in many
natural water systems. The suite of complementary analyses included the 16S rDNA
molecular ﬁngerprinting technique, denaturing gradient gel electrophoresis (DGGE)
coupled with vsequen_ce analysis, and a variety of chemical, microscopic, and °
spectroscopic techniques.

Microorganisms also play a crucial role in the degradation of chlorinated organic
compounds in soils and waters. In the study pres.ented‘in chapter five, I examined the
effects of 2,4-D application rate and hydrodynamic environment on the diversity of
microbial populations ‘associated with 2,4-D degradation in an agricultural soil.
Molecular techniques were used in combination with traditional isolation and
characterization to describe the activity of the dominant 2,4-D degrading microbial
populations. The role of spéciﬁc functional genes associated with 2,4-D degradation in
these orgam'sxﬁs was also investigated.

These studies serve as significant gontributions to our understanding of microbial
processes controlling the chemical .speciation of important contaminants in various
.environments. Coupling 16S rDNA based molecular techniques with traditional methods
was shown to be effective in most cases for elucidating the role of specific microbial

populations involved in geochemical transformations of As and the degradation of 2,4-D.
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CHAPTER 2

MICROBIAL POPULATIONS ASSOCIATED WITH THE REDUCTION AND
ENHANCED MOBILIZATION OF ARSENIC IN MINE TAILINGS

Introduction

Microorganisms possess a variety of mechanisms for reducing As(V) and
oxidizing As(Il) (I-4). Transformation of As by microorganisms has important
enviromnen’;al implications because As(V) and As(Ill) have different sorption and
toxicological characteristics; As(IIl) is often considered the more mobile and toxic
species and thus more problematic regarding contamination of natural waters (3-7).
Reduction of As(V) to As(Ill) in anoxic environments is thought to occur primarily by
dissimjlatory reduction where microorganisms utilize As(V) as a terminal electron
acceptor for anaerobic respiration (8, 9). To date, dissimilatory reduction has been
characterized in at least seven bacteria; Sulfurospirillum barnesii, Bacillus
arsenicoselenatis, B.  selenitireducens, S. arsenophilum, Desulfotomaculum
auripigmentum, Chrysiogenes arsenatis, and Desulfo;ﬁicrobium strain Ben-RB (7, 10,
11), which represent genera scattered throughout the bacterial domain. In addition,
dissimilatory reduction of As(V) has been observed in two hyperthermophilic archaea;
Pyrobaculum arsenaticum and P. aerophilum (I12). Microorganiéms. may also possess
reduction mechanisms that are not coupled to respiration, but instead are thought to
impart As resistance (2, 13, I4). Enzymes involved in the detoxification pathway are
transcribed by the ars operon. Homologues of the ars oper(.)n have been discovered in thé

Pseudomonas, Bacillus, Klebsiella, Enterobacter, Citrobacter, Staphylococcus,
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Salmonella, T hzobaczllus Yersinia and Escherichia genera (13-18); genotypes that also
are scattered throughout the bacterial domain. Mlcroorgamsms Wthh express As
resistance genes are able to withstand higher concentrations of As through the
intracellular reduction of As(V) and the subsequent excretion of As(Ill) into the
surrounding media. It is thought that th.is pathway may function in aerobic as weil as
anaerobic environment_s (‘] 0, 1I), and may contribute to apparent nonequilibﬁum
conditions where As(IIl) has been often oBser_ved in oxic surface waters (19, 20).
Although it isllikely that bacteria in soil, especially at As-contaminated sites, possess As
detoxification pathways, to 6ur knowledge, the effect of aerobic As(V) réducing bacteria
on As behavior in soils has not yet been presented in the literature.

Liming of acidic .mine tailings. iis recognized as an effective method fér
immobilizing trace metals and promoting plant establishment (2].). However, as
demonstrated by Jones et al. (22), liming may also result in enhanced As mobilization
due to the pH dependence of As sorption reactions. The work presented here is an
extension of the sﬁdy conducted by Jones et al. (22), wherein our priinary objective was
to examine the effect of microbial processes. on As behavior in mine tailings. We
h'.}}pothesized that microbial reduction of As(V) may enhance As mobilization in mine
tailings and that liming may impact the populations and activities of As(V)-reducing
microorganisms. These hypotheses were tested by: (i) examining the affect of mic'robial-‘
As(V) reduction on mobilization of As in mine tailings under column transport
conditions, and by (ii) using molecular and traditional cultivation techniques to iden’;ify
microorganisms responsible for As(V) reduction in the mine tailings. Column transport

experiments were designed to observe relationships among pH (limed vs unlimed
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treatments), redox potential.(Pt-electrode), dissolved As specie\s, and corresponding shifts
in microbial populations. Several microbial populations enriched after liming were
identified using molecular and phylogenetic 'analysis. of 16S rDNA fragments, and
. through traditional methods of bacterial cultivation. Several isolates' matching 16S

fragments observed in the environmental samples were shown to reduce As(V) under

aerobic conditions, suggesting a potential role of aerobic hetérotrophs in As cycling.

Materials and Methods

Sample Collection and Chemical Characterization

Arsenic contaminated reproceséed mine tailings (RT) were collected near an
abandoned copper smelter in Anaconda, Montana (EPA Superfund Site #
MTD093291656). Extensive charactérization of this sample by Jones et al. (22) included -
sequential extractions of As fractions, scannilllg electron microscopy (SEM)/energy
dispersive analysis of X-rays (EDAX), and total mefal concentrations as determined by x-
ray fluorescence. Briefly, Fe represented 15-21 % (w/w) of the RT, primarily in the form
of Fe-oxyhydroxides. Total As accounted for approximately 0.3 % (w{w) of the RT, with
about 32 % of the As sorbed to the Fe-oxyhydroxide phases (quantified by the 0.1 M
NaOH sequential extraction step which has been correlated with As surficially bound to

‘F e-oxyhydroxide). The largest fraction of As, approximately 60 %, was in the

“nonlabile” pool, extracted only after a four acid heat treatment. Extensive analysis of the

RT with SEM-EDAX revealed no discrete solid phases concentrated in As.




11

Column Experiments

Mobilization of As under transport conditions was studied using polycarBonate
columns (length = 54 mm, diam. = 32 mm) packed with a mixture of 20 % RT and 80 %
acid-purified, autoclaved quartz sand (50-70 mesh, Sigma Chemica;i, St. Louis, MO) for a
total mass of 62 g (bulk density ~1.43 g cm'3).A Limed treatments included a mix of 60 %
CaCO03/40 % Ca(dH)z at a concentration of 25.6 g kg™ (23)."The column apparatus was
either autoclaved or fumigated with chloroform ﬁrior to packing. Sterilized treatments
used RT that was either autoclaved (12 g RT portions for 1 h x 2) or exposed to
chloroform (~ 5 mm layer RT in a vacuum evacuated dessicator with chlo‘roform for ~*
250 h). The alternate chloroform sterilization treatment was used to circumvent pptential
alteration of solid phases during autoclaving, however, our results showed no apparent
differences between the two sterilization methods (e.g., steady-state values of pH, Fe and
As measured in the efﬁuent of chloroform-treated limed columns bracketed values for the
autoclaved coluﬁns). Autoclaved influent was supplied to the bottom of the columns
with a continuous flow pump set to deliver 0.88 mL h™ (1.1 pore volume d', pore water
velocity = 0.24 cm h™). The influent, formulated to simulate a “typical” soil solution
(SSE) Was modified from Angle ét al. (24) and contained NH4NO; (1.25 mM), CaSO, (2
mM), MgCl,; (2 mM), KH,PO, (10 pM), KOH (1.25 mM), FeCl, (5 pM), supplemented
with 100 pL L™ of micronutrient solution (25). The pH of the influent was adjusted with
HCI to pH 3.6 for unlimed columns and with NaOH to pH 7.0 for limed columns.
Effluent pH values in the limed treatménts near 7.7 were due to liming amendments as
opposed to affects of the unbuffered, pH-adjusted influent solution. Because organic

amendments and topsoils rich in organic C are routinely added to mine tailings in
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reclamation efforts, an additional treatment simulating these high C environments
included 0.5 mM glucose and 1.0 mM lactate in the influent. For several épeciﬁc
columns, air was continuously pumped through a port in the bottom end cap at a rate of
10 mL min™ to insure that oxic conditions were present and to disrupt potential redox
gradients.

An effluent collection system was devised to minimize microbial and abiotic
transformations of As mobilized from the columns. Solution exiting the fop of ’.the
columns was plumbed directly into 50 mL glass syringes whose pistons were allowed to
freely extend as effluent flowed in. The syringes were housed within a Na(g)-purged
temperature-controlled chamber set at 2 + 1 °C. To allow for expulsion of air from
aerated columns, tubing exiting the fop endcap was open to the atmosphere and effluent
flowing from the tube was collected with a-fraction collector rather than syringes. During
the colﬁmn transport experiments, samples were removed periodically, filtered (0.22
pm) and analyzed fof As(V), As(Total), Fe(Il), Fe(Total), sulfide and pH. The method
used for quantifying As épecies was modified from Masscheleyn et al. (26). Specifically,
5 mL aliquots of effluent or standard were added to each of tw-o 15 mL polyethylene
bottles and analyzed separately for total As and As(V), with As(Ill) determined by
difference. Arsenite was liberated from one sample by selectively reducing As(III) to
arsine gas and subsgquent purging of the arsine gas. This was accomplished by adding 1
mL of 0.25 M NaOH and 0.79 M NaBHy (over a period of 3 min) to a sample buffered
with 1 mL of 2 M Tris (pH 6.5) whilé sparging with N(g). The sample was then sparged
for 7 additional min. Total As was analyzed with hydride generation-atomic absorption

spectrophotometry as described in Jones et al. (22). The phenanthroline method was used




13
to determine Fe(ll) and Fe(total) concentrations, and sulﬁde was measured
colorimetrically using fnethylene blue (27). Redox potential within the columns was
measured using a Pt-wire inserted into the center of the column midway Between the top
and bottom enddaps and sealed prior to starting the experiments (surface area.= 0.5 cm?),
and a reference electrode connec.ted to the top endcap. The Pt-electrodes were interfaced
to a computer that collected voltage data at prescribed intervals. Prior to the experiments,
the Pt-electrodes were calibrated in accordance with ASTM method D1498-76 (28) using
Fe(Il)/Fe(Ill) reference solutions. All column transport experiments were conducted in
triplicate unless otherwise noted. At the conclusion of the experiments, coluﬁms were
dismantled and the RT/sand mixture was used for isolation of As(V) reducing

microorganisms and for molecular analysis.

As(V) Reducing Isolates

Bacteria were isolated by adding 1 g of post-experimental RT-sand mixture to 10
mM NaCl and shaking @ 100 cycles min™ for 5 min. The slurry was serially diluted and.
0.1 mL aliquots of each dilution were plated onto various media designed to culture -
aerobic and anaerobic bacteria, and specifically, bacteria capable of anaerobic As(V)-
respiration. Bacteria were isolated using yeast-extract peptone-glucose (YEPG) agar
media and SSE agar media s:upplemented with 1 mM glucose and 2 mM lactate (SSE+C).
Both media also contained 13 pM As(V). These plates were incubated under both aerobic
and anaerobic conditions. To speciﬁcally isolate As(V) respiring bacteria, SSE agar
media was prepared with 500 pM As(V) and 250 pM cysteine; NHsNO; was replaced

with 2.5 mM NH4Cl. Anaerobic plates were degassed for several days, inoculated, then
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incubated in a chamber containing a GasPak Plus generator (Becton Dickinson, Sparks,
MD). Isolated colonies were restreaked several times to obtain pure cultures.

Isolates obtained from the post-experimental RT/sand were screened for their
ability to reduce As(V) in serum bottles containing 50 mL SSE+C media and 13 pM
As(V-).- Aerobic treatments were maintained by continuously purging the solution with
filter-sterilized air (> 5 mL min™). Anaerobic treatments were conducted using Nyg-
purged serum bottles containing 13 pM As(V). The .potential for isolates to respire on
As(V) was tested in Ny)-purged serum bo‘Ftles containing SSE media supplemented with
500 .pM As(V) and 250 p,M cysteine; NH4NO3; was replaced with 2.5 mM NH4CIL.
Aerobic isolates that were capable of reducing As(V) were further characterized using
serum bottles containing SSE media plus 5 mM MOPS buffer, 20 mM glucose, 50 uM ‘
NaH,POy4, and 200 pM Na,HAsO4. Serum bottle experiments with isolates obtained from
the C supplemented columns utilized the same media with exception of 10 uM.P and 1.4
or 156 uM As(V). Sérum bottles were inoculated to attain an initial cell density of 10°
cells mL™, as determined using an empirically-c}eveloped relationship between cell
enumeration with epifluorescence microscopy of DAPI stained cells and optical density
(OD) measurements (Asq) of cell suspensions. At each sampling interval, 3.5 mL of
suspension was removed for determination of OD (Ase), As(V) and As(Total)

concentrations as described above.

DNA Extraction and Purification

Total sample DNA was extracted using the FastDNA SPIN Kit for Soil (Bio 101,

Vista, CA) following the manufacturer's instructions. The extracted DNA was




15

electrophoresed in a 1 % SeaKem GTG agarose gel (FMC BioProducts, Rockland, ME);

and stained with ethidium bromide.

Partial 16S rDNA Amplification and Denaturing
Gradient Gel Electrophoresis (DGGE)

DNA extracts were used as template for polymerase cilain reaction (PCR) tliat
targeted a 322 bp region within the 16S rRNA gene. The 1070 forward primer (Integrated
DNA Technologies,l Coralville, IA) targeted the domain Bacteria (E. coli positions 1055-
1070) and the 1392 reverse-GC 1:;rimer targeted a universally conserved region (E. coli
positions 1392-1406). The reverse primer contained a 40 bp .GC-rich clamp used in
DGGE (5'-CGC CCG CCG CGC CéC GCG CCC GGC CCG CCG CCC CCcG cce
CAC GGG CGG TGT GTA C-3'; 29). PCR reaction mixtures (50 pL) contained 1-5 pL
template DNA (2-20 ng), 2 mM Tris-HCI (pH 8), 10 mM KCIl, 10 uM EDTA, 2.5 mM
MgCl,, 800 pM dNTP's, 0.5 uM of each primer, and 1.25 U Taq DNA polymerase
(Promega, Madison, WI). PCR reactions were run on a 9700 GeneAmp PCR System
(Perkin-Elmer, Foster City, CA). The protocol was 94 °C for 4 min, 30 cycles of 94 °C,
55 °Cand 72 °C eéch for 45 sec, and é final 7 min extensioﬁ period .at 72 °C. DNA was
quantified by el‘ectrdphoresis on a 3 % SeaKem GTG agarose gel (FMC BioProc,lucts,
Rockland, ME) run with a Low DNA Mass Ladder (Gibco BRL, Grand Island, NY) and
stained with ethidium bromide.

PCR products were separated and visualized using DGGE as describéd by
Muyzer et al. (30) with the foilowing modifications. A DCode Universal Mutation
Detection System (Bio-Rad, Hercules, CA) was used to resolve the PCR products. The

gel consisted of 8 % acrylamide and a 35-70 % gradient of urea/formamide increasing in
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the direction of electrophoresis (running buffer = 1X TAE [40 mM Tris, 20 mM acetic
acid, and 2 mM EDTA at pH 8.5]; 60 V at 60 °C for 17 h). DGGE gels were stained with
SYBR Green II (Molecular Probes, Eugene, OR) in 1X TAE for 30 min and
photographed using UV transillumination. DGGE bands qf interest were stabbed with a
sterile pipet tip, rinsed in sterile molecular biology grade water and used as template for
PCR amplification and subsequent sequencing reactions.

PCR Ampliﬁcation and DNA Sequencing
of DGGE Bands

Template for sequencing of DGGE bands was amplified using primers 1114
forward and 1392 reverse (without the GC clamp; 315 as described above. The product
was purified with a QIAquick PCR‘ Purification Kit (Qiagen Inc., Valencia, CA) and the
sequencing reaction was carried out using an ABI Prism BigDye Terminafor Cycle
Sequencing’ Ready Reaction Kit as described by the manufacturer (Perkin-Elmer). The
samples were processed on an ABI Prism 310 capillary sequencer (Perkin-Elmer) and the
resultant sequences were aligned using Sequencher 3.1.1 software (Gene Codes
Corporation, Ann Arbor, MI). Phylogenetic information was obtained by using BLAST

to compare the sequences with sequences found in the GenBank database (32).

Full Length 16S rtDNA Amplification and
Sequencing

DNA from each of the isolates was amplified using primers that amplify nearly
the entire 16S rRNA gene. Templéte for the reactions was obtained by scraping several
colonies with a sterile pipet tip and swirling the tip in 50 uL of DNase free water. The

suspension was heated at 98 °C for 10 min. and 1.0 or 5.0 pL was used as template for
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PCR. Primers for the initial PCR consisted of the Bacteria-specific primer Bac8 forward .
(5'-AGAGTTTGATCCTGGCTCAG-3") and the universal primer Univ1492 reverse (5'-
GGTTACCTTGTTACGACTT-3"). The produc;cs were purified with a QIAquick PCR
Purification Kit. All primers for the full-length sequence reactions were derived from the
.probes described by Amann et al. (33). Sequencing conditions and sequence analysis

were conducted as described above.

Results and Discussion

.Column Experiments

The mean steady-state effluent pH increased from 3.85 in unlimed treatments to
7.75 after liming (Table 2.1), consistent with lime requirement calculations for this a;cid
mine soii (23). Tron eluted from unlimed columns was predominantly Fe(Il), which is
consistent with thermodynamic predictions of Fe speciation at pH < 4 and Ey < 530 ﬁlV
(Table 2.1; 34). As expected, the pH increase after liming resulted in undetectable
concentrations of Fe in the effluent (< 0.8 ‘uM), and thus confirmed the use.of liming as
an effective method for immobilizing Fe in RT. No detectable sulfide (> 3.0 pM) was
released from either unlimed or limed columns. Estimates of redox potential using Pt-
electrodes suggested that limed columns not supplemented with C were too oxidized to
support significant concentrations of As(IIl) (Figure 2.1; Table 2.1). At pH 7.75,
theﬁnodynamic predictions suggest that redox potential values must be less than -23 mV
to support significant concentrations of As(Ill) (> 1 % of total; 35); observed Pt-Ey

values at steady-state were never less than 380 mV (Table 2.1). In limed columns that




Table 2.1. Mean steady-state pH values and Fe and As concentrations in effluent from reprocessed
tailing (RT) columns. Influent for these treatments was not supplemented with C.

Treatments pH . Ey Fe(Il) Fg(Total) As(IIT) As(Total)

@v) UM M)

Unlimed Sterile® 3.9 (0.1)° 7732 (12.3) 158.6 (9.9) 162.5(124) 83(5.0) 16.7 (84
Unlimed Nonsterile 3.8 (0.03) 522.5 (19.6) 78.3 (42.5) 76.4(43.7) 163 (7.9) 24.5(5.9)
Limed Sterile 7.8 (0.07) 4183 (38.6) 0.0(0.0) 0.0(0.0)  3.0(3.0) 99.3(14.3)
Limed Nonsterile ~ 7.7 (0.06) 412.9 (17.4) 0.0(0.0) 0.0 (0.0) 2521 (52.8) 300.3 (61.4)

Limed-Aerated- 7.8 393 0.0 0.0 299.5 340.0
Nonsterile )

®Values for sterilized treatments are means of three replicate columns experiments; two of the
* experiments used RT pretreated with chloroform, and the third used RT that was autoclaved.
®Standard errors of three replicate column experiments in parenthesis.

81
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Figure 2.1. Total As and As(l1l) concentrations in the effluent from unlimed and limed,
sterile (autoclaved) and non-sterile RT columns. Influent was not supplemented with C.
The As(V) concentration is the difference between total As and As(ll11) concentrations.
The Ehwas measured with a Pt-electrode positioned in the center of the columns.
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received influent containing 0.5 mM glucose and 1.0 mM lactate, redox potential values
that theoreticaliy favored the presence of As(IIl) were attained after 5 d (Figure 2.2).

In unlimed columns, both the sterilized and nonsterilized treatments released an
initial pulse of As which ranged from 100 to 250 nM, then gradually declined to
approximatel}; 20 nM As after 1 to 5 d (Figure 2.1A, B). After liming, steady-state
concentr_étions of total As mobilized from sterile columns increased significantly to about
100 nM (Figure 2.1C; Table 2.1). In nonsterile treat;nents, r.nean S‘Feady—state As
concentrations increased further to approximately 300 nM (Figure 2.1D, Table 2.1). In
the absgnce of microbial activity, As(V) was the predominant speciés mobilized after
liming. éonversely, in the limed, npnsterile treatments, As(Ill) ‘was the predominant
species mobilized after 3 d, and the increased mobilization of As was associated with ﬂe
reduction of As(V) to As(Ill). To verify that As(V) reduction and enhanced As
mobilization occurréd‘ under oxic conditions, an additional experimeﬁt was conducted
durihg which air was continuously pumped through a limed nonsterile column. Steady-
state effluent AS(III) and total As concentrations for the aerated treatment were
essentially idéntical to concentrations in the nonaerated-limed treatments (Table 2.1),
supporting the conclusion that microbial As(V) reduction within these limed columns
occurred under redox conditions considered oxic as determined .u‘sing Pt-electrode
measurements and Fe®* concentrations 34). Liﬁed columns that received influent

supplemented with C released about 450 nM total As after 3 d; neaﬂy all as As(Il)

(Figure 2.2).
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Figure 2.2. Total As and As(l11) concentrations in the effluent from limed non-sterile RT
column that received influent containing 1.0 mM lactate and 0.5 mM glucose. The As(V)
concentration is the difference between total As and As(lll) concentrations. The Eh was
measured with a Pt-electrode positioned in the center of the columns.

o0
Unlimed Limed TJ

A B A B

S

30

Q
5
£
3

» g

80

Figure 2.3. Denaturing gradient gel (35 - 70 %) of PCR-amplified 16S rDNA fragments
from untreated RT, unlimed RT columns (replicates A and B), limed RT columns
(replicates A and B) and C. leidyi (1), S. yanoikuyae (2), and R loti (3) -like isolates. To
resolve the S. yanoikuyae and R. loti bands in the limed RT column (replication A), the
sample was run with a narrower (40 - 60 %) denaturing gradient (inset). Comigration of
isolate bands with bands from limed RT columns is indicated with dashed lines.
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Molecular Analysis

DNA fingerprints of the microbial populations present in untreated
(preexperimental) RT and in two of the three unlimed and limed column replicates were
obtained using DGGE. Distinct banding patterns, representing different microbial
assemblages, were associated with the different treatments (Figure 2.3). The presence of
many bands in the untreated RT suggested that a relatively diverse microbial community
resided in the RT prior to treatment. Significant differences in the bélnding patterns of
unlimed versus limed treatments demonstrated.that pH and its consequent impacts on
solution chemistry are strong determinants of microbial selection. Comparisons between
the banding patterns from colmﬂn replicates revealed the comigration of many bands and
suggested that similar microbial populations were stimulated in the. replicate experiments
(compare unlimed lanes A vs B and limed lanes A vs B), however, some differences
between the replicates were observed, indicating potential variation in inoculum or
sﬁbsequent column conditions, cﬁ during DNA extraction and amplification of 16S rDNA
segments.

Sequence analysis of prominent bands in the denéturing gradient gels and
comparison with sequences in the' GenBank da;cabase revealed that diverse bacterial
populations Weré selected in the column environments. Promineﬁt bands in unlimed
column lane B represent populations that were 100 % identical to a Delftia species and
100% identical to a Frateuria species within fhe region of the rRNA gene analyzed (~
322 bp; Figure 2.3). Prominent bands in the limed column lanes represent Caulobacter
leidyi, Sphingomonas yanoikuyae, Rhizobium species, and Leptothrix discophora (99.1 %

identical) -like populations based on the ~ 322 bp region analyzed (Figure 2.3). The
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. prominent upper band in limed column B represented at least two populations that were

not easily resolved and therefore were not sequenced.

Isolates

We cultivated and characterized several bacterial populations that may have been
responsible for As(V) reduction in the limed RT columns. Bacteria were isolated from
two of the three limed (no C supplement) RT column replicates and screened for their
ability to reduce As(V). No microorganisms capable of énaerobic growth (under these
conditions), including anaerobic respiration using As(V), were isolated during this study.
However, three microorganisms capable of aerobic As(V) reduction were isolated from
each of thése replicate limed columns. Near full-length sequence analysis of the 16S
rRNA genes of these three bacteria and comparison with sequences in the GenBank
database revealed that their closest phylogenetic neighbors were Caulobacter leidyi,
Sphingomonas yanoikuyae, and Rhizobium loti (Table 2.2).

The relevance of these cultivated organisms in the column environment was
examined by comparing DGGE band migration and sequences of bands detected in the
column en.vir,onment to those of each igolate. Bands representing the C. leidyi, S.
yanoikuyae, and R. loti-like popula’;ions in RT had the same mobility in the DGGE gels
as isolate baﬁds and sequence analysis verified that they were 100 % identical (Figure
2.3). These observations suggest that our isolates represented at least three of the
bacterial populations that were stimulated by the liming treatment.

Three additional microorgapisms capable. of reducing As(V) in aerated serum

bottles were isolated from replicate limed RT columns that received supplemental C in




Table 2.2. Phylogenetic affiliation and As(V) reduction rate parameters of isolates cultivated from limed columns containing
reprocessed tailings (RT). Measured optical density (OD) values and As(V) concentrations were used to fit a second-order rate
expression (Eqn. 1) to obtain values for an apparent second-order rate constant (k). . '

Isolate  GenBank Nearest GenBank relative” VAs(V ) reduction parameters’-------
accession

1no. k° ¥ Maxrate Half-life®

Species Phylogenetic Percent AU ah (mM d?) @
] group similarity ,

1 AF331660 = Caulobacter leidyi a proteobacteria 100 0.037 0.93 0.054 2.6
2 AF331661 Sphingomonas yanoikuyae o prdteobacteria 100 0.073 0.88 0.401 0.4
3 AF331662 Rhizobium loti o proteobacteria 98.3 0.033 0.88 0.293 0.5
4 AF331663  Pseudomonas aeruginosa vy proteobacteria 99.9 0939 097 0.118 0.9
5 AF331665  Pseudomonas fluorescens vy proteobacteria 99.0 0224 098  0.066 1.7
6 AF331664  Sphingomonas echinoides o proteobacteria 99.4 _ - 0.469 0.82  0.0004 24

<

? Phylogenetic affiliations were determined by comparing near full-length 16S rDNA sequences of these isolates to sequences
in the GenBank database. ” Initial As (V) concentrations were 160-200 uM for isolates 1-5; and only 1.4 pM for isolate 6.

¢ Apparent rate constants and half-lives (t;) dependent on experimental conditions and limited to optical density values
achieved in current experiment; half-lives estimated.based on maximum rates assuming psuedo first-order reaction dependent

on As(V).

1L
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the influent. This treatment was specifically designed tc; enrich for microorganisms that
may be important under the elevated C levels resulting from remediation treatments that
incorporate C amendments. Although the conditions within these columns may have been
conducive to the growth of anaerobic bacteria, no bacteria were isolated undelr anaerobic
conditions; the three bacteria obtained from this treatme;nt wefe all isolated under aerobic
conditions. Near full-length sequences of the 16S rRNA genes of tﬁese isolates were

compared with sequences in the GenBank database; the nearest phylogenetic neighbors

were Pseudomonas fluorescens, P. aeruginosa, and Sphingomonas echinoides (Table

2.2). All six of the As(V) reducing bacteria isolated from the mine tailings were members
of either the o or y proteobacteria sﬁbdivisions (Table 2.2). The 16S rDNA sequences of
these isolates were deposited in GenBank under the accession numbers AF331660 -

AF331665 (Table 2.2).

' As(V) Redﬁction Kinetics of Isolates

The kinetics of _As(V ) reduction were measured in continuously aerated serum
bottles for each of the six isolates cultivated. from liﬁled tailings (Figure 2.4). The
dependence of As(V) reduction rate on As(V) concentration and optical density (OD)
during the growth phase of the isolates was modeled using the following second-order

rate equation (36):

—d[As(V)]/dt = k[As V)X (1)

where X represents OD in absorbance units (AU) and k is the apparent A‘s(V') reduction .

rate constant in units of AU b, Measured values of OD and As(V) as a function of time
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were used as inputs to Equation 1 to obtain fitted values of k for each isolate (Table 2.2).
Predicted concentrations of As(V) c.>btained using the fitted k values and measured OD
values correlated well with measured data for all isolates (r* > 0.8; Table 2.2; Figure 2.4).
The apparent rate constants (k) for isolates 1, 2, and 3 were significantly lower combared
to isolates 4, 5, and 6, due in part to the different growth charécteristics of the isolates and
the composition of the media used in these experiments. For example, the P nutritional
status and the P:As ratio may be very important to the growth rates and As(V) reduction
kinetics observed in these experiments (/4). Isolates 1, 2, and 3 receivéd SQ pM P and
achieved much higher OD values than isolates 4, 5, and 6 which received only 16 uM P.
Because the fitted second-order rate constants (k) depend on both As(V) concentration
and OD, variation in growth kinetics among isolates under the culture conditions
'employed influences the magnitude of k. Although we are interested in thé affect of P:As
ratio on the reduction kinetics of AS(V), the current objectives were focused on
establishing that these isolates may be responsible for As.(V) reduction observed in the
limed columns under aerobic conditions: Towards this end, the serum bottle experiments
clearly showed that the reduction of As(V) was coincident with microbial growth unde;
aerobic conditions. Moreover, maximum OD values were not significantly different inl
the absence of As(V) (data not shown) suggesting that growth 'was not coupled to
reduction of As(V) and that growth was not inhibited by the presence of As(V) at thesé '
levels. Maximum rates of As(V) reduction by these isolates ranged from about 0.4 mM d”
Y or S. ‘yanoz'kuyae to about 0.4 uM d! for S. echinoides (Table 2.2). Since the maximum
concentration of As(Ill) eluted from the limed columns was about 0.4 pM (at a flow rate

of 21 mL d™), it is reasonable that these isolates could have been -responsible for the
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Figure 2.4. Microbial biomass (as optical density, OD) and As(V) concentrations as a
function of time for six As(V) reducing isolates incubated under aerated conditions.
Isolates are named after their nearest phylogenetic neighbor found in the GenBank
database. Serum bottles inoculated with S. yanoikuyae, C. leidyi, and R. loti contained 50
[iIM P and 200 mM As(V). Serum bottles inoculated with P. fluorescens and P.
aeruginosa contained 10 pM P and 157 |iM As(V). Because S. echinoides did not reduce
any As(V) at an initial As(V) concentration of 157 p,M, reduction experiments with this
isolate were conducted using and 1.4 pM As(V) (10 |iM P). Error bars represent standard
errors of three replicate serum bottle experiments conducted for each of the isolates.
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reduction of As(V) ’Fhat was observed during transport. Nevertheless, the As(V)
reduction rates demonstrated by several of these isolates are comparable to rates
measured for other bacteria. For example, researchers have reported dissimilatory As(V)
reduction rates as high as 7 mM d’ (37) while As(V) reduction rates attributed to

detoxification have been observed to be as high as 1 mM d™* (11, 36).

Mechanisms of As Reduction and Implications
for As Cycling

In the reprocessed mine-tailings used in the current study, liming enhanced the
mobilization of As due to both chemical (pH dependent sorption; 385 and microbiological ‘
processes (Table 2.1).. A combination of cultivation and cultivation-independent methods
were used to evaluate specific bacterial populations responsible for the reduction of
As(V) in mine-tailiﬁgs after liming. Six different microbial populations representing
Sphingomonas, C’aulobacter, Rhizobium, and Pseudomonas genera were isolated from
limed reprocessed tailings, and all were capable of rapidly reducing As(V) in aerated
serum bottles. The appearance of 16S rDNA bands representing these bacteria in
denaturing. gradient gels revealed that several of these populations were present in the
limea columns, and in some cases appeared to be dominant merﬁbers of the microbial
community. The reciuction of As(V) to As(Il) by these microorganisms was associated
with the enhanced mobility of As in column transport experiments. However, reductive
dissolution of the Fe-oxide phase was not a significant factor in mobilizing As as judged
by _the absence of detectable Fe(Il) or Fe(Ill) in column effluent. Conversely, the pH

change from 4 to 7.7 resulting from lime amendment would be expected to cause
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significant precipitation of Fe-oxyhydroxides ana measured dissolved Fe concqntrations
before and after liming were consistent with this expectation.

Several lines of evidence suggest that t’he; microbial reduction of As(V) in these
column transport experiments occurred via a process other than As(V) respiration. The
fact that aeration had little effect on As(V) reduction rates (Table 2.1) suggests that
reduction of As(V) was not coupled to anaerobjc respiration. Furthermore, the bacterial
isolates shown to be relevant’members of the microbial community did not demonstrqte
- growth under anaerobic conditions with As(V) as an electron acceptor, but rather, were
able to grow and rapidly reduce .As(V) under oxic conditions. These data suggest that
As(V) reduction in the mine tailings occurred via a detoxification process which is
functional under oxic conditions. Cai et al. (I7) demonstrated that strains of P.
aeruginosa and P Sfluorescens, which are closely related to two of our isolates, carry ars
operon homologues which confer increased resistance to As. This pathway results in
intracellular reduction of As(V) and the subsequent efflux of AS(III) via a transmembrane
pump. DNA sequence homologues of As detoxiﬁéation genes have also been detected in
T hiobacillus ferrooxidans? an obligately chemolithotrqphic bacterium common in pyritic |
mine tailings (I3). Although we recognize that anaerobic microsites within soil
aggregates méy have coﬁtributed to dissimilatory As(V) reduction,-the molecular analysis
and cultivation techniques employed in the current study did not reveal any potential
As(V) réspiring bacteria. It is c_ertainly possible that these microorganisms may have
been present in our columns, but were not detected due to limitations of the techniquéé,
including (i) the inability to extract or amplify DNA from these bacteria, (ii) the inability

to identify and/or sequence less prominent DGGE bands representing organisms capable
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of dissimilatory As(V) reduction, and (iii) the inability to successfully simulate the
column environment during attempts to cultivate these microorganisms. Hc_)wever, While-
dissimilatory reduction of As(V) may be an important process in strict anaerobic
environments, the results from this study suggest that rapid reduction of As(V ) in limed
mine tailings, and potentially in other soils and natural waters may be facilitated by
microorganisms un(%er aerobic’ cbpditions. Consequently, the prediction of As valence,
and thué, the behavior of As based solely on redox status may be problematic. Because
the .ability to reduce As(V) via detoxification pathways may be a widély distributed trait

in soil and aquatic microorganisms, these processes need to be taken into account in order

to fully understand As cycling in natural systems.
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CHAPTER 3

BACTERIAL' POPULATIONS ASSOCIATED WITH THE OXIDATION AND
REDUCTION OF ARSENIC IN AN UNSATURATED SOIL

Introduction

The activity of As uapsforming microorganisms in soils and natural waters has
significant implications for the behavior of As because different As species exhibit
variation in solubility, mobility, bioavailability, and toxicity (I-4). Of ;che dominant
inorganic species, arsenite (H3AsO5°) is generally considered to be more mobile and
more toxic than arsenate (H,AsO,, HAsO,*) (I-4). Kn,own.As transforming bacteria
possess diverse mechanisms for either oxidizing As(IIl) or reducing As(V), including
energy generation and detoxiﬁqatipn (e.é., 5-10). For example, an As(IIl) oxidizing
Agrobacterium/Rhizobium —like bacterium isolated from a gold mine in Australia can'
grow chemolithoautotrophically, utilizing As(III) as the sole electron donor (8).
Conversely, Alcaligenes sp. and Agrobacterium albertimagni strains grow
heteroﬁopMcally, .but can rapidly oxiciize As(IIT) using a mechanism consistent with As
detoxification rather than energy generation (7, 11). The crystal structure of arsenite
oxidase in Alcaligenes sp. has recently been elucidated (/2).

Dissimilatory reduction of As(V) has been shown to occur in at least nine
different genera scattered throughout the domain Bacteria (I 0, 13-15), and has also been
observed in two hypertherinophilic Archaea (16). These microorganisms are either strict

anaerobes, facultative anaerobes, or microaerophiles capable of utilizing arsenate as a -
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terminal electron acceptor: Interestingly, Thermus strain HR13 apparently has the
capability to both reduce As(V) via respiration under anaerobic conditions and oxidize .
As(II) via a detoxification mechanism in the presence of oxygen (/3). Dissimilatory
- reduction is often considered the primary mechanism responsible for the rapid reduction
of As(V) observed in anaerobic environments. However, work also suggests that a variety
of soil microorganisms, both anaerobic and aerobic, may reduce As(V) to As(Ill) via As
detoxification (I7-19). Significant prior work has shown that As(V) reduction activity by
numerous bacteria is encoded by a variably organized ars operon, which may either be
plasmid borne or chromosomal (e.g., 20—22).‘The ars genes are inducible by either As(V)
or As(IIl), resulting in the intracellular reduction of ‘As(V) by ArsC, a cytoplasnﬁc
reductase, and subsequent excretion of As(Ill) into the surrounding media (ArsB, A).
Homologues of the ars operon have been identified in diverse bacteria including
Pseudomonas, Bacillus, Klebsiella, Staphylococcus, Salmonella, Acidz’thz"obacillus,
I"ersinz'a and Escherichia (21, 23-26). In addition, putative ars homologues have been
detected in many of the bacteria and archaeca whose genomes have recently beén
sequenced, suggesting that ars genes are relatively common among prokaryotes (27).

The reduction: of As(V) via detoxification may contribute':. to apparent
nonequilibrium conditions where As(III) has been observed in. oxic soils and surface
waters (e.g., I8, 28, 29). For exaniple, several As(V)-reducing bacteria have been found
to mediate the reduction of As(V) under highly aerobic conditions resulting in enhanced
mobilization of As from limed mine tailings (18). The chgracterizatipn of several aérbbic

heterotrophs isolated from these tailings suggested that the probable mechanism of As(V)
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reduction was As(V) detoxification. Other investigators have also isolated apparent As
detoxifying ba_dteria from soil, although the relevance of these populations to As redox
cycling actually occurring in the environment was not studied (17, 19, 30). Given the
importance of As(V)-As(Ill) redox cycling in soil-water systems, Very little is known
regarding the potential role of various As detoxification strategies versus metabolisms
capitalizing on As for energy conservation. Consequently, one of the goals of the current
study was to improve our understanding of the possible mechanisms and assdciated
microbial diversity responsible for As (III)/(V) cycling in soil systems. Specifically, the
objectives of this study were to (i) utilize cultivation-independent 16S rDNA -sequence
analysis to identify mic_robial populations associated with observed As redox
transformdtions occurring in a soil environment, (ii) cultivate As(III) oxidizing and As(V )
reducing aerobic heterotrophic bacteria from the same soil systems, and (iii) determine if
isolates with demonstrated As redox éctivity correspond to those populations detected
with molecular methods. These objectives were addressed by conducting unsaturatéd
flow column transport experiments where micromolar concentrations of either As(IIl) or
As(V) were used as influent to enrich for microqrganisms capable of transforming As

under aerobic conditions.

Materials and Methods

Column Experiments

The upper 20 cm of a well-drained, fine loamy, frigid Typic Calciaquoll that

contained 2.6 uM soluble As (saturated paste extraction using deionized H,O equilibrated
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for 0.5 h, 37) was collected from an irrigated pasture in the Madison River Valley |
(Gallatin County, Montana), and used as inocula for column studies. Measurements of
soluble As concentrations in Madison River Valley soils typically range from 0.2 to 35
UM (31). The fate of As in irrigated Madison River water containing 1 — 4 uM As
originating from Yellowstone National Park (32), has been an important regional water
quality problem regarding As contaimination of soils and shallow ground waters (31, 32).
Redox transformations of As within this soil were studied under unsaturated flow
conditiqns using autoclaved polycarbonate columﬁs (Iength = 100 mm, diam. = 35 mm)
packed with a mixture of 5 % soil and 95 % .,acid-washed, autoclaved ;:_[uartz sand (50-70
mesh, Sigma Chemical, St.Louis, Missouri, U’SA) for a total mass of 115 g (bulk density
~12¢g cm'3). The columns received autoclaved influent supplied to the top of the
columns with a continuous-flow pump set at 1.8 mL h' (1..9 pore volume a’, pore .water
velocity ~ O.'77 cm h'l). To insure tho;ough aeration and create unsaturated flow within
the columns, _ﬁlte; sterilized air was drawn through the column via a nylon screen at the
bottom endcap .using a peristaltic pump at a rate of 100 mL.h'l'. Solution applied to the
columns dre;ined through the soil/sand matrix via gravimetric flow and exited the bottom
of the columns along with the- air stream. The volumetric water content (Oy) of the
soil/sand mixture was maintained at 0.24 ¢m3 em™ (~ 53 % of saturation). The inﬂuént
was formulated to enrich for aerobic heterotrophs capable of transforming As and
contained NH;NO; (i.25 mM), CaSO, (2 mM), MgCl, (2 mM), KH,PO, (10 pM), KOH
(1.25 mM), FeCl, (5 pM) (33), supplemented with micronutrients (34), vitamins (35), 5

mM glucose (added to enrich for heterotrophic organisms), and either 75 pM NaH,AsOs
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or 250 puM NaHAsOs. These concentrations of As were significantly higher than
concentrations shown to induc'e genés involved in As detoxification (2]), but lower than
those normally employed fqr As(Ill) chemolithotrophic growth or for anaerobic
respiration on As(V) (8, 35). The pH of the influent was adjusted to -7.0 with NaOH.
Column ex-perimehts were conducted in duplicate and sterile controls were performéd
using autoclaved soil (30 g portions of soil autoclaved for three 1 h cycles). |

Arsenic transformations within all columns were monitoréd periodically during .
the 14 to 16 d experiments by collecting 2 mL samples of column effluent, which were
then filtered (0.22 pm) and analyzed for As(V) and As(Total) using hydride generation -
atomic absorption spectrometry (HG-AAS) and" NaBH, speciation, where arsenite is
determined by difference .(J 7). Up.on termination, all columns were dismantled and
subsamples of the soil/sand mixture were used for isolation of As(IiI)-oxidizing and
As(V)-reducing microorganisms and for molecular analyéis.

Isolation and Characterization of As-Transforming
Aerobic Heterotrophs

Bacteria were iéolated from the unsaturated columns by homogenizing the entire
soil/sand mixture and adding 1 g to 10 mL of 10 mM NaCl and shaking @ 100 cycles
min™ for 5 min. The slurry was serially .diluteld and 0.1 mL aliquots of each dilution were
plated onto R2A nutrient agar (Difco Laboratories, Det;oit, MI), a medium designed to
maximize culturability of stressed cells. This plating protocol was used to isolate aerobic

heterotrophs consistent with the soil column enrichment conditions and was not intended




40'.
to. cultivate dissimilatory As(V) reducers, which are generally anaerobic or
microaerophilic (10).
Isolates obtained from the soil/sand mixture were tested for their ability to oxidize

or reduce As during growth in 25 mL bottles containing 5 mL column influent media

(described above) modified to include 5 mM MOPS buffer (pH = 7.0), 50 uM NaH,POy,,

1 mg L7 yeast extract (added to enhance growth in pure culture), and either 75 pM

NaHAsO3 or 250 uM NaH,AsOs. Bottles were agitated on a shaker table and were |

aseptically vented daily to maintain aerobic conditions. The As transforming isolates were
grouped based on comigration of PCR amplified 16S rDNA fragments in denaturing
gradient gel electrophoresis (DGGE) (described below), and finally, by near-full length
se.quencing of their 16S rRNA gene (described below). Rates of either As(IIl) oxidation
or As(V) reduction by each isolate were characterized in continuously aerated serum
béﬁles (5 mL min™ filter sterilized air) containing 50 mL of the same liquid media used

for initial testing (discussed above) with the exception that 50 uM NaH,AsO; was used

for isolate 3. Prior to inoculation, all isolates were grown in the same liquid media

without As. Serum bottles were inoculated to attain an initial cell density of 10° gells per
. mL based on optical density (OD) measurements (Asqy) of cell suspensions. At each
sampling interval, 3.0 mL of suspension was removed for determination of OD and
conceptrations of As(V) and As(III) as described above. Arsenic oxidation and reduction
rates were determined from maximum slopes of As concentration curves versus time and

normalized to cell number (OD correlating to position of maximum slope) using an
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empirically-developed relationship between cell enumeration with phase contrast
microscopy and optical density (OD) measurements (A500) of celi suspensions.
To confirm that As(IlI) oxidation was dependent on the presence of microbial
cells, culture filtrates from As(III) oxidizing isolates were tested for oxidization of As(III)

(3) by spiking 3 mL of filtrate (0.22 pm) from actively oxidiiing cell suspensions

(inoculated similarly and grown in the same media described for the oxidation rate

experiments) with 200 pM As(IIl) and measuring oxidation after 3 h. The ability of the
As(Ill) oxidizing isolates to grow chemolithoautotrophically with As(IIl) as the sole
electron donor and CO, as the primary C source‘was tested using the serum bottle method

described above with 25 mL 'of column influent media (described above) supplemented

with 50 uM NaH,PO4, 30 mM NaHCO; (added to replace glucose as the C source) and 5

mM As(IIl) (modified from reférence 8). The serum bottles were sealed to maintain the
- partial pressure of CO,. The potential for the As(V)-reducing isolates to respire on As(V)
was tested in Na(gas)-purged serum bottles containing column influent media modified to
contain 5 mM MOPS buffer (pH.= 7.0), 50 uM NaH,PO,, 1 mg L yeast extract, 4 mM
As(V), and 1 mM cysteine; NH4NO; and glucose were replaced with 2.5 mM NH4Cl and
20 mM lactate, respectively, based on past reports of media uée_d to -culture As(V)

dissimilatory reducers (35).

DNA Extraction, P_CR, and DGGE Analysis

Total DNA was extracted from the homogenized soil/sand mixture using the
FastDNA SPIN Kit for Soil (Bio 101, Vista, CA). DNA extracts were used as template

for polymerase chain reaction (PCR) which targeted a specific 322 bp segment within the
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16S rRNA gene. The 1070 forward primer targeted the domain Bacteria (E. coli positions
1055-1070) and the 1392 reverse-GC primer targeted a universally conserved region (E.
coli positions 1392-1406; 36). The reverse primer was modified to contain a 40 bp GC-
rich clamp to facilitate analysis by DGGE (37). PCR mixtures (50 pL) contained 1-5 pL
t_emplate DNA (2-20 ng), 10 mM Tris-HCI (pH 8), 50 mM KCl, 0.1 % Triton X-100, 4.0
mM MgCl,, 800 puM dNTP's, 0.5 uM of each primer, and 1.25 U Taqg DNA polymerase

(Promega, Madison, WI):The protocol was 94 °C for 4 min, 30 cycles of 94 °é, 55 °C
and 72 °C each for 45 sec, and a final 7 min extension period at 72 °C.

PCR products were separated by DGGE as described by Ferris et al. (37) with the
following modifications. A DCode System (Bio-Rad, Hercules, CA) was used to resolve
the PCR products in gels ponsisting of 8% acrylamide and a 40 . 70% gradient of
urea/formamide. Electrophoresis was performed at 60 V at 60 °C for 17 h. bGGE gels
were stained with SYBR Green II (Molecular Probes, Eugene, OR) for 30 min and
photographed using UV transillumination. DGGE bands of interest were stabbed with a
sterile pipet tip and used as template for PCR amplification, purification (repeated PCR
amplification and DGGE until a pure band was obtained), and subsequent sequencing
reactions. The templates were amplified using primers 1070 forward and 1392 reverse
(without the GC clamp) as described above. The product was purified with a QIAquick
PCR Purification Klt (Qiagen Inc., .Valencia, CA) and the sequencing reaction was
carried out using an ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction
Kit (Perkin-Elmer, Foster City, CA). The samples were processed on an ABI Pri;c:m 310

capillary sequencer (Perkin-Elmer) and the resultant sequences were aligned and edited
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using Sequencher 3.1.1 software (Gene Codes Corporation, Ann Arbor, MI). The
sequences were then compared with those found in the GenBank database using BLAST
38).

Full Length 16S tDNA Amplification and
Sequencing of Isolates '

Total DNA from each of the isolates was used as template to amplify nearly the
entire 16S rRNA gene. Template for PCR was obtained by scraping several colonies with
a sterile pipet tip and swirling the tip in 50 pL. of DNase free water. The suspension was '
heated at 98 °C for 10 min. 'and 1.0 pL was ﬁsed as template for PCR. Primers for the
initial PCR consisted of the Bacteria-specific pﬁmer Bac8 forward (5'-
AGAGTTTGATCCTGGCTCAG-3") and the universal primer Univ1492 reverse (5‘—
GGTTACCTTGTTACGACTT-3". The PCR products were purified with a QIAquick
PCR Purification Kit. All primers for the full' 1ength sequénée reactions were derived
frohl the probes described by Amann et al. (36). Sequencing reactions and analysis were
conducted as described above. The near-full length 16S rbNA sequences for the isolates
obtained in this .study have been submitted to GenBank and have been assigned the
accession numbers AF388027 - AF388034. |

~ Amplification, Hybridization, and Phylogeny
of arsC Genes

Three sets of primers for arsC genes were designed based on different groupings
of arsC sequences (23).-Sequences of 17 characterized and putative arsC genes were

obtained from GenBank, and aligned using the ArbEdit Fast Aligner function in the ARB
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software package (W. Ludwig and O. Strunk, Technicai University of Munich). Primer
set 1 was derived from the arsC genes of enteric bacteria (5°-
ATGAGCAACATYACCAT-3’ forward and 5-TTATTTCAGYCGTTTACC-3’ reverse;
corresponding to positions 1-426 of Escherichia coli arsC). Primer set 2 was deﬁved
from the arsC genes of Gram-positive bacteria (5°-ATTTAYTTTATATGYACAG-3’
forward and 5’-GATCATCAAAACCCCAAT-3’ reverse; corresponding to positidns 16~
317 of the Baéiléus subtilis arsC). Primer set 3 was derived from the arsC genes of
Pseudomonas aeruginosa and P. putida (5’-AGTCCTGTTCATGTGYAC-3’ forward and
5 ’-TGGCGTSGAAYGCCG—3’ reverse; corresponding to positions 6-365 of the P.’
aeruginosa arsC). The arsC genes of E. coli (strain K-12, '2]), a Geobacillus sp. (isola‘;e
from a Yellowstone National Park geothermal soil, accession number for 16S rDNA -
AF391973), and P. aeruginosa (strain PAO1, 24), were used as controls in amplification
reactions using eaéh set of primers. .PCR conditions were as described for 16S rRNA gene
amplification except for annealing temperature, which was reduced to 37 °C for primer
‘sets 1 and 2, and to 42 °C for primer set 3, and cycle number, which was increased to 35.
Attempts were made to amplify arsC genes from DNA extracted from each isolate vﬁth
each primer set. PCR products of ‘positive controls were confirmed as arsC genes by
sequencing. E. coli, and P. aeruginosa arsC genes corresponded to previously reported
arsC sequences in GenBank (accession nos. X80057 and AF010234, respectively). The
putative 'Geobacillus sp. arsC gene was novel and was submitted to GenBank.
(AF393651). PCR products of all three were used as probes for dot-blot hybridizations.

| Probes were labeled with **P using the Megaprime DNA Labeling System (RPN 1606,
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Amersham Pharmacia Biotech, Piscataway, NJ). Total DNA from each of the isolates was
applied to nylon membranes (GeneScreen Plus, NEN Life Sciences, Boston, MA) using
the Bio-Dot Microfiltration Apparatus (BioRad, Hercules, CA), and hybridizations ﬁth
each probe performed according to the manufacturer’s dnstructions. Probed membranes

were visualized using autoradiography with Kodak BioMax MS film (Rochester, NY).

Results and Discussion

Column Experiments

Arsenate was the predominant species of Aé eluted from nonsterile unsaturated
. columns after three days, regardless of whether they received As(IIT) or As(V) (Fig. 3.1).
The value of the column derived first-order rate constant (k) for As(IIl) oxidation in
treatments receiving 75 pM As(Ill) was determined to be > 0.60 h! (t;, < 1.2 h) using an
analytical solution to the advection dispersion equation (equation 9 in ref. 47), assuming
that all As(Il) was converted to As(V) (detection limit = 0.05 pM). Although the
oxidation of As(Ill) to As(V) ~is thermodynamically favored under oxic conditions 42),
sterilized treatments did not result in detectable conversion of As(III) to As(V).
.Consequently, the rapid oxidation of As'(III) observed in the nonsterile columns was

mediated by microbial processes.

Molecular Analyses

DGGE was used to obtain DNA fingerprints of microbial populations present in
the original soil inoculum and in each of the column enrichments. Replicate DGGE

profiles of the untreated soil appeared identical, exhibited numerous bands, and suggested
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that numerous microorganisms were present in the original soil inoculum (Fig. 3.2). The
As(I11) and As(V) treatments produced somewhat different banding patterns, indicating
that enrichment conditions, including As speciation and/or concentration, influenced the
selection of soil microbial populations. Replicate columns of each As treatment yielded

similar DGGE banding patterns, however, differences in band intensity between the
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Figure 3.1. Concentrations of As(V) and As(l11) in the effluent from unsaturated soil
columns receiving either (A) 75 pM As(l11) or (B) 250 pM As(V). Error bars are standard
errors of duplicate column experiments.
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Figure 3.2. Separation of PCR-amplified 16S rDNA fragments using denaturing gradient
gel electrophoresis (40-70 %). DNA was derived from either the untreated soil, soil
columns (replicates a and b) that had received either 75 pM As(l11) (14 d treatment) or
250 pM As(V) (16 d treatment) and As transforming isolates obtained from the columns.
Band numbers labeled on the right side of gel correspond to 1) Variovorax paradoxus, 2)
Flavobacterium heparinum, 3) Pseudomonas fluorescens, 4) Microbacterium sp., 5)
Agrobacterium tumefaciens, 6) Arthrobacter aurescens, and 7) Arthrobacter sp. -like
organisms. Bands observed in the soil columns that did not correspond to any isolates
represent 8) Alcaligenes sp. and 9) Agrobacterium vitis -like populations based on
comparison of band sequences to entries in the GenBank database. Dashed lines show
comigrating bands and open circles indicate bands that were purified and sequenced.
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replicates were observed, indicating potential variation in inoculum and/or subsequent
column conditions. As with all defined enrichment environments, the chemical and
physical attributes of the media select for organisms that are competitive or highly
adapted to such conditions. Consequently, use of glucose as a pofential C and energy
source and the relatively high As conceﬁtrations used in these experiments does not
necessarily enrich for organisms that may predominate in‘ natural soil environments
containing other C substrates and lower As concentrations.

Purification and sequencing of selected bands in the DGGE gels and comparison
with sequences in GenBank revealed that the two most prominent bands in the columns
supplemented with As(IIl) represented populatioﬂs that were 99.4 % similar to
Pseudomonas fluorescens (band 3j and 9‘9.6 % similar to Alcaligenes sp. (band 8,
accession no. AF536820) (Fig. 3.2). Less conspicuous bands in this treatment that were
successfully purified and sequenced most closely matched Variovorax paradoxus (99.5 %
identity, band 1), Agrobacterium tumefacz‘en;s‘ (100 % identity, band 5), and
Agrobacterium vitis (100 % identity, band 9, accession no. AF53'6821) populations.
Major bands in columns supplemented with As(V) represented P. fluorescens (band 3)
and 4. tumefaciens (band 5), while minor bands represented 4lcaligenes sp. (band 8) and
A. vitis (band 9) -like populations. Thus, all of the sequenced bands were found in each of
the two tréatments, with exception of V. paradoxus, which was only observed in the
As(III)_-supplemented columns. The most apparent differences between treatments were
decreased intensity of the Alcaligenes sp. band (No. 8) and increased intensity of the A.

tumefaciens band (No. 5) in the As(V) treated columns relative to the As(Ill) treated
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columns. These differences in band intensity suggested that the Alcaligenes sp. -like
population may have been favored in the presence of As(Ill) and conversely, the A.

tumefaciens -like population was favored in the presence of As(V).

Isolates -

Traditional cultivation methods were used to isolate microorganisms from the As
ﬁeated columns. Serial dilutions of the soil/sand mixture obtained after column
enrichment were plated on R2A media and after 72 h, 24 colonies representing 10
different colony morphologies were picked from the most dilute plates (10° - 10™
dilutiohs), and tested for their ability to either oxidize As(III) or reduce As(V). Because
all of these isolates were obtained from plates inoculated with dilute serial suspensions,
they represented the cuitivatable organisms that were enriched as a result of the As(III) or
As(V) treatments. As with any cultivation me&hod, the microorganisms selected under
specific enrichmént conditions, in this case, on R2A media, do not necessarily represent
all the populations that were important in the soil columns. Of the 24 bacteria isolated
from plates, ten were capable of oxidizing As(III) ‘and ten were capable of reducing
As(V). Four others grew pootly in the solution media and were therefore dropped from
the experiment. Both the As(IIl) oxidizing and the As(V) reducing isolates were obtained
from columns that received either As(Ill) or As(V) indicating that As oxidizers or
reducers were not limited to a specific treatment (Table 3.1). The fact that both oxidizers
and reducers were obtained from the same treatments suggests that As oxidation and
reduction may have been occurring simqltaneously. These organisms were identified by

near-full length sequencing of their 16S rRNA genes, reveél.ing that a total of three




Table 3.1. Closest GenBank neighbors and sequence similarities (16S rDNA) of isolates cultivated from unsaturated soil
columns. Isolates were obtained from treatments indicated with checkmark and detection of their 16S rDNA sequences in soil
columns is indicated. Rates of As(IIl) oxidation and As(V) reduction demonstrated by isolates were measured during
. logarithmic growth under aerated serum bottle conditions. '

Isolate  Isolate  Closest GenBank neighbor (% Similarity)® DNA Column treatment As(TIT) oxidation /
or Accession ' sequences from which As(V) reduction
DGGE  Number detected in isolates were parameters
band columns® . obtained
number As()  As(V) Rate®  Half-life®
(umol d™ @
_ cell®)
As(II) Oxidizing Isolates -
1 AF388028 Variovorax paradoxus (99.3) yes N 1.7 0.5
3 AF388027 Pseudomonas fluorescens (99.1) yes N y 14 0.2
S5A AF388033 Agrobacterium tumefaciens (99.9) yes N 0.7 - 0.3
As(V) Reducing Isolates
2 AF388029 Flavobacterium heparinum (94.9) no N 0.5 0.6
4 AF388031 Microbacterium sp (98.1) no \ 2.4 0.2
5B AF388030 Agrobacterium tumefaciens (99.9) yes N + 3.3 0.1
6 AF388032 Arthrobacter aurescens (99.6) no v N 2.9 0.1
Arthrobacter sp. (97.8) no v 1.6 0.2

7 AF388034

? Closest GenBank neighbors and similarities of near full-length 16S tDNA sequences of isolates were determined using
BLAST (398). ®16S rDNA sequences in columns were analyized by purifying and sequencing DGGE bands derived from PCR
amplification of DNA extracts. “Rates normalized to cell number using an empirically-developed relationship between cell
enumeration with phase contrast microscopy and optical density (OD) measurements (A500) of cell suspensions. ¢ Apparent
half-lives (t12) are dependent on experimental conditions and are estimated based on rates assuming psuedo first-order reaction
dependent on ' As(III) (oxidizing isolates) or As(V) (reducing isolates).

0¢ -
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different As(Ill) oxidizing populations and ﬁve different As(V) reducing i)opulétions
were represented by these isolates (Table 3.1). BLAST searches showed that the closest
matches to the three Aé(III) oxidizers were Pseudomonas fluorescens, Variovorax
paradoxus, and Agrobacterium tumefaciens. The closest GenBank matches to the five
AS(V). reducing isolates were Flavobacterium heparinum, + A.  tumefaciens,
Microbacterium sp., Arthrobacter aurescens, and Arthrobacter sp. The Pseudomonas and
Agrobacterium genera contain members that were previously shown to have As
transforming capabilities (11, 2I). Interestingly, the two A. tumefaciens isolates that
exhibited opposite _As redox phenotype have identical 16S tDNA sequences (across
~1400 bp). Further discussion regarding these two strains follows below. The similarity
in colony morphology between the 4. tumefaciens isolates as well as am.ong other isolates
prevented attempts to enumerate specific populations from either column based on colony

forming units (CFU).

Correlating Isolates with Column Populations

Sequences of 16S rDNA fragments arﬁpliﬁed from nucleic acid extracts of
column samples were compared to sequences- of As transforming isolates déscribed
above. These comparisons showed that three DGGE bands present in the column
treatments represented 16S rDNA sequences that .were 100 % identical to the V.
paradoxus (bénd 1), P. fluorescens (band 3), and A tumefaci'en‘s (band 5)-like isolates
(Fig. 3.2), all of which were As(Ill) oxidizers. However, with exception of the 4.
tumefaciens band (No. 5), no DGGE bands corresponding to other As(V) reducing

isolates were observed in DGGE profiles. The-direct identification of As(Ill) oxidizing
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populations in the column environments using molecular methods was consistent with the
microbial oxidation of As(Ill) observed during solute transport. However, the fact thai
two strains of 4. tumefaciens [an As(Il) oxidizer and an As(V) reducer] cc;uld not be
differentiated by DGGE, and that other As(V) reducers were isolated from these columns
precludes a conclusion that oﬁly As(IlI) oxidizing microorganisms were relevant to the
net As redox output observed in these columns. Template bias (43) may have reduced the
sensitivity of .the molecular approach, and may explain the lack of detection of As(V)
reducing populations using PCR-DGGE. Furthermore, detection of the As(V) reducing
populations using DGGE was potentially limited by the addition of ~ 100 ng total DNA
per lane; it is possible that higher quantities of DNA may have allowed detection of these
bands, althougﬁ overall band resolution may ha;sfe suffered. Regardless of the actual
population size of As(V) reducing organisms in the soil columns, the combined metabolic

activity of the As(V) reducers failed to dominate the net As redox activity in the column

communities.

Rates of As Transformation by Bacteria

‘Rates of As(Ill) oxidation or As(V) reduction by each of the eight 'isolétes
cultivated from the cplumn environments were measured in coﬁtinuously aerated .s'erum
bottles (Fig. 3.3). Rates of As(IIl) oxidation during logarithmic growth of the three AS(IH)
oxidizing isolates varied from 0.7 to 1.7 pmol d” per 10° cell with corresponding As(IIT)
half-lives ranging from 0.2 to 0.5 d (Table 3.1). In comparison, rates of As(V) reduction
by the five As(V) reducing isolates ranged from 0.5 to 3.3 ;iun,ol d? per 10° cell (half-lives

of 0.1 — 0.6 d; Table 3.1). Assuming that As(Ill) oxidation was the only transformation
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Figure 3.3. Microbial biomass (as OD 500 nm, O) and As(lll) [A] or As(V) [m]
concentrations as a function of time for three As(ll1)-oxidizing isolates and five As(V)-
reducing isolates incubated under aerated serum bottle conditions. Total concentrations of
As in solution ([Total As] = [As(l11)] + [As(V)]) remained nearly constant during each
experiment. Isolates are named after their nearest match found in the GenBank database.
Error bars represent standard errors of three replicate serum bottle experiments for P.
Jluorescens and two replicate serum bottle experiments for all other isolates.
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process in the ‘soil column experiments, the number of As(Ill)-oxidizing organisms
required to support the column-derived As(IIl) oxidation rates was estimated to range
from 1 - 3 x 108 cells/g soil, based on the As(IIT) oxidation rates obtained for each of the
As(IID-oxidizing isolatgs (Table 3.1). Although this estimate assumes that the
physiological status of the islolates was similar in pure culture to that under column
conditions, it suggests that either of the three oxidizing isolates would be capable of
suppoﬁing the oxidation of As(IIl) observed in the soil columns, either acting

individually or in concert.

Mechanisms of As Oxidation/Reduction

No oxidation of As(III) was observed in sterile controls or in experiments using
cell-free filtrate taken from isolate suspensions that were actively oxidizing As(IIl), -
indicating the observed As(IIl) oxidation required the presence of microbial cells. In
addition, none of the As(Ill) oxidizing isolates grew -in média designed for
chemolithotrophic metabolism using As(III) as the sole electron donor (same medium as
used during column enrichment except glucose was replaced by CO, and As(Ill) was
increased to provide adequate energy source). This result, taken together with the fact that
As(II) oxidation profiles for each isolate correé:ponded with microbial growth (Fig. 3.3)
suggests that the mechanism of As(IIl) oxidation by these isolates was related to As
detoxification rather than. energy generation. Likewise, none of the As(V)-reducing
isolates could grow in media designed for dissimilatory As(V) reduction, where lactate
served as the primary C and energy source and As(V) was present as the primary electron

acceptor. This result was not surprising considering that the isolated organisms were
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enriched under aerobic conditions. Although these findings must be tempered with the
possibility that some or even all of these bacteria may utilize As for energy metabolism in
different media, under the conditions tested here, none of these organisms demonstrated
energy conserving reactions with As. Thus, all of the bacteria isolated from the As
supplemented columng demonstfateci the capacity to either oxidize As(IIl) or reduce
As(V), apparently for detoxification purposes. |

Hybridization experiments using arsC probes derived from P. aeruginosa,
Geobacillus, and E. coli, for dot blots of DNA obtained from the soil isolates did not'
réveal'signiﬁcant homology under low stringency wash con;iitions (65 °C, 2X SSC; Fig.
3.4). Conversely, positive controls using total DNA extracts from P. aeruginosa,
Geobacillus, and E. coli produced strong hybridization signals with their respective
probes. The failure of these arsC probes to hybridize with DNA from the soil isolates is
consistent with the enormous diversity of known arsC sequences (e.g., 9, 23-27), and the
fact that this diversity may preclude detection of arsC homologs using probes designed
from phylogenetically different organisms. |

Recent hybridization experiments by Dr. Tiﬁlothy McDermott and Lina Botero
using an arsC prdbe derived from arsC annotated in the- genome of A. tumefaciens strain
C58, revealed significant homology between the A. tumefaciens arsC probe and the DNA
from the 4. tumefaciens isolates (SA and 5B). They further characterized the apparént
arsC homologs in these 4. tumefaciens isoiates by PCR amplification and sequencing
(accession nos.: AY286230 for isolate 5B, AY286231 for isolate 5A). The nucleotide

sequences of these putative arsC genes (375 nucleotides) were 99.2% identical to each
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other, and their inferred amino acid sequences were 80% identical and 88% similar to the
annotated arsC in A tumefaciens (across 124 amino acids). Amino acid alignments
showed the cloned A. tumefaciens arsC genes shared extensive homology with the well
characterized arsC from E. coli, including the highly conserved amino acids Cys12,
Serl5, Arg60, Arg94, and Arg107 (E. coli p773 arsC numbering) found to be essential
for activity in several ArsCs {44). Phylogenetic analysis of the cloned partial arsC genes
unambiguously placed both as sharing a common node with the A. tumefaciens strain C58

arsC and separate from the other closely related arsC genes.
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Figure 3.4. Hybridization of 3P-labeled probes prepared from B. thermoleavorans, E
coli, and P. aeruginosa arsC genes (rows A, B, and C, respectively) to dot blots of X
phage HindiW digested DNA (negative control), and genomic DNA extracted from each
As(V) reducing isolate (2-F. heparinum, 5B- A. tumefaciens, 4-Microbacterium sp., 6-
Arthrobacter aurescens, and I-Arthrobacter sp.) and from B. thermoleavorans, E coli,
and P. aeruginosa (positive controls) are labeled at the top.
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" Interestingly, both of the 4. tumefaciens isolates were shown to contain a putative
arsC, despite the fact that isolate SA did not exhibit As(V) reduction. The apparent lack
of As(V) reduction in the As(Ill) oxidizing 4. tumefaciens isolate may be due to a variety
of reasons including point mutations in qrsC or separation of &rSC from its As
derepressible promoter. Given that the two arsé genes cloned frgm the different A.
tumefaciens isolates shared 106% amino acid identity across that portion of the gene
aﬁpliﬁed and sequenced in this study, any putative mutation would have to be external to
this‘ part of the arsC coding r'egién. An alternative explanation may be that the arsC gene
in the As(Iﬁ) oxidizing isoiate .became separated from an As derepressible promofer due
to a genomic rearrangement event that are now known to be common in bacteria (45, 46),
including the Rhizobiaceae (47, 48). Tt is also possible that the opposite As redox activity
of the two _A. tumefaciens strains is due to the presence, abseﬁce, or differential -
expression of an As(II) oxidase gene. The As(V) reduéing strain either may lack.th'e
genes required for As(IIT) oxidation, ;)r may not have significantly expressed these génes '
under the conditions studied herein. Studies are currently under way in the McDermott
laboratory to examine the genetic differences between these 4. tumefaciens strains, én‘d to

assess whether mutation, lateral gene transfer events, or other factors may explain the

different As phenotypes.

Implications for As Cycling in Soils

Eight heterotrophic, aerobic As-transforming bacteria representing diverse genera
in the gram-positive, flavobacteria, and proteobacteria kingdoms were isolated from soil

column enrichments and characterized. None of the five As(V)-reducing isolates grew on
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media designed for dissimilatory As(V) reduction, and the three As(Il)-oxidizing isolates
did not grow in media with As(IIT) as the primary electron donor for chemolithotrophic
metabolism. Based on reported mechanisms of As oxidation-reduction activity among
microorganisms (44, 49), these results suggest that both the As(V)-reducing and As(III)-
oxidizing isolates were transforming As via detoxification mechanisms as opposed to
energy generation. Although we were able to cultivate both As(V)-reducing and As(IIl)-
oxidizing bacteria from the column _environments, As(Ill) oxidizing populations
apparently dominated the observed net As redox activity and r_epresented' the primary 16S
tDNA sequences that were detected in column samples using molecular methods.

The coexistence-of both As(IIl) oxidizing and As(V) reducing aerobic populations
in the same soil suggests that the relative numerical and or metabolic dominance of these
populations will influence the predominant As valence state. The isolation of both As(III)
oxidizing and As(V) reducing A. fumefaciens strains from the same column enrichment
(Table 3.1) shows that the ability to either oxidize As(IIl) or reduce As(V) is vériable
even am;mg strains that proliferate under the same environmental conditions. Because of
such variation in phenotype within similar organisms, phylogenetic identification of
microorganisms based on 16S rRNA sequence analysis is not sufficient to predict the -
redox transforming capabilities of specific bacterial populations. Further, As
contamination in oxic environments may not select for microorganisms capable of
utilizing As in energy metabolism, but rather, may shift the microbial community
structure to favor organisms capable of detoxification either via As oxidation or

reduction. Speécifically, the broad phylogenetic distribution of arsC genes suggests that
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the importance of nondissimilatory As(V) reduction may be underestimated as a
mechanism of As redox cycling in natural systems. Results from the current study, as well
as other recent examples (/7, I8), support the hypothesis that the oxidization and
reduction of As occurs in phylogenetically diverse soil bacteria via mechanisms that are

not directly assogiiated with respiration or chemolithotrophic metabolism.
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CHAPTER 4

LINKING GEOCHEMICAL PROCESSES WITH MICROBIAL COMMUNITY
ANALYSIS: SUCCESSIONAL DYNAMICS IN AN ARSENIC-RICH ACID-
SULFATE-CHLORIDE GEOTHERMAL SPRING

Introduction

Source waters of geothermal springs are generally far from thermodynamic
equilibrium with respect to earth-surface conditions, resulting in thermal and chemical
energy gradients that drive a variety of a{)iotic and microbially mediated reactions. Many
chemical constituents present in geothermal waters undergo abiotic reactions including
oxidation reactions with O, and release of oversaturated constituents via degassing or
precipitation. Many of the oxidation-reduction processes important in geo;:hemical
cycling are also catalyzed by microorganisms, where reduced species such as H,, H,S,
S°, Fe(Il) and As(III) may serve as electron donors for energy conservation, {and oxidized
species such as O,, NOj3, SO,*, and As(V) may be reduced dﬁing respiration. In
addition, potentially toxic fraice elements such as As may be transformed by microbial.
processes associated with detoxiﬁcat'ion. rather than energy conservation (/). In many
cases, the relative importance of abiotic and biotic processes varies for specific
constituents as a function of temperature and distance down gradient from spring
discharge, creating ﬂumerous unique thermal and geochemical environménts that serve as
ﬁiches for possible microbial cqlonization.

The source waters of ASC geothermal springs located in the Norris Geyser Basin

of Yellowstone National Park (YNP) contain variable concentrations of reduced chemical
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species including Hp, H,S, As(lll) and Fe(Il) in a background sqlution containing
millimolar levels of Na*, SO4* and CI" (2-4). The combination of high t'emperature, low
pH (~3), high sulfide, high As(III) and ele;vated levels of other trace elements such as B
create an extreme environment where chemolithoautotrophs dependent on inorganic
constituents for energy generation and CO, as a C source constitute the dominant primary
. producers (4, 5). Microorganisms adai)ted to these unique and extreme geothermal
environments may exhibit metabolic strategies that are quite different than those used by
many of the microorganisms in culture (e.g., 5-7). Consequently, considerable effort has
recently focused on describing novel 16S rDNA sequences and or isolates ﬁoﬁ extreme
environments, as well as the ecology and géochemistry of these unusual habitats (e.g., 4-
9).

Recent molecular and geochemical characterization of a representative ASC
thermal spring (Dragon Spring) in Norris Basin showed that microbial mat communities
changed dramatically with distance down the outflow channel correlating with major
changes in aqueous and solid phase geochemistry (4, 9). While no As(II) oxidation was
observed wifhin the S° depositional zone (0 — 3 m), in .s;itu microbial oxidation of As(III)
to As(V) occurrgd at rates faster than eve;r reported for nauﬁd waters immediately down
gradient (4 - 5 m, half-lives ~ 0.6 min, 4, /0). Results from electron microscopy
(SEM/EDAX), x-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS)
showed that the microbial mats in this region were composed of an x;ray amorphous
hydrous ferric oxide (HFO) phase containing 0.6 - 0.7 mole ratio As:Fe, among the
highest As contenfs obsérved in naturally occurring HFO’s (1I; 12). Phylogenetic

analysis of 16S rDNA cloned from these microbial mat communities suggested that
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Hydrogenobaculum, Desulfurella, Acidimicrobium ferrooxidans, and Meiothermus-like
populations were important organisms inhabiting the different microenvironments within
the spring (9). In addition, six archaeal 16S rDNA sequences were identified that
exhibited poor métc_hes (mean. similarity ~ 90 %) to currently known sequences from
hydrothermal vents and terrestrial hot springs. Consequently, it was difficult to infer the
potential role of these novel organisms in mat development and or geochemical cycling.
More generally, direct links between micrbbial populations and the unique chemical
processes occurring in geothemﬁal springs has been limited (8).

Examination of microbial and geochemical changes occurring dﬁring
reestablishment of microbial mats following disturbance has served as a useful tool for
elucidating the function of individual microbial populations in hot springs (13, 14). For
example, Ferris et al. (/4) ﬁsed molecular techniques to asseés changes in cyanobacterial
populations after microbial mat removal. The apparent physiology and ecological role of
specific populétions was determined by coupling molecular information with
measurements of 02 production/consumption and *CO, partitioning over time. In the
current study, a similar strategy was used to .identify microbial populations asso'ciated _
with geochemical cycling of H,, S, As and Fe in an acidic geothermal spring.
Specifically, the obj;ctives of this study were to, (i) correlate the distribution of bacterial
and archaeal sequences in time and space with changes in temperature and geochemical
energy gradients occurring throughout the outflow channel of an ASC geothermal spring,
(11) identify microorganisms responsible for rapid rates of in situ As(III)' oxidation, and
(iii) determine the microorganisms and processes résponsible for the formation of As-rich

HFO mats. These objectives were addressed by monitoring changes in aqueous and solid
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phase geochemistry, and 16S rDNA sequence distribution occurring during microbial
colonization and mat establishment in a newly formed discharge chémel. The suite of
complementary analyses inc;luded 16S rDNA molecular fingerprinting using denaturing
gradient gel electrophoresis (DGGE) and subsequent 16S rDNA sequence analysis, along

with a variety of chemical, microscopic, and spectroscopic techniques.

Materials and Methods

Site Description and Sampling Procedures

The acid-sulfate-chloride (ASC) geothermal spriné selected for this study,
referred to as Succession Spring (44° 43° 75.7” N. Latitude, 110° 42> 74.7° W.
Longitude), is geochemically typical of many ASC springs found in the Hundred Springs
Plain of Norris Geyser Basin, Yellowstone National Park. On July 18, 2001, discharge
water from this small spring (source pool approximately 17 cm in diameter and 3 cm
deep in the ce.n'ter, flow rate ~ 7 liter ﬁin’l) was redirected into a new channel through
 siliceous sandy parent material. characteristic of Norris Basin. The new channel was
approximately 9 cm wide, a maximum of 1 cm deep, and extended approximately 15 m
before mixing vs;ith runoff from édj acent springs. Immediately after redirecting the flow,
. a series of glass slides (1 x 4 x 50 mm) were placed in the new channel 0, 2, 4, 8, and 12
m from the spring source pool to serve as surfaces for growth of microbial mats and
deposition of solid phases. Chemical and microbial changes were evaluated at ten dates’
from July 18 through October 29, 2001. At each sampling daté, two sets of glass slides
were removed from the channel, placed in 15 mL sterile tubes, and immediately frozen

(placed on dry ice until storage at -80 °C). The slides were subsequently utilized for
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physical, chemical, and molecular characterization of adhering microbial mats and solid
phases (described below). At the same dates, aqueous samples were collected from
positions 0, 2, 4, 6, 8, 12, and 14 m from the source pool and used for a suite of chemical

analyses.

Agueous Phase Chemistry

At each sampling date, in situ measuréments of ter;l‘peratum and temperature- .
compensated pH weré made with a Mettler Toledo MA130 portable pH rﬁeter fitted with
a Mettler Toledo IP67 NTC electrode and calibrated using pH 1.68 and 4.01 buffers.
Samples used for aqueous phase analysis were withdrawn from selected positions in the
spring using a 20 mL syringe. Total diséolved sulfide (/5) was analyzed by aliquoting a -
7.5 mL subsample into a glass test tube containing 0.5 mL diamine sulfuric acid reagent
and immediately adding 4 drops of FeCls reagent. The tube was slowly inverted once,
and after 4 min, 1.6 mL of 3.8 M (NH4),HPO, was added. Absorbance (664 nm) was
measured in the laboratory within 30 h of sampling. Total F e and Fe(I) in 5 mL filtered
(0.22 pm) aliquots were analyzed on site usjng the F erroZine method (76). Absorbance of
the FerroZine-Fe(II) complex was measured at 562 nm within 1 :h of sampling. Ion
chromatography (IC) was used to determine the concentration of predominant anions (F",
CI, SO4*, NO3, COs%, AsO,*) within 1 hof sampling [Dionex DX500 Chromatography
System, 25 L injectic;n ldop, AS16-4 mm ion exchange column (Dionex Corp.,
Sunnyvale, CA), eluant gradient of 20 to 50 % 100 mM NaOH]. Total As was also
determined with IC using samples pretreated with KMnOy to oxidize As(Ill) to As(V).

Selected aqueous samples were analyzed for Na, K, Ca, Mg, Fe, Si, Al, B, S, P, As, Cd,
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Cr, Cu, Mn, Ni, Pb, Sb, Se, and Zn using inductively coupled plasma atomic emission
spectrometry (ICP-AES). Values for total As determined using ICP were consistently
within 10 % of values measured with IC. Dissolved organic C (DOC) was measured with
a DC-80 carbon analyzer (Tekmar-Dohrmann, Cincinnati, OH) after acidifying to 70 mM
H3;PO4 and purging with O, for 5 min to remove dissolved carbonate specie_s.
Colorimetric analysis of NH,;"-N was performed with a Lachet auto analyzer. Aqueous
H; was measured witﬁin 18 h after completely filling 72 mL serum bottles with source
water and capping. Prior to analysis, serum bottles (stored at 4 °C) were brought to room
temperature (21 °C) and a known volume of liquid was removed and replaced with an
equal yolume of Na(g). After the samplé was shaken for 40 min., 1 mL of headspace was
removed and injected into a Carle Series 100 AGC gas chromatograph (Carle.
Chromatography, Tulsa, OK) equipped with a molecular sieve 13X 80/100 column and
thermal conductivity detector (carrier gas: argon @ 30 mL mir_fl, 50 °C). Concentrations
of dissolved H, were calculated using a Henry’s law constant of 7.5 x 10™ M/atm derived
from AG°y, values (). Dissolved O, was measured at the site using a FOXY system
(USB2000-FL, USB-LS-450, FOXY-R fiber optic probe, Ocean Optics, Inc., Dunedin,

FL) with temperature compensation.

Characterization of Solid-Phases

M10rob1a1 mats and solid phases deposited on the glass slides were examined with
a JEOL 6100 scanning electron microscope (SEM) equipped with an energy-dispersive x-
ray spectrometer (EDS) within 22 h of sample collection (incident electron beam = 19

keV). The glass slides were placed on Al-stubs and coated with Au prior to analysis using
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a cryostage attachment to retain microbial cell integrity. Total elemental composition of
- selected. mat/solid phase samples was determined using a four acid heat treatment
followed by elemental analysis with ICP-AES. The mineralogies of several samples were
evaluated by drying the sample at 60 °C and preparing a random powder mount. X-ray
-diffraction data were collected at the Stanford Synchrotron Radiation Laboraotry in
collaboration with Dr.s S. Fendorf and B. Bostick. (12). The amount of oxalate-
extractable Fe was determined by extracting‘ 0.1 g solid phase in 30 mL of 0.175 M NHy4-

oxalate / 0.1 M oxalic acid at pH 3 in the dark for 2 h (17).

Molecular Analysis of Microbial Communities

Total DNA was extracted from microbial mats formed on glass slides and from
sand adjacent to the stream using the FastDNA SPIN Kit for Soil (Bio 101, Vista, CA).
Polymerase chain reactions (PCR) using the total DNA extracts targeted speciﬁ.c regions
within the 16S rRNA gene of the domains bacteria and archaea. One primer set was
designed to capture a 322 bp segment withi-ﬁ the domain Bacteria using Bac1070 forward
(E. coli positions 1055-1070) paired with Univ1392 reverse-GC (E. coli positions 1392-
1406; 9). Té facilitate analysis by denaturing Qa&ent gel electrophoresis (DGGE), the
.reverse primer'incorporated‘ a 40 bp GC-rich clamp (I8). A second primer set was
designed to capture a 461 bp region within the domain Archaea, utilizing the forward
primer Arc931f, and the reverse primér Univ1392 reverse-GC as described above (9).

The 50 pL PCR mixtures contained 10 mM Tris-HCI (pH 8), 50 mM KCl, 0.1 % Triton
X-100, 4.0 mM MgCl,, 800 uM dNTP's, 0.5 uM of each primer, 1.25 U. Tag DNA

polymerase (Promega, Madison, WI), and 1-5 pL template DNA (2-20 ng). Thermal
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cycler protocol was 94 °C for 4 min, 25 - 35 cycles of 94 °C, 54 °C and 72 °C each for 55
 sec, and a final 7 min extension period at 72 °C. Negative control reactions (no template)
were routinely perfoﬁned to insure purity.

Denaturing gradient gel electrophoresis (DGGE) was used to separate 16S tRNA
gene fragments following a method modified from Ferris et al. (/8). PCR products (~ 90 |
ng per lane) wefe loaded onto gels con_s'isting of 8% acrylamide and a 40 - 70%
denaturing gradient of urea/formamide. The gels were electrophoresed at 60 V at 60 °C
for 17 h using.a DCode System (Bio-Rad, Hercules, CA) and stained with SYBR Green
II (Molecular Probes, Eugene, OR) for 30 min prior to photography using UV
transillumination. DGGE bands were purified by stabBing with.a ster@le pipet tip and
rinsing thé tip in molecular biology grade watér, which was then used as template for
PCR. The position and purity. of PCR amplified band stabs were checked using DGGE,
and if necessary, the process was repeated until pure bands" were obtained. Prior to
sequencir.lg, DNA was purified usiﬂg a I\X/Iicrocon PCR centrifugal filter kit (Mi»lliﬁore
Corp. Bedférd, MA). Bands were sequenced by PCR amplification using primers 1070
forward for bacteria and 931 forward for archaea and 1392 reverse (without the GC |
clamp). The sequencing reaction was performed using an ABI Prism BigDye Terminator .
Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, Foster City, CA) and the sampleé'
were processed on an ABI Prism 310 capillary sequencer (Perkin-Elmer). Séquencher
3.1.1 software (Gene Codes Corporation, Ann Arbor, MI) was used to align and edit the

resultant sequences which were then compared with sequences found in the GenBank

database using BLAST (/9).
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Thermodynamic Calculations

Microorganisms residing in the ASC springs of Norris can, in theory, derive
energy from a wide variety of inorganic chemical reactions. Possible electron donors
present at significant concentrations in acidic geothermal springs of Norris Basin include

H,, H, S°, $,05%, S°, As(Il), and Fe(ll). Potential electron acceptors include, S°, SO4%,

O, , As(V), Fe(lll) and NOs". The free energies (AGpx, kI mol™) of several potentially

important redox couples were calculated using the familiar expression:
AGrin = AG’xn + RT In(Qrxn)

where standard state free energies of reaction (AG°r,m)' as a function of temperature were
obtained from Amend and Shock (5), and temperature corrected activities of chemical
species used in the reaction quotient (Omxn) Were calculatéd with the aqueous equilibrium
model, Viéual MINTEQ (20), using measured values of chemical constituents at the
spring source. Values of AG"rxn not available in the literature were calculated using
temperature corrected standard free energies of forma;ttion (AG®%) for constituents
measured in the spring (5). Temperature corrected values of AG°y, and AG° were
provided at spéciﬁc temperatures by Amend and Shock (3, e.g., 45, 55, 70, and 85 °C),
and.the vglues at 85 °C (within 7 °C of the source) Were used for calculations of AGiy.
This approximation resulted in devigtions to AGy no greater than 3 kJ m.ol'1 compared td

fitted values of AG®, and AG°s that corresponded to minimum temperatures measured at

the source (77 °C). Visual MINTEQ was also ﬁsed to estimate saturation indices [log (ion

activity product (IAP) / solubility product (Kp,))] for various solid phases at spring
temperatures. Solubility constants for As,S; (orpiment) and As,Ss; (amorphous) were

based on constants derived from Eary (21) and Webster (22) and further adopted by
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Nordstrom and Archer (23). Important equilibrium ;eactions and aqueous species used
for calculating saturation indices of As,S; phases were:
As;S3(s) + 6H,0 = 2H3As05 + 3H,S(aq) log Koy = -25.3, log Kam) =-23.9
HyAs3Se + 9H,0 + H' = 3H3As0; + 6H,S(aq) - log K=-30.3 |
The enthalpy. (AH®) for HyAs3S¢™ was estimated using the van’t Hoff expression and
AG’y, values provided by Eary (21). The AsS(OH)(SH) complex, found to be important

in As(Il)-sulfide solutions was also included in the equilibrium calculations (24).

Results and Discussion

Aqueous Temperature and Chemistry

Temperature values declined exponentially with distance down gradient,
avéraging 79.2 °C at the source and 48.3 °C at 14 m, consequently, hyperthermophilic to
moderately thermophilic temperature regimes were represented along the 14 m stream
gradient. The temberatures varied approximately 10 °C at any given distance down the
outflow channel during the study (Fig. 4.1A). Some of this temperature variation is a
result of variation in spring discharge rates, and althbugh discharge rates were generally
consistent over short time-frames (days - weeks), they varied from approximately 5 L
min” on day 14 to a maximum of 9 L min” on day 103 d. The increase in flow rate
observed in this study is consistent with previous observations by Fournier (25). The pH
values were relatively consistent over the sampling period but showed a slight decline
down gradient, where pH values averaged 3.10 + 0.07 at the source and decreased to 2.97
+ 0.08 by 14 m. The decline in pH may be due to a combination of factors including

evaporation and formation of amorphous HFO. Concentrations of selected chemical
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Figure 4.1. Selected aqueous geochemical constituents measured at different sampling
dates are shown as a function of distance from the source of Succession Spring.
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Table 4.1. Concentrations of selected chemical constituents measured in Succession
Spring source water sampled 103 ddys after spring redirection (Oct. 29, 2001).

Cations and Concentration _ Weak. Concentration
Anions . (M) : Acids/Bases (uM)
Na" 12,532 Si 4,819
K* 954 pIC? 1,763
Ca 116.7 B | 651
Al ' 108.7 As 70.1
Fe '86.1 NH,* 44.9
Mg 9.4 - DOC® 41.0.
Zn 2.1 S(-In 7.4
Mn 065 P 0.9
cr 13,342 Haqg) 0.017
SO* 1,331
F 174.9 Charge Difference ¢ _ 3.0%
NO; . 244 Ionic Strength®  0.0165 M

“ Undetected elements with method detection limits in parenthesis: Se (<4 puM); Ni,
(<0.9 pM); Sb, Pb, Cr (<0.6 pM); Cd, Cu, (<0.2 pM). b Dissolved inorganic C.
° Dissolved organic C. ¢ Charge difference and ionic strength calculated using the
chemical equilibrium modeling program Visual MINTEQ (20).
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constituents (Table 1) measured in the source water of Succession Spring yield a
computed ionic strength (Visual MINTEQ) of 16.5 mM, comprised primarily of of Na®,

H', CI', S04, K* and dissolved inorganic carbon (DIC).

Aqueous Chemistry of Arsenic

The total soluble As concentration at the source ranged from 70-90 . pM,
considerably higher (~ 3X) than adjacent springs in Norris Basin that have been the
subject- of recent geochemical investigations (4, 12). Arsenite was the predominant
species of As in Succession Spring source water [nearly 100% As(III)] and no signs of
As(III) oxidation were observed from 0 to 14 m down gradient of the source. during the
first two sampling dates (0.04 and 0.83 d; Fig. 4.1B). After 2 d, however, significant |
oxidation of AS(III)' to As(V) was detected, and by 14 m down gradient, 62 % of the total
" As was in the form of As(V). The fraction of As(Il) oxidized génerally continued to
increase over the duration of the study, and by day 57, 100 % of the initia1 As(1Il) was
oxidized by 12 m. Apparent in situ rate constants (k) for the oxidation of As(IIl) as a
function of distance were determined by ﬁtting As(IIl) concentrations to the first-order
rate equation [As(II)] = [As(IIl)Je™. The calculated As(III)' oxidation rate constants
(e.g., 5.0 min™ at 11 m on day 103, correspondiflg to a half-life of 0.14 min, Fig. 4.2) are -
some of the highest ever observed for a natural system (4, 11). Fﬁrthermore, As(IIT)
oxidation occurred over a wide range of temperatures and geochemical conditions -
suggesting that multiple microorganisms may have been responsiblg for As(IIl) oxidation

during succession.
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Figure 4.2. Pseudo first-order rate constants (k) for the oxidation of As(l1l) based on
measured values of As species are shown as a function of distance from the source of
Succession Spring.
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Figure 4.3. Chronological progression of yellow and HFO mats, and silica precipitates in
Succession Spring during the time of the study.
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Sulfur Species
Concentrations of dissolved sulfide decreased to detection limits of approximately
1 uM after 10 m at éll sampling events (Fig. 4.1C). Apparent first-order rate constants for
the disappea_rance of HyS(aq) (predominant species of dissolved sulfide at pH 3) ranged
from 5.7 to 10 min™ (corresponding to half-lives of 0.12 to 0.07 min) with maximum k
values occurring nearest the source. These values are very chlose to maximum rate
constants descr1b1ng As(Ill) oxidation (Fig. 4.2), suggesting a close inverse relat1onsh1p
between H,S disappeara.nce and As(Ill) oxidation. Howevgr, despite fluctuating sulfide
concentrations at the spring source ranging from 8 to 64 UM, no changes in the H,S(aq)
_disappearance proﬁleé were observed pridr to- or during microbial mat formation,
suggesting that abiotic pathways includihg degassing of H,S(aq) and or oxidation to S°
and thiosulfate upon oxygenation (26) make important contributions to the disappearance
of dissolvec_l sulfide. Further, under "acidic conditions, thiosulfate rapidly
disproportionates to S° and sulfite, and sulfite in turn rapidly oxidizes to sulfate (26). The
lack of detectable thiosulfate and sulfite using ion chromatography may be explained by
the transient nature of these compounds at this pH (~ 3.0). The rapid abiotic oxidation of
H>S(aq) is consistent with .S° depositional patterns as a function of time and distance
(discussed below). In addi;[ion, the oxidation of HpS to SO4* could not be quantified due
to the high background levels of SO4* (~1.3 mM) relative to H,S (<0.07 mM). Modeling
of aqueous chemical speciation using Visual MINTEQ predicted that HyAs3Se is the
dominant species of dissolved sulfide at the source (e.g., > 85 % of total dissolved S(-IT)
on day 2). Consequently, the predicted predominance of this species may have significant

implications for the toxicity and bioavailability of sulfide in this zone of the spring.
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Dissolved Inorganic C

Concentrations of DIC measured in the source water ranged from 1.0 — 2.3 mM
over the study period. As with H,S(aq), a rapid decline in DIC as a function of disfance
from the source was observed, typically decreasing tb < 0.1 mM (detection limit) by 12
m. The rapid -decline in H,CO3° (aq) with .distance is attributed primarily to degassing of
COx(aq), which like HZS(aq) is favored at low pH. The source waters are more than 100
times oversaturated with respect to the pCO,(g) assumed for atmospheric conditions.
Conséquenﬂy, there is a significant disequilibrium with respect to atmospheric CO, that
drives degassing. Another potential sink for CO; is fixation via autotrophic organisms,
although first-order fits of the data do not show any trends or changes in rate constants
that would be attributable to the time course of microbial mat development (data not

shown).

Soluble Fe, Hy, and O, Profiles

Concentrations of total soluble Fe (Feys) varied from 48 to 87 pM during the study
(Fig. 4.1D), 'and no meas’urable losses of Feis were observed down gradient (Fig. 4.1D).
Furthermore, the predominant val;anpe of Fe was Fe(II), comprising 80 - 100 % of the Fe
over the course of the study. Nc; consistent changes in Fe(II):Fe(III) ratios were noted as a
function of time or distance down gradient. Under these geochemical conditions (ie. pH
= 3), Fe(ll) is actually thermodynamically favored relative to Fe(IIl). As expected, rapid
ingassing of O, occurred as with distance. Concentrations of dissolved O, on day 103

(Fig. 4.1E) were below detection limits at the source (< 0.08 uM) and gradually increased

 to saturation levels by 12 m (measured value = 150 uM; predicted saturation @ 55 °C and
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- 2195 m elevation = 144 uM). Finally, Hy(aq) concentrations of the source water have
béen mleas.l.lred several times since 'the or‘iginal study in 2001 and found to range from 15
- 100 nM, consistent with Ha(aq) levels measured in other ASC springs in Norris Basin
(unpublished data, and, personal commﬁnication, Dr. John Spears).

Chéracterization of Microbial Mats and
Associated Solid Phases

One of the primary goals of this study was to describe the distribution of
rﬁicroorganisms as a function of geochemical and thermal gradients. ‘Towards this end,
visible and microscopic observations of solid phase deposition_» and microbial mat
development were. coupled with corresponding changes in aqueous‘chemistry and 16S
rDNA sequence distribution occurring after spring redirection. The first obvious change
in solid phase deposition and microbial community development occurred within 2 d,
when yellow solid phase began to line the channel floor from 0 to 8 m (Fig. 4.3 and Fig.
4.4A). Electron micrographs and elemental analysis (EDAX) of .the yellow solid phase
revealed several types of S° (> 92 atom % S) morphologies including spheres and
rh;)mbohedral erystals (Fig. 4.5). In some cases, the S° spheres appear to serve as
nucleation sites for gro'wth of orthorhombic crystals (Fig. 4.5C). Spheres and
rhombohedrals of S° have been previously reported in volcanic areas (27). Electron
micrographs also demonstrated evidence of initial stages of microbial colonization by day
2 where several rods and filaments (~0.7 uﬁ diameter) can be seen on orthorhombic S°
surfaces. The role of these early colonizers in formation and deposition of the S° phase
was not clear, given that the majority of S° phases did not reveal any surface-attached

microorganisms corresponding to the time frame necessary to deposit this phase. Rather,
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Figure 4.4. Photographs of Succession Spring 57 days after redirection of flow (Sept 13,
2001). The streambed at and immediately downstream of source exhibiting yellow mat
composed predominantly of S° is shown in panel A. The As-rich HFO mat ~ 10 m

downstream from source is shown in panel B.



Figure 4.5. SEM images of yellow mat obtained using cryostage mount. Panel A shows 200X magnification of mat that had
developed during the first 5 days after spring redirection. Higher magnification images in panels B -D reveal rhombohedrals
and spheres, and crystals protruding from spheres, all composed predominantly of S° based on EDAX. Note the presence of rods
and filaments (cells) on the mineral surfaces in panels B and D.
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the rapid deposition of elemental S° was attributed primarily to O(g) ingassing followed
by kinetically favored abiotic oxidation of H,S to S° (26). The length of the S°
depositional zone gradually decreased during the course of the study and retreated to 4 m
by day 103 (Fig. 4.3). The decrease in length of the yellow mat correlated with a
corresponding decline in source water H,S(aq) concentrations (Fig. 4.1C). During the
study period, 'concentrations of HyS(aq) at the lower boundary of the S° zone were
consis’;ently between 0.5 to 2 uM, suggesting that concentrations > 2 pM are required to
effectively support the formation of S° at these temperatures. The corresponding
temperature range defining the S° depositional zone was approximately 57 - 80 °C (Fig.
4.1A, Fig. 4.3).

Several spheres (5 to 20 pm dia.) composed of As,S; (As:S méle ratios averaged

0.61) were observed on glass slides retrieved from the 0 m position on day 2.

Thermodynamic calculations using temperature corrected constants in Visual MINTEQ,

predicted that the souice water was significantly undersaturated with respect to
amorphous As;S; and orpiment [log (IAP/Kp) for AsyS3am) = -8.5 and A$>S300m) = -7.6].
“These predictions are consistent with the fact that As,S; phases were not observed as a
predominant phase in this zone on day 2, and were not observed throughout the
remainder of the study. Aside from the AsyS3 phases observed on day 2, no other As
containing solid phases were detected in the S° depositional zone despite the high

concentration of As in the source water.
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Fe Successional Changes

The first visual and microscopic (SEM/EDAX) evidence of an arsenic-rich
hydrous ferric oxide (HFO) mat occurred by 14 d in the lower reaches of the outflow
channel (12 - 14 m). During the next 89 d, the uppér boundary of HFO deposition
gradually progressed upstream, reaching 4 m by day 103 (Fig 4.3). SEM/EDAX
observations _of the brown solid phaée samples obtained during initial stages of formation
(14 d at 12 m, Fig. 4.6A and B) showed clusters of ceils with raspberry-like appearance
similar to the coalescing spherules of amorphous As(V)-Fe(IlI)-O observed in aéid mine
drainage by Morin et al. (11). Surfaces adjacent to cell clusters were also encrusted w1th
the textured As-Fe-O solid phase. Deposi:tion‘of Si0, phases also occurred in this zone,
but these solid phases did not contain Fe or As.and were not associated with cellular -
morphology. Thus, the origin of the As-rich HFO phase was apparently biogenic, its
appearance correlating in time and space with direct evidence of microbial -colonization.
The biogenesis of this mat is also supported by thermodynamié calculations, indicating
that Fe(Il) is stable under these conditions. In addition, filtered (0.22 pm) source water
incubated at spring temperatures confirmed that spontaneous oxidation of Fe(Il) does not
occur over time scales necessary to control formation of these mats (data not shown).
Furthermore, previous studies have shown that abiotic oxidation of Fe(II) at low pH is
extremely slow (28). Currently, the speciﬁc. mechgnism by which these associated
organisms may catalyze HFO mineralization is unknown and can only be inferred from
phylogenetic analysis of populations detected in the brown mat using‘ molecular methods

(discussed bel;)w).




Figure 4.6. Scanning electron micrographs (cryostage mount) of HFO mat formed in Succession Spring. Arrows in panel A,
point to clusters of cells that are coated with an As-Fe-O mineral phase as determined by EDAX. Minerals immediately
surrounding cell clusters are composed predominantly of silica. Panel B shows higher magnification image (8,000X) of cell
cluster with raspberry-like textured surfaces characteristic to the As-rich HFO solid phase. Panels C and D show mature brown

at with nearly all surfaces comprised of As-Fe-O.
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Maturation of HFO microbial mats in Suqcession Spring was characterized by
coverage of all surfaces with As-rich HFO (Fig. 4.6C and D), including numerous ~ 1 pm
diameter rodshaped cells. EDAX of cells and surfaces encrusted with HFO showed mole
ratios of As:Fe ranging from 0.60 to 0.74, similar to those observed in’ adjacent ASC
springs (4, 12) and very close to maximum values of 0.68 observed in synthetic solutions
where 2-line ferrihydrite was precipitated in the presence of As(V) (29). Total dissolution
analysis yielded an average molar As:Fe ratio of 0.69, and essentially 100 % of this phase
was extractable with NHy-oxalate (pH 3, 17). The lability of this phase in oxalatg was
consistent with x-ray diffraction showing two broad Bragg peaks at d—spacings
characteristic of 2-line ferrihydrite (data not shown). To our knowledge, these phases
contain the Highes;[ As contents observed in naturally occurring HFO (4, 11, 12). While
compositionally similar, HFO mats in three adjacént ASC springs, éuccession, Dragon,
and Beowulf Springs, exhibit considerable variability in micromorphology. Specifically,
no filaments were observed in Succession Spring b'y day 103 while the HFO mats of
Dragon and Beowulf were comprised of an extensive network of filaments, the formation
of which are generally éssociafced with ﬂovying water (e.g., 30). The relatively short
duration of successional observations in the current study (103 d) may explain the
predominance of rods versus filaments. \

Irregularly shaped silica phases were observed at all positions within the outflow
channel throughout the study period (Fig. 4.6A, B). The formation of these phases is
consistent with aqueous chemical speciation indicating the waters are over saturated with
respect to amorphous silica and quartz, resulting in temperature corrected saturation

indices (log [IAP/KSP]) of 0.3 for SiOzgmy and 1.3 for SiOy(quartz). Synchrotron XRD has
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revealed that Si phases formed under these conditions are more similar to opal-CT rather
than quartz (/2). Silica phases observed early in the study (2 d, SEM/EDAX) were free of

surface coatings, however, within the HFO depositional zone, SiO, phases became

encrusted with As-rich HFO after 14 d.

Microbial Populations Detected in Parent Material

Fingerprints of microbial communities loﬁated at five positions in the stream
channel were obtained at seven sampling dates using PCR amplification aﬁd‘;cienaturing
gradient gel electrophoresis (DGGE) of 16S rDNA fragmehfs. Sequence analysis of
DGGE bands and subsequent comparisons to se'quences -withip GenBank showed that on
day 0.8, amplifiable sequénces from the stream channel corréspoﬂded to sequences from
Comamonas, Aanligenes, and Pseudomonas-like orgahisms (Fig 4.7). The detection of
these bacteria at all sampling positions (0-12 m) immediately after redirecting stl;eam
flow suggested that these organisms were residents of the siliceous’ sandy parent materiali
and were not associate‘ci with -subsequent geochemical processes. This scenario is
supported by the fact that ) these populations were detected in nonthermal sand control
samples collected adjacent to the stream channel, (i) the three bands gradually
diminished over time and completely diséppeared after 14 days, and (iii) these organisms

are not known to have thermophilic near relatives.

~ Initial Colonization by Hydrogenobaculum-like
Organisms

The first microorganisms to colonize the stream channel after spring redirection

were closely related to Hydrogenobaculum sp. (> 98 % similarity; accession no
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Figure 4.7. Denaturing gradient gel (40-70 %) of 16S rDNA fragments obtained by amplification of Succession Spring DNA
using universal bacterial primers. DNA was extracted from glass slides that were removed at selected sampling dates. The image
is a composite of lanes from gels that were run at different times during the study. Lanes from different gels were aligned based
on position of bands with identical sequences. Names of nearest GenBank matches to band sequences are designated and dashed

lines show comigrating bands. Bands marked with an o indicate sequences that correspond to B23.
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Figure 4.8. Denaturing gradient gel (40-70 %) of 16S rDNA fragments obtained by amplification of Succession Spring DNA
using archaeal primers. DNA was extracted from glass slides that were removed from the spring at selected sampling dates. The
image is a composite of lanes from gels that were run at different times during the study. Lanes were aligned based on position
of bands with identical sequences. Names of nearest GenBank matches to band sequences are designated and dashed lines show
comigrating bands.



Table 4.2. Accession numbers for partial 16S rDNA sequences obtained from Succession Spring and, percent sequence
similarity and characteristics of nearest cultivated GenBank neighbors®.

Accession DGGE Nearest Cultured GénBank neighbor®
Number Band :
Number
Percent Phylogenetic Characteristics of
Similarity Group Cultured Organisms
AY191870 B23 98.6 Hydrogenobaculum sp. Agquificales microaerophilic, chemolithotrophic,
NOR3L3B H,-oxidizer _
AY191871 B5 99.1 Hydrogenobaculum sp. Aquificales microaerophilic, chemolithotrophic,
NOR3L3B Hy-oxidizer
AY191873  BI156 99.6 Hydrogenobaculum sp. Aquificales microaerophilic, chemolithotrophic,
NOR3L3B- ' H,-oxidizer
AY191869 . B4 99.5 Hydrogenobaculum sp. Aquificales - microaerophilic, chemolithotrophic,
. NOR3L3B H,-oxidizer
AY191874  B182 99.5 Hydrogenobaculum sp. Aquificales microaerophilic, chemolithotrophic,
NOR3L3B H,-oxidizer
AY191883 B22 98.3 Stygiolobus azoricus Crenarchaeota  obligately anaerobic, chemolithotrophic,
Hy-oxidizer, S-reducer
AY191887 B168 96 Stygiolobus azoricus Crenarchaeota  obligately anaerobic, chemolithotrophic,
_ Hj-oxidizer, S-reducer
AY191882 B21 97.7 Stygiolobus azoricus - Crenarchaeota  obligately anaerobic, chemolithotrophic,
: : H,-oxidizer, S-reducer
AY191881 B19 99.0 Caldococcus noboribetus Crenarchaeota anaerobic, heterofrophjc
AY191885 97.6 . Caldococcus noboribetus  Crenarchaeota anaerobic, heterotrophic

B82

16




Table 4.2 Continued.

“AY191890

AY191886

AY191892 -

AY191880

AY1918%4

AY191884

AY191879
AY191899
AY191888
AY191889
AY191895

AY191902

B185
B88
BG2
B14

BG11
B25-

+B10

- BG39

B179
BG6
BG12

BG5

1 95.8

98.6

89.3

99.1

89.1

98.1

98.1

98.5

96.7

90.7

923

100

C’aldz'sphaera Zaguﬁens.z's | Crenarchaeota
Thermocladium modestius ~ Crenarchaeota
Thermofilum pendens Crenarchaeota
Acetobacteraceae Y008 o Proteobacteria
Aeropyrum pernix OH1 Crgnarchaeota
Metallospha’era prunae Crenarchaeota

Thiomonas sp. Ynys3 B Proteobacteria

Acidimicrobium sp.
Y0018
Acidisphaera rubrifaciens  a, Proteobacteria

Actinobacteria

Marinithermus Deinococcus-

hydrothermalis Thermus
Planctomycete strain 567  Planctomycete
Cyanidioschyzon merolae Rhodophyta

chloroplast

anaerobic, heterotrophic,
S-reducer

'anaerobic-microaerophilic, obligately

heterotrophic, S-reducer
anaerobic, S-reducer

heterotrophic, Fe-reducer
aerobic, heterotrophic

obligate aerobe, facultative
chemolithoautotrophic, Fe-oxidizer
aerobic, Fe-oxidizer,
~ autotrophic S;03-oxidizer
aerobic-anaerobic, Fe(Il)-oxidizer,
Fe(l)-reducer
aerobic, heterotrophic,
contains bacteriochlorophyll
obligately aerobic, heterotrophic

nonthermophilic

phototrophic

2 The nearest GenBank nelghbor was determined by comparing part1a1 168 tDNA sequences of DGGE bands to sequences in
the GenBank database using BLAST (Altschul et al., 1997).

6
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AJ320225; 30). Three different Hydrogenobaculum sequence types (B4, B5, and B182)'
were obsefved within 1-2 days at positions 2, 4, or 8 m (Fig. 4.7, 4.8). With time,
Hydrogenobaculum-like sequences were detected at all sampling positions (0 - 12 m) in
the stream, representing the only genus that was so widely distributed across thermal and
geochemical gradients (Fig. 4.7, 4.8,). The sequence of a hyperthermopiﬁlic population,
designated B23, was detected on day 103 at 0 — 2 m where anaerobic conditions and
significant levels of H, and H,S persist. Another population represented by band B156
was detected only at 4 m, possibly a function of reduced thérmal or H,S tolerance, or
dependence on low levels of O,. The population corresponding to sequence B4 was
detected at positions from 2 to 12 m and appeared to be displaced from the 2 m position
by the hyperthermophilic population (B23) after 14 d. It is possible that the
Hydrogenobaculum-like populations detected at the lower positions of the stream channel
(B4 and B182) were adapted to aerobic conditions and depleted levels of H, aﬁd HZ’S.‘
The differential detection of these highly related sequences (> 98 % similarity to each
other; Table 2) across the thermal and geochemical gradients of the stream channel
suggests that the populations represented by these seduences are capable of a ';fariety of
physiologies and are adapted to different microenvironments. The observations also~
suggest that these closely related populations originally descended from a common
ancestor and may have adapted to different thermal and geochemical niches along the
stream channel (37). The presence of different -Hydrogenobaculum —like sequences was
also observed in Dragon Spring, where molecular analysis revealed 16 different
populations (operational taxonomic units using RFLP analysis) at two sampling locations

(9). However, observations from the current study clearly document the distribution of
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different Hydrogenobaculum -like populations as a function of temperaturé and
geochemical coﬁditions.

The nearest cultivated relative to all of the Hydrogenobaculuﬁ' -like populations
detected in this study is Hydrogenobaculum sp. strain NOR3L3B (> 98 % similaﬁty;
accession no AJ320225;.30). This isolate was cultivated from a 91°C spring in Norris
Basin, further demonstrating the thermotolerance: and versatility of this closely related

- group. Hydrogenobaculum sp. strain NOR3L3B' and two other close relatives, H.
acidophilium isolated from a Japanese solfataric field (> 97 % similarjty to all
Hydrogenobaculum -like populations detected, accession no. D16296, 32), and
Hydrogénobaculum sp. strain H55 isplated from Dragon Spring (> 97 % similarity to all
Hydrogenobaculum -like populations detected, accession no. AY268103, 33) are all
autotrophic, acidothermophilic, microaerobes that utilize H, as an energy sour;:e. In

addition, H. acidophilium requires S° for growth.

Hyperthermophiles

The source waters of Succession Spring are considerably warmer than'
géochemically similar adjacent ASC spﬁngs, and ranged from 77 — 84 °C during this
study. Microorganisms growing at these temperatures are considered hyperthermophiles
and currently there is limited information ébout the distribution, diversity, and function of
these extremophiles in natural systems .(8, 34). Microbial colonization of surfaces
immediately adjacent to the spring source (0 m) was first detected 14 d after redirection -
(Fig. 4.7, 4.8). The first coloﬁizers at the source were Stygiolobus —like populations,

where three different Stygiolobus -like sequences (B21, B22, and B168) were detected at
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0 and 2 m, each with 96 — 98 %'similarity to Szjzéiolobus azoricus (accession no. X90480,
35). Members of this genus are obligately anaerobic chemolithotrophs, which can couple
the oxidation of H, to the reduction of S° and have an optimal growth temperature of
about 80° C. Conéequently, phylogenetic inference is consistent with the position of these
populations near the source of the spring where high temperatures and significant levels
of H; and S° persist. Dominant populations detected at 2 m on day 14 and at 0 m after
day 14 included Ca?dococcus, Caldisphaera, and Thermocladium -like members of the
Crenarchaeota, and a Hydrogenobaculum-like population (Fig. 4.7, 4.8; Table 4.2). TWQ
| populations with close 16S rDNA matches to the. hyperthermophile Caldococcus
noboribetus (bands B19 and B82, 97 - 99 % similarity, apcession no. D85038, 36), were
detected at 0 - 2 m. Although the availability of S° is not essential for Caldococcus
noboribetus (tile only member of this genus that has been characterized), it is required for
rapid grdwth and may be 'important for competitiveness (36). Two other 16S sequences
detected near the spring source most closely matched sequences of isolates previously
charactetized as obligate heterotrophs. One of these sequences (B185) was 95 % similar
to the sequence ot: Caldisphaera lagunensis, an anaerobe-microaerobe whose optimal
growth at 75° C and pH 3.7 was promoted by S° as an electron acceptor (accessioﬁ no.
ABO087499, 37). The sequence of band (B88) was 98 % similar to the sequence of the S°
respiring heterotroph, Thermocladium modestius, currently the only characterized species
of .- Thermocladium (accession no. AB005296,' 38). Comigrating DGGE bands
representing this' population were detected over a wide range of positions in the stream (0
— 8 m), suggesting that this genus has broader tolerance to temperature and O, compared

to Stygiolobus and Caldococcus. This is supported by characteristics of T. modestius,
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which has an optimal growth range between 60 and 80 °C and is tolerant of low levels of
O,, whereas Stygiolobus and Caldococcus are adapted to higher temperatures and strict

anaerobic conditions.

Formation of HFO Microbial Mats

The first visual and microscopic evidence of HFO phases occurred at 12 m on day
14 (49 °C) and correlated with the detection of bands B10 and BG39 (Fig. 4.7 and 4.8)
whose sequences are closely related to Thiomonas sp. strain Ynys3 (98 % similar to band
. B10, accession ﬁo. AF387303, 39) and Acidimicrobium sp. (98 % similar to band BG39,
accession no. AY 140240, 40). The fact that close relatives of these populations have been
shown to oxidize Fe(I[) and their detection in the spring coincided with HFO
biomineralization, suggests that these populations were impoﬁant in the initial formation
of As-rich HFO microbiél mats. The detection of populations closely related to known
Fe-oxidizers provides another line of evidence that HFO formation.was not simply a
result of passive Fe(ll) oxidation and nucleation processes. A Metallosphaera-like
population (band B25, 98 % similarity to Metallosphaera prunae, accession no. X90482,
41) was detected in the HFO mat after the mat had progressed upstream to 8 m on day 44.
The mean temperature at 8 m was ~ 58 °C (Fig. 4.1), just above the minimum
temperature (55 °C) required for growth of the Fe-oxidizing Metallosphaera prunae (41).
Thus, it is likely that the Metallosphaera -like population was involved in HFO mat
formation in a warmer region of the spring channel, as opposed to the Thiomonas -like
population that was always detected at < 57 °C. The genus Metallosphaera is composed

* of thermophilic, aerobic, facultative chemolithoautotrophs capable of growth on S°,




97

Fe(Il) or sulfidic ores such as pyrite (41, 42). Thiomonas are also aerobic, facultative
chemolithotrophs capable of utilizing reduced S forms as electron donors and are capable
of mixotrophic growth as well ',(39’ 43). Interestingly, Acidimicrobium sp. strain Y0018
(98 % similar to band BG39, 40) isolated from Frying Pan Spring in Norris Basin was
shown to be capable of dual Fe metabolisms; it could both oxidize Fe(I) under aerobic
conditions and reduce Fe(IIl) under anaerobic conditions. Thus, phylogenetic inference
‘suggests that the close relative of Acidimicrobium sp. (strain Y0018) detected in
Succession Spring (BG39) may be relevapt to Fe transformations in both anaerobic and
a;erbbic zones of the HFO mat. Several other organisms detected in the HFO depositional
zone may also be associated with Fe cycling. The- sequence of band B14 was detected at
8§ m on dgy 14 and was 99 % similar to the sequence of an Fé(III)-reducing
Acetobacteracéae strain YOO8. obtained from Frying Pan Spring in Norris .Basin
(accession no. AY140238, 40). In éddition, the sequence of band B179 detected in the
HFO zone (12 m) on day 103 was 96 % similar to the sequence of an aerobic
bécteriochlorophyll produbing Acidisphaera rubrifac';'ens (accession no. D86512, 44)
.isolatec'l from acidic hot springs in Japan and >94 % similar to the sequence from

Acidiphilium cryptum strain JF-5 that was capable of reducing Fe(Ill) (accession no.

Y18446, 45).

Novel Microorganisms

Several afchaeal and bacterial sequences (band numbers BG2, BG6, BG11, and '
BG12) detected in the spring after 14 d exhibited poor matches to sequénces from

previously characterized isolates (< 92 %; Table 2). For example, the closest sequence
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match to band BG2 (2 - 8 m) was from Thermaofilum pendens (89 % similarity, accession

no. X14835, 46), a Crenarchaeote isolated from a solfataric hot spring in Iceland. The

sequence of band BG11 detected at 8 m on day 103 exhibited only 89 % similarity to the -

s:aquence of its closest cultivated relative, Aerbpyrum pernix strain OH1 (accession no.
ABO078015), a hyperthermophilic Crenarchaeote isolated from a neutral pH hot spring in
southwestern Japan (47). Band BG6, detected at 12 m on day 103 most closely matched
the sequence from Marinithermus hydrothermalis, an aerobic heterotroph isolated from a
deep sea hydrothermal vent (90 % similar, accession no. AB079382, 48). Finally, band
BG12 was only 92 % similar to the sequence from a nc;nthermophilic planctofnycete
strain 567 (accessioxi no. AJ231172, 49) isolated from Lake Heidensee in Germany.
Consequently, very limited insight regarding the metabolisms of these microorganisms is
possible due to the poor sequence similarities to cultivated organisms. The‘
microorganisms represented by these sequences are likely members of novel genc-ara and
possibly _novel families or orders of acidothermoiohiles whose physiologies can only be
inferred from the environments in which they wefe detected. Recent efforts to clone 16S
1DNA from ASC springs and soils in Norris Basin revealed many sequences similar to
bands BG2, BG11, and BG12 (? 98 %, e.g. accession nos. AF325186, AF391991,
AF;7:91976), suggesting that related microorganisms represented by these sequences are
“widespread throughout Norris Geyser basin.

The sequence of band BG5 detected at 12 m on day 103 was 100 % similar to the
sequence of chloroplast DNA in Cyanidioschyzon merolae (accession no. AB002583,
50). The Cyanidiales have been characterized as red algae that live in high salt

environments with temperatures ranging from 37 — 45 °C and pH between 1 and 2 (51).
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Microbially Mediated As(Il) Oxidation

Oxidation of As(IIl) to As(V) from 2 — 8 m was initially detected 2 days after
spring redirection (Fig. 4.1), and correlated with the appearance of three
Hydrogendbaculum-like populations (bands B4, B5, and B182; Fig. 4.7, 4.8).

. Hydrogenobaculum sp. strain H55 (accession no. AY268103, 33), a close relati%ze of
these Hydrogenobaculum-like populations (> 97 % similarity), can rapidly oxidize
As(II) under microaerophilic conditions, apparently for detoxification purposes (33). By
14 d, in situ As(Ill) oxidation rates were significant from 3 — 9 m and declined at’
distances > 9 m. However, As(Ill) oxidation rates continued to increase after 14 d
corresponding to the development of HFO mats, and maximum rates were observed at 9
- 13‘m on day 103 (Fig. 4.2 and 4.3, half-life = 0.14 min at 11 m). A Thiomonas ~like
population detected in the HFO mat was closely related to two Thiomonas sp. strains (97
% similarity to band B10, accession nos. AJ549219 and AJ549220, 52) shown to oxidize
As(Ill) via an apparent detoxification mechanism. Hydrogenobaculum —like populations
were also detected in the HFO mat after 14 d (Fig. 4.7, 4.8). Currently, these Thiomonas
and Hydrogenobaculum —like populations were the only populations detected in the
spring whose near relatives have demonstrated the ability to oxidize As(Ill). It is
expected however, that all organisms present in the As-rich microbial mats of Succession
Spring possess some type of As resistance mechanism or may utilize As for energy
conservation. In addition, because arsenate is a structural analogue of orthophosphate,
organisms residing in the lower reaches of the stream where waters have high As(V):P
ratios (As(V):P at 12 m ~ 40:1), may utilize highly selective P uptake systems as a

mechanism for As(V) resistance (33).
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The fact that AS(III) oxidation was not observed between 0 and 2 m may be
explained by significant H,S concentrations (> 2 pM) within thisl zone. Previous work has
shown that addition of H,S (60 pM ) to cultures of Hydrogenobaculum sp. strain H55
resulted in immediate and complete inhibition of As(II) oxidation (33). The mechanism
by which H,$S inhibits biotic oxidation of As(IIT) may be due to O, scavenging by H,S,
. and/or inhibition of enzymes responsible for As(Ill) oxidation (33). Alteméﬁvely, the
populations present at 0 — 2 m may lack the ability to oxidize As(III). Abiotic reduction
of AS(V ) to A.s(I‘II) via HpS may also contribute to the Aé(III) observed w1th1n the
" HoS(aq) zone (54), however, previous work suggests that urider spring conditions, abiotic
reduction of As(V) is too slow to significantly alter As(II):As(V) ratios given the short

residence times from 0 — 4 m (33).

. Energetics and Primary Production

The source waters of Succession Si)ring contain concentrations of Hz;' HaS, Fe(ID),
and As(IlI) that are capable of driving primary production. In addition, SO, NOy", and
Fe(Ill) are present at significant concentrations across the length of the streém and may |
be impoﬁant electron acceptors for respiration. Other potential electron acceptors include
S°, which was deposited near the source, and O, and As(V), whose concent;ations
increase as waters ﬂéw down gradient. Combinaﬁons of these electron donors and
acceptors can Sserve to drive energ}ll conserving réactions for a divgrsity of
microofganisms. To assess the energy évailable to microorganiéms, the Gibbs free
energies (AG,) for several dxidationrreduction réactions were predicted using

temperature corrected thermodynamic equilibrium constants in conjunction with
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temperature corrected predicted activities of constituénts measured at the source (Table
3). The energy available per mole of electron transferred was greatest for reactiops with
H,, folléwed in order by S° (oxidation. to SO4%), As(lIl), HS (oxidation to S°), Fe(Il) and
NH,". Consequently, organisms dependent on H, would be expected to proliferate near
the source of the spring where reactions with H, are the most energetically favorable.
| This prediction is consistent with known physiology of Stygiolobus and
Hydrogenobaculum-like populations (B21, 322, B168, B4, and -B23) detected near the
spring source (0 — 2 m), suggesting that they utilize H; as an energy source (32, 55). The »
second most energetically favorable reaction in the source waters is the oxidation of S° to

SO4%. Hydrogenobaculum-like populations were the only organisms detected near the

source that have close relatives known to oxidize S° or H,S for energy conservation. (H

acidophilium, 32). Conversely, members of the genus Stygiolobus are known to utilize S°
as an electron acceptor rather than an electron donor. The charaéteristics of closest
cultivated relatives to Caldococcus, Caldisphaera, and Thermocladium —like populations

detected near the source suggests that the_se populations are anaerobic heterotrophs that
utilize S° as an electron ‘acceptor. The predicted physiology of these Caldococcus,

Caldisphaera, and Thermocladium -like populations was consistent with the fact that
they live in anaerobic S° mats and waters that have significant concentrations of DOC (~
40 pM). Recent measurements of Hy(aq) down stream from the source of Succession
Spring and several other ASC springs show rapid depletion of Hy(aq) with distance down
gradient (G. Ackerman, unpublished data). Thus, down gradient of the S° depositional
zone where electron donors HS, S°, and H, are depleted, As(Ill) and Fe(II) are é’till

present at sufficient levels to drive primary production (Fig. 4.1). For exarﬁple, closest
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Table 4.3. Predicted Gibbs free energies (AGwn) for reactions potentially used by
chemolithotrophic organisms in the outflow channel of Succession Spring. All
calculations were based on temperature corrected equilibrium constants and predicted
activities of constituents (Visual MINTEQ) measured at 0 m on day 103.

Reaction® ' AGixa
(kJ mol electron™)°

Hy(aq) + 0.50,(aq) = H,O -91

Ha(aq) + 2Fe*® = 2Fe™ + 2H* 64
Hy(aq) + 0.25NOs™ + 0.5H" = 0.25NH,* + 0.75H,0 - -61
Ha(aq) + S° = HyS(aq) : -18
Ha(aq) + HyAsO4 + H = H3AsO5° + H,0 , -16
Ha(aq) + 025804 + 0.5H" = 0.25H,S(aq) + H,0 -10
H,S(aq) + 0.50,(aq) = S° + H,0 : 73
H,S(aq) + 2Fe™ = 2Fe*? + 2H" + §° -46
H,S(aq) + NOs™ + 2H"=NH," + §° + 1.50, -12
st(aq) + H;AsO4 + H'= HsAs03° + S° + H,0 2
8°+1.505(aq) + HoO =80, +2H" -84
S° + 0.75N0;™ + H,O + 2H" = SO,2 + 0.75NH,* : 76
S° + 6Fe™ + 4H,0 = 6Fe*? + S04~ + SH' ‘ 571
S° + 3HAs04 + H' + Hy0 = 3H3As0;5° + SO, 9
H3;AsO;" + O.SOz(aq) =HyAsO4 + H =75
H3As05° + 2Fe™ + H,O = HhAsO4 + 2Fe™ + 3H" -47
H3As0;° + 0.25N0;5" + 0.25H,0 = H,AsO4” +0.5H" + 45
0.25NH," :

Fe*? + 0.250,(aq) + H' =Fe* + 0.5H,0 27
Fe'? + 0.125N05 + 1.25H" = Fe** + 0.125NH," + 0.375H,0 3
NH," + 20,(aq) = NO;3 + 2H" + H,0 27

® Reactions written in terms of predominant species at spring conditions.
vh Concentration of Oz(aq) was assumed to be 0.08 uM for these calculations.
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cultivated relatives of the Metallosphaera -like population detected in the HFO mat have
been shown to oxidize Fe(Il) for energy conservation, suggesting that this bopulation
(B25) may also utilize Fe(Il) as an electron donor during respiration (41, 42). The
Succession Spring environment also appears favorable for As(Il)-oxidizing
chemolithotrophs, however, phylogenetic association to known chemolithotrophic As(IIL)

oxidizers is not insightful because only a few bacteria capable of chemolithotrophic

growth on As(III) have been reported (56-38).

Microbial Species Distribution and
Community Development

One of the primary challenges in environmental microbiology is to determine
distribution patterns and ecological role of microbial popuiations as a function of
geochemical environment. The Succéssion Spring environment represents a relatively
simple model system that facilitated the study of sequence distribution along thermal and
geochemical gra&ients. The function of specific nﬁcrobial ‘populations was inferred by
monitoring the development of microbial communities and coiﬁcident changes in
geochernistry after spring redirection. The initial establishment-of chemolithotrophic
microorgam;sms dependent on H; near the spring source followed by the development of
a more complex community, which included heterotrophs, was supborted by both -
phylogenetic inference to sequences detected in the spring and thermodynamic
predictions 'based on spring geochemistry. For example, initial colonization by
chemolithotrophic Hydrogenobaculum and Stygiolobus -like populations was followed by
appearance of heterotrophic Caldococcus, Caldz'sphaera_, and Thermocladium-like

organisms. Additionally, development of the As-rich HFO mat in a zone depleted in Hy,
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Se, a_nd H>S and rich in Fe(Il) was attributed to Thiomonas, Acidimicrobium, and
Metallosphaera -like populations Who.se‘ closest cultivated relatives were Fe(I)-oxidizers.
Several bacterial and archaeal sequences detected in the HFO mat following initial
colonization were not closely related to 16S tDNA sequences from previously
characterized orgahisms, and currently their physiology can only be inferred from the
. geochemical environments which they occupy. Continuing work on ASC springs in
Norris Basin will utilize the geochemical and phyl‘ogenetic information gained from this
study to design enrichment environments for isolating and characterizing these
uncultured unique microorganisms. Defining linkages among speciﬁé oréanisms and
geochemical processes mediating Fe and As speciation continues to be the focus of future

work on ASC springs in YNP.
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CHAPTER 5

2,4-D CONCENTRATION DRIVEN SHIFTS IN SOIL MICROBIAL
POPULATIONS ASSOCIATED WITH 2,4-D DEGRADATION
UNDER BATCH AND TRANSPORT CONDITIONS

Introduction

The commonly used herbicide, 2,4-dichlorophenoxyacetic'acid (2,4-D), is rapidly
degraded by a variety of microorganisms in different soil environments (e.g., /-5).
Development of a comprehensive understanding of the microbial diversity associated
with 2,4-D degradation in soil has been difficult due to the limitations of specific
methods used to identify and characterize relevant populations. For example, researchers
have often used traditional cultivation techniques, such as most-probable-nﬁmber (MPN)
and direct plating using 2,4-D as the sole C source, in order to obtain 2,4-D degrading
populations for further characterization. While obtaining pure'cultures.is often beneficial
for describing the metabolic capabilities of microofganisms that reside in soil, traditional
cultivation approaches may not capture the 2,4-D degrading organisms important in
actual soil physical-chemical environments. Furthermore, different isolaﬁon strategies
may yield microbial populations with different 2,4-D catabolic traits (6). Consequently, |
cultivation-independent approaches that focus on phylogenetic (16S rDNA) and
functional gene analysis are important tools for assessing populations and pathways
responsible for 2,4-D degradation in soils.

Molecular techniques have been used in several studies to examine the diversity

of 2,4-D degrading microorganisms as a function of 2,4-D application rate. Community
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level response. in three different soils was evaluated using Random Amplified
Polymorphic DNA (RAPD) analysis and community DNA cross-hybfidization (7). These
techniques however, did not detect any quantitative changes in soil community structure -
after applicatiqn of 10 mg 2,4-D kg!. Ka et al. (8) studied the microbial diversity of
2,4-D degradation using #fd4 as a functi@nal gene probe. They showed that increases in
2,4-D application rate (0 ~ 100 mg kg™") selected for organisms which hybridized to tfdA
probes. Reduced complexity of southern blot patterns gene;ated from digeéted soil DﬁA
blotted with a universal 16S rRNA probe suggested that overall community diversi;cy was
also reduced at higher 2,4-D concentrations. However, analysis of 2,4-D degrader
diversity using #/d4 genes is complicated by the fact that many 2,4-D degrading bacteria.
do not carry #fd genes (4), and conversely, rhany bacteria harboring #/4 are not capable
of 2,4-D degradation (9). Nonetheless, the study 1t.)y Ka et al. (§) showed that 2.4-D
concentration plays an. important role in the selection of specific 2,4-D degrading
populations. |

The hydrodynamic environment may alsq be an impoﬁant factor controlling the
selection and abundance of specific 2,4-D degrading microorganisms in soils. Transport
studies using soil columns have shown that apparent rate constants describing 2;4-D
degradation varied significantly between batch and traﬁsport environments, and that a
single rate constant deterfnined under batéh conditions‘ was grossly inadequate. for
predicting the degradation, fate, and mobility of 2,4-D under traﬁsport,conditions 10,
11). Although the specific céuse for the disparity between degradation rates Was not

resolved, one possible explanation is that different hydrologic environments may result in
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selection of different 2,4—D. degrading microorganisms with different intrinsic
degradation capabilities.
The priﬁmy focus of this study was to observe changes in soil microbial
community structure as a function of 24-D concentration and hydrodynamic
environment (batch versus transport conditions). Both cultivation-independent and

cultivation-dependent methods were employed to accomplish this goal. Molecular

~analysis of 16S rDNA fragmenfs was used in combination with traditional isolation

methods, MPN determination in solution culture and direct plating to overcome biases

associated with the use of specific techniques alone (6, 12) and to provide a robust

assessment of microbial diversity associated with 2,4-D degradation.

Materials and Methods

The surface horizon of an Amsterdam silt loam (fine-silty, mixed Typic
Haploboroll) was collected near Bozeman, Montana, in Novémber 1997 and in May 1999
for use in two replicate experiments (Exp. 1 and Exp. 2). This agricultural- soil, typically
seeded to small grains, had received regular applications of 1 to 2 kg ha™ y! of 2,4-D
over the past 25 years with exception of the last 5 y in .Which no pesticides wére applied.
After collection, the soil was air dried to 15 % moisture content (w/w) prior to storage at
4 °C. The soil used in Exp. 1 contained 1.2 % organic C (I3), 29.0 mg kg™ NOg-N, 29.8
mg kg’ Olsen-P, 10 % sand, 60 % silt and 30 % clay. The 1:2 pH and electrical

conductivity were 6.4 and 0.18 dS m™, respectively.
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Enrichment of 2.4-D Degrading Microorganisms
Under Batch Conditions

The degradation of 2,4-D was evaluated during soil enrichments in 125 ml. gas-
tight batch reaction flasks as a function of 2,4-D ‘application rate. Reagent grade and
uniformly 14C-ﬁng-labeled 2,4-D (Sigma Chemical Co. St. Louis, MO) were dissolved in
nutrient media (1 mL) and added to 50 g of soil (dry wt.) to yield a final concentration of
0, 10, 100 or 500 mg 2,4-D kg™ and 4.33 x 10* Bq kg™ of 'C-2,4-D. All treatments
received nutrient media which was formulated to provide a 110:10:1:1 C:N:P:S ratio,
based on the amount of C added to the 500 mg 2,4-D kg™ treatment (217 mg C kg™"). The
media contained NHsNO; (12 mM), KH,PO4 (1.13 mM), K,HPO, (1.13.mM), NH,SO,
(2.0 mM), H,804 (0.5 mM), KOH (0.25 mM), MgCl, (0.05 mM), CaCl, (b.OS mM),
FeCly (2.5 pM) supplemented with 50 pL L of micronutrient solution (14). AH batch
experiments were conducted under unsaturated conditions with soil water contents
ranging between 17 and 23 % (W/w, ~ 40 % of saturation) and under continuous
humidified air flow (2 mL min™) venting through 0.5 M NaOH to trap “CO,. The trap
solutions were chariged periodically and one mL aliquots were analyzed for 1*CO, using
scinti’llatibn analysis (Packard Tricarb CA2200 scintillation counter, Meriden, CT). After
termination of the experiments (61-128 d, depending on treatments), subsamples of soil
were used for molecular analysis, MPN determinations, and isolation of 2,4-D degrading
bacteria. In addition, 1 g subsamples were combusted in a biological oxidizer (Model
0X-300; R.J. Harvey Iﬁst. Corp., Hillsdale, NJ) for analysis of residual '4C. Mass balance
calculations based on *CO, evolved plus residual 'C yielded C recoveries ranging from

84.3 to 103.8 %. Bach treatment was performed in duplicate or triplicate. The whole
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experiment (referred to as Exp. #2) was repeated at 0, 10 and 500 mg 2,4-D kg using

soil collected from the same location 1.5 y after the initial collection.

Enrichment of 2,4-D Degrading Microorganisms
Under Transport Conditions

The development of 2,4-D degrading microbial communities was also studied
under unsaturated transport conditions using polycarbonate columns (length = 275 mm,
~ diameter = 35 mm) packed with a mixture of 5% soil (collected May, 1999) and 95 %
autoclaved quartz sand (40-200 mesh, Fluka, Milwaukee, WI) to a bulk density of 1.15 g
cm™. Thg column apparatus was autoclaved prior to packing. Autoclaved influent was
supplied to the top of the columné with a continuous flow pump set to deliver 1.55 mL h!
(pore water velocity = 6.6 mm h™!). To insure thorough aeration and maintain unsaturated
flow within the columns, a peristaltic pump was attached to the bottom end cap and set to
draw 100 mL h filter sterilized air (~ 0.7 mmole O, h™") through the soil/sand matrix and
nylon mesh screen at the bottom end cap. Nutrient media solution (ratios of C:N:P:S =
110:10:1:1 as described above) applied to the top of the columns percolated through the
soil/sand matrix gravimetrically and' exited the bottom of the columné along with the air
stream. The volumetric water content (0v) of the soil/sand mixture was maintained at
0.24 cm® cm™ (~ 42 % of saturation). The input solution contained 276 mg 2,4-D L’l (10
mM C) with 9.0 x 10* Bq L™ of '*C-2,4-D. Mass balance was evaluated as a function of
time By analyzing both total "*C in column effluent and mineralized “Cc2,4-D exiting the
column as “CO, (0.5 M NaOH base trép) using liquid scintillation counting. Upon
termination (22 d), the soil/sand matrix was mixed and subsamples used for molecular

analysis and bacterial isolation. Total residual '*C in the subsamples was measured by
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combusting 1.0 g in a biological oxidizer, followed by liquid scintillation counting. Mass
balance calculations for two replieate columns based en 6! eluted, 14C02 evolved, and
‘residual *C yielded recoveries of 72.5 and 82.1%.

Enumeration and Isolation of 2.4-D Degrading
Migcroorganisms

MPN determinations of 2,4-D degrading populations were performed after
completion of batch experiments. A series of MPN tubes containing 5 mL of MMO basal’
salts medium (/5), 100 mg 2,4-D L™ and ~ 1.0 x 10° Bq L! of ring labeled “C-2,4-D
were inoculated with 10-fold serially diluted soil suspensions (50 mM phosphate, pH
7.0). Five sets of tubes per treatment replicate were incubated for 3 wks, then assayed for
2,4-D degradation by liquid scintillatioe. Tubes were scored positive 'when residual
rédioactivity of the suspension was less than 5 x 10* Bq L (half of the initial
radioactivity).

Two methods were used to isolate 2,4-D degrading populations. In the first
method, aliquots from the two most dilute positive MPN tubes from each microcosm
replicate were pléted onto R2A agar nﬁedium (Difco, Detroit, MI) Supplemented with 160
mg 2,4-D L. Seiected colonies were streaked onto R2A agar containing 100 mg 2,4-D
L7, restreaked for purification, then checked for2,4-D degrading ability using the same
protocol as described for the MPN method. In the second method, isolates were obtained
by direct 1elating of serially diluted soil suspensions onto R2A agﬁ plates (9). Colonies
were picked from the most dilute colony-containing plates and tested for their ability to

degrade 2,4-D in solution media as described above. By using both the MPN and direct
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plating techniques, more than 100.isolates from each batch treatment and 50 isolates from

the column experiment were obtained and tested for 2,4-D degradation.

Nucleic Acid Extraction and 16S rDNA
Sequence Analysis

DNA was extracted from' soils and isolates using the FastDNA SPIN Kit for Soil
(Bio 101, Vista, CA) following the supplier’s instmctions. A 322 bp region within the
16S rRNA gene was amplified using the 1070 forward primer targeting the domain
Bacteria (E. coli positions 1055-1070), and the 1392 reverse-GC prlmer targeting a
umversally conserved region (E. coli posruons 1392-1406; 1 6) The 5° end of the reverse
pnmer contained a 40 bp GC-rich clamp to facilitate analysis by denaturant gradient gel
: electrophoresi‘s (DGGE; 16). PCR mixtures (50 uL) contained 1-5 pL template DNA 2-
20 ng), 10 mM Tris-HCI (pﬁ 8), 50 mM KCI, 0.1 % Triton X-100, 4.0 mM MgCl,, 200
UM each dNTP, 0.5 puM of each primer, and 1.25 U Tag DNA polymerase (Promega,
Madison, WI). The thermal cycler protocol was 94 °C for 4 min, 30 cycles of 94 °C, 55
°C and 72 °C each for 45 sec, and a final 7 min extension period at 72 °C. DNA was
quantified by eleétrophoresis in 3% agarose gels run with a Low DNA Mass Ladder
(Gibco BRL, Grand Island, NY), stained with ethidium bromide, and photographed using
UV transillumination. The amplified DNA fragments were analyzed by DGGE using a
method modified from Muyzer et al. (7). PCR products were resolved using the DCode
System (Bio-Rad, Hercules, CA) with gels consisting of 8% acrylafnide and a 40 - 70%
denaturing gradient of mea/fomami&e and electrophoresed at 60 V and 60 °C for 17 h.
DGGE gels were stained with SYBR Green II (Molecular Probes, Eugene, OR) for 25

min and photographed using UV transillumination.
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Selected DGGE bands were stabbed with a sterile pipette tip, rinsed in.DNAase-'
free molecular biology grade water and used as template for PCR amplification and
subsequent sequencihg reactions. Tﬁe cycle of stabbing, PCR, and DGGE was repeated
until pure bands were obtained. Prpducts were. purified with a QIAquick PCR
Purification Kit (Qiagen Inc., Valencia, CA) and sequenced using an ABI Prism BigDye
Terminator Cycie Sequencing Ready Reaction Kit as described by the maﬂufacturer
(Perkin-Elmer, Foster City, CA). The DNA products were processed using an ABI Prism
310 capillary sequenéer (Perkin-Elmer) ‘and tile resultant sequences aligned using
Sequencher 3.1.1 (Gene Codes Corporation, Ann Arbor, MI). .Phylogenetic information
was obtained by comparing the nucleotide sequences with seqﬁences found in the
GenBank database using BLAST (].8).

PCR Ampliﬁcdtion and Sequencing of
Near-Full Length 16S rRNA Genes

Genomic DNA extracted from each of the isolates was use_ci as template for PCR.
Primers for the initial PCR consisted of the Bacteria-specific primer Bac8 forward and |
the universal primer ‘Univ1492 reverse. The amplified- products were purified with a’
QIAquick PCR Purification Kit and used in a series of sequencing reactions with primeré
Bac8 forw;':lrd, Univ1492 reverse, and internal primers derived from the probes described
By Amann et al. ( 9). Sequencing reactions and analysis were coﬁducted‘ as described
above. The resﬁltant near-full length 16S rDNA sequences for the 2,4-D degrading
isolates have been submitted to GenBank and assigned the accession numbers AY238498

— AY238507.
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PCR Amplification and Sequencing of #/A Genes

The presence and diversity of #/d4 genes in total bacterial DNA preparations from
each of our isolates was examined by PCR amplification and sequencing using primers
designed from consensus regions in the z‘ﬁLfl gene of Ralstonia eutropha IMP134 (pJP4)
and Burkholderia strain RASC (9). The PCR reac’gion mixture included 2-20 ng of isolate
DNA (1-5 pL) and 0.5 ;,LM ‘each of the forward and reverse primers. Other PCR

. ingredients as well as thermal cycler settings, and sequencing protocol were as 'described
above with the exception of using an annealing temperature of 53° C. Comparisons of
resultant sequences with sequences in the GenBank database were performed using
BLAST (/8) and the #fd4 sequences were submitted to GenBank under the accession

numbers AY238492-AY238497.

Results and Discussion

2.4-D Degradation Under Batch ahd
Transport Conditions

Repeated applications of 2,4-D to b'a'tch soil microcosms resulted in subsequent
periods of rapid 2,4-D mineralization fof all treatments (Fig. 5.1). An acclimation period
of one to several 2,4-D applications was required prior to attaining repeatable cycles of
rapid degradation. The first application of 2,4-D in the 10 mg kg™ treatment did not result -
in appreciable 2,4-D mineralization, possibly due to the sorption of 2,4-D by organic
matter resulting in reduced bioavailability (20). Degradation of 2,4-D commenced about
4 d after initial application of 100 mg kg™, while an even longer lag phase of more than

20 d was observed with the 500 mg kg™ treatment. The protracted lag phase observed for
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Figure 5.1. Degradation of 2,4-D in Exp. | measured as cumulative 14COa evolved from
soil microcosms treated with repeated applications of 2,4-D. Vertical portions of the
application curves indicate times when 0.5, 5.0, or 25.0 mg of 2,4-D were applied to the
10, 100, or 500 mg kg'ltreatments, respectively.
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the highest 2,4-D aﬁplicaﬁon rate suggésted that there was signiﬁ'ca_nt selective pressure
for microorganisms capable of degrading high concentrations of 2,4-D. The duplicate
batch experiment conducted using a different soil sample from the same field site (Exp.
#2) resulted in similar degradation patterns (data not sﬁown). For all batch treatment
replicates, more than 67 % of the total 2,4-D applied had been mineralized at the time of -
- final sampling based on measurefnents of 14C02 evolved.

Degradation of 2,4-D was also studied under transport conditions using replicate
soil columns. Analysis of column effluent from both réplicates indicated that nearly all of
the applied 2,4-D was removed from solution by either sorption or degradation after 5 d
(Fig. 5.2). After 22 d, 62 + 5 % of the total 2,4-D applied had been mineralized based on

measurements of 14COz evolved.

MPN Determinations

Population densities of 2,4-D degrading microorganisms in batch microcosms
were estimated using the MPN approach in liquid culture (Fig. 5.3). Linear regression
analysis of the data showed that a high correlation existed between the numbers of 2,4-D-
degraders measured by MPN and the 0, 10, and 100 mg 2,4-D kg application rates =
0.999). A highly linear relatic_)nship (** = 1.00) between numbers of 2,4-D degraders
(measured by MPN) and 2,4-D application rates ranging between 0 and. lOO‘mg kg was
also observed by Ka et al. (8). In the current study, numbers of 2,4-D degraders measured
by MPN reached a plateau with the 100 mg kg™ application (Fig. 5.3). Using MPN
estimates of cell numbers and maximum rates of 2,4-D degradation determined from

maximum slopes of the curves shown in Figure 5.1, degradation rates calculated on a per
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Figure 5.2. Cumulative 2,4-D applied, degraded, and recovered in the effluent from one
of the replicate unsaturated soil/sand columns receiving 276 mg 2,4-D L1
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Figure 5.3. Numbers of 2,4-D degrading bacteria in batch soil microcosms treated with
increasing rates of 2,4-D. Bars represent standard errors of treatment means measured
using the MPN approach in liquid culture for replicate Exp. #1 and Exp. #2.
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cell basis were determined to be 0.31, 0.35, and 0.93 pg min™ cell”! for the 10, 100, and

500 mg kg'1 treatments, respectively.

2.4-D Degrading Isolates

A total of 73 2,4-D degrading isolates were obtained from the batch and column
enrichments: 27 isolates were obtained from MPN tubes and 46 by direct plating of serial
soil dilutions on non-selective R2A agar media (Table 5.1). The 2,4-D degrading isolates
were grouped.by migration of 16S tDNA fragments in DGGE gels, reducing the total
number of different isolates to 10 (Table 5.1). Comparison of near-full length 16S rRNA
sequences to sequences in the GenBank database revealed that the closest phylogenetic
neighbor to the only 2,4-D degrading bacterium isolated from the 0 mg kg batch
treatment was Variovorax paradoxus. Closest neighbors to isolates obtained from the 10
mg kg treatment belong to the genera Variovorax, Achromobacter, Mesorhizobiuzh,
Arthrobacter, Bradyrhizobium, and Burkholderia, which represented the most diverse
group of isolates obtained from any of the batch or column treatments. Only one
population, a Brddyrhizobidm—like bacterium, was obtained from the 100 mg kg’
treatment, due in part to the limitea attempts to 6btain isolates from this treatment (i.e.,
the 100 mg kg treatment was only performed in Exp. 1 and the MPN approach was the
only method used to retrieve isolates from this treatment). Characteristic to the
Bradyrhizobium genius, thls isolate grew much slower compared to other 24-D
degrading isolates. Three related isolates (> 95.6 % similar in near full-length 16S tDNA
sequence) were obtained from the 500 mg kg™ Batch treatment, all with closest GenBank

neighbors corresponding to Burkholderia sp. Comparison of isolates obtained from batch




TABLE 5.1. Phylogenetic affiliation of isolates cultivated from batch and column enrichments, and of prominent 16S rDNA
bands obtained from the enrichments using DGGE. Isolates and corresponding DGGE bands were obtained from the treatments
indicated with checkmark (V). The specific method used to acquire isolates is indicated with an X. GenBank accession numbers
for #fdA genes amplified from 2,4-D degrading isolates are provided.

" Isolate DGGE Band no.*  =-~---- Nearest GenBank Neighbor: . Treatment------------ Isolation tfdA
no. (Accession no.) ---- Method ---  Accession
(Accession no.) . --Batch (mg/kg)---  Column - no.
Species % 0 10 100 500 - MPN  Direct
Identity . B Plating
55 (AY238498) . Variovorax sp. 994 A 4 N X X AY238494
92 (AY238499) 92 Achromobacter sp. 98.6 + X AY238495
98 (AY238500) Mesorhizobium sp. 100 X
108 (AY238501) Arthrobacter ramosus’ 99.2 y X X
110 (AY238502) Arthrobacter oxydans 99.6 A X
1 (AY238503) ~ " Bradyrhizobium sp. 98.3 NI X
54 (AY238504) 54 _ Burkholderia graminis 99.8 v \/ ) X X AY238496
13 (AY238505) ' Burkholderia sp. 99.4 N X AY238492
14 (AY238506) . 14 Burkholderia sp. 97.2 A X AY?238493
80 (AY238507) 80 Ralstonia campinesis 99.7 < X AY238497
DGGE bands with no corresponding isolates
2 (AY238508) Burkholderia sp. 100 N
3 (AY238509) Swingsiella fulva 99.7 ' Y R
4 (AY238510)  Swingsiella fulva 99.3 : \
5 (AY238511) Methylobacterium extorquens — 99.7 <

2 Band numbers correspond to DGGE band numbers in Figures 5.4 and 5.5, and those listed with a corresponding isolate are
identical within the region sequenced.

144!
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treatments at 10 and 500 mg kg’ suggested a significant reduction in diversity of
cultivated 2,4-D degradir'lg' pdpulations at high 2,4-D coneentrations, where the selection
of Burkholderia-like organisms was favored.

Two 2,4-D degrading organisms were isolated via direct plating from column
enrichments and their closest relatives were Burkholderia graminis and Ralstonia
camj)inesis (Table 5.1). The B. graminis-like isolate o‘t;tained from column enrichments
was identical (based on full length 16S tDNA) to one of the isolates obtained from the 10
and 500 mg kg™ batch microcosms. In addition, 'these B. graminis and R. camp;'nesis—like
isolates were 98.3 and 99.7 % idéntical respectively, to B. ferricola and R. campinesis
strains that became dominant members of the microbial communify after 2,4-D
| amendment of Belgian soils (21, 22).

Molecular Analysis of Bacteria Selected
Under Batch Conditions

Effects of 2,4-D concentration on microbial community structure were examined
using PCR amplification and subsequent separation of 16S rDNA fragments with DGGE.
Reproducible DGGE band profiles from replicate 0 mg kg” treatments exhibited
numerous 16S bands suggesting that many populations were present in soil not treated
with 2,4-D. Visual inspection of 16S banding patterns did not reveal significant changes
in community structure at 10 ﬁg 2,'4.-D kg, with @xception of a band appearing in one
replicate of Exp. 2 (Fig. 5.4B), which comigrated with a 2,4-D degrading B. graminis—
like isolate (band 54). At 100 mg 2,4-D kg™, at least two bands increased in intensity for
both replicates of Exp. 1 (bands 2 and 54 in Fig. 5.4A) indicating that selection pressure

exerted by 2,4-D was significant at this concentration. These bands were purified and
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A - Exp. #1 B - Exp. #2
@) 10 100 500 0 10 500 I

Figure 5.4. Denaturing gradient gel (40-70 %) of PCR-amplified 16S rDNA fragments
from batch soil treatments receiving 0, 10, 100, or 500 mg 2,4-D kg'1(replicates a and b),
and ladders of 2,4-D degrading isolates that were obtained during this study (see Table
5.1). Gradient gels A and B are results from Exp. #1 and Exp. #2 respectively, differing
with regard to the use of soil inoculum that was collected from the same field site one and
a half years apart. Isolate bands are numerically labeled at the right of each gel.
Sequenced bands are designated with o and comigrating bands are delineated with
dashed lines and numbered.
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sequenced, then compared to isolate sequences and sequences in the GenBank database.
Bands 2 and 54 were found to be 100 and 99.8 % similar, respectively, to sequences of
Burkholderia sp. and Burkholderia graminis deposited in GenBank (Table 5.1).
Interestingly, the sequence of band 2 was identical to #d4 harboring, 2,4-D degr'ading-
- Burkholderia isolates obtained from a Michigan soil (3). In addition, band 54 comigrated
with, and its DNA sequence was 100 % identical to the 2,4-D degrading B. graminis-like
isolate obtained from the 10 and 500 mg 2,4-D kg treatments. Conversely, no isolate
corresponding to band 2 was obtained in the current study.

The addi’;ion of 500 mg 2,4-D kg’ to batch enrichments resulted in significant
changes in microbigl community structure as ‘evidenced by a reduction in the total
number of 16S bands and increased intensity of several prominent bands compared to
treatments at 0, 10 and 1.00 mg 2‘,4-D kg (Fig. 5.4A, B). The 16S sequences of
prominent bands 14, 54, and 92 in Exp. 1 showed 97.2, 99.8 and 98.7 % similarity,.
respectively, to Burkholdera sp., Burkholderia graminis, and Achromobacter
xylosokidans sequeﬂces deposited in GenBank (Table 5.1), and were 100 % identical to
three of the 2,4-D degrading isolates obtained from batch enrichments. Band 2,
representing a 16S sequence 100 % similar to a 2,4-D degrading Burkholdera sp.
(described above), was also observed in the 500 mg kg'l‘treatment. In addition, the 16S
rDNA fragment from one of the 2,4;D degrading Burkholderia sp. -like isolates
comigrated with a prominent band (band 13) present in nearly all of the Exp. 1
treatments. However, we were unable to purify and sequence this band from the

experimental treatments. DGGE profiles of the 500 mg kg™ treatment from Exp. 2 also -

exhibited lre‘duced band diversity compared to treatments at 0 and 10 mg 2,4-D kg™, Two
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bands (3 and 4) observed only in Exp. 2 were closely related to a Swingsiellafulva (Table
5.1). Although the band profiles observed at 500 mg 2,4-D kg'lin Exp. 2 (Fig. 5.4) were
not identical to Exp. I, bands 14 and 54 (corresponding to Burkholderia sp. and B.
graminis-like isolates) were prominent in both experiments. These observations indicate
that many of the populations enriched at the higher 2,4-D concentrations were
Burkholderia-like, which are considered fast growing and very competitive at high

substrate concentrations (23).

Figure 5.5. DGGE fingerprints of microbial communities assembled in soil columns
receiving 276 mg 2,4-D L' (replicate columns a and b) compared to profiles from the
500 mg kg'ltreatment of Exp. #2 and 2,4-D degrading isolates (see Table 5.1). Isolate
bands are numerically labeled at the right of the gel. Sequenced bands are designated
with o and comigrating bands are delineated with dashed lines and numbered.
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Molecular Analysis of Bacteria Selected
Under Transport Conditions

16S rDNA fingerprints of bacterial communities enriched under transport
conditions suggest strong selection pressure, similar to the reduced diversity observed in
thé 500 mg kg batch treatments bf Exp. 2, which used the saﬁe soil inoculum (Fig. 5.5).
In fact, the most prominent band consistently present in replicates of both the column and
batch experiments (band 54, Fig. 5.5) was 100 % identical to the B. graminis-like 2,4-D
degrading isolate. This was the only isolate obtained from both batch and column treated
soils. The apparent predominance of this population in both the batch and transport
ﬁeaﬁnents suggests that high concentrati'ons of 2,4-D in either environment exert astrong
selection pressure tqwards fast growing microérganisms, and that its competitiveness was
not influenced ‘by different physiochemical factors associated with each of these
environments.Several bands were observed in column experiments that were not detected
in batch vessels, including bands 5 and 80 (Fig. 5.5). No isolate was obtained that
matched band 5 (99.7 % identical to Methylobacterium extorquers), however, band 80 .
| comigrated with the 2,4-D degrading isolate (100 % identical) represénting a Ralstonia
campinesis-like population. The R. campinesis;like isolate was obtained only from
column ftreatments, consequently, this population may be more adapted to transport
environments. Conversely, bands 2, 4 and 14, representing Burkholderia and Swingsiella-
like populations, were only observed under batch conditions. Although these results
generally support the conclusion that different 2,4-D degrading communities are enriched
under transport versus batch conditions, these distinctions were not entirely clear due to

observed variability between treatment replicates. waever, these results provide
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evidence that differences in.degradation behavior between batch and transport conditions
méy result from the selection of ciifferent bacterial populations, and that modeling efforts.
incorpora.ting. degradation rate terms determined under batch conditions should consider
the possibility that different microbial populations may be present under transport
: coﬁditions. Factors that may be important to selection of bacterial populations in
transport versus batch environmgnts include solute résidence time and diffusional
processes sensitive to pore water velocity, both of which affect the availability of 2,4-D

and other nutrients important for microbial growth (11).

" tfd4 Harboring Isolates

Amplification of #fd4 genes using'primeré designed from conserved regions of
HfdA in pJP4 of R. euﬁopha strain JMP134 and Burkholderia strain RASC (9) generated
products of the expected size for six of the ten 2,4-D degrading isolates. Sequencing of
the PCR products revealed #fd4 genes in the B. graminis and R. campinesis —like isolates
that were identical to each (ﬁher and 99 % identical to the sequence in R. eutropha strain
JMP134 (éccéssion no. M16730; designated type I #fd4 by 24). The tfd4 sequences found
in the V. pﬁradoxus, Achromobacter xylosoxidans and two Bur)cholderia—like isolates, 13
and 14, were identic.:al to each other and 99 % identical to tfd4 in ‘Burkho'lderia cepacia
(accession no. AF029344; type III #fd4). Currently, three groups of #fd4 sequences are
recognized, type I, IL and III, and intermediate sequences between these groups, ekcept
for minor bp differences have not been found (24). These observations suggest that the
rate of horizontal transfer of #fl4 genes among microorganisms .is relativeiy high

compared to the rate at which mutations may accumulate. Furthermore, the fact that six
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isolates obtained in this study harbored either #fdd4 type I or type III genes with identical
gene sequences, suggests that horizoﬁtal transfer of #dA had recently occurred among
these bacteria. Other studies have reported the conjugative transfer of plasmids encoding
24-D dégradative genes to Burkholderia and Ralstonia-like populationé after amendment.
with 2,4-D (21, 22, 25, 26).

No PCR product was observed from amplification of our slow-growing
Bradyrhizobium sp. —ﬁke isolate using the tfd4 primer set. However, the 16S rDNA
- sequence of this isolate was 97.4 % identical t;) a slow-growing, 2,4-D-degrading
Bradyrhiziobium sp. strain HW13 cultivated from a pristine k;uried Hawiian soil (7). And
recently, a novel 2,4-D catabolic pathway has been elucidated in this bacterium, encoding
a very different 2,4-D dioxygenase, CadA, used in the first step of 2,4-D degradatién
(27). One possible explanation for the lack of #d4 product from our 2,4-D degrading
Bradyrhizobium-like isolate is that it may carry cad type rather than tfd 2,4-D catabolic

genes.

Diversity of 2.4-D Degrading Bacteria

In this study both cultivation-dependent and cultivation-independent methods
were used to provide an in depth description of the microbial diversity associated with
2,4-D degradation in soil. A wide range of _2,4-D concentrations was used in these
experiments (0 — 500 mg kg'l), encompassing application rates commonly used in
agriculture (1 — 10 mg kg™), and those often used for isolation of 2,4-D degraders (= 100
- mg kg™). Results from molecular analysis of 165 rRNA genes using DGGE showed that

band profiles from the 10 mg 2,4-D kg treatment were essentially identical to profiles
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from the 0 mg 2,4-D kg™ treatment. In contrasf, cultivation efforts using MPN and direct
plating indicated that the broadest diversity of 2,4-D degrading isolates was present in the
10 mg 2,4-D kg' treatment. Evidently, the failure of DGGE tc; detect differences in
microbial communities present in the 0 and 10 mg 2,4-D kg? treatments was a
consequence of the high apparent‘ diversity of bacteria present in these treatments and/or
insufficient 2,4-D concentrations to 'étimulate apparent increases in numbers of 2,4-D
degrading organisms. Significant shifts in DGGE profiles were observed in soils treated
with 100 and 500 mg 2,4-D kg™, and sequencing of prominent bands revealed that the
bacterial communities selecte(i in these treatments were enriched in Burkholderia,
Achromobacter, and Swingsiella type populations. Cultivation of 2,4-D degrading
bacteria from these treatments yielded predominantly Burkholderia type populations.

Interestingly, 16S rDNA sequences of the 2,4-D degrading B. graminis and -R.
campinesis-like isolates obtained from the column treatments were close matches to 2,4-
D degrading isolates obtained from a Belgium agricultural soil.(> 98.3 % identity; 21,
22). DGGE profiles of the Belgian soil amended with 100 mg 2;4-D kg and an
introduced pEMT1 donor' Pseudomonas strain revealed significant shifts toward
transconjugants that included B. graminis and R. campinesis-like populations. Studies by
Newby et al. (25, 26) using soil from Arizona also showed that conjugation plays an
important role in the selection of primarily Burkholderia and Ralstonia type 2,4-D
degraders at high 2,4-D concentrations. Consequently, transfer of 2,4-D catabolic genes
via conjugation may have been involved in the selection of 2;4-D degrading populations
in the current study as well. The presence of identical type I #fdd sequences in both B.

graminis and R campinesis-like isolates supports this hypothesis.
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Results from this study showed that s-hifts, in the community structure of 2,4-D
degrading bacteria occur at concentrations as low a 10 mg 2,4-D kg™, and that above this
concentration, communities shift towards less diverse, faster—ngvving species that harbor
1fd4 genes. Additionally, results from this study showed that hydrodynamic environment
influences the selection of 2,4-D" degrading populations. Consequently, predictions of
2,4-D degradation under field transport conditions and at agriculturally ;e_lexiant
/

concentrations should utilize rate parameters derived from 2,4-D degrading populations

selected under appropriate conditions.
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CHAPTER 6
SUMMARY

The primary goal of my research was to identify and characterize the microbial
populations responsible for transformations of As and 2,4-D in soils and waters.
Chemical, spectroscopic, and microscopic techniques were used to characterize the
aqueous ‘and solid phase geochemistry of soils, mine tailings, and a geothermal spring.
The potential role of si)eciﬁc microbial populations in these systems was examined using
cultivation-independent moleéular methods_ couﬁled with either cultivation aﬁd
characterization of pﬁre culture isolates, or inference of physiological chaiacterjstics from
closely related cultured microorganisms. Four separate iﬁvestigations were conducted
using these' approaches: two studies focused on As transformations_ in soils and 111ine
téilings, one stﬁciy focused on geochemical cycling in a thermal spring, and one study
evaluated the fate of 2,4-D in soil systems.

The contaminants As and 2,4-D were used in these studies because of their
classification as carcinogen;s, high risk for contaminating surface and ground waters, and
because their chemistry in the énvironment is thought to be largely me:iiated by

‘ microorganisms. Arsenic is an acutely toxic metalloid, which accumulates in the
environment via both natural and anthropogenic pathways. 2,4-D is a chlor'inated
aromatic compound utilized extensively throughout the world as a broadleaf herbicide.
Understanding the processes that control the fate and transport of these contaminants is

t

critical for intelligent management and restoration of the environment.
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The microbial reduction of As(V) to As(Ill) and the subsequent effects on As
mobilizatioﬁ in contaminated mine tailings w'as'examined_ under transport conditions .
(Cflapte;r 2): Column experiﬁlents were designed to observe relationships among pH
(limed vs unlimed treatments), redox potential (Pt-electrode), and mobilization of As. -
The role of dominant microbial populations in the columns was determined using
molecular analysis and traditional isolation methods. Liming increased pH values from
approximately 4 to 8, resulting in a five-fold increase in total As eluted from sterile
columins. Elution of As from limed columns was further enhanced by microbial activity.
Arsenite was the pred'bminant As species eluted from oxic,l nonsterile columns. -
Conversely, in sterile treatments, As(V) was the predominant valence state in column
effluent. Denaturing gadient gel electrophoresis (DGGE) coupled with sequence and
phylogenetic analysis of 16S rRNA gene segments revealed that liming of the mine
tailings stimulated specific Caulobacter, Sphingomonas, and Rhizobium-like populations.
Pure culture isolr;ltes of these bacteria demonstrated the ability to rapidly reduce As(V) in .
aerated serum bottles. An intracellular As detoxification pathway was implicated in the
reduction of As(V) by these isolates. Currently, nearest relatives of these organisms that
have been shown to ha;bor homoloés of As(V) reductase genes (arsC) include
Bradyrhizobium and Pseudomonas species (I, 2). Thése results indicate that microbial
reduction of As(V) in As-contaminated soils may occur under aerobic »conditions over
relatively short time scales, resulting in enhanced As mobilization.

The microbial populations responsible for the oxidation and reduction of As were

also examined in unsaturated (aerobic) Madison River Valley soil treated with 75 uM
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Aé(HI) or 250 uM As(V) (Chapter 3). Arsenite was rapidly oxidized to As(V) via '
microbial activity, whereas no apparent reduction of As(V) was observed in the column
experiments. Eight aerobic heterotrophic bacteria with varying_As redox phenotypes were
isolated from the same columné. -Three isolates, identified as Agrobacterium
tum-efaciens-, Pseudomonas fluorescens-, and Variovorax paradoxus -like organisms
(based on 16S sequence), were As(IIl) oxidizers and all were detected in community
DNA fingerprints generated by PCR coupled with DGGE. The five other isolates were
identified (16S gene sequence) as 4. tumefaciens, Flavobacterium sp., Microbacterium
sp., and two Arthrobacter sp.-like organisms and shown to rapidly reduce As(V) under
éerobic conditions. Although the two 4. tumefaciens -like isolates exhibit_ed opposite As
redox activity, their 16S rDNA sequences (~1400 bp) were 100% identical. The results
support the hypothesis that bapteria capable of either oxidizing As(IIl) or reducing As(V)
coexist and are ubiquitous in soil environments, suggesting that the felative abundance
and metabolic activity of specific microbial populations plays an important role in the
speciation of inorganic As in soil pore waters.

.The geothermal source waters of acid-sulfate-chloride (ASC) springs in
Yeilowstone National Park support microbial mats composed of diverse microorganisms
thriving under conditions of low pH (~ 3), high temperatures, millimolar concentrations
of S04 and CI', and high levels of inorganic toxins including As. The study presented in
Chapter 4 was conducted to further describe these unique biogeochemical systems and to
elucidate which microbial populations were associated with the rapid ratés of As(III)

oxidation and the formation of As-rich, HFO mats. To accomplish these goals, flow from
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a small ASC spring §vas redirected. and monitored over 103 days for both aqueous and
solid phase geochemistry. Successional changes in microbial communities colonizing the
stream channel were monitored using DGGE and sequence analysis of 16S rDNA
fragments. The rate of micr_obial As(IlI) oxidation was esseﬁtially .O immediately after
spring redirection. In conjunction with microbial mat development, As(Ill) oxidation
inéreased to-some of the highest rates observed in nature by day 103 (rate constant (k) =
5.0 min™, half-life = 0.14 min at 11 m). The initial As(IIT) oxidation’correlated with the
appearance of three Hydrogenobaculum-like populations, which are all close rélativeé of
a Hydrogenobaculum-like isolate (H55) shown to be capable of oxidizing As(III) (3). The
formation of an As-rich HFO brown mat was correlated with the detection of Thiomonas,
Acidimicrobium, and Metallosphaera ~like populations. Phylogenéﬁc inference and the
gebchemical environment in which these organisms wére detected suggests that these
three populations are Fe-oxidizers which actively form extracellular HFO crusts (4 - 6).
Closely related Thiomonas sp. have also been shown to oxidize As(Ill) via an apparent
detoxification mechanism (4). Sevefal other 16S sequences detected in the HFO
microbial mat' were not closely related to previously characterized organisms (< 90 %). In
éuch cases, limited insight is available to suggest potential function of fhese organisms in
situ and their pﬁysiology can only be inferred frorﬁ the chemical environment which they
occupy.

The final study presented in this dissertation (Chépter 5), coupled the use of
cultivation-independent molecular techniques with traditional isolation and enumeration

methods to examine the effect of 2,4-D application rate on the diversity of 2,4-D
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degrading bacteria under batch and transport conditions. Fingerprints of microbial
communities established under increasing concentrations of 2,4-D (0 — 500 mg kg™) in
batch microcosms were obtained using DGGE of 16S rRNA gene segments. While a 2,4-
D concentration of at least 100 mg kg was required to obtain apparent shifts in the
community structure of batch microcosms, the greatest impact of 2,4-D concg:ntrétion
occurred in the 500 mg kg freatment, resulting iﬁ significantly reduced diversity of the
dominant populations detected by DGGE. Sequence analysis of prominent DGGE bandé
revealed that the 2,4-D degrading community selected at high concentrations was
* predominantly composed of Burkholderia-like populations, which harbored homologs of
tfdA genes of Ralstonia eutrophus JMP134 (type I) and Burkholderia cepacia (type III).
Only three of the ten different 2,4-D degrading isolates obtained by cultivation using
eithe; liquid or agar media appeared to be dominant in the microcosms based on
comparisons of DGGE band positions and DNA éequence analysis. DGGE profiles of
bacterial communities assembled under transport conditions receiving 276 mg L 2,4-D
resembled those enriched iﬁ batch microcosms treated with 500 mg.kg™! 2,4-D. However,
consistent diffe—rences in populations enriched in batch-versus transport microcosms wefe
observed, suggesting that modeling efforts incorporating degradation terms determined in
batch culture must consider that variability in degradation behavior may result from the
selection of different bacterial populations under transport conditions.

The four studies presented in chapters two through five showed that coupling
molecular techniques with traditional cultivation and or chemical monitoring can be used

to link microbial populations with their function in natural or enrichment environments.
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These' complimentar-y tools can be used for eve;luating the role of specific
microorganisms in natural or synthetic systems aﬂd for virtually any chemical process
- that microorganisms mediate. For example, bioreactors are used by industry to detoxify
and transform chemicals. While many microorganisms may grow in biofeactors, only
certain species may conduct the desired chemical transformation. Molecular analysis of
community shifts in conjunction with chemical analysis can be used to elucidate which
microbial pdpulations are involved in the chemical transformation. .Once important
populations are identified, their isolation and characterization may lead to the
development of more effective ‘methods for maintaining their growth in the bioreactor.

Although 16S rDNA-based sequence analysis .of soil and water samples can be
used to identify relevant' populations under different conditions, there are limitations to
the application of this strategy. Tile potential problem lies in the use of 16S rRNA gene
sequences alone to asso’ciate -populations with specific functions. For ekample, the .
isolation of both Aé(IH) oxidizing and As(V) reducing 4. tumefaciens strains from the
same soil column enrichment (Chapter 3) showed that the ability to either oxidize As(IIl)
or reduce As(V) is variable even among strains with identical 16S sequences that
proliferate uncier the same environmental conditions. Fﬁrthermore, .although two
Pseudomonas fluorescens —like isolates obtained froim mine. tailings (Chapter 2) and
Madison River Valley soil (Chapter 3) were more than 99 % identical to each other at the
16S level, one isolate reduced As(V) while the other isolate oxidized As(IH) under
.similar culture conditions. In another study, closely related (>99 % similarity) Thiomonas ‘

sp. strains (B1, B2, and B3) isolated from acid mine drainage exhibited different As(III)




143

oxidation capabilities (4). Because of such phenotypic variation within similar organisms,
phyogenetic identification of microorganisms based on 16S rRNA sequence analysis may -
not be sufficient to predict the functions of specific bacterial populations. Thus,
additic;nal methods are needed to more precisely differentiate among physiologically
distinct populations. One possible solution is to include the intragepic spacer (ITS) region
along with the 16S rRNA gene in the sequencing effqrt. This region lies between the 16S
and 23S rRNA genes and has greater sequence variability than the 16S (7). Thus,
sequencing of the ITS region should improve the ability to differer_xtiate among distinct
populations (7). However, identification of populations using ITS-16S sequences may not
be sufficient to identify functional aﬁributes, especially if the functional genes of interest
are rapidly transferred to some members of a population and not others (e.g., pJP4
transfer to microorganisms in 2,4-D amended soil, 8). |

Elucidating the function and ecologicﬁl role of specific populations within
microbial communities is currently one of the central issues in environmental -
microbiology/microbial ecology. In general, ecological studies have been community
oriented; i.e., measuréble chemical transformations have been determined as a function of
whole communities. The contribution of individual species to these processes has been
difficult to access due to the inability to culture many members of the community, the
difficulty in linking cultured isolates with dominant populations ir situ, and the enormous
diversity of microorganisms often observed in natural systems. The research presented in
this dissertation was successful in overcoming these probleﬁs by working w1th model

communities that were significantly less diverse than those in most natural systems.
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Simple microbial communities allov;/ed for the clear resolution of mc;st DGGE bands and
was likely one reason why many of the dominant populations could be easily isolated. -
This approach was taken so that we could begin to understand the relationship of specific
organisms with their geochemical environment and their potential relationship with other
cohabitating microorganisms. | |

Environmental microbiologists will rely on advanced molecular techniques to
describe the function of specific populations in more complex systems. Bacterial
Artificial Chromosones (BACs) will continue to be used to direcﬂy link 16S rDNA
sequences to functional genes in tqtal community DNA (9). The key to the technique is
that relatively large DNA inserts, > 300,000 kb can be stabile maintained in E. coli
transformants (/0). The use of BACs for environmental analysis will' become more
feasible as the cost of sequencing 'de;:Iines due to the fact that a large amount of DNA
sequeﬁce data is generated during 'analysis. Promising mRNA based techniques include
high throughput sequence probing using microarrays (II), and fluorescent in situ
hybridization (FISH) using highly sensitive pro‘t;es, and detection (/2). Both these
techniques rely on knoWledgé of gene sequences however, and will become more useful
as the functions of novel genes are elucidated and the diversity of known genes are
sequenced and added to databases. .

Understanding patterns and similarities in complex biological systerﬂs as a
function of geochemical environment coﬁtinues to be an important thrust in
environmental microbiology. The fesearch presented in this dissertation serves as a

. _ important contribution to our knowledge of geochemical conditions that are associated
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with the distribution, diversity, and divergence of genorlnes. These efforts élso provide
additional information on the usefulness of coupling geochemical analysis of
environments with phylogenetic inference. Furthermore, geochemical and phylogenetic
information obtained from Succéssion Spring in Yellowstone National Park will provide
“an important basis for developing cultivation strategies aimed at isolating novel

microorganisms from this unique habitat.
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