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ABSTRACT

ANALYSIS OF MICROBIAL COMMUNITIES IN A CONTAMINATED AQUIFER
UNDERGOING URANIUM BIOREMEDIATION

By

Erick Cardenas Poire

Contamination by metal and radionuclides is a problem for the Y-12 National
Security Complex in Oak Ridge, Tennessee, and at other Department of Energy (DOE)
facilities and waste sites. In contrast to organic compounds, metals cannot be degraded so
their bioremediation may be possible by controlling their bioavailability. Iron-reducing
bacteria such as Geobacter and sulfate-reducing bacteria such as Desulfovibrio, among
others, are known to utilize metals and radionuclides as terminal electron acceptors.
Uranium (VI) reduction decreases its solubility therefore its movement in water can be

controlled.

In this work, microbial communities of a uranium and nitrate contaminated
aquifer undergoing bioreduction, and located at the Field Research Center (FRC) Area 3
at Oak Ridge, Tennessee, were analyzed through comparative 16S rRNA gene analysis
using both traditional and pyrosequencing of clone libraries. Clone libraries of this gene
revealed sequences belonging to genera known to contain uranium reducers and whose
closest relatives are known to reduce U(VI) and utilize either ethanol, the carbon source
injected as electron donor; acetate, a by-product of ethanol oxidation; or methanol, an
impurity of the injected ethanol solution. The genera detected in clone libraries known to

reduce uranium included Desulfovibrio, Geobacter, Acidovorax, Anaeromyxobacter, and



Desulfosporosinus, among others. Hydrologic characteristics helped to explain the higher
levels of activity of sulfate reducers (SRB), iron reducers (FRB), and nitrate reducers in

certain zones of the site.

Pyrosequencing, a novel tool for microbial ecology studies, was used in the
analysis of the microbial communities of the treatment location in the FRC Area 3.
Differences in community structure along the bioremediation zone were related mostly to
chemical oxygen demand, an indication on how much of the stimulatory carbon source
reached a sampled well. Sequences belonging to genera with U(VI)-reducing ability were
detected throughout the Area 3. The genera detected were the same as in the clone
libraries but the increased sampling depth revealed previously undetected Shewanella and

Deinococcus sequences.

Diversity-based clustering showed four clusters of sequences that were related to
their bioactivity (SRB, FRB, and denitrifiers levels). Indicator species analysis in
addition to the clustering showed several groups that were significantly higher in
abundance in the most active uranium reducing zones. The most significant indicator
species were related to Desulfovibrio, Desulfosporosinus, and Anaeromyxobacter. Based
on indicator species analysis, patterns of abundance, and metabolic ability of their closest
relatives, sulfate-reducing bacteria, especially Desulfovibrio, appear to play the most

important role in uranium reduction at this location at the time of the sampling.
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INTRODUCTION

Uranium Contamination and Strategies for its Bioremediation

1. Physicochemical characteristic of uranium and its applications

Uranium (U) is the natural element with the highest atomic number, 92 (protons

in its nucleus), and one of the densest (19.1 g°mL-1). Uranium occurs naturally as a
mixture of several isotopes, mostly 238U (99.28%) followed by 235U (0.71%) and 234U
(0.0054%). The half-life for these isotopes are 4.47 x 109 years, 7.0 xlO6 years and 2.55
xlO5 years, respectively. Because of its size, uranium’s nucleus is unstable and decays

naturally in a known series of elements emitting alpha particles. Uranium ranks 42nd in

abundance in the Earth crust, and it is distributed worldwide and even present in the
oceans. Uranium is exploited mostly in mining operations in Canada, Australia and

Russia.

The main applications of uranium exploit two of its features: 1) its high density
and 2) the ability of its nucleus to be broken. In the military world, uranium is used for
armor plating and high penetration bullets. By being naturally fissible, it can be used for
energy production in nuclear reactors, and for military purposes in bombs. Other uses

include painting, radioisotope dating and transmission electron microscopy.



In order to make uranium usable for energy production, uranium has to be

transformed to increase the proportion of 235U isotope relative to 238U. This process
generates depleted uranium [typically less than 0.2 % of 235U, low enriched uranium (0.2
235 . . . 235 . .
to 3% of ™ "U) and enriched uranium (typically 3 to 5% ~~~U)]. Uranium enrichment
. . . . 235
creates a high proportion of depleted uranium depending on the natural =~ U

concentration and the targeted final concentration. e.g., enriching for 3.6% 235U for fuel

in a nuclear plant will need approximately 8 kg of natural uranium per kg of enriched

uranium.

2. Uranium contamination

Uranium it is a contaminant in facilities associated with uranium mining and
enrichment. Uranium mining is the most frequent industry that has uranium
contamination problems. In these sites, human exposure to uranium is due to inhalation

and skin contact and the risks relate primarily to the chemical toxicity of U (as a heavy

metal) and secondly to its radioactivity. However, 222Ra, a byproduct of U decay, is

associated with lung cancer (7).

Depleted uranium contamination is associated with uranium enrichment facilities
as well as to the military industry where uranium is used in ammunition or heavy armor
plating. The most frequent exposure route for depleted U is inhalation followed by

ingestion through water (4). Acute exposure to uranium leads to renal toxicity, while



chronic exposure can problems in lungs, the central nervous system, intestines, and
kidneys (3, 7). Depleted uranium is 60% less radioactive than naturally occurring

uranium, and its toxicity is more related to its heavy metal characteristics.

Metals and radionuclides are frequent contaminants in the US Department of
Energy facilities and waste sites (31). One of these sites, the Y-12 National Security
Complex in Oak Ridge, Tennessee, USA, has groundwater contaminated with depleted
uranium as well as nitrate, sulfate, and heavy metals. The main sources of contamination
are four ponds (S-3 ponds) where the Y-12 uranium enrichment plant stored its wastes for
over 32 years. These unlined ponds had a 9.5 million liter capacity each and receive
mainly acidic uranium nitrate as well as solvents, and wastes from other DOE facilities.
In 1983, the ponds were neutralized with limestone, and their nitrate was removed by
denitrification. Treated water was pumped out of the site and the ponds with their
contaminated sediments were capped with a Resource and Conservation Recovery Act
(RCRA) cover, and paved with asphalt to construct a parking lot (5). Nevertheless, the
areas surrounding the ponds were already contaminated, and intrusion of groundwater to
the ponds promoted the movement of soluble uranium from them (30, 40). Groundwater
at this site is highly acidic (pH 3.5) and contains high levels of inorganic contaminants
such as nitrate and sulfate; radionuclides such as uranium and technetium; and solvents
such as acetone, trichloroethene and tetrachloroethene (41). This site is now used to

develop and study uranium remediation strategies.

3. Uranium reduction as bioremediation strategy



One of the earliest definitions of bioremediation was “ the utilization of
microorganisms for the destruction of chemical pollutants” (1). Though this definition
works fine for the degradation of organic compounds, it does not apply for metals as they
cannot be degraded. However, bioremediation of metals is possible by altering their
bioavailability. This can be done by sequestering metals into organic matrices, by
assimilating the metals into the cells, by changing the solubility of the metals via
oxidation/reduction or complextion with organic compounds, and by modifying the
chemicals associated with uranium in situ (e.g., dissolving insoluble phosphate-uranium

precipitates) (17, 23, 36).

From these, one of the most promising strategies is dissimilatory metal reduction,
a process by which microorganism use metals (e.g., Fe(III), Mn (IV), and Cr (VI)) and
radionuclides (e.g., U(VI) and Tc(VII)) as terminal electron acceptors (18). The electrons
can come from the breakup of organic compounds and, in some special cases, directly
from electrodes (10). Electrons are then transferred from the organisms to the metals
through direct contact such in Geobacter spp. (26); through electron shuttles such in
Shewanella spp. (22); or through reduced products such as hydrogen sulfide (13), reduced
humic acids (16, 27), nitrogen oxides (32), and reduced Fe(II) such as green rust(29)
(Figure 1.1). While oxygen is usually the favored electron acceptor for microbial

communities, these metals can be reduced in anaerobic conditions.

Changes in the oxidation state can trigger changes in solubility in both directions.
Reduction can yield more soluble products (e.g., Fe(III) to Fe(Il)) or more insoluble ones

(Te(VI) to Te(V) and Tc(IV)). In the case of uranium the reduction is desirable because



reduced uranium (U(IV)) is less water soluble; thus, uranium movement through water

can be controlled if populations capable of reducing uranium are stimulated.

Stimulation of uranium reducers can be achieved mainly by injecting an electron
donor and/or carbon source into the aquifer and providing the right conditions for
microbial activity in terms of pH, nutrients and minimizing competing electron acceptors
such as oxygen and nitrate. More recently uranium reduction has been achieved through
direct electron transfer by inserting electrodes, and electrodes coated with iron reducing

bacteria (FRB) into aquifers (10).

Organic
electron
donor

®

Electrons in

Electrons out

"'-.‘ reduced
*, compound

h Eitiaeizal di

for

Figure 1.1. M d Uranium (VI) dissimilatory
reduction. Electron can be donaled from electrodes directly (1) or from the
decomposition of organic compounds (2). Form bacterial cells, electron can then be
transferred to uranium by direct contact (3), or through electron shuttles of reduced
compound such as humic acids or hydrogen sulfide (4).




Dissimilatory uranium reduction was first demonstrated for the FRB Geobacter
metallireducens, and the sulfate-reducing bacteria (SRB) Shewanella putrefaciens, both
of them belonging to the Delta class of the Proteobacteria (20). Since then, the ability to
reduce uranium has been detected in at least 18 other genera (38) whose affiliations range
from Firmicutes, Deinococcus, Thermus, Actinobacteria, Beta-, Delta- and Gamma-
Proteobacteria as well as Archaea (38). In terms of microbial diversity the ability to
reduce uranium seems widespread through the tree of life; however, for management
purposes the widespread distribution can create challenges in the stimulation of the
desired populations. In addition, is not clear what differences in reduction efficiency exist
among the groups, and how this efficiency relates to environmental conditions such as
pH, oxygen concentrations, and electron donor availability among others. Uranium
reduction as a way of controlling its movement has been tested in pure cultures of FRB
and SRB (19, 21), batch cultures in serum bottles (8, 12, 43), microcosms (28), columns

(11, 39) and in pilot scale projects (2, 15, 37, 41).

Field studies have yielded diverse results depending on the carbon source used,
the delivery method, and the characteristics of the site. In a former uranium mine,
microcosm studies using contaminated sediments found the SRB Desulfosporosinus, and
the fermenter Clostridium associated with uranium reduction (35). The medium used
contained ethanol, lactate, acetate, benzoic acids, glucose, yeast extract and peptones
(35). At a former uranium ore processing facility at Rifle, Colorado, in situ stimulation
via acetate injection promoted U reduction by FRB Geobacter, but in a second phase,
SRB not capable of U reduction outgrew Geobacter (2, 37). Recently it was reported that

uranium removal at Rifle continued even after acetate amendments stopped (24), and that



this removal was associated with adsorption of uranium to the biomass of a Firmicutes-
related bacteria that likely grew on dead cells from previously stimulated populations
(24). At the Field Research Center at Oak Ridge, Tennessee, a pilot scale project showed
associations between uranium reduction with SRB Desulfovibrio (14, 42, 43), FRB
Geobacter (14, 42), FRB Anaeromyxobacter (6), SRB Desulfosporosinus (6, 14), and

denitrifying Acidovorax (28).

4. Microbial communities involved in uranium bioremediation

In order to study the microbial communities involved in the uranium reduction in
situ, culture independent methods have been predominantly used. The preferred methods
to track specific populations involved the use of the 16S rRNA gene in combination with
terminal restriction fragment length polymorphism (TRFLP), restriction fragment length
polymorphisms (RFLP), denaturing gradient gel electrophoresis (DGGE), and clone
libraries. Restriction enzyme-based methods are simpler and cheaper and can provide a
profile for the whole community that can be later consistently compared. However, it is
hard to associate peaks or bands with specific populations unless a clone library for the
same site is constructed. DGGE provides bands that can be tracked over samples and
later sequenced for their phylogenetic information. However, the variability between and
within gel gradients as well as a limitation in how many bands can be resolved (usually
20 to 40), can make this method challenging to analyze (25). Finally, clone libraries
provide the most sequence information (usually 500 to 800 bases per clone). This

information can be use for phylogeny inference and community reconstruction. However,



library construction is time consuming, expensive, limited in scope, and in some
occasions bias can be introduced in the cloning step (34). All PCR-based methods such
as, TRFLP, DGGE and clone libraries can be biased due to primer coverage, differences

in copy number of a gene in a genome, and extraction of DNA (9).

One recent alternative that is both high throughput and provide sequence
information is massive parallel sequencing. By sequencing hypervariable regions of the
16S rRNA gene, thousand of reads can be generated per sample, and the structure of the
microbial community reconstructed by comparing the sequences to known databases

(33).

In this thesis I use comparative 16S rRNA gene studies of both traditional and
pyrosequencing clone libraries, to study the diversity and structure of the communities
associated with uranium bioremediation at the Oak Ridge National Laboratory Field
Research Center, Area 3. The focal research questions are 1) what are the main
populations associated with U reduction, and 2) how does their abundance, and
presumably the features favoring their selection, relate to the geochemical conditions

present at this site?
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Microbial Communities in Contaminated Sediments Associated with

Bioremediation of Uranium to Submicromolar Levels

ABSTRACT

Microbial enumeration, 16S rRNA gene clone libraries and chemical analysis were
used to evaluate the in situ biological reduction and immobilization of uranium (VI) in a
long term experiment (more than two years) conducted at a highly uranium contaminated
site (up to 60 mg/1 and 800 mg/kg solids) of the US Department of Energy in Oak Ridge,
TN. Bioreduction was achieved by conditioning groundwater above ground and then
stimulating growth of denitrifying, Fe(III)-reducing, and sulfate-reducing bacteria in situ
through weekly injection of ethanol to the subsurface. After nearly two years of
intermittent injection of ethanol, aqueous U levels fell below the US EPA maximum
contaminant level (MCL) for drinking water and groundwater (<30 pg/1 or 0.126 uM).
Sediment microbial communities from the treatment zone were compared with those from
a control well without biostimulation. Most Probable Number estimations indicated that
microorganisms implicated in bioremediation accumulated in the sediments of the
treatment zone but were either absent or in very low numbers in an untreated control area.
Organisms belonging to genera known to include U(VI) reducers were detected, including
Desulfovibrio, Geobacter, Anaeromyxobacter, Desulfosporosinus and Acidovorax spp.
The predominant sulfate-reducing bacterial species were Desulfovibrio spp. while the iron
reducers were represented by Ferribacterium spp and Geothrix spp. Diversity-based

clustering revealed differences between treated and untreated zones and also within
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samples of the treated area. Spatial differences in community structure within the
treatment zone were likely related to hydraulic pathway and electron donor metabolism

during biostimulation.

INTRODUCTION

Metal and radionuclide are common groundwater contaminants at facilities and
waste sites of the US Department of Energy (DOE) occurring in more than 50% of these
locations (32). One of these sites, the former Y-12 National Security Complex at Oak
Ridge, Tennessee, contains uranium in concentrations as high as 60 mg/l (252 uM) in
groundwater and 800 mg/kg in sediments (48). To control the migration of the uranium,
microbial reduction of U(VI) to sparingly soluble and immobile U(IV) has been proposed
as a promising approach (1, 2, 12, 17, 22, 42, 48). Bioreduction of U(VI) to U(IV) has
been reported by pure and mixed cultures of iron(IIl)-reducers (FeRB) such as Geobacter
spp., sulfate-reducers (SRB) such as Desulfovibrio, Desulfoporosinus, and
Desulfotomaculum spp. and denitrifying bacteria such as Acidovorax spp. among others

(45).

In recent years, researchers have evaluated this approach through laboratory-scale
experiments using batch serum bottles (10, 14, 51), microcosms (29), and sediment
columns (11, 46). Reduction and immobilization of uranium in the mentioned laboratory
experiments has been observed and confirmed by X-ray near-edge absorption
spectroscopy (XANES) analysis (11, 29, 40, 41, 46). Geobacter spp. and Geothrix spp.

were found to be associated with Fe(III) and U(VI) reduction in field conditions (5, 14,
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46, 50). Control of the microbial community structure may be one of key issues for the
long-term reduction and stabilization of uranium in situ (1). While bench-scale tests
provide valuable information about the feasibility of bioreduction, they cannot replicate
all of the heterogeneity and complexity of the subsurface. Hydrogeology is a factor that
can contribute to the complexity of field treatments by creating gradients of resources in
situ, affecting the microbial diversity and thus, potentially the remediation process. Little
is known about the effect of groundwater flow on microbial community diversity during
and after bioremediation, even when the kinetics of U(VI) reduction should be dependent
on the microbial community and geochemical conditions. The effect that hydrogeology

has on microbial diversity should be addressed.

Pilot studies are the next step in demonstrating the feasibility of the in situ
uranium remediation approach (12, 14, 17, 37, 48, 49). DOE does not provide specific
uranium target levels, but US EPA regulates the maximum contaminant level (MCL) for
drinking and groundwater at 30 pg/1 (0.126 uM). At the Field Research Center (FRC) site
of the Environmental Remediation Sciences Program (ERSP) of the DOE, Oak Ridge,
TN, test facilities have been constructed for the remediation of uranium contaminated
groundwater and sediments using various approaches (1, 17, 49). Prior to the tests, the
microbial community structure was characterized by 16S rRNA gene clone libraries
made from groundwater samples in Areas 1 and 3 and the majority of the sequences
(>73% in Area 1 and >65% in Area 3) were found to be Proteobacteria belonging to the
genera Azoarcus and Pseudomonas (9). Microbial community analyses of Areas 1 and 2
identified Geobacter spp. and Anaeromyxobacter spp. among others as the potential

uranium reducers (28). In these areas of moderate uranium contamination (0 to 5.8 uM),
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removal of nitrate and aqueous U(VI) was stimulated by the injection of ethanol or
glucose to the subsurface using a push-pull approach (17). In the extremely contaminated
Area 3, a long-term (> 2 years) bioremediation test has been performed. This area is
located near former S-3 Ponds and contains high levels of nitrate (up to 200 mM) and U
(up to 250 pM), aluminum(12-13mM) and calcium (22-25mM) (48, 49). Prior to
remediation, the microbial levels in groundwatef of this area were extremely low
probably due to low pH (3.6) and high levels of nitric acid. A combination of remediation
approaches was used to remove U(VI) reduction inhibitors (nitrate and Ca) and condition
the area for metal reduction by raising the pH and providing a carbon source. Using these
approaches, low U(VI) concentrations below MCL were achieved and a new microbial

community capable of uranium reduction was established (48-50).

The objective of our study was to characterize the microbial community arising in a
earlier study where successful U(VI) bioremediation was demonstrated (49). We used
16S rRNA genes sequence analysis to determine the structure of the bacterial consortia
present in the treatment area where low uranium levels were achieved during
biostimulation and in a control samples from outside the treated area. The community
data were integrated with geochemical and hydraulic data to provide insight about
environmental variables that profoundly influence the remediation process. We were able
to identify key bacterial groups associated with successful reduction of U(VI) in the
subsurface and correlate their spatial relationship with hydrogeology and geochemistry in

the treatment zone.
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MATERIAL AND METHODS

Site description and bioremediation test. The bioremediation test was
performed in Area 3 of the DOE FRC at the Y-12 National Security Complex, Oak
Ridge, TN as previously reported (24, 48). The field system consisted of an outer
groundwater recirculation loop (injection well FW024 and extraction well FW103) that
isolates an inner groundwater loop (injection well FW104 and extraction well FW026)
preventing penetration by highly contaminated groundwater from the source zone (Figure
2.1). The hydraulic control afforded by this system created a controlled in situ
bioreactor. Reduction of U(VI) to U(IV) was accomplished through ethanol injection to
the inner loop. Injection and extraction wells (FW104 and FW026) had a 10.2 cm
diameter and a depth of 14.6 m below ground surface (bgs) with 2.5 m screened intervals
between 11.28 and 13.77 m. Multilevel sampling (MLS) wells FW100, FW101 and
FW102 were used to monitor hydrogeology and remediation performance. The MLS
wells contained seven separate sampling tubes (diameter =1.9 cm) at different depths bgs.
In this study, MLS wells FW101-2 (13.7 m bgs), FW101-3 (12.2 m bgs), FW102-2 (13.7
m bgs) and FW102-3 (12.2 m bgs) were selected for routine monitoring of remediation
performance because of their hydraulic connection to FW104 (24, 48). The recirculation
flow rates in the inner loop were 0.45 1/min (injection FW104, extraction FW026). The
rates for the outer loop were 1.35 I/min (injection at FW024) and 0.45 I/min( extraction at
FW103). Additional clean water was injected to FW024 at 0.7-0.9 I/min in order to
minimize entry of ambient groundwater (48). This clean water was a mixture of tap water
and groundwater treated by an aboveground system to remove nitrate via a bioreactor

(48). The remediation test was started on August 23, 2003 by preconditioning the site
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(day 0). During the initial 137 days, water was pumped from the subsurface, pH
adjusted, treated to remove aluminum, calcium and nitrate (this by a denitrification
bioreactor) and then re-injected. Calcium and nitrate was removed to avoid formation of
stable Ca-U-CO3 products, U(IV) re-oxidation by nitrites, and nitrate competition as
terminal electron acceptor. Ex situ treatment was used to avoid clogging by nitrogen gas,
biomass (due to denitrification), and calcium and aluminum precipitates (due to pH
adjustment) (48).

As result, the pH increased from 3.6 to around 6.0, and nitrate and U(VI)
concentrations decreased to around 0.5 mM and 5 uM, respectively (48). After the
conditioning phase, ethanol was added as an electron donor to stimulate U(VI)
bioreduction starting on January 7, 2004 (day 137) (49). An ethanol solution (industrial
grade, containing ethanol 88.12%, methanol 4.65% and water 7.23%, w/w) with a
Chemical Oxygen Demand (COD) to weight ratio of 2.1 was prepared in a storage tank
with 6.9-9.8 g COD/1. This solution was normally injected at FW104 over a 48-hour

period each week to give a COD 120-150 mg/l at FW104.
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Figure 2.1. Map of the Area 3 treatment zone depicting the location of the sampled wells
and the control well. FW024: outer loop injection; FW104: inner loop injection; FW026:
inner loop extraction; FW103: outer loop extraction well. Wells FW100, FW101 and
FW102 are multilevel sampling wells. FW106: control well. Contamination source is
approximately 20 m to the right.

Sampling for community analysis. Sediment samples for microbial community
analysis were collected on day 774 (October 5, 2005) from the inner loop injection
FW104, extraction FW026, and two MLS wells at two depths FW101-2, FW101-3,
FW102-2 and FW102-3. To collect the samples, a smooth PVC surge block (10 cm or
1.8 cm in diameter) was inserted into the well and then lifted up and down in a rapid
plunging motion. This motion drew sediment from the soil matrix surrounding the well

screens into the well. The surge blocks were rinsed with groundwater in between samples
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to remove attached solids. The sediment slurry that settled to the bottom of the wells was
pumped to a 2 L glass bottle under Ar atmosphere and the bottle was then sealed with a
rubber stopper. The slurry was transferred to the laboratory and centrifuged to separate
the sediments from the water. The pellets were frozen at -80 °C prior to being shipped on
dry ice to Michigan State University. Fresh sediment slurry was also collected
anaerobically in a 27-ml glass pressure tube for the most probable number (MPN)
enumeration. Samples taken by this method are a mixture of the sediment along 1 m
depth of the well (screened interval) and could contain sediment in the deep matrix where

electron donor did not reach.

Before remediation, bioactivity in the treatment zone was extremely poor due to
low pH (3.2-3.6) and high levels of nitric acid and uranium. DNA extraction from
untreated sediments repeatedly failed. In order to compare microbial communities before
and after biotreatment, DNA was collected by filtering 1700 liters of groundwater from
the FW106 well which is located 12 m away from the treatment zone in parallel with
treated sediments. Groundwater from FW106 has similar composition to that in the
treatment zone before remediation, i.e. high levels of nitric acid and uranium and low pH

(Table 2.1).
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Microbial Enumeration. Denitrifying bacteria, FeRB and SRB were estimated
using the MPN technique with five tubes for each dilution. Anaerobic pressure tubes (27
ml) containing 10 ml basal medium were sealed with butyl rubber stoppers with

aluminum caps. The basal medium contained the following components (per liter):

NH4Cl, 0.5g; NaCl, 0.4g; NaHCO3, 0.55g; and mineral solution, 100 ml. The mineral
solution contained (per liter): MnCly, 0.4 g; MgSQy, 1.5 g; CaCl,, 0.5 g; and yeast

extract, 0.02g. The medium was prepared under a N»-CO5 (99:1, vol/vol) atmosphere

and distributed to each pressure tube (10 ml per tube). After autoclaving, a sterile trace
element solution (0.4 ml) and a sodium trimetaphosphate solution (50 mM, 0.025 ml) was

added into each tube to obtain pH 7.0. The trace element solution contained (per liter):

HCI (12N), 6.4 ml; FeCl,-4H50, 0.3g; ZnSO4-H;0, 0.1g; MnSOy4, 0.085g; boric acid,

0.06g; CoCly-6H50, 0.02g; CuSOy4, 0.004g; NiSO4-6H,0, 0.028 g; and NaMoO3-2H,O0,

0.04g. The electron acceptor solution was added to the tubes to obtain a final

concentration of 5 mM Fe(III)-citrate for FeRB, 8.76 mM of sodium thioglycollate and

33 mM of FeSO4 for SRB, and 9.9 mM of KNO3 for denitrifiers, respectively. Ethanol

solution (1 M) was added to each tube to give a final concentration of 10 mM.
Groundwater from FW106 was pumped from the wells into anaerobic pressure tubes pre-
filled with nitrogen gas. Sediment slurries were collected in pressure tubes under
anaerobic conditions. The sample was then serially diluted in MPN tubes. The tubes were
incubated at room temperature for two months. Tubes were compared to controls for

scoring as positive or negative for production of gas in denitrifying tubes, color change in
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FeRB tubes, and production of black Fe(II) sulfide precipitates in SRB tubes.

Tracer test. A tracer study was performed to characterize the groundwater flow
in the treatment zone. The hydraulic flow path is expected to affect the delivery of
nutrients and thus, affect the metabolism of ethanol in the groundwater and the microbial
community diversity. Sodium bromide, a conservative tracer, was injected through the

FW104 well together with ethanol from days 801 to 803. An ethanol/NaBr tracer solution

with COD/Br of 2.46 g/g was prepared and injected into the recirculation line of the

inner loop, resulting in injected concentrations in well FW104 of 50 mg/l bromide and 1.0

mM of ethanol. The tracer test continued for 50.75 h. Samples were periodically taken

from the injection, extraction and MLS wells for analysis of Br , COD, ethanol and

acetate.

DNA extraction and community analysis. DNA was extracted from 0.5 g of
sediments with the Fast soil prep kit (MoBio Inc., San Diego, CA, USA) following the
manufacturer’s instructions. DNA was used to amplify 16S rRNA genes using the
universal primers 27F (5’- AGAGTTTGATCMTGGCTCAF-3") and 1392R (5°-
ACGGGCGGTGTGTRC-3’) in a Stratagene thermal cycler (Stratagene, La Jolla, CA,

USA). The PCR reaction (50 pl) contained 20 mM Tris-HCL (pH 8.4), 50 mM KCl, 3

mM MgCly, 0.1 pg/ul BSA, 10 pmol of each primer, 0.2mM each dNTP , 1.25 U taq

polymerase (Invitrogen Life Technologies, Carlsbad, CA, USA) and 20 ng of purified
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DNA. The PCR cycling conditions were: 95°C for 5 min; 95 °C for 1 min, 59 °C for 1
min, 72°C for 1min 40s, for 28 cycles; 72 °C for 10 min. PCR products were analyzed in
a 1.5% (wt/vol) agarose TAE gel to confirm the size of the product. Four replicate PCR
reactions were generated for each DNA extract and then were compiled to address
variability that may be introduced by PCR bias. The PCR products (200ul) were
concentrated to 30 ul with a PCR purification kit (Qiagen Inc., Valencia, CA, USA). The
concentrated products were then run in a 1% agarose gel, excised, extracted with the
QIAquick Gel Extraction Kit (Qiagen Inc., Valencia, CA, USA) and eluted to 30 pl with
EB buffer (10 mM Tris-Cl, pH 8.5). An additional step was taken to add poly-adenine
overhangs to the PCR products to facilitate cloning (10 min at 72 °C, 18.8 mM Tris HCI
pH8.4, 47mM KCl, 0.93 mM dATP and 0.5 U of taq polymerase; Qiagen Inc., Valencia,
CA, USA). Products were cloned using the Topo TA Cloning kit for sequencing
following manufacturer’s instructions (Invitrogen Life Technologies, Carlsbad, CA,
USA). Single extension sequencing was conducted by Macrogen Inc (Seoul, Korea) from
the internal primer 27F. The sequences were submitted to to the GenBank under

accession numbers EF692646-EF693732.

Raw sequencing files (Abl) were submitted to the myRDP application of the
Ribosomal Database project where the nucleotide sequence was determined, the quality
(Q score) of each base stored and vector sequence removed (7). The resulting sequences
were aligned to the RDP model and rRNA distances matrices were generated with the
Jukes-Cantor distance correction. Operational taxonomic units (OTUs) were defined at
97% sequence identity. The distance matrices were used to calculate alpha diversity

indices (Chaol, Simpson and Shannnon) and rarefaction curves using Distance-Based
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Operational Taxonomic Unit and Richness (DOTUR) determination program (35). The

diversity indices were rarified to account for differences in number of sequences per

library.

The distribution of the OTUs in the different libraries was used in EstimateS (8)
to make comparisons based on diversity patterns using Bray-Curtis and Serensen beta
diversity indices. These indices were used to cluster the samples according to their
distances using MEGA 3.1 (20). The composition was normalized to account for
differences in number of clones in the different libraries. [-LIBSHUFF (36, 38) was used
to compare the clone libraries according to Good’s homologous and heterologous
coverage. This approach provides a quantitative comparison of 16S rRNA gene clone

libraries from environmental samples (38).

A mask using the quality value (Q>20) was used and the resultant sequences were
used for classification with RDP classifier using a 80% confidence value. MALLARD
(4) was used to detect sequences with anomalies such as chimeras. The putative
chimeras were later re-evaluated using the RDP Sequence Match with a suspicious-free
and near-full-length data set and with the Pintail program (3). Sequences confirmed as

anomalous with Pintail were excluded from the analyses.

Phylogenetic trees were constructed using distance and maximum likelihood
methods. Aligned sequences were downloaded from the RDP, aligned manually and the
non-model positions were masked from the alignment. The Jukes-Cantor distance
correction, full gap deletion and a bootstrap test using 10000 replicates and random seeds

were used to construct the trees in MEGA v3.1 (20).
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Chemicals and analytical methods. The source and quality of chemicals used in
the field test were described previously (48, 49). COD was used as an overall indicator to
monitor the consumption of electron donors (ethanol, its metabolite acetate and others).

COD, sulfide and Fe(IT) were determined using a Hach DR 2000 spectrophotometer

(Hach Chemical, Loveland, CO). Anions (including NO3', Br, CI, SO42- and PO43-)

were analyzed with an ion chromatograph equipped with an IonPac AS-14 analytical
column and an AG-14 guard column (Dionex DX-120, Sunnyvale, CA), metals (Al, Ca,
Fe, Mn, Mg, U and K etc.) were determined using an inductively coupled plasma mass
spectrometer (ICPMS) (Perkin Elmer ELAN 6100), and U reduction state was
determined with XANES as described elsewhere (49, 50). Ethanol and acetate were
determined by a HPS890A gas chromatograph equipped with a flame ionization detector
and an 80/120% Carbopack BDA column (Supelco Division, Sigma-Aldrich Corp., St.

Louis, MO) using Helium as carrier gas.

RESULTS

In situ biostimulation test. After one year of biostimulation, nitrate concentration
in the treatment zone dropped to a level of nearly zero. Increase in sulfide concentration
and appearance of Fe(Il) in groundwater suggested that sulfate and iron reduction were
occurring (50). Microbial activity during biostimulation was determined by monitoring
changes in aqueous concentration of electron donor added (as COD), sulfide and

uranium. A representative time course of biostimulation is shown in Figure 2.2. On day
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704, ethanol was injected to FW104, causing increase COD concentrations in all major

MLS wells (Figure 2.2A).
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Figure 2.2. Typical biostimulation of U(VI) reduction by injecting ethanol to subsurface
(day 704 to 714). (A) COD concentrations. (B) Sulfide concentrations. (C) Uranium
concentration changes in MLS. U concentration in the injection well FW104 was 0.5 uM
during this test period and is not shown due to scale. +E indicates start and —E indicates
stop of ethanol biostimulation.
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The COD in FW104 was mainly attributed to ethanol (>80%) and a small amount of
acetate (<30 uM) while in MLS and FW026 wells, the COD came mainly from acetate
(data not shown). No ethanol was detected in the MLS wells and FW026 well and
methanol concentrations were below detection limit (<50 uM) for all the cases. On day
706, ethanol injection was stopped and the COD concentrations in MLS wells decreased
rapidly. The same pattern was observed again on day 711 to 713 when ethanol was
reinjected. Sulfide concentrations in all MLS wells increased after ethanol was injected
and decreased after injection stopped (Figure 2.2 B) but remained at detectable levels
(>20 uM). Sulfate concentrations in MLS wells decreased when ethanol was injected and
rebounded when the injection stopped (data not shown) indicating the presence of SRB
activity in the subsurface. Uranium concentration in all MLS wells decreased after
ethanol was delivered and slightly rebounded when ethanol was not injected (Figure
2.2C). However, the uranium levels after the rebound were lower than those before
ethanol injection. This rebound was likely due to uranium being carried in the
recirculated water (~0.5 um) and to the lack of electron donor for U(VI) reduction when
ethanol injection stopped. During the ten-day test in figure 2.2, uranium concentration in
the injection well FW104 was around 0.5 uM (data not shown in figure 2.2C) which was
much higher than those in the MLS wells. Uranium levels in FW101-3 and FW102-2
were near or below EPA MCL (0.126 pM) throughout the 10 day-test period while U
levels in FW101-2 and FW102-3 dropped even below 0.126 uM after ethanol injection.
The relatively higher U levels in the latter two wells are likely due to the lack of enough

electron donor after ethanol injection stopped. Lower U concentrations in the MLS wells
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were achieved later as shown in Table 2.1. Aqueous Fe(II) concentrations were 10-20
uM in the MLS wells before ethanol injection, dropped below 5 pM during ethanol
injection as sulfide concentration increased and then slowly rebounded after ethanol
injection stopped and sulfide concentration decreased (data not shown). The decrease in
Fe(II) concentration during ethanol injection is likely due to formation of more FeS
precipitates by reaction with the produced sulfide. The FeS precipitates likely

accumulated in sediments.

The reduced sediment samples showed black color (FW104) or dark green color
(MLS). Reduced U(IV) was detected by XANES in the sediments samples from
injection well and the MLS (Table 2.1). In the FW026 well, the U(IV) content was
below the detection limit of XANES (<10% of total U). The highest content of reduced

uranium was found in the injection well FW104 (50).

Groundwater flow pathway. The injection of the NaBr'/ethanol solution to
FW104 lasted for 50.75 h. Bromide concentration increased in the MLS and extraction
(FW026) wells with different recovery ratio and mean travel time (Figure 2.3). These
results indicate that all MLS wells were hydraulically connected to FW104 (Figure 2.3A).
The Br’ recovery percentages were: FW101-2, 93%; FW101-3, 60%; FW102-2, 94%,;
FW102-3, 93%; and FW026, 50% (Figure 2.3A). FW101-2, FW102-2 and FW102-3
received more than 93% of water injected to FW104, while FW101-3 and FW026
received 50% and 60% of water from FW104, respectively. The rest water was from

surrounding areas. Mean travel times from FW104 to the different wells were: FW101-2,
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2.84 h; FW101-3, 18.4 h; FW102-2, 11.6 h; FW102-3, 3.7 h; and FW026, 46 h (23).
Therefore, groundwater injected to FW104 reached FW101-2 and FW102-3 more rapidly
than other two wells. The fraction of groundwater flow from injection well to each MLS
well and the mean travel time may significantly influence microbial community in the
MLS wells as discussed later. During the tracer test, COD concentrations in MLS and
FWO026 wells increased after ethanol injection (Figure 2.3B). The measured COD
concentrations in the MLS wells were significantly lower than those calculated based on
the Br™ concentration and the COD/Br  ratio in the NaBr-ethanol tracer solution used. The
difference was likely due to biodegradation of ethanol and acetate in the subsurface.
Ethanol was observed only in the FW104 well during the tracer test. The COD in MLS
and FW026 was mainly from acetate (>80%) based on acetate vs. COD measured.
During the tracer test, sulfide concentrations increased in all MLS wells and U (VI)
concentrations decreased in the same trend as shown in figure 2.2 (data not shown).
Another separate tracer test by injecting bromide to outerloop FW024 indicated that
innerloop extraction well FW026 received 17% of water injected to FW024 (23). The

infiltration of water from outerloop may also influence the microbial community.
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Figure 2.3. Tracer test performed with Bromide on day 801-803 shows the hydraulic
connection between injection well FW104, extraction well FW026 and MLS and
biodegradation of ethanol. A. Changes in bromide concentrations (23) B. Comparison of
measured COD (marks) and calculated COD (lines) concentrations based on COD vs Br’
ratio (2.46 g/g).
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Microbial enumeration. MPN results indicated that after biostimulation for
nearly two years, increased levels of denitrifiers, SRB and FeRB were present in the
sediments in the bioreduced area in comparison with control well FW106 (Table 2.2) that
did not undergo stimulation and shares similar geochemical composition with the active

area wells (Table 2.1). After biostimulation, the microbial concentrations in the treatment
. . .. 7.,.8 6. .8 5.7
area were (in cells/g sediment): denitrifiers, 10 -10; SRB, 10 -10 ; and FeRB, 10"-10 .

he highest levels for all three trophic groups were found in inner loop injection well
FW104 where ethanol was injected. Relatively low levels were found in extraction well
FW026. Consistent with the tracer study, FW101-2 (more connected to the injection well
FW104 based on the tracer study) showed higher bacterial counts than FW102-2 (less
connected) (Table 2.2). MPN counts from FW106 (groundwater) showed levels of
denitrifier as low as 3.3 cells/ml groundwater (49). Neither SRB nor FeRB were found in
FW106. Comparison with sediment MPN at day 453 showed a decrease in SRB and

denitrifiers and no change for FeRB in FW104. MPN count at day 774 for all three
groups remained around 108 cell/g sediment in FW104 (49). Integration of MPN at day
774 and three earlier timepoints (days 278, 354, 453) for FW101-2 showed an increase in
the counts overtime with microbial levels at 774 around 107 cell/g sediment, one order

lower than FW104. Conclusions from the MPN analysis must be qualified because we
contrast sediments with groundwater samples. However, prior MPN studies using
samples from the same well show a one log difference in counts in sediment versus

groundwater samples (data not shown).
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Table 2.2. MPN for three major trophic groups in the sediments of the treatment zone
(day 774) in comparison with groundwater from control well FW106.

Cells / g sediment

Well Denitrifiers FeRB SRB
FW104 723 x 10° 9.40 x 10’ 1.53 x 10°
FW101-2 1.54 % 10° 2.05x 107 2.06 x 10°
FW102-2 239% 10 548 x 10° 1.87x 10
FW026 1.10x 10 1.93 x 10° 1.07 x 10°
Fw106* 3.3 cell/ml ND ND

FeRB: Iron reducing bacteria; SRB: Sulfate reducing bacteria. ND: None detected. Wells
are arranged according to their descending hydraulic connection to the injection well
(FW104) based on the tracer studies. *Data on day 278 (49).

Sequence analyses. After discarding putative chimeric sequences, an average of
155 sequences per sample were used for each library. Rarefaction analysis at 97%
similarity levels (Figure 2.4) showed that the estimated coverage (rarified number of
OTUs divided by rarified Chaol estimator) ranged from 36 to 58% in the stimulated area
and was 93% in the background area (FW106). Even with low coverage in the
biostimulated zone, clear differences in diversity were observed. Highest diversity was
found in all the wells of the biostimulated area; working at 97% similarity for OTUs the
number of OTUs ranged from 41.2 to 91.4 (rarified values). Only 6.6 OTUs were found

in the background area FW106 (rarified value).
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Figure 2.4. Rarefaction curves of the 16S rRNA gene libraries constructed. OTUs were
defined at 97% sequence identity. The library from the untreated control (FW106) was
close to complete sampling (93% coverage).

Microbial community structure and major groups detected. All libraries were
dominated by members of the phylum proteobacteria, with Betaproteobacteria and
Deltaproteobacteria being the most dominant proteobacterial classes in the biostimulated
zone (Figure 2.5). In contrast, the background area was dominated by

Gammaproteobacteria. Bacteria belonging to groups known to include U(VI)-, nitrate-,
sulfate- and Fe(IlI)-reducers were detected in the active area but not in the background

area library.
Sequences from the genera Desulfovibrio, Geobacter, Anaeromyxobacter,
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Acidovorax and Desulfosporosinus were detected in the libraries. These genera are
known to include U(VI) reducers and additionally can contribute with one or more of the
following activities: iron (III)-, sulfate- and nitrate reduction (Figure 2.6). The
contribution of the putative species responsible for the uranium reduction and their
richness (measured as number of OTUs in a genus) was highly variable (Table 2.3).
Geobacter and Desulfovibrio were detected in all the libraries of the active area. In five
of the six samples from the active area, the relative contribution of Desulfovibrio was
higher than that from Geobacter (Table 2.3). Anaeromyxobacter, Acidovorax and

Desulfosporosinus sequences were not present in all the libraries.

Nitrate reducers from different taxonomic lineages were present in the libraries of
the active zone but not in the untreated area (FW106). Most of the nitrate reducers were
members of the Proteobacteria phylum e.g. Ferribacterium (2-27%), Thiobacillus (0-
29%), Sphingomonas (0-6%), Desulfovibrio (4-16%), Azoarcus (0-5%), Acidovorax (0-
4%), and Pseudomonas (0-1%) among others. The denitrifying Acidobacteria Geothrix
was also detected in all the libraries of the active area (4-17%). Nitrate respiration is not
exclusive to these groups and the mentioned bacteria are also know for using other

electron acceptors,

Iron(III) reducers were represented by bacteria from three groups:
Deltaproteobacteria (Anaeromyxobacter and Geobacter), Betaproteobacteria
(Ferribacterium and Thiobacillus) and the Acidobacteria Geothrix. Ferribacterium was

the most abundant FeRB contributing an average of 17% to the libraries.

Other commonly found soil bacteria like Acidobacteria, Actinobacteria,
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Planctomycetes and Verrucomicrobia were also present in the samples. These bacteria

were present in the active area and not in the untreated area.
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Figure 2.5. Microbial composition of the clone libraries based on the RDP Classifier.
The “other” group category includes the phyla Spiroch , G i d
Verrucomicrobia, Chlamydia, Planctomycetes, Nitrospira, Cyanobacteria and the
proposed phyla, OP11, OP10, BRC1 and TM7. Bacteria that could not be assigned with
the 80% confidence bootstrap value were included in an artificial “Unclassified Bacteria”
(U. Bacteria) taxon. Wells are arranged according to their descending hydraulic
connection to the injection well (FW104) based on the tracer studies.
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Figure 2.6. Neighbor joining tree showing the relationship of selected representatives
(shown in bold) from the groups similar to known U-reducing bacteria. Metabolic
abilities of the clones’ closest cultivated relatives are indicated. Non-model positions
from the 16S rRNA were masked and Jukes-Cantor distance correction used. Type strains
have a “(T)” label. Bootstrap values (10000 repetitions) are displayed if larger than 50%.
(+) Present in closest relatives, (-) absent in closest relatives, * activity found some
species of the genus, ? = unknown. The range of relative contribution to the different
samples is also shown.
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Diversity analyses. All libraries from the stimulated zone showed greater
diversity than the untreated zone based on both evenness and richness values as indicated
by the diversity indices used (Table 2.4). One single OTU dominated the untreated area
sample (FW106). This member of the Xanthomonadaceae family was also detected in a
metagenome experiment for well FW106, where it was shown to carry a variety of metal

resistance genes (13).

Table 2.4. Diversity indices for the different wells in the treated and untreated area
(FW106).

Index
Chaol Shannon (H) Simpson (1-D)

Well (LCI, HCI) (LCI, HCI)

FW104 125.5 (91.7, 200.6) 3.7(3.5,3.9) 0.97
FWI101-2 76.5(54.4,137.9) 29(2.7,3.2) 0.90
FW102-3 87.8 (64.6, 147.7) 3.4 (3.2,3.6) 0.95
FW102-2 250 (168.8,415.1) 434.2,44) 0.99
FW101-3 114.3 (81.1,192.9) 3.53.3,3.7) 0.95
FW026 124.9 (88.3, 210.4) 3.7(3.5,3.8) 0.97
FW106 6.0 (6.0, 6.0) 0.7 (0.5, 0.9) 0.31

LCI and HCI are rarefied 95% lower and higher confidence intervals (provided by the
DOTUR application). Wells are arranged according to their descending hydraulic
connection to the injection well (FW104) based on the tracer studies.

Diversity-based clustering revealed that the FW106 community formed a cluster
separated from the treatment zone wells (Figure 2.7). The two different clustering
methods used resulted in congruent topologies. High similarity was observed between
communities from FW102-3 and FW104, which were 53% similar according to a
calculated Bray-Curtis index. [-LIBSHUFF comparison indicated that these two libraries

were not significantly different (p=0.05). All the other pairwise comparison were non-
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significant (libraries were significantly different, p=0.05).. Additional comparison of
FW104 and FW102-3 communities with the LIBCOMPARE function of the RDP
showed non-significant differences at (p=0.01) at all the different levels of taxonomy
from phylum to genus. No clear relation was observed between the alpha diversity

indices and the hydrology.

FW026
FWI101-3
FW102-3
FW104
FW101-2
FW102-2
FW106

7 Sorensen Distance

FWO026
FW101-3

l FW102-3
FW 104
FW101-2
FW102-2
FW106

o1 Bray-Curtis Distance

1

Figure 2.7. Clustering of the samples according to diversity patterns. The topology was
similar when using the Serensen index (Presence/Absence) and the Bray-Curtis index
(Presence/Absence and abundance). The indices were normalized to account for
differences in total number of sequences per library.
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DISCUSSION

1. Remediation of uranium and metals in the subsurface

Microbial reduction of metals including uranium has been the proposed
alternative to control the mobility of the contaminants in the groundwater (45). In this
field experiment, ethanol injection successfully created a reducing environment capable
of achieving uranium remediation and immobilization to levels below US EPA drinking
water MCL (49). The biostimulation process changed the structure of the microbial
communities from a small and low-diversity community to a more abundant and diverse
community with bacteria capable of reducing the contaminants nitrate, sulfate and U(VI)

in situ.

2. Microbial communities

2.a Major trophic groups detected

Microbial enumeration together with clone libraries revealed that after
biostimulation viable FeRB, SRB and denitrifiers had grown in the treated area where
uranium, nitrate, sulfate, ferric compounds and perhaps other compounds served as
electron acceptors. At least three major microbial trophic groups appear to be involved in
the bioremediation of the area. The first group, denitrifiers, can remove nitrate and
provide a favorable low redox environment for U(VI) reducers, FeRB and SRB. These
latter two groups may contribute to the remediation process by having members capable

of reducing not only Fe(III) and sulfate but also U(VI). Microbial enumeration indicated
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that these three trophic groups were present in the sediments at high levels after
biostimulation. In contrast, the untreated area sample (FW106) showed the presence of
low numbers of denitrifiers (3.3 cells/ml) in groundwater but neither SRB nor FeRB.
Previous reports on groundwater MPN for this stimulated area (same wells, earlier
timepoints) also show these three groups but the microbial counts were lower that our
timepoint (49). The cell count in the untreated sediments is unknown but it could be
significantly low since DNA extraction was unsuccesful. Clone libraries permitted

detailed speciation of these trophic groups.

2.b. Carbon source as selective agent and the community of ethanol degraders

The use of ethanol as a carbon source likely increased the diversity of taxa and
physiologies. Injected ethanol provided both the carbon source and the electron donor in
the forms of ethanol, acetate (metabolic intermediate) and methanol (an impurity in
industrial ethanol). Electron donor consumption and metabolism were likely performed
by denitrifiers, FeRB and SRB (Figure 2.6). Based on groundwater analysis during tracer
study, we hypothesize that the SRB were mainly responsible for ethanol consumption
and acetate release between the injection well and MLS wells (where no nitrate was
detected and sediments showed black or dark green color), while FeRB and denitrifiers
utilized mainly acetate between MLS wells and the extraction well. At this well there was
evidence of groundwater infiltration from the outer loop and the sediments were green-
yellow in color. Close relatives of the SRB detected (Desulfovibrio spp. and

Desulfosporosinus spp.) utilize ethanol and not acetate when doing sulfate reduction
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though few strains of both groups can also use acetate (19, 33). The release of metabolic
acetate can be used later by other species, including Geobacter. This hypothesis is
supported by sulfide accumulation during ethanol injection (SRB activity) (Figure 2.2)
and the detection of mostly acetate (and not ethanol) as carbon source in less connected
wells. The sequential utilization of ethanol and release of acetate likely create a niche for
acetate-consuming FeRB and acetate-consuming denitrifiers. The first group was
represented in our libraries by Geobacter spp., Geothrix spp. and Anaeromyxobacter spp.
These bacteria are capable of acetate and ethanol degradation mainly by Fe(IlI)-reduction
as well as by denitrification (2, 6, 34). The second group is represented by denitrifiers
such as Acidovorax spp., and Thauera spp. These Betaproteobacteria members utilize
acetate and ethanol as electron donors and have been previously found in the

aboveground denitrification reactor used to pre-treat groundwater at this site (16).

Methanol utilization may play a minor role because its small contribution (5% in
the ethanol solution used), nevertheless it can be used for denitrification by almost all
denitrifiers and also for sulfate reduction by some Desulfosporosinus spp. (33) and

Desulfovibrio carbinolicus (25).

2.c. Other C sources and contaminants

In addition to the C sources used to stimulate the microbial activities, other C
sources such as aromatic and chlorinated compounds, humic acids and cellular

components are present in the contaminated area.

Aromatic (phenols) and chlorinated compounds (TCE) were detected in the
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groundwater prior to biostimulation but mainly removed during site preconditioning (48).
These compounds are still present in the groundwater outside the treatment area and
could have infiltrated to the inner loop (based on tracer test results) and provided
additional carbon sources, electron donor and acceptors to the underground communities.
Several detected groups of different phylogenetic affiliation show some potential for
dechlorination or aromatic compounds degradation. In the case of dechlorination, at least
50% of the Geobacteraceae sequences were related to G. lovleyi, an isolate known to use
chlorinated compounds such as TCE and PCE as electron acceptors (39). Close relatives
of the chloro-phenol respirer Anaeromyxobacter dehalogenans 2CP-1 (34) and PCE
respirer Desulfosporosinus meridiei were also detected (33). Aromatic compounds can
also be used as carbon sources by some bacteria of the Acidovorax genus which was
detected in the sediments. The Betaproteobacteria Pseudomonas sp. strain P51 can
degrade chlorinated benzenes (43). Aromatic compounds and solvents present at the
beginning of the bioremediation operation could have influenced the initial communities
before the biostimulation began though their concentration is generally low and it is not

clear if they can support growth at levels present at the site.

Humic substances can be used as electron acceptors (21). Sequences related to the
humic-acid reducers Geothrix sp. (6) and G. humireducens (21) were detected in the
libraries. Reduced humic substances can potentially abiotically reduce U(VI) far from the
bacteria and they have been shown effective in increasing Fe(III)-reduction in subsurface

environments (27).

In addition, other bacterial groups not directly related to bioremediation, as far as

we know, were found in the sediments e.g. Planctomycetes, Chloroflexi, Actinobacteria,
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etc. They are likely involved in the degradation or digestion of dead cells, soil humics,
and extracellular substances produced during biostimulation in the subsurface.
Chloroflexi members are known to grow in filaments, produce hydrogen and are
proposed to be involved in dead cell recycling (52). This group can potentially contribute
to the stability to the bacterial community by promoting the formation of biofilms and
can facilitate bioremediation by transferring electrons in the form of hydrogen to other
groups more likely involved in bioremediation such as Desulfovibrio spp. The
Chloroflexi group was the only group not belonging to the FeRB, SRB or denitrifiers

present in all the libraries from the active zone.

2.d. Putative genera involved in U(VI) reduction

Analyses of uranium oxidation state in sediments by XANES confirmed that the
decrease in groundwater U concentration was due to reduction of U(VI) to U(IV).
Elevated total U and U(IV) percentages of total U (18, 49, 50) were found in the inner
loop injection well FW104 consistently with effective bioremediation (Table 2.1). In this
study, we found a variety of previously reported U(VI)-reducing bacteria present in the
reduced sediments including FeRB Geobacter spp. and Anaeromyxobacter spp., SRB
Desulfovibrio spp. and Desulfosporosinus spp. as well as the denitrifier Acidovorax spp.
Our results suggest that uranium reduction cannot be attributed to a single group and it is

very likely that this role is taken by several different bacteria.

The contribution to the uranium reduction based solely on the relative frequency

in our libraries and the reported literature ranks the contributor groups as following:
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Desulfovibrio > Geobacter > Anaeromyxobacter > Desulfosporosinus > Acidovorax.

Desulfovibrio spp. were detected in all the samples of the active area and their
contribution peaked in wells with high percentage of reduced uranium. This group was
the most abundant group with reported uranium reducing abilities and was found in the
sediment samples. Even though there are no reports of U(VI)-reduction by the closest
relatives of the cloned sequence, the high frequencies of these bacteria in the sediment

clones (up to 16%) suggest a substantial role in the groundwater ecosystem.

Geobacter spp. were found in all sediment sample of the active area. Our
sequences were closely related to the uranium reducer G. lovleyi (39) and to the humic-
acid reducer G. humireducens (21). Additionally, Geobacter spp. was found to be
associated with U(VI) reduction at sites contaminated with uranium and U ore where

acetate was added (2, 28, 44).

Anaeromyxobacter sequences were detected in all sediment samples from the
active area except for FW026. These sequences were related to the known U(VI) reducer
A. dehalogenans (47) and to a clone from a uranium mine sediment were uranium

reduction was demonstrated (40).

Desulfosporosinus sequences were present in half the libraries of the active area
and the closest isolate to most of the sequences was D. orientis, a SRB also known for
reducing Fe(III), nitrate and U(VI) (26, 40). Despite their relative low contribution to the

total community, Desulfosporosinus spp. may play a minor role in U(VI) reduction and a
i gger role in the long term stability of the reduced uranium as they can form spores and

survive under starvation conditions.
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Acidovorax sequences were found in half the libraries of the active area. An
Acidovorax sp. was shown capable of U(VI) reduction in microcosms tests with
sediments from the FRC (29). Nitrate and nitrite has shown being able to re-oxidize and
remobilize Fe(III) (37) and the presence of this denitrifier could contribute to the removal

of these competing electron acceptors and ensure the stability of the reduced uranium.

Geothrix spp. sequences were found in all the libraries of the active zone. This
iron(I1I) reducer can use humic acids as electron acceptor, and has been found during
uranium reduction events in the FRC Area 2 using 16S rRNA gene microarrays and
enrichment studies (5). The Geothrix genus has not been characterized for U(VI)
reduction, but based on the number of clones retrieved, it was an important member of
the community. It is possible that its contributed to U(VI) reduction indirectly via

reduced humic acids or reduced iron(II) compounds.

Abiotic U(VI) reduction may also play a role under our operational conditions
(i.e. pH 5.8-6.6 and HCO3 <5 mM). Sulfide, the end product of SRB; and green rusts,
products of FeRB can both reduce U(VI) to U(IV) (15, 30). Indirect U(VI) reduction by
reduced humic substances can also be contributing an important piece given the constant
presence of FeRB humic-reducing Geothrix spp. in all the tested sediments from the

active area. Therefore, the activity of SRB and FeRB could also indirectly contribute to

the reduction of U(VI) and maintenance of a stable and low level of uranium.

3. Dynamics of the community
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3.a. Patterns of diversity detected

Microbial diversity varied in the sediments of the treated zone (Table 2.4). The
utilization of standardized techniques in all of our community analyses allows us to
conclude that the observed differences were due to real differences in the community, and
not the consequence of PCR bias. The irregular pattern observed is likely due to the
heterogeneity of groundwater flow and the distribution of contaminants as shown by the
tracer studies. Microbial enumeration analyses for the three trophic groups studied
(denitrifiers, FeRB and SRB) showed a decline in cell counts going from the injection
well and its more connected wells, to the less connected wells (Table 2.2). Even though

replication did not allow for statistical conclusions, some apparent trends were observed.

The different approaches used to study the diyersity and to compare the
communities yielded consistent results and the clustering analyses showed a topology
that was in agreement with the tracer studies depicting the groundwater flow. Because the
flow of the water is not homogenous, gradients of electron donors are expected as the
microbial communities consume and convert the injected ethanol solution. The hydrology
clearly affected the microbial counts (MPN) but no clear relationship between the water
flow and the alpha diversity indices was found. Though this may be due to incomplete
sampling, it is more likely that the ethanol injection created a selective pressure for
specific functions (like iron reduction, ethanol utilization, etc.) but not for specific
bacteria. Bigger gradients and more divergent communities would be expected in natural
systems where the water flow is not controlled. Having more divergent communities in
an area of remediation adds additional layers of complexity that can make the monitoring

of the performance more difficult. Thus, control of the hydrology is key to have a more
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homogenous response to the bioestimulation.

When analyzing the carbon and electron acceptors, more ethanol-consuming
organisms were detected in the more connected wells. Consistent with the expected
sequential electron acceptor utilization (49), more denitrifiers where present in highly
connected wells and FeRB were more abundant in the wells with lower connectivity. The
exception to this pattern was Desulfovibrio, a SRB that showed high relative abundance
in more connected wells, possibly due to its ability to utilize the injected ethanol.
Desulfovibrio spp. were more abundant than Desulfosporosinus spp., also a SRB capable
of using ethanol. The presence of Desulfovibrio in the aboveground bioreactor (16) could
have given Desulfovibrio spp. an initial competitive advantage over Desulfosporosinus
spp. by a continuous inoculation of Desulfovibrio spp. carried in the treated water from
the bioreactor. On the other hand the ability of Desulfosporosinus to sporulate and
degrade methanol may account for its survival. Overall the microbial methods were in
agreement with the hydrological studies. However, more study is needed to understand

the relation quantitatively.

3.b. Emergence of previously undetected populations

After preconditioning by pH adjustment and removal of inhibitors, the ethanol
injection increased the microbial diversity of the subsurface as shown by diversity indices
that consider richness and abundance (Table 2.4). The activity of the new complex
bacterial community created favorable conditions where FeRB, SRB and denitrifiers

thrive in contrast with the untreated area where they were either absent or in very low
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levels.

It is very unlikely that the microbial community observed was fully derived from
indigenous species that survived the extreme conditions of the area. The most likely
source of new colonists was the upper soil where nitrate is low and pH neutral. These
bacteria could have been transported by either natural groundwater infiltration or forced
recirculation during the treatment. Geobacter and Anaeromyxobacter spp. have been
found in FRC Areas 1 and 2 using iron-reducer enrichments with acetate and lactate (31).
Geobacter spp. and Geothrix spp. have been also detected in the FRC Area 2, using high
density 16S rRNA gene arrays (5). Pseudomonas spp. and Azoarcus spp. have been
detected in the FRC Area 3 with 16S rRNA clone libraries prior to biostimulation (9).

Therefore, these microorganisms are present in pH neutral soils at the site.

A second likely microbial source could be the aboveground bioreactor system.
This reactor worked for 400 days to remove nitrate from the groundwater and the treated
nitrate-free water was reinjected into the subsurface (48, 49). The reinjected water likely
carried some bacteria to the treated area although it was filtered. Sequences related to
Desulfovibrio, Thauera, Azoarcus, Ferribacterium and Acidovorax have been previously
reported for the bioreactor (16) and were detected in the collected sediments of the active

area in this study.

Our results suggest that biostimulation efforts successfully fostered communities
comprised of a variety of bacterial groups (Geobacter, Desulfovibrio, Geothrix,
Anaromyxobacter, Desulfosporosinus and Acidovorax) involved in the groundwater

remediation process. This study provides a detailed view of the differences and
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similarities among the microbial communities throughout the active area that correlated
with the path of groundwater flow depicted by tracer studies. The results demonstrated
that microbial communities can be established by in situ biostimulation with an electron
donor to achieve successful reduction of U(VI) concentration below US EPA MCL.
These findings contribute to an improved understanding of the composition, variability
and controls on microbial communities in the subsurface associated with a successful
bioremediation process and provide a foundation for future implementation and

monitoring efforts applied to this and other contaminated sites.
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CHAPTER THREE

Massive parallel sequencing of microbial communities in a uranium remediation site

INTRODUCTION

Metals and radionuclides are two major contaminants at Department of Energy
(DOE) facilities and waste sites (45). One of these sites, the former Y-12 National
Security Facility at Oak Ridge, Tennessee, stored its waste from uranium enrichment
operation in four unlined ponds of 9.5 million liter capacity each for over 31years. The
ponds received acidic uranium nitrate (~30% uranium nitrate) from its uranium
enrichment operations as well as waste from other DOE sites. After 31 years of
operations the ponds were neutralized, subject to nitrate removal, and its water treated for
nitrate removal before the ponds were capped (the contaminated sludges remained). The
contamination, however, was not contained within the ponds but expanded to nearby
areas through groundwater movement. The nearby Area 3 contains uranium in

concentrations as high as 250 uM in groundwater and 800 mg/kg in sediments (8, 58).

Since metals cannot be degraded, other strategies are needed to reduce their
bioavailability. One of these alternatives is microbial dissimilatory reduction, an
anaerobic process in which microbes use metals such as Fe(III), Mn(IV), Cr(VI) , Se(VI)
and radionuclides such as U(VI), Tc(VII) as final electron acceptors to support their
growth. Metal reduction involves changes in oxidation state than can trigger changes in
water solubility making some metals more soluble and easier to remove from the system

(e.g. Mn), and others less soluble, hence less mobile and less bioavailable, like in the
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case of uranium. Since uranium reduction was first discovered it has been proposed as an

alternative to control U bioavailability (2, 3, 23, 29, 34, 58).

The ability to reduce U(VI) to U(IV) was first shown in the Fe(II) reducing
bacteria (FRB) Geobacter metallireducens (34) and later in the sulfate- reducing bacteria
(SRB) Desulfovibrio desulfuricans (33). Since then, U(VI) reducers have been found in a
variety of phylogenetic groups such as Delta-, Beta- and Gamma-Proteobacteria,
Firmicutes, Deinococci, Actinobacteria among others groups (55). Beside the ability to
reduce uranium, there is no common theme among uranium reducing bacteria as they

represent metabolically different groups such as FRB, SRB, fermenters, and denitrifiers.

Uranium reduction for bioremediation purposes has been tested successfully with
pure cultures of Fe(Ill)-reducing bacteria such as Geobacter spp., sulfate-reducing
bacteria such as Desulfovibrio, Desulfoporosinus, Shewanella, and Desulfotomaculum
spp.; fermenters such as Clostridium; heterotrophs such as Deinococcus spp. and
denitrifying bacteria such as Acidovorax spp., among others (55). More recently, batch
serum bottles (18, 25, 61), microcosms (43), and sediments columns (20, 56) have been
used to study this approach in controlled conditions. Field scale studies have recently
started at a former uranium ore processing facility (Old Rifle site, now part of the
Uranium Mill Tailings Remedial Action program of the DOE) at Rifle, Colorado (54),
and at the Field Research Center (FRC) at Oak Ridge, Tennessee, the site containing

residue from the former Y-12 uranium enrichment facility (3, 29, 58).

Studies of uranium reduction have shown response of FRB and/or SRB, though

the stimulatory conditions were different. Geobacter was shown to be abundant at the
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Old Rifle site, where uranium reduction was promoted through acetate injection into the
subsurface (3, 25, 42, 54). A different study also at the Old Rifle Site found enrichments
of FRB (Geobacter spp.) and also SRB (Desulfobacterales) (54). A recent publication
from this site has shown that uranium removal from groundwater continued even after
acetate injection stopped due to uranium absorption into biomass of Firmicutes-related
bacteria (40). Though not expected to be uranium reducers but dead-cell recyclers, their
effect in controlling uranium bioavailability is real and promising. In field studies from
the FRC Area 3 where ethanol was used as stimulatory electron donor, Desulfovibrio spp.
and Geobacter spp. have been associated to the uranium (10, 27); and Geobacter and
Geothrix have been found in enrichments using Area 2 samples with lactate as electron
donor (6). In anaerobic enrichments of contaminated sediments of a uranium mine,
sequences related to the SRB Desulfosporosinus, and fermentative Clostridium (53)

appeared to be major contributors to U(VI) reduction.

This present work studies the approach taken at the FRC Area 3 for uranium and
nitrate bioremediation. The bioremediation strategy was based on a hydraulic control
system that creates an area, isolated from groundwater intrusion and which allows
electron donors to be injected into the system to promote growth of local communities of
uranium reducers. The system was created using a series of wells that pump and
recirculate the groundwater. Over a two year period, the treatment was successful in
removing nitrate and conditioning the subsurface for the establishment of uranium
reducing communities (58). After conditioning, ethanol was injected and uranium levels
in groundwater dropped. X-ray Absorption Near Edge Structure (XANES) confirmed that

uranium was being reduced, discarding the possibility that uranium removal from water
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was due to sorption or complexation with inorganic compounds (59). Microbial surveys
of sediments from six wells from Area 3 detected genera known to harbor U(VI)-
reducing members such as Geobacter, Desulfovibrio, Aneromyxobacter,
Desulfosporosinus, and Acidovorax after uranium reduction was established in the zone
(10) . Microbial counts, measured as Most Probable Number, correlated with the
hydraulic path; however, the proportion of U present as U(IV) did not follow a linear
relationship with the hydraulic connection (10). This suggests that factors other than
electron donor availability are influencing the presence and/or activity of the uranium
reducing populations. A more recent study tracked the microbial communities of FRC
Area 3 groundwater over a 1.5 year period and found that environmental factors such as
nitrate, uranium, sulfide, and ethanol were correlated with particular bacterial populations
(27). More interestingly, the engineering adjustments to control dissolved oxygen and
deliver nutrients to the subsurface were also found to be significant in explaining the

biological variability (27).

In this study we explored the role of environmental conditions, including
hydrology, on the structure of the sediment microbial communities of FRC Area 3 in a
period of high uranium reduction. The use of sediments allows for a more precise spatial
characterization than using groundwater samples where filtering large volumes of water
is required because of low biomass. Additionally, groundwater samples may not reflect

the attached communities present in sediments, especially in oligotrophic aquifers such as

the FRC (22).

For this purpose we thoroughly surveyed the microbial communities present in

the area to include a wider range of environmental conditions. We used massive parallel

65



16S rRNA gene sequencing to obtain a deeper survey of the microbial communities, and
higher confidence in the detection indicator species. We were able to detect groups
associated with uranium reduction, to explain differences in community structure with
environmental factors, and to manage with high confidence the massive number of
sequences to provide candidate groups likely important for the bioremediation of the

Area 3.

MATERIAL AND METHODS

Site description and sampling. Samples were retrieved from Area 3 of the DOE
FRC at the Y-12 National Security Complex, Oak Ridge, Tennessee, USA. In this area, a
hydraulic control system was used to promote in situ bioremediation in a controlled
fashion. The system consisted of an outer groundwater recirculation loop (injection well
FWO024 and extraction well FW103) that isolated an inner groundwater loop (injection
well FW104 and extraction well FW026) preventing penetration by highly contaminated
groundwater from the source zone (Figure 3.1). Well FW105 was used to feed water to
the above ground treatment system and provided additional hydraulic control to the outer
loop (58). The outer loop was expected to respond to changes in groundwater movement,
while the inner loop’s shape and flow was expected to remain stable (58). The
remediation started on August 23th, 2003 (day 0). During the first 137 days, groundwater
was pumped and treated ex situ to adjust pH, remove Al, Ca and nitrate (via a

denitrification bioreactor). This process removed nitrate competition as a terminal

electron acceptor, avoided formation of stable Ca-U-CO3 products and clogging by gas

and biomass due to denitrification. Reduction of U(VI) to U(IV) was accomplished
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through ethanol injection to the inner loop, starting on day 137. Multilevel sampling
(MLS) wells, FW100, FW101 and FW102 were used to monitor hydrogeology and
remediation performance over seven levels (-1 to -7). Except for the multisampling wells,
the wells were 14.6 m depth with screens between 11.28 m and 13.77 m. Multisampling

wells retrieved sediments from 15.2, 13.7, 12.2, and, 10. 7 m for levels -1, -2, -3, and -4,

respectively. Water and sediments samples were retrieved on October Sth, 2005(day 775)

as previously described (10).

Groundwater
flow FWO026

O
FW105

@ Multilevel sampling wells
O well

Figure 3.1. Scheme of the DOE Field Research Center Area 3 treatment system.
Wells FW104 and FW024 are injection wells, FW026,FW105 and FW103 are extraction
wells. Wells FW100, FW101, and FW102 are multilevel sampling wells. The controlled
hydraulic scheme creates an outer cell (2) that protects an inner cell (1) from intrusion of
contaminated groundwater from the background (3). The stimulatory electron donor,
ethanol, is injected through FW104 into the inner cell. The terms inner/outer loop and
inner/outer cells are used interchangeably throughout this article.

Chemicals and analytical methods. Chemical oxygen demand (COD), sulfide
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and Fe(II) were determined using a Hach DR 2000 spectrophotometer (Hach Chemical,
Loveland, CO). Anions (including NO3 , Br, CI, SO42- and PO43-) were analyzed with

an ion chromatograph as previously described (10). Metals (Al, Ca, Fe, Mn, Mg, U and K
etc.) were determined using an inductively coupled plasma mass spectrometer (ICPMS)
(Perkin Elmer ELAN 6100), and U reduction state was determined with XANES as
described elsewhere (59, 60). The proportion of Fe(I) to the total Fe was measured as
HCl (10%) extractable. Two hydrology parameters that described the connectivity of the
different locations to the injection well were measured with a tracer study that introduced
a conservative tracer (bromide) at the injection well (FW104) were previously
determined (35). Tracer recovery (%) was considered a proxy for the amount of the
stimulatory electron donor received at each location. Similarly, mean travel time (from
FW104) was used as proxy for the composition of the electron donor as ethanol is

converted to acetate by the microbial communities.

DNA extraction and direct sequencing. DNA was extracted from 0.5 g of
sediments with the Fast soil prep kit (MoBio Inc., San Diego, CA, USA) following the
manufacturer’s instructions. Ribosomal RNA genes were amplified using a primer set
that flanked the v4 hypervariable region of the 16S rRNA gene at corresponding
Escherichia coli positions 563 and 802. Primers 563F (5°-
GCCTCCCTCGCGCCATCAG(barcode)AYTGGGYDTAAAGVG-3’) and 802R (5°-
GCCTTGCCAGCCCGCTCAGTACNVGGGTATCTAATCC-3’) were a combination

of universal eubacterial primers and sequence adaptors (in bold) used in the amplification
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step of the 454 Roche pyrosequencing process. The forward primer additionally
contained a short run of nucleotides used as bar codes. The bar codes were designed to be

distinct from each other by at least two nucleotide changes.

Primers were dual HPLC-purified (Integrated DNA Technologies, Coralville, 1A).

Each PCR mixture contained 1 uM of each primer (dual HPLC-purified, Integrated DNA

Technologies, Coralville, 1A), 1.8 mM MgCl,, 0.2 mM for each dNTP, 3 ug BSA (New

England Biolabs, Beverly, MA), 1 unit of FastStart High Fidelity PCR System enzyme
blend (Roche Applied Science, Indianapolis, IN), and 10 ng of DNA template. Each
sample was run in triplicate. The PCR cycling conditions were: 95°C for 3 min; 95 °C for
45s, 57 °C for 45s, 72°C for 1min, for 30 cycles; 72 °C for 4 min. PCR products were run
in a 1% (wt/vol) agarose Tris-acetate-EDTA gel and bands between 270-300 bp were
excised. Bands for each triplicate were pooled together for gel purification with the
QIAquick Gel Extraction Kit (Qiagen Inc., Valencia, CA, USA). After gel extraction,
products were cleaned for a second time with the QIAquick PCR purification kit (Qiagen |
Inc., Valencia, CA, USA) and eluted with 20 pl of EB buffer (10 mM Tris-Cl, pH 8.5).
Clean products were quantified using the Nanodrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE) and mixed in equal amounts, 20 ng each for

direct sequencing by Genome Sequencer FLX System (454 Life Sciences).

Pyrosequencing analysis. Sequences were processed with the Ribosomal
Database Project (RDP) Pyrosequencing Pipeline (14). Sequences were first trimmed to

remove the pyrosequencing adaptor sequences, and then sorted according to their bar
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codes (used in the PCR amplification). Two quality filters were applied to remove
sequences with aberrant lengths and to discard sequences with more than two changes in
the primer portion. The RDP also provided a complete linkage clustering tool and
secondary-structure-based alignment tool based on INFERNAL version 8.1

(http://infernal.janelia.org/) and a 16S rRNA secondary structure model (9).

Community analysis. Sequences from different samples were classified using
RDP classifier with a 80% bootstrap confidence (57). To rapidly separate sequences into
taxonomic groups, RDP’s Classifier was used at a 50% confidence. e.g. to obtain all
Firmicutes from sample A. Sequences from that particular taxon from different samples
were later aligned and clustered (complete linkage) in order to track the distribution of a

specific group among samples.

Operational taxonomic units (OTUs) were defined from 0% to 20% sequence
dissimilarity (distance) to calculate richness of individual samples at different levels of
taxonomy. The results were rarified to the lowest number of sequences per sample from
the group of samples being compared. When an individual phylum or class was studied,
OTUs were defined at 5% distance (~genus level). When an individual genus was

studied, OTUs were defined at 1% distance (species level).

To compare individual samples according to their diversity patterns (beta
diversity analysis), a modified Sorensen index was used. This index has been corrected
by using abundance information to account for unseen species in the survey (11).

Clustering of samples was done using the average neighbor clustering algorithm on the
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modified Sorensen index matrix. To find groups that represent a specific branch of the
clustering tree, indicator species analysis was used on the resulting topology (16). This
method was preferred because it provides a consistent approach to analyze the high
number of sequences per sample. The indicator value algorithm considers both frequency
of occurrence, and relative abundance, and its higher when a species is present in all the
samples and highly abundant in one specific group (16), this avoids considering indicator
species groups that appear only on one location. Since we test each OTU for significance
in the indicator species analysis, and multiple tests could increase the chance of finding
significant results by chance, we used a false discovery rate (FRD) approach (5). The
FDR estimates the chance of reporting a false positive in all the significant results (q-
value) instead of using excessively conservative corrected p-values. Q values were
generated from p-values using the freely available software package QVALUE Ver. 1.0

(51, 52) using the bootstrap method.

Multivariate analysis. Environmental variables were standardized (z-score) and
tested for correlation using a principal component analysis (PCA) on their correlation
matrix. This result was used to find variables correlated to uranium reduction, sulfate
reduction and iron reduction, to create a model on how the treatment changes the
geochemical characteristics, and to select environmental for direct gradient analysis. For
direct gradient testing, environmental variates were normalized using a log(x+1) or
arcsin(Vx) transformations, pH was left unchanged. Hellinger transformation was used in
some cases on OTUs abundance data to make it suitable even if when many zeros were
present (32). Principal coordinates analysis (PCoA) and non-dimensional scaling, was

performed on untransformed species data.
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Statistical analyses were conducted using the R environment v2.80

(http://www.R-project.org.) with packages Vegan v1.8-8 (50), BiodiversityR (13),

Labdsv v1.3-1 (46) (indicator species analysis), and QVALUE v1.1 (available at

http://genomics.princeton.edu/storeylab/qvalue/) (51, 52).

RESULTS
Chemical and hydrological characterization. Analysis of DOE FRC Area 3

hydrology (Table 3.1), groundwater (Table 3.2) and sediments (Table 3.3) showed
differences in geochemical and hydrological composition due to the creation of the three
zones (inner loop, outer loop and background) by the treatment system. One of the
hydrology parameters, percentage of tracer recovery, an indication of how much water
from the injection well FW104 reached to a particular well, was significantly higher in
the inner loop (p<0.01) than in the outer loop. Mean travel time, the second hydrology
parameter and an indication on how long does it takes groundwater to move from the
injection well FW104 was not significantly different in the two loops. When grouping the
two multilevel sampling (MLS) wells from the inner loop (FW101 and FW102)
according to the depth they sampled, wells at level -1 and -4 received significantly less
water from FW104 (p<0.05), and were less connected (p<0.001) than wells from levels - -
2 and -3. This is likely because the injection at FW104 occurred at depths between levels

-2 and -3.

When compared to the outer loop, inner loop groundwater was richer in sulfate
(P<0.01), Fe (p<0.01), K (p<0.01), and chloride (p<0.05); and more depleted in sulfide

(P<O . 05). This trend remained when compared to the background area (FW105) though
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no statistical comparison was possible (only one sample from background well existed).
Samples from depths 2 and 3 of the inner loop were significantly higher in K (p<0.01),

and Fe (<0.05) and lower in chloride (p<0.05) than samples from levels 1 and 4.

Sediment analysis showed reduced U(IV) only in wells from the inner loop, and a
higher proportion of reduced Fe(II) in the inner loop (p=0.08). Sulfide levels of sediments
were also higher in the inner loop, although not significantly. These three trends
remained when adding the background well FW105, though no statistical test was

possible.

Overall, the bioremediation system seems to have influenced the composition of
the groundwater by creating gradients in electron donor availability (due to differences in
connectivity) and maintaining the isolation of the inner loop from contaminated
background groundwater. The differences found can be related to the activity of SRB and

FRB as observed in changes in sulfate/sulfide and total Fe/reduced Fe(II).

73



Table 3.1. Hydrological characterization of the DOE FRC Area 3 wells.

Tracer studies results

well* Mean travel time Tracer recovery
(hr) (%)
FW104 0 100
FW101-1 387 18
FW101-2 29 93
FW101-3 17.9 60
FW101-4 298 18
FW102-1 222 3
FW102-2 11.6 94
FW102-3 3.7 94
FW102-4 790 6
FW026 8.1 50
CFwo24 T 78 a5
FW100-1 211 9
FW100-2 223 12
FW100-3 43 18
FW100-4 211 8
W03 L 2 10
FW105 710 6
Inner loop (mean+ SE.) 174.1 £ 82.3 53.6+12.6
Outer loop (meanz SE) 117.3 £44.1 103+1.9
Background 710 6
P-value™®* 0.622 0.008

Results from hydrology studies using bromide (conservative tracer) on days 801 to 802

(November 10 2nd, 2005). Tracer was injected at well FW104, tracer recovery and
travel time at this well are 100% and 0 h by definition. The treatment system created
three different areas: inner loop (FW104, FW026 and multilevel wells FW101 and
FW102), outer loop (FW024, FW103 and multilevel well FW100), and a local

background (represented by FW105).*For multilevel sampling wells the well location is

followed by the depth where the sample was taken. ** Comparison of inner and outer
loops was done with a two-tailed t-Test, alpha=0.05.
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Table 3.3. Chemical composition of sediments from DOE FRC Area 3.

Chemical Characteristics of Sediments

U U(v)/  Total Fe(IT)/

* . . . COD  Sulfide
Wl PO mgrg Y ey e @k (k)

FW104 High 10.3 61 199.1  0.53000 337.9  23.000
FW101-1 Low 0.051 0 483  0.02640 8.6 0.000
FW101-2 High 1.249 54 433 027400 239  0.667
FW101-3 High 1.825 51 29.4 029400 242  0.265
FW101-4 Low 0.619 0 426  0.04660  27.1 0.000
FW102-1 Low 0.041 0 39.4  0.00560 22.6  0.000
FW102-2 High 0.517 17 33.7  0.30900 20 0.557
FW102-3 High 0.875 30 36.4 028700 225  0.431
FW102-4 Low 0.481 0 37.1  0.00660 12.7  0.000
Fwos Medium 122 0 471 014800 227 0034
FWO024 Low 0.371 0 50.8 021900 332  0.070
FW100-1 Low 0.215 0 55.6  0.00142 105 0.000
FW100-2 Medium 0.98 0 324 012640 7.5 0.000
FW100-3 Medium 1.098 0 362  0.06360 13.4  0.000
FW100-4 Low 1.501 0 344  0.05450 23.8  0.000
W3 Low 0658 0 449 000510 321 0000

FW105 Low 0.978 0 478  0.00480 30.7  0.000
Inner loop 1.718 21.3 55.6  0.19272 522  2.495
(mean = SE) * * * * * *

- 0.97 8.1 16 0.05515  31.8 2.28
Outer loop 0.8 424  0.07834  20.1 0.012
(mean + SE) + + + + +

- 0.197 0 39  0.03374 46 0.012
Background - 0.978 0 47.8 0.0048 30.7 0
P-value** - 0.377 ND 0441 0157 0343 0304

Samples retrieved on day 774 (October 5th, 2005). Treatment system created three
different areas: inner loop (FW104, FW026 and MLS FW100 and FW200), outer loop
(FW024, FW103 and MLS FW100), and a local background (represented by FW105).

*For multilevel sampling wells the well location is followed by the depth where the

sample was taken. ** Comparison of inner and outer loops with a two tailed t-Test,
alpha=0.05.ND, mathematically not defined. Bioactivity is a qualitative descriptor based
on M ost Probable Number (MPN) results for iron reducing bacteria, sulfate reducing
bacteria and denitrifiers. This variable is used more as a general guide rather than a
Strict 1y quantitative indicator. The MPN methodology is described elsewhere (10).

77



Correlation of environmental variables. Correlation analysis showed that the
environmental variables measured were highly correlated. PCA on the correlation matrix
(Figure 3.2) showed that most of the variables were collinear with at least one other

variable as shown in the correlation matrix (Table 3.4).

Hydrology factors (mean travel time and tracer recovery) seemed to influence key
variables such as pH. Mean travel time was correlated with pH, Al and U in groundwater.
It is not clear if U levels in groundwater were influenced by pH directly or controlled by
microbial activity. The percentage of tracer recovery was correlated with sulfide levels in

groundwater, potassium and iron in groundwater.

Reduced uranium in sediments (U(VI)/Total U) was strongly correlated with
bioactivity and reduced iron and moderately correlated with sulfide levels in sediments,
uranium levels in sediments, iron in sediments and chemical oxygen demand (COD).
Nitrate was highly correlated (r>0.9) with Na, chloride, Mg, Mn, and Ca. Nitrate was also
correlated with chloride and negatively with sulfate but with smaller strength (r= 0.72 and
-0.72 respectively). The correlation of reduced U(IV) with variables related to FRB and
SRB and not with nitrate reduction suggests that FRB and SRB are more important for

U(VI) reduction at this location than nitrate reducing populations.

Based on the correlation analysis, the following variables were kept: pH, uranium

in sediment, tracer travel time, nitrate, and COD in sediments.
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Figure 3.2. Correlation plot of environmental variables measured for 15 locations at
DOE FRC Area 3. Variables were z-score transformed prior to correlation analysis.
Bioactivity was converted as following, High=3, Medium=2 and Low=1.
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Table 3.4 Correlation of chemical characteristics of groundwater, sediments and

hydrology of the DOE FRC Area 3 wells.
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Table 3.4 (cont’d)
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*Percentage of U(IV) to total U. * *Percentage of Fe(II) to total Fe. Variables 1 to 13

were measured in groundwater (gw) samples, variables 14 to 20 in sediments (sed), and
variables 21 and 22 in tracer studies. Pearson correlation is significant if greater than

0.482 (two tailed, alpha=0.05)
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Pyrosequencing results

The 16S rRNA gene surveys produced a total of 97, 610 sequences for 17 samples
that covered a wide range of conditions in the FRC Area 3 including wells from the inner
and outer loops, three MLS wells at four different depths and one well (FW105) outside
the treatment area. The high throughput provided a wide view of the microbial diversity
present at the site (Table 3.5). The surveys were powerful enough to detect phyla poorly
represented in the databases (Table 3.6). In some of these cases there were more
sequences in the libraries for a given phyla than in the complete Ribosomal Database

Project dataset, though RDP Classifier tools is better trained for well studied groups.

Two samples yielded a low sequence count and were discarded from the analysis
(FW100-1 and FW101-1). Without considering those samples there was no significant
difference in microbial richness recovered between inner and outer loops. Rarefaction
curves (Figure 3.3) suggests that even with thousands of sequences per sample the
sampling would be incomplete. This was not surprising given the high microbial diversity
expected for non-extreme environments (17, 26). Estimates of coverage (data not shown)
were similar to previous experiments that used ~100 clones per library (10). Given that
we obtained 20 to 80 times more sequences per sample, it is clear that rarefaction curves
are only informative when a plateau has been reached, otherwise the coverage estimation

is deemed to fail, especially if using non-parametric models such as Chaol.
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Table 3.5. Sequences per sample and number of groups detected at different levels
of taxonomy.

Well Sequences Phylum  Class Order Family Genus
FW104 6671 18 20 34 66 99
FW101-1* 52 7 10 11 16 15
FW101-2 6769 15 19 34 67 94
FW101-3 6458 18 20 34 34 107
FW101-4 5450 17 21 40 91 146
FW102-1 8566 18 21 41 36 165
FW102-2 8881 18 20 39 92 170
FW102-3 5954 16 20 37 75 118
FW102-4 7118 20 25 43 91 143
EWO2s 6188__ ___ 1S .22 ___36.___ T4 ____106__
FW024 8121 15 18 36 68 92
FW100-1* 83 13 16 13 16 17
FW100-2 2050 17 21 40 79 95
FW100-3 5564 18 24 41 82 121
FW100-4 5451 20 34 40 89 169
EWI03. 1345 __ 120 3T . 80_____128__
FW105 6889 17 21 39 77 122
Whole set 97610 26 29 57 151 251

Classification based on RDP Classifier at 80% bootstrap confidence. *Discarded from
later analyses.
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Table 3.6. Detection of phyla poorly represented in 16S rRNA databases in libraries
from FRC area 3 samples

Found in Present in Average identity to closest
Phyla library RDP* isolated relative
WS3 7 203 84.5%
™7 185 883 77.1%
Tenericutes 7 2570 91.8%
Opl0 2 369 82.0%
ODl 545 195 74.6%
Nitrospira 6 2045 95.6%
Lentisphaerae 16 271 92.7%
Gemmatimonas 2099 1572 89.9%
Fusobacteria 23 1929 86.6%
Fibrobacter 23 364 95.6%
Deinococcus- Thermus 13 1305 95.0%
Chlamydiae 4076 654 91.3%
BRC1 121 86 82.2%

*RDP Release 10, Update 6 of 12/3/2008 containing 715,637 aligned 16S rRNA gene
sequences. Comparison is against the complete RDP dataset (Both partial and near-full
length sequences, from clones or isolates, of good or suspicious quality. Sequences were
assigned to a particular phylum using RDP Classifier with 80% bootstrap confidence.

Richness (number of different OTUs at 95% similarity) correlated with the

. 2 .
number of sequences per site (r =0.6) as expected when coverage is not complete.

However, richness in some samples was high albeit low sequence counts. This is
probably due to a more even community structure that makes it easier to capture a wider
range of richness (Figure 3.4), as well as incomplete sampling. Nevertheless, the
communities were generally dominated by few OTUs, in 10 most abundant OTUs in any
sample accounted for 40% of the sequences for that particular sample. Singletons,
sequences with abundance equal to one in one library, represented on average 50.1% of

the richness for any given site.
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Figure 3.3. Rarefaction curves for FRC Area 3 samples. The shape of the curves
suggests that a plateau has not been reach and incomplete sampling may occurred.
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Figure 3.4. Richness estimations for samples from DOE FRC Area 3 as influenced
by evenness and sampling effort. S = Richness (number of different groups), n =

number of sequences sampled, J-eveness = Eveness indicator (range 0 to 1), npay and

Smax refer to the maximum number of sequences and richness the complete set of
samples, respectively. Changes in sampling correlated with changes in richness. In some
wells, e.g.FW100-2, richness was still high even when sampling was low due to a more
even community.

Hierarchical clustering of samples

Clustering of the samples based on their microbial community yielded four
clusters (Figure 3.5). The clustering was consistent with differences in bioactivity and
connectivity. Cluster A contained only samples with low bioactivity and poor
connectivity to the injection well. Some samples from this group came from the inner
loop but at depths (levels -1 and -4) that make them less likely to have received the
electron donor (injected between levels -2 and -3). Cluster B contained all the samples
with the highest bioactivity and U(VI) reduction ability. Three subgroups were present in
cluster B, with subgrouping consistent with pH levels suggesting that even when the

communities respond to the treatment in a similar fashion, there is variation that can be
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attributed to differences in pH, non homogenous starting populations or other variables.
Clusters C and D contained wells with medium to low bioactivity and intermediate
connectivity. Samples present in clusters B, C and D showed similar pH levels within

clusters but cluster A did not, having a wide range of pH.
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L FW103(5.92)

— FWI102-1(64) | A
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Figure 3.5. Clustering of samples by abundance-based Sorensen index. Well name
and (pH) shown. Four clusters were defined (A to D). Cluster A was comprised of wells
with low activity and connectivity to the carbon injection well. Cluster B has the most
active communities and the highest connectivity. Clusters C and D contained wells with
medium activity. In clusters B and C-D, the subgroups seemed to be influenced by pH.
Hierarchical clustering used an average neighbor algorithm.
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Microbial community structure

The microbial communities were dominated by Proteobacteria and
Acidobacteria, this agrees with previous surveys of the site (10, 27). On average
Proteobacteria and Acidobacteria together contributed 52% of the sequences, with
combined contributions ranging from 24% at FW100-2 to 74% at FW024. Proteobacteria
contributed 39% on average, with a maximum of 71% at FW024 and minimum of 18% at
FW100-2. At FW024, 46% of the sequences were related to Sulfuricurvum, an anaerobic

sulfide oxidizer that can use nitrate and hydrogen as electron donor (30).

Acidobacteria contributed 13% of the sequences with a maximum of 33% at
FW026 and minimum of 3% at FW026.The Actinobacteria contribution was around 6%
with the exception of one well (FW100-2) where its contribution was 36%. The
Proteobacteria contribution varied the most, followed by Actinobacteria, Acidobacteria

and Firmicutes (Figure 3.6).
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Figure 3.6. Relative contribution of most abundant phyla to the microbial
community from 15 samples from DOE FRC Area 3. Boxplots show medians, lower
and upper quartile (box limits), range of observations (whiskers) and outliers if any
(circles). Pro = Proteobacteria, Aci = Acidobacteria, Act = Actinobacteria, Fir =
Firmicutes, Chla = Chlamydiae, Ver = Verrucomicrobia, Bac= Bacteroidetes, Gem =
Gemmatimonadetes, Chlo = Chloroflexi, Pla = Planctomycetes, Other = other phyla.
Unclassified bacteria are not shown.
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When comparing the structure of samples in the inner and outer loops,
Acidobacteria (p<0.01), Chloroflexi (p<0.05) and Chlamydiae(p<0.05) were significantly
higher in the inner loop, while Fibrobacter was significantly lower (p<0.05) in this zone.
Fibrobacter is a rare phylum originally found in the gut of herbivores where it plays a
role in the anaerobic degradation of cellulose. It has been detected recently outside the
gut in landfills (37). Our putative Fibrobacter sequences were on average 95.6% identical

with its closest isolated relative in the RDP.

When comparing the four sample clusters produced in the clustering analysis,
cluster D was dominated by Actinobacteria and cluster C by Proteobacteria (Figure 3.7).
Clusters A and B shared a similar profile, however cluster B had a significantly higher
proportion of Chloroflexi (p<0.01), Chlamydiae (p<0.01), and BRC1 (p<0.01), and a
significantly lower proportion of Verrucomicrobia (p<0.05), Actinobacteria (p<0.05),
TM7(p<0.05), and Bacteroidetes (p<0.05) than cluster A. Chloroflexi are a group of
facultative aerobes known to subsist on carbohydrates and yeast extract and thought to
have a role in cellular matter degradation (62), therefore, its abundance in wells with
higher bacterial biomass could be due not to its ability to utilize the stimulatory carbon
source but to recycle dead cells. Verrucomicrobia are ubiquitous in soil, with tolerance to
acidic conditions and oligotrophy and thus a good competitor under these limiting

conditions at the FRC.
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Figure 3.7. Relative contribution of the five most abundant phyla present at samples
from the FRC Area 3. Samples are ordered into four clusters (A, B, C and D) according
to the clustering analysis described earlier. Other Bacteria include Chlamydiae,
Chloroflexi, Bacteroidetes, G i de Pl ycetes, Tenericutes, Nitrospira,
Fusobacteria, Deinococcus-Thermus, Deferribacteres, TM7, Spirochaetes, WS3, ODI,
OPI0, Fibrobacteres, BRCI, Cyanobacteria, Lentisphaerae, and unclassified Bacteria.
Not all the mentioned phyla were not present in all sites.
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Figure 3.8. Class position of the Proteobacteria from FRC Area 3 samples. U.
Proteobacteria accounts for sequences classified as Proteobacteria but that could not be
assigned with a 80% confidence to any of the classes of the Proteobacteria using RDP’s
Classifier. Samples are ordered into four clusters (A, B, C and D) according to the
clustering analysis described earlier.

Taxonomic classes of the Proteobacteria phyla varied among the sites (Figure
3.8). When comparing sample clusters A and B from the clustering analysis (inactive vs
active), cluster B was enriched in Deltaproteobacteria (p<0.01), while cluster A had a
significantly higher proportion of Gammaproteobacteria and Alphaproteobacteria.

Cluster D was similar to cluster A in terms of abundance of Gammaproteobacteria.
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When comparing the inner and outer loops, we found Deltaproteobacteria in higher
proportions (p<0.05) at the inner loop, while Epsilonproteobacteria were significantly
lower (p<0.05) in this zone. The great variability observed in Proteobacteria is probably
due to the range of conditions surveyed in terms of pH and carbon availability (measured
as chemical oxygen demand due to connectivity differences. Also the proteobacteri are

the most metabolically and ecologically diverse group of bacteria (19).

Given that the Deltaproteobacteria class has many of the known uranium
reducers such as Geobacter (Desulfomoronales), Desulfovibrio (Desulfovibrionales), and
Anaeromyxobacter (Myxococcales), we evaluated if orders of this class were present in
the samples and if they were distributed in the same abundance in samples from inactive
wells versus samples from active wells. The results showed that the cluster B’s
Deltaproteobacteria were enriched in members of the orders Myxococcales (p=0.01),
Desulfobacterales (p<0.05) and Desulfovibrionales (p<0.01) in contrast to low activity

wells.
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Figure 3.9. Relative abund. of Deltap b ia orders in FRC Area 3
samples. Samples are ordered in the four clusters (A to D) that were defined previously
in clustering analysis. The average contribution of the Deltaproteobacteria to the total
community in that specific cluster of samples is given in parenthesis. U.
Deltaproteobacteria are sequences that cannot be assigned with >80% confidence to one
of the orders of the Deltaproteobacteria class by RDP classifier.

Presence of genera with members known to reduce uranium
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Genera known to contain U(VI) reducers were detected in the samples.
Desulfovibrio was on average the most abundant one followed by Desulfosporosinus,
Geobacter, Anaeromyxobacter and Clostridium. The first four genera were present in all
wells with high bioactivity (Figure 3.10), Clostridium was present in these wells but its

abundance was higher at a low activity well from cluster A.
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Figure 3.10. Relative contribution of most common uranium reducing genera found
in the samples from DOE FRC Area 3. Samples are ordered in the four clusters (A to
D) defined previously in clustering analysis. Cluster B contains samples with highest
bioactivity.
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Abundance of Geobacter, Anaeromyxobacter , Desulfosporosinus, and
Anaeromyxobacter sequences were higher at wells with higher connectivity, as measured
by tracer recovery (Figure 3.11). The location where the population peaked in abundance
differed for each group (order: Desulfovibrio> Geobacter > Anaeromyxobacter >
Desulfosporosinus), suggesting that some niche specialization may be have occurred
along the electron donor gradient. The location of the peak for Geobacter is consistent
with a study that found elevated Geobacter abundance in clone libraries when organic

carbon (measured as COD) was elevated (27).

Four other genera with known uranium reducers were also detected:
Desulfitobacterium, Shewanella, Acidovorax, and Deinococcus. They, however, were not
present in all the wells where uranium reduction was established and their relative
abundance was generally low (0.1 to 1%). Hence, their role in uranium reduction is

difficult to establish and for that they were not considered in the analysis.
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Figure 3.11. Location of maximum abundance for uranium reducing genera along
the connectivity gradient at FRC Area 3. Plotted are the ratio of abundance to

maximum abundance for selected groups and the proportion of tracer recovery, all in a 0
to 100% scale.
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Indicator species

Indicator species analysis is an approach that can greatly reduce the complexity of
the dataset by finding sequences that represent samples, or cluster of samples.
Additionally, the indicator value is provided with an indication of statistical confidence.
We used abundance information for 4719 OTUs over 15 samples to obtain indicator

species.

The first level of analysis focused on the four sample clusters found by clustering
analysis (Clusters A, B, C, and D). Cluster A (mostly inactive wells) was represented
mostly by Betaproteobacteria and Gammaproteobacteria OTUs (Table 3.7), two classes
known to have nitrate reducing organisms. The top 15 representatives (ranked according
to descending indicator value) contained three Rhodanobacter and two Castellinella
OTUs. Rhodanobacter, a Gammaproteobacteria, was previously detected in high
abundance in FW106, a location in Area 3 meters away from the treatment zone (10).
FW106 has not received any stimulatory electron donor and it is still acidic (pH 3.6) and
highly contaminated. A metagenome analysis of a FW106 groundwater sample
additionally revealed a Rhodanobacter sp. with a wide variety of metal resistance genes
and indication that these genes were horizontally transmitted (24). Castellinella is a
denitrifying Betaproteobacteria that has been found in biostimulated wells from the FRC
Area 1 where it was the dominant nirK-containing denitrifier (49). Area 1 is also close to
the main contamination source at the FRC, and has acidic conditions as well as high
nitrate levels. The main differences between these areas 1 and 3 reside in the U levels,

with Area 3 being higher, and the treatment system used. Area 1 experienced a pull-push
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approach with ethanol while Area 3 used the hydraulic control system previously
described. Castellinella isolates from FRC Area 1 were recovered under acidic (pH 4.5)
and neutral (pH 7.5) conditions. It was suggested that this group may outcompete other
denitrifiers under acidic conditions characteristic of the FRC contaminated areas (49).
Castellinella has also been detected in microcosm enrichment from the FRC Area 2 (1).
The rest of the top 15 representatives of cluster A did not include genera known to be
involved in bioremediation of U or nitrate. A Comamonas sp. was also found in top 15
ranking at #2, this genus is known for their ability to grow on organic compounds such as
phenols. These compounds were present in the contamination source (58) and may be
still present in locations poorly connected to the injection well. The main physiological
theme in cluster A representatives was their resistance to harsh conditions like those from

the FRC.

The top 15 representative OTUs of cluster B contained seven OTUs related to
U(VI)-reducing genera (Table 3.8). The wells in this cluster are the most active in
microbial activity, and are also the only locations where U(VI) reduction has been
detected. Out of the seven OTUs, four belonged to Desulfosporosinus (SRB Firmicutes),
two to Desulfovibrio (SRB Deltaproteobacteria) and one to Anaeromyxobacter (FRB

Deltaproteobacteria).

Two denitrifiers, Vogesella (#3) and Thauera (#12) were also present as top
indicator species. Thauera spp. have been previously found in the denitrifying bioreactor
used ex situ to precondition the site by removing nitrate (28). Since aboveground
treatment system was connected to the subsurface, it is likely that Thauera spp, were

injected with the treated water.
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Bacteria related to iron reduction/oxidation had a high indicator value for this
cluster of sequences: Gallionella (#15, Ind.value 0.93, p=0.001), Thiobacillus (#16,
Ind.value=0.928, p=0.001), Geothrix (#22, Ind.value=0.883, p=0.001), and
Ferribacterium (#28, Ind.value=0.883 p=0.115). Geobacter, a FRB also known to reduce
U(VI), ranked slightly lower at position 53 (indicator value 0.73, p=0.065). A special
case is that of Thiobacillus, a bacteria capable of reducing iron and nitrate but also able to
oxidize iron and uranium (the later while reducing nitrate) (4). Its presence in the top of
the indicator list suggest that it plays a role in the most active uranium reducing

communities and may influence the mobility of uranium in situ.

Two amoeba endosymbiont relatives were found in high in the indicator species
ranking. The putative endosymbiont come from two different phyla ,Chlamydiae and
Proteobacteria, and share the same likely host, Acanthamoeba, a common free-living
protozoa that feeds on bacteria, algae and yeast in the environment (36). Considering that
the sediments with high activity in occasions clog the wells with biomass (10), it is quite
possible that predatory populations of amoeba exist at these locations, though this

remains to be established directly by microscopy, cultivation, or PCR based methods.

Clusters C and D did not contain known U(VI) reducers in their top 15 ranking
taxa (Table 3.9 and Table 3.10, respectively). In cluster D, Geobacter was positioned #21
(p=0.065) and Desulfovibrio #99 (p=0.109). These results suggest that even when
populations capable of reducing U(VI) exist in these locations, they are not good
representatives of the main selection trends in these sites. In both C and D, the most

frequent groups in the top of the list were related to Alpha- and Gammaproteobacteria.
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Indicator species analysis was also performed on the cluster B. Subgroup B2 was
formed by three samples, FW101-2, FW101-2 and FW102-3, and was consistently high
in uranium reduction. In these three samples Desulfovibrio was a top indicator species
where it ranked #1 (p=0.055) and #12 (p=0.03), respectively. Desulfosporosinus ranked
#8 at B2 but the statistical confidence was low (p=0.317). In these samples Desulfovibrio
spp. were always in the 10 most abundant species. Interestingly, Geothrix, an iron
reducer Acidobacteria was also highly present in these samples, and always more

abundant than Desulfovibrio.

It is also likely that there are taxa not previously described as U(VI) reducers
present and actively reducing uranium at this site. Candidates for these roles are iron
reducers such as Geothrix (Acidobacteria) and Ferribacterium (Betaproteobacteria). The
indicator list for this group of samples could potentially be used to target specific groups
in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>