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Preface

This dissertation contains four chapters and two appendices, each of which contains a
reference bibliography section formatted to the style of the jodmalied and
Environmental Microbiology

Chapter 1 is a literature review, describing the importance of nitrdteing
bacteria in regards to the bioremediation of uranium- and nitrate- co-aoatach
groundwater and describes the field site from which sediment and groundwater
samples (namely in Chapters 3 and 4) came, the Oak Ridge Integrated FeslctRes
Challenge Site, or the OR-IFRC, located in Oak Ridge Tennessee. Much afrkhe w
presented in this chapter comes published data from 16S rRNA gene cloneslibrarie
generated from this site. | provided some data presented in this chapter, including
some of the site groundwater geochemical analyses (pH and soluble aluminum
analysis) and some 16SrRNA, nirK, and nirS clone library data (which are pesent
in detail in Chapter 3). This chapter is in preparation for submission as a Minireview
article, toApplied and Environmental Microbiologinvironmental Microbiologyor
to thelSME Journal

Chapter 2 includes a set of sediment microcosm experiments, designed to look
at U(VI) reduction by different populations stimulated by sulfate-redumanglitions,
iron-reducing conditions, and methanogenic conditions. Sediment and groundwater
samples used in this study came from the Norman Landfill Environmergal Sit
operated by US Geological Survey Toxic Substances Hydrology Prognaimis |
study, | was involved in sediment and groundwater collection, microcosm set-up and

sub-sampling, and all geochemical analysis. Aaron Peacock at the Center for

Xiv



Biomarker Analysis at the University of Tennessee, Knoxville, performed lgmth
fatty acid (PLFA) extraction and analyses from sediments, as well asulheariate
statistical analyses to correlate geochemical and PLFA data. THigsaor
preparation for submission as a short note or full research artiele/bimnmental

Microbiology.

Chapter 3 is based on a manuscript written for and accepted by the journal
Applied and Environmental Microbiologylhe manuscript was published in the
August, 2007 issue, 73(15): 4892-4904. The work presented in this chapter describes
denitrifying microbial community compositions of OR-IFRC high nitrate reedits
undergoing biostimulation with ethanol, and describes the cultiv@astellaniella
denitrifying isolates, which are believed to be importar isitu nitrate removal at
the site. Field samples (sediment and groundwater) were provided to me by Dave
Watson, the Field Research Manager at the OR-IFRC. Dr. Jonathan Istok was
primarily involved in field experiment design and operation of push-pull tests. |
performed the cultivation and molecular work and analyses of sequence data, while
sequencing was carried out at the Advanced Center for Genome Technology at the
University of Oklahoma (Norman, OK) or at the Oklahoma Medical Research
Foundation (Oklahoma City, OK). Aaron Peacock at the Center for Biomarker
Analysis at the University of Tennessee, Knoxville, performed PLFAetxdn and

analyses from sediment samples.

Chapter 4 includes characterization of denitrifying bacteria belongitigee
genera Castellaniella RhizobiumandPseudomongssolated from the OR-IFRC and

proposes roles of each isolate in denitrification during bioremediation with etanol

XV



an electron donor. Dr. John Senko cultivatedRh&obiumandPseudomonastrains
when he was working as a graduate student at OU, and | was involved in the
cultivation ofCastellaniellaisolates, and the characterization of all isolates described
in this chapter. Dr. Yiran Dong, a former graduate student with Dr. Elizabetr Butl
kindly performed the non-linear regression analyses used to generate Michael
Menten kinetic coefficients (Wax and Ky) from rate data that | had provided. The
work in this chapter is currently in preparation for submission as a full report to

Applied and Environmental Microbiology

Appendix | is based on a manuscript written for and accepté@téySME
Journal The manuscript was published online in Aprill, 2009 and in print in Volume
3, pages 992-1000. The work presented in this chapter describes the composition and
diversity of Roteobacteriain soils, and describes some of the non-cultivatble
Proteobacteria lineages with respect to their ecological distributiohisiatudy, |
performed alProteobacteriaaffiliated 16S rRNA gene sequences binned from a large
(13,001 clones) clone library generated from soil sampled from the KessieFiedd
Laboratory in central, OK. The dataset used in this study was generdded by
Mostafa Elshahed and is published in a separate article: Elshahed, M. S., Youssef, N.
H., Spain, A. M., Sheik, C., Najar, F.Z., Sukharnikov, L. O., Roe, B. A., Davis, J. P.,
Schloss, P. D., Bailey, V. L., and L. R. Krumholz. 2008. Novelty and uniqueness
patterns of rare members of the soil biosphere. Appl Environ Microbiol. 74(17):

5422-5428.

Appendix Il is based on a portion of a chapter written for the 2ncbedufi

Bergey's Manual for Systematic Bacteriologgscribing the phylunfribrobacteres

XVi



This chapter will appear in Volume 4: ThBacteroidetes Planctomycetes
Chlamydiage  Spirochaetes Fibrobacteres Fusobacteria  Acidobacteria
Verrucomicrobia Dictyoglomi and Gemmatimonadetegeditors include Noel R.
Krieg, James T. Staley, Brian Hedlund, Bruce J. Paster, Naoand,VWVolfgang
Ludwig and William B. Whitman). The work that | did for this chapteludes 16S
rRNA gene analysis of alFibrobacteresaffiliated gene sequences available from
GenBank (published and unpublished), the description of the taxonomic divisions
within the phylum, and analysis of the ecological distribution dtdasn cultivated
isolates and environmental 16S rRNA gene clones) of this phylum. r @bk
presented in the Bergey’'s Manu&brobactereschapter (but not in this dissertation)
concerned physiology of species within tRérobacteres phylum and enymes
involved in fiber degradation; these portions were written by Be Krumholz and
Dr. Cecil Forsberg. This chapter was reviewed and acceptguubdication by the

editor Dr. James T. Staley, and will be published later in 2009.
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Abstract

Mining and enrichment of uranium (U) for nuclear weapons and energy has left this
radionuclide an important groundwater contaminant in the United States and
worldwide. Migration of U in groundwater can be prevented by U immobilization
which can be achieved through microbial reduction of soluble U(VI) to insoluble
U(IV) upon electron donor addition. One of the major concerns regarding U
bioremediation is the presence of nitrate, which serves as a competitiverelec
acceptor in the subsurface, inhibiting or retarding U(VI) reduction effastaell,
intermediates of nitrate respiration (or denitrification) can lead to JUgtlation and
remobilization. Experiments performed in this study aimed to characterize
subsurface microbial communities involved in U and nitrate reduction. In microcosm
experiments, we stimulated sulfate-reducing, Fe(lll)-reducing, antdameagenic
populations in landfills sediment and found that U(VI) reduction occurred under each
set of conditions, and that molybdate inhibited U(VI) reduction, regardless of the
occurrence of sulfate reduction, or presence of sulfate or stimulation oésulfat
reducing bacteria. From situfield experiments designed for bioremediation of
acidic high-nitrate and U-contaminated aquifers (at a site, located in Og&,RIN,
designated the OR-IFRC) with ethanol as an electron donor, we found through
molecular and cultivation techniques tBataproteobacterianamely species within

the genuastellaniella are stimulated upon ethanol addition and are likely involved
in in situ nitrate removal. Lastly, through the isolation and characterization of
denitrifying bacteria from OR-IFRC biostimulated sediment and groundweger

found that different isolates are likely involved in different stages of decutidn in

Xviii



OR-IFRC groundwater. Specifically, we have isolates belonging to trexaye
Pseudomonagastellaniella andRhizobiumare important in nitrate reduction, nitrite
reduction, and nitrous oxide reduction, respectively. Lastly, we have shown that pH
and nitrite tolerance are likely key factors contributing to the growth and/aliof

Castellaniellaspecies in acidic, high nitrate aquifers at the OR-IFRC.
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CHAPTER 1
Introduction and Literature Review: The Importance and
Composition of Nitrate-Reducing Bacteria at the OakRidge

Integrated Field Research Challenge Site

Site Description and the Effects of Nitrate on Uranium Bioremediation
The Integrated Field Research Challenge sitein Oak Ridge, Tennessee provides an
ideal location to study uranium bioreduction under different geochemical
conditions. The Y-12 plant is part of the DOE’s nuclear weapons complex, which
has served to enrich for and process uranium, and provide the US military with nuclear
fuel (17). Radionuclide contamination seeping into shallow groundwater (GW)
aquifers at the site has generated a need for bioremediation and the devetdpment
bioremdiation technology. The research operation, in Oak Ridge, Tennessee, is termed
the Integrated Field Research Challenge (OR-IFC).

The S-3 Ponds are the source of contamination at the OR-IFC. These are
waste-disposal ponds built in 1951 to dispose of liquid waste containing nitric acid,
radionuclides, heavy metals, and various organic contaminants at an approximate rate
of ten million gallons per year until 1983. Of the radionuclides present, uranium (U)
and technetium (Tc) are primary concerns, but these can be immobilized in the
subsurface by bioreduction of the oxidized forms, U(VI) and Tc(VIl), to insoluble
reduced U(IV) and Tc(IV) minerals by sulfate- and dissimilatory metglicing

bacteria (19-24, 39). The process involves release of organic electron danors (e.



ethanol or acetate) into injection wells within or upstream of the contaminatderaqui
resulting in the microbiologically-mediated reduction of radionuclides. GW
contamination at the OR-IFC, however, is heterogeneous due to differential flow paths
of contaminants (Summarized in Figure 1). As such, radionuclide contamination is
often, though not always, accompanied by high levels of nitrate. For example, typical
GW nitrate concentrations in Area 2 at the OR-IFC range from 1-4 mM, whereas in
Areas 1 and 3, nitrate concentrations are typically much higher, often excééding

mM (Table 1). Area 1 is the location from which the research described in CBapter
was conducted and from which the microorganisms described in Chapter 4 were
isolated. In Area 1, GW tends to be acidic (pH 3-6.8), and primary contaminants
include not only nitrate, U, and Tc, but aluminum and nickel as well (Table 1). While
the inverse relationship between pH and nitrate concentrations in OR-IFC &W ha
been well-documented (3, 8, 43), we also found that soluble aluminum concentrations
are magnitudes of order higher at low pHs than at circumneutral pHs (TathlesB);
correlations may be particularly relevant to the physiology of microorganism

involved in GW bioremediation whose nitrate, nitrite, metal and pH tolerance

mechanisms warrant further understanding.

Nitrate influences U(VI) reduction and U(1V) stability in aquifers co-contaminated
with uranium and high [NOs]. Nitrate as a co-contaminant will inhibit U(V1)
reduction as nitrate acts as a competing terminal electron acceptorttermgdation
of organic compounds. Therefore, U(VI) reduction typically proceeds only afte
nitrate has been reduced to low levels (9, 16, 37). However, when nitrate

concentrations are low and nitrite accumulation is limited, concurrent nitrdtd a



reduction is possible (16). Reduction of U(VI) has also been documented to occur in
the presence of nitrate when fermentative bacterial populations are er{gbhed
However, microbial populations in biostimulated high-nitrate areas at thiE-ORre
composed of denitrifying genera (Table 2) and denitrification is the prifatef
nitrate uponin situ biostimulation (through addition of organic electron donors) of
high-nitrate aquifers (16). During the denitrification process, internesdibat
accumulate, such as nitrite, may lead to the re-oxidation of previously bioreduced
U(lV) (9, 29, 37). Nitrite accumulation ranging in concentration from 10 mM to as
high as 130 mM has been documented during biostimulation of Area 1 wells
containing 142 mM nitrate (16, 38)hus, if the ultimate goal is U immobilization by
bioreduction, it is critical to stimulate the denitrification process in acpude-
contaminated with nitrate; however, accumulation of denitrification interngsdia

must be controlled to ensure U(1V) stability.



Nitrate-Reducing Bacteria at the OR-IFC

In situ denitrifying populations are important in bioremediation of acidic U and

NOj co-contaminated sediments. Bioremediation of aquifers co-contaminated with
nitrate and U is possible with additions of electron donor to the subsurface (4, 16, 41).
During a field scale bioremediation effort in Area 3 of the OR-IFC, nitvatefirst
removed from GW in an above-ground denitrifying bioreactor prior to being returned
to the subsurface fan situ U immobilization (41). In Area 1, nitrate reduction

followed by U and Tc immobilization has been demonstrated via single well push-pull
tests through direct addition of ethanol to the subsurface, without pre-treatment for
nitrate removal (4, 16, 38). Nitrite accumulations can be extremely high, and in these
instances, U(IV) is susceptible to remobilization (16). In an above-ground model of a
bio-barrier treating acidic high-nitrate GW, it was shown that nitradeTa (V1)

reduction occurred concomitantly, and U concentrations in the effluent of the model
remained below EPA levels for a sustained length of time (27), suggedwsiing t
denitrification, Tc(VII)- and U(VI)- immobilization can be promotiedsituin a bio

barrier receiving ethanol additions. Near the inlet of the model, U preetpitathe
denitrifying zone as recalcitrant (Jf(POs)24H.O), suggesting a possible role of
denitrifying populations in direct U(VI) immobilization without bioreduction (27).
Likewise, biomass from a denitrifying fluidized bed reactor (FBR) as agei

denitrifying isolate from this bioreactor have been shown to immobilizd)Uf\dough

the mechanism of immobilization has not been determined (32 TA@ge studies,

along with studies showing that aerobic bacteria from the OR-IFC can bjmiatec

UVl (5, 26), suggedhat remediation of acidic high-nitrate U-contaminated GW can



be achieved by electron donor stimulationno$itu microbial populations and that
denitrifying populations may even play a role in U(VI) immobilization.

Denitrifying communities from pristine and contaminated sites at theFOR-I
are complex, consisting of numerous genera primarily fronBéta, Alpha and
Gammaproteobacterial6SrRNA analysis has been carried out at a number of
locations within the OR-IFC in an attempt to describe the microbial community
structure of sediment and GW. This work has demonstrated the presence of a number
of nitrate-reducing and denitrifying genera (Table 2). The vast majoribhesé
belong to thdBetaproteobacteri§l9 genera detectedy}ammaproteobacteriéwo
genera detected), addphaproteobacterigsix genera detected), while clones from
PaenibacillusandAnaeromyxobactemandFlavobacteriumhave also been detected
(Table 2). From high-nitrate acidic GW in AreaAZ,0arcuswas found to
predominate along witRseudomona®RalstoniaandRhizobium(12); however, in a
study of attached microbial communities to mineral coupons deployed in low pH,
high-nitrate GW wells from Area 3\Icaligenes/ Castelaniellelones were dominant
with Aquaspirillum PseudomonasndBurkholderiaalso being detected (35). These
genera along with clones belongingAoidovorax Herbaspirillum Comamonas
Rhizobium/AgrobacteriupandThiobacilluswere detected in sediment and mineral
coupons deployed in Area 1, another low pH, high-nitrate site (36). Although a variety
of genera have been detected through molecular analysis, most are from groups tha

are easily cultivatable with representatives available in culturectiohs.

A recent study designed to differentiate active and inactive microbial

populations showed that in Area 1 sediments, 43% of the active microbial community



(organisms detected in rRNA-derived clone libraries) belonged to nigdtsing
genera, includin@astellaniella/AlcaligeneBBurkholderig andRalstonia and
Bradyrhizobium(3). Nitrate concentrations increased with depth, with a
corresponding decrease in pH. At the lowest ddhirkholderiawas dominant

among RNA clones, suggesting that this genus is active under high-nitrate, low pH
conditions. AlsoPseudomonaghe most widely detected genus in 16S rRNA gene
clone libraries from FRC sediment and GW (see Table 2), was not among tlae™acti
members of the microbial community from Area 1 sedimentB&taproteobacteria

on the other hand, seem to be not only activa@tu (3), but are collectively dominant
in sediment-associated communities from the high nitrate sites, Areas 1&r863 (
36).

In contaminated Area 2 sediment, where pH is circumneutral and nitrate
concentrations are considerably lower than in Areas 1 and 3 (Figure 1),
DechloromonasDechlorosomaZooglea PseudomonasandPaenibacilluswere
among the identified nitrate-reducing bacteria (1, 40). In Area 2 batch wsonedn
which nitrate- and technetium-reduction were stimulated by electron ddddion,
Paenibacilluswas also detected in clone libraries during nitrate reduction and
RhizobiunfAgrobacteriumwas detected following nitrate reduction (18). In
uncontaminated background (pristine) sediments, nitrate-reducing getected
includeBurkholderig Ralstonia Acidovorax DechloromonasAquaspirillum
PseudomonasandSphingomongsnany of the same genera found in Areas 1, 2, and
3. However, it seems clear that nitrate-reducing communities, identifmeyth 16S

rRNA gene surveys, in Areas 1 and 3, where nitrate concentrations are high, differ



from those in low-nitrate Area 2. Thus, pH and its effect on GW geochemistry may
shape the types of nitrate-reducing bacteria found in sediments.

Denitrifying bacteria are a phylogenetically diverse functionaligr and
although several nitrate-reducing genera have been detected at th€ @Relkgh
16S rRNA gene surveys, it is unclear whether those clones identified areddeoim
bacterial species capable of denitrification. To address this questionuthesdtave
utilized cloning and sequencing of the dissimilatory nitrite reductase geeand
nirS as a tool to identify denitrifying bacteria from the OR-IFC (38, 43) andaleve
possible denitrifying genera have been identified (Table 3). The donmm&nt
containing clone from several GW samples was related toitkegenes from
RhizobiumandHyphomicrobiumsolates (43) and the dominanitS clones were
related tanirS genes fronPseudomonas stutzeandAlcaligenes faecalisOthemirS
clones from Area 2 (low nitrate) were related'tdaobacillusandAzospirillum(43),
whereashirS clones from Area 1 (high nitrate, low pH) sediment were related to
AzoarcusDechloromonasRalstonia Magnetospirillum andThauera(38), providing
further evidence that denitrifying communities differ between low- and htggiten
contaminated sites. The usenafS andnirK to classify environmental clones,
however, is not widely accepted, as current primer sets will not amplify genesll
known denitrifiers. AlthougirS sequence-derived phylogeny is typically congruent
with 16S rRNA phylogeny at the genus and family lemgl genes are not,
suggesting that horizontal gene transfer among denitrifying bactayidoewvery
common (12).Due to the limited number of studies on functional genes and the

complex nature of denitrifying communities at the FRC, there is a need for more



sequencing ohirS andnirK genes from GW, sediments, as well as denitrifying
isolates and the use of genomic sequences to develop new primeBgetsquencing
nirS andnirK gene sequences from OR-IFC denitrifying isolates and comparing the
resulting phylogeny to 16S rRNA phylogeny, identifymgK andnirS environmental

clones from the same site will be more feasible.

Growth of Castellaniella and other Betaproteobacteria is stimulated during in situ
biostimulation of high-nitrate aquiferswith ethanol. While Alpha, Beta, and
Gammaproteobacterinave all been identified as potential important nitrate-reducers
at the OR-IFC, few studies have focused on identifying which denitrifieydma
involved in nitrate reduction during situ biostimulation. In a recent field study,
ethanol additions to acidic high-nitrate and uranium contaminated GW in Area 1
resulted in the increase Betaproteobacterian stimulated sediments vs. a control,
which was dominated bammaproteobacteri¢gB8). Two biostimulated sediment
cores and one control core were sampled during nitrate reductiddeatellaniella
sequences dominated 16S rRNA gene clone libraries from one biostimulated sediment
core, whereaBurkholderiasequences dominated the other. In both biostimulated
samplesnirK gene sequences identical to an OR-[E&3tellaniellaisolate 4.5A2
dominated botmirK clone libraries, indicating this genus’ involvement durimgitu
nitrate reduction following biostimulation with ethanol. Furthermore, in a separate
Area 1 field biostimulation experiment (4astellaniellal6S rRNA gene clones
dominated (>90%) sand and minerals in multilevel samplers deployed in wells

receiving high-nitrate ethanol-amended GW whereas a broader divadrsity



microorganisms were detected in pre-stimulation incubations of sterilerstrese
multilevel sampler (MLS) wells (36).

Other organisms that have been detected in high-nitrate ethanol-stimulated
sediment and GW includgurkholderig Ralstonig ComamonasAcidovorax
DechloromonasAzoarcusFerribacterium Aquaspirillum Pseudomonas
Sphingomona®RhizobiumMagnetospirillum Phyllobacterium andPaenibacillus
(Table 2). Among these organisms, however, it remains unclear whose growth is
stimulated upon ethanol addition and which, if any, are active in nitrate reduction.
Furthermore, the extent to which any single denitrifying species mayhzdgtto
nitrate reduction rates and the amounts of denitrification intermediate=attfat
produce is unknown. In order to properly address these concerns, it will first be
necessary to determine which denitrifying species are daotsitu during
biostimulation. While it is has been sho®@astellaniellais actively involved in
nitrate reduction, other species of denitrifying bacteria are likelywedoas well.
Studies suggest that denitrifying community composition may directlgtdffe
kinetics of denitrification (6, 13). The nature of the relationship between dgniyrif
species (i.e. competition vs. cooperation) in a complex community may help to

determine the effect species diversity may have on ecosystem function.

Microbial community structure shifts during nitrate reduction and bioremediation

of U-contaminated GW. Among the studies done on microbial communities

stimulated during nitrate reduction, many have focused on the community at one time
point during stimulation, offering only a snapshot of community structure. In an

above-ground bio-barrier model treating acidic high-nitrate FRC GW with ethanol,



different denitrifying populations were detected at different locationisd column,
suggesting unique nitrate-reducing populations may be stimulated upon ethanol
additions depending on pH and nitrate concentrations in GW (27). Also, community
shifts were also observed along the length of the model, even though denitrification
was the primary TEAP occurring (27). Thus, the denitrifying communityssusf
denitrification proceeds in high nitrate GW.

Similarly, in a denitrifying fluidized bed reactor treating high nitrat® Gom
Area 3, microbial community shifts were observed over 118 days of operation. A
diverse mixed inoculum (from Area 2 GW and denitrifying sludge from the Y-12
wastewater treatment plant) was used for this experiment, but within 12fdays
operation, microbial diversity drastically decreased, Witbarcussp. dominating
(96.5%) 16S rRNA gene clone libraries. However, as the experiment continued and
nitrate concentrations decreased, diversity began to increase. These axgesiene
not quantitative as data were from clone sequences of mixed communities. Thus, only
by isolating and characterizing representative species of those détesite can we
understand the growth, competition, and interactions between these species during the

denitrification process.

The goals in the following chapters are threefold: first, the impact of)U(V
reduction by different microbial communities stimulated by different TEAPS
discussed; second, the nitrate-reducing populations in Area 1 GW undergoing
bioremediation for nitrate and U(VI) removal are characterized; and, lagtly

isolating and characterizing representative species of those detestiegdwe intend

10



to understand the growth, competition, and interactions between these species during

the denitrification process.
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Table 1. Historical and collected geochemical GW data from various well locations

in Area 1. All historical data is publicly available from the OR-IFC wtebs
http://www.esd.ornl.gov/orifrc/ Soluble Al and pH were also measured in our lab

from GW samples collected in October, 2002. Soluble Al was measured by a
colorimetric procedure, modified from Dougan and Wilson (7), and pH was measured
using an electrode.

Historical Publicly available historical GW data Measured data

WellID | <o oH [NOs] [SOs7  [U] (Tc] [Ni] oH [Al] so
(MM)  (MM)  (uM)  (pCilL)  (mM) (mM)

FWO015 C 3.37 153.61 0.083 28.11 18,500 0.15 3.36 32.2

Used as test

GW for
Fwoz1 SeveralArea g0 44599 1271 5.80 19,009 NA 3.6 124

1 single well

push-pull

tests (16, 38)
FWO031 C (16) 5.68 62.74 0.070 0.04 2053 NA 4.84 0.251
Fwozz  C (16) 585 1428 0653 027 2237 NA 672 +810

| (Chapter 4)

G (16) 1.7x10
FW032 | (Chapter 4) 5.22 23.26 0.007 0.07 1606 NA 7.16 3
FWO034  E (16, 38) 6.79 0.770.747  0.47 66 NA  7.48 2910
FwWO028 E (38) 4.40 167.17 0.056 2.22 12,125 NA 4.34 1.01

| (Chapter 4)
FWO016 C (38) 3.92 11.40 0.427 2.58 NA NA 5.84 2'13(10

C = Control; well has never received electron donor

G = Glucose-amendegell used in single well push pull tests

E = Ethanol-amended

| = Isolate obtained from this well, or sediment adjacent. Isolataciesization information
is described in Chapter 4.
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Table 2. Presence of nitrate-reducing or denitrifying genera in 16S rRNA gene or 16S
rRNA libraries generated from OR-IFRC unstimulated (U) or biostiradlgh=
acetate-stimulated; E=ethanol-stimulated; G=glucose-stimulatéaktate-

stimulated) groundwater (GW), sediments (Sed), and fluidized bed reactéts (FB

Bold font denotes detection from RNA-derived clone libraries.

Genus Detection Sources
Betaproteobacteria
Burkholderia Fe(lll)-Reducing enrichments with background Sell (@4)

Background Sed (U) (31)
Hematite coupons deployed in background (U) (35)
Area 1 Sed (U)3)
Area 1 Sed (E) (38)
Area 1 Sed column treating acidic high-NGW (E) (27)
Hematite coupons deployed in Area 3 (U) (35)
Area 3 GW (E) (14)
Inoculum for Area 3 FBR (Y-12 wastewater sludge anela 2 GW (15)
Alcaligenes/ Microbial samplers deployed in Area 1 (A and U))(33
Castellaniella/ Area 1 Sed (G) (31)
Achromobacter Area 1 Sed (E) (38)
Area 1 Sed (U)3)
Area 1 Sed column treating acidic high-NGW (E) (27)
Sand, hematite, goethite, and gypsum deployed éa ArMLS (U, E) (36)
Area 2 Sed microcosms (U) (2)
Hematite coupons deployed in Area 3 (U) (35)
Area 3 GW (E) (14)
Inoculum for Area 3 FBR (Y-12 wastewater sludge angla 2 GW) (15)
Denitrifying FBR treating synthetic GW using FBRogulum (L, E) (11)
Denitrobacter Sand deployed in Area 1 MLS (U) (36)
Ralstonia Background Sed (U) (31)
Microbial samplers deployed in Area 1 (U) (33)
Area 1 Sed (U)3, 31)
Area 1 GW (U) (8)
Area 1 Sed column treating acidic high-NGW (E) (27)
Area 2 Sed column receiving synthetic GW (E) (30)
Area 2 Sed microcosms (U, G) (2)
Area 3 GW (U) (8)
Area 3 GW (E) (14)
Acidovorax/ Background Sed (U) (31)
Diaphorobacter Background GW (U) (8)
Hematite coupons deployed in background (U) (35)
Area 1 GW (U) (8)
Area 1 Sed (U) (3)
Area 1 Sed column treating acidic high-NGW (E) (27)
Sand deployed in Area 1 MLS (U, E) (36)
Area 2 Sed microcosms (U, E) (2)
Area 3 Sed flushed with low NFBR-treated GW (E) (42)
Area 3 GW (E) (14)
Inoculum for Area 3 FBR (Y-12 wastewater sludge angla 2 GW) (15)
Area 3 fluidized bed reactor (E) (15)
Denitrifying FBR treating synthetic GW using Areandculum (L, E) (10)
Denitrifying FBR treating synthetic GW using FBRaulum (L, E) (11)
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Comamonas/
Delftia

Herbaspirillum

Dechloromonas

Dechlorosoma

Azoarcus

Zoogloea

Ferribacterium

Thiobacillus
Aquaspirillum

Hydrogenophaga

Sand deployed in Area 1 MLS (U and E) (36)

Area 3 GW (E) (14)

Denitrifying FBR treating synthetic GW using FBRaulum (L, E) (11)
Sand deployed in Area 1 MLS (U) (36)

Area 3 GW (E) (14)

Background Sed (U) (31)

Hematite coupons deployed in background (U) (35)

Microbial samplers deployed in Area 1 (A, G) (33)

Area 1 Sed (G) (31)

Area 3 GW (E) (14)

Inoculum for Area 3 FBR (Y-12 wastewater sludge anea 2 GW) (15)
Area 3 fluidized bed reactor (E) (15)

Denitrifying FBR treating synthetic GW using Areandculum (L, E) (10)
Area 3 GW (E) (14)

Inoculum for Area 3 FBR (Y-12 wastewater sludge angla 2 GW) (15)
Denitrifying FBR treating synthetic GW using Areandculum (L, E) (10)
Area 1 GW (U) (8)

Area 3 GW (U) (8)

Area 3 GW (E) (14)

Area 3 fluidized bed reactor (E) (15)

Denitrifying FBR treating synthetic GW using Areandculum (L, E) (40)
Area 3 GW (E) (14)

Inoculum for Area 3 FBR (Y-12 wastewater sludge angla 2 GW) (15)
Background Sed in an Area 2 aboveground bio-bamiel (E) (28)
Sand deployed in Area 1 MLS (E) (36)

Area 3 Sed flushed with low NO3- FBR-treated GW (4&))

Area 3 GW (E) (14)

Sand deployed in Area 1 MLS (U) (36)

Background Sed (U) (35)

Microbial samplers deployed in Area 1 (A, E) (33)

Sand deployed in Area 1 MLS (U and E) (36)

Hematite coupons deployed in Area 3 (U) (35)

Area 3 Sed (U) (1)

Area 3 GW (E) (14)

Area 3 GW (E) (14)

Denitrifying FBR treating synthetic GW using Areandculum (L, E) (10)

Gammaproteobacteria

Pseudomonas

Acinetobacter

Fe(lll)-Reducing enrichments with background Sell (@4)
Background Sed (U) (35)

Background GW (U) (8)

Area 1 Sed (U, G, and E) (3, 31, 38)

Area 1 GW (U) (8)

Area 1 Sed column treating acidic high-NGW (E) (27)
Sand and goethite deployed in Area 1 MLS (U an¢BE)
Area 2 Sed (U) (1)

Area 2 Sed column receiving synthetic GW (E) (30)
Area 2 Sed microcosms (U, E) (2)

Hematite coupons deployed in Area 3 (U) (35)

Area 3 GW (U) (8)

Area 3 Sed (U) (1)

Area 3 fluidized bed reactor (E) (15)

Denitrifying FBR treating synthetic GW using FBRoaulum (L, E) (11)
Area 1 Sed (U) (3)
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Alphaproteobacteria
Sphingomonas

Rhizobium/
Bradyrhizobium/
Agrobacterium

Magnetospirillum

Phyllobacterium

Microbial samplers deployed in Area 1 (U) (33)
Background Sed (U) (31)

Area 1 Sed (U, G, E) (3, 31)

Area 1 Sed columntreating acidic high-NGW (E) (27)
Area 3 GW (E) (14)

Area 3 GW (U) (8)

Area 1 Sed (U)(3)

Area 1 Sed column treating acidic high-NGW (E) (27)
Sand and goethite deployed in Area 1 MLS (U) (36)
Area 2 Sed in N@and Tc-reducing microcosms (E) (18)
Area 3 GW (E) (14)

Background Sed in an Area 2 aboveground bio-bamtel (E) (28)
Sand and hematite deployed in Area 1 MLS (E) (36)
Area 1 Sed column treating acidic high-NGW (E) (27)
Area 3 GW (E) (14)

Other Bacteria
Paenibacillus

Anaeromyxobacter

Flavobacterium

Area 1 Sed (U, G, E) (31)

Sand deployed in Area 1 MLS (E) (36)

Area 2 Sed in NO3- and Tc-reducing microcosms {B) (
Fe(lll)-Reducing enrichments with background Sell (@4)

Area 1 Sed (U, G, E) (31)

Area 1 Sed (E) (38)

Denitrifying FBR treating synthetic GW using FBRogulum (L, E) (11)
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Table 3. Denitrifying genera identified* from OR-IF@GirK andnirS clone libraries.

Genus Detection Sources nirK/nirS  Biostimulated? Reference
libraries (Y/N, electron
donor)

Rhizobium Background GW  nirK No (43)

Area 1 GW

Area 2 GW

Area 3 GW
Nitrosomonas Area 1 GW nirk No (43)

Area 1 sediment  nirK Yes, ethanol (38)
Castellaniella/ Area 1 sediment  nirK Yes, ethanol (38)
Alcaligenes No
Ochrobactrum Area 1 sediment  nirK No (38)
Pseudomonas Background GW  nirS No (43)

Area 1 GW

Area 2 GW

Area 3 GW

Area 1 sediment  nirS Yes, ethanol (38)
Thiobacillus Area 2 GW nirS No (43)
Azospirillium Area 2 GW nirS No (43)
Azoarcus Area 1 sediment  nirS Yes, ethanol (38)
Dechloromonas Area 1 sediment  nirS Yes, ethanol (38)
Ralstonia Area 1 sediment  nirS Yes, ethanol (38)
Magnetospirilum  Area 1 sediment  nirS Yes, ethanol (38)
Thauera Area 1 sediment  nirS Yes, ethanol (38)

*Genus identified refers to the taxonomy of the most closely relatadreditelative, and may
not refer to the exact genus of the clone sequence.
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CHAPTER 2
Preliminary Microcosm Studies: Uranium Reduction by Microbial
Subsurface Communities Stimulated Under Iron-Reduaig, Sulfate-

Reducing, and Methanogenic Conditions

Abstract
Addition of an electron donor, such as ethanol, glucose, or acetate, to the subsurface in
order to stimulate biological reduction of soluble U(VI) to insoluble U(IV) is an
important strategy for uranium immobilization in contaminated aquiferstriiec
donor addition typically results in anaerobic conditions and the respiratory proces
(sulfate-reducing, iron-reducing, and/or methanogenic) will depend on site
geochemistry. While previous studies have found that U(VI) reduction is likely to
occur under any of these conditions, the goal of this study was to examine ttte exte
of U(VI) reduction under different geochemical conditions and the influence of the
different microbial populations on the reduction process. Sulfate-reducing, iron-
reducing, and methanogenic conditions were stimulated in sediment batch
microcosms, and upon depletion of alternate electron acceptorgyiA®/I) was
added. Within seven days, 89, 93, and 66 % of U(VI) was lost by reduction and/or
precipitation from sulfate-reducing, iron-reducing, and methanogenicgjottle
respectively. After 26 days, however, bicarbonate and nitric acid extractisabdsf
associated U(VI) and total U showed that (i) the amount of reduced U(IV) was not

affected by terminal electron accepting condition and that (ii) molybdgtginely
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affected U(VI) reduction under all terminal electron accepting conditi®h$A
analysis of sediments showed different PLFAs associated with eachentaroup
with different groups of fatty acids correlated with the amount of U(IVi) gpdry
sediment) under each terminal electron accepting condition stimulated durng pre
incubations. These data support previous findings that organisms capable of U(VI)
reduction are ubiquitous in the subsurface and demonstrate that extent of U(VI)
reduction does not differ whether sediments are sulfate-reducing, ironfrgdoici

methanogenic.
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Introduction

Mining and enrichment of uranium for nuclear weapons and energy in the United
States has resulted in the release of uranium into the environment and created a
groundwater uranium contamination problem. Biological remediation of soluble
U(VI) in groundwater can occur through microbial enzymatic reduction to insoluble
and immobile U(IV) (28). Recent field experiments have shown that the addition of
electron donors (glucose, ethanol, or acetate) into injection wells sucoessfults
in the stimulation of endogenous subsurface microorganisms to grow and reduce
UVl (3, 4, 11, 18, 21, 22, 41, 49, 55). This process has been demonstrated in a wide
physiological range of pure cultures, including species within the g&esrlacter
(24, 29, 43, 45)Shewanelld24), Anaeromyxobactef54), Desulfovibrio(27, 28, 30),
Clostridium(16, 17),Thermoterrabacteriuni23), andSalmonellg42).

While studying pure cultures has aided in elucidating pathways of bacterial
U(VI) reduction [for a review, see ((50)], it is also important to identifyolwhi
microbial populations are responsible for U(VI) reductiositu. Identifying U(VI)
reducing communities has been attempted from imositu and microcosm
experiments utilizing a number of approaches based on 16S rRNA gene surveys (e.g.
DGGE, clone libraries, stable isotope probing, microarrays, qPCR) and phospholipid
fatty acid (PLFA) analysis. The most commonly detected species thougittribute
to U(VI) reduction in environmental samples include species of Fe(lll)-megluc
Geobacteraceag?, 3, 10, 11, 20, 31-33, 35, 38, 46, 49, 51,855
Anaeromyxobacte10, 35, 39, 48), and sulfate-reducing bacteria (SRB) species of

Desulfovibrionaceaél, 10, 31, 33, 36, 46) aridesulfosporosinuglO, 32, 34, 47)
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Thus, multiple studies have suggested that the presence of these iron-reducing and
sulfate-reducing species are important in U(VI) bioremediation.

However, problems arise in associating microbial populations with a specific
function when multiple terminal electron accepting processes (TEAES) oc
simultaneously. Since U(VI) reduction often occurs during Fe(lll)- or sutéataeing
conditions, when Fe(lll) or sulfate are present at far higher concentrdtem&)(V1),
it is difficult to determine whether organisms detected in clone librageseducing
U(VI), are involved in the aforementioned TEAPS, or are both reducing U(VI) and
respiring other electron acceptors. For example, it has been observedntiegreanef
Geobacteraceawere associated with U(VI) reduction during Fe(lll)-reducing
conditions, but that U(VI) reduction ceased upon transition to sulfate-reducing
conditions (3, 33). These studies and others have raised questions of whether (a)
U(VI)-reducing bacteria comprise a separate population in sedimentediiae (VI)
concurrently with other TEAPS, or (b) whether certain microbial populationa@re
efficient in U(VI) reduction (i.e. SRB vs. iron-reducers) than others in sedigne

To address these questions, and to examine sediment microbial populations
involved in U(VI) reduction, different terminal electron accepting (TEA) cooast
(sulfate reduction, iron reduction, and methanogenesis) were stimulated inrgedime
batch “pre-incubations,” and after TEAs were depleted, U(VI) was added so that
U(VI) reduction would be the predominant TEAP occurring under the different
conditions stimulated. It was found that U(VI) reduction occurred under sulfate-
reducing, iron-reducing, and methanogenic conditions. Correlation analysis of

different PLFAs and the amount of uranium reduced suggest that there was not one
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U(VI)-reducing population present in sediments; rather, different populatiacres we
correlated with U(VI) reduction under each TEA condition. The results of this study
confirm that U(VI) reducing bacteria are ubiquitous in subsurface environiahts
suggest that the geochemistry and the predominant TEAPs of a site willilgrimar
affect subsurface microbial community composition, thus possible affecting what
microorganisms will be responsible for U(VI) reduction. Furthermore, theoadr
populations involved in U(VI) reduction may not affect the extent to which this

process occurs.
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Materials and Methods

Site Description and groundwater and sediment collection.
Sediment and groundwater (GW) used in this study were sampled adjacent tala close
municipal landfill (LF), the Norman Landfill Environmental Site, operated by US
Geological Survey Toxic Substances Hydrology Program. This site has been
characterized geochemically and microbiologically (7, 12); brieflygdnahemical
processes important in the aquifer underlying the LF associated with thatkeac
plume include Fe(lll) reduction, S®reduction, and methanogenesis (12). Also, both
in situand lab-scale experiments have shown sediments to be capable of U(VI)
reduction (41).

GW was collected using a peristaltic pump from a multilevel sampler well
(MLS 35) located near the southwest edge of the west cell of the LF, dovergradi
the leachate plume. In the laboratory, GW was prepared anaerobicallyibg fmyi5
minutes, sparging with NCO, (80:20) for 30 min in 2-L bottles and then sealed with
rubber stoppers. GW was sterilized by autoclaving at@ 2dr 20 minutes.
Prepared in this manner, GW from MLS 35 has been found to have a pH of 6.9-7.2
(41). A previous study found this area of the LF aquifer to be circumneutral (pH 6.2-
7.5) and predominantly sulfate-reducing (with sulfate concentrations rangmfb
to 5 mM year round, averaging ~2 mM), with acetate-utilizing SRB and methanogens
present (7). The sulfate concentration in GW collected from MLS 35 at thetime
sampling (July, 2002) was approx. 30. Sediment was collected using a hand
auger from nearby MLS 35 from below the water table, approx. 2 m below the surface

(in the anoxic zone, as indicated by the transition from brown to blackened sediments).
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Sediments were transported to the laboratory in sterile jars, which wehedl with

N2 for several minutes and stored aC4

Initial Microcosm Study: U reduction by Norman landfill sediments in

microcosms in the presence of nitrate, sulfate, and Fe(lll).

To determine the sequence of TEAPs gN@duction, Fe(lll) reduction, S©

reduction, U(VI) reduction, and methanogenesis) in LF sediments, sediment slurry
microcosms were set up with 28)(5) g landfill sediment and 50 ml sterile
groundwater in sterile 120-ml serum bottles inside an anaerobic chamiyer (Co
Laboratory Products Inc., Grass Lake, Michigan). Bottles weredsedle butyl

rubber stoppers and aluminum seals and headspace was exchanged aseptically wit
N2:CO, (80:20). Bottles were amended with sterile, anoxic stock solutions of sodium
acetate, Ng&50Q,, NaNG;, and uranyl acetate to reach final concentrations of 15 mM
acetate, 5 mM N@, 5 mM SQ%, and 25uM U(VI). Autoclaved sediment

microcosms with the same amendments (20 minS@R&erved as heat-killed abiotic
controls. All microcosms were incubated in the dark at room temperature. Sample
(0.3 ml) were removed via syringe periodically in an anaerobic chamber and
centrifuged to remove biomass; supernatant was used for anion and U(VIeanalys
For soluble Fe(ll) analysis, 50 samples were diluted in 50 0.5 N HCl inside an

anaerobic chamber. Headspace was also sampled periodically to meakaremet
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U(VI) reduction by LF sediments in microcosms pre-incubated totenulate
sulfate-reducing (SR), Fe(lll)-reducing (FeR), and methanogenidfeth)

geochemical conditions and populations.

(i) Preincubations to stimulate different TEA conditiddediment microcosms were

set up in a similar manner to those described above to establish sulfate-ré8&jing
Fe(ll)-reducing (FeR), and methanogenic (Meth) conditiokls microcosms were
amended with 2.5 mM ethanol to serve as an electron donor and different electron
acceptors (or none) to stimulate the desired TEAP (See Table 1 for complete
description of amendments made to each treatment group). U(VI) was not added at
this point. Some FeR and Meth microcosms were amended with 0.5 mM sodium
molybdate, a competitive inhibitor of $Oreduction (9, 37), to prevent reduction of
SO naturally present in groundwater (approx. 300 and stimulation of SRB
populations. All amendments were added to bottles via syringe from sterile anoxic
stock solutions. Preliminary experiments had shown that LF sediments dequire
approx. 25 and 15 days to deplete added amounts 4t &@ Fe(lll), respectively,

and approx. 25 days to produce Gkhen no other electron acceptors were added;
thus SR and Meth microcosms were pre-incubated for 25 days, and FeR bottles for 15
days, prior to U(VI) addition (in the dark, room temp). During the pre-incubation
period, samples were removed periodically to monitor anions, soluble Fe(ll), and CH
(i) Analysis of U(VI) reduction under different TEA conditioAdter pre-incubations

(at “To"), ethanol and U(VI) as uranyl hydroxide were added to each bottle from
sterile stock solutions to reach final concentrations 1 mM angil¥)@espectively

(Table 1). Bottles from each pre-incubation group were split into subgroups to
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determine the extent of abiotic U(VI) reduction (by adding formaldehgag)any
effect of molybdate on U(VI) reduction. In addition, 1.0 mM,5@as added to

some SR bottles [SR (+S0O4)] to determine whether SRB stimulated in SR pre
incubations required sulfate reduction activity in order to reduce U(VI).l,10@f1)
reduction was analyzed in four SR subgroups, five FeR subgroups, and five Meth
subgroups (for complete descriptions of each treatment group and amendments, see
Table 1). Bottles were incubated at room temperature in the dark for seven days
during which subsamples were taken for soluble U(V1), anion, and Fe(ll) analysis
Bottles were sacrificed from each subgroup for sediment-associatealydia (Days

7 and 26) and polar lipid fatty acid (PLFA) extraction and analysis (Day 26).

Polar lipid fatty acid (PLFA) extraction and analysis

Frozen sediment samples from Day 26 live bottles (approx. 20 g sediment per
treatment group) were sent on dry ice to the Univ. of Tennessee Center fork&oma
Analysis (Knoxuville, TN) for PLFA extraction and analysis. PLFAs wettacted

with the single-phase chloroform-methanol-buffer system and as previossiyodel

(8, 52), fractionated into neutral lipids, glycolipids, and polar lipids by silicit aci
column chromatography (19), and analyzed according to standard protocols (40).
Lastly, sediment biomass (cells/g sediment) was estimated fronfPtdtal/g

sediment using the conversion 2.5%t8lls per pmol PLFA (5).

Analytical methods

Anions and acetate were measured from microcosm subsamples by ion
chromatography (Dionex, model DX500 fitted with the AS-4A and AS11 columns for

anions and acetate analyses, respectively; Dionex Corporation, Sunnyvale, CA)
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Soluble Fe(ll) was measured by the ferrozine assay (26). Methane wagedday

gas chromatography (Shimadzu GC14A fitted with a Chemipak C-18 column and a
flame ionization detector). Total U(VI) (soluble and solids-associated) dndeé

U(IV) were extracted using sodium bicarbonate and nitric acid, resdgctnoen
duplicate sediment samples (0.5 g) of each live treatment subgroup (under SR, FeR
and Meth conditions ) on Day 7 and from each treatment group (live and
formaldehyde-killed) on Day 26 (15). Soluble U(VI) from GW samples and U from
sediment extractions was measured by kinetic phosphorescence andsisi(K

Chemcheck Instruments, Richland, WA).
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Results and Discussion

Succession of TEAPSs, including U(VI) reduction, in LF sediment nasrocosms.
In acetate-amended batch LF sediment microcosms, U(VI) reduction wasratamt
with SO reduction, following N@ and Fe(lll) reduction (Fig 1). By 70 days of
incubation, >99% of the S® had been reduced and 81.8% of the U(VI) had been
removed. After the onset of methanogenic conditions (at Day 80), U(VI) loss was
slow, with 49% of the remaining U(VI) lost after Day 80. The observation of
concomitant U(VI) and sulfate-reduction has previously been documented from the
Norman LF in sediment slurries (41), and sulfate-reducing communities have been
associated with U(VI) reduction in other sites as well (14). Overall, UévBl$
corresponded to both acetate andS@onsumption (Fig 1), suggesting the possible
role of acetate-utilizing SRB in U(VI) reduction in LF sediments; howevkether
this role is direct or indirect (i.e. acetate-utilizing SRB providing a subssach as
H,, for U(VI)-reducing bacteria) is unclear.

The slowing of U(VI) reduction upon the onset of methanogenesis suggested
U(VI)-reducing bacteria may require concomitant;$0r Fe(lll) reduction in these
LF sediments. It is also possible that methanogens may have out-competed U(VI)
reducing bacteria in the sediment for remaining electron donor. Similanbs ibeen
observed in both a microcosm study (33) anhasitu study (3) with U-contaminated
sediments, that when U(VI)-reduction was concomitant with Fe(lll) reduction, a
change in geochemical conditions (to,S@duction) resulted in the loss of U(VI)-

reducing activity. Thus, populations actively involved in U(VI) reduction (e.g. SRB,
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Fe(ll)-reducing bacteria) at different sites may depend on naturahgexcal

conditions and microbial populations present at the onset of U(VI) reduction.

U(VI) reduction by LF sediments in microcosms under sulfate-rducing, iron-
reducing, and methanogenic communites

(i) Preincubations to stimulate different TEARS- sediments were pre-incubated

with ethanol and electron acceptors (Table 1) to stimulate sulfate-red8&g (
Fe(ll)-reducing (FeR), and methanogenic (Meth) geochemical conditions and
microbial populations. Sulfate loss from each treatment group indicated that SR
conditions were established in SR bottles, and that the addition of 0.5 mM molybdate
was successful in inhibiting $Oloss in FeR and Meth bottles (Fig 2A). Fe(ll) was
produced in FeR bottles (with and without molybdate) to much higher concentrations
than in SR and Meth bottles (Fig 2B). As well, more methane accumulated in Meth
bottles than in other treatment groups (Fig 2C). The addition of molybdate resulted i
more methane production compared to Meth bottles without added molybdate. In all,
geochemical data suggests that the desired TEA conditions were bsiSR,

FeR, and Meth bottles during pre-incubations. However, because some methane was
produced in even SR and FeR bottles by the end of pre-incubations, geochemical
conditions of sediments may have slightly shifted though the dominant TEAP
occurring in SR and FeR bottles during preincubations were sulfate reduction and
Fe(lll) reduction, respectively.

(i) U(VI) immobilization and reduction under different TEA conditio®®luble

U(VI) loss was monitored under SR, FeR, and Meth conditions. Within 7 days, the

majority of U(VI) was removed from SR, FeR, and Meth bottles (89, 93, and 66%
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loss, respectively) (Figs 3A-C). In SR (+S04) bottles, the addition of 1 mf SO
had little effect on the amount of soluble U(VI) removed within seven days (81.4%),
but the addition of molybdate to SR bottles after pre-incubation resulted in cemplet
inhibition of soluble U(VI) (Fig 3A) removal. However, the addition of molybdate
(added either during or after pre-incubation period), had little effect of)Ug¥$
under FeR and Meth conditions (Fig 3B, C). Experimental controls verified that
molybdate concentration did not affect U(VI) measurement by kinetic
phosphorescence analysis (KPA) (data not shown); thus, molybdate did have a
negative effect on initial U(VI) immobilization by SR communities, compavdeeR
and Meth communities. Differential extractions of sediment-associatéefibsaven
days from each treatment group, however, showed that U speciation in all tteatme
groups remained largely U(VI) (data not shown), indicating that loss of sol(3l@ U
during this time period was due to sorption or precipitation. Formaldehyde inhibited
measurement of U(VI) by KPA in liquid samples and therefore the extent ¢b whi
abiotic factors contributed to initial U(VI) immobilization could not be deterdhine
After 26 days of incubation, bicarbonate and nitric acid extractions of
sediments revealed that U(VI) reduction to U(IV) had occurred to an equal extent
SR, FeR, and Meth control bottles (no significant difference between the amount of
U(IV)/g sediment in each treatment group). Abiotic reduction highest in Felesbott
(Fig 4), suggesting that reduced Fe(ll) minerals formed during iron redunty
contribute significantly to U(VI) reduction. In SR bottles, the addition of sulfta&R

(+S0O4) bottles did not significantly increase the amount of U(IV) associatepigre
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sediment compared to the no-sulfate control (SR) (Fig 4), suggesting that
concomintant S@ reduction was not required for U(VI) reduction in these sediments.
Interestingly, though molybdate had no effect on initial U(VI) immobilization
in FeR and Meth bottles (Figs 3B and C), the presence of 0.5 mM molybdate
significantly negatively affected U(VI) reduction under all (SR, FeR, aathM
conditions (Fig 4). Although molybdate is a “specific’ competitive inhibitor dbseil
reduction, the use of this inhibitor has also been found to inhibit reductive
dechlorination in sediments under methanogenic conditions, regardless of sulfate
reduction (6, 13). Also, it has been found thaubtake by sediments is inhibited by
20 mM molybdate (37). Because 4 an important intermediate in anaerobic
sediments, it is possible that the addition of molybdate may inhibit TEAPSs other than
sulfate reduction, such as U(VI) reduction and reductive dechlorinatiog, i&tHer
than ethanol or acetate, is being used as an electron donor by bacteria involved in the
reductive processes.
(i) PLFA microbial community analysis of U(VI)-reducing sediments under different
TEA conditions PLFAs were extracted and analyzed from sediments from each
treatment group frozen after 26 days of incubation with U(VI). Based on amount of
total PLFA/g sediment, all samples contained within one order of magnitudé of 10
cells/g sediment (Fig 5A). No correlation was seen between biomass andrgedime
U(IV) concentration, suggesting that U(VI) reduction is not a function of general
microbial biomass. The addition of $Oto SR (+S04) bottles resulted in an increase
in biomass compared to the control SR group (Fig 5A), and a decrease in the

16Carbon trans/cis ratio (Fig 5B), which indicates the stress level of argamsan

36



environment. Though S@ addition had a positive impact on biomass and stress
levels in SR bottles, there was little significant increase in sedid(#vi}
concentration in SR bottles, indicating that U(VI) reduction by thes& 8@lucing
sediments is neither inhibited nor stimulated by sulfate addition.

The major groups of PLFAs of each treatment group were normal saturates
(NSats), monounsaturates (Monos), and terminal-branched saturates (TBi§ats) (
5C), which are generally ubiquitous among all bacteria (NSats), gramveegati
bacteria (Monos), and gram-postive bacteria (TBSats) (53). Specific dorRidlaAs
included 16:1w7c (25-36% of total PLFAs in all bottles), 16:0 (18-31%), and 18:1w7c
(5.5-17%) (Table 2). These three fatty acids were also found in‘tHab@lled PLFA

fraction from**%e

thanol-amended sediment slurries undergoing U(VI) reduction in a
stable isotope probing study (33) and were also found to be enriched from ethanol
addition during am situ U(VI) bioremediation study in which nitrate was also present
(44); thus these PLFAs may represent sediment microorganisms thatlgenera
respond to ethanol addition.

Though group PLFA profiles appeared similar in all treatment groups (Fig 5C
PLFA profiles revealed different microbial community compositions under eagh TE
condition stimulated during pre-incubations in LF sediments (Fig 6), as thexe wer
differences in individual PLFAs among each treatment group (Table 2). &woipée
16:0 (NSat), 16:1w7c (Mono), cy17:0 (Mono), and 10Me16:0 (MBSat) were all found
in greater proportions of total PLFA in FeR bottles than SR and Meth bottleg (Tabl

2), and redundancy analysis revealed these were more associated with FesRHaottl

others (Fig 6A). Interestingly, cy17:0 and 10Me16:0 are PLFAs associdtethei
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sulfate-reducing genudesulfobacte53), and not particularly with any known
dissimilatory Fe(lll)-reducing bacteria. PLFAs associated wiRho8ttles included

Monos 18:1w7c, 18:1w7t, and 17:1w8, and those associated with Meth bottles
included Monos 17:1, 15:1, and 16:1w9c, the NSat 15:0, and the MBSat br16:0 (Table
2, Fig. 6A).

Molybdate affected microbial community composition in all TEA treatment
groups. In SR bottles, molybdate addition (SR (+M) bottle) resulted in a microbial
community structure more similar to Meth bottles than SR and SR (+S0O4) bottles
(Figs 6A and B). Similarly, in Meth bottles without added molybdate (where some
sulfate reduction did occur during pre-incubations—Fig. 2A), community compaosition
based on PLFAs was similar to SR bottles (Figs 6A and B). As well, FeRsbottle
without molybdate grouped as closely with SR bottles as FeR bottles with meolyda
(Figs 6A and B). In SR bottles, the molybdate addition resulted in the decrelase of t
Desulfobactefasociated MBSat 10Me16:0, as well as a decrease in 18:0, i16:0, and
18:1w9c, compared to SR bottles without molybdate (Table 2). Overall, MBSats were
40% lower in proportion to total PLFA in SR (+M) compared to SR. In Meth bottles
with molybdate, there was a decrease in the TBSat a15:0 compared to the control
Meth bottle without molybdate (Table 2). Overall, there was 29% less TBSats in
Meth (+M) than in Meth bottles. Though TBSats are generally indicative wi-gra
positive bacteria, they are also common in some SRB as well (53). Also observed in
Meth bottles were decreases in the proportion of 18:1w9c (common in both bacteria
and microeucaryotes), 18:0, and polysaturates 18:2w6 and 18:3w3 (typical of

microeukaryotes and some deep-sea microorganisms) in bottles with molytidate
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compared to the control (Table 2). Branched monounsaturates (BMonos), which are
indicative of Fe(lll)- and/or sulfate-reducing bacteria (particulBsulfovibrig (53),
were not very abundant in any of the treatment groups, but the addition of molybdate
in FeR(+M) bottles resulted in a 73% decrease in BMonos, with nearly all BMonos
found less in FeR bottles containing molybdate (Table 2) compared to the FeR control;
this effect of molybdate on BMonos was not seen in SR or Meth conditions (Table 2).
Thus, molybadate affected microbial populations differently, depending on the TEA
conditions stimulated during pre-incubations. It is also possible that molybdate
affected different groups of SRB under each condition.

Lastly, molybdate contributed to a small decrease in 18:0 in all treatment
groups (Table 2). This fatty acid was also found in thida@elled PLFA fraction

from 3%

thanol-amended sediment slurries undergoing U(VI) reduction (33) and is
common in microeukaryotes and methylotrophs (53). Any potential role of these
subsurface microorganisms in U(VI) reduction is currently unknown. This fatty aci
was also positively correlated with U(IV) concentrations in sedimentsQu605,
p<0.05).

Among all treatment groups, none of the major PLFA groups were
significantly positively correlated withmol U(1V)/g sediment (Table 3), suggesting
that there is not one group of U(VI)-reducing population present under all
geochemical conditions. Different groups of PLFA were positively associatied w
U(IV) under SR, FeR, and Meth conditions. There were positive correlations hetwee

Monos and U(IV) (r=0.926) in SR bottles, between BMonos and U(IV) in FeR bottles

(r=0.886), and between TBSats and U(IV) in Meth bottles (r=0.999) (Table 3).
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Though only the latter correlation coefficient is significant (p<0.05), therert
associations of different PLFA groups with U(IV) in SR, FeR, and Meth bottles
suggests that different populations are associated U(VI) reduction undezrdiffe
geochemical conditions. Because different microbial populations are ilik&lred in
U(VI) reduction under different terminal electron accepting conditionsayt pnove
useful to understand the biogeochemical processes and microbial populations that

dominate a field site when engineering an efficient U(VI) bioremedhiairategy.
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Table 2. PLFA distributions among different treatment gyswndergoing U(VI) reduction (Day 26).

% of total PLFA in each treatment group

SR SR FeR Meth Meth

SR (+S04)  (+M) FeR (+M) FeR+M  Meth (+M) M
NSats
13:0 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.00 0.00
14:0 2.05 1.58 2.95 3.02 2.06 3.56 3.13 3.81 3.17
15:0 1.26 0.89 0.93 0.60 0.45 0.45 1.15 1.50 2.37
16:0 24.22 20.79 19.60 26.01 28.14 30.74 18.31 127.8 25.42
17:0 0.82 2.30 0.47 0.78 0.32 0.30 0.63 0.90 1.16
18:0 1.53 2.92 0.59 1.07 0.78 0.64 2.39 1.98 1.33
20:0 0.49 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.00
MB Sats
brl5:0 0.00 0.00 0.00 0.11 0.29 0.27 0.00 0.00 0.00
brl6:0 0.35 0.21 0.18 0.00 0.22 0.10 0.21 0.30 0.31
10Mel6:0 1.67 1.35 1.05 2.35 3.42 2.27 1.16 1.80 1.54
12Mel6:0 0.33 0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.28
br18:0 0.21 0.11 0.00 0.00 0.13 0.00 0.11 0.00 0.00
i10Mel6:0 0.10 0.17 0.31 0.06 0.07 0.00 0.17 0.00 0.19
10Mel8:0 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2Mel18:0 0.00 0.00 0.00 0.00 0.22 0.00 0.64 0.00 0.00
10Mel19:0 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000.
TB Sats
i14:0 0.57 0.25 0.32 0.30 0.09 0.18 1.11 0.34 0.41
i15:0 4.04 5.20 7.92 6.49 9.99 5.50 5.05 4.39 5.15
als:0 3.82 4.34 8.76 5.38 1.37 1.85 5.50 3.57 2.80
i16:0 1.84 0.67 0.52 1.16 0.37 0.46 1.45 1.11 0.81
BMonos
i16:1 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
bri6:1 0.00 0.14 0.00 0.22 0.16 0.00 0.00 0.00 0.00
i17:1 0.00 0.96 2.22 1.94 0.20 0.24 0.77 1.41 0.63
al7:l 0.00 0.00 0.00 0.42 0.00 0.00 0.00 0.00 0.00
i17:0 0.88 0.65 0.73 0.92 0.56 0.62 0.72 0.73 0.81
al7.0 0.76 0.49 0.82 1.69 0.37 0.65 0.82 0.59 0.54
Monos
14:1 0.00 0.17 0.00 0.20 0.00 0.06 0.51 0.00 0.00
15:1 0.00 0.00 0.48 0.00 0.00 0.00 0.00 0.00 2.45
16:1w9c 0.88 0.65 5.55 0.17 0.21 1.08 0.48 2.08 674
16:1w7c 29.99 26.25 33.13 31.89 33.52 36.23  25.731.463 24.50
16:1w7t 1.70 1.14 1.43 1.16 1.35 1.17 1.03 1.18 90.9
16:1wbc 2.13 2.47 1.28 1.52 1.87 1.68 1.56 2.82 720
17:1 0.78 0.26 0.56 0.00 0.12 0.00 0.29 0.62 4.95
17:1w8 0.26 0.17 0.00 0.24 0.00 0.00 0.00 0.00 0.00
cyl7:.0 3.45 1.83 2.76 4.92 7.02 4.72 2.02 3.47 2.85
18:1w9c 2.68 5.15 1.09 1.17 0.89 1.01 11.91 214 312.
18:1w7c 10.81 16.61 6.08 6.18 5.62 5.90 5.85 5.99 .485
18:1w7t 0.43 0.43 0.27 0.00 0.00 0.00 0.16 0.00 00.0
18:1wbc 0.00 1.01 0.00 0.00 0.00 0.00 0.00 0.00 00.0
19:1 0.00 0.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00
cy19:0 1.07 0.16 0.00 0.00 0.00 0.33 0.81 0.00 0.00
Polys
18:2w6 0.36 0.00 0.00 0.00 0.00 0.00 3.72 0.00 0.00
18:3w3 0.00 0.00 0.00 0.00 0.00 0.00 0.86 0.00 0.00
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Table 3. Pearson correlation coefficients between major PLFA groupgrantl
U(IV)/ g sediment in LF sediment microcosms.

Pearson correlation coffiecient (r)
PLFA Group All treatment SR FeR Meth
groups subgroups | subgroups| subgroups
(n=9) (n=3) (n=3) (n=3)
NSats +0.089 +0.826* -0.047 -0.964**
TBSats -0.276 -0.956** +0.267 +0.999*
Monos -0.326* +0.926* -0.646 -0.494
MBSats +0.348* +0.466 -0.893 +0.367
BMonos -0.098 -0.820* +0.886} +0.044
*0.1<p<0.2
**0.05<p<0.1
***n<0.05

49



A W

"S[ONU0D PI[IY-1ESY UT PAAISQO JOU 2I2M SSO[ 2)EJ20E pue uononpoid (J1)2J "SIUWIPIS AI] UT (SPUOTUEIP)

SSO[ 2JEJ20E PUE (PIPEYS) UONE[NWMIIE ([[)2] ‘Sjuawurpas (sjoquiAs u2do) paqiry-1eay “sa (SJOqUIAS paso[d)

2AT] Ut (s23uem) (JA)( JO SSOT (q) "SJONUOD PI[IY-IEY UT PAATSQO seam uondnpoxd "HD ON (k) SIUAWIpas
aa1] woy uonanpoid "HO pue sjusumpas (sjoquiAs uado) PAYIY-1E3Y ‘sA (S[OQUIAS Paso[d) AT T (s3j21d) YOS
pue (sazenbs) fON JO SSOT (B) 211208 [IIM PIPUIWE SIUIWIPaS 12Jmby JT Ul SJy.L JO uorssaoong T aanSi]

(sAep) aum] (sdep) aumL
0ST  STI 001 SL 0¢ €T 0
0 - 0
o1
WI
z
0T =
01 =
|omwua
<1+ -1
(q)
07 ¢

50



uiodawn yoea e sapduwres ajearjdin Jo suoeIAdp

prepueys juasaidal sieq dou sjoquids uado £q pajuasardar are vLIDIOBQ SUIDNPAI-ABI[NS JO YIMOIT QLU

0] ayepqAow pappe yim sajdweg suonipuod (sajdueln) swasoueyaw pue *(sa[2a12) Sutonpali-uodl ‘(samenbs)
Suronpar-ae[ns sunenuns suoneqnaul-aid wol viep (2) aueyiaw pue {(q) (1124 “(8) Aejng 7 2ansiyg

(sAep) o], (sAep)awi |, (sfep) awf,
€T 0T <1 01 < 0 €¢ 0T €1 01 < 0 cC 0T “l 01 ¢ 0
l L oo l — | 0 1 L 1 | |
- 0%
W — (0s i
— 001 m -
z £
-o0s1 "2 0001
: 5 -
00z 8 |=
e — 00S1
D [ose ﬁ 1 b
000z =3

(Ww) z¥0S

51



"L-0 SAB(] 0] UMOYS JOU I8 S[OIU0D PI[IY SN} “SIUDULINSEI W

(IA)N 21qNOS pAIqIYuI SJONUOd PI[[IY Wodf apAyapieuno,] [(@) uonegnaur-aid 1a1e pappe aepqAjow

W () “druadoueylaw] (N4 RN pue ‘[(77) uoneqnoul-aid Juunp pappe aepqAjow puw () “duadouryjaw]
IN+YRIN [(w ) 2aSoueyiaw | oy sdnoas jusunean Jo pajsisuod () sapoq duasoueyaw Apepung “[(@)
uoneqnoul-aid 1aye pappe aepgAjown W ¢°() “suonpal-uodt] (N+)¥2 pue *[( ©) uoneqnour-aid SuLmp pappe
aepgAow W ¢ “Bumdnpal-uoll]| N-+¥2] [( @) Sutonpai-uoar] 2,1 sdnoid jusunean jo pasisuod (q) sapnoq
Sunpat-uol] (@ aepqiow pyur ¢°( “Sutdanpai-agejins| (JA)-+US Pue *[(4) A1ejns pappe yw | “uronpal
-aelns| (FOS+RS [(m) 2epns pappe ou “Sudnpai-a1ejins| S :uonippe (1A )N vodn sdnoas yuaunean 221
OJUL PAPIAIP 212M (B) SINOQ SUIDNPA-ARJING "SUOHIPUOD () dIUTOURYIdW pue *(q) Surdnpal-uodl *(e) Juronpal
-omeJns aenumns 01 suoneqnaul-21d ur dn 128 SaLuNs Ul DEMpUNoId wolj (A )] 2[qN[Os JO SSOT € 2Ind1]

(sdep) aw [, (sfep) o], (sep)aur ],
8 9 ¥ [ 0 8 9 t T ] 2 9 13 ' 0
| 1 1 ] 1 0 ] ] | 0

— S0 =57 — ST
— (5 — 05 — 0<
— SL — &L L

001 — 001 001

| €Tl cel

(IA)N 31qnjos N

52



ajepqAjow 1o apAyaprentioy

PapPPe ou [P sdnoid jusunean Al juasaidar sreq Yoe[g jepqAjou AU G0

[Iim papuste sdnois Jusuneas) 2Jedtput sieq AID ‘S[ONUOD PAYR}-2PAYSP[ETLIO] SJEdTpUT
sfeq A\ “dnOI3 JUSUNEAT) (OB J0J JUSWHPas UT (AT)[) PAONPaI JO JUNOWY “f INSLY

> & © ,%.
P S &
g & S & & e r,,,,. % £ ¥
0

- S1°0

-
=]

™~
=
(uawurpas 3yjoum) (AN

- $T0

- £0

- $E€°0

53



4E+06 |

4E+06 ]

3.E+06

é 3.E+06 |

(a) £ 2506
E

2.E+06 4

1E+06 |

5E+D5 4

O.E+DO 4




Figure 5 (previous page).PLFA data from sediment samples in live treatment

groups after 26 days incubation with U(VI). (a) Viable biomass of each tneatme
group, based on amount of total PLFA/g dry sediment. (b) 16 Carbon Trans/Cis Ratio
of each treatment group, an indicator of the stress of organisms in an environment.
Ratios <0.05 indicate conditions of non-stress whereas ratios > 0.1 indicataestarvat
or exposure to toxins. (c) Microbial community profile of each treatment group, based
on lipid composition. Nsats = normal saturates (ubiquitous); MBSats = mid-chain
branched saturates (sulfate-reducers); TBSats = terminally bcheahgates (gram-
positives); Bmonos = branched monounsaturates (iron/sulfate reducers); Monos =
monounsaturates (gram-negatives); Polys = polyunsaturates (eukaryotes).
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Figure 6. Microbial community PLFA profiles from treatment groups. (a)
Redundancy analysis plot, showing the association of different fatty acosgyam
treatment groups. (b) Tree diagram displaying Euclidean distancesdmetach
treatment group, showing the microbial community relatedness of the different

treatment groups.
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CHAPTER 3
Identification and Isolation of a Castellaniella Species Important
During Biostimulation of an Acidic Nitrate- and Uranium-

Contaminated Aquifer

Abstract
Immobilization of uranium in groundwater can be achieved through microbial
reduction of U(VI) to U(IV) upon electron donor addition. Microbial community
structure was analyzed in ethanol-biostimulated and control sediments from a hig
nitrate (>130 mM), low pH, uranium-contaminated site in Oak Ridge, TN. Analysis
of SSU rRNA gene clone libraries and polar lipid fatty acids (PLFAS) freatimsents
revealed that biostimulation resulted in a general decrease in Haditezraity.
Specifically, biostimulation resulted in an increase in the proporti@a of
Proteobacterig10% of total clones in the control sediment vs. 50 and 79% in
biostimulated sediments), and a decrease in the proportieRroteobacteriaand
Acidobacteria Clone libraries derived from dissimilatory nitrite reductase genes
(nirk andnirS) were also dominated by clones relatefl-Rroteobacteria(98% and
85% of totalnirK andnirS clones, respectively). Within theK libraries, one clone
sequence made up 59 and 76% of sequences from biostimulated sediments but only
made up 10% of the controirK library. Phylogenetic analysis of SSU rRNA and

nirK gene sequences from denitrifying pure cultures isolated from theditate that
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all belong to aastellaniellaspecies; nearly identical sequences also constituted the
majority of biostimulated SSU rRNA amdrK clone libraries. Thus, by combining
culture-independent with culture-dependent techniques, we were able to link SSU
rRNA clone library information witmirK sequence data and conclude that a
potentially novelCastellaniellaspecies is important fon situ nitrate removal at this

site.
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Introduction

Due to the Cold War Legacy, uranium has become an important groundwater
contaminant in the United States, thus mandating remediation by the US Department
of Energy (DOE). Soluble U(VI) can be biologically reduced to U(IV), which is
insoluble, thus immobilizing the radionuclide and posing less of a threat to drinking
water wells located near sources of contamination (24, 44). It has been sigtpste
bacteria capable of U(VI) reduction are ubiquitous in the environment (1), and recent
field experiments have shown that the addition of electron donors (glucose, ethanol, or
acetate) into injection wells will result in the stimulation of endogenous
microorganisms in the subsurface to grow and reduce U(VI) (3, 12, 36, 54, 60, 64).

Microbial communities stimulated to reduce U(VI) via electron donor addition
have been studied using bathsituand microcosm experiments. Members of
Geobacteraceatamily have been stimulated during uranium-reduction in
contaminated sediments from ShipRock, NM (33), Rifle, CO (3, 13), and Oak Ridge,
TN (51, 54). From studies done with sediment from Oak Rilgaeromyxobacter
was also stimulated under metal-reducing conditions (51, 55). In other studies,
sulfate-reducing bacteria have been linked to uranium reduction (1, 13, 49, 52, 61). Of
these, two studies have also fouidstridiumto also be associated with U(VI)
reduction (52, 61), and another found tRaeudomonagas also stimulated upon
uranium removal in high salinity sediment (49).

At the DOE Field Research Center (FRC) in Oak Ridge, TN, where
groundwater contains >130 mM nitrate and micromolar concentrations of uranium,

addition of a biodegradable electron donor results in denitrification as the yprimar
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terminal electron-accepting process (36). Because nitrate seraga@e

energetically favorable electron acceptor, uranium reduction has been showarto occ
only after nitrate has been depleted to low levels (17, 23, 36, 48, 60). Thus, at sites
such as the FRC, denitrifying bacteria are likely to play a critatalin uranium
bioremediation. A recent phylogenetic survery of sediment from the FR@ledve
several potential nitrate-reducing bacteria (2), but it remains urwehedrspecies are
involved in nitrate removal upon biostimulation.

The goal of this study was to characterize changes in-tieu microbial
community structure of uranium- and nitrate-contaminated subsurface sedupents
stimulation with ethanol, and to identify denitrifying bacteria that may Ipeitant
during thein-situ removal of nitrate. While other molecular studies have identified
mainly sulfate- and metal-reducers in uranium-contaminated sediments, it wa
hypothesized in this study that electron donor addition to high-nitrate subsurface
sediments co-contaminated with low levels of uranium would result mainly in the
stimulation of denitrifying bacteria. Because denitrification is not aggeyletically
conservered function, numerous methods were used to analyze the microbial
community structure of biostimulated and control sediments, including functional
gene (irK andnirS) clone libraries, SSU rRNA gene clone libraries, polar lipid fatty
acid analysis, and cultivation of nitrate-reducing bacteria from Fithsats.

Results of this study show that biostimulation of high-nitrate subsurfaceesgdim
with ethanol results in a decrease in bacterial diversity and enrichesrfdrerseof
the clas$-Proteobacterianamely members of the newly-described genus

Castellaniella formerly Alcaligenes defragranscapable of nitrate reduction.
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Materials and Methods
Field Site Description.
The field site in this study is the U.S. Department of Energy’s (DOHigiy&mental
Remediation Sciences Program Field Research Center (FRC), whichesllnear
the western edge of the Y-12 national security complex at the Oak RedgevRtion
(Oak Ridge, TN). The source of the contamination plume in the shallow unconfined
aquifer at the FRC comes from the former S-3 waste disposal ponds. These ponds
received acidic (pH<2) liquid waste containing nitric acid, uranium, teeimegtither
dissolved metals, and organic contaminants from 1951 to 1983; the ponds were
neutralized in 1984 and capped in 1988. Several monitoring wells have been installed
within the Area 1 field plot (just south of the former S-3 ponds), and groundwater
within Area 1 has been described as acidic (pH ranging from 3.0 to 6.8), with high
concentrations of nitrate (up to 168 mM), U(VI) (up to p\B), Tc(VIl) (up to 12,000
pCi/L), and < 1 mM sulfate (36). Table 1 shows nitrate, uranium, and pH data from
four monitoring wells before push-pull experiments began. Other contaminants in
Area 1 include aluminum, nickel, tetrachloroethylene, and other chlorinated
hydrocarbons. A more detailed description of the site as well as groundngter a
sediment geochemical data can be found at:

http://www.esd.ornl.gov/nabirfrc/index.html

In situ biostimulation of subsurface sediments.
Single-well, push-pull tests were done in wells FW028 and FW034 in Area 1 as
previously described (36, 65, 66). Test solutions for push-pull tests were prepared

using high-nitrate (>130 mM) Area 1 groundwater (from well FW021) amended with
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300 mM ethanol, 50-100 mM sodium bicarbonate, and 1.25 mMsBx conservative
tracer. Sediment cores were sampled adjacent to wells FW028 and FW034 (cores
FB064 and FB0O67, respectively) approximately one week following injection of test
solutions; the injection phase lasted only a few hours for FW028 but lasted
approximately three weeks for FW034, due to differences in well flow chastic®ri

due to past push-pull experiments. Thus, FB064 and FB067 were sampled five and 31
days, respectively, after the beginning of the injection phase. One sediment core
(FB066) was also taken adjacent to an Area 1 donor control well FW016, which has
never been biostimulated in push-pull tests. Sediment sampling and handling
procedures followed those previously described (65, 66) in order to keep sediment
material anoxic. Core sizes were all approximately one meter in lemgjthvexre

sampled from the following depths below the surface: 6.1-7.0 m, 3.4-4.3 m, and 3.0-
4.0 m for cores FB064, FB067, and FB0O66, respectively. Intact subsections of cores,
approximately 10 cm in length, were frozen at*@@nd were later shipped on dry ice
to the University of Oklahoma for molecular analysis. A subsection of another core
from borehole FB064, taken from 5.2-5.7 m below the surface, was stor«c and
shipped to University of Oklahoma on ice for enrichment and isolation of denitrifying
bacteria.

Enrichment and Isolation of Denitrifying Pure Cultures.

Media for enrichment of dissimilatory nitrate-reducing microorgasismas prepared
anaerobically (5) with the following components (per liter): 10 ml vitamiatsmwi

(47); 5 ml metals solution (47); 0.1 g NaCl; 0.1 g49H 10 mg KCI; 3 mg KHPO;;

40 mg MgC}-6H,0; 40 mg CaGl2H,0; 11.9 g HEPES; 11.7 g MES; and 8.5 g
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NaNQ;. The pH of the media was adjusted to either 4.5 or 7.5 using HCI or NaOH,
and dispensed into serum tubes undeg dddspace. Ethanol was added from a
sterile, anoxic stock solution to reach a final concentration of 100 mM.

Anaerobic nitrate-reducing enrichment cultures were set up in an anaerobic
glovebag by adding 1 gram of homogenized biostimulated sediment from borehole
FB064 to 10 ml nitrate-reducing liquid medium at both pH 4.5 and 7.5. Headspace of
enrichment cultures was exchanged three times withBdrichment cultures were
incubated in the dark at room temperature. Upon observable growth and removal of
nitrate, enrichments were serially diluted and plated onto solid nitrate-ngduedia
both with and without ethanol at either pH 4.5 or 7.5, depending on the pH of the
enrichment culture. Nitrate-reducing solid media had the same compositien as t
liquid media except contained 1.5% agar and 1.7 g/L NaMter autoclaving,
media was dispensed into plates and dried overnight. Plates were placed in an
anaerobic glovebag (Coy Instruments) overnight. Subsequently, a piecel®f ste
filter paper was placed in the lid of each Petri dish and saturated wiild 608
sterile, anoxic 1 M ethanol solution. All plates were incubated at room temperature
an anaerobic glove bag. Colonies from plates containing ethanol that differed in
morphology from colonies on ethanol-free plates were further re-isolated and
transferred to nitrate-reducing liquid media at pH 4.5 or 7.5. In total, 24 colonies wer
obtained from pH 7.5 enrichment cultures and 22 from pH 4.5 enrichment cultures.
DNA extraction. DNA was extracted from frozen soil cores from boreholes FB064,
FB067, and FB066 (from depths of 6.4, 4.6, and 3.6 m below the surface, respectively)

using the FastDN® SPIN Kit for Soil (QBiogene, Irvine, CA), which involves a
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silica and ceramic bead-beating method to achieve cell lysis. Manuf&cturer
instructions were followed except nuclease-free water was used as thte étuarder

to increase DNA yield and to account for heterogeneity of the cores, 10 DNA
extractions using 0.3 g sediment were done from each core. The 10 DNA samples
were then pooled and concentrated by centrifugation at 13,000 rpfiCat 8amples
were stored at -2C.

DNA was extracted from pure cultures by boiling late-log phase washsd ce
for five minutes; samples were centrifuged to remove cell debris, and sup&snata
were transferred to clean, sterile 1.5 ml microcentrifuge tubes and ato2HC for
use as DNA template for PCR reactions.

PCR, cloning, and sequencing.

Partial SSU rRNA genes from sediment community DNA and denitrifgolgies

were amplified using gl of DNA template in a 5@l PCR mixture (< 100 ngl final
concentration) containing the components (final concentrations): 1X PCR buffer
(Invitrogen Corp., Carlsbad, CA), 2.5 mM MgC100uM each deoxynucleoside
triphosphate, 10 pmol/ml each primer (uni8f and eubac805r) (19), and 1.5 U of
Platinunt TaqDNA polymerase (Invitrogen). Amplification of partial SSU rRNA
genes was carried out in a GeneAmp PCR System 9700 (Applied Biosystems, Foster
City, CA) using the following parameters: initial denaturation &C%br 5 min; 35

cycles of 98C for 30 sec, 5TC for 60 sec, and 7€ for 90 sec; and a final extension

step at 72C for 20 min. Near complete SSU rRNA genes of two denitrifying isolates
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(4.5A2 and 7.5A2) were amplified in the same manner, only using universal primers
27F and 1492R and an annealing temperature .45

Amplification of nirK andnirS genes from sediment community DNA and
denitrifying isolates used the same PCR reaction mixture as desdoibez] axcept
that primer concentrations were 12.5 pmol/mK primers were nirK1F and nirkK5R,
andnirS primers were nirS1F and nirS6R (9). PCR parameters were as follo¥: 94
for 5 minutes; 35 cycles of 98 for 30 sec, 54C for 45 sec, and 7€ for 45 sec; and
a final extension at ?Z for 20 min.

PCR products were cloned using the TOPO TA cloning kit (Invitrogen Corp.,
Carlsbad, CA) either directly from PCR product or after a gel-puiidicatep using a
commercially available kit (QBioGene). Sequencing of inserts wasrpetl in the
Advanced Center for Genome Technology at the University of Oklahoma (Norman,
OK) or at the Oklahoma Medical Research Foundation (Oklahoma City, OK).
Phylogenetic Anaylsis.

SSU rRNA gene sequences were aligned using ClustalX (62). Sequetices wi
similarities> 97% were placed into the same operational taxonomic unit (OTU); also,
sequences with 93% similarity were placed into the same genus-level taxonomic
group (GLTG). Possible chimera within our libraries were identified using
Bellerophon (34) and by manual inspection. Chimeric sequences made up
approximately 10% of total sequences and were removed from further phylogenetic
analyses. Initial phylogenetic placement of each SSU rRNA gene GEU w
determined using the Ribosomal Database’s (RDPs) Classifier prgfamClosely

related sequences and sequences identified from this site in previous studies wer
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downloaded from GenBank and aligned with our sequences using ClustalX; the
multiple alignment was imported into PAUP 4.01b10 for final phylogenetic analysis.
Evolutionary distance-based trees were generated using the neighbor-joining
algorithm and Jukes-Cantor corrections. Bootstrap values were determined using
1000 replicates.

Shannon-Weiner diversity index, Simpson’s dominance index, and species
evenness were calculated as previously described (57). A limitation of tdessiis
that each OTU is considered equivalent, regardless of the degree of sequence
divergence (46). To ameliorate this bias, diversity indices were calcalabeth the
OTU level as well as the GLTG level; also, average nucleotide divergesce wa
calculated for each clone library (46). Calculations of % coverage weesaso
described (58) at both the OTU and GLTG level.

A chi-square test for an r x k contingency table was done to determine whether
population distribution in biostimulated samples differed from the unstimulated
sample. Rows (r) were phylum affiliation and columns (k) were different sampl
(biostimulated and unstimulated). Expected frequencies for each phylum in each
sample (E) were calculated by E = (Row Total) x (Column Total) / Graral. TGhi-
squared value was determinedy5y= = (O-Ef/ E. The criticaly®value was chosen
with nine degrees of freedom and with a p-value of 0.05.

Phylogenetic analysis oiirK andnirS genes was done similarly to that of
SSU rRNA gene described above. Sequences were grouped into OTUs based on
>98% nucleotide sequence similarity, and the closest relatives wereieatkatitl

downloaded using BLAST. Other referemgeK andnirS sequences were
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downloaded from the Functional Gene Pipeline/Repository
(http://flyingcloud.cme.msu.edu/fungene/). Neighbor-joining trees were comstruct
from translated amino acid sequences. Similarity values reported in the egsul
based on amino acid similarity.

PLFA extraction and analysis.

Lyophilized sediment from each core was extracted with the single-phlseform-
methanol-buffer system (8), as later modified (67). The total lipid extrast
fractionated into neutral lipids, glycolipids, and polar lipids by silicic acidroal
chromatography (29). Methods of PLFA analysis were conducted as previously
described (56). Biomass (cells/g sediment) was calculated from L&ial ¢

sediment using the conversion 2.5%&6lls per pmol PLFA (6). Shannon-Weiner
diversity indices for sediment sample were calculated based on PLFA (31).
Analytical Methods.

Uranium speciation from sediment cores FB064, FB067, and FBO66 was determined
by sequential extractions of total U(VI) (soluble and solids-associatetd)(1V)

from triplicate 0.5 g sediment subsamples using sodium bicarbonate and nitric acid,
respectively (18). Uranium from each extraction was measured by kinetic
phosphorescence analysis (KPA-11; Chemcheck Instruments, Richland, WAjJe Nitra
and nitrite from nitrate-reducing enrichments and sediment-associatecaparewere
measured by ion chromatography (Dionex, model DX500 fitted with the AS-4A
column; Dionex Corporation, Sunnyvale, CA). Push-pull groundwater analysis was

done at Oregon State University as previously described (36).
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GenBank accession numbers.SSU rRNAnirK, andnirS sequences from this study
were deposited to GenBank and can be retrieved from accession numbers EF175318
to EF175380 and EF177768 to EF177803.
Results

Isolation and Phylogenetic Analysis of Denitrifying Pure Cultures.From nitrate-
reducing enrichments using biostimulated sediment as inoculum, all 46 pure cultures
once re-streaked for purity, shared the same colony morphology on nitratexgeduci
media; colonies were convex, round, small (<1mm in diameter) and white, with
smooth margins. Upon inoculation into liquid media at pH 4.5 and pH 7.5, all pure
cultures were capable of growth (to a final O.D. of approximately 0.4 at 600 myg) us
nitrate and ethanol as the sole electron acceptor and donor, respectively; gas
production indicated that the organisms coupled growth to denitrification rather than
reduction of nitrate to nitrite or ammonium. Because of the similar colony
morphologies and growth characteristics, 10 of the pure cultures were chosen at
random for phylogenetic analysis; SSU rRNA gene sequences of thesessoére
97.6-100% similar to each other with an average similarity of 99.4%, suggesting these
isolates belong same species within the famibaligenacea@and the clasg-
Proteobacteria

Two strains, 4.5A2 and 7.5A2 (isolated at pH 4.5 and 7.5, respectively), which
had 99.9% SSU rRNA gene sequence similarity, were chosen for further @hgliag
analysis. Isolates 4.5A2 and 7.5A2 were 99.4 and 99.7% similar to clone FB46-16,
which was identified from biostimulated FRC sediments in a previous study (51). The

closest cultured relative wadcaligenessp. AMS10, which was isolated from a PAH-
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degrading consortium (GenBank accession no. AY635901). The closest validly
described relatives belong to the gef@astellaniella which consists of two described
species(C. defragransandC. denitrificans both of which were previously identified
asAlcaligenes defragranglO). Isolates 4.5A2 and 7.5A2 were 98.3 and 98.5%
similar toC. defragransb4Pin, which was isolated from activated sludge on nitrate
anda-pinene (25), and 98.4% similar @ denitrificansTJ4, a phenol-degrading,
denitrifying bacterium (4). Neighbor joining analysis and bootstrap values segpor
that FRC isolates 4.5A2 and 7.5A2 may not belong to either of the previously
described species Qfastellaniellaand could represent a novel species within the
genusCastellaniella(Fig. 1). However, further physiological tests are needed to
prove this.

While thenirS gene was not detected by PCR in any of the ten isolates, all
contained anirK gene, which provides evidence that these strains are denitrifying
bacteria. AllnirK partial gene sequences from these isolates were 99.0-100% similar
to each other, reaffirming that these isolates are likely differemstamong the
same species. Furthermore, translated amino acid sequences of Ninkdiaies
4.5A2 and 7.5A2 were 100% identical to each other, 84.8% identical to NirK of a
clone identified from acetate-fed activated sludge (clone NR2-819K Ba&Bé&n
accession no. BAD36891), and 81.8% identical to NirK fAdoaligenessp. N.,
isolated from a denitrifying reactor (20).

In situ biostimulation of contaminated subsurface sediments and reducin of
U(VI). Push-pull tests were done with ethanol-amended, high-nitrate (142.3 mM)

FWO021 groundwater (neutralized with bicarbonate) in two wells, FW028 and FW034.
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Prior to biostimulation, the groundwater from FWO028 contained high levels of nitrate
(167.2 mM) and uranium (2y2M) and was more acidic than FW034, which contained
< 1mM nitrate and 0.47pM uranium (Table 1). The control well, FW016, was also
acidic but contained 11.4 mM nitrate (Table 1). Following injection of ethanol-
amended FW021 groundwater into FW028 and FW034, push-pull data showed nitrate
and ethanol loss in both test wells by the time of sediment sampling, and U(VI)
accumulation in FW028, suggesting U(IV) oxidation may have occurred in this well
(Table 1). However, analysis of uranium from bicarbonate- and nitric-atriaetable
fractions from sediment cores showed that the majority of the uranium in both cores
adjacent to ethanol-stimulated wells (FB064 and FB067, corresponding to wells
FW028 and FW034, respectively) was reduced whereas only 4.6% of the total
uranium from the control core FB066 (adjacent to FW016) was reduced (Table 1),
suggesting that the U in stimulated cores remained fairly reduced, cahtpine

control, which has never been biostimulated. Some of the U(IV) in biostimulated
cores may have been due to previous push-pull tests performed in adjacent wells (36).
Biomass estimates based on total PLFA from sediment cores follawsitgy
biostimulation showed that FB064 and FB067 had approximately 37- and three-fold
higher biomass than the control core, FB066 (Table 1). Porewater nitrate
concentrations from the three cores varied, which can be explained by thendigter

in initial nitrate concentrations of the three sites, while nitrite waeptes high
concentrations 10 mM) in all three (Table 1). Nitrate and nitrite data, however,

indicate that nitrate reduction was not complete in these sediment cores.
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Differences in bacterial community structure between ethanoltsnulated and un-
stimulated sediment samples.

(i) Diversity statistics. According to all diversity indices calculated from SSU
rRNA gene clone library data (at both OTU and GLTG level), both biostimulated
sediments, FB064 and FB067, were less diverse than the control sediment, FBO66
(Table 2). The percent coverage was 64, 78, and 71% (at the OTU level) and 83, 83,
and 80% (at the GLTG level) for sediment samples FB064, FB067, and FB066,
respectively. There was a significant negative linear comeléetween log biomass
of the sediments and average nucleotide divergence (AND) (r =-0.999, p = 0.01),
indicating that genetic diversity decreased with increasing bion&isslarly, when
diversity indices were calculated based on GLTGs, there were negateatons
between log biomass vs. Shannon-Weiner diversity index (r = -0.992, p < 0.05) and
log biomass vs. evenness (r =-0.999, p = 0.01). In addition, there was a positive
correlation between log biomass and Simpson’s Dominance index at both the OTU
level (r =0.977, p <0.1) and the GLTG level (r = 0.993, p < 0.04), indicating that
increasing biomass resulted in the selection of one dominant species or genus.
Correlations between log biomass and diversity indices were more significant w
using GLTGs rather than OTUSs; this is due to the high number of OTUs in sample
FBO064 that belonged to the same GLTG. Taking all diversity indices into account,
biostimulation may have led to an overall decrease in bacterial diversity@edse
in dominance of one species or genus. Past push-pull biostimulation experiments
performed in injection wells FW028 and FW034 (36) may have also contributed to

this effect.
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(i) Community composition. The majority of clones from SSU rRNA gene
clone libraries from biostimulated sediment cores, FB064 and FB067, belorged to
d, andy subdivisions oProteobacterig88.5%); the remaining clones belonged to
BacteroidetesFirmicutes Actinobacteria Acidobacteria and candidate divisions
TM7, ZB1, Termite Group |, and WD272_C2 (Table 3, Figs. 2 and 3). In the SSU
rRNA gene clone library from the un-stimulated sediment core (FB066),
Proteobacterig3 andy subdivisions) made up only 56.9% of the total clones, while
other clones were affiliated withcidobacteria(27.5% of total clonesBacteroidetes
Firmicutes and candidate division WD272_C2 (Table 3, Figs. 2 and 3). By
performing chi-square tests based on r x k contingency tables of frequenaeh of e
phylum, it was found that the community structures of the two biostimulated samples
(FB064 and FB067) did not differ significantly (p > 0.2) whereas community
structures of the biostimulated vs. un-stimulated samples were signifidéferent
(p <0.001). Thus, biostimulation of subsurface sediments with ethanol-amended
groundwater significantly impacted the subsurface microbial communiigtiste at
the phylum/division level. Most noticeably, these differences may have beem due t
the frequencies dProteobacteriaandAcidobacteriaOTUs in the biostimulated vs.
the control clone libraries (Table 3).

Biostimulation resulted in an increase in the proportiop-Bfoteobacteria
sequences in the SSU rRNA gene clone libraries (9.8% of total clones in FBO66
compared to 79.3% and 50.0% in FB064 and FB0O67, respectively) (Table 3). As
biomass of the samples increased (Table 1), so did the percent of clones that belong to

B-ProteobacterigTable 3). Of thg-Proteobacterieclones from the core with the

72



highest biomass, FB064, 69.6% belonged to OTU 34 and 10.7% belonged to OTU 35.
Both OTUs 34 and 35 grouped with members of the g€assellaniella(Fig. 2) and
were 100% and 97.6% similar to FRC isolate 7.5A2, respectively. Only one clone
from FBO67 belonged to OTU 34; rather, 87.5% d¥roteobacteriaclones from
FBO067 belonged to OTU 45, whose closest relative was clone Blsii8 (97.8%
similarity), which was identified from an industrial waste gas biofileé&);(its two
closest cultured relatives wedBeirkholderia brasilensisa N-fixing bacterium
(GenBank accession no. AJ238360), Buodkholderia kururiensisa TCE-degrading
bacterium isolated from a TCE-contaminated aquifer (72).

Unlike the effect observed on the clsBroteobacteriabiostimulation
resulted in a decrease in the proportiop-Broteobacterissequences in the SSU
rRNA gene clone libraries (Table 3). In the control clone library (FB0O66), 47.1% of
total clones were affiliated withtProteobacteriaand of these, the majority (70.8%)
belonged to the famil)anthomonadaceaghile others are affiliated with
Pseudomonadacead he dominang-ProteobacteriaOTU from the control FBO66
(OTU 100) belonged to the genBbodanobacteand was closely related to other
sequences identified from unstimulated contaminated sites, including graendwa
from the FRC (Fig. 2).

Similarly, biostimulated sediments contained a decreased proportion of
Acidobacteriaclones compared to the control sediment (Table 3). The dominant OTU
from the control sediment sample FB066 (OTU 128) belongédittobacteriaand

clustered with other environmentatidobacteriaclones (Fig. 3); however, only one
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Acidobacteriaaffiliated sequence was detected in the biostimulated librariese(Tabl
3).

(i) Novel bacterial diversity identified in SSU rRNA gene clondibraries.
From the three SSU rRNA gene clone libraries generated in this study, 7.5% of all
clones belonged to divisions with no cultivated representatives. Three clones
belonged candidate divisions TM7, Termite Group |, and ZB1 (Table 3, Fig. 3). Nine
clones from FB066 and FB067 (belonging to OTUs 131, 132, 133, 134, and 164)
clustered with each other and with other soil clones from the FRC (Fig. 3). The
closest non-FRC relatives of these clones came from volcanic ash and PCé&dpollut
soil; bootstrap values from Fig. 3 support that these clones likely belong to the same
division as these novel FRC sequences. This candidate division is within the lineage
of WD272_C2, based on Hugenholtz taxonomy (16), and these sequences may either
represent a novel division or a novel lineage withinRineicutes(Fig. 3).

(iv) PLFA analysis of sediment samplesin accordance with clone library
data, PLFA data (Table 4) shows that community structure was more dimdrse a
evenly distributed in the unstimulated sample (FB066) compared to the two
biostimulated sediment samples (FB064 and FB067). Shannon-Weiner (H) indices
calculated from PLFA data further confirm that the unstimulated sedwsntess
diverse (H = 2.774) than the stimulated sediments, FB064 (H = 1.908) and FB067 (H
= 2.461). As with clone library data, there was a significant negative lingatatmn
between log biomass and Shannon-Weiner diversity indices based on PLFA data (r =

0.992, p < 0.05).
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As biomass of the samples increased (Table 1), so did the percentage of
monounsaturates (Table 4), which are generally indicative of gramvegatteria
(68). Furthermore, biostimulated samples contained a smaller percentageinél-
branched saturates (TBSats) compared to the control (Table 4). TBSatsemadygen
indicative of gram-positive bacteria; however, other microorganisms ordgio
these fatty acids as well (68).

Table 4 shows that the dominant PLFAs from the gé&astellaniella(Cie.o,
Cis107¢C, Ci7-0cyclo, and Gs.107¢C) (40) were higher in the biostimulated samples
compared to the control. Although other microorganisms can contain these particular
PLFAs, it is likely that some or most of these fatty acids that increaskediwmass
were derived fronCastellaniellaspecies, given that species of this genus were
dominant in biostimulated clone libraries.

Denitrifying community composition based omirK and nirS clone libraries.

From the threairK clone libraries, 67 clones were sequenced and 10 OTUs were
identified. From all threairK libraries, 98.5% of clones had closest cultured relatives
that are3-ProteobacteriaTable 5). Ethanol stimulation resulted in an increase in
proportion of total sequences witmirK clone libraries that belong to OTU1K (Table

5, Fig. 4). Clones belonging to OTU1K made up 76 and 59.4% of total clones from
libraries derived from biostimulated cores FB064 and FB067, respectively, but only
20% of the total clones from the control clone library from FB066. Also, OTU1K was
100% similar to theirK sequences from isolate 4.5A2 and 7.5A2, indicating that
these genes may belong to the s&uastellaniellaspecies dominant in nitrate-

reducing enrichments and in SSUrRNA gene clone libraries from biostedula
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sediment (Fig. 4), although it is possible some of these genes belong to othes speci
as horizontal transfer ofirK genes within a site has previously been implicated (32).
Seventy percent of clones from the contmoK clone library from FB0O66 belonged to
OTU7K, whose closest relative was teK gene product fronAlcaligenessp.
DSM30128 (81.7% similarity). Amino acid sequences derived from OTU1K and
OTU7K, however, were only 77.8% similar to each other.

Clone libraries frormirS genes were constructed from biostimulated samples
FB064 and FB067 but not from the control core, FB066, sinéPCR product
could not be obtained from this sample. While the overwhelming majonitiy kof
clones seemed to belongQ@astellaniella nirS clone libraries were more diverse than
nirK clone libraries (Table 5); although the reason for this difference in dwess
unknown, the inverse relationship betwe@s andnirK diversity in groundwater at
the FRC has previously been observed (69). Fromitigeclone libraries constructed
from the two biostimulated samples, FB064 and FB067, 136 clones were sequenced
and 26 OTUs were identified. In accordance witiK libraries, the majority of
clones from thenirS libraries had closest cultured relatives thaiaReoteobacteria
(84.6% of total clones); these clones, however, were related to families other than
AlcaligenaceagTable 5). The dominant OTU from FB064 was OTULS (57.6% of
total clones), which was closely related to &S gene product from the anaerobic
benzene-degradingechloromonas aromatic0.5% similarity) (Fig. 5). OTU20S
made up 16.7% of tharS clone library from FB064 (Table 5), and it'’s closest
relative was clone R2-s02 (77.6% similarity), identified from a metatlwgstewater

treatment system (71) (Fig. 5). NirS sequences from FB067 were moreediVaide
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5), and the most abundant OTUs clustered Witromatica(OTUs 38S and 39S),
Ralstonia metalliduranandR. eutrophgOTUs 14S, 18S, and 19S), and

Magnetospirillum magnetotacticu@TUs 27S, 28S, and 34S) (Fig. 5).

Discussion
By using a combination of PLFA analysis, SSU rRNA and functional gerte &nd
nirS) clone libraries, and a cultivation approach, we were able to examine thegffect
biostimulation on microbial community structure and identify and isolate a
microorganism that likely plays a role in nitrate removal in an acidic egcok
contaminated with nitrate and uranium. The use of PCR and cloning methods for
microbial community analysis is qualitative or “semi-quantitative” duetersl well-
recognized limitations (30). In this study, PCR and cloning biases may haetedff
the frequency in which some OTUs and GLTGs in clone libraries were detected.
Also, the limited number of clones analyzed may have led to underestimated levels of
diversity and detection of only the most abundant species and genera. The percent
coverage in each library ranged from 64-78% at the OTU level and 80-83% at the
GLTG level. The use of PLFA analysis, however, as a quantitative meatped he
demonstrate the inverse relationship between biomass and diversity, while the
cultivation approach confirmed the dominanc&astellaniellain sediment from
FB064 and its ability to grow on ethanol and nitrate. However, variations in numbers

of specific organisms or groups were only semi-quantitative as they aszd bn
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clone library data; a quantitative approach, such as real-time PCR ordkmtias
situ hybridization using group-specific primers/probes would help determine whether
the numbers of organisms within these samples were different.

Several studies have documented impacts of radionuclide, heavy metal, and
hydrocarbon contamination on microbial community structure, and the general
consensus is that pollution decreases microbial diversity (22, 28, 39, 43, 45, 57). Two
previous studies done on microbial community structures of pristine vs. contaminated
areas of the aquifer at the FRC have found that contamination resulted in a dacrease
microbial diversity and selected fprProteobacteriaspecies related to or belonging
to Azoarcugq22) andAlcaligenacead57). Furthermorei-Proteobacteriavere found
to be abundant in other contaminated environments, including PCB-contaminated soil
(50), a waste-gas biofilter (26, 27), metal- and petroleum-contaminated sgil (39)
heavy metal-amended soil microcosms (45), and metallurgic wastd@}er
Similarly, our results show th8tProteobacteriasSSU rRNA clones, primarily those
affiliated with Alcaligenaceae@ndBurkholderiaceagare present in contaminated
sediment samples from the FRC (Fig. 2). Also, the majorityréf andnirS clones
in this study shared similarity tarK andnirS gene products from cultur@d
Proteobacteridbelonging to the familieAlcaligenaceaeBurkholderiaceagas well as
Rhodocyclaceaélable 5, Figs. 4 and 5), suggesting that several di-the
Proteobacteriagenera detected in SSU clone libraries may also be capable of
denitrification at this site. In a recent phylogenetic survey of batpulations
from FRC sediment, SSU rRNA clones belongind\tcaligenaceaand

Burkholderiaceaavere found to be dominant as well as metabolically active (2).
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These results, along with the results of this study suggest that the esmtabfif
Proteobacterian sediments observed in this study could be due to growth of
Proteobacteriaalready widespread and/or active in the aquifer prior to biostimulation
that have adapted to the groundwater contaminants at the FRC, which include nitrat
heavy metals, radionuclides, and hydrocarbons.

While our SSU rRNA gene clone libraries showed an abundarfte of
Proteobacteriaclones in biostimulated sediments, multiple lines of evidence suggest
the dominance of @astellaniellaspecies in biostimulated sediments and their role in
nitrate removain situ. While several studies have proven successful in using
molecular approaches to identify bacteria important in bioremediation (12, 33, 61),
very few studies have both identified and isolated microorganisms responsible for
situ bioremediation. In one study, organisms were cultivated that had been identified
by DGGE from 2,4-dichlorophenoxyacetic acid (2,4-D)-degrading enrichnaetse
isolates were capable of 2,4-D degradation, suggesting their importance in
bioremediation in contaminated environments (42). Another study used stable isotope
probing (SIP) of RNA to show th#&tzoarcusvas involved in benzene degradation in
groundwater incubations under denitrifying-conditions, and further isolated organism
belonging to the same phylotype showing that they could oxidize benzene (d 3O
These two studies, however, do not prove the importance of the isolated organisms for
in situbioremediation. In a different study, however, SIP was used to idensfiu
naphthalene degraders; one dominant clone was identified, and an isolate matching
this clone (belonging to the genkslaromona¥ was cultivated and shown to also

contain a naphthalene dioxygenase gene also detected in the site sediment (38).
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Similarly, in this study, isolates belonging to the ge@astellaniellawere cultivated
that matched dominant clones from both SSU rRNA genei@Kdclone libraries
generated from biostimulated sediment where nitrate reduction was occurring
Furthermore, PLFA analysis from sediment samples showed an increag atitds
common to the genuSastellaniellaassociated with biomass increase. Both
Castellaniellasp. 4.5A2 and 7.5A2 contained K and were capable of growth on
nitrate as the sole electron acceptor and producing gaseous end-product, indicating
these organisms are capable of denitrification; ifGhstellaniellaidentifiedin situ
through SSU rRNA and nirK clone libraries share similar physiology to thels¢es,
thenCastellaniellamay play an active role in denitrification at this site upon
biostimulation with ethanol. Along with tHeolaromonasstudy (38), this paper
shows a relationship between microbial community structure and function through the
isolation of a microorganism dominant in clone libraries while also usingidmat
gene sequences to suggest that microorganism is involved in the process ofinterest
situ.

The Castellaniellaspecies identified in this studied may represent a novel
species (Fig. 1). Oth&astellaniellaisolates have been isolated from activated
sludge and are capable of denitrification coupled to the oxidation of monoterpenes
(25), taurine (15), and phenol (4). Furthermore, ofttealigenaceaesolates have
been implicated in the degradation of xenobiotic compounds (10) as well as in nitrate
removal systems (53). FRCastellaniellaisolates 4.5A2 and 7.5A2 are pH-tolerant
and were isolated at both low and neutral pHs; thus, they may have been able to out-

compete other denitrifiers for nitrate in the acidic groundwater found inArea
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A similar molecular ecology study at the FRC found that electron donor
addition resulted in an increasediiProteobacteriasuch asseobacterand
Anaeromyxobactein contaminated FRC Area 1 sediments (51). However, push-pull
tests in those experiments were done with low-nitrate groundwater frdreGW&35
(36), and samples were taken at the end of the extraction phase. Those experiments
point to an important role for Fe(lll)-reducing bacteria during biostimulationhis
study, groundwater wells were injected with high-nitrate (>130 mM)) groutledwa
from FWO021 and sediment samples were taken one week following injection of
ethanol-amended groundwater (at the beginning of the extraction phase)hat whi
point denitrification was likely occurring (Table 1). The differences iratat
concentrations of the injection solutions as well as the time at which sedimg@hisam
were taken could reflect the differences in community compositions based on SSU
rRNA gene clone libraries. Since several terminal electron acceptingspesc
sequentially occur during biostimulation (36), it is likely that the reswts four
study provide a snapshot of the microbial community structure during the
denitrification phase, while the previous study (51) provides a snapshot of the
microbial community structure from when geochemical conditions were more
reduced. This would reflect observations in other studies that shifts in microbial
community structure occur during different stages of bioremediation pro¢85sses
37, 73).

In this study descriptive diversity statistics are provided to describefdwt ef
of biostimulation orin situ diversity of microbial populations. A recent study has

shown that bioremediation in a fluidized bed reactor treating nitrate- and uranium-
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contaminated groundwater resulted in an initial decrease in bacterial tyiversi
followed by an increase in diversity (35). In accordance with this finding, other
molecular studies have also shown that biostimulation of hydrocarbon-contaminated
sediments results in an initial decrease in species diversity followad imgrease in
diversity (37, 59). Our results also support that biostimulation resulted in a @ecreas
in bacterial diversity; however, it is possible that biodiversity could lateease, as
observed in above studies. The effects of fluctuations in species diversity on
ecosystem function (in this case, nitrate and uranium removal from grouncivtite
FRC) are unclear. While many ecological studies have linked sped¢iresgor high
species diversity in natural systems or microcosms with an increase ysteoos
function and/or stability (7, 11, 63), few studies have examined the effect of bacterial
species diversity on ecosystem function in engineered systems, where often, one
substrate is available for consumption as opposed to natural ecosystems where
increased species richness might aid in a more productive consumption of aftilavaila
resources. For example, in glucose-fed methanogenic bioreactors, it was foand that
bioreactor with lower bacterial diversity, or more “flexible” microlammunities,
was more functionally stable than a more species-rich bioreactor (21) ari8ipat
the FRC, the desired ecosystem function (i.e. nitrate and uranium reduction) may
likely be unaffected by lower diversity when a simple substrate suchasoéts used
as an electron donor.

In summary, we have employed multiple approaches to determine the effect of
biostimulation on the microbial community structure of an acidic nitrate- amiLiora

contaminated aquifer. We have identified and isolat€dsdellaniellaspecies that is
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important inin situ nitrate removal. Furthermore, we have found that biostimulation
results in a decrease in bacterial diversity; however, the effect oéthistion in

diversity on bioremediation strategies remains to be investigated.
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Table 3. Summary of phylogenetic distribution of SSU rRNA clones from samples
FBO064, FB067, and FBOG66.

% of total clones

Phylum/Candidate Division : _
FBO064 (stimulated) FBO067 (stimulated) FB066 (coltro

Proteobacteria 93.1 84.4 56.9
B 79.3 50.0 9.8
1) 0.0 6.3 0.0
v 12.1 26.6 47.1
unclassified 1.7 1.6 0.0
Bacteroidetes 1.7 0.0 2.0
Firmicutes 3.4 3.1 2.0
Actinobacteria 0.0 1.6 2.0
Acidobacteria 0.0 1.6 27.5
Candidate Division
WD272_C2 0.0 6.3 9.8
Candidate Division TM7 1.7 0.0 0.0
Candidate Division ZB1 0.0 1.6 0.0
Termite Group | 0.0 1.6 0.0
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Table 4. PLFA analysis of samples FB064, FB067, and FB066. Columns shaded in
gray indicate the dominant PLFAs from described species in the Gastasllaniella
(40).

% of Total PLFA
FB064 (stimulated) FB067 (stimulated) FB066 (coitr

Total Normal Saturates 27.30 34.39 28.92
14:0 1.02 1.34 0.00
15:0 0.18 0.00 0.00
16:0 25.70 26.37 20.33
17:0 0.10 0.52 0.70
18:0 0.30 6.16 7.08
20:0 0.00 0.00 0.33
22:0 0.00 0.00 0.48
Total Mid-Chain Branched 0.38 0.00 12.07
Saturates

i10mel6 0.16 0.00 1.27
10Mel16:0 0.18 0.00 3.84
12mel6:0 0.04 0.00 0.65
i10mel7:0 0.00 0.00 4.90
10Me18:0 0.00 0.00 1.40
Total Terminal-Branched 3.67 11.18 22 59
Saturates

i14:0 0.12 0.17 0.00
i15:0 1.09 4.00 5.69
als:0 1.05 1.45 4.44
i16:0 0.59 0.73 3.30
i17:0 0.66 3.35 6.51
al7.0 0.15 1.49 2.65
Total Branched 1.54 6.05 7.66
Monounsaturates

brl6:la 0.02 0.00 0.00
br16:1b 0.04 0.00 0.00
i17:1a 0.41 1.48 1.97
i17:1b 0.00 0.00 0.00
bri18:1 0.98 457 5.69
br19:1 0.09 0.00 0.00
Total Monounsaturates 66.96 47.07 28.76
16:1w9c 0.07 0.33 0.00
16:1w7c 10.21 4,56 1.83
16:1w7t 0.56 1.81 0.00
16:1w5c 0.22 0.76 0.00
cyl7:0 31.79 7.40 4.96
17:1 0.17 0.00 0.00
18:1w9c 0.11 14.34 9.66
18:1w7c 7.44 8.25 5.79
18:1w7t 0.59 3.87 2.44
18:1wbc 0.22 0.00 0.00
cyl19:0 15.52 5.75 4.09
19:1 0.07 0.00 0.00
Total Polysaturates 0.00 1.31 0.00
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Table 5. Summary of distribution afirk andnirS OTUs from samples FB064 and
FBO67 (stimulated) and FB066 (control).

OTU No. of clones per OTU Closest Cultured relative** % similarity ***
name FB064 FB067 FB066*

nirk OTUs

1K 19 19 2 FRC isolates 4.5A2 and 7.5A2 100.0
2K 1 0 0 Nitrosomonasp. TA92IiNH, 84.8
4K 0 0 1 Ochromobactrunsp. 4FB14 93.5
7K 1 11 7 Alcaligenessp. DSM 30128 81.7
8K 0 1 0 FRC isolate 4.5A2 84.7
9K 0 1 0 FRC isolate 4.5A2 94.2
10K 1 0 0 FRC isolate 4.5A2 92.5
11K 1 0 0 FRC isolate 4.5A2 98.0
12K 1 0 0 FRC isolate 4.5A2 87.5
13K 1 0 0 FRC isolate 4.5A2 100.0
nirSOTUs

1S 38 0 -- Dechloromonas aromatica 90.5
9s 0 7 -- Thiobacillus denitrificans 75.9
10S 0 1 -- Ralsonia eutropha 75.1
11S 0 1 -- Magnetospirillum magnetotacticum 85.1
14S 0 10 -- Ralstonia metallidurans 78.5
18S 0 1 -- Ralsonia eutropha 82.2
19S 0 3 -- Ralsonia eutropha 82.7
20S 11 0 -- Ralstonia metallidurans 74.1
21S 6 0 -- Azoarcus tolulyticus 81.5
22S 1 0 -- Azoarcus tolulyticus 84.3
23S 1 0 -- Azoarcus tolulyticus 94.6
24S 1 0 -- Azoarcus tolulyticus 87.0
25S 1 0 -- Azoarcus tolulyticus 86.6
26S 0 2 -- Ralstonia metallidurans 84.4
27S 0 8 -- Magnetospirillum magnetotacticum 86.6
28S 0 3 -- Magnetospirillum magnetotacticum 82.8
34Ss 0 5 -- Magnetospirillum magnetotacticum 85.2
35S 4 0 -- Magnetospirillum magnetotacticum 87.9
36S 0 3 -- Thauera aromatica 80.4
37S 2 0 -- Ralstonia metallidurans 74.7
38S 0 10 -- Dechloromonas aromatica 88.8
39S 0 10 -- Dechloromonas aromatica 87.8
41S 0 3 -- Dechloromonas aromatica 89.8
42S 0 1 -- Dechloromonas aromatica 91.9
43S 1 0 -- Dechloromonas aromatica 96.6
44S 0 2 -- Dechloromonas aromatica 88.8

*Amplified PCR product usingirS primers was could not be obtained from this sampl

**GenBank accession numbers for closest culturéatives are located next to corresponding genus
and species names in Figures 4 and 5.

***Similarity values are based on pairwise distawedues from multiple alignment files using
translated amino acid sequences
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FRC isolate 4.5A2
FRC isolate 7.5A2
clone C FBO64 1 OTU34

71 FRC clone FB46-16
7§ Castellaniella denitrificans TJ4 (AF508102)
Alcaligenes defragrans TG26 (AF508101)
Castellaniella denitrificans (T) NEINTAU (U82826)
Castellaniella defragrans (T) 54Pm (AJ005447)
Alcaligenes defragrans 62Car (AJ005449)
100 Bl Alcaligenes defragrans PD19 (AB195161)

Alcaligenes faecalis (M22508)
Bordetella pertussis (BX640417)
|75y Comamonas denitrificans (AF233877)
Burkholderia brasilensis (AJ238360)

Pseudomonas stutzeri (U26262)

C. denitrificans

|

C. defragrans

—— (.01 substitutions/site

Figure 1. Distance phylogram based on near full-length SSU rRNA gene sequences
(approx. 1490 base pairs) from FRC isolates (in bold), FRC sediment clone sequences
(clone C FB064 | OTU34 was identified from FRC biostimulated sediment in this
study), and other members@©éstellaniellaas well as related organisms in the order
Burkholderialeqaccession numbers are shown in parentheses). Bootstrap values are
based on 1000 replicates and are shown for branches with bootstrap support >50%.
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29 B 2 FB067 a02 OTU13 (0, 1, 0) lassified
100 100 TCE-contaminated site clone FTLpost26 (AF529133) unclassiie
_ Cerro-Negro bacterium ROMEm4sh208 (AY998127) Desulfobacterales
36 TCE-contaminated site clone ces202 (AY 133065)

100|: Desulfotalea arctica (AF099061) "
Desulfotalea psychrophila (CR522870) Desulfobacteraceae 5
100 Syntrophobacter wolinii (X70905) i )
100 Syntrophobacter sulfatireducens (AY651787) Syntrophobacteraceae

Geobacter bremensis (U96917 "

50 Geobacter humfredm('lejns (AY)I 87306) Geobacteraceae
Geobacter metallireducens (L07834)

100; C FBO64 i OTU34 (32, 1, 0)

FRC clone FB46-16 (AY527772)

Alcaligenes defragrans PD19 (AB195161)
Castellaniella defragrans (T) 54Pin (AJ005447)

B FB064 ¢06 OTU35 (5,0, 0)
FRC isolate 4.5A2
FRC isolate 7.5A2 Alcaligenaceae
Alcaligenes sp. N (AJ27706)

Afca%igenes sp- AMS10 (AY635901)
Castellaniella denitrificans strain TJ4 (AF508102)
100 Castellanielia denifrificans (T) NKINTAU (U82826)

D FB066 d1 OTUS6 (0, 0, 5)
Achromobacter xylosoxidans (AF511516)
Pelistega europaea (AF190911)
Alcaligenes faecalis (M22508)
100 B 1 FB067 bi04 OTUS9 (0, 3, 0) E)
_|98 E FRC clone 015B-E09 (AY662039) Rhodocyclaceae
Azospira oryzae (AF011347)
75— C FB067 a OTU45 (0, 28, 0)
waste-gas biofilter clone BIsu8 (AJ318182)
0r Burkholderia brasilensis (AJ238360)
Burkholderia kururiensis (AB024310)
B FB064 d10 OTU54 (1, 0, 0)
B FB064 ell OTUS5 (1, 0, 0)
Burkholderia sp. Ellin121 (AF408963)
82 FRC clone 010A-E12 (AY662003)

100— A FB064 f01 OTUS2 (1, 0, 0)
100| L Delftia acidovorans (AJ516044) Comomonadaceae
Comamonas nitrativorans (AJ251577)
18— Comamonas denitrificans (AF233877)

_63— D FB066 f1 OTU100 (1, 0, 10)

58 PCB-polluted soil clone WR8123 (AJ292893)
FRC clone AKAU3534 (DQ125555)
Rhodanobacter lindaniclasticus (AF039167)
Rhodanobacter sp. BPC1 (AF494542)

B FB064 a06 OTU103 (1, 0, 0) Xanthamonadaceae
FRC clone C-CS3 (AY622233)
08 FRC clone AKAU3862 (DQ125750)
B FB064 f01 OTU122 (1, 0, 0)
B FB064 h03 OTU105 (1, 0, 0)
Frateuria sp. NO16 (AF376025)
Frateuria aurantia (AJ010481) Y
B 1 FB067 f01 OTU101 (0, 2, 0)
Stenotrophomonas sp. An27 %AISS]]GS)
Stenotrophomonas rhizephila (AJ293463)
Stenotrophomonas nitritireducens (AJ012229)
D FB066 d2 OTUSS (1, 10, 3)
= B 1 FB067 €08 OTUS9 (0, 3, 1)
sp Fseudomonas pseudoalcaligenes (Z76666)
Pseudomonas alcaliphila (AB030583)

Pseudomonas putida (D37923)
—— Pseudomonas stutzeri (U26262)

100

61— B'1 FB067 d09 OTU16 (0, 2, 0)
ﬁE FRC clone FB45-30 (AY527769)

Ln

100 Burkholderiaceae

Pseudomonadaceae

Methanospirillium hungatei (M60880)
— 0.01 substitutions/site

Figure 2. Distance phylogram d?roteobacterigpartial SSU rRNA gene sequences
(approx. 800 base pairs). Bootstrap values are based on 1000 replicates and are shown
for branches with bootstrap support >50%. Selected OTUs from this study as well as
FRC isolate sequences are in bold and numbers in parentheses indicate the number of
clones belonging to that OTU from sediments FB064, FB067, and FB066,

respectively. Accession numbers of sequences from GenBank are in parentheses.
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55~ D FB066 a2 OTU128 (0, 0, 13)
06 wetland sediment clone cwr343 (AY799957)
uranium mining waste pile clone JG30aKF40 (AJ536873)

68 D FB066 6 OTU182 (0, 0, 1) Acidobacteria
100 Acidobacteriaceae 1solate WJI7 (AY096034)

100 Acidobacterium capsulatum (D26171)

sphagnum peat bog bacterium K5b2 (AF524860)

B 1 FB067 al2 OTU173 (0, 1, 0) .
Great Artesian Basin clone G58 (AF407708) Termite
TCE-contaminated site clone ccs37 (AY133074) Gl‘Oll]J I
volcanic deposit clone1959b-06 (AY917674)
sor C FB066 a OTU131 (0, 0, 3)
ERC clone AKAU3593 (DQ125594)
FRC clone AKAU3906 (DQ125774)
FRC clone AKAU3695 (DQ125647)
o1y C FB067 e OTU132 (0, 2, 1)
B 1 FB067 d05 OTU134 (0, 1, 0) WD272 CD2
B 1 FB067 d06 OTU164 (0, 1, 0)
voleanic deposit clone 1894a-17 (AY917549)
volcanic deposit clone 1982b-09 (AY917973)
PCB-polluted soil clone WD272 (AJ292684)

oIy D FB066 h1 OTU147 (0, 0, 1)
100/* environmental sample clone MC0610c9 (AY898003)
100 Exiguobacterium sp. HHS31 (AJ846291)

7L Exiguobacterium oxidotolerans (AB105164)
99 B 1 FB067 f12 OTU150 (0, 1, 0)
100 . Streptococcus genomosp. C1 (AY278629)
Streptococcus oralis (AF003932)
100— B FB064 f03 OTU168 (1, 0, 0)
Desulfosporosinus sp. 5apy (AF159120)
Desulfosporosinus meridiei (AF07248)
Desulfosporesinus orientis (Y11570)
Desulfotomaculum kuznetsovii (Y11569)
Desulforomaculum salinum (AY918122)
Thermoanaerobacter acetoethylicus (X69336)
Thermoanaerobacter ethanolicus (LO9162)
100r A FBO67 a1l OTU176 (0, 1, 0)
Streptomyces endus (AY999911)

53— D FB066 h2 OTU177 (0, 0, 1) Actinobacteria
_Eimnomyceraceae isolate SR 272 (X87310)
0
100

89 L.
Firmicutes

100

0 Cellulomonas flavigena (X79463)
Cellulomonas iranensis (AF064702)
71— B FB064 d07 OTU141 (1, 0, 0)
waste-gas biofilter clone BIjii34 (AJ318155)
penguin dropping sediment clone KD9169 (AY218661)
Flavobacterium ferrugineum (M62798)
Flexibacter sancti (AB078066) ;
Flexibacter sp. MGS5 (AY556410) Bacteroidetes
100 D FB066 b6 OTU142 (0, 0, 1)
37 Hymenobacter actinosclerus (Y17356)
. Hymenobacter woopoensis (DQ089669)
B 2 FB067 e04 OTU145 (0, 1, 0)
anoxic bulk sooil clone BSV40 (AJ229196)
sediment clone SIMO 2441 (AY711807)
sulfate-reducing clone SR_FBR_L83 (AY340841) ZBl1
goldmine borehold water clone TTMF87 (AY741700)
goldmine borehold water clone TTMF84 (AY741703)
gof—— B FB064 a02 OTU159 (1, 0, 0)
waste-gas biofilter clone BIgil4 (AJ318135)
O -II——waste—gasgbioﬁlter clone Blgilgé (AJ318136) ™7
human subgingival plaque clone SBG3 (AY144355p (AY331416)
human mouth TM?7 clone P4PB_40

99

100

Methanospirillium hungatei (M60880)

— 0.01 substitutions/site

Figure 3. Distance phylogram of noRroteobacterigpartial SSU rRNA gene

sequences (approx. 800 base pairs). Bootstrap values are based on 1000 replicates and
are shown for branches with bootstrap support >50%. Selected OTUs from this study
are in bold and numbers in parentheses indicate the number of clones belonging to that
OTU from sediments FB064, FB067, and FB066, respectively. Accession numbers of
sequences from GenBank are in parentheses.
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CHAPTER 4
Interactions Among Denitrifying Bacteria Growing in Acidic High

Nitrate Groundwater

Abstract
Bioremediation strategies of nitrate- and uranium-contaminated Sji@seréarge
additions of electron donor to the subsurface to stimulate denitrification and
subsequently uranium reduction; thus, in contaminated aquifers with high
concentrations of nitrate, denitrifiers play a critical role in bioreatesh. Six strains
of denitrifying bacteria belonging to the gen&faizobiumPseudomonasand
Castellaniellawere isolated from bio-stimulated groundwater and sediment from the
Oak Ridge Integrated Field Research Challenge Site (OR-IFRC), wistarhilation
of low pH (3.5-6.5) and high nitrate (up to 140 mM) groundwater is occurhmthe
experiments presented here, we characterized each isolate in regheiisgmivth
rates, pH tolerance, nitrite tolerance, and growth on different denitoficat
intermediates. Furthermore, growth of three of these isolates weraretastri-
cultures and pure cultures incubated in OR-IFRC high-nitrate groundwates &t pH
and 7 to whether the best-adapted or most efficient denitrifying isotate alould
outperform a mixed assemblage in denitrification of high-nitrate grouedwat
whether the denitrifying isolates interact within a mixed assemlibegehieve
optimum rates of denitrification. Results from these experiments showed that

Castellaniellastr. 4.5A2, was the most efficient pure culture alone in groundwater,
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reducing 56 and 84% of the nitrate at pH values 5 and 7, respectively. Mixed
assemblages out-perform€dstellaniellain groundwater, reducing 88 and 98% of
nitrate with zero-order nitrate reduction rates of 1.3 and 2.6 mN/ @&y at pHs 5
and 7, respectively. Growth and kinetic experiments of each isolate clearly
demonstrated each are better adapted to different stages of denitrificatiamiegpl
the ability of mixed assemblages to out-perform the best-fit pure culture.
Pseudomonastr. GN33#1 had the fastest Bl@duction rate in kinetic assays
(Vma=15.8umol eéemin™e mg proteif) and the fastest generation time onN@.6
hrs). Castellaniellastr. 4.5A2 was the most NQolerant (capable of growth in the
presence of up to 100 mM NQ had the fastest growth rate on N@4.0 hrs).
Rhizobiumstr. GN32#2 had the fastest growth rate on nitrous oxide (3.4 hrs), and was
the only isolate capable of growth during the later stages of denitoficatimixed
assemblage groundwater experiments at pH 7. As data from groundvysemexts
show that all three isolates grow together in OR-IFRC groundwater, we cotithide
these isolates interact and function together within in a mixed communriitgy than

compete, in denitrification of acidic, high-nitrate groundwater.
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Introduction

Biological U(VI) reduction, a bioremediation strategy designed to immobilizethe
subsurface, preventing U migration with contaminated groundwater, has been
implemented in field scale studies through the injection of electron donor solutions
(e.g. acetate, glucose, ethanol) into the subsurface (3, 8, 11, 27, 29, 31, 52, 65, 69).
Nitrate as a co-contaminant, particularly in high concentrations, howeves, pose
several problems in regards to this strategy. Namely, U(VI) reduction ikelgtto
occur until after nitrate, as a competitive electron acceptor, is removed, oededuc
low concentrations (8, 18, 31, 52). Also, denitrification intermediates, that often
accumulate during bioremediation of high-nitrate contaminated aquifers (18, 31, 44),
can lead to the re-oxidation and mobilization of previously reduced U(1V) (18, 52, 53).
At the Oak Ridge Integrated Field Research Challenge site (OR-IFR@}enitr
concentrations often exceed 100 mM and have been typically dealt with by either an
above-ground pump and treat approach to first remove nitrate prior to in situ U(VI)
reduction (29, 30) or by the addition of larger quantities of electron donor to the
subsurface, to reduce nitratesitu (8, 31, 58). High nitrate concentrations such as
those found at the OR-IFRC are also typical of other nitrate-impacted sitadjngc
other subsurface environments (56), and industrial wastewater (16, 19, 22, 33, 47, 67).
Biostimulation typically results in the stimulation of denitrifying teai@, and
community shifts are likely to occur as denitrification proceeds (e.g. 43, 18g#eC 1
for detailed review).

The relationships between contaminant levels, pH, denitrifying community

composition, and denitrification activity in any given nitrate-contaminatechse
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intertwined and complex. High levels of contamination have been shown to have a
negative effect on the diversity of both cultivable and non-cultivable bacterial
populations in OR-IFRC groundwater (17). Also, acidity and pH-dependent nitrite
accumulation can have effects on denitrification activity (e.g. 9, 15, 22, 23, 48, 66).
The diversity of denitrifying assemblages and physiology of microorganismshin hig
nitrate sites in turn also have important effects on the desired function (i.e.
denitrification--including rates of nitrate reduction and levels of nideumulation).
Previous studies have suggested that diversity and composition of denitrifying
communities in soils may directly affect the kinetics of denitrifa@ain soils (10, 28,
49), and a handful of cultivation-independent studies of microbial communities
involved in denitrification in bioreactors treating high-nitrate water haesn b
performed to examine how diversity and composition are related to function and
stability (20, 21, 30).

While many of the aforementioned studies have looked at relationships
between environmental conditions, microbial community composition, and
denitrification function, little is known about what factors contribute to the ¢grawt
survival of different denitrifying species in high-nitrate environments or how
denitrifying species interact as a community to optimize rates of ifieation.
Furthermore, questions remain regarding the roles different speciestofylegi
bacteria have in the different stages of denitrification (i.e. nitratéeniand nitrous
oxide reduction) The objectives of this study were to understand the growth,
competition, and interactions of denitrifying species throughout the denitoficat

process, with the intentions of identifying characteristics that mightilbaterto
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growth and survival in contaminated groundwater. From acidic high-nitrate R&-1F
groundwater and sediment undergoing bioremediation, we cultivated and
characterized six denitrifying isolates belonging to the geassellaniella
RhizobiumandPseudomonasand tested the effects of pH on nitrate reduction and
nitrite accumulation in both pure and mixed cultures. Results suggest that pH and
nitrite tolerance giv€astellaniellaisolates a competitive advantage in acidic
groundwater undergoing bioremediation and that each genus is better adapted to
different stages of denitrificatioseudomonam nitrate reductionCastellaniellain
nitrite reduction, an@hizobiumin nitrous oxide reduction. Thus, these isolates may
cooperate, rather than compete, as a denitrifying consortia in acidic higfe-nit

groundwater undergoing bioremediation.
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Materials and Methods
Site description and sample collection
The field research site from which groundwater and sediment samples wertedollec
for cultivation is the U.S. Department of Energy’s (DOE’s) IntegratettifScale
Subsurface Research Challenge site in Oak Ridge, Tennessee (OR-IFREY, taar
the western edge of the Y-12 national security complex. The contaminatioa @lum
the site contains various contaminants, including N@anium (U), technetium (Tc),
other dissolved metals, and organic copounds. Further detailed groundwater (GW)

and sediment geochemical data can be fouhdt@t/www.esd.ornl.gov/orifrc/

GW and sediment samples used for cultivation were collected from monitoring
wells and cores adjacent to monitoring wells installed within the Area 1pfietid
(Table 1). GW in Area 1 is characterized as acidic (pH 3.0-6.8), with high
concentrations of N© (up to 168 mM) and low sulfate (< 1 mM). Radionuclides U
and Tc are present (up to uB! and 19,000 pCi/L, respectively), as well as
aluminum and nickel (See Chapter 1 for a detailed review). All groundwat@iesa
were taken durin@n situ push pull tests in Area 1 (Table 1), designed to monitor
bacterial N@ and U reduction in response to electron donor addition (31, 58). GW
biomass was collected from glucose-stimulated wells FW032 and FW033, as
described (51, 53). Sediment cores were sampled adjacent to an ethanol-stimulate
well, FW028, as described (58). Samples were shipped on ice to University of
Oklahoma and stored at@.

Groundwater from an Area 1 monitoring well FW021 was also sampled (Sept,

2003) and shipped to University of Oklahoma, where it was storé€airtil used
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for growth and competition experiments. FWO021 groundwater has been chagdcteriz
as acidic (pH 3.3) containing 142 mM N(.4 mM SQ, and 5.8uM U(VI) (31).
Cultivation approach and growth medium composition.
Six strains of denitrifying bacteria were isolated from glucoseqaex groundwater
and ethanol-stimulated sediment (Table 1). Isolates GN32#1, GN33#2, GN33#1, and
GN33#3 were cultivated from groundwater as previously described (51, 53). Briefly,
these isolates were obtained by serial dilution and direct plating of glatiosdated
groundwater onto HEPES-buffered minimal medium agar plates (50 mM HEPES,
pH7), containing glucose (10 mM dextrose) and nitrate (20 mM NabBkthe sole
electron donor and acceptor, respectively. The isolation of strains 4.5A2 and 7.5A2
was described in a previous study (58). This involved developing denitrifying
enrichments at pHs 4.5 and 7.5 using ethanol-stimulated sediment from Area 1 as an
inoculum in a defined minimal medium (MM) containing ethanol (100 mM) and
nitrate (100 mM NaNg). Isolates were obtained by serial dilution of active
enrichments and plating onto media containing 50 mM ethanol and 20 mM4NaNO
All plates were incubated under anoxic conditions in an anaerobic chamber (Coy
Laboratory Products Inc., Grass Lake, MI). All isolates were makgdady
transferring liquid cultures via syringe every two months into 20 mM nitrate(jyHi
6.8) with either 10 mM glucose as a sole electron donor (for isolates GN32#1,
GN32#2, GN33#1, and GN33#3) or 50 mM ethanol (for isolates 4.5A2 and 7.5A2).
MM used for growth experiments had the following composition (per liter):
0.1 g NaCl; 0.1 g NkCI; 10 mg KCI; 3 mg KHPOy; 40 mg MgCj-6H,0; 40 mg

CaCb-2H,0; 11.9 g HEPES; 11.7 g MES; 10 ml vitamin solution (62); 5 ml trace
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metals solution (62). The pH was adjusted to 6.8-7.0, unless otherwise noted (i.e. for

pH-dependent growth experiments). Typically, either nitrate (10 or 20 mM jaNO

or O, (air) was added as an electron acceptor and glucose (5 mM dextrose) or ethanol

(25 or 50 mM) as an electron donor. Nitrate MM was prepared anaerobically (7) in 18

mm serum tubes fitted with butyl rubber stopperst{dadspace), and aerobic media

in 16 or 20 mm capped test tubes. Electron donors were added aseptically from sterile

stock solutions to media after sterilization by autoclaving at@26r 20 min. Unless

otherwise noted, all cultures of denitrifying isolates were incubated uhatfieat room

temperature (approx 23).

16S rRNA gene analysis.

DNA extraction and PCR amplification of near full-length 16S rRNA genas wa

performed as previously described (58). Briefly, DNA was extractedlmjiling

method from washed late-log phase cultures. Near full length 16S rRNA genes were

amplified using 2ul of isolate DNA template in a 50 PCR mixture, containing

universal bacterial primers 27F and 1492R, using the following parameters: initia

denaturation at @€ for 5 min; 35 cycles of 9& for 30 sec, 48C °C for 60 sec, and

72°C for 90 sec; and a final extension step &C7for 20 min. PCR products were

sequenced at the Oklahoma Medical Research Foundation (Oklahoma City, OK).
OR-IFRC isolate and closely related 16S rRNA gene sequences (idehtifie

BLAST and Greengenes) were aligned using Greengenes’ NAST atigjtooé (13,

14) and initially classified using the Greengenes’ Classifier tool dsaw/éhe

Ribosomal Database Projects Classifier program (12). A distance pdoylad

aligned sequences was constructed using the neighbor-joining algorithm and Jukes-
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Cantor corrections using ARB software package (40) with the Greengenez0BTay
ARB database (13). Distance trees were also generated via the s@oésnusing
PAUP 4.0b10 software (Sinauer Associates, Sunderland, MA) to verify tree biganchin
and generate bootstrap values, based on 1000 replicates.
Cell size, morphology, arrangement, and motility
Liquid cultures of each isolate were heat-fixed and gram-stained accayditejmtiard
methods (57) to test for purity of isolates, as well as to observe cell morpha@nodies
gram-reactions. Wet mounts of live and formaldehyde-fixed (~3% formaldehyde
cells from freshly grown cultures were also prepared to observe cell morscdogl
arrangements, as well as motility. All cell preparations (live, heattfiand
formaldehyde-fixed) were viewed at 1000X total magnification under oil imamers
using phase contrast microscopy.

Cell morphology, arrangement, size, and motility were also observed from
liquid cultures ofCastellaniellastr. 4.5A2 growing in pH 5 and pH 7 nitrate MM.
Samples were formaldehyde-fixed during various time points during growthhat bot
pH 5 and 7. Cell sizes were counted from each sample from 100-150 random
individual cells.
Growth experiments.
(i) pH and temperature ranges and optinféor all isolates, pH and temperature
optima and ranges were determined in both aerobic and nitrate MM (Table 2)eslsola
were transferred from mid- to late-log phase cultures and growth cuerescarried
out in triplicate for each isolate. All isolates were tested at pH valu8§-&.5, at 0.5

pH unit intervals (Experiments 1, 2, 5, and 6, Table 2) and at temperatures from 4-
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42°C (Exps. 7-10, Table 2) using either glucose, ethanol, or acetate as an electron
donor. Growth was measured by optical density (OD) at 600 nm using a Spectronic
20D" (ThermoScientific, Waltham, MA). Generation times (hrs) were cakelifabm
exponential curves fitted through @a.mVvalues taken during exponential growth
phase, at £¢<0.4. The pH ranges and optima for three isolates (4.5A2, GN32#2, and
GN33#1) were also tested in anaerobic MM with different concentrations oénitrat
(10 and 100 mM NaNg¢) and ethanol as an electron donor (Exps. 3 and 4, Table 2).
During all anaerobic pH growth experiments (Exps. 1-4, Table 2), subsaneses w
collected from duplicate tubes periodically for nitrate and nitrite aisalyihese

anions were measured by ion chromatography (Dionex, model DX500 fitted with the
AS-4A column; Dionex Corporation, Sunnyvale, CA).

(i) Utilization of electron donors and electron acceptofsl isolates were also tested
for growth in aerobic MM (pH 7, at 3Q) on the following organic substrates: L-
arginine, glycine, L-glutamic acid, L-alanine, L-proline, aspartid éamino acids);
acetate, lactate, pyruvate, malate, fumarate, succinate, and citgatiei¢@cids);

glycerol, D-mannitol, D-sorbitol (sugar alcohols); D-ribose, D-xylose, Dtdses
dextrose, D-lactose (sugars); and ethanol, phenol, benzoate, starch, and rgdst ext
Substrates were added to sterile aerobic MM from filter-stedlstock solutions to
reach a final concentration of 1 g/L organic substrate. As a control, each 8atat
grown in aerobic MM containing no added organic substrate. Lastly, isolates 4.5A2,
GN32#2, and GN33#1 were tested for chemolithotrophic growth in nitrate MM
(N2:CO, (80:20) headspace) with 4.3 mM biogenic A{® black insoluble mineral) as

an inorganic electron donor. Utilization of U(IV) as an electron donor was determine
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by visualization of dissolution of the black precipitate compared to an uninoculated
control.

All isolates were tested for growth in anaerobic MM (pH 7, 50 mM ethanol) on
the following electron acceptors: Sodium nitrate (20 mM), sodium nitrite, (2 mM
sodium fumarate (20 mM), glycine (20 mM), sodium sulfate (20 mM), sodium sulfite
(20 mM), sodium thiosulfate (20 mM), dimethyl sulfoxide (20 mM), trimethylamine
N-oxide (20 mM), amorphous ferric oxyhydroxide gel (20 mM), and Mn(pI3
mM). Electron acceptors were added from anoxic sterile stock solutions. Insoluble
iron gel and Mn@were prepared from Feg bnd MnC}e4H,0, respectively, as
previously described (38, 45). Utilization of these electron acceptors wasidei
by looking for dissolution of the insoluble minerals and detection of reduced products
Fe(ll) and Mn(ll) by the ferrozine assay (39) and formaldoxime (4, 24) oubtric
assays, respectively. As a control, each isolate was grown in aerobic Mévhoumnt
no added electron acceptor. Growth curves were also done for three isolates
(Castellaniellastr. 4.5A2 Rhizobiunstr. 4.5A2, andPseudomonastr. GN33#1) in
anaerobic MM to test growth on different concentrations of niftftend 100 mM
Na NG;), nitrite(5, 10, and 50 mM), and nitrous oxide (25 mM at pH values of 5
and 7.
(ii). Growth on solid mediaAll isolates were tested for aerobic growth on Luria
Bertani (LB) agar plates (10 g/L tryptone, 5 g/L yeast extract, 5 glLiNand MM
plates with yeast extract as a carbon source (1 g/L). Plates weret@acabd30C and
checked for colony morphology at 24, 48, and 72 hours. To determine a quantitative

differential and selective plating method for the three isol@astellaniellastr.
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4.5A2,Rhizobiunstr. GN32#2, an®seudomonastr. GN33#1, pure cultures of each
strain as well as a mixed culture of all three isolates were yatiklted and spread

onto LB plates (a selective and differential medium, to grow only and diffatenti
between 4.5A2 and GN33#1) and MM plates with sorbitol (1 g/L) (a selective
medium, growing only GN32#2). Colonies were counted and morphologies observed
at 24, 48, and 72 hours of incubation atG0

Growth and nitrate reduction in contaminated groundwater by pure cultures and
mixed assemblages at pHs 5 and 7.

IsolatesCastellaniellastr. 4.5A2 Rhizobiumstr. GN32#2, an@seudomonastr.

GN33#1 were used for growth and competition experiments in OR-IFRC FW021 GW
(INO31~120 mM). The goals of these experiments were to a) determine whettger thes
isolates could grow in Area 1 GW, b) to determinesN@duction rates and NO
accumulation levels at different initial pH values for of each isolate jatod ¢

determine if a mixed assemblage of the three isolates “outperformdiditer

growth, faster and more efficient nitrate reduction) the best individuakésiol GW.

(i) Groundwater preparationThe pH of FW021 GW, after being stored aC4or

approx. three years was 4.7. MES (potassium salt) was added to FW021 GW to a final
concentration of 50 mM, and GW was centrifuged in 500 ml Beckman centrifuge
bottles at 8,000 rpm (using Beckman JLA 10.500 rotor) for 15 minutes to remove
solids (e.g. aluminum precipitates, biomass). Then, vitamin and trace metarsoluti
(62) were added to GW (10 ml/L and 5 ml/L), respectively, and GW was boiled for 5
min and cooled by sparging with,dO, (80:20) for 45 minutes, after which the pH of

GW had increased to 6.2, and was adjusted (ung@N atmosphere) to either pH 5
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(using 1IN HCI) or pH 7 (using 3.3 g NaHg@er 750 ml GW). Anoxic FW021 GW,
prepared at pH 5 and 7, was dispensed into 120 ml serum bottles (48 ml per bottle);
bottles were sealed with butyl rubber stoppers and headspace was exchamged wit
N.:COsfor 5 minutes, after which all bottles were autoclaved. After autoclaving,
yeast extract was added to each bottle from a sterile stock solution to fewdh a
concentration of 0.01%.
(if). Experimental set up and sampling procedure. Castellangttlad.5A2,
Rhizobiumstr. GN32#2, an®seudomonastr. GN33#1 were grown individually, in
100 ml 100 mM nitrate MM (pH7) for 12 days, and pure culture GW bottles amended
with ethanol (100 mM) at pH 5 and pH 7 were inoculated with 1.5 ml culture per
bottle. A mixed assemblage of all three isolates was inoculated into GW (0.5 ml of
each culture) at both pH 5 and 7 and amended with 100 mM ethanol. Cultures
containing no ethanol were included as controls. Each set of inoculations was
replicated in duplicate bottles at both pH 5 (10 total bottles) and 7 (10 total bottles).
All bottles were incubated in the dark at room temperature (appf@aX.2and
subsamples were removed periodically for viable counts of each isolate, anion
analysis, microscopy, and pH measurement.

Subsamples were removed from pH 7 bottles after 0, 2, 4, 6, 10, 15, 21, 30,
and 44 days of incubation and from pH 5 bottles after 0, 3, 7, 11, 17, 25, 34, 46, 64,
and 85 days of incubation. At each of these time points, 1.5 ml was removed from
each bottle into a sterile 15 ml Falcon tube, flushed wit@®,. From each of these,
0.5 ml was removed into a 1.5 ml microcentrifuge tube, placed on ice, for viable

counts and anion analysis, and 0.1 ml was removed into a separate microcentrifuge
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tube containing @l formaldehyde to fix cells. The pH was measured from the
remaining sample in each falcon tube. For viable counts, samples were vortexed
rigorously to evenly distribute cells and serially diluted (in duplicate frazh battle;
four dilutions series per treatment group) in 1X phosphate-buffered saline. From
mixed assemblages, each dilution was plated onto three plates of both LB and
MM+sorbitol (1 g/L) to quantify all strains. From pure culture incubations ©A2

and GN33#3 bottles, dilution series were plated onto LB plates, and from GN32#2
bottles, dilution series were plated onto MM+sorbitol plates. All plates were
incubated aerobically at 30, and colonies were counted at 24, 48, and 72 hours of
incubation. After samples were removed from microcentrifuge tubes fal seri
dilutions, tubes were centrifuged at 13,000 rpm to remove biomass; supernatant was
removed, diluted 1:10 in nanopurg® and used for anion analysis. Formaldehyde-
fixed samples were stored &C4until they were counted.

Nitrite minimum inhibitory concentrations (MICs)

Nitrite tolerance was determined at pHs 5, 6, and 7 for isolates 4.5A2, GN33#1, and
GN32#2, as well a€upriavidus(formerly Ralstonig metallidurans strCH34 (a

known metal-resistant organism (25), used as a comparison in this study, kindly
provided by Dr. Daniel van der Lelie of Brookhaven National Laboratory) in both 10
mM nitrate MM and aerobic MM (where no nitrite would accumulate due to
denitrification during growth). 2X medium at each pH was prepared and dispensed
into 24-well polystyrene plates (1 ml per well); 1 ml of N&ock solutions was

added to each well to reach final [N[f O, 1, 5, 10, 50, 100, and 250 mM at each

pH (NO, addition did not change the pH of media). Anaerobic plates were placed in
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an anaerobic chamber at least 24 hours prior to inoculation. Ethanol was added to
each well (25 mM final conc.), and cells were inoculated from freshly grown cultures
(grown in 10 mM nitrate MM at pHs 5, 6, or 7). One well in each plate served as an
uninoculated, or sterile control. Aerobic 24-well plates were incubated at room
temperature, shaking slowly (80 rpm), and anaerobic plates were incubated in the
anaerobic chamber. Growth was monitored (“+” or “-”, based on visible turbidity)
daily for 10 days; after 14 days, 1 ml aliquots were sampled into cuvettes, and
O.DsoonmWas measured from each well (WPA Biowave, S2100 Diode Array
spectrophotometer). The minimum inhibitory concentration (MIC) for eachesala
each pH was defined as the lowest [N@ested that inhibited visible growth within
14 days of incubation.
Kinetic parameters of denitrification
Cultures ofCastellaniellastr. 4.5A2 Rhizobiumstr. GN32#2, ané&seudomonastr.
GN33#1 were grown for enzyme assays to determine the kinetic parametirates
, Nitrite- and nitrous oxide reduction. Typically, 1 L of each culture was grown in 20
mM nitrate MM, pH 7 (inside an anoxic glove chamber) until cells reached mid- to
late- log phase for NQand NQ' reduction assays. Cultures were incubated for an
additional 24 hours for O reduction assays (upon observation of visible bubbling in
culture media).

On the day of each assay, cells were transferred into 500 ml centrifuge bott
inside the anaerobic chamber. Cells were collected by centrifugation (28g300
15 minutes at4C using a JLA-10.500 rotor), resuspended in, and washed 3X with

anoxic cell buffer (20 mM HEPES, 0.1% NacCl, pH 7). Whole cell suspensions were
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prepared by resuspending cells in anoxic cell buffer. Cell-free &xtrare prepared
by lysing cells with B-PER protein extraction reagent (Pierce Protesedtch
Products, Rockford, IL), according to manufacturer’s instructions, removing intac
cells and cell debris by centrifugation. All culture manipulations, other tha
centrifugation, were done inside the anaerobic chamber, until the point atwitotdh
cells or cell extracts were dispensed into 30-ml serum bottles and sealetspatea
was flushed with Blfor 10-15 minutes to remove any br O, that may have been
present. Whole cell suspensions and cell extracts yielded protein conoaatrati
ranging from 100-100Qg/ml and were kept on ice for up to 12 hours to be used in
kinetic assays. Protein concentrations were determined with the bicinchonihic aci
(BCA) assay kit (Pierce Protein Research Products, Rockford, IL). tBwotein
guantification, whole cells suspensions were diluted 1:2 in 1IN NaOH and boiled for 5
min to extract proteins.

Nitrate and N@ kinetic assays were performed in serum tubes, sealed with
butyl rubber stoppers; each containing 8 ml (total volume) reaction buffer (pH 7),
containing the following: 20 mM HEPES, 1% NacCl, 5 ml/L trace metals, and 1 mM
benzyl viologen (BV) dye (spectrophotometric reagent). Prior to each 8sayas
reduced by adding an anoxic solution of 5 mM sodium dithionite (prepared fresh the
day of each assay) drop-wise until reaction buffer reached ago6«D.7-0.9
(measured using a Spec2)DCell extracts were added (0.1-0.3 ml) to reaction buffer
containing reduced BV (electron donor) and pre-incubated for five minutes prior to the
start of each reaction. Reactions were started by the addition of 0.1 ml of anoxic

nitrate or NQ" stock solutions, to reach concentrations ranging from 0.01 to 1 mM,
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and Abgoonmwas recorded every 15 seconds. Rates of BV loss were calculated using
the Beer Lambert Law equation Asscel to solve for ¢ (concentration of BV), where
A = Absso0 nm € = extinction coefficent for BV, 10.4 camM™ (35), and | = path
length of the sample (1.5 cm diameter inside Balch tube). As the oxidation of reduced
BV yields one electron, rates were expressed for both nitrate asichd&ays agmol
eemin‘emg proteift. Rates were calculated for each electron acceptor in duplicate or
triplicate at several different initial concentrations (0.01-1 mM), and kineti
parameters K and Vinax Were calculated by non-linear regression curve fitting of rate
data (using SigmaPI8tsoftware, Systat Software, Inc.,) to the Michaelis Menten
equation: V = (Vhae[So))/(Kmt[Se]), where V = rate at each initial electron acceptor
concentration ([§). Controls performed included cell-extract only controls for each
isolate as well as nitrate- or Nednly (no cell extract) controls. Rates based on cell
extracts were also compared to those using whole cell suspensions of GN33#1.
Finally, nitrate reduction rates based on cell extracts of 4.5A2 determined ¥fom B
assays were compared to nitrate reduction rates in whole cell assaysthsinol as
an electron donor (where nitrate loss was monitored over time from sub-samples
removed throughout the time course of the experiment).

Because a previous study had found that BV could act as an electron donor for
N,O reductase dParacoccus denitrificansell-free extracts, but not in whole cells
(35), NbO kinetic assays were performed in this study in a similar manner atenitr
and NQ- kinetic assays, using cell-free extracts. However, assays werevdbrith
ml of reaction buffer in serum tubes (no headspace, to eliminate or minimize the

partitioning of NO into gas phase), and reactions were started by the addition of a
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saturated solution of JO prepared in anoxic water, assumed to be 25 mM, based on
the maximum solubility of this gas at room temperature (35). Minimum volume of
N»O required for saturation was determined using the Ostwald coefficiehidgas

at room temperature (0.679 /L) (68).
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Results
Phylogeny (16S rRNA gene analysis).
Greengenes and RDP Classifier programs found that, based on 16S rRNA gene
sequences, the six isolates fell into three gram-negative g&terabium(of the
Alphaproteobacterig Castellaniella(BetaproteobacteripandPseudomonas
(Gammaproteobacter)a Phylogenetic distance trees verified these results; also, these
genera have been detected among various clone libraries constructed frét@ OR-I
site sediment (Fig 1)Castellaniellastrains 4.5A2 and 7.5A2 formed a clade with
environmental clone sequences from a PCE-contaminated aquifer (unpublished,
Genbank accession number EF644519) and an ethanol-stimulated sediment coupon
deployed in an OR-IFRC Area 1 multilevel sampler well (50), distinct friaches of
known published species Ghastellaniella(C. defragransC. denitrificans andC.
cane) (32, 37) (Fig 1), suggesting that these isolates may represent a noies spec
within the genus.

Rhizobiumstrains GN32#1 and GN32#2 are 99.9% similar to each other and
are most closely related (>99% similarity) to a clone fromyN@d Tc-reducing OR-
IFRC sediment microcosms (36) and are >98% similar to cultivated isolates
Agrobacterium tumefacieri®G12 and TG14 (classified &hizobiumaccording to the
RDP taxonomy), nitrate-reducing isolates capable of phenol degradation under low O
conditions (5), andRhizobiunsp. 52W, isolated from a rice paddy field (unpublished,
Genbank accession number AB26232Bhizobiunstrain GN33#3 is 97.1% similar
to the other two OR-IFR®hizobiunstrains, suggesting it may represent a separate

Rhizobiunmspecies (or subspecies). It is most closely related (>99%) to a clone from
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an arsenite-oxidizing denitrifying enrichment (60) and is also >98% sitailaot-
associated soil isolatésnorphomonas oryzd@46 and B47 (also classified as
Rhizobiumaccording to the RDP taxonomy) (unpublished, Genbank accession
numbers AB233493 and AB233494).

Pseudomonastr. GN33#1 is >99% similar to a soil isola®seudomonas
stutzeristr. 24a36 (55) as well as several strainBsgudomonas stutzgfig 1), and
thus GN33#1 is likely a strain of this species, which has been used as a model to study
denitrification (34, 64, 70, 71) and hydrocarbon degradation (6, 54, 59).
Cell morphology, arrangement, and motility
All isolates appeared as single, motile rods and stained gram-negativefradells
RhizobiumandPseudomonaisolates were slightly larger (xin in length) than cells
from bothCastellaniellacultures (approx 1.pM in length). Cells fronCastellaniella
cultures appeared to move much more quickly than other isolates. At pH 5, motility of
Castellaniellastr. 4.5A2 was however, decreased, and more aggregates were present
at pH 5 than at pH 7 in nitrate MM. Cells observed at pH 5 were also longer (1.6
0.33um in length) during mid-log phase than cells growing at pH 7 @.@35um
in length). At both pH 5 and 7, cells increased in length as growth entered stationary
phase.
Growth experiments.
() pH and temperature ranges and optimatd and temperature ranges and typical
growth curves for isolates 4.5A2, GN32#2 and GN33#1 are shown in Table 2 and
Figure 2, and unless otherwise stated, data presented for 4.5A2 is typical of both

Castellaniellastrains (4.5A2 and 7.5A2) and data presented for GN32#2 is typical of
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all Rhizobiunstrains. Overall, results show tl@aastellaniellastrains are the most
tolerant of low pH and that electron donor and initial By@ffect acidic pH
tolerance.

In 20 mM nitrate MM with ethanol (Exp. 2 astellaniellastrains 4.5A2 and
7.5A2 grew from pHs 4.5-8.0, and optimally at pH 6.5 (Table 2); growth rates were
nearly identical at pHs 5.5-7.5, and only at pH 4.5 did growth appear affected (Fig 2).
Aerobically with acetate (Exp. 6), these isolates did not grow below pH 5.5, and grew
optimally at pH 7.5 (Table 2). Additional experiments in nitrate MM also showed that
str. 4.5A2 was capable of growth with ethanol, but not acetate, as an electron donor at
pH 5 (data not shown), suggesting that electron donor used for growth is critical in
regards to pH tolerance. In 10 mM nitrate MM, strain 4.5A2 grew from pHs 4.0-8.5,
whereas in 100 mM nitrate MM (Exp. 4), this strain did not grow below pH 4.5 (Table
2), suggesting that initial [N€)} (or levels of denitrification intermediates that may
accumulate, depending on initial [N{), may also affect pH range for growth.

Rhizobiunstr. GN32#2 also grew at pHs 4.5-8.0, and optimally at pH 6.5 in 10
mM nitrate MM (Table 2, Exp 1), though growth was slower at acidic pHs (4.5 and
5.5) thanCastellaniellastrains (Fig 2). However, the other strain®bfzobium
(GN32#1 and GN33#3) were only capable of growth at pHs 5.5-8.0 (data not shown).
With ethanol as an electron donor in 10 mM nitrate MM (Exp. 3), GN32#2 did not
grow below pH 5 (Table 2), further validating that electron donor choice sffétt
tolerance. For this isolate, pH range was also narrower at 100 mM vs. 10 mM nitrate

(Table 2, Exps. 3 and 4). Lastly, growthRizobiumisolates in nitrate MM typically
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yielded more biomass (higher Max. @B thanCastellaniellaor Pseudomonas
isolates (Fig. 2).

Pseudomonastr. GN33#1 appeared to have the fastest generation time of all
isolates at neutral pH in nitrate MM (Fig 2), having the narrowest pH rangeingrow
from pH 6.0-8.0 in nitrate MM (Exp. 1), and the highest optimum pH (8.0) (Table 2).
Aerobically, GN33#1 was capable of growth down to pH 5.5 (Table 2, Exp. 5),
suggesting that nitrate, or accumulation of denitrification intermediatgs, m
contribute to toxicity at slightly acidic pH values. UnliRaizobiumsolates , growth
at pHs > 6 was not affected by high initial [NJdTable 2, Exps. 3 and 4).

All isolates were considered mesophilic in regards to their temperahges
and optima and were capable of growth at low temperatures (4 &0y 16
(i) pH-dependent nitrate reduction and nitrite accumulatiompH experiments 1-4
(Table 2), subsamples were removed from serum tubes periodically throughoilit grow
curves to determine [NQ and [NG;]. Nitrate reduction rates seemed to match
closely with growth for all isolates (Fig. 2 -- nitrate data for Exps 1 amd &ewn in
Fig. 2; nitrate data for Exps. 3 and 4 showed similar trends and are thus not presented
here). Pseudomonastr. GN33#1 reduced nitrate more quickly during growth than
CastellaniellaandRhizobiumisolates (Fig. 2), and did so optimally at slightly alkaline
pH values. In 10 mM nitrate MM with ethan®lseudomona&N33#1 accumulated
more NQ" at pH 6 (max [N@] = 10.9 mM) than at pHs 7 or 8 (Table 3); furthermore,
NO, was not further reduced at pH 6 (data not shown). In 100 mM nitrate MM,
Psudomona&N33#1 accumulated higher [NPat pHs 7 and 8 (max [NQ = 71.2

and 80.3 mM, respectively) than at pH 6 (max pN© 19.5 mM); however, as noted
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in other experiments, NOwas not reduced at pH 6, and after the observed NO
accumulation, further nitrate reduction and growth were inhibited (data not shown)

RhizobiumandCastellaniellaisolates, on the other hand reduced nitrate more
slowly thanPseudomonastr. GN33#1 during growth, and optimally at pH 6.5 (Fig
2). ForCastellaniellastr. 4.5A2, nitrate reduction varied little between pHs 5.5-7.5,
whereas acidic pH values had a greater effect on the lag time and ratatef ni
reduction and growth fdRhizobiunstr. GN32#2 (Fig. 2). Overall, much less NO
accumulation was observed@astellaniellaandRhizobiumsolates than for
Pseudomona&N33#1 at all pH values.
(iif) Utilization of different electron donors and electron acceptohdl.isolates were
tested for growth on 28 different organic substrates; Maximum optical idsnsit
(Abssoonm) for GN32#2 (typical of alRhizobiumsolates, unless otherwise indicated),
4.5A2 (typical of botiCastellaniellaisolates) and GN33#1 are shown in Figure 3.
Rhizobiumsolates had the highest maxmum ODs on nearly all substrates tested and
were the only isolates to utilize sugars other than glucose as a growtlateu@s.
3). Rhizobiumsolates grew best on sugars, and sugar alcohols (sorbitol and mannitol)
but also grew well on most amino acids and organic acids tested, with the @xsepti
of glycine, succinate, and citrate (Fig BhizobiumGN33#3, which differs
phylogenetically from the other tw®hizobiumisolates (Fig 1), was the only isolate of
the three capable of growth on succinate (data not shown).

Pseudomonastr. GN33#1 an€astellaniellaisolates 4.5A2 and 7.5A2 had

similar substrate utilization profiles, growing best on amino acids and orgaasc a
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(Fig 3). As well,Pseudomonastr. GN33#1 anf€astellaniellaisolates were capable
of using benzoate as a sole carbon source.

Castellaniellastr. 4.5A2 showed visible clearing of U(IV), a black precipitate,
when UQ was added to nitrate MM (withNCO, headspace) as an electron donor
whereasRhizobiunstr. GN32#2 anéseudomonastr. GN33#1 did not. Though
U(VI) was not measured and cultures have yet to be transferred, thisa®eves
preliminary indication tha€Castellaniellastr. 4.5A2 may be capable of
chemolithoautotropic growth with U(IV) as an insoluble electron donor and nitrate as
an electron acceptor.

All isolates were capable of utilizing;ONOs, NO,, and NO as electron
acceptors to support growth, whereas none of the isolates were capable of growth on
any of the other electron acceptors testetlizobiumsolates showed a partial
dissolution of iron gel and Mn{minerals; however reduced Fe(ll) or Mn(ll) could
not be detected in any of these culture tubes.

(iv) Comparison of growth rates on nitrate and denitrification intermediates, nitrite
and nitrous oxidelsolates 4.5A2, GN32#2, and GN33#3 were all tested for growth
on nitrate, N@, and NO at both pHs 5 and 7. All were capable of growth on each
electron acceptor at pH 7 (Table Hseudomonastr. GN33#1 had the fastest
generation time on nitrate (26.15 hours), whered3astellaniellastr. 4.5A2 grew

the most slowly on nitrate (Gen time =8163 hrs). Each isolate grew more slowly in
100 mM nitrate MM than in 10 mM nitrate MM, suggesting that nitrate or
accumulating denitrification intermediates could be toxic during growth. liseg\wan

increase in [N@] impaired growth rates of each isolate, though more so for
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Pseudomona&N33#1 andRhizobiumGN32#2 than foCastellaniella4.5A2, which

had the fastest generation time on:N@.0t1.3 hours) (Table 4)Rhizobiurnstr.

GN32#2 was the most impaired with 50 mM NOthe lag time was long (several
weeks, data not shown) and the average generation time was 95 hours. This isolate
grew faster on BD than on nitrate or N and its growth on pD was faster than the
other isolates (Gen time=3#0.12 hours).

At pH 5, onlyCastellaniellad.5A2 andRhizobiumGN32#2 grew on nitrate;
however, GN32#2 grew too slowly at pH 5 (with ethanol) for a generation time to be
reported (Table 4). At pH 5, 4.5A2 was the only isolate of the three to grow $n NO
(and growth only occurred at 5 mM NQafter several weeks of a lag period) an®N
(Table 4).

(v) Colony morphologies on different types of solid medi&isolates formed

smooth, round colonies on solid media. On LB plates, GN33#1 formed pale yellow
colonies within 24 hours (approx. 1 mm in diameté&astellaniellaisolates 4.5A2

and 7.5A2 formed small pin-point colonies on LB within 48 hours (barely visible);
within 72 hours, colonies were pale yellow and 0.5-1 mm in diamBfeizobium
isolates did not form colonies on LB plates; further tests revealed thaisbkdes

also did not grow on other complex rich solid media, such as tryptic soy agar or
nutrient agar. All isolates, however, formed colonies on MM plates with yeaatiex
(1 g/L) as a carbon source. As on IEBeudomonaandCastellaniellaisolates

formed colonies at 24 and 48-72 hours, and respectively, with distinguishing
diameters, as noted aboviehizobiumsolates formed smooth, white colonies approx

1 mm in diameter after 48-72 hours on yeast extract MM plates.
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Viable counts were performed from pure liquid cultures of 4.5A2, GN32#2,
and GN33#1 and from a mixed culture of the three (mixed with known volumes of
each pure culture) using LB plates and MM plates + sorbitol. As expected, in pure
culture,Pseudomona&N33#1 andCastellaniella4.5A2 formed colonies on LB
plates at 24 and 48-72 hours, respectively,RimdobiumGN32#2 was the only
isolate to form colonies only on MM plates + sorbitol (round, white, with a mucoid
texture). From mixed cultures of all three isolates, GN33#1 and 4.5A2 could be
distinguished on LB plates due to their respective colony morphologies asdaside
GN32#2 could be counted from a mixed culture on MM+sorbitol plates. This method
was used from a mixed culture with known cell densities of each isolate totabcura
qguantify CFUs/ml of each isolate from within the mixture (data not shown).

Growth and nitrate reduction in contaminated groundwater by pure cultures and

mixed assemblages at pHs 5 and 7.

(i) Growth, nitrate reduction and nitrite accumulation in pH 5 FW021 GW.
Castellaniellasp. 4.5A2 was the only isolate of the three capable of growth in pH 5
FWO021 GW in pure culture (Fig. 4); 4.5A2 also maintained its population within the
mixed culture better than it did in pure culture, where viable counts began to decrease
after 25 days (Fig. 4)Rhizobiumsp. GN32#2, though incapable of growth in pure
culture (dying off, below detectable levels within 46 days) grew in the mixed
assemblage in pH 5 GW both with ethanol, as well as in the electron donor control (no
ethanol added) after initially dying off (Fig 4RhizobiumGN32#2, despite growing

in the mixed culture + ethanol, remained < 1% of the total cells throughout the

majority of the experimentPseudomonastr. GN33#1 had died off, below detectable
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levels, by 25 and 64 days in pure culture and within the mixed assemblage + ethanal,
respectively (Fig 4).

Cells in both 4.5A2 pure cultures and mixed assemblages in pH 5 GW
appeared similar by phase contrast microscopy after 5 days of incubationghsost ¢
were single rods whereas some formed large aggregates. The number of cell
aggregates per field of view peaked between Days 17-46. By day 85, most cells
appeared as longer, single rods in the 4.5A2 pure culture; however, in the mixed
assemblage, many more cells were observed in odd arrangements, attacodd t
other or to precipitates.

Nitratereduction was faster with less W@ccumulation in the mixed
assemblage + ethanol comparetstellaniellastr. 4.5A2 alone (Fig. 5, Table 5).
Within the 85 days of the experime@astellaniellastr. 4.5A2 had reduced 56% of
the total nitrate in pure culture whereas 88% of the nitrate had been reduced in the
mixed assemblage + ethanol. The zero-order nitrate reduction rate by tlde mixe
assemblage + ethanol at pH 5 was 1.3 mM/day. Also, maximum and figal NO
concentrations were higher in bottles containing 4.5A2 alone vs. the mixed
assemblage + ethanol (Table 5). Nitrate was not reduced in eitigethéomonas
or Rhizobiunmpure cultures, nor in the mixed assemblage — ethanol control at pH 5;
however approximately 0.5-1 mM N@ccumulated in each of these (Fig. 5). The
final pH values of GW containinGastellaniellad.5A2 pure culture, the mixed
assemblage + ethanol, and the mixed assemblage — ethanol were 6.6, 6.8, and 5.6,
respectively, whereas the pH of GN32#2 and GN33#1 pure cultures had remained

unchanged throughout the experiment (final pHs = 5.05 and 5.1, respectively).
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(i) Growth, nitrate reduction and nitrite accumulation in pH 7 FW021 GWithree

isolates were capable of growth in pure culture and concomitant growth witkexd mi
assemblages + ethanol in pH 7 FW021 GW (Fig. 4). In pure culture, and in mixed
assemblages, bo@astellaniellastr. 4.5A2 and®’seudomonastr. GN33#1 grew for 6

days after which viable counts began to decrease (Fidgrlizobiumstr. GN32#2, on

the other hand, was the only isolate that continued to grow within the mixed
assemblage + ethanol after 6 days, and by the end of the experiment, this isolate
dominated the mixed assemblage (64% of total cells). In pure culture, however, viable
counts of GN32#2 rapidly decreased after only 4 days (Fig. 4).

Under the microscope, GN32#2 in pure culture in pH7 GW appeared to form
mostly small aggregates of 2-5 cells, typically attached in a variety péshehereas
4.5A2 and GN33#1 mainly appeared as single rods or attached to large mineral chunks
(probably carbonate minerals). A mixture of all these cell arrangemergsaen in
the mixed assemblage + ethanol.

In pH 7 GW, nitrate reduction proceeded more quickly in mixed assemblages
+ ethanol vs. any of the pure cultures alone (Fig 5). The zero-order retateion
rate by the mixed assemblage + ethanol was 2.6 mM/day, twice faster thab at pH
(Table 5). In pure cultur&seudomonastr. GN33#1 has the fastest initial nitrate
reduction, but this slowed after Day 6, at which point §j@ad increased to >20 mM
(Fig. 5). By the end of the experiment, this isolate only reduced 56% of the total
nitrate, and the final [N& was 18 mM (Table 5)Rhizobiunstr. GN32#2 was the
second fastest of the three isolates in regards to initial nitrate redwatgohowever,

this activity stopped after Day 15, at which point [N®ad increased to > 20 mM
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(Fig. 5). By the end of the experiment, GN32#2 reduced 71% of the total nitrate, and
the final [NG] was 29 mM (Table 5)Castellaniellastr. 4.5A2 was the slowest

among the three isolates in regards to nitrate reduction (Fig. 5); howevectithiyg a

did not slow down or cease, as observed with the other two isolates, and by end of the
experiment, 4.5A2 reduced 84% of the total nitrate, and the final[M@s 7.7 mM
(Table 5). The final [N@] in the mixed assemblage + ethanol was less than in any of
the pure cultures alone (1.5 mM).

Nitrite MICs

MICs of NO, were higher along with increasing pH for all isolates (Table 6),
suggesting that NOis generally more toxic at more acidic pH values. Nitrite MICs
for Castellaniellastr. 4.5A2, for example, were 5, 50, and 250 mM at pHs 5, 6, and 7,
respectively. 4.5A2 was the much more N\tOlerant than other isolates, growing at
[NO.] ten-fold higher than all other isolates at each pH. Nitrite was more ttoxi
Pseudomonastr. GN33#1 an€. metalliduransstr. CH34 under anaerobic

conditions, in which nitrite tends to accumulate > 5 mM, accordiagoiori data
obtained (Table 3, data not sho®nmetallidurany This was not observed,

however, for isolates 4.5A2 and GN32#2, which tend to accumulate littlg][&lO

lower pH values (Table 3).

Kinetic parameters of denitrification

Results from controls showed that absorbance loss due to either cell extraetsral

any of the electron acceptors alone occurred within the first 15 secondé efssay,

after which absorbance was stable. Thus, absorbance measurements takdrb before

seconds (i.e. o) were excluded from rate calculations. Nitrate-reduction rates Sv@r
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times greater using cell extracts of GN33#1 than whole cells. Likewissteni
reduction rates based on BV assays using cell extracts of 4.5A2 were 9.3raates ¢
than those calculated from whole cell assays using ethanol. It wastbherencluded
that assays using reduced BV as an electron donor for cell-free eptegmased using
B-PER were sufficient to determine and compare the kinetics of nitrate, &Nd
N2O reduction of the three isolates.

IsolatesCastellaniellastr. 4.5A2 Rhizobiumstr. GN32#2, an®seudomonas
str. GN33#1 all had fairly high Kvalues for nitrate, compared to N@nd NO
(Table 7), GN33#1 had the fastestayon nitrate, compared to NCand NO, and the
fastest nitrate-reducing activity of any of the other isolates. Althdugas
hypothesized that 4.5A2 would have the fastest rates of nitrite reduction, it was
actually GN32#2 that had the highest.yon nitrite (Table 7), but the lowest affinity,
while GN33#1 had the highest affinity for NObut slowest Wax Both GN32#2 and
4.5A2 each had much faster rates of;N@duction compared to nitrate reduction
(Table 7), thus potentially explaining the low levels of NifBat accumulate in growth
medium for these two cultures, compared to GN33#3 (Table 3), which, on the other
hand, had nearly 100-fold greater activity on nitrate oves N&ble 7). Both
GN33#1 and 4.5A2 had comparably high rates 9 keduction, with high affinities
for the gas (Table 7). Michaelis Menten constants for GN32#2 unfortunately could
not be obtained with cell extracts opQ\ though cell extracts exhibited some activity
(max observed = 0.3dmol éemin™emg proteif), rates were not proportional to
protein concentration, nor were Michaelis Menten kinetics observed (i.e. mt®iva

proportional to substrate concentration).
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Discussion

Nitrate reduction rates and accumulation of denitrification intermexdgateboth
important in regards to bioremediation of U-contaminated groundwater in that both
can directly (or indirectly) affect both U(VI) reduction and U(IV) reoxiolat
respectively, during biostimulation efforts. In this study, we have shown through
simple pure and mixed culture experiments using denitrifying isolategatatt from
the OR-IFRC, that denitrification in acidic and neutral high-nitrate gnvatet is
optimal with mixed assemblages of denitrifying bacteria, with morgtetsmand
higher rates of nitrate reduction and less nitrite accumulation than withua@y
culture alone (Fig 5, Table 5). Nitrite accumulation, while relevant to U(VHatiain,
may also be critical in regards to the growth and survival of subsurface
microorganisms, as concentrations > 5 mM are considered toxic to sulfaterageduci
syntrophic, and methanogenic bacteria (26, 46), as well as denitrifying aactpure
culture (2) and in activated sludge (23). In the latter studies, it was elitett
nitrite toxicity is dependent on nitrous acid (HN®©@oncentration, and is therefore pH-
dependent. As well, our data indicate that nitrite inhibits growth of denitrifying
bacteria at concentrations > 10 mM, and that nitrite toxicity is pH-dependent, being
more toxic at acidic pH values (Table 6). Thus, the ability of mixed assermlitage
limit nitrite accumulation compared to pure cultures (Fig 5) is likely impbtta
growth and survival of not only denitrifying bacteria, but other subsurface
microorganisms as well.

Mixed assemblage experiments using the three isdlastsetellaniellastr.

4 5A2,Rhizobiumstr. GN32#2, an®seudomonastr. GN33#1 in OR-IFRC

132



groundwater showed comparable rates of nitrate reduction and amounts of nitrite
accumulation to those seen in field and lab-scale experiments using naturargedim
communities. Nitrite accumulation during biostimulation of Area 1 OR-IFC
sediments often and typically far exceeds pNi@at are considered toxic, up to 130
mM, though typically between 10-20 mM (31, 43, 58). Similarly, the mixed
assemblage accumulated [NI®f 4.8 and 18.8 mM at pHs 5 and 7, respectively
(Table 5). Zero-order nitrate reduction rates during flow-through biostimilat
experiments in Area 1 sediments typically range from 6-10 mM/day (31, 43). Our
mixed assemblage results showed zero-order rates of 1.3 and 2.6 gslapf@t pH

5 and 7, respectively, which is similar to that observed in Area 1 batch microcosms
(1.125 mM/day) (43). Thus, the tri-culture used in our experiments may serve as a
useful model to study natural denitrifying communities, and how environmental
factors, such as pH, affect rates of nitrate reduction, nitrite accuamylatid growth

and survival of microorganisms involved in these processes.

While co-culture experiments have been performed to study denitrification and
have generated similar results (i.e. more complete denitrificatioreasd |
denitrification intermediates) (42, 61, 63), it has been suggested that even in the
breakdown of a single compound (i.e. nitrate), multiple species are likely iavahd
that it is difficult to identify which microorganisms are involved (63). In zitig
growth, kinetic, and nitrite MIC experiments, we have found that each isolagespref
different denitrification electron acceptors for growth (Table 4)) different rates of

reduction for each (Table 7) and varies in regard to nitrite tolerance;diffesences
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lead us to believe that in the tri-culture, each genus may play a unique role in
bioremediation.

Pseudomonastr. GN33#1 likely contributes mostly to nitrate reduction in
neutral contaminated groundwater, until nitrite accumulation exceeds toX&: |&\e
example, during the OR-IFC groundwater experiment, nitrate reduction anel nitrit
accumulation of GN33#1 were nearly identical for the first 6 days, until nitrite
concentration reached > 20 mM (Fig 5). In pure culture, viable counts and nitrate
reduction rates decreased after this (Figs 4 and 5), suggesting it no longer had a
competitive advantage in a mixed culture. Despite having the lowest aftinity f
nitrate, nitrate reduction rates are the fastest for this organism over théenather
isolates in kinetic experiments (Table 7), and it had the fastest gendrate on
nitrate (Table 4), further validating its likely role as the key nitratkicer in mixed
assemblages. However, it accumulates more nitrite at acidic pH valges {Fble
3), is less nitrite-resistant (Table 6), and has a narrower pH range (aed tygimal
pH) than the other isolates (Table Ryeudomonastr. GN33#1 is likely only active
in nitrate reduction in neutral and basic groundwater.

Castellaniellastr. 4.5 A2 is likely a key player in nitrite reduction in acidic
high-nitrate groundwater as well as under neutral conditions when nitnimalates
to high levels. Though this isolate did not have the fastgstiv regards to nitrite
reduction at pH 7 (Table 7), it was shown to be the most nitrite-resistant (Tahlel6)
was even capable of growth on 5 mM nitrate at pH 5 (Table 4). This isolatelgypical
accumulates low levels of nitrite at low pHs (Table 3); this, along witmhareced

nitrite tolerance compared to other isolates, may explain how its growils rate
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relatively unaffected at lower pH values (Fig 2). Even though this isoldte is t

slowest nitrate reducer under neutral conditions, it seems to be likely involved in
nitrate reduction in pH 5 OR-IFRC groundwater, since the other two isolates alone
were incapable of nitrate reduction under the same conditions. In all, it $&gms t
nitrite and pH tolerance are likely two large contributing factors to thetgrand

survival of this isolate in OR-IFC groundwater under acidic and neutral conditions
thus potentially explaining the dominanceGadstellaniellain clone libraries

generated from OR-IFRC Area 1 sediments undergoing biostimulation (50, 58). This
isolate may prove to be a useful model organism to study pH and nitrite tolerance, and
further research is warranted in examining whether aggregate formationaility

are important for growth and survival Gastellaniellaspecies and whether these
isolates are indeed capable of chemoautolithotrophic growth with insolublg &tV
nitrate as an electron donor and acceptor, respectively.

Rhizobiunmstr. GN32#2 is likely involved in later stages of denitrification in
OR-IFRC high nitrate GW. First, this isolate was the only one among the three
capable of growth in both pH 5 and 7 OR-IFRC groundwater after Days 17 and 6, in
mixed assemblage experiments (Fig 4). Second, it has the fastest raigeof nitr
reduction (Table 7), but since it is comparably lacking in nitrite tolerance, thagas
is might only contribute to nitrite reduction when nitrite concentrations remain low
Third, it has the fastest growth rate osONTable 4). Factors that may contribute to
growth and survival of this isolate in groundwater may include, asGastellaniella
its ability to accumulate low levels of nitrite under low-pH conditions (Table 3)tand i

wide pH range (Table 2). Also, this isolate has the widest substrate rangegisd s
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to be the most growth efficient (Figure 3), and preliminary data suggessstitha
ability to solubilize insoluble Fe(lll) and Mn(IV) minerals; the ability tdubilize
minerals could be an advantage in low nutrient conditions.

Lastly, the work presented here provides some general implications dor fiel
scale bioremediation efforts. Firstectron donor choice is important in acidic
groundwater, as we have shown that donor type for@a#itellaniellastr. 4.5A2 and
Rhizobiumstr. GN32#2 affects these isolates pH range of growth (Table 2). Similarly,
electron donor choice has been shown to be critical to functional diversity of microbia
communities and U(VI) reduction, with ethanol being a good electron donor choice
(1). Second, nitrite accumulation is key, and must be alleviated to improve
bioremediation of high nitrate- and U-contaminated groundwater, as it not onkg resul
in U(IV) oxidation as other studies have shown, but also has toxic effects on the
microbial populations responsible for nitrate removal. Because of its nittitetien
rates and nitrite tolerance, growth and survivaCastellaniellastr. 4.5A2, or species
closely related to this isolate, is likely important in keeping nitrite eontmations low

in acidic high-nitrate groundwater undergoing biostimulation.
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Table 4. Generation times for OR-IFRC isolates on different concentrations §f NO
and NQ', and on 25 mM BD at pH 7 (all isolates) and pH 64stellelaniellastr.
4.5A2). Each experiment used ethanol as the electron donor.

Generation time (hr)
Isolate NOg NO, N,O
10 mM 100 mM 5mM 10 mM 50 mM 25 mM

DH 7
S%s/ig"a”'e”as”' 86:1.3 11025  4.0t13 62007  7.1405  6.20.56

Rhizobiumstr.
GN32#2 5.8t0.27 6.20.67 6.740.79 9.6+2.6 95+48 3.4:0.12

Pseudomonastr.
GN33#1 2.6+0.15 7.1+0.5 4.7+1.2 6.3+0.9 19+0.72 4.30.34

pH5
Castellaniellastr.
45A2 18+6.0 325.3 49+23 -- -- 24+3.7

Table 5. Summary of GW experiment, comparing growth and nitrate reduction in
contaminated FW021 groundwater between a pure culture of CastellanielldAf

and mixed culture of three OR-IFRC isolates (4.5A2, GN32#2, and GN33#1) at pHs 5
and 7.

pH 5 pH 7
asp2  Mixed asnp  Mixed
assemblage assemblage

Zero-order N@
reduction rate (mM/day) 0.76 1.3 2.2 2.6
Max [NO;] (mM) 5.4 4.8 12 18
Final [NO, ] (mM) 1.8 0.18 7.7 1.1
Final pH 6.6 6.8 7.2 7.4
Max cell no. (CFUs/ml) 4x10 4x10 5x10¢ 5x10¢

Final cell no. (CFUs/ml) 3xfo 3x10 4x10 4x10




Table 6.pH-dependent minimum inhibitory concentrations (MICs) of,NGOr OR-
IFRC isolates an@upravidus metalliduranstr. CH34 (a heavy metal-tolerant
organism) grown under aerobic and anaerobic conditions.

MIC* (mM NO,)
Organism Aerobic Anaerobic (10 mM N@)?
pHS5 pHG6 pH7 pHS5 pH 6 pH 7
Castellaniellastr. 4.5A2 1 50 250 5 50 250
Rhizobiunstr. GN32#2 -- 5 50 -- 5 50
’Pseudomonastr. GN33#1 -- 5 50 -- 1 50
C. metalliduransstr. CH34 -- 5 50 -- 1 5

'MICs for these experiments was determined as the lowest concentrai@ @it
which no growth occurred over a two-week incubation. Concentrations Hité#ted
included: 0, 1, 5, 10, 50, 100, and 250 mM.

These organisms accumulate >5mM N@nder denitrifying conditions, thus, [N
would likely increase from initial [N©)], contributing further to N@ toxicity. Under
aerobic conditions, this would not be a factor.

Table 7. Michaelis Menten kinetic parameters, Vmax and KnRsgudomonastr.
GN33#1,Rhizobiumstr. GN32#2, an€astellaniellastr. 4.5A2 on N@, NO,, and
N2O.

. Vma)ay b, « Km (HM)a' .
Organism NO, NO, N0 NO: Moy MO
Castellaniella 4 51,008  6.9360.09  12.8:22  130£70  43t22  22+14
str. 4.5A2
Rhizobiurrstr. g .
GN32#2 0.288+0.061 10.6%1.9 88+70 171492 -
Pseudomonas
str. GN33#1 15.843.3 0.264+0.018 10.8+1.2 590+270 15.8#4.9 #£BD

% maxand K, were calculated with non-linear regression modelling of the Michaelis
Menten equation using SigmaPlot.

P\Vmax units =umol € transferred (from benzyl viologemin?emg protein™ to each
electron acceptor.

“Uncertainties are 95 % confidence intervals.

dData not available; assays revealed very low activity. However, measaciivity

was not relative to protein or substrate concentrations; thus Michaelis Mentaecskine
were not observed. BV may not be able to act as an electron donor for this organism’s
N»O reductase, a co-factor may be required, or the enzyme complex may not have
been extracted by B-PER.
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Alcaligenes defragrans str. PD—16 (AB195160)
lcaligenes defragrans str. PD—19 (AB195161)

isolate str. rA9 (AB021360)

Alcaligenes sp. str. ESPY2 (—IIT) (EF205261)

OR-IFC groundwater clone 015B-B03(AY662006)
OR-IFC MLS clone 5a-47

Castellaniella canei str. Ho—11 (AB166879)

« PCE-contaminated aquifer clone TC39 (EF644519)

‘— OR-IFC MLS clone 5a-49

OR-IFC isolate Castellaniella sp. 4.5A2 (EF175377)
OR-IFC isolate Castellanieila sp. 7.5A2 (EF175378)
Castellaniella defragrans str. 54Pin (AJ0054470)
Castellaniella defragrans str. 65Phen (AJ005450)

L‘——Casrelfanfella denitrificans str. TJ4 (AF508102)
Castellaniella denitrificans str. NKNTAU (U82826)

Bordetella holmesii (DQ409136).
{ Bordetella pertussis stt. ATCC 9797 (U04950)
Achromobacter xylosoxidans str. DSM 10346 (Y14908)
Pseudomonas stutzeri str. 24a36 (AJ312169)

OR-IFC isolate GN33#1
 Pseudomonas sp. str. k9 (EU855781)

Pseudomonas sp. str. TS9 (EU073075)
Pseudononas stutzeri str. DSM 50238 (U26416)

D]21UD}]21517)

Pseudomonas stutzeri str. SA1 (DQ059546)
Pseudomonas stutzeri str. 24a80 (AJ312170)
l_ Psendomonas pseudoalcaligenes str. ML-A09 (AF140013)
seudammms alcaliphila str. AL15-21 (AB030583)
Pseudomonas libanensis str. R6 (DQ071559)
OR-IFC sediment clone 661194 (DQ404917
~—— Pseudomonas marginalis str. LMG 2210T (Z76663)
— OR-IFC MLS clone 16¢-36
Pseudomonas aurantiaca str. YC4963 (AY839234)
Pseudomonas chlororaphis str. ATCC 9446 (AF094723)
Pseudomonas fluorescens str. ATCC 17386 (AF094726)
OR-IFC isolate GN32#1
OR-IFC isolate GN32#2
OR-IFC nitrate microcosm sediment clone C40C6
(grobacterium tumefaciens TG12 (AF508098)
"Agrobacterium tumefaciens TG14 (AF508099)
— Rhizobium sp. str. 525W (AB262326)
——PCB se(Emeu‘[ slurry clone Er-MS-38 (EUS542441)
— Amorphomonas oryzae str. B46 (AB233493)
—— Amorphomonas oryzae str. BA7 (AB233494)
As-oxidizing denmlfymg enrichment clone ctgl-TOPO1-33 (EU708504)
OR-IFC isolate GN33#3
Agrobacterium tumefaciens str. C58 (NC _003062.1)
[_,U contaminated aquifer clone 1013-1-CG1 (AY532535)
robacterium nnusfamens C4 (AF508093)
—— Rhizobiun selenireducens str. B1 (EF440185)
OR-IFC MLS clone 6¢-10
I Sinorhizobiun meliloti str. 1021 (NC_003047.1
Rhizobium leguminosarum str. DASA23046 (AF417564)

SDHOUIOPNISJ

1y

wnigo

0.10

Figure 1. Distance phylogram 16S rRNA gene sequences from OR-IFRC
Proteobacteriadenitrifying isolates (shown in bold), belonging to the genera
Castellaniella(Betaproteobacterip Pseudomona@ammaproteobacter)aand
Rhizobium(Alphaproteobacteripand related sequences. The tree was rooted with the
16S rRNA gene sequence fraaeobacter metallireducer{&enBack accession no.
NC_007517.1). Bootstrap values (based on 1000 replicates) are shown at each node
for branches with >90%#), 70-89% (® ), and 50-69%( bootstrap support.

Genbank accession numbers for each reference sequence are shown in parenthes
and clone sequences from the same site are denoted as “OR-IFRC” dloilagy s

clone sequences identified in a community study from OR-IFRC Area 1 nudti-le
samplers during biostimulation with ethanol are denoted as “OR-IFRC MLS clones”
(sequences not published).
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5 A2 GN32#2, and GN33#1 on different organic substrates,

measured by optical density, OD, at 600 nm.

Figure 3. Growth of 1solates 4
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Figure 4. Growth of OR-IFC isolates, Castellaniealla str. 4.5A2 (A), Rhizobium str.
GN32#2 (B), and Pseudomonas str. GN33#1 (@) at pH 5 (left panel) and pH 7 (right
panel) in ethanol-amended OR-IFC FW021 contaminated groundwater in pure culture
(top panel) and mixed cultures (middle panel), and in un-amended OR-IFC groundwater
in mixed culture (bottom panel).
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Figure 5. Nitrate reduction by OR-IFC isolates, Castellaniealla str. 4.5A2 (M),
Rhizobium str. GN32#2 (), Pseudomonas str. GN33#1 (@), and mixed
assemblages of the three isolates (@) at pH 5 (left panel) and pH 7 (right panel) in
ethanol-amended OR-IFC FW021 contaminated groundwater. Nitrite
accumulation for each group is shown in the bottom panel. Confrols of mixed
assemblages in un-amended FW021 groundwater are shown in each graph (<>).
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APPENDIX |
Abundance, Composition, Diversity, and Novelty of &l

Proteobacteria

Abstract
Small subunit (16S) rRNA gene surveys generating large (e.g. >1000), near full-
length 16S rRNA clones offer a unique opportunity for in-depth phylogeneticsealy
to highlight the breadth of diversity within various major bacterial phylawntered
in soil. This study offera detailed phylogenetic analysis of th@teobacteria
affiliated clones identified from 13,00tearly full-length 16S rRNA gene clones
derived from Oklahoma tall grass prairie sBitoteobacteriavas the most abundant
phylum in the community, and comprised 25% of total clones. The most abundant and
diverse class within theroteobacteriavasAlphaproteobacteriafollowed by the
Delta-, Beta; andGammaproteobacteriaMembers of th&psilon-and
Zetaproteobacteriavere not detected in the dataset. Our analysis identified 15 novel
order-level and 48 novel family-levBroteobacteridineages. Additionally, we show
that the majority oProteobacteriaclones in the dataset belong to orders and families
containing no described cultivated representatives (50 and 65%, respectively). An
examination of the ecological distribution of the six most aburidiasieobacteria
lineages in this dataset with no characterized pure culture representabvieed
important information regarding their global distribution and environmental

preferences. This level of novel phylogenetic diversity indicates that our
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understanding of the functions of soil microorganisms, even those belonging to phyla
with numerous and diverse well-characterized cultured representativessstineh

Proteobacteriaremains far from adequate.
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Introduction

Small subunit (16S rRNA) gene-based surveys have clearly demonstratea: that
scope of phylogentic diversity in soil is much broader than that implied usingecultur
based approaches (5, 16, 18, 24). Although having a remarkably stable phylum level
diversity, soil is an extremely diverse ecosystem at the order, fanilysgand
species levels (8), with multiple yet-uncultured lineages within virtugdh of the
major bacterial phyla in soil (e.BroteobacteriaAcidobacteria Actinobacterig (11).
Detailed phylogenetic analysis and taxonomic placements of 16S rRNA gene
sequences has traditionally been the main focus of soil diversity studies. Howeve
with the availability of newer sequencing technology and curated databases and t
subsequent creation of large (>1000) datasets, the focus of the data analysis process
has recently shifted more towards computing more accurate estimatesie$ spe
richness and evenness (20, 21, 23, 30), identification of novel bacterig®hyla
accessing members of the rare soil biosphere (6), and computational congafis
communities between different soils (8, 21). Detailed phylogenetic aalythese
datasets has often been overlooked, either due to the short amplicon size created, or to
the sheer number of clone sequences analyzed. This is unfortunate, since such
datasets, especially those with near full-length 16S rRNA gene sequaface,
unique opportunity for an in-depth evaluation of the phylogenetic diversities within
each of the major bacterial phyla in soil.

In a recent study, a near full-length 16S rRNA gene clone library was
constructed from Oklahoma tall grass prairie soil and 13,001 clones were sequenced

(6). The most abundant phylum was shown to bétbé&obacteriaas is typically
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observed in soil libraries [for a review, see (11)]. Pheteobacteria/encompass an
enormous level of morphological, physiological and metabolic diversity, and are of
great importance to global carbon, nitrogen, and sulfur cycling (13). Despite this
phylum containing more validly described isolates than any other phylum (13), the
vast majority of soiProteobacteriaare yet to be cultivated. In this study, we describe
the composition oProteobacteriaclones from OK tall grass prairie soil, in which the
majority of clones belong to family- and order- level lineages containing no
characterized cultivated isolates, and compare the ecological distribusomefof

the dominant uncharacterized orders whose functions in soil remain unknown.
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Materials and Methods

Phylogenetic analysis of Kessler Farm soil (KF)roteobacteria 16S rRNA gene
sequences.
The dataset used in this study initially consisted of 13,001 16S rRNA clone sequences
from soil, described in a previous study (6). Briefly, a clone library (n = 13,001
clones) was constructed from 16S rRNA genes (PCR-amplified using primeasn@7F
1391R) from community DNA extracted Kessler Farm Soil (KFS), which was
collected from an undisturbed tall grass prairie preserve in Central Oklahoma.
Sequences were binned into OTUs using a 97% similarity cutoff using DOTUR (22)
Soil characteristics, and details of sampling, DNA extraction, PCR arafilin, 16S
rRNA clone library construction and sequencing, and initial phylogenetic
classification of 16S rRNA sequences can be found in the original manuscript (6).

Sequences representative of each OTU identifiét@sobacterian the
original manuscript were aligned using Greengenes’ NAST alignment tool (3, 4)
Aligned KFS and closely related 16S rRNA sequences were imported into Gregnge
May 2007 ARB database (3) using ARB software package (17). We used the on-line
program Pintail (1) to screen individual sequences withirfPtioéeobacteriadataset
using suspicious sequences (those identified by Bellerophon (10) or those with unclear
phylogenetic affiliation or that formed unusually long branches in neighbongpini
dendrograms) as the query sequence, and the closest cultured relativieablea re
closely-related abundant KFS OTU sequence (n>50) as the reference sed\ftarce
removal of chimera, 2,678roteobacteriaclones belonging to 479 OTUs were

classified to the family taxonomic level using phylogenetic tree-buildiethods.
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Initial placement of OTUs in already-named families according to tlgekholtz
taxonomic framework (3) was determined by parsimony placement of KFS clone
sequences into the ARB universal dendrogram. Distance trees of each ttiass wi
Proteobacteriavere constructed using the neighbor-joining algorithm and Jukes-
Cantor corrections using ARB software package (17) with filters avaiiabéach

class ofProteobacteria Branching of distance trees was also verified by constructing
trees via the same methods using PAUP 4.0b10 software (Sinauer Associates,
Sunderland, MA) and generating bootstrap values based on 1000 replicates. Final
classifications of KFS OTUs into families, according to the Hugenholtntaxic
outline (3), were determined by placement of each OTU into a bootstrap-supported
(>50) already-named or novel family in constructed trees. In general, nowkié$a
were defined as a bootstrap-supported group of clone sequences (n>2) sharing approx.
> 92-93% sequence similarity with each other but < 92-93% sequence sindarity
sequences from an already-named family. Novel orders were definélgimsing
90% as a general cutoff, though these values varied between each class of
Proteobacterigi.e. Deltaproteobacterias more divergent thaAlphaand
Betaproteobacterip

Ecological distribution of abundant KFS uncharacterized lineages.

We chose the six most abundant uncharactefzeteobacteriaorder-level lineages
(Deltaproteobacteria-KFS-6, EB1021, Ellin314, MND1, A21b, and Ellin339), and
recorded the isolation source of all available environmental clone sequeraregrzgl

to each order. To determine what environmental clone sequences belonged in an

order, we created distance trees in ARB using all sequences belonging tdethe or
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based on the universal parsimony tree, using the May 2007 Greengenes database.
Second, we used the BLAST algorithm on the NCBI website (in November, 2008) to
search for more recently deposited sequences belonging to each order, usymgthe
sequence” (the environmental clone sequence after which the order was named, e.g

MND1) as the query and 90% similarity as a general cutoff.
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Results and Discussion
Abundance and composition oProteobacteria in KFS and other soils
TheProteobacteriaaffiliated clonesn KFS represented 25% of the total 16S rRNA
clone sequences (6) compared to an average of 40% abundance in all published soil
studies analyzing >1000 16S rRNA sequences, including eight individual soil samples
in addition to a composite collection of soil libraries compiled by Janssen (11¢ (Tabl
1). In these studieBroteobacteriacomprised 25-40% abundance (relative to total
sequences) in clone libraries comprised of near full-length (or >300 bp) 16SrRNA
sequences, and 42-50% abundance from shorter (~100 bp) fragments generated by
pyrosequencing (Table 1). While such larger proportiodArofeobacterian
pyrosequencing-based studies might be a true reflection of the communitigednal
it might also indicate the existence of a cloning bias or that clagsyicbased on
small 16S rRNA gene fragments could lead to different taxonomic assignimamts t
classification based on near to full-length sequences, as previously sddgégste
NeverthelessProteobacteriaemains the most abundant soil phylum, regardless of
the utilized approach, which aside from PCR-based clone libraries and pyroseguenc
has included metagenomics (15, 26), fluorestesitu hybridization (FISH) (31),
microarray analysis (28).

The most abundant class (39% of t®tabteobacteriaclones) in KFS was
Alphaproteobacteriafollowed byDelta- (37%),Beta (16%) and
Gammaproteobacterié/.6%). Among all large datasets (>1000 sequences) of PCR-
amplified 16S rRNA genes from soil (Table Ajphaproteobacterias typically the

most abundant class, relative to total clone sequences, comprising 36 + 15% of
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Proteobacteriaclones whileGammaproteobacteries typically the least abundant (12

+ 6%). Deltaproteobacteriavas overrepresented in KFS compared to other large soil
datasets, where&etaproteobacteriavas underrepresented (Table 1).
Epsilonproteobacteriawhich has not been detected in many of the large 16S rRNA
soil libraries (Table 1) was not detected in KFS, suggesting that thissk#ser
extremely rare in soil or is not ubiquitous as are the other classes within
Proteobacteria Likewise, the recently discovered cl&@staproteobacteriavhich
appears to have a limited ecological distribution and metabolic abilifies/ds
undetected in KFS and other large soil clone libraries (Table 1).

Family and order-level diversities within KFS Proteobacteria.

The use of classifier programs, available from Greengenes and the Ribosomal
Database Project (RDP) (2, 3), provide useful tools for initial classditafi 16S

rRNA gene sequences; however, inaccurate taxonomic assignments may be made
without tree-building phylogenetic analyses, especially at the subphglugis| In
addition, uncertain placements of clones with low sequence similarity to thasiclos
relative has been observed with both classification programs, resulting in outjuts wi
multiple placement suggestions (Greengenes), or low confidence in order aiyd famil
level affiliation outputs (RDP). Also, satisfactory identification and docuatiemnt of
novel lineages requires detailed phylogenetic analysis and tree-buitgirgaahes.

In this study, phylogenic associations at the class, order, and family\exels

initially determined using both Greengenes and RDP classification pregaaih

were verified by parsimony analysis using the ARB software packageeagitbor-

joining analysis using PAUP 4.01b10. Using this combined approach, 120 family-
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level lineages were identified belonging to 60 orders (Tabld&Bhaproteobacteria
had the highest number of families and orders, consisting of 45 families within 29
orders, and was followed [Beltaproteobacterig33 families within 15 orders) (Table
2, Figures 1 and 2)Beta andGammaproteobacteriwere less diverse, containing 23
and 19 families within five and 11 orders, respectively (Table 2, Figures 3 and 4).
This pattern of order and family level diversity rankings between various
Proteobacteriaclasses is in agreement with the diversity ranking estimated from the
same datasets based on rarefaction curve analysis and diversity ocaggriogches of
KFS OTW .03 (29).

Prevalence of uncharacterized and novel lineages within KHX oteobacteria.

The vast majority of KF®roteobacteriaclones belonged to uncharacterized lineages
(families or orders containing no validly described species); in total, 50 and 65% of
KFS Proteobacteriaclones belonged to uncharacterized orders and families,
respectively (Table 2). It is important to note, however, that amoriyphe:, Beta,
andGammaprotebacterissome microorganisms have been cultivated among these
uncharacterized lineages, but have not been characterized nor validly described
(Figures 1-3). Indeed, within d@roteobacterieclasses in KFS with the exception of
Alphaproteobacteriathe most abundant orders contained no cultivated or
characterized pure cultures. The most abundant ordéplaproteobacteriavas
BradyrhizobialeqFigure 1), which consisted of 463 clones (39 OTUs) and contained
the most abundant OTU in the KFS dataset (n=204). The most abundant orders in
Deltaproteobacteriavere EB1021 (310 clones, 20 OTUs) and novel order

DeltaproteobacterieK FS-6 (210 clones, 9 OTUSs) (Figure 2), neither of which contain
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any cultivated microorganisms. The dominant ordeBeta and

Gammaproteobacterimn KFS were MND1 and Ellin339, respectively (Figures 3and

4), which are also uncharacterized linea@gdtaproteobacteriacontained the highest
number of clones belonging to undescribed lineages, with 637 clones (64%) belonging
to uncharacterized orders and 848 clones (85%) belonging to uncharacterized familie
TheseDeltaproteobacteridineages were comprised solely of environmentental clone
sequences, none containing any cultivated representatives, suggestiog that s
Deltaproteobacterianay be extremely difficult to cultivate in pure culture in the
laboratory using standard heterotrophic growth media.

In addition, KFS contained numerous novel lineages withifPtb&eobacteria
dataset (Table 2). In total, 15 novel orders and 48 novel families among the four
classes were named in this study (Figures 1-4; for detailed descriptions
ProteobacteriaKFS OTU phylogenetic affiliations, including all novel lineages, see
Supplementary Table 1). The large number of novel family and orders ideimite
single clone library clearly suggests that global Baidteobacteriadiversity is far
broader than our current database collection of sequences and that the pdtential
identifying novel lineages within the soil rare biosphere using large clonadibisr
just starting to be realized. Likewise, despiteteobacteridbeing the most abundant
soil phylum, containing more validly described species than any other phylum, the
functions of the majority dProteobacterian soil remain yet to be revealed.
Ecological distribution of abundant uncharacterized order-level lireages.

Because the majority of KHSroteobacteriaclones belong to families and orders with

no characterized representatives, the functions of these groups of microosganism
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soils cannot be delineated by simply determining closest relatives ohseguelo
gain insight into the rarity of and ecological distribution of uncharactelizedges
within Proteobacteriawe chose the six most abundant KFS uncharacterized orders,
DeltaproteobacterisgKFS-6 Deltaproteobacterian=210), EB1021
(Deltaproteobacterian=310), Ellin314 Alphaproteobacterian=103), MND1
(Betaproteobacterian=198), A21b Betaproteobacterian=99), and Ellin339
(Gammaproteobacterjai=99) and mapped their distribution among different
environmental categories using data available from 16S rRNA sequencesetkposi
into GenBank. We found that these six lineages, collectively, have been eteimtifi
174 different sampling sites that fall into 30 general environmental categbees
most abundant of which was soil, while many samples also came from aquatic and
subsurface ecosystems (Table 3; for details and references for eachestudy, s
Supplementary Table 2). Originally, we had hypothesized that uncharadt tenmiszs
which were more abundant in KFS would be more widespread in the environment;
however there was no linear correlation between abundance and the no. sampling sites
among which uncharacterized orders were detected (R=-0.088, p= 0.43).

The twoDeltaproteobacteriarders were the most abundant of the
uncharacterized orders; however, novel oieltaproteobacterisKFS-6 was
detected in only four sites, all from soil. EB1021 contained the most clones out of any
of the KFS uncharacterized orders, and was detected in 52 total samples from 15
different ecosystem types. This order was detected in 25 out of the 61 different soil
sample sites but was detected in 90% of the deep sea sediment sites (Table 3,

Supplementary Table 2) and both of the marine sponge studies. Interestingly, among
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aguatic environments, EB1021 was detected in all sediment ecosystems {eshwa
estuarine, and marine) but was not detected in any of the overlying waterteessys
suggesting EB1021 could be preferentially distributed in anoxic ecosystems. Thus,
members of EB1021 might be living in anoxic or hypoxic microenvironments within
soil aggregates, and the use of anaerobic techniques could prove useful in trying to
cultivate members of EB1021.

From theAlphaproteobacteriauncharacterized order Ellin314 was detected in
more ecosystem types than any of the other KFS uncharacterized orders3(Table
Supplementary Table 2). Most notably, members of this order have been detected in
75% of samples detected from anaerobic enrichments or consortia degrading organic
pollutants. Like EB101, Ellin314 was detected in 25 of the 61 soil sites, and was more
frequently detected in aquatic sediments rather than overlying water, ngck@lo of
the deep sea sediment sites. Unlike EB1021, however, organisms belonging to
Ellin314 have been cultivated but not characterized (12).

From theBetaproteobacteriaMND1 (the dominant order in KFS
Betaproteobacteripwas detected 84 different samples sites, more than any of the
other KFS uncharacterized orders (Table 3, Supplementary Table 2), beirigdietec
more frequently in soil, aquatic, and subsurface ecosystems, which suggests tha
MND1 may be diverse in function and/or capable of a wide range of environmental
conditions. MND1 was detected in 18 of the 25 total subsurface sites, which is triple
the number of any other KFS uncharacterized order. Originally, MND1 was firs
detected in in ferromanganous-coated sediment (12, 25), but it shows no preferential

distribution towards either aerobic vs. anaerobic environments. A21b
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(Betaproteobacteriphas a similar distribution pattern to MND1, but is detected in
fewer samples, and has been rarely documented among subsurface community studies
and has not been detected in any marine environments to date (Table 3,
Supplementary Table 1). Like A21b, Ellin339 (the dominant order in KFS
Gammaproteobacterjavas rare in subsurface sites and was not detected in any
marine samples. However, unlike other KFS uncharacterized orders, Ellin339 was
detected among more freshwater sites and was the only order detected iras@Vera
mine drainage sites (Table 3, Supplementary Table 1). Also, Ellin339 was datected i
an acid-impacted lake (19) and an extremely acidic river (9), suggésisn
uncharacterized order likely contains acid-tolerant or acidophilic bacteri

This study highlights the importance of detailed subphylum level phylagenet
analysis of large 16S rRNA datasets, a process that is increasindbo&eerin favor
of automated phylum-level assignment. The discovery and documentation of 15 novel
orders and 46 novel families within tReoteobacterian a single dataset indicates
that even in phyla with multiple cultured representatives, the breadth of the subphylum
level diversity is not completely understood. Finally, our survey of the ecological
distribution of six abundant, yet-unculturBdoteobacteriaorders suggests that most
of these uncharacterized lineages may be ecologically important in nobdrduts
many ecosystems globally, and that specific enrichment and isolaticvaapps that
have rarely been tested (e.g. acidic, hypoxic, or anoxic conditions) might prove useful

in obtaining these lineages in pure cultures.
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Figure 1 (previous page)Distance phylogram dklphaproteobacteri&k FS OTU

sequences based on aligned near full-length 16S rRNA gene sequences (approx. 1350
base pairs) from KFS clone library as well as representative seguenteeach

family-level lineage downloaded from GenBank, totaling 329 sequences, with each
clade shown representing a family-level lineage (unless otherwise noted3tiognsi

at least two sequences. The tree was rooted with the 16S rRNA gene sequence from
Chloroflexus aurantiacu@GenBack accession no. AJ308501). Bootstrap values are
based on 1000 replicates and are shown to the left of each branch with bootstrap
support >90%@), 70-89% ®), and 50-69%@). Black clades represent families

with characterized, described cultivated representatives. Gray andducifitkes

represent uncharacterized families, consisting of clone sequences and egdaemc
unpublished or uncharacterized isolates (gray) or only environmental clone sequences
(unfilled). Numbers aside each clade denote the number of clone sequences and
OTUs detected from each family in the KFS clone library. Orders, dngoxal

Hugenholtz taxonomy and the Greengenes ARB May, 2007 database, are shown to the
right of families. Novel lineages are shown in bold, with novel orders labeled as
Proteobacteriaclass-KFS-# (e.@AlphaproteobacteridFS-1). Novel families within

novel orders are labeled according to clone names (e.g. FFCH2458), and novel
families within characterized orders are labeled as order name-KE&-# (e
SphingomonadalekFS-1).
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Figure 2. Distance phylogram dbeltaproteobacteridlFS OTU sequences based on
aligned near full-length 16S rRNA gene sequences from KFS cloneyldsavell as
representative sequences from GenBank, totaling 241 sequences. Tregtonstr
and notations are the same as described in Figure 1.
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Figure 3. Distance phylogram ddetaproteobacteri& FS OTU sequences based on
aligned near full-length 16S rRNA gene sequences from KFS clone ldsavgll as
representative sequences from GenBank, totaling 128 sequences. Tregtonstr
and notations are the same as described in Figure 1.

178



+— I .\ oicella [20 (16)]
—— i ~ %ot tsicila [2 (2]
Legionellales-EFS-1 [3 (3)]
Legionella [8 (T)]

Legionellales-KFS-2 [3 (3]
FFCH16310 [1]
Caxiella [2 (2)]

Legionellales-KF5-3 [1]
— Legionellales-KFS5-4 [2 (2)]

¥ Beggiatoa | Thiotrichaceae
. FFCHI1282 [1] |Unelassified Gammaproteobacteria
OMG0 [11  |OMS0

— Arctic96B-1 [1] | Arctic96B-1

Pseudomonadaceas | Psendomeonadales

P Enierobacteriaceac [23 (1)] | Enterobacteriales
——— W - cvancllaceae | Shewanellaceae
mussel_symbiont_ MARI [1] | SUPO5

Legionellales

Symbionts | Sulfir-cxidizing symbionts
Methylobacter | Methylobacter
Ellin339 [24 (5)] Ellin339

SAZ0-B [T5(7]

AKYG240 [10(3)] |AKYGo40
MP1-2H [4 (2)] IMP1-2H

lll Nitrosococeus | Nitrosococcus
—-o _—— Acidithiobacillus-KFS-1 [4 (3)]
s———@ Acidithiobacillus ferrooxidans

Unclassified Xanthomonadales [3 (3]
—— I ontiomonas

o—{ " Unclassified Xanthomenadales [3 (1)] Xanthomonadales
Lysobacter [9 (1]

|| +— ™ Fratcuria
Nevskiaceae [1] | Nevskiaceae

0.10

Acidithiobacillus

Figure 4. Distance phylogram dbammaproteobacterifFS OTU sequences based

on aligned near full-length 16S rRNA gene sequences from KFS clone ldsrargll

as representative sequences from GenBank, totaling 183 sequences. Tredioonstruc
and notations are the same as described in Figure 1.
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APPENDIX I

Phylogeny and Environmental Distribution of the Phyum

Fibrobacteres

Phylogeny of the PhylumFibrobacteres
The phylumFibrobacterescurrently consists of three classes circumscribed on the
basis of phylogenetic analysis of 16S rRNA gene sequences and one cultasged c
Fibrobacteresclass nov.Fibrobacteress the type class and contains a single order,
family and genus.

The phylumFibrobacteress most closely related to tlBacteroidetes
[Cytophaga-Flavobacterium-Bacteroid@3FB)] phylum based on signature
sequences of proteins (2-4). Phylogenic analyses based on 16S rRNA(qeETESs
supports the relatednesskFobrobacterego this phylum, but indicate it is even more
closely related to a candidate division TG3 (5, 6), and also shares a comnsinrance
with Gemmatimonadetg&igure 1). The phylum contains three classes (Table 1,
Figure 2), only one of which contains cultivated isolates and is formally named.

The clasg-ibrobacteress circumscribed on the basis of 16S rRNA sequences.
The class contains the single or&@robacterales The ordeFibrobacteraless
circumscribed on the basis of phylogenetic sequences (Figure 2). Theartins

the sole familyFibrobacteraceae The type genus of this family Ebrobacter
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The first pure culture dfibrobacterwas described d@acteroides
succinogeneby (8). (10) considereBacteroides succinogenasbelong in the genus
Ruminobacterbut the nam&uminobacter succinogeness not validly published.
More recently, phylogenetic analysis showed that straiBsofferoides succinogenes
were phylogenetically distinct from other specie8atteroidemecessitating the
formation of a new genus (9). Sequences of small subunit rRNA of several strains
were shown to have less than 72% similarity vi@titteroides fragiligroviding
evidence that these organisms constituted a distinct evolutionary line of datsitent
phylum level.

There are currently no phenotypic characteristics that are useful for
distinguishing the two speci€s intestinalisandF. succinogenesather, small
subunit rRNA analysis must be used (Figurd=2succinogenesubspsuccinogenes
can be distinguished frof succinogenesubspelongatusbased on cell
morphology, the former being ovoid and the latter more slender and rod shaped.

Within the genus, strains &f succinogenesubspsuccinogeneandF.
succinogenesubspelongatushave a 16S rRNA sequence similarity of 95.3 —-98.1(1)
and DNA hybridization of less than 20%. Between the two species, the 16S rRNA
similarity is 91.8 to 92.9, with a DNA hybridization of less than 10%. The mol% G+C
content of DNA of the genus is 45 — 51%. The type speckabrigbacter

succinogenef9).
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Environmental Distribution of the Phylum Fibrobacteres
Although all of the currently extant species were isolated from the rumen or othe
locations of the gastrointestinal tract, 16S rRNA genes related Foldtabacteres
have been observed in a number of environments (Table 1, Figure 2). Itis therefore
likely that this phylum is much more broadly distributed in the environment than
indicated based on the habitat of the pure culture representatives. Clones within the
classFibrobacteregbut not belonging t&ibrobacterale¥ were detected in an acid-
impacted lake and a sulfidic cave stream biofilm (Figure 2), as wellrtiné@eespecies
Macrotermes gilvu¢7). The class-level lineadg@brobacteres2 was originally
named a subphylum &fibrobacteresand is solely composed of clone sequences
derived from the gut of different species of termites (5). The third-ldasklineage
of Fibrobacteresdenoted here as “Environmental Clones,” consists of clones detected
in both soil and water downstream of manure (Figure 2). Though only three
sequences are shown in Figure 2, unpublished sequences of <1000 bp belonging to
this class-level lineage have been deposited in GenBank and also come from soil and

water sources.
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Figure 1. Maximum likelihood phylogentetic tree of the phyltibrobacteresn

relation to closely related phyla. The tree was constructed from two or ligpreda
nearly full-length (>1300 bp) 16S rRNA gene sequences from each phylum-level
lineage using the fastDNAmI method. Bootstrap values >50 are shown to the left or
above corresponding branches and are based on 1,000 replicates.
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Figure 2. Distance phylogram of species within the three classes of the phylum
Fibrobacteres Environmental clone sequences are only included in lineages with no
cultivated representatives. The tree was constructed from nearlgrigthl (>1300

bp) 16S rRNA gene sequences using the neighbor-joining algorithm with Jukes-
Cantor corrected distances. Bootstrap values >50 are shown above corresponding
branches and are based on 1,000 replicates.
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