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Abstract

The impact of ammonium availability on microbial community stitestand the physiological
status and activity oeobacter species duringn situ bioremediation of uranium-contaminated
groundwater was evaluated. Ammonium concentrations varied by as asugto orders of
magnitude (<4 to 40QuM) across the study site. Analysis of 16S rRNA gene sequences
suggested that ammonium influenced the composition of the microbial cotynuuiur to
acetate addition witlRhodoferax species predominating ov&eobacter species at the site with
the highest ammonium, amechloromonas species dominating at sites with lowest ammonium.
However, once acetate was added, and dissimilatory metal muwas stimulatedzeobacter
species became the predominant organisms at all locationss &at(VI1) reduction appeared
to be more related to the concentration of acetate that wasrddlieeach location rather than
the amount of ammonium available in the groundwatarsitu mRNA transcript abundance of
the nitrogen fixation gen&yfD, and the ammonium importer gemetB, in Geobacter species
indicated that ammonium was the primary source of nitrogen durigigu uranium reduction,
and that the abundance aftB transcripts was inversely correlated to ammonium levels @cros
all sites examined. These results suggestifiatandamtB expression by subsurfaGeobacter
species are closely regulated in response to ammonium avajlédbiihsure an adequate supply
of nitrogen while conserving cell resources. Thus, quantifgifigy andamtB expression appears
to be a useful approach for monitoring the nitrogen-related phys&ialogtatus ofGeobacter
species in subsurface environments during bioremediation. This seadgraphasizes the need
for more detailed analysis of geochemical/physiological &tesns at the field scale, in order to

adequately model subsurface microbial processes.
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Introduction
Rational optimization of subsurface bioremediation strategies esgair understanding of what
factors might influence the activity of the microorganisms inwblvebioremediation processes
(2). Nitrogen, for example, is an essential nutrient in micrahethbolism. Thus, ammonium or
other sources of fixed nitrogen are sometimes added during the bthaetion of organic
contaminants in order to ensure that the availability of fixedgetn does not limit the activity
of microorganisms involved in remediation transformati(®)sIn metal-contaminated aquifers,
stimulating dissimilatory metal reduction using carbon donor amemdrh@s shown promise as
an approach to immobilize uranium from the groundwg). To date, studies on the influence
of nitrogen species on uranium bioremediation have primarily focused ool¢haf nitrate as an
electron acceptor for the oxidation of U(IV) to U(VI), or serviag an alternative, competing
electron acceptor for metal-reducing microorganigis/, 8). There does not appear to have
been much investigation as to the influence of natural ammonium akiilahithe abundance
and activity of indigenous microorganisms involved in uranium bioremediation processes.
The availability of fixed nitrogen is important to the survivahatroorganisms because
when it is in limited supply, it is necessary for microorgarsigo employ other mechanisms to
obtain it, or produce it themselves using processes such as nifxggomn. One method for
elucidating environmental factors that may influence the growth endty of microorganisms
is by quantifying mRNA transcripts for key metabolic genesan$cript abundance has
previously been used to quantify genes involved in remediation proc€ss&8), and to
diagnose the physiological status of bacteria dunrsifu bioremediatior(11-13). Recently, this
approach has been effective for understanding the central metapblysmlogy, oxidative, and

heavy metal stress response Gieobacteraceae involved in acetate-stimulated U(VI)

Mouser, 3



bioremediation(12, 14, 15). Theoretically, limitations due to fixed nitrogen during situ
bioremediation could be assessed by quantifying transcript abundarar@rhonium importers,
or for genes involved in nitrogen fixation.

The ability of Geobacter species to fix atmospheric nitrog€l6-18) suggests that they
should be able to grow in subsurface environments when fixed nitrogeavsilable. One of
the genes that codes for the dinitrogenase protein, NifD, whicivadved in nitrogen fixation
(19, 20), is well conserved amon@eobacter species(21). It was also shown to be repressed
with the addition of ammonium during acetate-stimulated growth imsads(17), suggesting it
may be important during growth in subsurface sediments.

While the uptake of ammonium lyeobacter species has not been studied in detall, it
has been shown in other bacteria to be passively transported eellossembranes at high
concentrations, and actively transported at concentrations less lthaM (22-25). Our
preliminary analysis of availabl&eobacter species genome sequences indicated that they
possess two putative ammonium transporters, the ammonium transgaritB) (and the
Rhesus-family proteins (Rh). The gene that codes for AmtB iemres a wide diversity of
bacterial specie$22, 25), and its protein sequence was highly conserved (>80% similarity)
across the availabléeobacter specieggenomes

Becausedseobacter species can potentially employ genes for both ammonium uptake and
nitrogen fixation, we hypothesized that they may be able to out-cenogi®r bacteria without
the ability to fix nitrogen under ammonium-limiting conditions duringtate-stimulated U(VI)
bioremediation. Therefore, when we observed variable ammonium cataergracross a small
experimental plot in a uranium-contaminated aquifer, it offered an wpyrto study theiin

situ response at the field-scale. Our results relate the abunddnaeitB and nifD gene
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transcripts and the microbial community composition to ammoniunislévehe groundwater,

and its implications for uranium bioremediation.

Methods

Ste Hydrogeology

During 2007, a bioremediation experiment was conducted near a formgrocessing facility
as part of the Uranium Mill Tailings Remedial Action (UMTRpj)ogram and Rifle Integrated
Field Research (IFC) challenge of the U.S. Department of En&hg aquifer is located within
the flood plain of the Colorado River, with a 7 m thick unconfined sandyebm@luvium
(saturated thickness 2.4 m) underlain by the relatively impermeafalsatch Formation. An
acetate:bromide solution (50 mM:20 mM) mixed with groundwater was t@gemto the
subsurface to provide ~5 mM acetate as an electron donor over the o686 days. The
average linear velocity during the experiment was 0.9 (hydraomductivity 35 m/d;
porosity 0.19; gradient 0.005 m/ng3), resulting in about a 2-pore volume turnover in the
experimental monitoring array, which consisted of 12 downgradient, &0tiony, and three

upgradient wells (Figure 1a).

Groundwater Sampling and Analysis

Samples for geochemical analysis were collected from grouadweells approximately every
other day between August ehrough September™s2008. Prior to sampling, the first 12 | of
groundwater was purged through dedicated well tubing connected tostlierpump. After
purge, geochemical samples were collected and field-filteredy &2 um pore size PTFE

(Teflon) filters (Alltech Associates Inc., Deerfield, IL), aadalyzed as follows. Nitrate, nitrite,
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acetate, and bromide concentrations were measured using an ion tolgrapta (ICS-1000,
Dionex) equipped with a AS22 column and a carbonate/bicarbonate eluent (4.8nmvM).
Ammonium was measured using an indophenol-hypochlorite md@&)dand a Genesys 6
spectophotometer (Thermospectronic, Madison, WI). U(VI) was measisid) a kinetic
phosphorescence analyzer as described by offéxsand Fe(ll) samples were preserved with
10 M HCI and measured using the Ferrozine me(®8y Unless UMASS did its own Fe(ll)
analysis, the method we used for Fe(ll) analysis during Winchests the phenanthroline
method. | wouldn’t worry about correcting this at this point, but lughe it to be thorough.
Reference Standard methods for the examination of water and wastewatetican Public
Health Association, American Water Works Association, Wateruktali Control Federation;
Mary Ann H. Franson, managing editor; 17th ed, Washington, DC; Amerigblic RHealth
Association, 1989.

Approximately 2 | groundwater was then filtered through 0.2 um paes-Sterivex
filters (Millipore Corporation, Bedford, MA) for analysis of 16S rRNene sequences. Samples
for mRNA abundance were obtained by concentrating 10 L of groundwateO@uen, 293
mm diameter Supor membrane filter (Pall Corporation, East,HNIY). Nucleic acid filters were
removed into sterile whirl pak bags (Nasco, Fort Atkinson, WI), ffesken in an ethanol-dry
ice bath, and stored at —80°C until extraction. A total of 6 (D-05),-88)Dand 9 (D-02 and D-

04) samples that spanned the experimental period were analyzed for mRNgsanaly

Nucleic Acid Extractions for Microbial Community Analysis and Transcript Abundance
Microbial community analysis of groundwater was conducted braettg nucleic acids from

filters with the FastDNA SPIN kit (Bio 101 Inc., Carlsbad, CAneT16S rRNA gene was
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amplified with bacterial primers 8F and 519#, 30) using PCR reagent mixtures and cycling
parameters described previougB). PCR products were cloned into the TOPO TA vector pCR
2.1 and chemically competent TOP10 cells (Invitrogen, Carlsbad, 6#9rt$ from at least 90
clones for each library were amplified with the M13F primed sequenced at the UMASS,
Amherst Sequencing Facility. Sequences were compared to thosdecbmpGenBank using
the BLAST suite of program@$1).

Filters for mRNA transcript analysis were crushed with tiguitrogen, separated into 2
ml tubes, re-suspended in 8aDof TPE buffer (100 mM Tris-HCI, 100 mM KiPO,, 10 mM
EDTA; pH 8.0), and nucleic acids were extracted using a modifieniopfolloroform extraction
method as previously describélb, 17). The total RNA was separated from other nucleic acids
with the Rneasy RNA cleanup kit (Qiagen) then treated with BdA Dnase (Ambion, Austin,
TX). RNA quality was visualized on a 1% agarose gel, then guantibieddncentration and

purity using a NanoDrop spectrophotometer (NanoDrop, Wilmington, DE).

Quantification of MRNA gene transcripts.

Degenerate primers designed to ampligobacteraceae genes were developed by constructing
alignments from the following seven genom@seobacter uraniireducens, G. sulfurreducens
(32), G. lovleyi, G. bemijensis, G. metallireducens, Pelobacter carbinolicus, and P. propionicus,

available on the DOE Joint Genome Institute websie/\v{.jgi.doe.goy. Alignments were

developed for three genes, including an ammonium transpodstB)( designated
GemmtB649F/1298R 5-ATGTTTGCCATGATTACCGT-3’ and 5'-
AAGGCRTCVAAGGGARTCGTC-3’; nitrogenase nifD), designated GenfD225F/560R

described in previous woid7); and a housekeeping gemecf) designated GeecA283F/730R
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5-GAGCATGCHCTSGAYATCGGC-3' and 5-ACCTTGTTCTTMACHTGYTT. Genes
were amplified from the environment using mixture concentratiors @aeling parameters
described previousl{21).

PCR products fromamtB, nifD, and recA genes were cloned and sequenced using
methods described above for 16S rRNA clone libraries. At least éfiarfer each library were
sequenced to verify gene specificity, and alignments were cotestrusing the Lasergene
software (DNASTAR, Inc, Madison, WI). Primers for RT-gPCR ttaageted ~150 bp regions
were developed from degenerate alignments as described phg@l)s Primer pairs include
Ge@ntB312F/508R 5-AAGCCGAACCAGCCGAAC-3’ and 5-
ACGGCTGGCTCTTCAAGATG-3’; GenifD58F/242R 5-ATTTTCTCCAGCTCGCCGTC-3’
and 5-AACGACACCATCCGCGACC-3,, and GeecA 147F/292R 5'-
ACTCCGTCGCCGCCCTG-3 and 5-TGATGAAGATGACGCAGCAGT-3..

Sample cDNA was generated from mRNA transcripts with tlweaBcript Enhanced
Avian RT single-strand synthesis kit (Sigma Aldrich). The nundiemRNA transcripts was
guantified using the Applied Biosystems 7500 Real-Time PCR sydt&nBiosystems, Foster
City, CA). Reactions (2l total volume) consisted of 123 2 x POWR SYBR green master
mix (Applied Biosystems), il of 1:10 diluted template cDNA, and 200 pmol of the appropriate
primer pair. The thermal cycling parameters consisted of taraion step of 5€C for 2 min, a
denaturation step of 96 for 10 min, followed by 45 cycles at 95 for 15 s and 6 for 1 min.
Standard curves that covered 8-orders of magnitudel(p were developed using serially-
diluted genomic DNA extracted from environment samples and aetpliting degeneratefD,

amtB or nifD primers that covered the RT-qPCR insert. Standard curves we@ncurrently
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with cDNA samples along with two types of negative controls: R&lAplate that had not been

subjected to reverse transcription, and reaction solution without template.

Satistical Methods
Data distributions were tested for normality prior to stadst@malysis using the Shaprio-Wilkes
test. Ammonium and U(VI) concentrations met normality assumptigvws0(05); however,
expression data did not. Therefore, one-way analysis of variance (ANO&&Alsed to compare
geochemical data, while the non-parametric Kruskal-Wallishatetwas used to compare
transcript abundances. Where statistical differences wereveds@mongst monitoring locations
at thea=0.05 level, pairwise comparisons were made using eithet-tést or Wilcoxen test.
Temporal trends were tested using pairwise comparisons wiginiéicance level set ai=0.05.
Statistical analyses were conducted in JMP version 5.1 (SAS Institute NGty

Rates of U(VI) reduction were computed between subsequent samypdintg eising a
first-order reaction rate equation, C&® , where G and C represent initial and final U(VI)
concentrations for the two sampling eventsgpresents the time between samples,kaisdthe

calculated first order reaction rate.

Results

Acetate, Bromide, Fe(Il), U(VI), and Ammonium Dynamics

Monitoring wells D-02, D-04, D-05, and D-08 (Figure 1a) were seldotedetailed time course

analysis because initial sampling demonstrated that theysesieel ammonium concentrations
that spanned several orders of magnitude. Acetate amendment appaataecwells suggested

that groundwater flow and microbial consumption were not uniform athesglot (Figure 1b).
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Acetate arrival was observed earlier at D-04 than the othee fbcations and levels reached
higher maximum concentrations in the first row of monitoring w@l€2 and D-04), than in D-
05 and D-08 located in the second flow transect (Figure 1b). Afteryadanjection, acetate
additions were stopped and the injection zone was flushed with afremtgroundwater for
seven days before amendments resumed for an additional thirteeMdaysmporary cease in
amendment addition was reflected in decreasing acetate catimergrat all four wells between
day 15 and 23. Once amendments resumed, acetate again increadetbumn @lonitoring
locations (Figure 1b).

Bromide concentrations generally followed acetate fluctuatiotcgpt at location D-05,
where higher bromide relative to acetate concentrations sugdbatectlatively more acetate
was being consumed at this location (Figure S1). As expectedpitevious studie§3, 27), the
acetate amendment stimulated dissimilatory metal reductieridsnced by an accumulation of
dissolved Fe(ll) (Figure 1c) and a loss of U(VI) at all fmgations (Figure 2a). During the first
30 days of the experiment, U(VI) reduction was stimulated to thedbeoncentrations in D-02,
located in the first transect downgradient from the injectioregaliwhere some of the higher
acetate concentrations were delivered (Figure 2a).

Significant differences were observed in ammonium levels atliessmall experimental
plot, with concentrations varying by over 2 orders of magnitude betweEmmonitoring
locations (Figure 3b). Well D-08 had significantly higher ammoniweltewhereas D-05 had
significantly lower levels than all other locations (p<0.02) (Feg3b). While locations D-02
and D-04 showed slight increases in ammonium during the amendmengnifant trends

were observed (Figure 3c). Consistent with the expected lacktrafteniand nitrite under

Mouser, 10



dissimilatory metal-reducing conditions, other sources of inorgariogen were below

detection (<1QM) in all wells throughout the experiment.

Microbial community dynamics

Differences in ammonium concentrations in the groundwater may hawe ¢wee factor
contributing to variations in the microbial community composition befod during acetate
amendment. Analysis of 16S rRNA gene sequences extracted Heograundwater indicated
that microorganisms most closely relatedGeobacteraceae, Rhodoferax and Dechloromonas
species were among the most abundant prior to and during the iromgeghase of acetate
injection (Figure 3a). 16S clones sequences relateddchloromonas species (88-99%
similarity) were abundant at all five sites prior to the additof acetate to the groundwater,
representing more than 60% of sequences in D-05, which had the lowesihaim levels.
Temporal samples from three locations that spanned low, inteateedind higher ammonium
levels showed a decline in relative abundanceDedhloromonas species following acetate
additions by day nine (Figure S2a), and a recurrence after 18 days in D-08 hatiithe highest
ammonium levels (Figure S2b).

Relative proportions o&eobacter and Rhodoferax species were comparable at the sites
with lower ammonium levels prior to acetate addition, including D881, and D-02 (Figure
3a). However, at locations with higher initial ammonium, including4band D-08Rhodoferax
species (91-98% similarity) were about 4 fold more abundant priccetiate injection (Figure
3a-b), but declined in relative abundance in by day 9 (Figure 82axpected from previous
studies (3-6), upon acetate amendme@eobacter species (88-98% similarity) became the

predominant community members regardless of ammonium concentrations (Figure S2)
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In Stu Expression of Ammonium Transporter and Nitrogen Fixation Genes in Geobactespecies

In order to learn more about th@& situ metabolism of theGeobacter species during
biostimulation, the number of transcripts for the ammonium transpoetes, gmtB, and the
nitrogen fixation genanifD, in the subsurfac&eobacter community was quantified. In general,
the number ohifD transcripts was slightly less abundant than those for the housekespia
recA, resulting in mediamifD/recA levels between 0.28 and 0.43 (Figure 4a). OvendD
abundance levels were not statistically different among therhaunitoring locations (Kruskal
Wallis, p=0.43) (Figure 4a). A previous study) demonstrated th&eobacter species living in
sediments have comparaliigD andrecA transcript levels when nitrogen fixation is repressed
with the addition of environmentally relevant concentrations (100 gfMjnmonium. Thus, the
relatively low abundance dbeobacter nifD transcripts detected in the groundwater indicated
that ammonium concentrations were high enough to sustai@ett®cter population duringn

situ uranium bioremediation.

In contrast to the overalifD trends, transcript abundance for the ammonium uptake
gene, amtB, were statistically different amongst the four monitoring fimces (p<0.001),
showing an apparent inverse correlation betwaratB in the subsurfac&eobacter community
and ammonium availability (Figure 4b). MediamtB levels quantified in locations D-04 and D-
05 were 10-fold higher than transcript abundance levels recorded-08; Bnd 3-fold higher
than D-02 (p<0.002) (Figure 4b). Even between locations with higher lefedsnmonium,
medianamtB abundance levels in D-02 were ca. 2-fold higher than in D-08 (p=0.02).

During periods of substantial variations in the ammonium concentratiohinesgean

ammonium availability often resulted in increased abundaneentdd andnifD transcripts and
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vice versa (Figure S3). This relationship was particularly evitteramtB abundance in D-08,
where a significant inverse correlation was observed-0(75, p-value=0.03). Interestingly, the
relationship betweeramtB and nifD transcript abundance became stronger as ammonium
concentrations decreased, with significant correlations observedhibb@4 and D-054>0.92,
p-values<0.001) (Figure S3).

A further example of this pairedfD andamtB response occurred at location D-05 with
the depletion of ammonium on day 15 (Figures 3a-b and S3). LevéistlohifD and amtB
increased more than 20-fold in D-05 when ammonium was below detecti@cti@e limit
approximately 2uM) while recA levels remained relatively unchanged (Figure S3). Transcript
abundance of bothifD andamtB decreased again when small amounts of ammonium (4-13 uM)
subsequently became available in the groundwater. The relatiserig abundance oifD and
recA on day 15 was similar to what was previously reported@eobacter species under
nitrogen-fixing conditiong17), and indicates a switch in their physiology to enhance nitrogen

fixation.

Rates of U(VI) Reduction

Increased availability of fixed nitrogen in the form of ammonidith not appear to stimulate
higher U(VI) removal during biostimulation. In contrast, the highest rebdeammonium
concentrations were associated with the lowest average tidliction rate in monitoring well
D-08 (Figure 2b). Mean U(VI) reduction rates in D-08 averagediesszero during the 30-day
experiment, and were significantly lower than the averageofabell day observed in D-04
(p<0.05). Concentrations of U(VI) in monitoring location D-05 appeared toichlyg decrease

after day 15, which corresponded to a 20-fold increase in hidih and amtB transcript
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abundance (Figures 2b and S3). However, U(VI) reduction rates cattudaer the 30-day
period for D-05, and rates calculated after day 15 were stiledawan the average U(VI)
reduction rate observed in D-04 (Figure 2b), suggesting that th@flackmonium alone in D-
05 was probably not responsible for the decrease in U(VI) concensaturing the second half

of the experiment.

Discussion

This study revealed that there was remarkable heterogemeitgrnonium concentrations within
the relatively small treatment plot of this uranium bioremeaiiafield study. Variations in
groundwater ammonium concentrations are believed to be relatedféceniies in organic
matter and solid phase carbon content across the D-05 to D-08 tré8®e&ediment cores
extracted during drilling of D-08 had visible layers of darkenegamic materials dispersed
within zones of clay, gravely silts, and sands. Similar zones ahargnatter were observed to a
lesser degree in cores collected from D-02 and D-04 (Figurénl@yntrast, neither organic-rich
nor clay-rich sediments were observed at D-05, which contained ogtty gériations in gravel
and silt soil units. Decaying organic materials near D-08 prgh@&siulted in sediment-bound
forms of organic nitrogen that are in equilibrium concentratiorth whe surrounding
groundwater.

Ammonium availability and differences in solid-phase carbon appearedluence the
composition of the subsurface microbial community prior to the additi@tethte to stimulate
dissimilatory metal reductionGeobacter and Rhodoferax species were the most abundant
microorganisms detected in this study that are known to couptxitiation of acetate with the

reduction of metal$34, 35). However, knowrGeobacter and Rhodoferax species differ in their
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ability to fix atmospheric nitrogen. For example, availaBémbacter species genomes contain
sequences for proteins involved in nitrogen fixat{@h), and this capacity has been verified in
G. metallireducens (16). In contrast, no nitrogen-fixation genes were found in a seartheof
complete genome sequence Rf ferrireducens. These results suggest that ammonium may
influence the ability ofRhodoferax species to compete with other bacteria in metal-reducing
environments, and may be why clone sequences closely reladRbhodoferax species have not
been specifically reported in previous Rifle studies. Regardlesm®imionium concentrations, the
addition of acetate resulted in a predominanc&eubacter species during the active phase of
U(VI) reduction, suggesting that other physiological factors, su¢heaability to grow rapidly
via acetate oxidation coupled to Fe(lll) reduction, are also importa the subsurface
environment.

Dechloromonas species were observed in considerable abundance in 16S clone libraries
regardless of ammonium concentrations. Clone sequences dominat&echbiyromonas
denitrificans were observed concurrent with low ammonium in locations D-05 and U-01,
whereas clone sequences closely related to more than half a difeeent Dechloromonas
species were observed in monitoring wells with higher initialmamum levels. Some
Dechloromonas species are known denitrifief86, 37) and can couple acetate oxidation to
nitrate and/or nitrite reduction. In addition, they have previously beégctdd at another
uranium-contaminated site which also contains elevated nitratemoaitons(6). Their initial
prevalence prior to acetate amendment combined with the unexplainednmm@reon of
increasing U(VI) concentrations during the first week of inggctn monitoring well D-05 (N.B.
This is most likely the result of uranium desorption accompantigg initial increase in

bicarbonate following acetate injection) suggests that they nagyiplportant role in possibly
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inhibiting U(VI) reduction during the transition to a dissimilatos(IH)-reducing environment.
This intriguing dynamic between available ammoniubechloromonas, Geobacter, and
Rhodoferax species has important implications for U(VI) bioremediation andants further
investigation.

Analysis of transcript abundance for the ammonium transporter gemB, and the
nitrogen fixation genenifD suggested that with the exception of one time point in one of four
monitoring locations, ammonium uptake rather than nitrogen fixationtveagrimary source of
nitrogen for the growth oBeobacter species duringn situ uranium bioremediation. Ammonium
concentrations greater thanu are apparently high enough to repreg® expression in the
environment. As would be expected from previous stugliés 18), expression ohifD, and
presumably other genes involved in nitrogen fixation appeared to be closelygdgulat

The observed inverse relationship betwaemnB transcript abundance and ammonium
levels is consistent with the current understandingnaiB transport patterns observed in other
bacteria(22, 23, 25), and appears to be an adaptive response, @etbacters reducing the
energy invested in transporter synthesis when ammonium is plentifuvever, when
ammonium concentrations are low, or at levels below abouiNsdn the environment, the
production of more transporters is essential in order to enhanceaplaeity for ammonium
uptake. Thus, tracking the expressionndD and particularlyamtB appears to be a useful
approach to monitoring the nitrogen-related physiological status§sembacter species in
subsurface environments.

There was no clear relationship between ammonium availabilityhe@nelxtent of U(VI)
reduction in the field experiment. In fact, the monitoring locatath the highest mean U(VI)

reduction rate was D-04, where ammonium concentrations ranged bedtvegt 30 to 8QuM
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throughout the amendment. Interestingly, transcript abundana@tBfandnifD in D-04 were
statistically indistinct from D-05, which had the lowest obseraadnonium levels. Acetate
amendments were also observed first and reached their higheshitahons in D-04. Although
ammonium has been added to stimulate bioremediation of organic conta(¥)ard previous
study showed the addition of ammoniumGeobacter species growing in subsurface sediments
did not stimulate Fe(lll) reductiorfl7). Adding ammonium might not stimulate rates of
dissimilatory metal reduction because wltaobacter species have to fix nitrogen, higher rates
of respiration are required, and hence more metal reduction occursleén tor generate the
additional reducing equivalents and ATP that nitrogen fixation requissa result, U(VI)
reduction rates in D-04 could be a reflection of concentrations tdtacmendment delivered to
this area, or the general level of growth and metabolic actreigtive to other monitoring
locations, rather than the ability @eobacter species to out compete other species under
conditions of nitrogen fixation. Such considerations emphasize the needctimprehensive
analysis of the physiological status of the microorganisms invalv@dportant bioremediation

processes via large-scale analysis of gene expression or other hpproac
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Spatiotemporal trends in bromide concentrations, ratios of bronlate/eeto acetate levels, 16S
rRNA microbial community composition, andfD, amtB, andrecA transcript expression are
found in more detail in supporting information. This information is lab& free of charge via

the Internet at http://pubs.acs.org.
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Figure Captions
Figure 1. a) Conceptual site layout of 2007 experimental design at Rifle, Monitoring

locations discussed in the text are shown in black. The dotted lireatesliboring locations
where darkened organic matter were observed in soil cores duriliggdrb) and c)
spatiotemporal fluctuations of dissolved acetate and Fe(ll) coatiens collected from four

monitoring locations during an acetate amended bioremediation experiment.

Figure 2 a) Spatiotemporal changes in dissolved U(VI) concentration for rioamitoring
locations at the Rifle, CO aquifer during an acetate stimulaim@mediation experiment. b)
Average (barsstd) for first-order U(VI) reduction rates calculated betwseansequent sampling

events during the experiment.

Figure 3. a) Microbial community composition based on 16S rRNA clone sequentrested
from the groundwater at five monitoring locations before acetagetiop began. b) Ammonium
concentrations observed prior to acetate injection (initial, diamamd)average concentrations
(squaresstd) in monitoring locations corresponding to 16S clone librariespatjotemporal
ammonium fluctuations for four monitoring locations during an acetatededebioremediation

experiment.

Figure 4. a) Relationships between ammonium concentrations and transcript abundance of
Geobacteraceae nifD relative torecA genes and kgmtB relative torecA genes in four
monitoring locations during an acetate amended bioremediation experiment.r&miesent the

mean of triplicate RT-gPCR reactions. Lines represent a standarddeasts best fit regression
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across all four locations, with a the mean square error showh asdp representing Pearson’s

correlation coefficient.
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