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ABSTRACT 

 
 

Heavy-metal contamination is a common problem in the industrialized world 
today.  Bioremediation, the use of microorganisms or microbial processes to degrade or 
reduce contaminants, has been found to be successful for many different contaminants 
and environments.  As part of the World War II Manhattan Project, eight single-pass 
reactors in the Hanford Nuclear Reservation in Washington were used for plutonium 
production for ~43 years.  Columbia River water, used to cool these reactors, was 
contaminated with heavy metals and radionuclides and stored in retention basins before 
discharge or leakage into the ground or river.   Hexavalent chromium (Cr(VI)), a 
carcinogen and mutagen, was used as a corrosion inhibitor in the cooling systems and is a 
common contaminant at the Hanford Site.  In 2008, a polylactate compound was injected 
into Cr(VI)-contaminated groundwater in the Hanford 100-H area to stimulate the 
resident microbial community and resulted in Cr(VI) levels below background levels for 
~3 months.  Temporal and spatial community analyses of the groundwater and surrogate 
sediment samples via small-subunit rRNA gene pyrosequencing indicated an enrichment 
of Pseudomonas and fermentative organisms upon injection.  The sediment and 
groundwater communities, while different pre-injection, converged on a similar, 
fermentative community after injection.  Correlation analyses suggested that nitrogen-
metabolism and fermentation might be driving community changes.  Nitrate is another 
common contaminant at Hanford and an influx of nitrate, a competing terminal electron 
acceptor, into the Hanford 100-H site may be detrimental to the bioremediation process.  
To test this, nitrate was injected into the system following a lactate injection to stimulate 
the resident community.  The nitrate injection resulted in a drastic community shift from 
metal-reducing organisms to denitrifiers and an increase in Cr(VI) concentrations to 
above background levels.  Long after the nitrate injection, denitrifiers continued to be 
predominant in the groundwater community; however, the sediment community was 
comprised of denitrifying and metal-reducing populations.  This suggests that the effects 
of an episodic nitrate event are long lasting, but the sediment community is more resilient 
than the groundwater community. These community analyses have revealed organisms 
and metabolic properties of interest during polylactate or nitrate perturbation and can be 
used to improve future bioremediation strategies.    
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CHAPTER 1 
 
 

INTRODUCTION 
 
 

Bioremediation 
 
 

 Contamination of soils, water, and air is one of the major problems faced by the 

industrialized world today.  The National Priorities List currently contains ~1,300 sites 

that pose the greatest threats to public health and the environment.  More than 32,000 

uncontrolled waste sites have been identified in the United States and its territories 

(Boopathy, 2000; Johnson, 1995).  Environmental cleanup of contaminants can be 

accomplished in many different ways including chemical treatment, generally through 

pump-and-treat methods, and degradation or reduction of the contaminant by 

microorganisms (i.e., bioremediation).  Bioremediation strategies can be broadly 

classified as in situ or ex situ.  Ex situ strategies require the removal of the contaminated 

material for treatment, which is costly and is destructive when the contaminant is in 

sediment.  There are many in situ strategies, generally involving stimulation of the 

resident community (called biostimulation and is the method typically referred to when 

the term bioremediation is broadly used) or the addition of microorganisms capable of 

degradation of the contaminant (bioaugmentation).  The contaminant, environmental 

condition, and location are important considerations when a strategy is selected.  

Regardless of strategy, control and understanding of the ecosystem is essential to ensure 

the community serves the desired function. 
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 Microorganisms that use metals as a terminal electron acceptor (TEA) or reduce 

metals as a method of detoxification can be used to reduce metal contaminants in situ 

(reviewed in Lovley, 1993).  Stimulation of the indigenous heavy metal- and/or 

radionuclide-reducing community has been shown to reduce the contaminant, resulting in 

precipitation and, therefore, removal of the contaminant from subsurface groundwater in 

many Department of Energy (DOE) sites including hexavalent uranium at Oak Ridge 

National Laboratory (Hwang et al., 2009) and Rifle Site (N'Guessan et al., 2008) in 

Tennessee and Colorado, respectively, and hexavalent chromium at the Hanford Site in 

Washington state (Faybishenko et al., 2008).   

 
Chromium in Soils 

 
 

Though chromium ranks as the tenth metal in the Earth’s crust, the majority of the 

chromium in soils is anthropogenic (Bartlett and James, 1988).  Historically, chromium 

has been used in wood preservation, metal plating, corrosion inhibition, leather tanning, 

and pigmentation (Losi et al., 1994; Nraigu, 1988).  Chromium can occur in many 

oxidation states including 0, II, III, IV, V and VI; however, only hexavalent chromium 

(Cr(VI)) and trivalent chromium (Cr(III)) occur at pH and redox potentials common to 

the environment (Losi et al., 1994; Nieboer and Jusys, 1988).  Cr(VI) is water soluble and 

a strong oxidizer that has been shown to be a mutagen (Bartlett and James, 1988; 

Burrows, 1983; De Flora et al., 1990; Nieboer and Shaw, 1988; Petrilli and De Flora, 

1977) and carcinogen (Bartlett and James, 1988; Borneff et al., 1968; Burrows, 1983; 

Costa et al., 1997; Costa and Klein, 2006; Davidson et al., 2004; Gibb et al., 2000; 
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Langård, 1990; Schroeder and Mitchener, 1971; Yassi and Nieboer, 1988).  Cr(III) is less 

toxic than Cr(VI) (Katz and Salem, 1994; Nieboer and Shaw, 1988) and is practically 

insoluble and stable under slightly acidic to neutral conditions (Bartlett and Kimble, 

1976; Calder, 1988; Losi et al., 1994; Palmer and Wittbrodt, 1991), generally forming 

insoluble oxides and hydroxides (Chen and Hao, 1998).  Thus, Cr(VI) reduction would 

result in removal of Cr(VI) from the soluble phase (i.e., groundwater) as insoluble 

Cr(III). 

 
Cr(VI) Reduction 

 
 

Cr(VI) can be reduced to Cr(III) directly by microbial metabolism or indirectly by 

a metabolite (Losi et al., 1994).  Abiotic Cr(VI) reduction occurs in the presence of 

inorganic or organic electron donors including Fe(II), H2S, and all organic molecules 

with oxidizable groups (such as alkanes, alkenes, alcohols, aldehydes, ketones, 

carboxylic acids, etc.) (Eary and Rai, 1991; Eary and Rai, 1988; Losi et al., 1994; Lovley 

et al., 1998; Nieboer and Jusys, 1988; Pettine et al., 1994).  Conveniently, these electron 

donors are common microbial metabolites.   

 Bioreduction of Cr(VI) by bacteria has been shown in many organisms including, 

but not limited to, Arthrobacter (Megharaj et al., 2003), Bacillus (Camargo et al., 2003; 

Megharaj et al., 2003), Desulfomicrobium (Michel et al., 2001), Desulfovibrio 

(Klonowska et al., 2008; Michel et al., 2001; Tucker et al., 1998), Enterobacter (Lovley, 

1995), and Pseudomonas (Ishibashi et al., 1990).  Maximum Cr(VI) reduction by bacteria 

occurs at pH 7 (Jeyasingh and Philip, 2005).  The enzymatic reduction of Cr(VI) varies 
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by organism and include terminal reductases, cytochromes, and hydrogenases (Chardin et 

al., 2003; Lovley and Phillips, 1994; Michel et al., 2001).  It is possible that these 

enzymes rather serendipitously reduce Cr(VI) in vitro as no enzymes have been isolated 

that are exclusive to Cr(VI).  For example, the original purification of a NAD(P)H-

dependent Cr(VI) reductase (Suzuki et al., 1992) was later found to be a homolog of 

nitroreductase (Kwak et al., 2003).  As Cr(VI) is primarily anthropogenic, it is not 

surprising that chromate reductases serve another primary physiological function. 

 
Hanford Nuclear Reservation 

 
 

The Hanford Nuclear Reservation along the Columbia River in Washington State, 

United States has the largest accumulation of nuclear waste in the Western Hemisphere 

(Gephart, 2010).  The Hanford Site was used to produce plutonium as part of the World 

War II Manhattan project and was divided into three areas: the 100 area for plutonium 

reduction, the 200 area for chemical processing and waste management, and the 300 area 

for reactor fuel fabrication and pilot scale research and development for implementation 

in the 200 area (Riley and Zachara, 1992).  In the 100 area, eight single-pass reactors in 

service from 1944 until 1971 and, later, an additional reactor with a closed cooling loop 

(reactor N; 1963-1986) were used to produce two-thirds of the plutonium generated in the 

United States for nuclear weapons (Gephart, 2010; Poston et al., 2007).  Columbia River 

water, used to cool these reactors and now contaminated with heavy metals and 

radionuclides, was stored in surface basins before its discharge or leakage into the ground 
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or river.  An estimated 1.7 trillion liters of liquid waste was released in the 43 years of 

plutonium production (Brodie et al., 2011).   

Common groundwater contaminants include metals (e.g., chromium), chemicals 

(e.g., nitrates, trichloroethene, and carbon tetrachloride), and radionuclides (e.g., tritium, 

iodine-129, technetium-99, cobalt-60, cesium-137, uranium, and plutonium) (Gephart, 

2010).  Used predominantly as sodium dichromate for corrosion control in the reactor 

cooling systems, large quantities of Cr(VI) was released by leakage from drains, cribs, 

and trenches and is a common contaminant in the 100 area of the Hanford Site.  

Chromium concentrations in the groundwater are maximal in the 100-D area at 0.4-1 mM 

(Hartman and Peterson, 2003).  Groundwater flows from the 100-D area to the 100-H 

area (0.77-1.9 µM Cr(VI)) where it enters the Columbia River (Hartman and Peterson, 

2003).  The 100-H site has been selected by the DOE as a field study site to study in situ 

bioremediation of Cr(VI) in groundwater by biostimulation. 

 
Hanford 2004 Injection 

 
 

Hydrogen Release Compound® (HRC; Regenesis, San Clemente, California, 

USA) is a viscous solution of glycerol polylactate (12 moles lactate/1 mole glycerol) and 

a small percentage of lactic acid and phosphate that releases carbon in the form of lactate 

and electrons via hydrogen upon hydrolysis (Sharma et al., 2001).  By providing carbon 

and energy sources, HRC stimulates both aerobic and anaerobic microbes and allows for 

microbial reduction of terminal electron acceptors (TEA) including oxygen, nitrate, iron, 

and sulfate (Hemond and Fechner-Levy, 1994).  Stimulation of in-situ communities with 
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lactic acid has been shown to increase metal reduction rates (Faybishenko et al., 2008; 

Mosher et al., 2012).  In 2004, the first stimulation for Cr(VI) reduction at the Hanford 

100-H site occurred via HRC injection.  Four ~18.3 m wells were drilled alongside an 

existing well for injection and monitoring (Faybishenko et al., 2008; Hubbard et al., 

2008).  Briefly, 18.2 kg (40 lbs) of HRC was injected and resulted in an increase of cell 

number and Fe(II); a depletion of oxygen, nitrate, and sulfate; and a significant decrease 

in soluble Cr(VI) (Faybishenko et al., 2008).  Pseudomonas, Desulfovibrio, and 

Geobacter were specifically monitored and were enriched in the groundwater upon 

injection.  HRC plumes typically last 12-18 months in the subsurface before they are 

completely consumed (Koenigsberg et al., 2006), yet the impact of this injected plume at 

the Hanford Site was extensive as the Cr(VI) concentration remained below the 

background for >3 years (Faybishenko et al., 2008).   

In order to gain a more comprehensive understanding of the HRC injection and 

the subsequent reduction of Cr(VI), a second injection was organized in which the 

microbial community would be extensively studied temporally and spatially (Chapter 3) 

and occurred in 2008.  A better understanding of the stimulated populations and their 

predicted functions would aide in developing a more targeted bioremediation plan and 

allow for more efficient manipulation of the ecosystem to perform the task imparted on 

them.   
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Competition of Terminal Electron Acceptors 
 
 

The presence of competing electron acceptors in a metal-contaminated site may 

be problematic in the bioremediation effort.  Nitrate is the most commonly reported anion 

at hazardous waste sites, including Hanford (Riley and Zachara, 1992).  The maximum 

concentrations found for the 100-D and 100-H areas of Hanford in 2000 were 1.6mM and 

6.2mM, respectively (Hartman et al., 2001).  In addition to industrial sources of nitrate 

released into groundwater during reactor operation, Hanford sediment is naturally high in 

nitrate primarily due to its use as agricultural land prior to formation of the Hanford 

Reservation (Singleton et al., 2005). It is hypothesized that the high concentrations of 

nitrate in Hanford groundwater are due to the artificial enhancement of infiltration rates 

during coolant water discharge (Singleton et al., 2005).  The presence of high nitrate 

concentrations in Hanford is a concern as it may interfere with the bioremediation effort.  

 The presence of multiple TEAs, such as Cr(VI) and nitrate, can result in inhibition 

of Cr(VI) reduction by nitrate, inhibition of nitrate reduction by Cr(VI), or co-metabolism 

of both TEAs.  The result is dependent on the organism or organisms present.  For 

example, the rate of Cr(VI) reduction is slower in the presence of nitrate for 

Microbacterium and Enterobacter (Komori et al., 1989; Pattanapipitpaisal et al., 2001). In 

contrast, Pseudomonas (Dmitrenko et al., 2006) and Desulfovibrio (Chovanec et al., 

2012) preferentially use Cr(VI) over nitrate. Co-metabolism of Cr(VI) and nitrate has 

been observed in Sulfurospirillum (Chovanec et al., 2012) and a soil consortium 

(Vainshtein et al., 2003).  The response of Shewanella appears to be concentration 

dependent as high concentrations of one TEA inhibits the other, but co-metabolism 
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occurs when Cr(VI) and nitrate are at similar concentrations (Middleton et al., 2003; 

Viamajala et al., 2002).   

 In order to elucidate the impact of an episodic nitrate event during stimulation for 

Cr(VI) reduction, a third round of injections was performed at the Hanford 100-H site in 

2010 in which a lactate injection was followed by a nitrate injection (Chapter 4).  

Community changes were monitored throughout to gain a better understanding of the 

effects of nitrate on the lactate-stimulated, Cr(VI)-reducing populations.   

 
Subsurface Communities 

 
 

Microbial communities have been extensively studied in the subsurface; however, 

with the exception of drilling cores, analysis of the attached community is infrequent, 

despite many studies describing large discrepancies in results when the attached 

community is not included in analysis.  For example, attached communities have been 

shown to be more metabolically active in subsurface (Alfreider et al., 1997; Flynn et al., 

2008; Hazen et al., 1991; Holm et al., 1992; Lehman et al., 2001a; Lehman et al., 2004; 

Pedersen and Ekendahl, 1990), freshwater (Crump et al., 1999; Simon, 1985), and marine 

environments (Crump et al., 1999; Unanue et al., 1992).  In addition, attached and 

suspended communities have shown to be functionally different (Crump et al., 1999; 

Flynn et al., 2008; Hazen et al., 1991; Klein et al., 2008; Lehman et al., 2001b; Lehman 

et al., 2004; Pedersen and Ekendahl, 1990; Reardon et al., 2004).  This includes capacity 

and rate of contaminant biodegradation (Holm et al., 1992; Thomas et al., 1998).  In order 

to attain a more comprehensive view of the subsurface community during the two 
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injections, corresponding surrogate sediment and groundwater samples were collected.  

This allowed for simultaneous analysis of the sediment-adhered and planktonic 

communities. 

 
High-throughput Sequencing Technologies 

 
 

 High-throughput sequencing technologies such as pyrosequencing (Margulies et 

al., 2005) and Illumina® sequencing (Bennett, 2004), the two most common methods of 

high-throughput sequencing, have allowed for a depth of sequencing unfeasible with 

Sanger sequencing.  Both pyrosequencing and Illumina sequencing use sequencing-by-

synthesis, but differ in method of synthesis.  Pyrosequencing involves the flow of 

nucleotides over a plate containing DNA fragments attached to beads and the 

incorporation of a nucleotide results in a fluorescent signal that is recorded by a camera.  

In Illumina sequencing, all 4 nucleotides with differing fluorophores are simultaneously 

flowed over a plate of hybridized DNA fragments, the fluorescence is recorded, and the 

fluorophore must be removed before the next flow of nucleotides.  The average 

sequencing length of both technologies is continuously increasing and is currently ~400 

bp for pyrosequencing (www.454.com) and 150-200 bp with the paired-end method of 

Illumina sequencing (a method in which the sequence is inverted midway through the 

sequencing process and, thus, sequenced from both ends)(Rodrigue et al., 2010).  

Illumina sequencing is currently the most popular sequencing method for genomes 

because of the sequencing depth of millions of reads per run (Metzker, 2010) and because 
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of the longer average sequence length, pyrosequencing continues to be the popular high-

throughput method for community analysis.   

Recent microbial diversity studies have started using Illumina sequencing (the 

first to analyze Illumina sequencing in this capacity include Bartram et al., 2011; 

Caporaso et al., 2011; Gloor et al., 2010; Hummelen et al., 2010; Zhou et al., 2011).  

However, the level of taxonomic resolution with these short sequences continues to be 

debated.  For example, Claesson et al. (2010) compared pyrosequencing to Illumina 

sequencing and found that while ~90 % of pyrosequences were classified to the genus 

level, only 30-75 % of Illumina sequences were classified on this level and the species 

richness estimates from Illumina sequences were unrealistically higher than those for 

pyrosequencing.  The use of sequencing for community analysis has progressed at a 

faster rate than the elucidation of limitations in using each sequencing platform and the 

methods to ensure sequence quality and correct identification.  

 
Sequencing Errors  

 
 

 The use of pyrosequencing for community analysis has resulted in a depth of 

sequencing that has revealed a large rare biosphere that had been missed previously 

(Sogin et al., 2006).  However, further inquiry into this rare biosphere has exposed many 

of these sequences as erroneous (Huse et al., 2010; Kunin et al., 2010), though the per-

base error rate of pyrosequencing is similar to that of Sanger sequencing (Huse et al., 

2007).  Many methods have been developed to aid in deciphering erroneous sequences 

from those of truly rare organisms.  Error-prone sequences have been identified by 
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analysis of flowgrams (raw flow data from the pyrosequencer) via AmpliconNoise 

(Quince et al., 2009; Quince et al., 2011), k-mer-based error correction (Skums et al., 

2012), pre-clustering (Huse et al., 2010; Schloss et al., 2011), and quality-score based 

methods (Kunin et al., 2010; Kunin and Hugenholtz, 2010; Chapter 2).  The majority of 

these analyses have been tested on mock communities and not environmental datasets.  

Furthermore, a widely accepted small subunit (SSU) rRNA gene region has not been 

established; however, the universality of refinement methods across the SSU rRNA has 

been assumed since inception.  

 
Research Goals and Objectives 

 
 

 Injection of HRC at the Hanford 100-H site has been shown to induce Cr(VI) 

bioreduction.  However, little is known regarding the community changes due to this 

perturbation. Analysis of the microbial community is needed to better control the 

ecosystem and, thereby, sustain Cr(VI) reduction.  The objectives of the work discussed 

in this dissertation were: 

 
1. Establish a method of pyrosequencing refinement to aid in elimination of error-prone 

sequences from environmental samples, thereby alleviating artificial inflation of species 

richness and diversity indices.  Quality-score based sequence refinement methods were 

analyzed across 4 regions of the SSU rRNA gene for environmental samples from 

Hanford 100-H and Yellowstone National Park.  The results are described in Chapter 2, 

which has been published as De León et al. (2012a).  These methods were then applied to 

a small microbial community study out of Heart Lake Geyser Basin, Yellowstone 
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National Park (Appendix A), as well as two injections at the Hanford 100-H Site 

(Chapters 3 and 4; Objectives 2 and 3 below). 

 
2. Reveal sediment and groundwater community changes via SSU rRNA gene 

pyrosequencing during stimulation for Cr(VI) bioreduction via HRC injection at the 

Hanford 100-H site.  SSU rRNA gene pyrosequencing of surrogate sediment and 

groundwater communities was used to elucidate the impact of the HRC injection 

temporally and spatially.  These results are presented in Chapter 3.  During this injection, 

isolation efforts resulted in the cultivation of Pelosinus fermentans JBW45, a 

fermentative organism that outcompeted sulfate-reducing bacteria in the enrichments.  

The genome of this organism has been sequenced and is presented in Appendix B and 

published in De León et al. (2012b).  

 
3. Determine the impact of an episodic nitrate event during stimulation for Cr(VI) 

reduction on the microbial community at the Hanford 100-H Site.  Surrogate sediment 

and groundwater communities were analyzed via SSU rRNA gene pyrosequencing during 

a lactate injection and subsequent nitrate injection to determine the extent of alteration on 

the community should a nitrate influx occur during bioremediation efforts.  These results 

are detailed in Chapter 4. 
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Abstract 

 
Due to potential sequencing errors in pyrosequencing data, species richness and diversity 
indices of microbial systems can be miscalculated. The “traditional” sequence refinement 
method is not sufficient to account for overestimations (e.g., length, primer errors, 
ambiguous nucleotides).  Recent in silico and single-organism studies have revealed the 
importance of sequence quality scores in the estimation of ecological indices; however, 
this is the first study to compare quality score stringencies across four regions of the SSU 
rRNA gene sequence (V1V2, V3, V4, and V6) with actual environmental samples 
compared directly to corresponding clone libraries produced from the same primer sets. 
The nucleic acid sequences determined via pyrosequencing were subjected to varying 
quality-score cutoffs that ranged from 25 to 32, and at each quality-score cutoff, either 10 
or 15 % of the nucleotides were allowed to be below the cutoff. When species richness 
estimates were compared for the tested samples, the cutoff values of Q2715%, Q3010%, and 
Q3215% for V1V2, V4, and V6, respectively, estimated similar values as obtained with 
clone libraries and Sanger sequencing. The most stringent Q tested (Q3210%) was not 
enough to account for species richness inflation of the V3 region pyrosequence data.  
Results indicated that quality-score assessment greatly improved estimates of ecological 
indices for environmental samples (species richness and α-diversity) and that the effect of 
quality-score filtering was region dependent.  

 

Introduction 
 
 

Pyrosequencing (Margulies et al., 2005) of small subunit (SSU) rRNA gene 

amplicons has permitted sampling at an unprecedented depth, providing orders of 

magnitude more sequence information than Sanger sequencing of clone libraries, and 

deeper coverage has typically estimated more diversity than was previously recognized 

(Sogin et al., 2006).  However, intrinsic errors during pyrosequencing may overestimate 

species diversity by as much as an order of magnitude (Kunin et al., 2010; Quince et al., 

2009).  Methods to alleviate inflated species richness estimates include quality-score 

analysis and modifications to alignment and/or clustering methods (Huse et al., 2010; 

Kunin et al., 2010; Kunin and Hugenholtz, 2010).  Both techniques can result in lower 
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estimations of α-diversity; however, validation is needed with actual environmental 

samples. 

Quality-score analysis is a quick method to remove error-prone sequences from 

the fasta files alleviating compatibility issues with downstream applications.  Phred 

quality scores (Q) range from 0 to 40 and are typically assigned by the sequence 

determination software based upon confidence in the base call.  Kunin et al. (2010) tested 

the applicability of quality-based end trimming to alleviate artificial inflation of species 

richness estimates using a single-organism culture and recommended trimming each 

sequence until all nucleotides have a Q ≥27 for FLX reads.  In a subsequent study, Kunin 

and Hugenholtz (2010) recommended quality-based refinement without trimming but 

with thresholds that allowed a certain percentage of bases to have a Q <27 via 

PyroTagger (noting that >80 % of reads may be removed at this stringency threshold). 

While this method has been validated with a single-species laboratory culture for the 

V1V2 and V8 SSU rRNA gene regions, it has not been evaluated with an actual 

environmental sample, for other regions of the SSU gene, or for 454 titanium reads.  In 

this study, we used a water sample from the Hanford 100-H site in the Hanford Nuclear 

Reservation to compare titanium pyrosequencing at varying Q cutoffs to a large clone 

library for the V1V2 and V3 regions of the bacterial SSU rRNA gene. Furthermore, we 

used a thermoalkaline spring slurry sample from Yellowstone National Park to compare 

Q cutoff analyses of the V4 and V6 regions to large clone libraries.  The results verified 

that Q assessment should be used for ecological characterization of real environmental 
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samples, but showed that the effect of Q filtering was region-dependent unlike previous 

studies that have tested the predictions with monocultures. 

 
Materials and Methods 

 

Sample Collection and Preparation 

A water/soil slurry sample from a hot spring in the Heart Lake Geyser Basin of 

Yellowstone National Park (44.29068 N, 110.50983 W) was collected in a 50-ml conical 

vial and stored at -80°C.  After centrifugation at 6,000×g for 20 min, 4.6 g of the pellet 

was used for extraction.  Groundwater (1 L) from well 699-96-41 of the 100-H site in the 

Hanford Nuclear Reservation was filtered, and the filters were stored at -80°C (bottle top 

vacuum filter, 0.22-µm-pore PES membrane, Corning Inc., Corning, NY, USA).  

Approximately one half of the filter was rinsed with 100 mM phosphate buffer (pH 7) 

and vortexed for 30 s, settled, and then repeated.  Sterile sand was added to the biomass-

containing buffer and ground as described below. 

 
DNA Extraction and Sequencing 

Samples were suspended in MO BIO PowerMax™ Soil DNA Isolation Kit 

PowerBead Solution, and cells were disrupted using two cycles of freeze–thaw and 

grinding with a mortar and pestle, as previously described (Zhou et al., 1996) (MO BIO 

Laboratories Inc., Carlsbad, CA, USA).  DNA was extracted following the protocol of the 

MO BIO Kit mentioned above.  The DNA was cleaned and concentrated with the 

Wizard® SV Gel and PCR Clean-Up System (Promega Corporation, Madison, WI, USA) 

according to the manufacturer's protocol. 
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SSU rRNA gene sequences were amplified via 25 cycles of PCR (10–12 ng 

DNA/reaction) with barcoded universal bacterial primers FD1 (5′-

ctcgcgtgtcAGAGTTTGATCCTGGCTCAG-3′) and 529R (5′-

ctcgcgtgtcCGCGGCTGCTGGCAC-3′) for the V1V2 and V3 regions (Hanford sample) 

and 530F (5′-tagtgtagatGTGCCAGCMGCNGCGG-3′) and 1100R (5′-

tagtgtagatGGGTTNCGNTCGTTR-3′) for the V4 and V6 regions (Yellowstone sample) 

under the conditions described previously (Hwang et al., 2009).  PCR products were 

excised from a 0.8 % agarose gel and pooled using an Ultrafree®-DA gel extraction 

column (Millipore Corporation, Bedford, MA, USA).  The gel extract was cleaned and 

concentrated using the Wizard® SV Gel and PCR Clean-Up System, and dsDNA was 

quantified with a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA).  Adaptors for 454 

sequencing were ligated to the amplicons and were pyrosequenced on a 454 GS-FLX 

Titanium™ (454 Life Sciences, Branford, CT, USA) at SeqWright, Incorporated 

(Houston, TX, USA).  Clone libraries were constructed with the same primers listed 

above and purified as previously described (Hwang et al., 2009), with modifications in 

vector (pCR®4-TOPO®, Invitrogen) and sequencing primer (M13F(-20) (5′-

GTAAAACGACGGCCAG-3′) sequence provided with vector).  Clonal sequences were 

determined at Functional Biosciences Incorporated via capillary sequence determination 

(Madison, WI, USA). 

 
Sequence Refinement 

Sequences were trimmed to one standard deviation below the mean (removed if 

shorter), subjected to varying Q cutoffs (25, 27, 30, and 32) allowing either 10 or 15 % of 
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the nucleotides to be below the cutoff, and removed if primer errors or ambiguous 

nucleotides were observed.  An in-house python script was used for data management 

and analyses.  The python scripts with example output files and a readme file have been 

uploaded to https://bitbucket.org/kbdeleon/seqrefinement/ and are publicly available.  

The upfront analysis of our seqrefinement provides a fasta file that can be used for many 

typical downstream analyses, such as the ChimeraSlayer and RDP pipeline, as described 

in this study.  Chimeras were removed using ChimeraSlayer (Haas et al., 2011).  The 

RDP Pyrosequencing Pipeline was used to align sequences, complete-linkage cluster at 

97 % similarity, and generate rarefaction curves.  Clone library sequences were extracted 

from chromatograms and vector sequences removed in eBioX (v1.5.1; 

http://www.ebioinformatics.org/ebiox/).  Clonal sequences were subjected to the same 

refinement conditions as the sequences determined via pyrosequencing except for Q 

analyses. 

 
Results and Discussion 

 
Pyrosequencing and clone library sequence sets were generated for the V1V2, V3, 

V4, and V6 regions of the SSU rRNA gene sequence using the same barcoded primers 

for both methods to alleviate possible primer biases.  The sequences were subjected to the 

traditional method of sequence refinement including removal of sequences shorter than 

one standard deviation from the mean length (minimum length, 246 nt for V1V2 and V3 

and 253 nt for V4 and V6) and those that contained primer errors or ambiguous 

nucleotides.  The mean average Q varied from 28.8 to 30.6 and increased to 32.3–34.4 
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upon trimming to the minimum length (Table 2.1).  The guidelines proposed by Kunin et 

al. (2010) of quality-based end trimming or by Kunin and Hugenholtz (2010) of trimming 

but allowing 3 % of bases to be <Q27 were considered but removed >99 or >93 % of the 

environmental sequence sets, respectively (Table 2.1).  However, PyroTagger 

(http://pyrotagger.jgi-psf.org/cgi-bin/index.pl), the program resulting from Kunin and 

Hugenholtz (2010), recommends the allowance of 10 to 15 % of bases with <Q27 for 

titanium pyrosequencing.  Our study directly evaluated the impact of Q cutoff on species 

richness and diversity estimates by comparing clone library and pyrosequencing results 

for the same sample with the same DNA, same PCR primers, and same barcodes.  The 

sequences were subjected to Q25, 27, 30, and 32 that allowed 10 or 15 % to be below the 

Q threshold (hereafter designated as a subscript of the Q) (Tables 2.2 and 2.3).  These 

parameters resulted in 68 to 95 % removal of sequences after refinement and quality 

check depending on stringency and SSU rRNA gene region. 

 
Table 2.1 Application of previously published Q refinement methods to real sample data 

Full Length V1V2 V3 V4 V6

Sequences post-traditional
a
 refinement 10478 10234 5819 5642

Mean average quality score 30.0 30.6 29.2 28.8

Sequences remaining after Q27 refinement 0 0 0 0

Sequences remaining after Q27 refinement allowing 3% 0 8 0 0

Trimmed

Sequences post-traditional
a
 refinement 11224 9920 6639 6377

Mean average quality score 33.1 34.4 33.8 32.3

Sequences remaining after Q27 refinement 6 78 27 1

Sequences remaining after Q27 refinement allowing 3% 163 694 333 41

Quality-Based End-Trimming

Average length after end-trimming to Q27 85.7 90.2 76 61.1
Sequences remaining > minimum length 5 78 24 1
a
Traditional refinement includes removal of sequences with length <1sd from mean length, primers errors, and Ns  
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A comparison of species richness via rarefaction curves demonstrated a 

dependence of species estimates on trimming and quality checking (Figure 2.1).  In all 

cases, species richness was significantly higher for non-trimmed sequences and trimmed 

sequences without Q analysis.  The corresponding clone library was used as a guide to 

determine the best Q cutoff for each SSU rRNA gene region.  The data suggested that a Q 

cutoff is not universal across different regions of SSU rRNA gene sequences. Q2715% 

yielded a similar species richness projection to the clone library for the V1V2 region, 

corresponding to the single-species findings of Kunin et al. (2010).  For the V3 region, 

the most stringent Q cutoff of 3210% was not sufficient to reduce the species richness 

estimates to the point predicted by the clone library.  Q3010% and Q3210% resulted in 

similar estimates as the trimmed clone library for the V4 region; however, Q3210% is on 

the same trajectory as Q3010%, but with less sequences due to the increased quality 

stringency.  For the V6 region, Q3215% resulted in similar species richness estimates as 

the clone library.  It is important to note for the V1V2 and V6 regions, the Qs tested 

could be too stringent and resulted in underestimated species richness compared to the 

clone library.  Thus, attempting to use a universal Q cutoff for all regions of the SSU 

rRNA gene sequence is not feasible and could lead to over- or underestimation of the 

species richness depending on the SSU rRNA gene region. 
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Figure 2.1 Species richness estimates for the V1V2 (A), V3 (B), V4 (C), and V6 (D) SSU 
rRNA gene regions. Full and enlarged rarefaction curves are displayed for each region of 
the SSU rRNA gene. Operational taxonomic units (OTUs) are clustered at 97 % 
similarity. The wide gray line in the enlarged rarefaction curves represents 95 % 
confidence intervals for the clone library species richness predictions. 
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Chao1 diversity estimates further stressed the importance of quality-filtering 

pyrosequencing data after “traditional” refinement (Figure 2.2).  Full-length sequences 

without quality check resulted in a Chao1 diversity estimates up to 12-fold higher than 

that of the corresponding clone library while traditional refinement with the addition of 

trimming to the minimum length still resulted in almost sevenfold overestimations of 

diversity (Figure 2.2).  As expected, the Chao1 decreased gradually as the stringency of 

the Q cutoff increased.  The Chao1 predictions support the Q cutoffs suggested by the 

rarefaction curves and further stress the need for Q analysis. 

 
Figure 2.2 Chao1 diversity estimates for the same samples at different Q filtering 
compared to the respective clonal library. Error bars denote 95 % confidence intervals. 
 
 

Because Chao1 can be influenced by sample size (Dickie, 2010; Gihring et al., 

2012; Youssef and Elshahed, 2008), a Q cutoff for each SSU rRNA gene region cannot 

be recommended solely on Chao1, and random subset generation can help alleviate the 
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influence of sample size on Chao1.  However, when comparing pyrosequencing to clone 

libraries, random subsets are not feasible due to the size limitations of clone libraries, and 

this would greatly diminish the added resolution of species diversity provided by the 

large sample sizes of pyrosequencing.  Nevertheless, when Chao1 diversity estimates 

across samples were compared with and without Q refinement, the results demonstrated 

the necessity of further sequence refinement and provided a validated, threshold Q 

stringency. 

One concern of using Q to refine pyrosequencing samples is that the sequences 

removed from the dataset are biased towards a certain phylogenetic group, thus 

artificially skewing the distribution towards or away from certain organisms (e.g., 

sequences with conserved homopolymers). We compared the phylum distribution (class 

for Proteobacteria) for each SSU rRNA gene region at the Q cutoffs suggested above 

(V1V2: Q2715%, V3: Q3210%, V4: Q3010%, V6: Q3215%) both before and after Q filtering 

(Figure 2.3).  Regression analysis with the predicted values of y = x (no difference in 

phylogenetic distribution pre- and post-quality filtering) was used to compare how well 

the data fit the assumption of no bias in sequence removal. The V1V2 region data fit the 

predicted values quite well (R2 = 0.98) and thus was not biased in sequence removal for 

the phyla present in the sampled diversity. As expected, distributions could change at the 

resolution of genus (Figure 2.4).  For example, genera within Bacteriodetes remained at 

similar distributions (R2 = 0.91), but some genera distributions within the β-

Proteobacteria were altered (R2 = 0.75). The results highlighted the importance of 

filtering pyrosequence data, particularly for α-diversity. 
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Figure 2.3 Phylogenetic comparison pre- and post-quality filtering.  The phylum (class 
for Proteobacteria) distribution was compared for each region of the SSU rRNA gene at 
the Q suggested by the rarefaction curves in Fig. 2.1 (Q2715% for V1V2 (A), Q3210% for 
V3 (B), Q3010% for V4 (C), and Q3215% for V6 (D)).  The coordinates for each taxon 
correspond to the abundance by fraction of unfiltered sequences (x-axis) and fraction of 
filtered high-quality sequences (y-axis).  The scale differs across graphs to maximize 
point separation.  Taxa along the line of y = x did not show a shift in percent abundance 
during filtering while those left and above the line represent phylogenetic groups that 
shifted to higher abundance post-filtering, and those right and below the line had a lower 
abundance post-filtering.  Linear regression analysis to the line y = x yielded R2 values 
that indicate how well each region fits the assumption that the sequences removed were 
not phylogenetically biased.  
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Figure 2.4 Genus-level phylogenetic comparison of the V1V2 region pre- and post-
quality filtering.  Genera from Bacteriodetes (A) and β-Proteobacteria (B) are displayed 
as examples from phyla that showed minimal differences in relative abundance pre- and 
post-quality filtering.  The coordinates for each genus correspond to the abundance by 
fraction of unfiltered sequences (x-axis) and fraction of filtered high-quality sequences 
(y-axis).  Linear regression analysis to the line y = x yielded R2 values that indicate how 
well genera from each phylum fit the assumption that the sequences removed were not 
biased at the genus level. 
 
 

The V3 region may slightly skew the percent abundance towards γ-Proteobacteria 

and away from β-Proteobacteria (R2 = 0.91).  For the V4 region, all candidate OP8 

sequences were high quality, so the percent abundance increased post-filtering, and 

Firmicutes and Thermotogae became less dominant post-filtering (R2 = 0.70).  The V6 

region was quite skewed in Q-based sequence removal (R2 = 0.32).  In this region, 

Thermotogae, Nitrospirae, and Firmicutes decreased in percent abundance while 

Chloroflexi, Cyanobacteria, Deinococcus-Thermus, and candidate OP8 increased in 

abundance.  Previous studies have raised issues with the use of the V6 region for 

microbial community analyses (Liu et al., 2007; Liu et al., 2008), and our presented data 

corroborate these findings.  It is interesting to note that this region of the SSU rRNA gene 
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is known to have few homopolymers (Huse et al., 2007), and the analysis of sequences 

from the affected groups did not indicate a trend in the presence of homopolymers as a 

cause for removal (data not shown).  There are likely other characteristics of this 

especially hypervariable region that could contribute to the observed bias. Nevertheless, 

extra caution must be taken when attempting to use this region of the SSU rRNA gene for 

OTU distribution predictions. 

An increase in quality stringency yielded a slight increase in species evenness 

(Figure 2.5).  An increase in species evenness can be due to the removal of low-

abundance artifacts and/or a reduction in size of the largest clusters.  Many errors are 

likely in the singleton and doubleton clusters, yet the clusters of dominant organisms 

likely contain a larger percentage of the erroneous sequences purely based on numerical 

dominance.  The largest increase in evenness was observed when the V6 region was Q 

filtered, and this result coincides with the observation in Figure 2.3 that the V6 region 

was more susceptible to phylogenetic bias. 

 
Figure 2.5 Shannon's evenness for each respective library with increasing stringency of Q 
filtering. 
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To ensure that low-quality sequences were being removed from clusters most 

likely to contain erroneous sequences, we examined which clusters contributed most to 

percent sequence removal during Q analysis at the cutoff determined for each region 

(Figure 2.6).  Each resulted in a parabolic curve in which the majority of sequences were 

removed from the largest and smallest clusters and less from the mid-sized clusters.  

Thus, low-quality sequences were being removed from clusters with the highest 

likelihood of containing sequencing errors. 

 

Figure 2.6 Fraction of total sequences removed from clusters which have been trimmed 
but not quality filtered during Q analysis.  Sequences were clustered pre-quality 
checking, and the cluster in which sequences were removed during quality checking was 
monitored for the V1V2 (A), V3 (B), V4 (C), and V6 (D) SSU rRNA gene regions.  The 
Q parameter was Q2715% for V1V2, Q3210% for V3, Q3010% for V4, and Q3215% for V6.  
The majority of sequences were removed from the largest and smallest clusters.  
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In an attempt to explain the differences in Q stringency requirements for each 

SSU rRNA gene region, homopolymer incidence and length were examined (Table 2.4).  

The GS20 quality score has been previously used as a measure of confidence that a 

homopolymer length is correct at a given position (Huse et al., 2007).  Furthermore, poly-

A/T homopolymers tend to be more problematic (Wicker et al., 2006).  The V3 region 

had the highest incidence of long poly-T homopolymers and required the most stringent 

Q cutoff to alleviate species richness inflation (Q3210%).  In addition to conserved and 

semi-conserved regions, a variable stem-loop (P17-1) is present in the bacterial V3 region 

(Neefs et al., 1991), and this additional heterogeneity may contribute to increased 

sequencing error.  The V1V2 and V4 had a higher prevalence of poly-G homopolymers 

with the V4 region having one sequence with a ten-nucleotide poly-G stretch.  The V6 

region had a lower incidence of long homopolymers, as previously reported (Huse et al., 

2007), but tended to have poly-C stretches when homopolymers occurred.  Such long 

homopolymers also occurred in the clone library sequences and thus are not purely 

artifactual.  Our results suggested that homopolymer stretches contribute to the observed 

pyrosequencing biases, but did not solely explain the region-dependent differences. 

Pyrosequencing is quickly replacing capillary sequencing of clone libraries as the 

standard technique for molecular and ecological studies of microbial communities due to 

breadth, depth, and cost.  However, only recently have the potential impacts of sequence 

quality (e.g., error rates) been considered (referenced above) with respect to ecological 

estimates for community composition and structure.  While other methods of buffering 

the data against erroneous sequences through different alignment and clustering methods 
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Table 2.4 Homopolymer occurrence in pyrosequencing and clone libraries. 
 
V1V2 4mers 5mers 6mers 7mers 8mers >8mers 4mers 5mers 6mers 7mers 8mers >8mers

A 2,364 796 148 4 1 0 93 35 0 0 0 0

T 1,160 1,051 210 26 0 0 58 71 15 0 0 0

G 9,178 10,843 629 77 17 0 537 849 18 6 0 0

C 2,709 325 85 24 0 0 137 13 3 0 0 0

V3

A 6,820 552 20 2 0 0 570 4 1 0 0 0

T 1,546 487 295 182 1 0 110 24 14 10 0 0

G 1,473 787 621 93 2 0 102 54 28 1 0 0

C 8,438 3,596 403 28 0 0 620 256 33 0 0 0

V4

A 3,064 188 32 1 0 0 137 2 0 0 0 0

T 470 20 0 0 0 0 46 2 0 0 0 0

G 6,393 3,349 450 37 23 5
a

652 387 31 0 4 0

C 813 609 45 0 0 0 66 80 0 0 0 0

V6

A 579 58 8 0 0 0 43 3 1 0 0 0

T 1,678 272 2 0 0 0 137 9 0 0 0 0

G 2,599 831 8 1 0 0 278 4 0 0 0 0

C 8,849 6,551 433 16 5 1
b

703 392 4 0 0 0

a
Four 9mers and one 10mer

b
One 9mer

Pyrosequencing Clone Library

 
 
 
can be used (Huse et al., 2010), quality checking is a complementary method that can 

quickly remove error-prone sequences using the quality score file that commonly 

accompanies flowgram processing and output.  Previous clone library analyses have 

shown that similarity values below 0.995 are not due to sequencing errors (95 % CI) with 

capillary-based sequence determination (Fields et al., 2006), and clone library sequences 

were thus used for comparison to pyrotagged sequence sets.  In addition, recent work has 

shown that FLX sequence determination has comparable error rates to capillary 

sequencing when Q averages 24 to 27 (Huse et al., 2010).  Thus, we performed a direct 

comparison of clone libraries to pyrosequence libraries from two environmental samples 

for four regions of the SSU rRNA gene sequence in order to validate ecological 

estimations of sampled diversity from two different environments.  It should be noted that 

clone libraries could underestimate sampled diversity due to limited sampling size; 

however, the clone libraries for this study were large (418 to 694 clones/gene region) and 
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were used as a conservative estimate for which to compare pyrotag data. While this 

method is conservative, it provides a baseline validation of pyrotag sequencing for 

microbial communities. We do not provide the predictions from this comparison as an 

absolute value, but rather as a means to establish lower and upper thresholds compared to 

previous techniques. 

This is the first study to test and validate the effects of quality-based refinement 

on real sampled diversity, and our results further stress the importance of Q for 

pyrosequence data filtering in a region-dependent manner for accurate estimations of 

species richness. With our tested samples, we observed that the quality scores that best fit 

the V1V2, V4, and V6 regions were Q2715%, Q3010%, and Q3215%, respectively, and the 

most stringent Q tested (Q3210%), was not enough to account for species richness inflation 

of the V3 region. It is possible that these stringencies may be sample or sample-type 

specific, but the results from the different environmental samples that tested four 

different regions of the SSU rRNA gene sequence all showed the necessity of quality-

score refinement. The results suggested that the region dependence of parameters should 

be tested and considered during experimental design (e.g., gene region, sample type) 

when using pyrotagged community analyses. Accurate α-diversity estimations will 

become increasingly important in light of environmental meta-omics approaches, as well 

as accurate predictions of β- and γ-diversity for providing insight into structure–function 

relationships. 

 
 
 
 



 
 

42 

References 
 
 
Dickie I.A., 2010. Insidious effects of sequencing errors on perceived diversity in 
molecular surveys. New Phytologist 188:916-918. 
 
Fields M.W., Schryver J.C., Brandt C.C., Yan T., Zhou J.Z., Palumbo A.V., 2006. 
Confidence intervals of similarity values determined for cloned SSU rRNA genes from 
environmental samples. Journal of Microbiological Methods 65:144-152. 
 
Gihring T.M., Green S.J., Schadt C.W., 2012. Massively parallel rRNA gene sequencing 
exacerbates the potential for biased community diversity comparisons due to variable 
library sizes. Environmental Microbiology 14:285-290. 
 
Haas B.J., Gevers D., Earl A.M., Feldgarden M., Ward D.V., Giannoukos G., Ciulla D., 
Tabbaa D., Highlander S.K., Sodergen E., Methe B., DeSantis T.Z., Petrosino J.F., 
Knight R., Birren B.W., 2011. Chimeric 16S rRNA sequence formation and detection in 
Sanger and 454-pyrosequenced PCR amplicons. Genome Research 21:494-504. 
 
Huse S.M., Huber J.A., Morrison H.G., Sogin M.L., Welch D.M., 2007. Accuracy and 
quality of massively parallel DNA pyrosequencing. Genome Biology 8:R143. 
 
Huse S.M., Welch D.M., Morrison H.G., Sogin M.L., 2010. Ironing out the wrinkles in 
the rare biosphere through improved OTU clustering. Environmental Microbiology 
12:1889-1898. 
 
Hwang C., Wu W., Gentry T.J., Carley J., Corbin G.A., Carroll S.L., Watson D.B., 
Jardine P.M., Zhou J., Criddle C.S., Fields M.W., 2009. Bacterial community succession 
during in situ uranium bioremediation: spatial similarities along controlled flow paths. 
The ISME Journal 3:47-64. 
 
Kunin V., Engelbrektson A., Ochman H., Hugenholtz P., 2010. Wrinkles in the rare 
biosphere: pyrosequencing errors can lead to artificial inflation of diversity estimates. 
Environmental Microbiology 12:118-123. 
 
Kunin V., Hugenholtz P., 2010. PyroTagger: a fast, accurate pipeline for analysis of 
rRNA amplicon pyrosequence data. The Open Journal. 
 
Liu Z., Lozupone C., Hamady M., Bushman F.D., Knight R., 2007. Short pyrosequencing 
reads suffice for accurate microbial community analysis. Nucleic Acids Research 
35:e120. 
 



 
 

43 

Liu Z., DeSantis T.Z., Andersen G.L., Knight R., 2008. Accurate taxonomy assignments 
from 16S rRNA sequences produced by highly parallel pyrosequencers. Nucleic Acids 
Research 36:e120. 
 
Margulies M., Egholm M., Altman W.E., Attiya S., Bader J.S., Bemben L.A., Berka J., 
Braverman M.S., Chen Y.-J., Chen Z., Dewell S.B., Du L., Fierro J.M., Gomes X.V., 
Godwin B.C., He W., Helgesen S., Ho C.H., Irzyk G.P., Jando S.C., Alenquer M.L.I., 
Jarvie T.P., Jirage K.B., Kim J.B., Knight J.R., Lanza J.R., Leamon J.H., Lefkowitz S.M., 
Lei M., Li J., Lohman K.L., Lu H., Makhijani V.B., McDade K.E., McKenna M.P., 
Myers E.W., Nickerson E., Nobile J.R., Plant R., Puc B.P., Ronan M.T., Roth G.T., 
Sarkis G.J., Simons J.F., Simpson J.W., Srinivasan M., Tartaro K.R., Tomasz A., Vogt 
K.A., Volkmer G.A., Wang S.H., Wang Y., Weiner M.P., Yu P., Begley R.F., Rothberg 
J.M., 2005. Genome sequencing in microfabricated high-density picolitre reactors. Nature 
437:376-380. 
 
Neefs J.-M., Van de Peer Y., De Rijk P., Goris A., De Wachter R., 1991. Compilation of 
small ribosomal subunit RNA sequences. Nucleic Acids Research 19(Suppl):1987-2015. 
 
Quince C., Lanzén A., Curtis T.P., Davenport R.J., Hall N., Head I.M., Read L.F., Sloan 
W.T., 2009. Accurate determination of microbial diversity from 454 pyrosequencing 
data. Nature Methods 6:639-641. 
 
Sogin M.L., Morrison H.G., Huber J.A., Welch D.M., Huse S.M., Neal P.R., Arrieta 
J.M., Herndl G.J., 2006. Microbial diversity in the deep sea and the underexplored "rare 
biosphere". Proceedings of the National Academy of Sciences of the United States of 
America 103:12115-12120. 
 
Wicker T., Schlagenhauf E., Graner A., Close T.J., Keller B., Stein N., 2006. 454 
sequencing put to the test using the complex genome of barley. BMC Genomics 7:275. 
 
Youssef N.H., Elshahed M.S., 2008. Species richness in soil bacterial communities: a 
proposed approach to overcome sample size bias. Journal of Microbiological Methods 
75:86-91. 
 
Zhou J., Bruns M.A., Tiedje J.M., 1996. DNA recovery from soils of diverse 
composition. Applied and Environmental Microbiology 62:316-322. 
 
 
 
 
 

 



 
 

44 

CHAPTER 3 
 
 

STIMULATION FOR IN SITU Cr(VI) BIOREDUCTION CAUSES CONVERGENCE 
OF GROUNDWATER AND SEDIMENT-ADHERED BACTERIAL POPULATIONS 

WITH DIFFERING POPULATION NETWORKS 
 
 

Contributions of Authors and Co-Authors 
 
 
Manuscripts in Chapters 2, 3, and 4 
 
Author: Kara Bowen De León 
 
Contributions:  Experimental design, data analysis, and manuscript preparation 
 
Co-author: Boris Faybishenko 
 
Contributions:  Experimental design, geochemical analysis, and manuscript preparation 
 
Co-author: Bradley D. Ramsay 
 
Contributions:  Laboratory and field experiments, editing 
 
Co-author: Darrell R. Newcomer 
 
Contributions:  Laboratory and field experiments, site management 
 
Co-author: Terry C. Hazen 
 
Contributions:  Co-principal investigator, experimental design, site management 
 
Corresponding Author:  Matthew W. Fields 
 
Contributions:  Co-principal investigator, experimental design, editing 
 
  



 
 

45 

Manuscript Information Page 
 
 

Kara Bowen De León, Boris Faybishenko, Bradley D. Ramsay, Darrell R. Newcomer, 
Terry C. Hazen, and Matthew W. Fields 

Journal: ISME Journal 
Status of Manuscript: 
__x_ Prepared for submission to a peer-reviewed journal 
____ Officially submitted to a peer-review journal 
____ Accepted by a peer-reviewed journal 
____ Published in a peer-reviewed journal 
 



 
 

46 

Abstract 

 
The Hanford 100-H site, located approximately 1 km from the Columbia River along the 
groundwater flow path from the 100-D area to the river, is a chromium-contaminated site 
that has been designated by the U.S. Department of Energy as a field study site for in situ 
chromium reduction.  In August 2004, the first injection of Hydrogen Release 
Compound® (HRC), a slow-release polylactate, resulted in an increase of Pseudomonas, 
Geobacter, and Desulfovibrio and a reduction of Cr(VI) to below background levels for 
>3 years.  The aim of this study was to compare microbial communities of groundwater 
and surrogate sediment samples across time and space during a second injection of HRC 
to better understand population dynamics during perturbation.  A second HRC injection 
occurred November 2008 and resulted in an overall decrease in Cr(VI) and other terminal 
electron acceptors (TEA) including nitrate, sulfate, oxygen, and Fe(III).  The injection 
well showed a sharp decrease in diversity and a predominance of Pseudomonas and 
Arthrobacter upon injection.  However, Geobacter and Desulfovibrio, were not enriched 
during stimulation.  The sediment and groundwater communities differed throughout 
with the exception of latter time points in the injection well, which converged on a 
primarily fermentative Firmicutes community.  Furthermore, analyses suggested 
correlations predominantly within nitrogen-metabolizing and fermentative genera.  The 
dominance of fermentative genera after injection of a slow release carbon and energy 
source suggests long-term removal of available TEA including Cr(VI).  

 

Introduction 
 
 

Located approximately 1 km from the Columbia River along the groundwater 

flow path from the 100-D area to the river, the 100-H Field Site has been selected by the 

U.S. Department of Energy Environmental management as a field study site for in situ 

chromium(VI) reduction.  Chromium, predominately as sodium dichromate, was used as 

a corrosion inhibitor and is a common contaminant in the Hanford 100 Area with 

concentrations of up to 50 ppm (Hartman and Peterson, 2003).  Chromium concentrations 

in the groundwater decrease from approximately 20 to 50 ppm (0.4-1 mM) at the 100-D 

area to 40-100 ppb (0.77-1.9 µM) in the 100-H area (Hartman and Peterson, 2003).  It is 

estimated that 95 % of chromium in Hanford groundwater is Cr(VI) (Faybishenko et al., 
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2008).  Cr(VI), a mutagen (Bartlett and James, 1988; Burrows, 1983; De Flora et al., 

1990; Nieboer and Shaw, 1988; Petrilli and De Flora, 1977) and carcinogen (Bartlett and 

James, 1988; Borneff et al., 1968; Burrows, 1983; Costa et al., 1997; Costa and Klein, 

2006; Davidson et al., 2004; Gibb et al., 2000; Langård, 1990; Schroeder and Mitchener, 

1971; Yassi and Nieboer, 1988), can be reduced to Cr(III) biotically by direct microbial 

metabolism or abiotically by different metabolites (Losi et al., 1994).  Cr(III) is less toxic 

than Cr(VI) (Katz and Salem, 1994; Nieboer and Shaw, 1988), is more stable than 

Cr(VI), and forms practically insoluble oxides and hydroxides at slightly acidic to neutral 

pH (Bartlett and Kimble, 1976; Calder, 1988; Chen and Hao, 1998; Losi et al., 1994). 

Thus, stimulation of microbially-induced Cr(VI) reduction is expected to result in the 

transformation of soluble Cr(VI) to less soluble Cr(III) that will form practically 

insoluble complexes with Fe.  

The first in situ Cr(VI) bioimmobilization experiment using Hydrogen Release 

Compound® (HRC) injection in groundwater was conducted at Hanford 100-H area in 

August 2004 (Faybishenko et al., 2008; Hubbard et al., 2008).  The second HRC injection 

experiment at the same field site was performed in November 2008.  The aim of this 

paper is to present the results of field studies and an analysis of fluctuations in bacterial 

populations during the second HRC injection for both the groundwater and sediment-

associated populations.  In this study, we collected both water and surrogate sediment 

samples at the same locations for pyrosequencing analysis to be able to delineate 

differences in population distributions and correlation networks, which are unique to the 

groundwater and sediment-associated communities. 
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Materials and Methods 
 

Site Location  

The field site for Cr(VI) bioimmobilization is located along the Cr(VI)-

contaminated groundwater pathway from the Hanford 100-D Area to the Columbia River 

at the Hanford 100-H Area.  Field investigations were conducted in four ~18.3 m deep, 

15 cm diameter boreholes along the regional groundwater flow pathway in an east-

northeast direction (Figure 3.1a) that have been described previously (Faybishenko et al., 

2008; Hubbard et al., 2008).  The Cr(VI)-contaminated, unconfined aquifer is located at a 

depth of ~12.2 m in the high-permeability Hanford formation comprised of gravel and 

coarse sand above a low-permeability clay layer of the Ringold Formation at a depth of 

~14.3 m.  Analyses were performed in the aquifer in the Hanford formation layer. 

 

Figure 3.1 Well layout at the research site (A) and surrogate sediment sampler (B).  Well 
699-96-45 is the HRC injection well.  
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The background concentrations (prior to the HRC injections) of ions of interest 

were as follows: 0.01-0.21 mg/L total iron, 15.8-16.5 mg/L chloride, 26.7-29.6 mg/L 

nitrate, 54.8-56.5 mg/L sulfate, 8.01-9.36 mg/L dissolved oxygen (DO), 231-408 mV 

redox, and pH 6.94-7.6 (Faybishenko et al., 2008).  Groundwater cell numbers collected 

in 2004 from Wells 699-96-44 and 699-96-45 was on average 5 x 105 cells/mL.  

Constrained by oligotrophic conditions, a slow rate of natural attenuation of Cr(VI) has 

been monitored in Well 699-96-43 from 1993 until prior to the 2008 HRC injection (3 

µM in 1993 and 1.5 µM in 2008).  

 
HRC Injections 

HRC is a viscous (density of 1.3 g/cm3), glycerol polylactate (12 moles lactate/ 1 

mole glycerol) solution with a small percentage of lactic acid and phosphate that is an 

environmentally safe, food grade compound produced by Regenesis, San Clemente, CA. 

Hydration of HRC releases lactic acid (Sharma et al., 2001), providing a carbon and 

energy source, stimulating both aerobic and anaerobic microbes and allowing for the 

reduction of soluble Cr(VI) to insoluble Cr(III).  The first HRC injection was conducted 

on August 3, 2004, using 18.2 kg of 13C-labeled HRC (Faybishenko et al., 2008). The 

second HRC injection was conducted on November 13, 2008 with the same methods as 

the 2004 injection with the exception of HRC mass (4.5 kg).  Prior to and throughout the 

injection, groundwater samples were collected for geochemical analyses as described 

previously (Faybishenko et al., 2008) 
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Surrogate Sediment and  
Groundwater Sampling for DNA Analysis 

Subsurface microbiological communities have historically been analyzed by 

collecting groundwater from wells; however, this method does not allow for the analysis 

of the attached (biofilm) community (Alfreider et al., 1997; Griebler et al., 2002; Hazen 

et al., 1991; Hirsch and Rades-Rohkohl, 1988; Holm et al., 1992; Klein et al., 2008; 

Lehman et al., 2001a; Lehman et al., 2001b; Lehman et al., 2004; Peacock et al., 2004; 

Reardon et al., 2004).  Sampling the subsurface biofilm community is often only 

examined when the core is extracted during well drilling, thus, temporal studies are 

unfeasible.  Obviously, drilling a new well in the same spot at each time point is spatially 

impossible.  Furthermore, drilling many wells in close proximity would considerably 

alter the hydrology at the site and would be exceedingly cost prohibitive.  The use of 

surrogate sediment samples allows for temporal sampling at the same locations and 

acquiring sufficient sample numbers at depth.  

Stainless steel surrogate biofilm samplers were modified from Peyton and Truex 

(1997)(Figure 3.1b).  Briefly, 1-mm stainless steel mesh cylinders (15.5 × 1.2 cm) were 

lined with 110-µm nylon mesh (Small Parts, Inc., Miami, Florida, USA).  These were 

filled with original Hanford sediments collected during drilling of Well 699-96-41 (see 

Figure 1), capped and then autoclaved.  These samplers were attached to autoclaved 150 

lb grade 316 stainless steel cable (Cannon, Mankato, Minnesota, USA) and lowered 

down each well.  Samplers were left in the wells for 56-265 days before collecting (Table 

3.1), except for one sample each for the upgradient Well 699-96-43, injection Well 699-

96-45, and downgradient Well 699-96-41, which were deployed upon injection and 
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collected on Day 5 to analyze establishment of communities during stimulation.  

Duplicate samples in Well 699-96-44 were collected on Day 25 post-injection to analyze 

the reproducibility of the surrogate sediment samples.  Furthermore, 2 samples in the 

background Well 699-96-43 were collected on Day 5 that differed in duration of time 

down the well of 5 days and 127 days to test for differences caused by the surrogate 

sediment residence time in the well.  Finally, a “diptest” in the injection well was 

performed in which the surrogate sediment sampler was deployed and immediately 

collected to determine the community that is introduced to the sampler upon deployment.  

Upon collection, the samplers were immediately placed in sterile Whirl Paks® (Nasco, 

Fort Atkinson, Wisconsin, USA) and AnaeroPacks™ (Mitsubishi Gas Chemical 

Company, Inc., Tokyo, Japan) and on dry ice for overnight shipping.  All samples were 

stored at -80°C until DNA was extracted.  Approximately one half of the sediment was 

used for DNA extraction (described below) (Table 3.1). 

Groundwater (1-5 L) was collected (described above) and immediately filtered as 

previously described (Chapter 2; De León et al., 2012a) (Table 3.1).  The filters were 

shipped overnight on dry ice and stored at -80°C until DNA was extracted.  

Approximately one half of the filter was repeatedly rinsed with 100 mM phosphate buffer 

(pH 7).  Sterile sand was then added to the buffer rinse, and DNA was extracted as 

described below.   
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Table 3.1 Samples collected during 2008 HRC injection 

 

 
DNA Extraction and Pyrosequencing 

The DNA extraction protocol was modified from Zhou et al. (1996) and described 

previously (Chapter 2; De León et al., 2012a).  The extracted DNA was concentrated 10-

fold using the Wizard® SV Gel and PCR Clean-Up System (Promega Corporation, 

Madison, Wisconsin, USA) according to the manufacturer’s protocol.  DNA 

concentrations were determined using the Qubit® dsDNA BR Assay Kit and fluorometer 

(Life Technologies, Carlsbad, California, USA).   

The V1-V3 region of the bacterial SSU rRNA gene sequences was amplified with 

universal bacterial primers FD1 (5′-AGAGTTTGATCCAGGCTCAG-3′) and 529R (5′-

CGCGGCTGCTGGCAC-3′) with a 10-nt barcode (Table 3.1) attached to the 5′ end of 

each primer.  When DNA concentration was >1 ng/µL, 10-12 ng DNA was used per 
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reaction and for samples with DNA concentrations <1 ng/µL, 5-8 µL of 10x concentrated 

DNA was used for each reaction.  PCR conditions were modified from Hwang et al. 

(2009).  PCR cycles were optimized for each sample to the lowest number of cycles to 

minimize PCR-induced artifacts (Acinas et al., 2005; Sipos et al., 2007; Wu et al., 

2010b).  Replicate PCR products were excised from a 0.8 % agarose gel and combined 

using an Ultrafree®-DA gel extraction column (Millipore Corporation, Bedford, 

Massachusetts, USA).  Gel extracts from at least 3 PCR replicates for each sample were 

combined to generate ≥500 ng PCR product per sample.  Gel extracts were purified and 

concentrated using the Promega Wizard® SV System and the DNA was quantified using 

the Qubit® fluorometer.  The amplicons were sequenced on a 454 GS-FLX Titanium™ 

Pyrosequencer (454 Life Sciences, Branford, Connecticut, USA) at SeqWright, 

Incorporated (Houston, Texas, USA). 

 
Sequence Data Analysis 

Raw pyrosequences were refined as described previously (Chapter 2; De León et 

al., 2012a).  Briefly, sequences were refined by length, Ns, primer errors, and were 

removed if >15 % of nucleotides had a quality score <27 for forward (V1V2) sequences 

and if >10 % had a quality score <32 for reverse (V3) sequences.  Chimeric sequences 

were removed using ChimeraSlayer (Haas et al., 2011).  Sequences were Infernal aligned 

and complete-linkage clustered at 97% using the RDP Pyrosequencing Pipeline (Cole et 

al., 2009).  A representative sequence was selected using the RDP dereplicate program 

and was classified using the NCBI blastn algorithm against the nucleotide database.  Any 

sequences with <80 % identity or length of alignment to another bacterial SSU sequence 
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in the database were removed as non-SSU rRNA gene sequences (Huse et al., 2010).  

Sequence management and analysis were done using in-house python scripts.   

 
Statistical Analysis  

  
Richness and Diversity Indices.  Species richness (i.e., Chao1), diversity (i.e., 

Simpson’s and Shannon’s indices), and evenness were calculated using in-house python 

script.  One hundred random subsets at 2527 and 778 sequences for V1V2 and V3, 

respectively, were generated for each sample to alleviate sample size bias in richness and 

diversity indices (Gihring et al., 2012).  Richness and diversity indices were calculated 

for each random generation and the mean of these was used for each sample.  To analyze 

the potential impact of duration in the well for sediment samples, indices were grouped 

into 4 time intervals and generalized linear modeling (GLM) was performed with day as a 

covariate and well as a random effect.  Grouping using the Tukey method was used to 

determine the groupings for significant differences.  Both analyses were performed in 

Minitab (v16, Minitab, Inc., State College, Pennsylvania, USA). 

 
 Cluster Analysis.  The Unifrac distance measure allows for taxonomy-

independent analysis of samples because it is based on phylogenetic tree branch lengths 

and not taxonomic identifications.  Representative sequences were aligned using the RDP 

Infernal aligner (Cole et al., 2009) and a phylogenetic tree was generated using FastTree 

at default parameters (Price et al., 2009; Price et al., 2010).  Cluster analysis was done 

using Fast Unifrac on non-normalized abundances (Hamady et al., 2010).  
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Multivariate Analysis.  In taxonomy-dependent analyses such as canonical 

correspondence analysis [LEfSe and SparCC (below)], genera that occurred <10 times in 

the V1V2 or V3 datasets were removed from analyses of that dataset.  Because of their 

rarity, it could not be distinguished whether the absence of these genera in some samples 

was due to depth of sequencing or if they were truly absent in the samples.  Samples with 

corresponding geochemical data (sediment n=13; groundwater n=14) were used in 

canonical correspondence analysis (CCA).  Different combinations of eleven explanatory 

variables were used in CCA including: Cr, Fe, Na, Mg, K, Ca, Mn, Si, Day, Barcode, and 

Well.  Because groundwater geochemistry was used for both groundwater and sediment 

samples, these samples were tested separately as to not have duplicate geochemistry in 

the same analysis.  CCAs were performed on relative abundance matrices in Canoco v4.5 

(Microcomputer Power, Inc., Ithaca, New York, USA) with default parameters except 

that scaling was focused on sample differences.  For each combination of geochemical 

parameters tested, Monte-Carlo permutation tests for significance were performed with 

499 random permutations from the reduced model. 

 
 LEfSe.  Linear discriminant analysis effect size (LEfSe) was used to identify 

genera that characterize the difference between sediment and groundwater.  Linear 

discriminant analysis (LDA) is a linear model that finds combinations of explanatory 

variables that best discriminate the predefined groups.  With the addition of size effect 

analysis to LDA by Segata et al. (2011) as LEfSe, the explanatory variables (i.e., genera) 

that contribute most to distinguishing the categorical variable (i.e., sample type) can be 

determined.  LEfSe was calculated using default parameters on the V1V2 and V3 datasets 
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separately and control samples were excluded from the analysis.  Only genera with an 

LDA score ≥2 were considered. The inverse was taken for LDA scores significant to 

groundwater for graphing purposes.   

 
 Correlation Analysis.  SparCC is a method for calculating correlations between 

genera using absolute instead of relative abundance (Friedman and Alm, 2012).  SparCC 

was calculated on 100 random generations and 20 iterations to calculate a two-sided p-

value for each correlation value.  Genera that occurred <10 times and control samples 

were excluded from analysis.  Sediment and groundwater were calculated separately and 

only correlation values ≤-0.7 or ≥0.7 and P<0.05 were considered.   

 
Results  

 
 

HRC Injection 

The 2004 injection of 18 kg of slow-release HRC led to sustained Cr(VI) 

reduction in the vicinity of the injection well that lasted almost >3 years (Faybishenko et 

al., 2008).  The 2008 injection of 4.5 kg of HRC led to a rapid reduction in Cr(VI) 

concentration, but the effects only lasted for ~3 months.  Despite a very low initial total 

microbial density (from <104 to 105 cells/mL), HRC injection stimulated an increase in 

cell numbers to >107 cells/mL, significant decrease in soluble Cr(VI) concentrations to 

below the detection limit, successive reduction of major electron acceptors—oxygen, 

nitrate, sulfate, and Fe(III).  PhyloChip data showed an increase of the Desulfovibrio, 

Geobacter, Pseudomonas and Dechloromonas strains following the first HRC injection in 

2004 (Faybishenko et al., 2008).  Contrary to observations during the first injection in 
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2004, the microbial community post second HRC injection was not enriched with sulfate-

reducing bacteria or iron-reducing bacteria (below). 

 
Groundwater and Surrogate Sediment  
Sample Collection and Pyrosequencing 

Pre- and post-injection groundwater and surrogate sediment samples were 

collected for community analysis (34 samples).  For each sample the V1V2 and V3 

regions of the SSU rRNA gene were sequenced via pyrosequencing, and 213,551 and 

96,993 post-refinement sequences for the V1V2 and V3 regions, respectively, were used 

for analyses (Figure 3.2 and 3.3, respectively). 

 
Surrogate Sediment Control Samples 

Three sediment samples were used as control samples to validate the surrogate 

sediment method.  A “diptest” was performed in the injection well in which the surrogate 

sediment sampler was deployed and then immediately retrieved to analyze what was 

inoculated on the sediment during deployment.  A large percentage of sequences (35 % 

for V1V2 and 29 % for V3) from this test were removed during sequence refinement 

because they most closely resembled Pinus nelsonii chloroplast SSU rRNA sequence 

sequences (~99 % identity, accession no. EU998746).  This was not observed in any 

other sample and no DNA amplification occurred from sterile sediment pre-deployment.  

The remaining sequences most closely resembled genera that were generally minor in 

abundance in other samples (Figure 3.2 and 3.3).   
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Figure 3.2 Relative abundance of V1V2 genera for Well 699-96-43 (A), 699-96-45 (B), 
699-96-41 (C), and 699-96-44 (D).  Genera ≥4 % relative abundance in at least one 
sample in plot are displayed.  Sample name convention is described in Table 3.1 footnote. 
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Figure 3.3 Relative abundance of V3 genera for Well 699-96-43 (A), 699-96-45 (B), 699-
96-41 (C), and 699-96-44 (D).  Genera ≥4 % relative abundance in at least one sample in 
plot are displayed.  Sample name convention is described in Table 3.1 footnote. 
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Duplicate surrogate sediment samples were collected from Well 699-96-44 25 

days post-injection (Figure 3.2 and 3.3).  These samples are similar in organisms and 

relative abundances demonstrating the reproducibility of not only the surrogate sediment 

samples, but of amplification and pyrosequencing.   

A third control was performed in the background well (699-96-43) in which two 

sediment samples were collected on Day 5 of injection but varied by incubation time 

down the well (5 days versus 127 days).  The sample that was only in the well for 5 days 

had differing relative abundances than the sample that was in the well for 127 days 

(Table 3.2 and Figures 3.2 and 3.3).  Acidovorax, Pseudomonas, and Rheinheimera 

dominated the sample that was in the well for 5 days.  While Acidovorax and 

Pseudomonas were still dominant in the sample in the well for 127 days, they were less 

abundant.  Rheinheimera was absent from the 127 days sample.  

 
Species Richness and Diversity 

Simpson’s and Shannon’s diversity indices, Shannon’s evenness, and Chao1 

species richness estimates were calculated on random subsets for each sample to alleviate 

biases from sample size (Table 3.2).  The V1V2 region consistently had a larger Chao1 

richness estimate and Shannon’s diversity index and a lower evenness index than the V3 

region.  However, the trends in sample comparisons were similar regardless of gene 

region.  In general, species richness tended to be more variable across stimulation for 

groundwater samples compared to sediment samples.  Analysis of the background well 

indicated that species richness and diversity were continuously fluctuating.  Injection well 
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water showed a sharp decrease in species richness and diversity upon injection, but may 

be a result of dilution of the groundwater organisms due to the injection volume.  

Sediment samples were grouped by down-well duration to test whether species 

richness and diversity of the sediment was due to incubation time (Figure 3.4).  GLM of 

duration in the well was performed with each richness and diversity estimate as a 

response, day as a covariate, and well as a random effect.  GLM indicated that Chao1 

species richness estimate and Simpson’s indices were not significantly different between 

duration times regardless of SSU rRNA gene library (P>0.06).  Duration in the well was 

significant in Shannon’s indices (P<0.03).  Grouping using the Tukey method indicated 

that the sediment samples used in the establishment studies (5 day incubation) were 

significantly different than those incubated for a longer period of time.  The difference 

was greater in the V3 dataset (P<0.001) in which the 5 days samples were significantly 

different than all other durations.  In the V1V2 dataset, the Tukey grouping indicated  

that the significant difference was only between the 5 days and 122-147 days samples.  

The samples that were incubated for 56/57 days, 122-147 days, or 222-265 days were not 

significantly different regardless of SSU rRNA gene library. Thus, it was concluded that 

the surrogate sediment was established by 56 days and variations in these samples were a 

result of perturbation during the stimulation process or natural fluctuations in the system. 

 
Biofilm Establishment During Stimulation 

Upon injection, surrogate sediment samples were deployed in wells 699-96-43, 

699-96-45, and 699-96-41 to monitor establishment of the sediment-adhered (biofilm) 

community during stimulation.  At 5 days post-injection, these samples were collected 
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Table 3.2. Average diversity indices from random subsets for HRC injection samples 

 

and compared to corresponding groundwater samples to better understand the formation 

of the biofilm community in the absence of an established pre-stimulation biofilm 

community (Figure 3.2 and 3.3).  These samples were less diverse than other sediment 

samples indicating that the community had not stabilized within the 5 days (Table 3.2).  

However, the injection well Day 1 and Day 5 sediment samples had similar diversity 

indices and richness estimates, although the populations were different.  Thus, it is 

difficult to differentiate the effect of stimulation and duration down well in terms of 

population diversity.  While the 699-96-43 Day 5S and 699-96-45 Day 5 sediment 

samples were heavily dominated by Acidovorax and Pseudomonas, respectively, the 699-

96-41 Day 5 sediment sample was more similar to pre-injection and Day 1 samples and 

had more genera comprising the dominant genera (≥4 % relative abundance).  

Interestingly, in all wells, Day 5 sediment remained distinct from Day 5 groundwater; 
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therefore, 5 days was adequate time to distinguish the adhered community from the 

planktonic (i.e. groundwater) community.  

 

Figure 3.4 Differences in species richness and diversity indices by surrogate sediment 
well duration.  Surrogate sediment samples were grouped by duration in the well for the 
V1V2 (A-C) and V3 (D-F) datasets.  GLM of well duration was performed with Day as a 
covariate and Well as a random effect for each response (i.e., richness or diversity 
estimates) and p-values are displayed within the figure.  The Tukey method was used to 
determine the grouping of samples (B and E). Groupings are indicated by lowercase 
letters.  Durations that do not share a similar letter are significantly different from each 
other.   
 
 
Relative Abundance  
Differences of Sample Type 

Groundwater and sediment communities were quite similar on the phylum level 

(class for Proteobacteria) even when samples were combined by sample type and time 

was not considered (Figure 3.5).  In fact, the different regions of the SSU rRNA gene 
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demonstrated a larger variance in relative abundances than the sample types (i.e., 

sediment and groundwater).  However, β-Proteobacteria and Firmicutes were more 

abundant in V1V2 and V3 sequences, respectively, regardless of sample type.  Though 

some biases were observed based on SSU rRNA gene region, the trends in comparisons 

between sample types were consistent for most OTUs.  For example, Candidate TM7 was 

almost exclusively in the sediment samples (2.3 % and 2.5 % in the V1V2 and V3 

sediment samples, respectively, and 0.26 % and 0.29 % in the V1V2 and V3 groundwater 

samples, respectively); Actinobacteria, Bacteroidetes, and Chloroflexi were 

predominately found in groundwater samples; and Proteobacteria classes were of similar 

relative abundances in sediment and groundwater.   

 
Figure 3.5 Relative abundance of phyla in each sample type.  Phyla <0.25 % relative 
abundance were grouped as Other.  Genera with <10 occurrences (sequences) were not 
included (as seen by different from 100 % for each bar).  
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Sample type and gene region differences became more apparent at the genus level 

(Figure 3.6).  For example, Simplicispira occurred almost exclusively in the V1V2 

dataset and Eubacterium occurred exclusively in the V3 dataset and primarily in 

sediment.  Pelosinus and Pseudomonas, two possible Cr(VI) reducers, occurred in similar 

abundances in sediment and groundwater regardless of SSU rRNA gene region.  

Interestingly, Geobacter, an organism commonly monitored during bioremediation by 

groundwater collection, was almost exclusively a sediment organism. Conversely, 

Arthrobacter, another organism of interest for its potential to reduce or adsorb Cr(VI), 

can also form biofilms but was almost exclusively observed in the groundwater samples.  

 

Figure 3.6 Relative abundance of genera in each sample type.  Genera with <2 % relative 
abundance were grouped as Other.  
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Presence/Absence of Genera by Sample Type 

Few genera were exclusive to sediment or groundwater when all wells and 

samples were considered (genera with <10 occurrences in V1V2 or V3 datasets were 

ignored)(Figure 3.7 and Table 3.3).  Only 7 and 16 genera were unique to sediment for 

the V1V2 and V3 regions, respectively (0.21 % and 0.72 % relative abundance, 

respectively).  Marinomonas was the most abundant genus (0.12 %; 133 sequences) 

unique to sediment based upon the V1V2 region.  However, Marinomonas sequences 

were present in both sediment and groundwater for the V3 region.  Hespellia was the 

most abundant V3 genus exclusive to sediment samples (0.17 % relative abundance; 90 

sequences) and was also absent from the complete V1V2 dataset.  The V1V2 and V3 

datasets had 36 and 22 genera unique to groundwater, respectively (corresponding to 1.7 

% and 5.9 % relative abundance).  Of note, Crenothrix, a filamentous bacterium infamous 

for its presence in drinking water systems (Stoecker et al., 2006), was the most abundant 

genera unique to groundwater in the V1V2 dataset (0.42 % relative abundance; 363 

sequences), but was absent from the V3 datasets.   

 
Figure 3.7 Venn diagrams of genera in relation to sample type for the V1V2 and V3 
datasets. Sediment n=15 and groundwater n=16. 
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Table 3.3 Genera unique to sediment or groundwater 
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The number of organisms unique to each sample type (i.e., sediment or 

groundwater) was greatest pre-injection (Figure 3.8), and only in pre-injection samples 

were more organisms unique to sediment than water samples.  In the V1V2 samples, ~50 

% of genera were in both sample types, approximately 30 % were unique to sediment, 

and ~20 % were unique to groundwater pre-injection.  Post-injection analysis of unique 

genera indicated a large shift of unique genera to shared genera between sediment and 

groundwater.  In the post-injection V1V2 libraries, approximately 88 % of genera were 

shared while only 2 % and 10 % were unique to sediment and groundwater, respectively.  

Including the Day 5 sediment samples in post-injection comparisons of unique genera in 

sediment and groundwater samples did not change the results (Figure 3.8b,c).  The largest 

shift from unique to shared occurred in the sediment samples (~30 % pre-injection to 2 % 

post-injection), suggesting biofilm detachment.  Similar results were observed between 

the V3 libraries pre- and post-stimulation. 

Consideration of the unique genera individually and the occurrence or each pre- 

and post-stimulation added clarity to the observation of a general shift from unique to 

common in both sample types (i.e., sediment and groundwater) during stimulation 

(Tables 3.4 and 3.5).  Genera unique in pre-injection were largely in both sample types 

post-injection, supporting the results above.  It is possible that the observed shift is due to 

the greater depth of sampling post-injection; however, because genera unique to 

groundwater and sediment reacted differently during stimulation, it is unlikely that this 

shift is exclusively a result of sample size.  For example, in the V1V2 combined dataset, 
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Figure 3.8 Venn diagrams of genera in relation to sample type for pre-injection 

(A), post-injection including Day 5 (B), and post-injection excluding Day 5 (C) samples. 
Genera with <10 occurrences (sequences), the 699-96-45 diptest and the duplicate sample 
for 699-96-44 Day 25 were not included in analysis.  Pre-injection (A) sediment n=4 and 
groundwater n=3; post-injection including Day 5 (B) sediment n=11 and groundwater 
n=13; and post-injection excluding Day 5 (C) sediment n=8 and groundwater n=10. 

  
 

more genera (15 of 72) remained unique in groundwater during stimulation than in 

sediment (2 of 102).  Furthermore, the relative abundance of genera unique to sediment 

decreased from 14 % of pre-injection soil sequences to 0.3 % of post-injection soil 

sequences.  Genera unique to post-injection groundwater were generally absent or still 

unique to groundwater in pre-injection samples while those unique to post-injection 

sediment were generally absent in both sample types pre-injection.  These genera were 
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either sufficiently rare pre-injection to be below detection with the sequencing depth 

performed or were introduced by groundwater movement after the injection or the 

injection process itself.  Interestingly, five genera were unique to both pre-injection 

sediment and post-injection groundwater, yet no genera were unique to pre-injection 

groundwater and post-injection sediment.  These data suggest that the sediment-adhered 

populations responded to increased nutrients via detachment. 

 
Table 3.4 V1V2 genera unique to sediment or groundwater pre- and post-injection and 
status in the opposing time point (i.e., post- or pre-injection, respectively) 

 

 
Table 3.5 V3 genera unique to sediment or groundwater pre- and post-injection and status 
in the opposing time point (i.e., post- or pre-injection, respectively) 

 

Temporal and Spatial Genera Fluctuations 

The genera for each well were compared across time and sample type.  The V1V2 

and V3 regions showed similar results with a few exceptions, and the presented results 

are based upon the V1V2 dataset with only major differences reported for the V3 dataset 
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(Figures 3.2 and 3.3).  The background well (Figure 3.2a and 3.3a) showed gradual 

fluctuations in the populations across time with larger changes occurring in groundwater 

samples compared to sediment samples.  Acidovorax and Pseudomonas were dominant in 

most background samples regardless of sample type and SSU rRNA region, but showed 

fluctuations in relative abundances.  Ramlibacter and Variovorax, both β-Proteobacteria, 

were predominant in the Well 699-96-43 Day 222 groundwater sample V1V2 and V3 

libraries, respectively.  Because neither genus was present in the library for the other SSU 

rRNA gene region and both were of similar relative abundances (43 % Ramlibacter; 36 % 

Variovorax) and percent identity (97.4 % Ramlibacter; 98.7 % Variovorax), this 

dissimilarity was attributed to BLAST identification differences and not sequencing bias.   

In the injection well 699-96-45, post-injection sediment samples were surprisingly 

similar to concurrent groundwater samples, especially at 222 days post-injection (Figure 

3.2b and 3.3b).  Interestingly, both groundwater and sediment samples began as quite 

different communities, but upon perturbation of the system via HRC injection (i.e., 

nutrient) both groundwater and sediment communities shifted away from the pre-

injection community composition and converged on a new community structure with 

Clostridium, Pelosinus, and Sporomusa as dominant members.  Herbaspirillum, dominant 

in sediment and groundwater pre-injection, disappeared upon injection, as did 

Simplicispira sequences (predominantly observed in V1V2 sediment samples). 

Simplicispira sequences were almost exclusively observed in the V1V2 libraries.  The 

diversity of the 699-96-45 groundwater decreased upon stimulation and became primarily 

Arthrobacter and Pseudomonas.  It is interesting to note that Desulfovibrio and 
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Geobacter, two targeted organisms because of Cr(VI)-reducing capabilities, were not the 

dominant members in Well 699-96-45.  By 137-222 days post-injection, Pseudomonas 

and Arthrobacter were not observed in the sampled communities, which were primarily 

composed of fermentative genera.  

In the well immediately downstream of the injection, 699-96-41, Geobacter was a 

dominant organism pre-injection, but became rare upon stimulation (Figure 3.2c and 

3.3c).  Similar to the injection well, Pseudomonas became a dominant member (54 % 

relative abundance) in early-injection groundwater, but was of intermediate abundance (3 

% relative abundance) by 137 days post-injection. Methylobacter was in high abundance 

in Well 699-96-41 V3 groundwater, but was only observed in Day 222 groundwater for 

the V1V2 samples.  Simplicispira remained fairly constant, only showing a slight 

decrease in V1V2 sediment samples throughout the stimulation (with the exception of the 

222 days post-injection sample).  Based upon geochemical monitoring, the stimulation 

effects did not reach Well 699-96-41 until after the fourth day post-injection, thus the 

Day1 samples were pre-stimulation.  Upon stimulation, both the sediment and 

groundwater communities decreased in diversity and then gradually increased across time 

(Table 3.2). 

Because the pump was inserted in Well 699-96-44 during and shortly after 

injection, fewer samples were collected from this well.  However, these samples 

indicated that sediment and groundwater communities were quite different compared to 

wells closer to the stimulation (Figure 3.2d and 3.3d).  While the sediment community 

did not change much from pre-injection to 25 days post-injection, the groundwater 
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community changed dramatically from the beginning to the end of monitoring.  None of 

the dominant groundwater community remained after injection, likely due to stimulation, 

physical removal of organisms by the pumping system, and time (similar results were 

observed for both the V1V2 and V3 libraries).   

 
Unifrac Clustering of Samples 

Unifrac analysis resulted in samples clustering by sample type or time (Figure 

3.9).  In the V1V2 libraries, several samples grouped by sample type, such as post-

injection Well 699-96-43 and Well 699-96-41 pre-injection and Day 222 sediment 

samples.  The phyla and genera contributing to these clusters were apparent.  Samples 

with large relative abundances of β-Proteobacteria (namely Acidovorax, Simplicispira, 

Ramlibacter, and Methylibium) and γ-Proteobacteria (namely Pseudomonas) and 

relatively few Firmicutes and δ-Proteobacteria were primarily pre- and early-injection 

samples.  Samples with intermediate abundances of β-Proteobacteria, γ-Proteobacteria, δ-

Proteobacteria, and Firmicutes grouped together and were primarily non-stimulated 

samples.  Samples dominated by Firmicutes (i.e., Clostridium and Pelosinus) and 

Chloroflexi (i.e., Leptolinea) were exclusively late time points of Well 699-96-45 

samples.  The Unifrac analysis based upon the V3 libraries demonstrated similar trends 

and more tightly clustered the sediment samples (Figure 3.9b).  Sediment samples that 

clustered with groundwater instead of sediment had low relative abundances of β-

Proteobacteria (namely Acidovorax and Aquabacterium) and Candidate TM7 as 

compared to the sediment cluster.  These samples included Well 699-96-45 Day 5 and 
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Well 699-96-41 pre-injection and Day 487 sediment that also clustered with groundwater 

in the V1V2 libraries. 

 
Canonical Correspondence Analysis 

In order to determine what geochemical parameters may be driving the changes in 

communities, canonical correspondence analysis (CCA) was performed on samples with 

corresponding geochemical data.  Monte Carlo permutation tests were performed on each 

combination of geochemical parameters.  No combinations of geochemical parameters 

were significant for V1V2 or V3 sediment, keeping in mind that the attached community 

experience different geochemical parameters than those observed for the bulk, aqueous 

phase.  V1V2 groundwater CCAs (Figure 3.10) were significant with Cr, Mg, and Day 

(P=0.030) and the addition of Na only slightly raised the p value (P=0.034).  The V3 

libraries showed similar clustering as the V1V2 groundwater CCAs for Cr, Mg, Na, and 

Day (P=0.036).  Injection and Down1 well groundwater samples at days 5 and 6, 

respectively, were associated with an increase in Cr at these time points.  

 
  LEfSe 

To further elucidate which genera were significant to groundwater and sediment, 

linear discriminant analyses (LDA) coupled to size effect measurements (LEfSe) were 

used (Figure 3.11)(Segata et al., 2011).  LEfSe uses a nonparametric Wilcoxon sum-rank 

test followed by LDA analysis to identify linear combinations of variables (i.e., genera) 

that best discriminate between groups (i.e., sample type).  LEfSe was calculated on V1V2 
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Figure 3.9 Unifrac clustering of V1V2 (A) and V3 (B) datasets.  Heatmaps illustrate 
genera ≥10 % relative abundance in at least one sample.  Grey = 0 %; Blue = <1 %; 
Green = 1-5 %; Yellow = 5-20 %; Red = >20 % relative abundance. 
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Figure 3.10 CCA of V1V2 (A) and V3 (B) groundwater samples.  Samples with 
corresponding geochemistry were used for analysis.  Monte Carlo permutations yielded 
significant p-values with Na, Mg, Cr, and Day (V1V2 P=0.034; V3 P=0.036). 
 
 
and V3 datasets without the control samples. Of the genera with LDA scores >2.0 in 

V1V2 groundwater libraries, only Brevundimonas and Methylocystis were >1 % of total 

sequences in the V1V2 groundwater dataset (2.18 % and 1.06 % respectively).  

Stenotrophomonas had the highest LDA score of 4.34 in V1V2 groundwater, but was rare 

except for in Well 699-96-43 Day 5 and Well 699-96-44 pre-injection (24.1 % and 24.8 

% relative abundances, respectively).  However, it was exceedingly rare (<0.3 % relative 

abundance) or absent from V1V2 sediment samples.  Desulfovibrio had the second 

highest LDA score for V1V2 groundwater and was only 0.81 % of total V1V2 

groundwater sequences; however, it was nearly ubiquitous at generally low levels in 

groundwater and rare or absent in sediment.  In V1V2 sediment, the genera with the 

highest LDA scores were also those with relatively high abundances (Methylibium: 3.7 

%, Thiohalomonas: 2.7 %, Phenylobacterium: 1.6 %, Leifsonia: 1.4 %, Caulobacter: 1.3 
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%, Afipia: 1.3 %, and Pelomonas: 1.1 %).  Pelosinus was the only genera of >1 % 

relative abundance in V3 groundwater that had an LDA score >2.0.  When considering 

the relative abundances of Pelosinus in V3 groundwater and sediment (1.2 % and 5.1 %, 

respectively), the LEfSe results of Pelosinus as significant to groundwater may seem 

erroneous.  However, Pelosinus was significantly a V3 groundwater organism because it 

was only in three V3 sediment samples and only >0.1 % relative abundance in one 

sample (Inj_s_222) where it had a relative abundance of 17.9 %. On the other hand, it 

was nearly ubiquitous in V3 groundwater.  Acidovorax, Aquabacterium, 

Saccharospirillum, Caulobacter, and Rhodopseudomonas (5.9 %, 4.0 %, 2.2 %, 1.3 %, 

and 1.2 % respectively) were the only genera with significant LDA scores and >1 % 

relative abundance in V3 sediment samples.  

 
SparCC Correlation Analyses 

Correlation analysis via SparCC indicated that there were more correlations in 

sediment than in groundwater samples regardless of SSU rRNA gene region (Figure 

3.12).  In V1V2 sediment libraries, Desulfatibacillum correlated with many other genera 

including others from δ-Proteobacteria and Bacteroidetes, Firmicutes, and ε-

Proteobacteria.  These correlations were not predicted from the V3 sediment libraries and 

were only present when pre-injection samples were included in the analysis (Figure 

3.12a).  Also, Geobacter was correlated with Desulfovibrio and Geothrix, all metal-

reducers.  All of the organisms characteristic of V1V2 sediment and >1 % relative 

abundance in the LEfSe results also had significant correlations in the SparCC results.  

Interestingly, Desulfovibrio was considered a groundwater organism in LEfSe in the  
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Figure 3.11 LEfSe analysis of V1V2 (A) and V3 (B) datasets reveals genera significant to 
sample type.  Genera with <10 occurrences (sequences) were not included in analyses.  
The inverse was taken of groundwater LDA scores for ease of viewing. 
 
 
V1V2 dataset, but still had significant correlations in the SparCC sediment analysis with 

Desulfatibacillum, Geobacter, and Streptomyces (Figure 3.12a).  The Unifrac analysis 

suggested particular populations that contributed to sample groupings, and these 

populations were also predicted in the SparCC networks.  Simplicispira had positive 

correlations with Azospira, Iodobacter, Pseudorhodoferax but a negative correlation with 

Ancylobacter.  The Candidate TM7 sequences had a positive correlation with 
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Ancylobacter sequences.  Acidovorax and Methylibium sequences correlated with each 

other and with Aquamonas and Caulobacter or Pelomonas and Hydrogenophaga, 

respectively.  Phenylobacterium sequences were positively correlated with 

Bradyrhizobium, Aquicella, and Schlesneria and negatively correlated to Legionella 

sequences.   

The SparCC population networks based upon the V3 sediment libraries also 

included Clostridium, Pelosinus, Pseudomonas, Acidovorax, and Methylibium (Figure 

3.12b).  The Acidovorax and Methylibium populations were correlated indirectly via a 

connection with Aquabacterium.  Pseudomonas and Clostridium were negatively 

correlated while Pelosinus sequences correlated with Eubacterium, Bacteroides, 

Ethanoligenens, and Anaerosinus.  The Devosia and Gemmatimonas groups were 

positively correlated.     

In groundwater, fermentative organisms of the Firmicutes were correlated 

regardless of gene region.  Interestingly, while the Proteobacteria were generally 

correlated with other phyla or classes, Firmicutes tended to only be correlated with each 

other regardless of sample type.  Afipia and Methylibium were considered sediment 

bacteria in V1V2 LEfSe analysis, but had correlations in groundwater SparCC analysis.  

The V1V2 groundwater dataset had different correlations based upon SparCC analysis, 

and Desulfosporosinus was positively correlated with Sporomusa as well as indirect 

correlation to Pelosinus, Pelotomaculum, Clostridium, and Thermincola via Sporomusa 

(Figure 3.13a).  Methylibium and Pseudomonas were correlated as well as Acidovorax 

and Afipia via Bradyrhizobium, Rhodobacter, and Rhodoplanes.  The V3 groundwater 
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Figure 3.12 SparCC correlation analysis of V1V2 (A) and V3 (B) sediment samples.  
Nodes represent genera with significant (p<0.05) correlations and are colored by phylum 
(class for Proteobacteria), which are labeled in grey nearby the cluster of nodes.  Positive 
correlations ≥0.7 are displayed as black 3 pt edges and negative correlations ≤-0.7 are 
displayed as grey 1.5 pt edges.  Orange (dotted) lines in (A) designate correlations that 
are significant only when pre-injection samples are included.  
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dataset also predicted positive correlations between Desulfosporosinus and Pelosinus.  

Clostridium and Sporomusa were negatively correlated in V3 groundwater contrasting 

the V1V2 groundwater results above (Figure 3.13b).   

 

 
Figure 3.13 SparCC correlation analysis of V1V2 (A) and V3 (B) groundwater samples.  
Nodes and edge designation is described in Figure 3.12.  
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Discussion 
 
 

The initial HRC biostimulation of groundwater at the Hanford 100-H site in 2004 

with injection of ~18 kg of HRC resulted in the increase in cell number up to 3 orders of 

magnitude at 15-20 days after the injection (Faybishenko et al., 2008).  With the 

proliferation of heavy metal reducers such as Pseudomonas, Geobacter, and 

Desulfovibrio, the concentration of soluble Cr in the injection well declined to 

background conditions for >3 years after the injection (Faybishenko et al., 2008).  The 

second injection of HRC (4.5 kg), which was conducted in 2008, led to the same 

significant increase in cell number, but the decrease in soluble Cr concentration lasted for 

~3 months, at which point the soluble Cr concentrations began to increase to pre-injection 

concentrations due to groundwater flow and possibly Cr(III) reoxidation.  

In this study, groundwater and sediment (via surrogate sediment samplers) 

samples were concurrently collected for temporal and spatial analysis of both biofilm and 

planktonic communities.  Reproducibility of surrogate sediment samples was 

demonstrated by duplicate samples collected from the Well 699-96-44 at 25 days post-

injection (Figures 3.2d and 3.3d).  Recovery of correct proportions of mock communities 

with the V1V2 region of the SSU rRNA gene has been described previously (Wu et al., 

2010a).   

Two regions of the SSU rRNA gene were used in analysis.  Differing results 

between regions has been observed previously (Claesson et al., 2009; Claesson and 

O'Toole, 2010; Liu et al., 2007; Liu et al., 2008).  The V3 region is slightly inferior to the 

V1V2 region in recovery of correct sample clustering, but either region is substantially 
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superior to regions near the 3′ end of the gene (Liu et al., 2007).  The V1V2 and V3 

regions have been shown to overestimate and underestimate species richness, 

respectively, compared to full-length SSU rRNA gene sequences (Youssef et al., 2009), 

and the differences in species richness and diversity estimates observed in this study 

supports this finding (Table 3.2).  We recently observed that sequence refinement by 

quality score, a common method for eliminating error prone sequences, biases the relative 

abundance of certain phyla depending on SSU rRNA gene region (Chapter 2; De León et 

al., 2012a), and this bias was exacerbated in the V3 region compared to the V1V2. In this 

study, comparisons of phylum (class for Proteobacteria) relative abundances were similar 

between V1V2 and V3 datasets regardless of sample type with the exception of β-

Proteobacteria and Firmicutes, which had greater relative abundances in the V1V2 and 

V3 datasets, respectively (Figure 3.5).  Sequence refinement by quality score has 

previously shown a bias towards removal of β-Proteobacteria for both SSU rRNA gene 

regions, but was greater for the V3 region than the V1V2 region (Chapter 2; De León et 

al., 2012a).  However, an even greater bias was reported for retaining γ-Proteobacteria in 

the V3 dataset (Chapter 2; De León et al., 2012a), yet the relative abundance of γ-

Proteobacteria in this study only varied by 1.9 % and 1.2 % for sediment and 

groundwater, respectively.  Therefore, the differences observed between SSU rRNA gene 

regions could not be attributed to sequence refinement methods.  With the exception of 

late-injection samples from the injection well (discussed below), β-Proteobacteria 

predominated throughout the sampling with a few exceptions.  Previous studies have 
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shown that U(VI)-contaminated sites can be dominated by β-Proteobacteria (Akob et al., 

2006; Lin et al., 2012; Reardon et al., 2004; Vrionis et al., 2005).  

 Greater differences were observed between SSU rRNA gene regions at the genus 

level, likely a consequence of identification accuracy.  The majority of dominant 

organisms were consistent between the V1V2 and V3 libraries with differences in relative 

abundances specific to each sample.  The exception to this was Simplicispira in the V1V2 

library and Methylobacter and Sulfuritalea in the V3 library in which these OTUs were 

consistently different in the SSU rRNA gene region comparisons.  In each of these cases, 

there was not a clear genus or genera in the opposing SSU rRNA gene library that could 

be considered a surrogate identity.  These genera are representative of the variations in 

SSU rRNA gene regions, whether by identification or sequencing biases (the same 

amplification primers were used for both regions excluding primer bias), and exemplify 

the need to consider multiple gene regions for a more thorough community analysis.  

 During the previous HRC injection, the groundwater community was monitored 

via PhyloChip analysis and was enriched in Geobacter, Desulfovibrio, and Pseudomonas 

upon stimulation (Faybishenko et al., 2008).  Interestingly, Geobacter and Desulfovibrio 

were not dominant members of the community during this injection based upon 

pyrosequence analyses (Figure 3.6).  Although <3 % relative abundance, Geobacter was 

found predominantly in sediment, most abundantly in pre-injection and in 699-96-41 24-

hours post-injection (before the HRC had reached this well)(Figures 3.2c and 3.3c).  

Thus, Geobacter decreased in relative abundance upon stimulation.  Previous studies 

have observed a higher relative abundance of Geobacter in sediment than groundwater 
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when acetate was the nutrient (Flynn et al., 2008). That Geobacter would localize to 

sediment is not surprising as it traditionally uses insoluble Fe(III) as a terminal electron 

acceptor by growing on the Fe(III) surface (reviewed in Bird et al., 2011).  However, the 

results presented in this study suggest that monitoring Geobacter in the subsurface via 

groundwater could overlook a large proportion of the population.   

Desulfovibrio was approximately 1 % relative abundance in sediment and 

groundwater and was therefore grouped as Other in Figure 3.6.  It was most abundant in 

injection well groundwater, but became rare upon stimulation until the groundwater 

sample collected 222 days post-injection in which it was a dominant member (14 % 

relative abundance).  For this reason, Desulfovibrio was significant to groundwater in 

LEfSe analysis of the V1V2 region. It is not clear what caused this seemingly belated 

increase in relative abundance of Desulfovibrio in groundwater as the large 

environmental effects of stimulation had long disappeared.  HRC is designed to be a 

slow-release compound, and Desulfovibrio could be a population that responds to the 

slow-release as opposed to initial ‘colonizers’ that respond to the initial influx of nutrient. 

  In contrast, Pseudomonas was abundant and was enriched upon injection (Figures 

3.2 and 3.3).  In addition, Pseudomonas was a dominant member during biofilm 

establishment on Day 5 sediment samples, and results suggest Pseudomonas is an initial 

colonizer for the sediment-adhered community.  To better understand the biofilm 

community during perturbation, sediment samplers were deployed upon injection and 

collected after 5 days.  These communities represent the populations capable of biofilm 

establishment during stimulation and were significantly less diverse than other sediment 
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samples that had stabilized by 50 days of incubation under non-stimulated conditions 

(Table 3.2 and Figure 3.4).  Acidovorax and Pseudomonas were predominant in the 

communities in all three wells tested (699-96-43, 699-96-45, and 699-96-41), with the 

exception of the V1V2 dataset from 699-96-41 which had a higher diversity and looked 

more similar to other sediment samples from that well.  Species from both genera are 

known for biofilm formation and heavy metal or radionuclide reduction (Bahar et al., 

2009; Horitsu et al., 1987; Ishibashi et al., 1990; Moore et al., 2006; Nyman et al., 2006).   

Comparing 699-96-43 sediment samples collected on the same day, but differing 

in duration down the well (5 days and 127 days), revealed that Acidovorax and 

Pseudomonas were dominant in the 5-day sample and remained dominant in the 127-day 

sample, although relatively less abundant.  Rheinheimera, abundant in the 5-day sample, 

was absent in the 127-day sample for both the V1V2 and V3 datasets.  Rheinheimera 

isolates have been shown to form biofilms (Furuhata et al., 2009), thus it was likely an 

attached community and not a suspended population that was detected by chance.  With 

the increasing diversity as time passed, Rheinheimera may be outcompeted in the biofilm 

community.   

 Analysis of genera unique to sample type pre- and post-injection indicated a 

convergence of sediment and groundwater populations upon stimulation and was further 

supported by Well 699-96-45 Day 222 samples (Figures 3.2b, 3.3b, and 3.8 and Tables 

3.4 and 3.5).  A large percentage of pre-injection genera unique to a sample type became 

pervasive post-injection (93 % and 74 % for sediment and groundwater, respectively).  

This shift was considered greater than what would occur from the low levels groundwater 
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collected with the sediment and sediment particles trapped on the filter during 

groundwater collection.  The commonality of pre-injection sediment organisms in post-

injection sediment and groundwater may be a result of the sediment genera detaching 

from the biofilm because of positive or negative stimuli in the groundwater and these 

genera would then be detectable in the groundwater community.  The extent of 

detachment would dictate whether the genera were observed in both communities or 

became unique to groundwater post-injection and would account for the five genera that 

were unique to sediment pre-injection but unique to groundwater post-injection.  

However, many of the pre-injection groundwater organisms also became common to both 

groundwater and sediment post-injection.  Therefore, the movement of organisms was 

not unilateral as some of the planktonic genera permeated or invaded the biofilm while 

detachment was occurring.   

Sediment and groundwater comparisons by LEfSe revealed genera significant to 

each sample type, and these genera were generally low in abundance in the datasets.  

Stenotrophomonas had the highest LDA score for groundwater in both the V1V2 and V3 

libraries and was high in abundance for 699-96-43 Day 5 and 699-96-44 Day -122 

samples.  Stenotrophomonas is a Cr(VI)-resistant denitrifier that has been implicated in 

possible Cr(VI) reduction as a method for detoxification (Chien et al., 2007; Morel et al., 

2009; Pages et al., 2008; Yu et al., 2009).  Interestingly, it has been shown to form 

biofilms (Morel et al., 2009), so the reason for it being almost exclusively found in 

groundwater is unknown.  Methylibium was significant to sediment and was consistently 

present in the downstream sediment samples.  Members of this genera are known for 
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their organic solvent degradation and have been shown to consume lactate (Nakatsu et 

al., 2006; Yoon et al., 2007), but Cr(VI)-reduction has not been demonstrated.  In 

correlation analyses, Methylibium was positively correlated with Acidovorax, 

Hydrogenophaga, and Pelomonas in the V1V2 sediment and Aquabacterium in the V3 

sediment, all of which are β-Proteobacteria and possible denitrifiers.  Phenotypic 

capabilities cannot be directly determined by SSU rRNA analysis, but similar cultured 

organisms provide clues into the potential functions of these genera.  It is possible that 

Methylibium is residing in the sediment and consuming lactate during injection, but is not 

performing significant Cr(VI) reduction.  Interestingly, Methylibium was also present in 

V1V2 groundwater correlations as being associated with Pseudomonas.  Though 

Methylibium was <1.5 % relative abundance in V1V2 groundwater, it was most abundant 

post-injection when Pseudomonas heavily dominated the groundwater.  As the presence 

of Methylibium in the groundwater coincides with both HRC injection and Pseudomonas 

dominance, further work is needed to determine whether the stimulatory effects of HRC 

or an interaction with Pseudomonas is causing this organism to detach from the sediment.   

To determine what geochemical parameters may be driving the changes in 

communities, CCAs were performed on samples with corresponding geochemical data.  

Monte Carlo permutation tests resulted in no combination of geochemical parameters 

being significant for V1V2 or V3 sediment.  This may be a result of groundwater 

geochemistry not adequately representing the geochemistry of the sediment, absence of 

geochemical measurements for parameters that significantly impacted the sediment 

community, or changes in the sediment communities being more affected by ecological 
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drift than environmental conditions.  The latter is unlikely based on the large changes in 

the communities of wells impacted by the stimulation. Cr, Mg, Na, and Day were 

significant in groundwater CCAs for the V1V2 and V3 datasets.  Day as a parameter 

encompasses many different geochemical parameters that cannot be distinguished.  The 

significance of Day may be a result of correlated geochemical parameters that alone are 

not significant but together have an additive effect that makes them significant.  Many of 

the environmental parameters were not independent because of their direct ties to 

microbial metabolism and/or biogeochemical processes; therefore, it is not surprising that 

they would be confounding variables that are only significant together.  In vitro analyses 

would aid in distinguishing which environmental changes were most instrumental in the 

community changes (i.e., consortial studies under different constraints).   

Though the 699-96-45 well sediment and groundwater communities were quite 

different pre-injection, they converged on a predominately Firmicutes community of 

heavy-metal tolerant or reducing, fermentative genera. Included are Clostridium (Dobbin 

et al., 1999; Fontaine et al., 1942; Francis et al., 1994; Kauffman et al., 1986; Nguema 

and Luo, 2012), Pelosinus (Boga et al., 2007; Moe et al., 2012; Mosher et al., 2012; 

Shelobolina et al., 2007), and fermentative Sporomusa (Möller et al., 1984; at the time of 

publication and to the authors' knowledge heavy metal tolerance or reduction has not 

been published).  Many Firmicutes have been implemented in Cr(VI) reduction (Branco 

et al., 2005; Camargo et al., 2003a; Camargo et al., 2003b; Camargo et al., 2005; Desai et 

al., 2008; Liu et al., 2006; Megharaj et al., 2003; Mosher et al., 2012; Tandukar et al., 

2009).  The predominance of these populations may be more a result of HRC utilization 
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versus a metal-reducing or metal-tolerance constraint.  Previous microcosm experiments 

simulating continuous lactate injection in Cr(VI) contaminated Hanford 100-H 

groundwater resulted in an approximate 90 % relative abundance of Pelosinus spp. 

(Mosher et al., 2012). The authors hypothesized that sulfate limitation in the microcosms 

resulted in a preponderance of fermentative organisms instead of the targeted sulfate-

reducing bacteria (SRB). The dominance of Firmicutes in Cr(VI)- contaminated soil has 

been observed previously (Desai et al., 2009; Stewart et al., 2010).  Furthermore, in 

Fe(III)-reducing enrichments, Firmicutes, namely Pelosinus, have been observed to 

dominate in nutrient poor and unsaturated conditions while heavy metal-reducing bacteria 

and SRB dominate in saturated conditions (Hansel et al., 2008).  We isolated Pelosinus 

fermentans JBW45 from post-HRC injection groundwater and the genome has been 

sequenced (Appendix B; De León et al., 2012b).  With injection of HRC as a carbon 

source and electron donor at the Hanford 100-H field-study site, the site became limited 

in available electron acceptors and fermentation was expected to become a predominant 

metabolic strategy.  Interestingly, the overwhelming dominance of Firmicutes was 

specific to the injection well (699-96-45) and was observed at latter time points when Cr 

levels had dropped below background levels.  Therefore, the predominance of Firmicutes 

is likely a result of a lack of terminal electron acceptors and not directly due to high 

lactate concentrations (from the HRC) or the possible Cr(VI)-reducing capabilities of 

these OTUs.  How long Firmicutes would remain dominant is not clear, but it is not 

permanent.  Firmicutes were not dominant in pre-injection samples and assuming the 
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2004 HRC injection resulted in a similar community, it had transformed before 

monitoring for the 2008 injection began. 

 The downstream wells 699-96-41 and 699-96-44 showed less dramatic changes in 

the communities before and after stimulation (699-96-41 Day1 samples were collected 

before the stimulation had reached the well).  Well 699-96-41 showed a sharp increase in 

Pseudomonas in the groundwater upon stimulation that was of intermediate abundance by 

137 days post-injection.  Interestingly, 24 hours of stimulation was sufficient to change 

the groundwater populations in Well 699-96-41, but the sediment populations remained 

similar.  Because the pump was inserted in the Well 699-96-44 during and after injection, 

fewer samples were collected for this well.  Pre-injection and 25 days post-injection 

sediment samples were quite similar with the exception of the appearance of 

Denitratisoma in the V1V2 and Sulfuritalea in the V3 post-injection samples.  Both of 

these genera are associated with denitrification (Fahrbach et al., 2006; Kojima and Fukui, 

2011); however, nitrate was depleted in this well by 7 days, thus their function is 

unknown. The groundwater communities changed dramatically from pre- to late-

injection.  None of the genera dominant pre-injection were dominant at 222 days post-

injection.   

The background well (699-96-43) exhibited natural fluctuations in the community 

with larger changes observed in the groundwater than the sediment samples (Figures 3.2a 

and 3.3a).  This contrasts the results of injection and downstream wells in which injection 

resulted in a preponderance of a few genera, especially in groundwater 5-6 days post-

stimulation.   
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 Based upon correlations in the sequence libraries, population networks were 

estimated with SparCC (Friedman and Alm, 2012) (Figures 3.12 and 3.13).  Overall, 

sediment networks were more complex than groundwater networks, and networks based 

upon V1V2 libraries were more complex than V3 network predictions.  In the V1V2 

sediment networks, α-Proteobacteria nodes (i.e., genera) were connected to other β-

Proteobacteria, γ-Proteobacteria, and Candidate TM7 group.  Nitrospira was linked across 

many phylogenetic groups that included α-, β-, γ-, δ-Proteobacteria, and Planctomycetes.  

The inter-connectedness of Nitrospira across broad phylogenetic groups may underscore 

the importance of N cycling for multiple populations. 

 Interestingly, the microbial populations that are typically targeted for metal-

reduction (e.g., δ-Proteobacteria) were not estimated in the population networks when 

only post-injection samples were compared.  However, Desulfovibrio, Geobacter, and 

Geothrix were still estimated.  Similar results have been reported for a U(VI)- 

contaminated site in Oak Ridge, TN where Geobacter and acidobacterial sequences were 

correlated with one another and higher COD (chemical oxygen demand) levels (Hwang et 

al., 2009).  When all samples were compared, the δ-Proteobacteria nodes were intra-

connected with other δ-Proteobacteria (Geobacter, Desulfovibrio, Desulfatiferula, 

Desulfatibacillum) and inter-connected with Bacteroidetes, Streptomyces, and 

Firmicutes.  Based upon V1V2 libraries, several Firmicutes (Pelosinus and Sporomusa), 

α- (Afipia and Sphingopyxis), β- (Acidovorax, Methylibium, and Ralstonia), and γ-

Proteobacteria (Pseudomonas) populations were in both the estimated sediment and 

groundwater networks.  These results suggest that these populations were interacting with 
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different populations along different boundaries of micro-niche space (biofilm and bulk 

phase).   

In summary, the 2008 HRC injection resulted in a predominance of Pseudomonas 

and Arthrobacter; however, Geobacter and Desulfovibrio, shown to be enriched in the 

2004 HRC injection (Faybishenko et al., 2008), declined upon injection or were in 

generally low relative abundance throughout.  While Pseudomonas was an initial 

colonizer of the surrogate sediment and was predominant upon injection, Firmicutes 

increased in later time points.  These results indicated that during prolonged release of 

energy source and depletion of potential electron-acceptors, that fermentative Firmicutes 

became more predominant. In general, correlations were within fermentative Firmicutes 

and nitrogen-metabolizing α- and β-Proteobacteria.  These correlations were consistent 

across sample type and SSU rRNA gene region.  Sediment-adhered and groundwater 

populations were dissimilar prior to nutrient perturbation, and became more similar once 

carbon and energy sources were added.  However, the fact the pre-injection samples were 

different indicates that populations re-segregate along sediment- and bulk-phase 

boundaries as the 2004 injection did not result in a permanent convergence of the 

sediment and groundwater communities.  These analyses have revealed specific 

populations and possible interactions that, when targeted and with further analysis, will 

allow for a more efficient bioremediation strategy. 
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Abstract 

 
The Hanford 100-H site is a chromium-contaminated site in which stimulation for 
reduction of hexavalent chromium using a polylactate compound resulted in depletion of 
terminal electron acceptors such oxygen, nitrate, and sulfate, causing a significant 
decrease in soluble Cr(VI).  Nitrate is common in Department of Energy metal and 
radionuclide waste sites and its presence results in denitrification, changes in redox 
conditions, and inhibition of sulfate-reducing bacteria targeted during stimulation for 
Cr(VI) reduction. The purpose of this study was to assess dynamics in the microbial 
population and the resilience and sustainability of Cr(VI) reduction during and following 
a single-well push-pull test, using nitrate injection into Cr(VI)-contaminated 
groundwater.  Five days after lactate was injected for groundwater biostimulation, nitrate 
was injected using 55 gallons of 80.6 mM potassium nitrate and followed by pumping 
from the same well for 15 days.  The planktonic and biofilm microbial populations were 
monitored by groundwater filtration and surrogate sediment sampling in wells upstream 
and downstream of the lactate and nitrate injections.  Pyrosequencing results 
demonstrated a drastic shift in the injection well from metal-reducing organisms to 
denitrifiers in both the planktonic and biofilm communities (namely Thauera and 
Thiobacillus, respectively).  After approximately 290 days post-injection, the injection 
well groundwater remained dominated by denitrifiers; however, the sediment community 
was composed of both denitrifiers and metal-reducers, suggesting that the attached 
communities may be more resilient to perturbation.  

 

Introduction 
 
 

Eight single pass reactors and one closed cooling loop reactor in the 100 Area of 

the U.S. Department of Energy Hanford Nuclear Reservation in Washington State, 

United States, were used for plutonium production from 1943 until 1986.  During this 

time, it is estimated that 1.7 trillion (1.7x1012) liters of heavy metal- and radionuclide-

contaminated liquid waste was released by discharge or leakage from storage basins into 

the soil and groundwater (Brodie et al., 2011).  Used in corrosion control as sodium 

dichromate, hexavalent chromium [Cr(VI)] is a toxic element in the Hanford 100 area, 

estimated to comprise 95 % of the total chromium in Hanford groundwater (Faybishenko 
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et al., 2008).  Cr(VI), a mutagen (Bartlett and James, 1988; Burrows, 1983; De Flora et 

al., 1990; Nieboer and Shaw, 1988; Petrilli and De Flora, 1977) and carcinogen (Bartlett 

and James, 1988; Borneff et al., 1968; Burrows, 1983; Costa et al., 1997; Costa and 

Klein, 2006; Davidson et al., 2004; Gibb et al., 2000; Langård, 1990; Schroeder and 

Mitchener, 1971; Yassi and Nieboer, 1988), can be reduced to the less toxic and more 

stable form, trivalent chromium [Cr(III)], by direct microbial metabolism or indirectly by 

interacting with a metabolite (Losi et al., 1994).  Along the groundwater flow path from 

the 100-D area [where Cr(VI) concentration reaches 20-50 ppm (0.4-1 mM)] to the 

Columbia River near the 100-H area [40-100 ppb or 0.77-1.9 µM Cr(VI)], the 100-H field 

site has been selected to conduct a field study for in situ Cr(VI) bioreduction (Figure 4.1).  

 In 2004, a pilot scale bioremediation experiment was conducted at the 100-H site 

by injecting into the Hanford formation groundwater 18.2 kg of Hydrogen Release 

Compound® (HRC; Regenesis, San Clemente, California, USA).  HRC is a viscous 

polylactate solution that upon injection generated reducing conditions in groundwater, 

increased cell number, and resulted in a decrease in groundwater Cr(VI) concentration 

below background levels for ~3.5 years (Faybishenko et al., 2008; Hubbard et al., 2008).  

Pseudomonas, Desulfovibrio, and Geobacter were shown via PhyloChip to have 

increased in groundwater upon injection (Faybishenko et al., 2008).   

 In 2008, a second injection experiment using 4.5 kg HRC was conducted.  Field 

monitoring included collection of water samples for direct cell counts and geochemical 

analyses, as well as collection of groundwater and surrogate sediment for microbial 

community analysis via small subunit (SSU) rRNA gene pyrosequencing (Chapter 3).  
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Surrogate sediment samples were collected to gain a comprehensive assessment of the 

subsurface communities.  The 2008 HRC injection resulted in a decrease in soluble 

Cr(VI) to below detection for approximately 3 months and Pseudomonas and Firmicutes 

including Pelosinus, Clostridium, and Sporomusa were enriched upon injection (Chapter 

3). 

 

Figure 4.1 Hanford 100-H and 100-D areas.  The inset illustrates the 100-H field site and 
the 4 wells used in this study.   
 

 

 



 
 

109 

Nitrate is the most commonly reported anion present in soil and groundwater at 

the Hanford Site (Riley and Zachara, 1992).  Within the Hanford Reservation, soils and 

groundwater are high in nitrates due to former agricultural activities prior to the 

formation of the Hanford Reservation in the 1940s.  The other source of nitrate was the 

discharge of industrial wastewater containing nitrates within the higher elevation areas 

(Singleton et al., 2005).  Nitrate influx could impact microbial reduction of Cr(VI) in 

several ways.  The presence of one terminal electron acceptor (TEA) could inhibit the 

reduction of the other TEA or both TEAs [Cr(VI) and nitrate] could be co-metabolized 

without any obvious changes in reduction rates.   

Nitrate is one of the environmental stressors (along with oxygen) affecting the 

processes associated with bioremediation using polylactate injection at the Hanford 100-

H site.  The purpose of this study was determine the effects on microbial populations of 

an in situ nitrate injection into groundwater and assess the resiliency and sustainability of 

Cr(VI) reduction during and following an episodic nitrate event in Cr(VI) contaminated 

groundwater. 

 
Materials and Methods 

 

Site Location and Borehole Design  

Four ~18.3 m deep, 15 cm diameter boreholes are located at the 100-H area along 

the Cr(VI)-contaminated groundwater pathway from the Hanford 100-D Area to the 

Columbia River (Figure 4.1).  The wells used in this study were equipped with 10 cm (4-

inch) PVC casings screened from the bottom of the hole (except for a 0.3 m sump cap) to 
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a depth of approximately 7.8 m and have been described previously (Faybishenko et al., 

2008; Hubbard et al., 2008, Chapter 3).  The Cr(VI)-contaminated, unconfined aquifer is 

at a depth of ~12.2 m and is located in the Hanford formation (gravel and coarse sand) 

above the Ringold Formation (clay; reached at a depth of ~14.3 m).  

 
Lactate and Nitrate Injections   

A single-well push-pull test, utilizing nitrate as a stressor, was conducted in 

October 2010, following the three lactate injections, conducted in the same well (699-96-

41).  The lactate injections (55 gal of 17 mM sodium lactate and a small phosphate 

concentration of 0.5 mM) were conducted on March 19, 2010, August 27, 2010, and 

October 7, 2010.  The nitrate injection solution was prepared in 55 gals (~208 L) of 

groundwater collected from the upgradient well, 699-96-43, with 80.6 mM KNO3.  This 

solution was injected into Well 699-96-41 over an open interval at depths of 13-13.1 m 

on October 12, 2010 over the period of 2 hours.  Pumping at a rate of 0.02 gpm from the 

same well started the next day (October 13) and lasted for 16 days until October 28, 

2010.  Water samples for direct cell counts and geochemical analyses were collected 

from the discharged water as previously described (Faybishenko et al., 2008).   

 
Core Sediment Samples 

Core sediments for the 699-96-41 and 699-96-45 wells (Figure 4.1) have been 

stored at -80°C since their collection in 2004 (Faybishenko et al., 2008; Hubbard et al., 

2008).  The core segments were from 14.1 m and 15.8 m for the 699-96-41 and 699-96-

45 wells, respectively.  Sediment layers were removed sequentially to eliminate 
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contamination from the drilling process.  Approximately 10g of sediment were taken 

from each core.  The 699-96-41 core was sand and gravel indicative of the Hanford 

formation and the 699-96-45 core was clay material from the Ringold formation.  DNA 

was extracted from these samples as described below. 

 
Surrogate Sediment and Groundwater Sampling 

Temporal studies of subsurface sediments via coring are expensive, often 

unfeasible, and it is impossible to collect temporal samples in the same space.  For this 

reason, many subsurface community studies have ignored the sediment community, 

despite the extensive research showing that analysis of groundwater does not sufficiently 

encompass the subsurface and often omits the most active communities (Alfreider et al., 

1997; Griebler et al., 2002; Hazen et al., 1991; Hirsch and Rades-Rohkohl, 1988; Holm et 

al., 1992; Klein et al., 2008; Lehman et al., 2001a; Lehman et al., 2001b; Lehman et al., 

2004; Peacock et al., 2004; Reardon et al., 2004).  To account for the attached 

community, surrogate sediment samples were collected. 

Stainless steel samplers filled with Hanford sediment were modified from Peyton 

and Truex (Peyton and Truex, 1997) and have been previously described (Chapter 3).  

Briefly, 15.5 × 1.2 cm stainless steel mesh (1 mm) cylinders were lined with 110-µm 

nylon mesh (Small Parts, Inc., Miami, Florida, USA) and filled with native core sediment 

from the drilling of the 699-96-41 well.  These were attached to stainless steel cable, 

sterilized and lowered down each well to ~13.7 m on March 19, 2010 for 699-96-41 and 

June 23, 2009 for the other wells (699-96-43, 699-96-44, and 699-96-45).  Sediment 

samples were retrieved from each well 4-days post-lactate injection (October 11, 2010), 



 
 

112 

13-days post-nitrate injection (October 25, 2010), and 289- or 293-days post-nitrate 

injection (July 28, 2011 or August 1, 2011).  Upon retrieval, sediment samples were 

placed in sterile Whirl Paks® (Nasco, Fort Atkinson, Wisconsin, USA) and anaerobic 

AnaeroPacks™ (Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan) and immediately 

placed on dry ice.  Corresponding groundwater samples were collected via filtration as 

previously described (Chapter 2; De León et al., 2012a), and the filters were immediately 

placed in vials on dry ice.  All samples were stored at -80°C until extraction. 

 
DNA Extraction  

DNA was extracted from half of the sediment (5.1-8.0 g) or half of the 

groundwater filter via a protocol modified from Zhou et al. (Zhou et al., 1996) and has 

been described previously (Chapter 2; De León et al., 2012a).  Briefly, cells were 

disrupted with three cycles of freeze-thaw with liquid N2 and grinding with a mortar and 

pestle, and extracted with the MO BIO PowerMax™ Soil DNA Isolation Kit (MO BIO 

Laboratories Inc., Carlsbad, CA, USA), according to the manufacturer’s protocol.  

Extracted DNA was quantified with the dsDNA BR assay on a Qubit® 1.0 fluorometer 

(Life Technologies, Carlsbad, CA, USA).  Extracts with concentrations <1ng/µL were 

concentrated 10-fold using Wizard® SV Gel and PCR Clean-Up System (Promega 

Corporation, Madison, Wisconsin, USA) according to the manufacturer’s protocol. 

 
DNA Amplification and  
SSU rRNA Gene Pyrosequencing   

The V1-V3 region of the SSU rRNA gene was amplified with conditions 

described in Hwang et al. (2009) using universal bacterial primers FD1 and 529R (Ye et 
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al., 2004) with 10-nt barcodes attached to the 5′ end of each primer (selected from 

barcode list provided by Roche).  Duplicate reactions using 12-15 ng of template DNA 

per reaction (5-8 µL for samples with 10x concentrations <1 ng/µL) were used to 

optimize the number of cycles for each sample to minimize PCR-induced artifacts 

(Acinas et al., 2005; Sipos et al., 2007; Wu et al., 2010). PCR was repeated with a 

sufficient number of reactions to yield ≥50 ng/sample.  PCR products were excised and 

extracted from a 0.8 % agarose gel using an Ultrafree®-DA gel extraction column 

(Millipore Corporation, Bedford, MA, USA) and concentrated using the Promega 

Wizard® SV kit.   

When necessary, semi-nested PCR was performed to yield product.  When 

compared to standard methods, nested PCR has been shown to yield similar DNA 

amplification results in samples with low DNA content (Fan et al., 2009).  In these 

samples, triplicate samples were amplified with barcoded FD1 and 1540R (Ye et al., 

2004) during a first round of PCR (conditions same as above), combined and purified 

using the Wizard® kit, and amplified in a second round of PCR with FD1 and 529R, both 

barcoded.  Cycle numbers for both rounds were optimized for each sample and negative 

controls were carried throughout the process to ensure no contamination was introduced.  

It is worth noting that the first round of PCR was initially done without a barcode on the 

FD1 primer.  These reactions resulted in a low sequence yield from the pyrosequencer 

and a large proportion of sequences with multiple primer sequences (as in barcode-FD1-

barcode-529R-sequence), which are removed during sequence refinement.  Repeating all 
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semi-nested PCR with a barcoded-FD1 in the first round alleviated both the low sequence 

recovery and duplicate priming events.  These results were used in downstream analyses.  

PCR products were combined for 4-6 samples at 50 ng/sample and were 

concentrated using Agencourt® AMPure® XP beads (Beckman Coulter, Inc., Brea, CA, 

USA) per Roche 454 Life Sciences (Branford, CT, USA) protocol in Amplicon Library 

Preparation Method Manual section 3.2.2 (Rev. June 2010) with the following 

modifications: AMPure® XP beads were added at 1.8 times the sample volume and the 

DNA was re-suspended in 16 µL TE buffer.  Roche 454 Lib-L adaptors were ligated per 

Roche Rapid Library Preparation Method Manual (Rev. June 2010) beginning at section 

3.2.  Emulsion PCR (emPCR) was prepared at 0.5 DNA molecules/bead per Roche 

protocol with the following modifications: emPCR reagents were optimized for our 

sequence length (355 µL water, 515 µL additive, 300 µL AmpMix, 105 µL AmpPrimer, 

70 µL Enzyme Mix, 2 µL PPiase) and emPCR conditions included an initial melting time 

at 94 °C 4 min followed by 50 cycles of 94°C for 30 sec and 60°C for 10 min and held at 

10°C until bead preparation per Roche Technical Bulletin No. 2011-001.  Bead 

preparation and sequencing on a GS Junior Titanium pyrosequencer were done according 

to Roche protocol. 

A replicate sample from the 2008 HRC injection (44_s_25_1) was sequenced on 

the GS Junior Titanium™ pyrosequencer.  This sample was previously shown to yield 

similar results to a duplicate surrogate sediment sample with 454 GS-FLX Titanium™ 

pyrosequencing (Chapter 3) and will be used to test for comparability between GS-FLX 

and GS Junior Titanium pyrosequencing. 
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Sequence Analysis   

Pyrosequencing yielded sequences from both the V1V2 and V3 regions of the 

SSU rRNA gene.  Sequence trimming and refinement by primer error, ambiguous 

nucleotides (Ns), length, and quality score has been described previously (Chapter 2; De 

León et al., 2012a). Briefly, a minimum length was set at 1 standard deviation less than 

the mean length.  Sequences shorter than this were removed and all other sequences were 

trimmed to this length.  Sequences with Ns or primer errors were removed.  Quality-score 

(Q) cutoffs of Q27 and Q30 were set for the V1V2 and V3 regions, respectively, and 15 

% and 10 % of nucleotides were allowed to be below the cutoff for the respective region.  

Sequencing was repeated for any sample with <5,000 V1V2 sequences post-refinement.  

The smaller dataset was kept separate and used for testing the repeatability of the results. 

Chimeras were removed via ChimeraSlayer (Haas et al., 2011).  Sequences 

considered intra-genus chimeras by ChimeraSlayer were not removed from the dataset.  

Non-chimeric sequences were Infernal aligned, complete-linkage clustered at 97 % and a 

representative sequence was selected for each cluster using the Ribosomal Database 

Project’s Pyrosequencing Pipeline (Cole et al., 2009).  Sequences were identified using 

the NCBI blastn algorithm against the NCBI nucleotide collection (nr/nt) and the top hit 

identifiable at the genus level was selected.  Any sequences identified as non-bacterial 

were removed.  Furthermore, any sequence with <80 % identity or sequence coverage to 

another bacterial SSU sequence was removed as a non-SSU rRNA gene sequence (Huse 

et al., 2010).  In-house python scripts were used for sequence management and analysis.  
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Statistical Analysis   

Representative sequences were aligned using RDP Infernal aligner (Cole et al., 

2009) and trees were generated using FastTree with default parameters (Price et al., 2009; 

Price et al., 2010).  Samples were clustered by presence/absence using Fast Unifrac 

(Hamady et al., 2010) and visualized in FigTree (v1.3.1; 

http://tree.bio.ed.ac.uk/software/figtree/).   

For taxonomy-dependent analyses (i.e. LEfSe) of the lactate/nitrate perturbation 

dataset, genera with <10 total occurrences (~0.003 % relative abundance) in the V1V2 

and V3 datasets were not considered.  These genera were considered too low in 

abundance to eliminate sampling depth as a cause for their absence.  Core sediment, the 

smaller replicate libraries, and the HRC injection sample were not included in these 

analyses.  Linear discriminant analysis (LDA) size effect (LEfSe)(Segata et al., 2011) 

was used for determining genera significant to sample type (i.e. sediment and 

groundwater).  LDA scores were calculated using default parameters and only genera 

with LDA scores >2.0 were considered.  

 
Results 

 
 

Immediately after the nitrate injection, the nitrate concentration in groundwater 

drastically increased from ~1 mM to ~80 mM, total cell numbers increased to 107 

cells/mL, and sulfate concentration increased to 0.85 mM.  Cr(VI) concentrations 

increased from 8 nM to 230 nM after 13 days.  Over the course of pumping (i.e., during 

the pull test), total cell numbers decreased to a background level of 105 cells/mL and the 



 
 

117 

nitrate concentration decreased to pre-injection conditions in 40 days after the onset of 

pumping. 

Pyrosequencing resulted in 390,275 high quality SSU rRNA gene sequences 

across all samples, 234,337 and 155,938 sequences for the V1V2 and V3 regions, 

respectively.  When duplicate samples and original core sediment samples are not 

included, 202,884 and 134,339 high quality SSU rRNA gene sequences were obtained for 

the V1V2 and V3 regions, respectively. Analysis of sample type (i.e. sediment and 

groundwater) by phylum (class for Proteobacteria, here and throughout) indicated that δ-

Proteobacteria and Actinobacteria were more abundant in sediment while β-

Proteobacteria and Firmicutes were more predominant in groundwater, and λ-

Proteobacteria were similar in both sample types (Figure 4.2a).  These results were 

observed for both the V1V2 and V3 rRNA gene regions.  Considering phylum changes 

across time in just the injection well (699-96-41), upon nitrate injection, β-Proteobacteria 

increased in sediment and decreased in groundwater, while Firmicutes did the opposite 

(Figure 4.3).  Members from the δ-Proteobacteria class decreased in both sediment and 

groundwater upon nitrate injection.   

The V1V2 and V3 datasets varied by relative abundances for many predominant 

genera (Figure 4.2b).  Genera more abundant in the V1V2 dataset were Aquamonas, 

Atopobium, Desulfocapsa, Proteus, Simplicispira, and Sulfurimonas.  For Simplicispira 

and Desulfocapsa, this difference was clear in both 699-96-41 and 699-96-44, while 

differences observed for the other genera were limited to one well (Figure 4.4 and 4.5).  

Genera more predominant in the V3 dataset were Anoxybacillus, Desulfovibrio, 
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Ferribacterium, Micropruina, Rheinheimera, and Thiobios (Figure 4.2b).  For 

Desulfovibrio, this difference was observed in both Well 699-96-43 and 699-96-41, while 

for Ferribacterium, this difference was highlighted in both 699-96-45 and 699-96-44 

(Figure 4.6 and 4.7).  All other observed genus differences by SSU rRNA gene region 

were limited to one well.  Regardless of SSU rRNA gene region, Dechloromonas, 

Pseudomonas, and Thauera were more abundant in groundwater and Streptomyces and 

Thiobacillus were more abundant in sediment.   

The taxonomy-dependent statistic, LEfSe, was performed on matrices including genera 

occurring ≥10 times (~0.003 % relative abundance) in all lactate/nitrate injection samples 

to reduce the possibility of significant differences being attributed to sequencing depth 

and not actual presence/absence of a genus.  These analyses included 639 of the 1061 

genera observed in all lactate/nitrate injection samples.  Genera significantly (LDA score 

>2) observed in one sample type (i.e. sediment or groundwater) were determined using 

LEfSe analysis (Figure 4.8).  More genera were significant to groundwater than sediment.  

Regardless of SSU rRNA gene region, Dechloromonas had the highest LDA score 

significant to groundwater.  Desulfuromonas was the only genus significant to sediment 

in both the V1V2 and V3 datasets and had the highest LDA score in the V3 dataset.  

Desulfovibrio was significant to sediment in the V3 dataset, but secondary to 

Desulfuromonas in rank.  In the V1V2 dataset, Streptomyces and Desulfocapsa ranked 

slightly higher than Desulfuromonas, but all had similar LDA scores.   
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Figure 4.2 Relative abundances of phyla (A) and genera (B) by sample type.  Phyla <1 % 
and genera <3 % relative abundance were grouped as Other.  The smaller, replicate 
samples were not included relative abundance calculations. 
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Figure 4.3 Relative abundance of phyla across time for the injection well 699-96-41 for 
the V1V2 (A) and V3 (B) datasets.  Phyla with a relative abundance <1 % at all time 
points were grouped as Other. 
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Figure 4.4 Relative abundance of V1V2 genera across time for upstream wells 699-96-43 
(A) and 699-96-45 (B).  Well 699-96-43 is a background was that has never been 
stimulation in the bioremediation efforts.  Well 699-96-45 was the injection well for the 
HRC injection, but was not affected by the lactate/nitrate injections.  Genera ≥4 % 
relative abundance in at least one sample are plotted. 
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Figure 4.5 Relative abundance of V1V2 genera across time for wells 699-96-41 (A) and 
699-96-44 (B).  Well 699-96-41 is the lactate and nitrate injection well.  Well 699-96-44 
is downstream of the injection well.  Genera ≥4 % relative abundance in at least one 
sample are plotted. 
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Figure 4.6 Relative abundance of V3 genera across time for upstream wells 699-96-43 
(A) and 699-96-45 (B).  Genera ≥4 % relative abundance in at least one sample are 
plotted.  This figure corresponds with the Figure 4.4 in which the V1V2 datasets are 
displayed.  
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Figure 4.7 Relative abundance of V3 genera across time for wells 699-96-41 (A) and 
699-96-44 (B).  Genera ≥4 % relative abundance in at least one sample are plotted.  This 
figure corresponds with the Figure 4.5 in which the V1V2 datasets are displayed.  
 
 

Analysis of genera changes in Well 699-96-43, which has never been stimulated 

for Cr(VI) reduction, indicated a continuously changing community and the dominant 

genera differed in groundwater and sediment samples (Figure 4.4a and 4.6a).  No major 

differences were observed between post-lactate and post-nitrate in Well 699-96-45 
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previously impacted by the HRC injection (Figure 4.4b and 4.6b).  Geobacter was 

dominant in both sediment and groundwater.  Atopobium (V1V2) or Micropruina (V3) 

was dominant in sediment.  Dechloromonas and Aquamonas were predominant in 

groundwater in the V1V2 dataset and Ferribacterium and Curvibacter in the V3 dataset. 

 
Figure 4.8 LEfSe analysis of the V1V2 (A) and V3 (B) datasets.  Genera with LDA 
scores >2 are plotted and the inverse LDA score of the groundwater (red) genera was 
plotted for ease of viewing.   
 
 

There was a large shift in the microbial community following the nitrate injection 

in Well 699-96-41 (Figure 4.5a and 4.7a).  Geobacter, Desulfobulbus, and 

Desulfosporosinus were predominant in post-lactate sediment and shifted to Thiobacillus 

and Simplicispira (V1V2 only) post-nitrate injection. Dechloromonas, Geobacter and 
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Pelosinus/Psychrosinus were dominant in post-lactate groundwater and 

Pelosinus/Psychrosinus increased in relative abundance and Thauera and Bacillus became 

dominant with the nitrate injection. 

In the V1V2 dataset, the downstream well 699-96-44 showed only minor shifts in 

sediment and groundwater from post-lactate injection to post-nitrate injection (Figure 

4.5b).  The V3 dataset indicated more changes in the community, with these changes 

more prominent in the sediment than the groundwater (Figure 4.7b).  In the V3 dataset, 

Geobacter became less abundant upon nitrate-injection (observed in groundwater, but not 

sediment for the V1V2 dataset).  Furthermore, Desulfopila and Ferribacterium became 

more abundant in post-nitrate sediment and groundwater, respectively.   

Samples were collected at either 289 or 293 days post-nitrate injection to observe 

if the nitrate resulted in lasting effects on the community (Figures 4.4 - 4.7).  These 

samples were different than the other, earlier time points.  In the upstream well 699-96-

43, the groundwater contained almost exclusively Bacillus and Anoxybacillus, but the 

dominant genus differed depending on SSU rRNA gene region.  Corresponding sediment 

was different from groundwater and the dominant members differed by SSU rRNA gene 

region.  Samples from Well 699-96-45 contained fur and tar-like substances indicative of 

a dead rodent.  The communities of these samples were drastically different from the 

previous time points and were predominantly Ignatzschineria, Erysipelothrix, and 

Tepidimicrobium.  Thauera remained dominant in the nitrate injection well, 699-96-41, 

groundwater while the sediment was more diverse and predominantly Simplicispira 

(V1V2) or Desulfovibrio (V3) and Streptomyces (both datasets).  In the downstream well 
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699-96-44, the relative abundances of the population changed, but many of the members 

remained from the previous samples. 

 During the sequencing process, any samples with <5,000 V1V2 high-quality 

sequences were re-sequenced.  The smaller datasets were concurrently analyzed with the 

aforementioned samples and were treated as technical replicates.  Of the 6 samples that 

were repeated, two samples had differing results in the 2 sequencing runs (Figure 4.9 and 

4.10).  The post-nitrate 699-96-43 sediment sample replicates were quite similar in the 

V3 dataset, but the V1V2 dataset differed in relative abundances of Anaeromyxobacter, 

Desulfomonile, and Beggiatoa.  The smaller V1V2 dataset had ~7-fold less sequences 

(1,065 sequences compared to 7,397 sequences), though library size did not alter the 

community in the V3 region (574 sequences compared to 5,575 sequences).  The second 

difference in replicates was in 699-96-45 groundwater at 293 days post-nitrate injection.  

Ignatzschineria, a dominant member (~10 % relative abundance) in the concurrent 

sediment sample, was rare in the smaller replicate (0.1 % and 0.5 % for the V1V2 and V3 

regions, respectively).  Furthermore, Tepidimicrobium was detected in both replicates for 

the V1V2 region, but was absent from the smaller replicate in the V3 region.  The smaller 

replicate was ~7-fold (1,514 sequences versus 11,207 sequences) and ~10-fold (572 

sequences versus 5,521 sequences) smaller than the larger replicate for the V1V2 and V3 

regions, respectively.  The results for these smaller datasets may have been anomalies.  

These results emphasize the importance of replication, which is often omitted in 

sequencing analysis (Prosser, 2010).  
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Figure 4.9 Relative abundance comparisons of replicate samples sequences from Well 
699-96-43 (A) and 699-96-45 (B).  Genera with ≥4 % relative abundance in at least one 
sample were plotted.  The smaller replicate sample (not used in the community analysis) 
is indicated by an asterisk (*).  The post-lactate sample for Well 699-96-45 (B) was 
sampled three times.  The smallest sample is indicated by 2 asterisks (**).  Samples are 
designated as the last two digits of the well number followed by sample type (s/w) and 
time. 
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Figure 4.10 Relative abundance comparisons of replicate samples sequences from Well 
699-96-41 (A) and 699-96-44 (B).  Genera with ≥4 % relative abundance in at least one 
sample were plotted.  The smaller replicate sample (not used in the community analysis) 
is indicated by an asterisk (*).  Samples are designated as the last two digits of the well 
number followed by sample type (s/w) and time. 
 
 

During the 2008 HRC injection, two surrogate sediment samples were collected at 

25-days post-injection from 699-96-44 and sequenced to confirm repeatability of the 
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surrogate sediment sampling method.  To ensure comparability of the current samples 

sequenced on a GS Junior pyrosequencer with the previous HRC injection samples, one 

of these duplicates was repeated on the GS Junior pyrosequencer. The GS-Junior and GS-

FLX yielded similar results (Figure 4.11).  

 

Figure 4.11 Comparison of GS-Junior and GS-FLX sequencing technologies on the 
recovery of relative abundances.  A 2008 HRC injection sample was re-sequenced on a 
GS-Junior pyrosequencer to ensure comparability of GS-Junior and GS-FLX 
technologies.  In the 2008 HRC injection, a duplicate surrogate sediment sample was 
collected. The GS-FLX results of this duplicate sediment sample are also displayed 
(FLX2). 
 
 
 Original core sediment from 699-96-41 and 699-96-45 was extracted and 

sequenced to compare to the surrogate sediment samples (Figure 4.12).  Bacillus and 

Ochrobactrum were predominant in the libraries for these core samples.  When 

considering the lactate/nitrate samples, both of these genera were more abundant in 

groundwater than in surrogate sediments and were most abundant in the V3 dataset 

upstream well 699-96-43, which has never been stimulated (1.3 % and 67 % for 

Ochrobactrum and Bacillus, respectively).  In surrogate sediment, Bacillus and 
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Ochrobactrum were most abundant in V1V2 sediment for 699-96-43 at 289 days post-

nitrate injection and the 699-96-44 post-lactate sample, respectively.  

 
Figure 4.12 Relative abundances of genera from two core sediment samples from 699-96-
41 and 699-96-45. Genera with ≥2 % relative abundance in at least one sample are 
displayed. 
 
  Taxonomic-independent cluster analysis of samples by Fast Unifrac resulted in 

three distinct groupings of samples by background well 699-96-43, impacted sediment, 

and impacted water (Figure 4.13).  The exceptions to these groupings in the V1V2 dataset 

were the 699-96-41 samples 13 days post-nitrate injection and the 699-96-45 samples 293 

days post nitrate in which the sediment and groundwater were more similar to each other 

than to other samples of the same sample type.  These are the samples respectively 

impacted by nitrate and a dead rodent.  In the V3 dataset, the samples impacted by the 



 
 

132 

rodent continued to cluster together, but the nitrate-impacted samples clustered by sample 

type rather than grouping together.  

 
Figure 4.13 Unifrac presence/absence clustering of sample for the V1V2 (A) and V3 (B) 
datasets. Samples are designated as the last two digits of the well number followed by 
sample type (s/w) and time. 
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Discussion 
 
 

 The impact of nitrate on community changes using a single-hole push-pull nitrate 

injection was only observed in the injection well (Well 699-96-41).  The nitrate was 

either consumed in the vicinity of the injection interval or removed by pumping, as the 

nitrate and/or metabolic products from the organisms stimulated by nitrate reduction were 

not sufficient to cause obvious changes to the downstream community (in Well 699-96-

44).  The nitrate injection resulted in an increase in relative abundance of β-

Proteobacteria in the sediment with sequences most closely resembling denitrifiers, 

namely Thiobacillus denitrificans (Kelly and Wood, 2000).  Previous soil microcosm 

experiments with nitrate, Cr(VI), and sulfate as competing TEAs were enriched in β-

Proteobacteria (Stewart et al., 2007).  Thiobacillus was only transiently found in the 2008 

HRC injection samples and was not associated with the HRC injection (Chapter 3).  

Interestingly, β-Proteobacteria, closely related to nitrate-reducing bacteria (such as 

Acidovorax and Simplicispira), were predominant in sediment from both the HRC and 

lactate/nitrate injections.  As high nitrate concentrations are common in Hanford soils, it 

is not surprising that these organisms are present.  However, the ability of these genera to 

reduce Cr(VI) has not been examined.  Yet, because these genera are dominant regardless 

of injection (i.e., carbon/electron donor or electron acceptor), respective function in the 

Hanford Site community merits further investigation. 

In contrast to sediment, nitrate injection resulted in a dominance of Firmicutes 

(namely Pelosinus/Psychrosinus) in groundwater. Pelosinus and Psychrosinus are 

generally fermentative organisms (Moe et al., 2012; Sattley et al., 2008; Shelobolina et 
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al., 2007).  However, genomic and physiological studies have demonstrated nitrate 

reduction by Pelosinus sp. strain HCF1 (Beller et al., 2013).  Furthermore, both genera 

are capable of using a variety of carbon sources for fermentation, so it is possible that 

these organisms are consuming residual lactate and carbon products from the denitrifiers 

stimulated by the nitrate injection.  The V1V2 and V3 datasets differed in relative 

abundances of these genera.  While post-nitrate dominance was shared between the 2 

genera in the V1V2 region, the V3 region showed an overwhelming dominance of only 

Pelosinus.  Type strains for these genera are 95.5 % similar and primarily differ in 

temperature ranges and optima (Sattley et al., 2008). The dominant organism was likely a 

close relative of both and the differing results was a consequence of SSU rRNA gene 

region.  We previously isolated Pelosinus fermentans JBW45 during the 2008 HRC 

injection (Appendix B; De León et al., 2012b).  These sequences are likely this organism 

or a close relative.  

 By 293 days post-nitrate injection, the sediment community was comprised of 

both denitrifiers and heavy-metal reducers at the injection site. In contrast, the 

groundwater remained heavily dominated by Thauera, a selenate and nitrate-reducer 

(Macy et al., 1989; Macy et al., 1993). The preponderance of this organism long after the 

injected nitrate had disappeared could indicate a lasting effect of the nitrate injection on 

the planktonic community.   

The community changes in the background well 699-96-43 demonstrated the 

continuous fluctuations of the open environment, but the observed changes in the post-

lactate and post-nitrate groundwater community may be a result of large quantities of 
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groundwater collected to prepare the potassium nitrate for injection.  The downstream 

well 699-96-44 was the most stable well in terms of relative abundance of dominant 

populations.  Well 699-96-45 immediately upstream of the lactate/nitrate injection well 

was previously used for the 2004 and 2008 HRC injections.  Geobacter was a dominant 

member post-lactate and post-nitrate in the sediment and groundwater of this well.  Late 

time points collected from this well after the 2008 HRC injection indicated a primarily 

fermentative community.  As this well was not associated with the 2010 lactate and 

nitrate injections, the predominance of metal-reducers suggests that the fermentative 

community was temporary and likely a result of TEA depletion from the HRC 

stimulation.  Between samples collected from the HRC injection and the lactate/nitrate 

injection, time and groundwater flow had likely allowed sufficient TEA concentrations 

for non-fermenting, metal-reducers to be predominant. 

Upon collection of the later time point for Well 699-96-45 (293 days post-nitrate 

injection), the surface of the surrogate sediment sample and the groundwater contained a 

substance thought to be a decomposed rodent.  The community analysis supported this 

assumption.  Ignatzschineria, Erysipelothrix, and Tepidimicrobium were dominant in the 

sediment and groundwater samples at this time point. Ignatzschineria has been isolated 

from the digestive track of the larval and adult stages of the obligately parasitic fly 

Wohlfahrtia magnifica (Gupta et al., 2011; Tóth et al., 2001; Tóth et al., 2006), 

Erysipelothrix is a skin pathogen in animals including rodents (Reboli and Farrar, 1989), 

and Tepidimicrobium is a thermophilic and peptolytic bacterium (Niu et al., 2009; 
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Slobodkin et al., 2006). The lasting effects of this addition of carbon and energy on the 

bioremediation effort are not known.   

Original core samples differed from surrogate sediment samples and were most 

similar to background groundwater from 699-96-43.  The differences may be due to the 

surrogate sampling method; however, 6 years had passed at the site between core 

collection and surrogate sediment sampling and the communities at this site have been 

shown to be continuously fluctuating (Chapter 3 and Figures 4.4 and 4.6).  The 

abundance of Firmicutes in the core sediment suggests a predominantly fermentative 

community.  Firmicutes have been shown to be dominant in nutrient-poor and 

unsaturated conditions (Hansel et al., 2008) and members of this phylum became 

dominant in sediment and groundwater after the 2008 HRC stimulant had disappeared 

(Chapter 3).  The communities from the core sediment, as well as the background well, 

are indicative of a low nutrient environment that would be expected to differ from the 

communities in the stimulation wells that are frequently influenced by large nutrient 

influxes via injection. 

Re-sequencing a 2008 HRC injection sample (Chapter 3) with GS-Junior 

pyrosequencing showed that GS-Junior and GS-FLX results were comparable; thus, 

population differences between the HRC injection and lactate/nitrate injection were 

attributed to the injection itself and not the difference in sequencing technologies.  It is 

interesting to note that sulfate-reducing bacteria and Geobacter were dominant post-

lactate injection but were not abundant during the 2008 HRC injection in which 

Pseudomonas became a dominant member.  This difference may be attributed to the rate 
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of lactate release from HRC as compared to an injection of lactate.  Brodie et al. (2011) 

compared different carbon sources, including HRC and lactate in microcosms containing 

Hanford sediment and groundwater. Pseudomonas was enriched with all carbon sources 

tested.  Geobacter was not observed in these microcosms, including those amended with 

lactate. Furthermore, the Cr(VI) reduction rate was slowest in the lactate-amended 

microcosms.  The sediment used in the microcosm experiment was from a different 

location in Hanford and the in vitro conditions were likely different from those in situ.  

These may be the cause for the differing results on the presence of Geobacter.  

Nevertheless, in situ community analyses during HRC and lactate injection suggest that 

different Cr(VI)-reducing populations can be enriched by controlling the lactate source.  

The rates of Cr(VI) reduction for these communities merit further inquiry. 

 The analysis of surrogate sediment and groundwater showed distinct attached and 

planktonic communities throughout.  Comparisons of genera significant to sample type 

were done using LEfSe.  For both the V1V2 and V3 datasets, Dechloromonas was 

significant to groundwater and Desulfuromonas was significant to sediment.  These 

genera are known to be capable of degradation of organic contaminants and use many 

different TEAs (Krumholz, 1997; Wolterink et al., 2005).  Desulfovibrio was significant 

to sediment in the V3 dataset.  This organism was only abundant in wells not impacted by 

the nitrate injection and in the injection well (699-96-41) after the nitrate had 

disappeared.  Nitrate is inhibitory to sulfate-reducing bacteria and has been shown to 

elicit an osmotic and nitrite stress response in D. vulgaris (He et al., 2010).  During the 

2008 HRC injection, Desulfovibrio was more commonly observed in groundwater 
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(Chapter 3) and was shown to be enriched in groundwater during the 2004 stimulation 

(Faybishenko et al., 2008).  The stimulatory effect of lactate in the groundwater 

compared to the induction of stress responses in the presence of nitrate likely stimulates 

detachment and biofilm formation, respectively. 

 Samples clustered by whether or not they had ever been impacted by stimulants 

and then by sample type (i.e., sediment and groundwater).  This suggests that that 2004 

and/or 2008 HRC injections have resulted in lasting changes in the communities.  It is 

possible that the different structure of the previously stimulated communities would 

function as a memory effect in that future stimulations would result in a prompt response 

to the stimulant.  Furthermore, the clustering by sample type demonstrates that a large 

proportion of the community would have been missed if the attached community had not 

been considered as the sediment community differed from that of the groundwater.  The 

nitrate injection resulted in large community shifts in both groundwater and sediment to 

similar communities that were lasting in the groundwater, but less so in the sediment.  

The ability of the sediment community to recover after an episodic nitrate event indicates 

that the nitrate impact is temporary and Cr(VI) reduction can resume.   
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CHAPTER 5 
 
 

EPILOGUE 
 

 
The use of bioremediation to aid in the clean up of heavy-metal contaminants has 

been extensively studied (Boopathy, 2000; Lovley, 1993; Lovley, 1995) and has proven 

successful at locations such as the Hanford Nuclear Reservation (Faybishenko et al., 

2008) discussed in this dissertation (Chapters 3 and 4).  An in-depth analysis of the 

community members allowed for improved predictions on environmental stress responses 

and allowed for hypotheses on microbial interactions that can be subsequently tested.  In 

order to better understand the community dynamics and resiliency at the Hanford 100-H 

site during stimulation for Cr(VI) reduction, the sediment and groundwater communities 

were studied via small-subunit (SSU) rRNA gene pyrosequencing across time and space 

during a second Hydrogen Release Compound® (HRC) injection and a nitrate injection. 

As with any environment, a multi-level approach can extensively strengthen the 

understanding of the complex processes occurring (Chakraborty et al., 2012)(Figure 5.1).  

In this dissertation, Hanford 100-H subsurface environment was analyzed on the 

ecosystem level via geochemical analysis and gained perspective on the environmental 

pressures experienced by the community.  Community level analysis was the primary 

focus of this dissertation (Chapters 3 and 4).  Using SSU rRNA gene pyrosequencing we 

determined the communities present and observed changes that could be attributed to 

ecosystem changes.  Furthermore, the community analyses were used to make predictions 

on possible population interactions that can be further tested in the laboratory.  To better 
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understand the populations, DNA samples were sent to collaborators for GeoChip 

analysis, which will provide information on the functional genes present and the 

population associated with these genes (He et al., 2010).  The results of these analyses 

were not received in time for discussion in this dissertation.  Cell-level analyses were 

performed through the isolation of Pelosinus fermentans JBW45.  Also, DNA-level 

analyses were performed with this Pelosinus isolate via genomic sequencing (Appendix 

B; published as De León et al., 2012b). Current work includes metabolic and genomic 

characterization of this isolate to elucidate the function of this organism at the Hanford 

site. 

 

Figure 5.1 A multi-level approach in environmental analysis.  Adapted from Chakraborty 
et al. (2012).  Red lettering indicates levels of analysis performed as part of this 
dissertation.  
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 Pyrosequencing analysis has allowed a depth of sequencing far surpassing that of 

Sanger sequencing.  However, error-prone sequences can confound the identification of 

members of the rare community (Kunin et al., 2010).  To alleviate the impact of 

erroneous sequences on species richness and diversity estimates, a method was developed 

using sequence quality scores to set a strict quality standard for pyrosequencing datasets 

(Chapter 2; published as De León et al., 2012a).  Large clone libraries were compared to 

pyrosequencing results at varying quality score stringencies across 4 regions of the SSU 

rRNA gene and two sample types (a groundwater sample from the Hanford 100-H HRC 

injection and a hot spring slurry sample from Heart Lake Geyser Basin (HLGB) in 

Yellowstone National Park (YNP)).  Analysis revealed that the stringencies needed to 

reach species richness estimates that were on trend with large clone libraries varied 

across SSU rRNA gene region.  Thus, guidelines developed for a particular SSU rRNA 

gene region and length cannot be considered universal, which must be taken into account 

when designing experiments using pyrosequencing for community analysis.  The 

stringencies developed in these analyses were used in a small HLGB community analysis 

study (Appendix A) and both Hanford 100-H studies (Chapters 3 and 4) allowing a 

conservative estimation of the community diversity by removing error prone sequences 

from analysis. 

 A similar quality-score refinement method was published concurrent to our 

method (Schloss et al., 2011).  This method uses a sliding window methodology on 

quality scores rather than allowing a certain percentage of nucleotides to be below a 

selected quality score (Chapter 2).  In this method, a window size is selected and the 
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average quality score is calculated, then the program moves over one nucleotide and 

recalculates the average.  The sequence is trimmed at the point the average falls below a 

selected quality score.  Preliminary analyses suggested that homopolymers near the 5′ 

end of the sequence would result in a large proportion of sequences shorter than the set 

minimum length and would be thrown out.  However, a direct comparison of this method 

and the method described in this dissertation was not performed.  Our tested 

pyrosequencing libraries were accompanied by large clone libraries and would be a good 

test dataset to compare these methods of refinement by quality-score, as the resulting 

species richness and diversity estimates could be directly compared to the clone library 

estimates.   

 Community analyses were presented in this dissertation for the Hanford 100-H 

site during electron acceptor-limiting conditions (HRC injection; Chapter 3) and 

competing terminal electron acceptor conditions (nitrate injection; Chapter 4).  Common 

to community analyses, these results have lead to many predictions of interactions and 

organisms of interest that should be targeted for future studies.  The HRC injection 

resulted in the predominance of Pseudomonas and fermentative organisms including 

Pelosinus, Clostridium, and Sporomusa.  Furthermore, correlation analyses on the HRC 

community indicated possible interactions amongst nitrogen- metabolizing and amongst 

fermentative genera regardless of sample type (i.e. sediment or groundwater), but sulfate-

reducing organisms were minor in the correlations.  Further analysis is needed as 

correlations do not confirm interactions.  Previous microbial studies during 

bioremediation efforts of the Hanford site have been directed toward targeted organisms 
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of interest.  However, non-targeted organisms, especially those associated with nitrate 

metabolism and fermentation strategies were dominant and comprise the majority of the 

correlations.  In order to gain a better understanding of the Hanford 100-H community, 

these metabolic capabilities need to be considered.   

The predominance of fermentative organisms during the HRC injection was of 

concern as these organisms may be consuming resources but not necessarily performing 

the desired function (i.e., Cr(VI) reduction).  However, geochemical analysis 

demonstrated a removal of available terminal electron acceptors including oxygen, 

nitrate, sulfate, and Cr(VI) upon stimulation. As our isolate Pelosinus fermentans JBW45 

outcompeted sulfate-reducing bacteria (SRB; many of which are capable of Cr(VI) 

reduction) in enrichments and in situ but is not capable of sulfate reduction (data not 

shown), metabolic and genomic characterization of this organism warrants further 

investigation.  It is not clear whether it was the excess of lactate as a carbon and electron 

donor or the depletion of available TEAs that lead to Pelosinus outcompeting SRB in 

situ.  The former would suggest that the bioremediation strategy might need to be altered 

to shift the balance in the favor of SRB rather than fermentative organisms.  The latter 

would signify that Pelosinus can be used as an indicator organism for electron-acceptor 

limiting conditions at the site and a decrease in relative abundance of this organism 

would indicate the need for an additional HRC injection.  In vitro competition studies 

with varying electron donor and acceptor ratios, would determine what environmental 

drivers favor Pelosinus over an SRB.  
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 It is interesting to note that while the 2004 HRC injection (18.2 kg) resulted in 

Cr(VI) concentrations below background levels for ~3.5 years (Faybishenko et al., 2008), 

the effects of the 2008 HRC injection (4.5 kg) only lasted ~3 months.  Thus, a 4-fold 

decrease in the HRC injected resulted in a 14-fold decrease in time that the injection 

effects lasted in the system.  These results suggest that larger, less frequent injections 

would be more effective than smaller, more frequent injections.  Another 18.2 kg 

injection is needed to confirm that this is a result of injection size and not a result of 

community changes at the site.  Furthermore, the HRC injection and lactate injection 

(preceding the nitrate injection) lead to the predominance of Pseudomonas and 

Geobacter, respectively, suggesting that the dominant organism can be controlled by the 

method in which lactate is provided to the system (i.e., slow-release via HRC compared 

to direct lactate addition).  Comparisons of Cr(VI) reduction rate for these genera would 

indicate which would be  preferred given the conditions at the site.  Brodie et al. (2011) 

compared Cr(VI) reduction rates in Hanford sediment and groundwater microcosms 

amended with different carbon sources including HRC and lactate.  In all of the carbon 

sources tested, lactate had the slowest rate of Cr(VI) reduction.  However, the lactate 

microcosm did not result in a predominance of Geobacter as was observed during the 

Hanford 100-H lactate-injection.  Thus, further analysis is needed to determine which 

population would be more efficient in Cr(VI) reduction and consideration of 

environmental conditions is essential as Pseudomonas has not been shown to reduce 

Cr(VI) without the presence of another TEA (Han et al., 2010).   
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 The nitrate injection at the Hanford 100-H site resulted in a predominance of 

denitrifiers, but the impact was more lasting in the groundwater than in the sediment 

(Chapter 4).  The sediment community may provide some resistance to nitrate influx for 

the system.  Furthermore, the impact of nitrate did not reach other wells, suggesting that a 

nitrate influx may be consumed swiftly and not result in widespread changes to the 

system. Nitrate and Cr(VI) competition could not be directly determined as Cr(VI) 

concentrations in the groundwater were quite low from the lactate injection by the time 

nitrate was injected.  Microcosm experiments with Hanford sediment in the presence of 

both nitrate and Cr(VI) are needed to further test the effect of the presence of competing 

terminal electron acceptors (TEA) at the Hanford 100-H site.  

 Uncommon to many other subsurface community analyses, the community 

analysis described in this dissertation included the attached community.  For both the 

HRC injection (Chapter 3) and the lactate/nitrate injection (Chapter 4), the sediment and 

groundwater communities became more similar upon perturbation.  However, in the 

nitrate injection, the sediment community demonstrated an ability to recover from 

perturbation more so than the groundwater.  The sediment community may be able to 

ease the impact of an episodic nitrate event should a plume enter the bioremediation site, 

but further analysis is needed to ensure resumption of Cr(VI) reduction after the nitrate 

disappears.  The use of surrogate sediment samples would be strengthened by a direct 

comparison of core sediment and surrogate sediment collected simultaneously and in 

close proximity.  Sequencing of core sediment from 2 Hanford wells (Chapter 4) showed 

similarities to background groundwater samples.  As 6 years had passed between drilling 
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the well and the surrogate sediment sample collection, is was not clear if the differences 

were due to the sample type or the continuous community fluctuations in the open 

system.  Drilling new wells is very expensive and, thus, hard to justify for this purpose.  

However, if plans are generated for drilling a new well in close proximity to an existing 

well (at Hanford or elsewhere), a direct comparison of surrogate sediment sample 

communities and core sediment communities should be performed.   

 In addition to this analysis, the time required for community establishment on a 

surrogate sediment sample warrants further inquiry.  During the HRC injection, surrogate 

sediment samples were collected 5 days after deployment to investigate sediment 

establishment.  Control samples in the background well (699-96-43) revealed differing 

relative abundances of communities in a surrogate sediment sample deployed for 127 

days compared to 5 days.  However, richness and diversity estimates varied on whether 

there was a significant difference due to time in the well.  If the community composition 

is the primary goal, two tests should be performed in wells not being impacted by 

bioremediation strategies.  In the first test, ≥6 surrogate sediment samples should be 

deployed in the same well and collected at 10-day intervals for pyrosequencing analysis.  

This would ensure that all of the samples experienced the same subsurface community at 

the point of deployment (and inoculation).  In a second test and in order to account for the 

continuing fluctuations in the open system, ≥6 surrogate sediment samples should be 

deployed every 10 days and then collected 10 days after the last deployment.  This would 

ensure that all of the samples were experiencing the same environmental pressures at the 

time of collection.  The sample number and duration was selected based on the biofilm 
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establishment analysis in Chapter 3 in which no species richness and diversity estimates 

were significantly different after 56/57 days.  As the surrogate sediment samples 

upstream and downstream (669-96-45 and 699-96-44) of the nitrate injection were 

collected 2 weeks apart and were very similar in community composition, a relatively 

stable community can be established (Chapter 4).  These samples were deployed for >1 

year before collection, likely much longer than was needed to achieve a stable 

community.  

 Lastly, should future injections occur at the 100-H site that include community 

studies, more frequent sampling would allow better resolution on the community 

fluctuations and associations with environmental changes may become apparent.  For the 

injections discussed in this dissertation, the rate of community change was not known, as 

temporal studies had not been performed.  In future injections, the minimum sample 

collection should include pre-injection samples and samples collected 5 days post-

injection and every 2 weeks thereafter for at least 3 months.  Furthermore, concurrent 

collection of groundwater samples for geochemical analysis and surrogate sediment 

samples and groundwater samples for community analysis would allow for direct 

application of the geochemistry onto the community comparisons using multivariate 

analyses such as canonical correspondence analysis or principal coordinates analysis with 

geochemical data surfed on top (as can be done in R Statistical Software).  This will 

allow for further predictions on what environmental pressures are driving the community 

changes during perturbation.   
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ARCHAEAL AND BACTERIAL COMMUNITIES IN ALKALINE HOT SPRINGS IN 

HEART LAKE GEYSER BASIN, YELLOWSTONE NATIONAL PARK 
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Abstract 
 
 

The Heart Lake Geyser Basin (HLGB) is remotely located at the base of Mount Sheridan 
in southern Yellowstone National Park and is situated along Witch Creek and the 
northwestern shore of Heart Lake.  Likely because of the location of the HLGB, little is 
known about the microbial community structure.  Bacterial and archaeal populations 
were monitored via pyrosequencing over 3 years in 3 alkaline (pH 8.5) hot springs with 
varying temperatures (44°C, 63°C, 75°C).  The bacterial populations were generally 
stable over time, but varied by temperature. With increasing temperature, the dominant 
bacterial community changed from moderately thermophilic and photosynthetic members 
(Cyanobacteria and Chloroflexi) at 44°C to a mixed photosynthetic and thermophilic 
community (Deinococcus-Thermus) at 63°C and a non-photosynthetic thermophilic 
community at 75°C.  The archaeal community was more variable across time and was 
predominantly a methanogenic community in the 44°C and 63°C springs and a 
hyperthermophilic community in the 75°C spring.  The majority of sequences were 
dissimilar to any known organisms suggesting that HLGB possesses numerous new 
phylogeny that warrant cultivation efforts.   
 

 
Introduction 

 
The Heart Lake Geyser Basin (HLGB) is located along Witch Creek and the 

northwestern shore of Heart Lake in Yellowstone National Park (YNP).  This basin lies at 

the intersection of the Yellowstone Caldera and a fault line along the east side of the Red 

Mountains and Mount Sheridan.  Hot springs along the creek have unique pH conditions 

that change from acidic to alkaline as the creek nears the lake and have geochemistry 

characteristic of acid and neutral Cl waters (i.e. elevated Na, Cl, and SiO2)(Lowenstern et 

al., 2012).  Likely due to the remote nature of the HLGB, little is known about the 

population dynamics in these springs.  In a survey of green nonsulfur mat communities 

throughout YNP, a HLGB spring (pH 8.7, 47-50°C) was included in the analysis and was 

determined to be exclusively Roseiflexus (Boomer et al., 2002).  Furthermore, ammonia-

oxidizing enrichments from Heart Lake resulted in the cultivation of a novel archaeon 
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Candidatus Nitrosocaldus yellowstonii (de la Torre et al., 2008).  Both of these studies 

targeted specific physiologies and did not analyze the community.  The purpose of the 

present study was to better understand the communities in this remote area of YNP by 

elucidating the diversity and stability of bacterial and archaeal populations in alkaline 

springs at varying temperature.   

 
Materials and Methods 

 
Site Description and Sample Preparation 

 Three springs were selected in the Western subgroup of the Lower HLGB with 

the same pH (pH 8.5) but varying in temperature from 44-75°C (Figure A1).  The 44°C 

spring (44.29047 N, 110.50998 W) was approximately 5 m wide by 1 m deep (measured 

near an abrupt edge) with an steeply sloping edge, little or no thermal gradient, and 

contains a thick (1-2 cm) red and green microbial mat.  The effluent of this spring flows 

into a small stream consisting of effluent from distal springs, which combines with a 

spring at 63°C (44.29068 N, 110.50983 W) at a bend in the stream, forming an eddy 

approximately 1.5 m wide by 1 m deep.  Near the effluent, a thin, green microbial mat 

covers a thick, loose black layer of organic matter.  A third spring at 75°C, in close 

proximity to these springs but not connected by surface hydrology, was approximately 2 

m wide, > 4 m deep, with an abrupt edge and no visible biomass.  The 63°C and 75°C 

springs were identified as HLW004 and HLW009, respectively, from the YNP Thermal 

Inventory according to GPS coordinates and photographs.  The YNP Thermal Inventory 

was provided by the YNP Spatial Analysis Center and was also made available by the 
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National Science Foundation YNP Research Coordination Network 

(www.rcn.montana.edu). 

Samples were collected in July 2007, August 2008, and August 2009. 

Water/soil/mat slurry samples were collected in 50-mL conical vials at approximately 

mid-depth of each spring, immediately placed on dry ice, and stored at -80°C until DNA 

extraction. After centrifugation at 3,900×g for 20 min, approximately 5 g was used for 

extraction via a protocol modified from Zhou et al. (1996) that has been described 

previously (Chapter 2; De León et al., 2012).  DNA extracts from the 75°C spring were 

concentrated 20-fold using the Wizard® SV Gel and PCR Clean-Up System (Promega 

Corporation, Madison, Wisconsin, USA) according to the manufacturer’s protocol.  DNA 

was quantified with the dsDNA BR assay on a Qubit® 1.0 fluorometer (Invitrogen, 

Carlsbad, CA, USA).   

 
Aqueous Geochemical Analysis 

In 2009, prior to slurry collection, aqueous samples were collected at each spring and 

filtered (0.2µM nylon syringe filter) on site into a 50 mL conical vial.  An aliquot of each 

filtered aqueous sample was diluted 1:100 in 5 % trace metal grade nitric acid for 

preservation.  Dissolved Na, Mg, K, Ca, Al, As, Fe, and Be, and trace elements V, Cr, 

Mn, Co, Ni, Cu, Zn, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb, Th and U were analyzed in the 

acidified sample on an Agilent 7500 inductively coupled plasma mass spectrometer (ICP-

MS; Agilent 7500ce ORS, Foster City, CA, USA) in Montana State University’s 

Environmental and Biofilm Mass Spectrometry Facility. Helium was used as a collision 

gas to reduce interferences of argon oxide ions.  Predominant inorganic anions (F-, Cl-, 
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and SO4
2-) were analyzed in the non-acidified sample via ion chromatography (IC) as 

previously described (Inskeep et al., 2005).   

 
Figure A1 Heart Lake Geyser Basin and the 3 springs selected for analysis.  The HLGB 
(as viewed from Mount Sheridan; Top Right) is located in the southern portion of YNP.  
The 3 springs selected were located in the Western Subgroup.  The springs (from Left to 
Right) were at 44°C, 63°C, and 75°C and all were at pH 8.5. 
 
 

Samples collected in closed headspace serum bottles were used for total carbon 

(TC), non-purgable organic carbon (NPOC) and total nitrogen (TN) measurements with a 

Shimadzu (Shimadzu Scientific Instruments, Columbia, MD) TOC-V CSH with attached 

TNM-1.  Total dissolved sulfide (DS) was analyzed on an unfiltered sample using the 

amine sulfuric acid method (APHA, 1998). 
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DNA Sequencing 

Bacterial small subunit (SSU) rRNA gene amplification was performed using 

universal bacterial primers 530F (5′-GTGCCAGCMGCNGCGG-3′) and 1100R (5′-

GGGTTNCGNTCGTTR-3′) under conditions described in Hwang et al. (2009).  

Archaeal primers 751F (5′-CCGACGGTGAGRGRYGAA-3′) and 1204R (5′-

TTMGGGGCATRCNKACCT-3′) (Baker et al., 2003) were used to amplify the archaeal 

population with the following PCR protocol:  94°C for 5 min;  cycling 94°C for 30 sec, 

55°C for 30 sec, and 72°C for 2 min; followed by 72°C for 7 min and 4°C hold.  All 

primers had 10-nt barcodes on the 5′ end for sample identification purposes.  Cycle 

numbers were optimized for each sample to minimize PCR-induced artifacts (Acinas et 

al., 2005; Sipos et al., 2007; Wu et al., 2010) with 10-12 ng DNA per reaction (5 µL 

concentrated DNA for the 75°C spring samples for which the DNA concentration 

remained below the detection limit of 1 ng/µL).  PCR was repeated with sufficient 

reactions to yield 500 ng for FLX pyrosequencing or 50 ng for FLX-Junior 

pyrosequencing (see below).  PCR products were excised and extracted from a 0.8 % 

agarose gel using an Ultrafree®-DA gel extraction column (Millipore Corporation, 

Bedford, MA, USA), concentrated with the Wizard® kit (above), and quantified with the 

dsDNA BR assay on a Qubit® 1.0 fluorometer (above).  The 2007 bacterial amplicons 

were sequenced with GS-FLX pyrosequencing technology at the Medical Biofilm 

Research Institute (Lubbock, Texas, USA).  The archaeal 2007 amplicons and the 2008 

bacterial and archaeal amplicons were sequenced on a 454 GS-FLX Titanium™ 

Pyrosequencer (454 Life Sciences, Branford, Connecticut, USA) at SeqWright, 
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Incorporated (Houston, Texas, USA).  The 2009 amplicons were prepared and sequenced 

on an in-house GS Junior Titanium™ Pyrosequencer as previously described (Chapter 4).  

 
Sequence Analysis 

 Sequences were trimmed and refined by primer error, ambiguous nucleotides 

(Ns), length, and quality score and been described previously (Chapter 2; De León et al., 

2012).  Bacterial and archaeal sequences were analyzed by quality score using quality-

score (Q) cutoffs of Q30 and Q32 were set for the forward and reverse regions, 

respectively, and 10 % and 15 % of nucleotides were allowed to be below the cutoff for 

the respective region.  Because the V6 region (1100R) of the bacterial SSU rRNA gene 

has been shown to yield poor recovery of identification and sample clustering (Claesson 

et al., 2009; Claesson and O'Toole, 2010; Liu et al., 2007), these sequences were not 

included in analysis.  Furthermore, less is known regarding the ability of short archaeal 

SSU rRNA gene to correctly identify the sequence; thus, both forward and reverse reads 

were analyzed for comparison.   

Sequences were analyzed for chimeras via ChimeraSlayer (Haas et al., 2011).  

Any sequences considered chimeric at the intra-genus level by ChimeraSlayer were not 

considered chimeric and were not removed from the dataset.  Non-chimeric sequences 

were aligned, clustered at 97 %, and a representative sequence was selected for each 

cluster using the Ribosomal Database Project’s (RDP) Pyrosequencing Pipeline (Cole et 

al., 2009).  Sequences were blasted against the NCBI nucleotide database and the top hit 

identified at the genus level was selected.  Because of the lack of archaeal isolates, 

blasting against the NCBI nucleotide database, a larger database compared to other 
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common databases (i.e. RDP and Greengenes), has been shown to provide more depth of 

information on archaeal sequences (Kan et al., 2011).  Any sequences hitting to the 

wrong domain were removed.  Furthermore, any sequence with <80 % identity or length 

of alignment to another SSU rRNA gene sequence was removed as a non-SSU rRNA 

gene sequence (Huse et al., 2010).  In-house python scripts were used for sequence 

management and analysis.   

 
Data Analysis 

 Rarefaction curves were generated on clusters at 97 % similarity using the RDP 

Pyrosequencing Pipeline (Cole et al., 2009).  Chao1 species richness estimate and 

Shannon’s diversity index were calculated on random subsamples to alleviate biases by 

sample size (Dickie, 2010; Gihring et al., 2012; Youssef and Elshahed, 2008).  Briefly, 

100 random samples were generated with replacement to a sample size of 1,355 

sequences for bacterial samples and 1,175 sequences for archaeal samples.  The average 

richness and diversity index were used for each sample.  

 
Results 

 
 

 Three hot springs in the HLGB with a pH of approximately 8.5 and varying 

temperatures were sampled across 3 consecutive years (2007-2009).  No visible changes 

were observed for the 63°C and 75°C springs across time; however in 2009, the microbial 

mat in the 44°C spring  (generally 1-2 cm in thickness) had torn throughout the spring 

and had curled up on itself to reveal the rock surface beneath.  An increase in gas 
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emission (via bubbling) or in water effluent was not observed and these tears were 

present upon return to the site in 2010. 

Temperature and pH were monitored yearly and only slight variations were 

observed (Table A1).  In 2009, a suite of aqueous geochemical analyses was performed 

on these 3 springs (Table A2).  The following were not detected or were below 

quantifiable limit for all springs:  Be, Cr, Fe, Co, Ag, Tl, Th, and U.  The 63°C spring 

generally had lower concentrations of anions and trace elements, but was higher in 

dissolved sulfide (DS), Ca, Mg, and Ba.  In general, these springs showed elevated 

concentrations of Na and all of the anions tested (i.e., F-, Cl-, and SO4
2-), indicative of a 

neutral-Cl spring. 

Pyrosequencing resulted in 83,465 high-quality sequences (31,842 bacterial 

sequences and 51,623 archaeal sequences).  None of the PCR methods tested resulted in 

bacterial SSU rRNA gene amplification for the 75°C_2009 sample; however, archaeal 

SSU rRNA products were amplified and sequenced for this sample.  Furthermore, the 

majority of forward sequences from the 75°C_2007 archaeal sample contained duplicate 

priming events (i.e., barcode-primer-barcode-primer-seq).  For this reason, only the 

reverse sequences were used for analysis.  Because the V6 region of the bacterial SSU 

rRNA gene has been shown to be problematic for identification and sample clustering 

recovery (Claesson et al., 2009; Claesson and O'Toole, 2010; Liu et al., 2007), these 

sequences (i.e., reverse sequences) were not included in analyses and are not included in 

the sequence totals above.  However, little is known regarding short (250-300 bp) 
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archaeal amplicons and identification recovery; thus, both forward and reverse reads were 

used for the archaeal sample analysis.   

 
Table A1 Temperature and pH of the springs across 3 years 

 
 
 

Table A2 2009 Aqueous geochemistry  
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 Rarefaction analysis of the bacterial samples indicated that the 63°C and 75°C 

samples had reached near saturation while the 44°C spring samples contained more 

operational taxonomic units at 97 % (OTUs) and had reached the curvilinear phase in the 

sampling effort (Figure A2a).  Rarefaction analysis of the forward and reverse archaeal 

datasets differed in OTU predictions for the 44°C_2008 and 63°C_2009 samples, but 

both datasets predicted these samples to have the highest archaeal OTUs.  Interestingly, 

these archaeal samples were not saturated in this sequencing effort (>5,000 sequences for 

each sample).  OTU predictions for the remaining archaeal samples were similar for the 

forward and reverse datasets and suggested that the depth of sequencing was at or near 

saturation. 

Chao1 species richness and Shannon’s diversity index were calculated on random 

subsets for each sample (1,355 sequences for Bacteria and 1,175 sequences for Archaea).  

The averages of these subsets can be viewed in Table A3.  Species richness and diversity 

decreased with increasing temperature and decreased across time similar to the results 

observed in the rarefaction analyses.   

The bacterial populations were similar across time on the phylum and genus level 

for the 63°C and 75°C spring samples, but differed in the 44°C spring samples (Figure 

A3).  The 75°C was approximately 50 % Thermus with the remaining 50 % comprised of 

thermophilic genera.  The 63°C spring was dominated by Firmicutes and Chloroflexi.  

While 2007 and 2008 samples were also dominant in Cyanobacteria and Deinococcus-

Thermus, the 2009 sample showed a decrease in these phyla and an increase in 

Dictyoglomi.  On the genus level, the 2007 and 2008 samples for the 63°C spring 
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differed in the relative abundance of Chloroflexus.  The 2009 sample showed an increase 

in relative abundance of Dictyoglomus, Desulforudis, Thermovenabulum, and 

Verrucomicrobium compared to previous years.   

 
Figure A2 Rarefaction curves of bacterial (A), archaeal forward (B), and archaeal reverse 
(C) datasets.  
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Table A3 Average diversity indices from 100 random subsets of 1,355 sequences for 
Bacteria and 1,175 sequences for Archaea 

 

 
The 2007 and 2008 samples for the 44°C spring were similar on the phylum level 

and Chloroflexi were predominant (Figure A3).  These samples were very diverse with 

genera <4 % relative abundance comprising >50 % of the total relative abundance.  The 

2007 sample did not have a dominant community; Levilinea was the genus with highest 

abundance, but was only 5.6 % of the total relative abundance.  The 2008 sample showed 

a slight predominance of Oscillochloris and Syntrophus (14 % and 10 %, respectively) 

compared to other genera.  The 2009 sample was slightly less diverse and demonstrated a 

shift in dominance to Cyanobacteria, predominantly from the Pseudanabaena genus. 
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Figure A3 Relative abundance of bacterial phyla (A) and genera (B).  Phyla (A) and 
genera (B) with a relative abundance  <1 % and <4 %, respectively, were grouped as 
Other. 
 
 While the bacterial populations generally remained similar across time, the 

archaeal populations fluctuated greatly across time and SSU rRNA gene region (Figure 

A4).  Similar to the bacterial samples, many archaeal genera shared dominance in the 

44°C spring.  Methanomassiliicoccus and Methanocella were dominant in both the 

forward and reverse datasets in 2007 and Thermofilum and Methanolinea were dominant 

in both datasets in 2008.  The remaining predominant genera varied by SSU rRNA gene 
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region.  Methanocella was dominant for both SSU rRNA gene datasets in 2009, but 

shared dominance with Caldiarchaeum in the forward sequence set.  

The 2007 and 2008 63°C spring showed the highest conservation across time and 

SSU rRNA gene region of archaeal relative abundances with the dominance of 

Methanothermobacter and Methanosaeta (Figure A4b and c).  Though the 2009 sample 

differed in relative abundances of these genera, methanogens remained predominant 

regardless of SSU rRNA gene region.  Korarchaeota were detected in 44°C _2007 and 

63°C _2007 reverse datasets, but in low abundances (0.3 % and 0.06 % relative 

abundances, respectively).  Each of the 3 OTUs that comprised the Korarchaeota group 

were most similar to the candidate genus Korarchaeum with a percent similarity of only 

82 %.  At the time of publication, this was the only member of the Korarchaeota phylum 

in the NCBI nucleotide database. No Nanoarchaeota sequences were detected, though the 

primers have been shown to amplify this phylum (Baker et al., 2003).   

The 75°C spring demonstrated large shifts in the archaeal populations with results 

differing by SSU rRNA gene region (Figure A4).  Only the reverse sequences were used 

for the 2007 sample (above) and were dominated by Nitrosocaldus.  Though still 

dominant in 2008, it was secondary in relative abundance to Caldiarchaeum.  The 2008 

sample showed similar relative abundances in both SSU rRNA gene regions.  The 2009 

sample was starkly different depending on gene region.  The forward sequences indicated 

an abundance >75 % for Thermofilum with the majority of remaining sequences being 

Methanosaeta, which are both Crenarchaeota.  However, the reverse sequences were 99 

% Caldiarchaeum, a Thaumarchaeota.   
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Figure A4 Relative abundance of archaeal phyla (A) and forward (B) and reverse (C) 
genera.  Forward (B) and Reverse (C) genera with a relative abundance  <2 % and <1 %, 
respectively, were grouped as Other.   

 

 Many OTUs were different from any known organisms in the NCBI nucleotide 

database (Figure A5).  The majority of OTUs with high similarity to a known organism 

were closely related to Deinococcus-Thermus and Cyanobacteria.  Those at low relative 

abundance varied from identical to 20 % different from any known organisms, the point 
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at which sequences were no longer considered as SSU rRNA gene sequences.  The 

archaeal datasets (i.e., forward and reverse) had similar results in that relatively few 

OTUs were similar to anything in the database, even for those high in abundance.   

 
Figure A5 Difference from BLAST hit for OTUs of varying relative abundances.  The 
relative abundance of each OTU (97 %) is plotted against the % difference from the 
BLAST hit assigned to it.  Select bacterial phyla are highlighted. 
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Discussion 
 
 

 Due to the remote nature of the HLGB, little is known regarding the microbial 

communities.  We characterized the bacterial and archaeal communities of three alkaline 

springs with similar geochemistry but differing in temperature.  The springs demonstrated 

a decrease in diversity upon increasing temperature.  The bacteria datasets demonstrated 

a general shift from Cyanobacteria and Chloroflexi at 44°C to the addition of 

Deinococcus-Thermus at 63°C and, finally, a predominantly Deinococcus-Thermus 

population at 75°C.  In other words, there is a transition from a moderately thermophilic 

photosynthetic population to a mixed photosynthetic and thermophilic population and, 

finally, a non-photosynthetic thermophilic population.  The upper temperature limit for 

prokaryotic photosynthesis is considered to be 73-75°C (Brock, 1967).  With the 

exclusion of photosynthetic organisms by temperature, it is not surprising that Thermus 

would dominate.  Thermus spp. are common in neutral and alkaline springs in YNP and 

generally have an optimum temperature between 70°C and 75°C (da Costa et al., 2006).  

These community differences suggested that temperature was primarily driving the 

community composition.  

 Relatively few community studies in neutral and alkaline springs in YNP have 

included Archaea, which have been considered to be rare in these springs (Hugenholtz et 

al., 1998; Inskeep et al., 2010; Reysenbach et al., 1994).  Yet, membrane lipid surveys 

have shown ubiquity and co-occurrence of Bacteria and Archaea throughout YNP 

(Schouten et al., 2007).  Our results demonstrated a diverse archaeal community that 

differed with temperature.  The 44°C and 63°C springs were dominated by acetoclastic 
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and hydrogenoclastic methanogens but the 75°C spring was dominated by thermophilic 

Archaea.  Methanogenesis has been shown to be inhibited at temperatures above 65-70°C 

in other neutral and alkaline springs in YNP (Ward, 1978; Zeikus et al., 1980).  The 75°C 

spring populations differed across time and by SSU rRNA gene region.  In 2007, the 

reverse library indicated a >90 % relative abundance of Candidatus Nitrosocaldus, an 

ammonia-oxidizing crenarchaeote originally detected in Heart Lake enrichments from a 

72°C spring (de la Torre et al., 2008) and the dominant population in neutral and alkaline 

hydrothermal vents in Yellowstone Lake (Kan et al., 2011).  It is not known if members 

of this genus were active in our 75°C spring as nitrite production ceased at 74°C in the 

aforementioned HLGB enrichments.  Interestingly, the Candidatus Nitrosocaldus was not 

detected in the 2009 sample, suggesting that it may be transient in this spring.  The 2009 

75°C spring samples were almost exclusively Thermofilum or Candidatus 

Caldiarchaeum, depending on SSU rRNA gene region.  Thermofilum is a sulfur-respiring 

crenarchaeote that is generally considered a moderate acidophile (Huber et al., 2006).  

The genome of Candidatus Caldiarchaeum was obtained from a metagenome of 

geothermal waters in a subsurface mine, but it has not been isolated or characterized 

(Nunoura et al., 2011).  Whether this genera is a deeply rooted member of the 

Thaumarchaeota or a new phylum (proposed as Aigarchaeota) is still debated (Brochier-

Armanet et al., 2011; Pester et al., 2011).  Representative sequences from the 2009 75°C 

spring libraries were only approximately 90 % similar to either of these genera and the 

difference in identity between the forward and reverse libraries may be a consequence of 

this.  The use of short amplicon sequencing via high-throughput technologies is 
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becoming common; yet, the majority of method development has been performed on 

bacterial sequences.  Methods development on archaeal SSU rRNA gene sequences 

warrants further inquiry.   

 In 2009, geochemical analysis was performed and demonstrated minimal changes 

across the springs.  When slight differences were observed (i.e., such as in Ca, Mg, and 

dissolved sulfide), the difference was in the 63°C spring and did not follow a trend that 

would suggest that it was driving the community differences such as in the 

photosynthetic or methanogenic populations.  An extensive geochemical survey of the 

HLGB was performed by in 2009 by Lowenstern et al (2012), but did not include springs 

in the western portion of the lower basin.  Our geochemistry compliments this study with 

an additional region of the basin and corresponds with the trends found throughout 

alkaline springs in the HLGB. 

 An analysis of the similarity of each OTU to the closest representative in the 

NCBI nucleotide identified at the genus level indicated that the majority of OTUs were 

not similar (≥10 % different) to any known genus.  In fact, relatively few were within 3 

% of another organism.  Bacteria that were similar to a known organism were generally 

Deinococcus-Thermus and Cyanobacteria, two groups extensively studied and with 

isolates from YNP (reviewed in da Costa et al., 2006; Ward et al., 1998).  Both SSU 

rRNA gene regions analyzed for archaeal libraries demonstrated similar results and few 

OTUs were similar to known genera.  Those that were similar to a known organism were 

exclusively Crenarchaeota and Euryarchaeota. The majority of Thaumarchaeota clustered 

at approximately 10 % different from any known organisms and Korarchaeota, with only 
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3 OTUs and exclusively in the reverse dataset, clustered at 18-19 % different from the 

only Korarchaeota in the database, Candidatus Korarchaeum.  These results indicate the 

presence of potentially new phylogeny in both the archaeal and bacterial communities.  

With the aide of this community analysis as a guideline, large culturing efforts in the 

HLGB merit investigation.  
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APPENDIX B 

 
DRAFT GENOME SEQUENCE OF PELOSINUS FERMENTANS JBW45 ISOLATED 

DURING IN SITU STIMULATION FOR Cr(VI) REDUCTION 
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Abstract 
 
 

Pelosinus fermentans JBW45 is an anaerobic, lactate-fermenting bacterium isolated from 
Cr(VI)-contaminated groundwater at the Hanford Nuclear Reservation 100-H site 
(Washington) that was collected after stimulation with a polylactate compound.  The 
genome sequence of this organism will provide insight into the metabolic potential of a 
predominant population during stimulation for metal-reducing conditions. 
 

 
The Hanford Nuclear Reservation 100-H site in Eastern Washington is a Cr(VI)-

contaminated site designated by the Department of Energy (DOE) as a field study site for 

bioremediation.  A previous injection of hydrogen release compound (HRC) in 2004 

resulted in Cr(VI) reduction to below background levels for >3 years (Faybishenko et al., 

2008; Hubbard et al., 2008).  After a second injection (in 2008), enrichments were made 

with groundwater 24 h after HRC addition from the injection well as part of an ongoing 

effort to characterize the stimulated microbial populations. Pelosinus fermentans JBW45 

was isolated in anaerobic LS4D medium (Borglin et al., 2009)(modified to 2.5 µM 

resazurin and 130 µM riboflavin in modified Thauer's vitamins stock (Brandis and 

Thauer, 1981)), with subsequent dilution to extinction and isolation on LS4D plates.  

While LS4D is traditionally used to cultivate sulfate-reducing bacteria (SRB), sulfide 

production decreased and eventually disappeared during the isolation process, and these 

results suggest that the isolate outcompeted SRB under the tested conditions.  This is an 

important consideration at the field site, where SRB are targeted due to heavy metal 

reduction capabilities.  Pelosinus increased in relative abundance during the 2008 in situ 

stimulation (Chapter 3) and also became a predominant member in lab-scale microcosms 

injected with 100-H groundwater (Mosher et al., 2012). 
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Draft genome sequence data for P. fermentans JBW45 were generated using an 

Illumina (Bennett, 2004) HiSeq2000 instrument from a paired-end DNA library with an 

approximate insert size of 500 bp.  The Illumina sequence data were trimmed for quality 

(CLC Genomics Workbench version 4.7.1) and assembled with Velvet (version 1.2.01) 

(Zerbino and Birney, 2008) into 98 contigs greater than 500 bp (approximately 600× 

genome coverage).  The N50 was 155,254 bp, the mean size was 53,854 bp, and the 

largest contig was 476,917 bp. The estimated draft genome sequence was approximately 

5.3 Mb, with a G+C content of 39.3%.  The draft genome sequence was annotated at Oak 

Ridge National Laboratory (ORNL) using an automated annotation pipeline based on the 

Prodigal gene prediction algorithm (Hyatt et al., 2010).  A total of 4,765 candidate 

protein-coding gene models were predicted, with a gene coding density of 85.9%. 

The small-subunit (SSU) rRNA gene sequence of the isolate has 99% identity to those of 

Pelosinus fermentans strain DSM 17108 (GenBank accession number JF749997) and 

Sporotalea propionica strains TM1 and DSM 13327 (GenBank accession numbers 

FN689723 and JF749993, respectively).  Because of the similarity of the Pelosinus and 

Sporotalea SSU rRNA gene sequences and the almost concurrent publications of the 

isolations, it has been proposed that Sporotalea be renamed to Pelosinus (Moe et al., 

2012).  Isolate JBW45 has an intervening sequence near the 5′ end of the SSU rRNA 

gene sequence that is similar to those previously reported in Pelosinus species (Moe et 

al., 2012; Ray et al., 2010).  Furthermore, Pelosinus fermentans strains with 99 to 100% 

SSU rRNA gene similarity have been shown to have differing heavy metal-reducing 

characteristics (Mosher et al., 2012).  The genome sequence of this organism will provide 
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insight into the metabolic strategies of a predominant population during stimulation for 

heavy metal reduction and allow for genome-wide comparisons to other Pelosinus 

species. 

 
Nucleotide Sequence Accession Numbers 

 
This whole-genome shotgun project has been deposited at 

DDBJ/EMBL/GenBank under the accession number AKVO00000000. The version 

described in this paper is the first version, AKVO01000000. The Illumina data set has 

been deposited in the National Center for Biotechnology Information (NCBI) Sequence 

Read Archive (SRA) under accession number SRA052951. 
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APPENDIX C 

 
HANFORD METHANOGEN ENRICHMENTS 

 

 

 

 

 

 

 

 

 

 



 
 

212 

Enrichments for acetoclastic and hydrogenoclastic methanogens were performed 

pre-injection (July 15, 2008) and 24 hours post-Hydrogen Release Compound® 

(November 11, 2008) at the Hanford 100-H site.  Basal water media (pH 7-7.2) included 

4.67 mM NH4Cl, 5.0 mM NaH2PO4, 1.34 mM KCl, 29.76 mM NaHCO3, 12.2 mM 

MgCl2, 10 mL/L modified Thauer’s vitamins (De León et al., 2012), and 10 mL/L 

modified Thauer’s minerals (Borglin et al., 2009) and was prepared anaerobically in 100 

mL serum bottles with N2 in the headspace. The NaHCO3, MgCl2, vitamins, and minerals 

were added after autoclaving to avoid precipitation.  Acetoclastic methanogen enrichment 

bottles were amended with 30 mM NaC2H3O2 to a final volume of 75 mL/bottle and 7.5 

mL of groundwater from wells 699-96-45 (injection well) and 699-96-41 (downstream 

well) was used as an inoculum.  Hydrogenoclastic methanogen enrichment bottles were 

amended with 5 mM NaC2H3O2 to a final volume of 20 mL/bottle and 2 mL of 699-96-41 

and 699-96-45 groundwater was used as an inoculum.  Upon returning to the laboratory 

(~24 hours post-inoculation), the hydrogenoclastic methanogen enrichment bottles were 

over-pressurized with 100% H2 to ~23 psi.   

Methane production was monitored on a Hewlett Packard 5890 Series II Gas 

Chromatograph (Palo Alto, CA) with a thermal conductivity detector and N2 as a carrier 

gas.  The enrichments were successively transferred every 2-3 months when methane was 

detected.  Dilutions >10-fold did not yield methane production, thus dilution-to-

extinction attempts were not successful.  On October 4, 2009, methane production was 

observed in the acetoclastic and hydrogenoclastic 699-96-41 post-injection enrichments, 

the acetoclastic 699-96-45 pre-injection enrichment, and the acetoclastic and 
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hydrogenoclastic 699-96-45 post-injection enrichments.  The 699-96-45 acetoclastic pre-

injection enrichment and 699-96-41 hydrogenoclastic post-injection enrichment were 

selected for clone library analysis of the bacterial and archaeal communities (Table A4).  

Attempts to remove the bacterial population using vancomycin (15 mg/L) were not 

successful as not methane production was observed in these cultures.  

 
Table A4 Clone library analysis of methanogen enrichments 

 
 

 Approximately 4 years post-inoculation (June 21, 2012), fluorescent in situ 

hybridization (FISH) analysis by Kristen Brileya of 699-96-45 acetoclastic pre-injection, 

now with pink biomass (freezer stocks were prepared of this culture October 13, 2010), 

demonstrated a mixed bacterial and archaeal culture with multiple cell types (Figure A6).  

At this point isolation attempts were dismissed. 
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Figure A6 FISH analysis of the 699-96-45 acetoclastic methanogen pre-injection 
enrichment.  Multiple cell types were observed for Bacteria (green) and Archaea (red). 
Courtesy of Kristen Brileya. 
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