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Abstract

Laboratory-generated samples, and samples from a toluene-‘“‘contaminated” model
aquifer were used to systematically evaluate the efficacy of cryogenic preservation and
storage for the molecular characterization of microorganisms in sediment. Using qPCR,
RT-gPCR, and PCR-SSCP, no significant differences were observed between frozen and
unfrozen sediment. Furthermore, it was demonstrated the cryogenic coring, i.e. freezing
the core in-situ prior to extraction to the surface, was a viable way to accurately
characterize subsurface microbial populations.

Using functional genes as biomarkers, significant differences were observed
between sediment-attached and suspended toluene-degrading microbial communities
from paired high-resolution sediment and water samples from a model aquifer. Results
from sediment were in better agreement with groundwater chemistry suggesting that
functional genes detected in groundwater may not be highly expressed, and may have
been artifacts of transport. This was later confirmed by functional gene expression
analysis.

One implication of this work is that functional gene abundance may not be an
appropriate biomarker for active biodegradation, particularly when recovered from
groundwater. It turns out, however, that functional gene transcripts are also not ideal, as
they can be transcribed at basal levels even in the absence of biodegradation. It is
therefore proposed that an integrated approach be used to gauge the activity of degrading
populations. The ratio of functional gene transcripts to gene copies provides a measure

of the metabolic activity of microbial populations. Experimentally determined “activity

v



thresholds” would have to be determined for different systems, but could possibly

provide the best measure of in-situ metabolic activity.



1. Introduction

1.1. Biodegradation

As a result of human activity, organic pollutants have become ubiquitous
contaminants in soil and groundwater systems across the globe, threatening both
environmental and human health. Conventional treatment technologies of the “pump-
and-treat” variety are time-consuming, costly, and often not capable of completely
remediating a site. As a result, there has been increasing interest in methodologies which
employ biodegradation, which is seen as a more environmentally sustainably technology
by comparison (1).

The term “biodegradation” refers to the power of microorganisms to break down,
or transform pollutants to nontoxic, or less toxic compounds. When used as a treatment
strategy, the biodegradation process is generally classified as either natural attenuation
(NA), or enhanced bioremediation. NA is a strategy which employs the natural
metabolic capabilities of indigenous microorganisms with no additional intervention
aside from monitoring (often called monitored natural attenuation, or MNA). Enhanced
bioremediation, on the other hand, typically employs some form of active intervention to
either enhance, or stimulate biodegradation. This can include the addition of limiting
nutrients (biostimulation), or the addition of specific microorganisms capable of

degrading the contaminant of interest (bioaugmentation) (2).

1.2. Methods of assessing biodegradation

One of the challenges associated with both MNA and enhanced bioremediation

lies in demonstrating that the in-situ reductions in contaminant concentrations do result



from biodegradation as opposed to some other physical process (1-4). Methods used to
assess the effectiveness of MNA and bioremediation fall into one of two categories,

hydrogeochemical, or microbial/molecular.

1.2.1. Hydrogeochemical methods

Hydrogeochemical methods can be employed to monitor and quantify microbial
transformation processes. When an organic pollutant enters an aquifer, the geochemistry
of the impacted groundwater changes rapidly in response to the consumption of naturally
occurring electron acceptors by microorganisms. Geochemical methods documenting the
depletion of electron acceptors and the accumulation of their reduced redox species can
provide information about the predominant redox conditions in the subsurface. It has
been demonstrated that microorganisms will preferentially use electron acceptors in an
order based on the energy which they can derive from the reaction (5). As a result,
organic-contaminated aquifers are often anoxic since oxygen is the first electron acceptor
utilized. Alternative electron acceptors include nitrate, ferric iron, sulfate, and carbon
dioxide. The use of these electron acceptors is often segregated into zones, i.e.
methanogenic nearest the contaminant source, followed by sulfate reducing, iron
reducing, and nitrate reducing, in that order (1,6).

In order to distinguish between biodegradation, and reductions in contaminant
concentration resulting from physical processes such as dispersion, tracer tests are often
performed. This typically involves the injection and monitoring of a conserved tracer in
the aquifer (1). Additionally, it is possible to monitor the production of intermediate
metabolites that are produced and excreted during biodegradation of the contaminant. In

order for this technique to be useful, the signature metabolite must be highly specific to a



particular biodegradation pathway, and not be produced by any abiotic means (1,2).
Several such metabolites have been reported in the literature.  For example,
benzylsuccinate (7), ethylbenzylsuccinate (8), and methylbenzylsuccinate (9) are
preeminent metabolites used as metabolic biomarkers of toluene, ethylbenzene, and
xylene biodegradation, respectively.

Finally, compound-specific isotope analysis (CISA) can be used to prove, and
quantify in-situ contaminant degradation. CISA is based on the fact that microorganisms
will preferentially degrade isotopically lighter molecules. In CISA, changes in the
isotopic ratios of contaminants within the aquifer are quantified. Such changes have been
shown to result almost entirely from microbial activity, and thus can be used to prove the

occurrence of biodegradation (10).

1.2.2. Microbial and molecular methods

Often times, cultivation-based methods such as laboratory microcosms are used to
demonstrate the biodegradation potential of in-situ microbial communities. Microcosms
are constructed using either aquifer sediment or groundwater as the inoculum.
Decreasing contaminant concentrations within the microcosms provide evidence that the
site contains populations capable of degrading the contaminant or contaminants of
interest. Sterilized microcosms can also be used to distinguish between biotic and abiotic
degradation.

Laboratory microcosms are attractive because of the relative ease with which they
can be set up. However, there are drawbacks associated with such cultivation methods.

The inocula used in microcosms may not be representative of the entire aquifer, and



laboratory conditions may not accurately reflect those in the field. There is also the
additional constraint that <1% of bacteria are thought to be cultivatable in the lab (1).

An alternative approach is to employ in-situ microcosms which consist of
granular substrates within a porous housing. The microcosms can be loaded with an
isotopically-labeled version of the contaminant of interest. Microorganisms colonizing
the microcosm degrade the labeled contaminant, incorporating the label (most often B0)
into cellular components such as DNA, and RNA which can then be probed via stable
isotope probing (SIP) (1,3). Detection of the label within those biomarkers is used to
prove that microbial biodegradation is taking place, and often times identify the species
responsible for the degradation.

Although the cultivation approach can demonstrate that degrading populations
exist within a contaminated aquifer, they are time consuming, and it can often be difficult
to translate that information into estimations of in-situ biodegradation rates. For this
reason, functional genes have received much attention for their potential use as
biomarkers of biodegradation. Functional genes are those which encode enzymes
specific to certain biodegradation pathways. They can be enumerated using molecular
biological tools (MBTs) such as quantitative polymerase chain reaction (qQPCR). Because
the number of functional genes is related to the abundance of contaminant degrading
organisms, it would follow that in-situ functional gene concentrations could be used to
make assessments of biodegradation rates.

However, the abundance of functional genes is not always proportional to the
degradation rate. This is likely because genes may be present, but not expressed,

depending on environmental conditions. Therefore, mRNA transcripts of functional



genes may be a more appropriate biomarker of in-situ degradation activity (1,6), and can
be quantified using reverse transcriptase qPCR (RT-qPCR). It is the latter two MBT
methods, the detection of functional genes, and gene transcripts, that are used in this

thesis.

1.3. Sampling approaches for MBT analysis

Most molecular studies of microbial communities in aquifers, including aquifers
impacted by organic pollution, are based on analyses of groundwater (11). This is due to
the relative ease with which samples can be collected from monitoring wells, filtered on
site, and stored in buffers (i.e. RNAlater®) to preserve biomolecules such as DNA and
RNA. However, it has long been known that on a volume per volume basis, sediment-
attached microorganisms are numerically dominant in the subsurface, often by several
orders of magnitude (12-16). This has prompted some to suggest that sediment samples
are thus more representative of subsurface microbial communities. It has also been
repeatedly shown that sediment-attached and suspend populations differ in microbial
community structure (11,14,17,18), and function (12,19-22). To date, however, the lack
of data from paired, high-resolution sediment and groundwater samples from polluted
aquifers has made it difficult to assess how these differences could affect assessments of
biodegradation.

Apart from potentially imparting sampling bias, groundwater sampling also
suffers from a lack of vertical resolution in comparison to sediment core sampling. This
is an important consideration since biodegradation hotspots may exist on spatial scales
too small to be adequately captured by conventional groundwater sampling (23,24). It is

likely that degradation processes in the subsurface occur largely in narrow interfaces



where overlapping countergradients of electron donors and acceptors exist. “Plume
fringe theory,” as this is sometimes called, has been repeatedly validated in both
laboratory (25) and field studies (23,24,26), and highlights the importance of sediment
sampling for the characterization of subsurface microbial communities during NA and
bioremediation.

Despite its advantages, sediment sampling for MBT analysis is not without its
difficulties. Whereas water samples can be filtered and preserved on site, it is difficult to
separate cells from soil in the field, and placing entire sediment cores into buffers is not
practical. As a result, the preservation of DNA and RNA within intact sediment cores is

an important issue.

1.4. Toluene as a model contaminant

14.1 BTEX

Much of the work described in this thesis was performed using samples taken
from a model aquifer in which toluene was added to simulate a contaminant plume.
Toluene is the most readily biodegradable of the BTEX family of pollutants which
includes benzene, toluene, ethylbenzene, and xylene (2). BTEX are the most soluble and
thereby mobile component of gasoline, and enter the groundwater primarily through
leaking underground storage tanks (LUSTs) (27). Due to their toxicity, and mobility in
the environment, cleanup standards for BTEX are more stringent than for other petroleum
components (28). According to the US environmental Protection Agency, there are more

than 93,000 active LUST sites in the US (29), making BTEX pollution a significant issue.



1.4.2. Biodegradation of toluene

Toluene is readily biodegradable under aerobic conditions. Degradation is
initiated by either direct oxidation of the aromatic ring via a monooxygenase enzyme
(toluene-2,3, or 4 monooxygenase), a dioxygenase enzyme, or oxidation of the alkyl side
chain (Figure 1) (3). Under anaerobic conditions, the degradation of toluene is initiated
by the addition of a fumarate by benzylsuccinate synthase to the methyl group to form
benzylsuccinate (Figure 2) (30). In this work, MBTs were designed to examine the
toluene-4-monooxygenase pathway, and the benzylsuccinate synthase pathway by
targeting the genes encoding these key enzymes. The toluene-4-monooxygenase
pathway is encoded by tmoA, and tmoA-like genes, while the benzylsuccinate synthase

pathway is encoded by the bssA gene.

1.5. Aim of this thesis

The aim of this thesis is to use MBTs to examine the differences between
sediment-attached and suspended microbial communities within a model aquifer.
Particular emphasis is placed on understanding the nature and causes of those differences,
and how they can affect our understanding of subsurface biodegradation. In the process,
I also examine the efficacy of cryogenic storage and cryogenic core sampling for the
preservation of DNA and RNA within sediments. Some of the questions tackled in this
thesis include:

e How does whole-sample freezing or freeze/thaw affect DNA and RNA quantity,
and quality?

® Does freezing or freeze/thaw disproportionately affect some phylotypes?



e (Can cryogenic coring be used to preserve, and accurately characterize subsurface
microbial communities?

e What, if any, differences can be observed between sediment-attached and
suspended microbial communities?

e (Can those differences be attributed to any particular physical or biological
processes?

e Based on the data, what type of sampling strategy, or strategies would be best
suited to characterize subsurface biodegradation?

¢  What do the data tell us about MBT use for characterizing in-situ degradation?

1.6. Organization of this thesis

General methods common to multiple chapters of this thesis are presented in
chapter 2. Methods specific to individual chapters are presented at the beginning of the
relevant chapter. Chapter 3 describes bench scale investigations into the effects of
freezing and cryogenic storage on the recovery, and integrity of DNA and RNA in
simulated sediment samples. This work is expanded in chapter 4 to include samples from
a model aquifer. Chapter 4 also describes the testing of a cryogenic core sampling
technique in which a sediment core from the model aquifer was frozen in-sifu prior to
extraction to the surface. Chapter 5 presents work in which paired high-resolution
sediment and water samples from the model aquifer were compared using MBTs.
Differences were evaluated in relation to detailed analyses of groundwater chemistry.
Finally, chapter 6 describes work designed to elucidate the cause(s) of differences
observed between sediment-attached and suspended populations reported in chapter 5.

This is followed by a summary chapter (chapter 7) and references (chapter 8).



Figure 1. Initial reactions of aerobic toluene biodegradation pathways
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Figure 2. Initial reaction of the anaerobic toluene degradation pathway
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2. General methods

This chapter describes general methods which are common to many of the
subsequent chapters. Included are methods used by Mouzhong Xu to characterize the
bacteria in the archaeal enrichment culture used in chapter 3, as well as those used by
Reid O’Brien Johnson for the chemical analysis of water samples in chapters 4, 5, and 6.

Chapter-specific methods are included within their relevant chapters.

2.1. Chemical analysis of model aquifer pore water

This section describes procedures used for the chemical analysis of pore water
samples in chapters 4, 5, and 6. Pore water samples (=15 ml) for chemical analyses were
collected in airtight syringes from water sampling ports in the model aquifer. Toluene
concentrations in pore water samples were measured by headspace gas chromatography
(GC) (7694 headspace sampler attached to a 5890 gas chromatograph with a flame
ionization detector, Agilent Technologies, Wilmington, DE). Nitrate was analyzed by
ion chromatography (IC25 ion chromotograph, Dionex Corp., Sunnyvale, CA).
Dissolved oxygen (DO) was measured by a flow-thru oxygen electrode (Model 8-730,
Microelectrodes, Inc., Bedford, NH), and fluorescein was measured by a flow-through
fluorometer (Model 121, Gilson Inc., Middleton, WI). The GC method had a detection
limit of 0.05 mg/L and an associated error of + 5% (n=15). The ion chromatography
method had a detection limit of 0.01 mg/L. The DO electrode had a detection limit of 1%

of saturation, and the fluorometer had a detection limit of 50 ppb fluorescence.

2.2. bssA and tmoA qPCR primer design

11



This section describes the procedures used to design the bssA and tmoA primers
used in qPCR in chapters 4, 5, and 6. The CLC Genomics Workbench (CLC Bio,
Cambridge, MA) was used to design qPCR primers (Table 1) based on conserved
sequences within alignments of benzylsuccinate synthase (bssA) genes from denitrifying
toluene-degrading organisms, and toluene-4-monooxygenase (tmoA) gene sequences.
Accession numbers for the sequences used to construct the alignments can be found in
Table 2. Primer specificity was confirmed with the Basic Local Alignment Search Tool
(31). gPCR using the primers produced single bands of the expected size when
electrophoresized in an agarose gel, and produced singular sharp peaks by qPCR melt

curve analysis (Figure 1).

2.3. Construction of plasmid standards for qPCR

This section describes the procedures used in the construction of plasmid
standards for qPCR in chapters 4, 5, and 6. Genomic DNA from the model aquifer was
extracted, and bssA and tmoA gene sequences were PCR-amplified. PCR products were
purified using the Wizard SV gel and PCR clean-up system (Promega Corp., Madison,
WI) and cloned into E. coli with the pCR®2.1 vector system using a TOPO TA cloning
kit (Invitrogen Corp., Carlsbad, CA) according to the manufacturers’ instructions.
Randomly-selected clones were analyzed by PCR and gel electrophoresis to ensure the
presence of the insert. Sequences of purified plasmids were confirmed with an ABI
3130XL Genetic Analyzer (ABI, Foster City, CA) at the OHSU DNA Services Core
Center.

Plasmids with insert sequences most similar to those of bssA and fmoA genes

from Magnetospirillum TS-6, and Pseudomonas mendocina KR1 (identity = 98% for
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both) were linearized by digestion with restriction exonuclease Xba I (New England
Biolabs, Ipswitch, MA). Concentrations of linearized plasmids were determined
fluorometrically using PicoGreen (Invitogen Corp., Carlsbad, CA) and a NanoDrop
fluorometer (Thermo Scientific, Wilmington, DE), and were used to determine gene copy
number based on the molecular weight of the plasmid. Dilutions of linearized plasmids,
each tested in duplicate, spanning 5 orders of magnitude were used as standard curves for
the determination of gene copy numbers. Representative standard curves (Figure 2)
were linear (R*>0.998) and amplification efficiencies averaged 88 and 96% for bssA and

tmoA, respectively.

2.4. Clone library analysis of archaeal enrichment culture

This section describes the procedures used to characterize the archaeal enrichment
culture used in chapter 3. The culture was characterized by Mouzhong Xu of Oregon
Health & Science University. In brief, DNA from the archaeal enrichment culture was
extracted and purified. Bacterial 16S rRNA gene sequences were amplified by PCR
using primers 27F (bacteria biased, 5’- AGA-GTT-TGA-TCM-TGG-CTC-AG - 3’) and
1492R (universal, 5° — GGY-TAC-CTT-GTT-ACG-ACT-T - 3’) (32). PCR was
performed in a MyiQ real-time PCR detection system (BioRad Laboratories Inc.,
Hercules, CA) in 25 pL reactions containing 15 pL iQ Supermix (BioRad Laboratories
Inc., Hercules, CA), 1uL of template DNA, and primers at a final concentration of 800
nM. The PCR cycling conditions were as follows: 1 min initial denaturation at 94°C
followed by 30 cycles of 30 s denaturation at 94°C, 1.5 min annealing at 55°C, and 2.5
min extension at 72°C, and a final extension of 5 min at 72°C. After amplification, the

PCR products were purified with the Wizard SV gel and PCR clean-up system (Promega
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Corp., Madison, WI) and cloned with pCR®2.1 vector system using the TOPO TA
cloning kit (Invitrogen Corp., Carlsbad, CA) according to the manufactures’ instructions.

Randomly-selected clones were analyzed by PCR and gel electrophoresis to
ensure the presence of insert, after which sequencing was performed in an ABI 3730XL
high-throughput capillary DNA Analyzer (Washington University - Genome Sequencing
Center, St. Louis, MO). For complete coverage, each clone was sequenced with 4
primers; 2 targeting vector sequences (M13F 5’-GTA-AAA-CGA-CGG-CCA-G-3’ and
MI13R, 5’-CAG-GAA-ACA-GCT-ATG-AC3-"), (33) and 2 targeting internal sequences
(870F, 5° —CCT-GGG-GAG-TAC-GGT-CGC-AAG-3’ (34) and U926Rmod, 5’-CCG-
TCW-ATT-CCT-TTR-AGT-TT-3" (35)). Sequences were assembled and aligned using
the CLC Genomics Workbench 1 (CLC Bio, Cambridge, MA) and refined manually to
remove or correct regions of ambiguity. Sequences from 90 clones were analyzed using
the Basic Local Alignment Search Tool (BLAST) (31) against the GenBank database to
determine closest phylogenetic affiliations. Results of the clone library analysis are

shown in Table 3.
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Table 1. Primer sequences for gPCR

Gene Primer Primer sequence
bssA 997F 5'- CTG-CTG-TGG-CCS-TAY-TAC-AAG -3'
SS
1230R 5'- GAT-GGC-GTC-GGT-CAT-GTC-GKT -3'
1moA 595F 5'- GGC-TTY-ACC-AAC-ATG-CAG-TTY-C -3'
mo
882R 5'- CAT-RAA-CTC-CTT-GAA-BGA-CT -3'

Shown are sequences of primers designed for use in gPCR. Positions are given relative
to the bssA and tmoA genes of Azoarcus sp. EbN1, and Pseudomonas mendocina KRI,
respectively.
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Table 2. Accession numbers for sequences used in alignments for qPCR primer
design

Organism Gene  Accession Number
Azoarcus sp. DN11 bssA AB285034
Thauera sp. DNT-1 bssA AB066263
Azoarcus sp. T bssA AY032676
Thauera aromatica bssA AJ001848
Magnetospirillum sp. TS-6 bssA AB167725
Azoarcus aromaticum EbN1 bssA CR555306
Pseudomonas mendocina KR1 tmoA M65106
Burkholderia cepacia strain JS150 tbc2A AF282898
Pseudomonas stutzeri OX1 touA AJ005663
Ralstonia pickettii PKO1 tbuA1 AY541701
Ralstonia metallidurans CH34 tmoA CP000352
Cuprividus taiwanensis strain LMG19424 tmoA CUB33751

Shown are organisms whose sequences were used in alignments for the design of gPCR
primers targeting genes for the alpha subunit of benzylsuccinate synthase (bssA) and the
alpha subunit of toluene-4-monooxygenase (tmoA, tbc2A, touA, and tbuA).
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Table 3. Bacterial clone library analysis of an archaeal enrichment culture

Organism (phylum/ class/ genus) Maximum  Sequence Expect Maximum  Number of
Score Length Value (E) Identity Clones
Proteobacteria 44
o- Proteobacteria
Sphingomonas 2597 1431 0 99% 8
Nitrobacter 2416 1462 0 96% 2
Rhodopseudomonas 2385 1483 0 96% 2
Labrys 1349 759 0 98% 2
B- Proteobacteria
Burkholderia 2726 1494 0 99% 7
Ralstonia 2745 1503 0 99% 7
Pandorae 2599 1455 0 98% 6
Variovorax 2697 1498 0 99% 5
v- Proteobacteria
Rhodanobacter 2605 1499 0 99% 5
Acidobacteria 22
Acidobacteria
Unclassified acidobacteriaceae 2591 1459 0 98% 22
Uncultured Bacteria division OP11 1905 1346 0 92% 11
Planctomycetes 7
Planctomycetacia
Environmental samples 1186 896 0 91% 7
Bacteroidetes 4
Sphingobacteria
Chitinophaga 1247 752 0 96% 2
Pedobacter 1277 862 0 93% 1
Sphingobacterium 1428 856 0 96% 1
Gemmatimonadetes
Environmental samples 1399 838 0 96% 1
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Figure 1. Evaluation of bssA and fmoA primers
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Agarose gel images (top), and melt curve analyses (bottom) of PCR products produced
using bssA (left) and tmoA (right) primers designed for this study. In gel images; lane 1:
ladder, lanes 2 & 3: positive signal, lane 4: negative control.
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Figure 2. Representative qPCR standard curves
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Shown are representative standard curves generated using linearized plasmids
containing bssA (closed symbols) and tmoA (open symbols) gene fragments.
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3. Bench scale evaluation of cryogenic preservation
and storage for the molecular characterization of
microorganisms in sediment

3.1. Abstract

Laboratory-generated sediment samples were used to systematically assess the
effects of whole-sample cryogenic preservation and storage on the integrity of
biomolecules relevant to bioremediation. Impacts of freezing on DNA and RNA were
assessed using quantitative PCR (qQPCR) as well as the community fingerprinting method,
PCR single-strand conformation polymorphism (PCR-SSCP). No degradation was
observed for a suite of genes and gene transcripts, including short-lived mRNA
transcripts, from P. putida F1 or from B. subtilis JH642 in single-species samples, or
from either archaea, or Dehalococcoides species in enrichment culture samples.
Similarly, freezing did not change the relative abundance of dominant phylotypes in
enrichment culture samples as measured by PCR-SSCP of bacterial 16S rDNA. Of even
greater significance is that freezing and storage did not affect the relative abundance of
16S rRNA phylotypes, since in-vivo TRNA content is often correlated with cellular
growth rate. It is thus concluded that cryogenic preservation and storage of intact
sediment samples can be used for accurate molecular characterization of microbial
populations, and may facilitate high-resolution capture of biogeochemical interfaces

important to biodegradation.
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3.2. Introduction

Subsurface bioremediation strategies should be based on knowledge of
indigenous microbial organisms, including their metabolic capabilities and the ways in
which they respond to changing environmental conditions (6,36). Because most
microorganisms are not easily cultured in the laboratory, the use of molecular biological
tools (MBTs) for gene detection and quantification, community fingerprinting, and gene
expression has tremendous potential to improve the design, monitoring, and field
performance of subsurface remediation.

Many studies suggest that 90% to 99% of bacterial populations, including those
that degrade a variety of contaminants, are attached to solid phase materials in both
laboratory-scale column experiments and in the field (19-22,12). There are additionally a
number of reports documenting the enhancement, by particle-attached bacteria, of the
rates of dechlorination of chlorinated hydrocarbons (19), biodegradation of aromatic
hydrocarbons (21) and other cellular activities (20,22,12), compared to rates observed for
unattached bacteria. Collection of intact core samples is, therefore, an optimal approach
for accurately characterizing subsurface microbial populations.

Furthermore, a mounting body of evidence suggests that biodegradation
“hotspots” in the subsurface may exist on spatial scales too fine to be adequately captured
by conventional groundwater sampling (24,23). For example, the degradation process
may largely be confined to the fringes of contaminant plumes, where overlapping
“counter-gradients” of electron donors and acceptors exist. This “plume fringe theory”

has been repeatedly validated in both laboratory (25,37) and field studies (23,24,26,38),
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further demonstrating the need for fine-resolution sampling such as that provided by
sediment coring.

However, the collection and storage of core samples for molecular analyses can
be problematic. Whereas water samples can be filtered on site and stored in extraction
buffer or preservation media (RNAlater®, etc.) to prevent the degradation of nucleic
acids, it is difficult to separate cells from soil in the field. For this reason, soil samples
for molecular analyses are often stored in buffers as well, but doing so with core samples
is not practical. Disturbing or destroying the core would obscure biogeochemical
interfaces that may be relevant to biodegradation. Consequently, the preservation of
biomolecules such as DNA and RNA within intact core samples is an important issue.
This is particularly true due to the relatively recent, and rapidly increasing use of MBTs
by the bioremediation community, and is of heightened concern for the study of gene
expression (messenger RNA, mRNA). Gene expression, rather than gene presence, is a
better indicator of physiological activity because mRNA molecules are relatively short-
lived compared to DNA molecules. For example, reported in-vivo mRNA half-lives for
the Dehalococcoides reductive dehalogenase genes vcrA and fceA are 4.8 and 6.1 hours,
respectively (39), underscoring the importance of sample preservation.

Cryogenic preservation is commonly used for environmental samples, but the
effects of whole-core freezing on the integrity of biomolecules such as DNA and RNA
has not been systematically examined. Additionally, cryogenic drilling (freezing the core
in-situ prior to extraction to the surface) has been used to preserve the in-situ
macrobiological and physical characteristics of core samples for at least 30 years (40-43),

though its use for molecular biological analysis has been limited.
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DNA and RNA become increasingly fragmented as samples degrade. This can
lead to reductions in PCR amplification efficiencies, increases in detection limits, and
even amplification failure. These effects become increasingly pronounced for longer
target sequences as the yield of complete target fragments is greatly reduced (44-46).
Additionally, sample degradation can lead to the preferential amplification of undamaged
targets (46), thus affecting assessments of microbial community structure. In the work
reported here, the impacts of whole-sample freezing on the integrity of DNA and RNA
are examined through the detection and quantification of a suite of genes and gene
transcripts from Bacteria and Archaea.

Single-strain experiments using laboratory-generated samples were performed
with both Pseudomonas putida F1 and Bacillus subtilis JH642, two bacterial strains with
very different cellular properties (e.g., cell wall composition and structure) potentially
resulting in different responses to the freezing and thawing processes. PCR single-strand
conformation polymorphism (PCR-SSCP) was used to assess the effects of freezing on
relative phylogenetic type (phylotype) abundance within more complex laboratory
samples containing cells from enrichment cultures. A subset of frozen samples was also
stored at —80°C before DNA and RNA were extracted in order to determine the effects of

frozen storage on intact samples.

3.3. Methods

3.3.1. Laboratory-generated samples

Pseudomonas putida F1 and Bacillus subtilis JH642 strains were obtained from
Dr. Dan Arp, and Dr. Michiko Nakano, respectively. Cultures of P. putida F1 were

grown at room temperature, overnight, in 2xYT medium (47) with shaking at 120 rpm.
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B. subtilis JH642 was grown at 37°C, overnight, in 2xYT (47) medium with shaking at
150 rpm. An archaeal enrichment culture also containing members of diverse bacterial
phyla was grown as described by Simon et al. (48). Each culture was used to create a set
of three samples (unfrozen, frozen, and frozen with granular media) consisting of 300 uL
of the culture in 2 mL microcentrifuge tubes. One of each set of samples contained 0.5 g
of sterile 0.1 mm zirconia/silica beads (Biospec Products, Inc. Bartlesville, OK) to
simulate soil. This “simulated core sample” and one of the non-bead-containing samples
were frozen by immersion in liquid nitrogen for 10 seconds. In addition, a set of
simulated core samples (with sterile beads) was constructed with culture material from a

Dehalococcoides (DHC) enrichment culture (49) provided by Dr. Lewis Semprini.

3.3.2. DNA and RNA extraction

DNA from the majority of laboratory-generated samples was isolated via bead
beating for 30 s at a speed of 5.5 m/s using a Biol01 FastPrep instrument (Thermo Fisher
Scientific, Waltham, MA) followed by purification using the Wizard SV96 genomic
DNA purification kit (Promega Corp., Madison, WI). DNA was extracted from the
DHC-containing samples using a FastDNA Spin Kit for Soil (MP Biomedicals, Solon,
OH). Total RNA (which includes rRNA and mRNA) was isolated as described in Smith
et al. (50), except that each extraction was performed on 0.5 g sediment as opposed to
filters. Total DNA and RNA concentrations were determined fluorometrically using
PicoGreen and RiboGreen reagents, respectively (Invitogen Corp., Carlsbad, CA) and a
NanoDrop fluorometer (Thermo Scientific, Wilmington, DE). DNA from select
laboratory-generated samples was electrophoresized and visualized in a 1% agarose gel.

Additionally, the quality of RNA extracted from the single-species samples was
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evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara,
CA). All nucleic acid extracts were stored at —80 °C until use.

3.3.3. Effects of freezing on quantification of genes and gene transcripts

The effects of freezing on the quantification of genes and gene transcripts were
assessed by quantitative PCR (qPCR) of DNA and RNA recovered from the laboratory-
generated samples. Equal amounts of either DNA or RNA were used from each set of
extracts. Total RNA (including ribosomal RNA (rRNA) and messenger RNA (mRNA))
was converted to complementary DNA (cDNA) using SuperScript III First-Strand
Synthesis Supermix (Invitogen Corp., Carlsbad, CA). gPCR was performed in 25 uL
reactions in a MyiQ real-time qPCR detection system using iQ SYBR Green Supermix
(BioRad Laboratories Inc., Hercules, CA). Several independent master mixes were
prepared for each set of samples (n = either 5 or 10) and were tested in triplicate within a
single microtiter plate.

Dilution series spanning five orders of magnitude were tested in duplicate for
each experiment to ensure that product concentrations were within the instrument’s linear
dynamic range. Experiments performed with each set of extracts were replicated using
primers targeting the following genes/transcripts: todE (51), todC1 (52), and 16S rRNA
(53) for P. putida F1; thrB, pheA, and trpC (54) for B. subtilis JH642; and archaeal 16S
rRNA (48) and amoA for the archaeal enrichment culture. Primer sequences and cycling
conditions can be found in Table 1. All primers were added at a final concentration of
200 nM, with the exception of DHC primers which were added at 500 nM. qPCR data
were analyzed using software packages which were able to assess differences in

amplification efficiencies between frozen and unfrozen samples based on the observation
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of individual-sample reaction kinetics (i.e. DART-PCR software (55), and LinReg PCR
software (56)). In all cases, fold differences were calculated relative to the unfrozen
sample.

3.3.4 Effects of storage on quantification of genes and gene transcripts

Storage experiments were conducted using replicates of the single-strain
simulated core samples described above (i.e., with granular media), as well as with the
simulated cores containing DHC culture material. Experiments performed using DHC
samples were replicated using primers (Table 1) targeting DHC 16S rRNA and rDNA,
and a suite of reductive dehalogenase (pceA, fceA, vcrA, and bvcA) genes and gene
transcripts (57). One sample was processed immediately and served as the unfrozen
reference sample. Additional samples were stored at —80°C until processing (1 week, 2
weeks, and 1 month for single-species samples, and 1 week, 2 weeks, and 2 months for
DHC samples). At each time point, samples were removed from storage, and the DNA
and RNA were extracted and purified as described previously. Purified DNA and RNA
extracts from each time point were subsequently stored at —80°C until use in qPCR
experiments. After the final storage duration, equal amounts of either DNA or RNA
(n=5) from all points were evaluated by qPCR on the same microtiter plate, ensuring that
the results were directly comparable.

3.3.5. Effects of freezing and storage on relative phylotype abundance

PCR-SSCP was used to assess the effects of freezing on the relative abundance of
bacterial 16S rDNA and rRNA phylotypes recovered from the archaeal enrichment
culture samples (unfrozen, frozen, and frozen with granular media), and the DHC

enrichment culture samples (unfrozen, and frozen for 1 week, 2 weeks, and 2 months).
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RNA was converted to cDNA as described. DNA and ¢cDNA from the enrichment
culture samples were PCR-amplified using universal bacterial 16S rRNA gene primers
357F (5 - CCT ACG GGA GGC AGC AG -3) and 5°-phosphorylated 519R (5°-
phosphorylation- ACC GCG GCT GCT GGC AC -3°) (32). Cycling parameters
consisted of 4 min initial denaturation at 95°C and 20 touchdown cycles of 30 s
denaturation at 95°C, 1 min annealing starting at 66°C, and 1.5 min extension at 72°C.
The annealing temperature was decreased 0.5°C with every cycle until a final annealing
temperature of 56°C was reached. The touchdown step was followed by 20 cycles of 30 s
denaturation at 95°C, 1 min annealing at 56°C, and 1.5 min extension at 72°C, with a final
extension of 7 min at 72°C.

After amplification, PCR products were purified using the Wizard SV gel and
PCR clean-up system (Promega Corp., Madison, WI). Purified phosphorylated PCR
products were digested (to form single-stranded products), desalted, combined with SSCP
stop solution (Lonza, Basel, Switzerland), denatured at 95°C for 3 minutes, and placed on
ice as described in Sliwinski and Goodman (58). Products were run on a 0.75 mm
IXMDE polyacrylamide gel (Lonza, Basel, Switzerland) at 300 V for 25 hours at 17°C.
After electrophoresis, the gel was imaged directly on a Typhoon variable mode imager
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ) following staining with GelRed
(Biotum, Inc., Hayward, CA). Alternatively, it was subsequently found that the use of
FAM-labeled 357F with nonphosphorylated 519R eliminated the need for the digestion to
single-stranded DNA and staining steps, thus this approach was used in PCR-SSCP

experiments with DNA and RNA from the DHC-containing samples.
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Gel fingerprint patterns were analyzed using GelCompar II software (Applied
Maths, Austin, TX), which was used to detects bands, create densitometric profile curves,
and calculate the area under each peak. This information was transformed into a relative
area under each peak (relative to the sum of the areas under all peaks), thus making
possible the comparison of independent samples. Additionally, similarity matrices of the

densitometric curves were calculated based on pair-wise Pearson’s correlations.

3.4. Results and Discussion

3.4.1 Effects of freezing and storage on quantification of genes and gene
transcripts

Quantification of target genes and gene transcripts from laboratory-generated
samples was accomplished by gPCR with equal starting amounts of either DNA, or RNA,
respectively. Fold differences for the two frozen samples relative to the unfrozen sample
should be equal to 1, barring any effects of DNA or RNA degradation. Experiments
indicated 10% variability in replicate fluorometric DNA and RNA concentration
measurements (data not shown), thus fold differences of less than 10% were not
considered to be indicators of sample degradation.

All gPCR dilution series were linear (R2 >0.98) and confirmed that concentrations
examined were within the linear dynamic range of the instrument. Fold differences,
relative to the unfrozen sample, for genes and gene transcripts from frozen single-species
and archaeal enrichment culture samples are shown in Table 2. The results of t-tests
indicated no statistically significant differences between target genes or gene transcripts
from frozen and unfrozen samples (p>0.05, n=10 and 5 for DNA and RNA, respectively)

when calculated to allow for a 10% uncertainty in initial concentration. It is particularly
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noteworthy that freezing did not affect the recovery of mRNA molecules examined here
(i.e., todC, todE, trpC, thrB, pheA, and amoA gene transcripts), which are particularly
vulnerable to decay, make up only a fraction (=3%) of the total RNA pool (59), and yet
are crucial to gene expression analysis. Additionally, results obtained targeting archaeal
genes and gene transcripts from enrichment culture samples are significant because the
enrichment culture samples represent a more microbially complex, and, therefore
environmentally-relevant system. Furthermore, individual sample reaction kinetics
revealed no trends in amplification efficiency for any target DNA or RNA (e.g., better
efficiencies for unfrozen vs. frozen samples). Amplification efficiencies for all targets
from unfrozen and frozen samples were comparable (p>0.05, n=10 and 5 for DNA and
RNA, respectively) and were greater than 94.8% and 88.2% for all DNA and RNA,
respectively.

For practical reasons, field-collected cores are likely to be stored frozen until
further subcoring and/or processing can be carried out in a laboratory setting. Results
from storage qPCR experiments with both single-strain sets of laboratory-generated
cores, and the DHC-containing cores are shown in Table 3. Fold differences were
calculated with respect to DNA or RNA from an unfrozen sample. T-tests were
performed and indicated that no storage time for any sample was statistically different
from the unfrozen sample (p>0.05, n=5) when allowing for a 10% uncertainty.
Furthermore, calculated amplification efficiencies were comparable (p>0.05, n=5) among
all storage durations for both strains regardless of the primers used, indicating that

storage time did not affect the integrity of the DNA or RNA.
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It is also important to note that freezing and storage did not result in any trends in
either DNA or RNA yields (Figure 1) from laboratory-generated cores, nor was the
quality of DNA and RNA affected, as visualized by electrophoresis in a 1% agarose gel
(Figure 2). Moreover, measurement of RNA using an Agilent 2100 Bioanalyzer
indicated that cryogenic preservation did not result in RNA degradation. Specifically,
RNA Integrity Numbers, or RINs, did not change as a function of time at -80°C (Table
4).

3.4.2 Effects of freezing and storage on the relative abundance of bacterial

phylotypes

To further evaluate the effects of freezing and storage on DNA and RNA from a
broad range of bacterial phyla, PCR-SSCP was used to generate profiles of the bacterial
communities present in the enrichment culture samples. Bacterial 16S rDNA and rRNA
from the suite of archaeal enrichment culture samples (unfrozen, frozen, and frozen with
granular media) were profiled in triplicate. Additionally, triplicate bacterial 16S rDNA
and rRNA profiles from an unfrozen DHC-containing simulated core sample were
compared to profiles from replicate samples stored at —80°C for 1 week, 2 weeks, and 2
months.

rDNA PCR-SSCP gel fingerprint patterns and associated densitometric profiles
(Figure 3) from the archaeal enrichment culture samples contained ~20 distinct
bands/peaks, each corresponding to a unique phylotype. This compared reasonably well
with the number of individual groups (16 groups) identified by clone library analysis.
(See chapter 2 for details). Pair-wise comparisons of the densitometric profiles were

performed and the associated Pearson’s correlation coefficients (r) were calculated
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(Table 5). DNA from frozen archaeal enrichment culture samples produced
densitometric profiles as similar to those of unfrozen profiles (r > 0.95) as to replicates
from the same sample (r > 0.95). Similarly, DHC samples stored at -80°C for 1 week, 2
weeks, and 2 months also produced gel profiles and densitometric curves (Figure 4)
nearly as similar to those from the unfrozen sample (r> 0.95) as to intrasample replicates
(r>0.98) (Table 6).

The area under each peak in the densitometric profiles was converted to a relative
peak area by dividing by the area under all peaks in the profile. rDNA peaks comprising
>5% of the total peak area were plotted in Figures 5 a and b which also shows the
corresponding positions in a representative PCR-SSCP gel lane and densitometric profile.
PCR-SSCP profiles of bacterial DNA from frozen and unfrozen archaeal and DHC
enrichment culture samples were comparable in relative abundance of the dominant
phylotypes, i.e. freezing did not disproportionately affect any individual phylotype.

Similarly, results from the rRNA PCR-SSCP analyses indicated that freezing and
cryogenic storage had no effect on the relative abundance of 16S rRNA gene transcripts
from the enrichment culture samples (Figures 5c,d 6, & 7, Tables 7 & 8). This is
important because biodegradation depends upon active bacterial populations, and in-vivo

rRNA content is often correlated with cellular growth rate (59-61).

3.5. Conclusion

Molecular biological tools, especially those for gene detection and gene
expression, have the potential to significantly improve the design and implementation of
subsurface bioremediation. Of particular interest would be the ability to relate

degradation rates in the field to some measurable molecular parameter such as species or
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catabolic gene abundance and expression. For example, organisms of the species
Dehalococcoides (DHC) are of particular interest with respect to bioremediation because
they can reductively dechlorinate tetrachloroethene (PCE), trichloroethene (TCE), cis-
dichloroethene (cDCE), and vinyl chloride (VC) to nontoxic ethane (62). Lu et al. have
suggested that a DHC density of >1x10’ cells per liter (determined via qPCR of DHC
16S rRNA genes) can be used as a criterion to identify sites for which monitored natural
attenuation (MNA) would likely result in generally useful rates of dechlorination (defined
as >0.3 per year) (62,63). However, they also identified sites at which MNA resulted in
such dechlorination rates despite significantly lower aqueous DHC densities (on the order
of 10° cells per liter). In fact, relative to cell density, these field sites outperformed even
laboratory cultures of DHC grown under ideal conditions. The unlikelihood of this led
the researchers to conclude that monitoring wells did not efficiently sample the DHC
organisms at those site, and that if assays for DHC are to be used to predict rates of
natural attenuation, it will be necessary to collect and analyze sediment samples (62,63).
Consequently, the preservation of nucleic acids within intact sediment samples is an
important issue.

Sample preservation for molecular biological analysis can be problematic. This is
particularly true with respect to RNA, which is much more susceptible than DNA to
degradation by nuclease activity (64). Our results indicated that neither freezing, nor
storage for at -80°C affected our ability to detect and quantify individual genes, including
those from DHC. Especially noteworthy are the qPCR results which demonstrated that
short-lived mRNA molecules were not degraded upon freezing, or storage. Additionally,

the relative abundance of dominant bacterial 16S rDNA and rRNA phylotypes was
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unaffected by freezing and storage of sediment at -80 °C. Results suggest that whole-core
freezing is a viable way to preserve the molecular characteristics of microbial populations
in sediment in terms of both gene abundance, and more significantly, gene expression. In
fact, due to the short half-lives of mRNA molecules, immediate freezing, e.g. with
cryogenic drilling, may be the only viable way to preserve the in-sifu microbial signature

of sediment.
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Table 1. gPCR Primer sequences and cycling conditions

Gene Denaturation Annealing Extension

. Primer sequence Reference
(organism) sec °C sec °C sec °C
todC1 Fwd: 5-ATCCTGCGAGGCCACAAG-3’ 30 9 60 57 60 79 Kabir et al.
(P.putida F1) Rev: 5-TTCCTCGCTGTAGACGTTGTTG-3' (2003)
todE Fwd: 5-GGATTTCAAACTGGAGACCAG-3 60 94 60 58 120 72 Hendrickx et al.
(P.putida F1) Rev: 5-GCCATTAGCTTGCAGCATGAA-3’ (2006)
16S rRNA Fwd: 5- GAGTTTGATCCTGGCTCAG-3 Johnsen et al.
(P.putida F1) Rev: 5'- CCTTCCTCCCAACTT-3' 30 9 60 60 60 2 (1999)
trpC Fwd: 5-TTCTCAGCGTAAAGCAATCCA-3 30 05 60 60 60 72 Kanno et al.
(B.subtilis JH642) Rev: 5-GCAAATCCTTTAGTGACCGAATACC-3' (2006)
pheA Fwd: 5-GCCAATGATATGGCAGCTTCTAC-3 30 05 60 60 60 72 Kanno et al.
(B.subtilis JH642) Rev: 5-TGCGGCAGCATGACCATTA-3' (2006)
thrB Fwd: 5-CCTGCATGAGGATGACGAGA-3’ 30 95 60 60 60 70 Kanno et al.
(B.subtilis JH642) Rev: 5-GGCATCGGCATATGGAAAC-3' (2006)
amoA Fwd: 5-TCGTGGTGTTCTCCGTATC-3' .
(enrichment culture) Rev: 5-GATTGTGGCGTAGTATGTGG-3 60 % 60 60 60 72 Thisstudy
16S rRNA Fwd: 5-GTAGCCGGTTCTACAAGTC-3 30 95 45 61 30 70 Simon et al.
(Archaeal) Rev: 5-ACTGGTGGTCTTCAATGGATC-3’ (2005)
16S rRNA Fwd: 5-GGCGTAAAGTGAGCGTAG-3' 10 95 45 615 30 70 Behrens et al.
(Dehalococcoides) Rev: 5'-GACAACCTAGAAAACCGC-3' . (2008)
pceA Fwd: 5'-ACCGAAACCAGTTACGAACG-3' 10 95 45 615 30 70 Behrens et al.
(Dehalococcoides) Rev: 5'-GACTATTGTTGCCGGCACTT-3' : (2008)
tceA Fwd: 5-GCCACGAATGGCTCACATA-3' 10 95 45 615 30 70 Behrens et al.
(Dehalococcoides) Rev: 5'-TAATCGTATACCAAGGCCCG-3' : (2008)
vcrA Fwd: 5'-CCCTCCAGATGCTCCCTTTA-3' 10 05 45 615 30 72 Behrens et al.
(Dehalococcoides) Rev: 5'-ATCCCCTCTCCCGTGTAACC-3' : (2008)
bvcA Fwd: 5'-TGGGGACCTGTACCTGAAAA-3' 10 05 45 615 30 72 Behrens et al.
(Dehalococcoides) Rev: 5'-CAAGACGCATTGTGGACATC-3' : (2008)

Primers and cycling conditions used in gPCR. All reactions included 4 min initial
denaturation at 95°C, 4 minutes final extension at 72°C, and generation of a melt curve.
(amoA primers were designed based on an alignment of 49 amoA sequences recovered
from the archaeal enrichment culture using Beacon Designer software (Premier Biosoft,
Palo Alto, CA)).

34



Table 2. Effect of freezing and thawing processes on quantification of individual
genes and gene transcripts from laboratory-generated samples

a. P. putida F1

Target Frozen Frozen With.
granular media
DNAT 16S rDNA 0.86 + 0.09 0.85 + 0.18
todC 0.84 + 0.07 0.88 £ 0.11
todE 0.83 + 0.08 0.91 + 0.06
rRNA* 16S rRNA 0.95 + 0.19 1.12 + 0.22
mRNA* todC 0.95 + 0.11 1.03 + 0.07
todE 0.96 + 0.06 0.93 + 0.07
b. B. subtilis JH642
Target Frozen grl;ouzlip r\;v(iatgia
DNAT troC 0.96 + 0.21 0.97 + 0.11
thrB 0.96 + 0.08 0.96 + 0.18
pheA 0.98 + 0.11 0.90 + 0.11
mRNA¥ trpC 1.03 = 0.17 0.96 + 0.13
thrB 1.02 = 0.15 0.92 + 0.19
pheA 1.13 = 0.09 0.99 + 0.14

c. Mixed culture (targeting archaea)

Frozen with

Target Frozen .
granular media

DNA? 16S rDNA 0.87 + 0.18 1.14 + 0.15
amoA 0.84 + 0.11 1.10 + 0.11

rRNAY 16S rRNA 0.86 + 0.11 1.06 + 0.14
mRNA? amoA 0.82 + 0.23 1.05 + 0.18

Data presented as fold differences relative to the unfrozen control. Standard deviations
calculated from n=5 (¥ ) and n=10 (1) independent sets of reactions.
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Table 3. Effect of cryogenic storage on quantification of individual genes and gene
transcripts from laboratory-generated samples.

A. P.putida F1 samples

Target 1 week 2 weeks 1 month
DNA 16S rDNA 1.12 + 0.20 1.10 + 0.14 1.15 + 0.12
todC 1.15 + 0.04 1.04 + 0.07 0.95 £+ 0.11
todE 1.11 + 0.07 1.09 + 0.12 1.15 + 0.10
rRNA 16S rRNA 1.05 + 0.06 0.96 * 0.09 0.94 + 0.06
mRNA todC 1.04 + 0.16 0.89 + 0.16 1.07 + 0.24
todE 1.06 + 0.08 0.89 * 0.05 0.99 £ 0.06

B. B. Subtilis JH642 samples

Target 1 week 2 weeks 1 month

DNA trpC 0.97 + 0.07 1.04 £ 0.11 1.03 £ 0.06
thrB 0.98 + 0.10 0.93 + 0.07 1.16 £ 0.07
pheA 0.85 £ 0.14 0.91 £ 0.06 1.10 = 0.10

mRNA troC 0.96 £ 0.04 0.95 + 0.03 0.92 = 0.05
thrB 1.00 + 0.06 1.04 + 0.12 0.92 £ 0.12
pheA 1.02 £ 0.20 1.00 £ 0.10 0.85 + 0.19

C. Dehalococcoides enrichment culture samples

Target 1 week 2 weeks 2 months
DNA 16S rRNA 0.99 + 0.04 0.98 + 0.03 1.10 = 0.04
pceA 1.01 = 0.02 0.97 £ 0.06 1.12 + 0.03
tceA 1.04 + 0.03 0.97 + 0.03 1.10 = 0.06
vcrA 1.08 + 0.04 0.98 = 0.06 1.10 = 0.07
bvcA 1.01 £ 0.00 1.00 £+ 0.01 0.99 + 0.01
rRNA 16S rRNA 092 + 012  1.01 £ 0.06 1.10 + 0.06
mRNA pceA 1.01 = 0.01 1.00 + 0.01 1.01 = 0.01
tceA 1.00 £ 0.02 1.01 £ 0.01 1.00 = 0.01
verA 1.11 = 0.02 1.12 + 0.04 1.12 + 0.05
bvcA 1.02 + 0.04 1.00 + 0.02 1.00 = 0.03

Data presented as fold differences relative to the unfrozen control. Standard deviations
calculated from 5 independent sets of reactions. (n=15).
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Table 4. RNA integrity numbers

Effects of Freezing Effects of Storage

Sample Frozen with

Unfrozen Frozen . t=0 1week 2 weeks 3 months 6 months
granular media

P. putida F1 10.0 10.0 10.0 10.0 9.7 NA 9.9 10.0

B. subtilis JH642 7.3 8.4 7.8 7.8 8.6 8.8 8.7 7.5

RNA integrity numbers (RINs) determined by analysis with an Agilent 2100 Bioanalyzer
for RNA extracted from single-species samples. Due to a limited amount of RNA, data
are not available (NA) for P. putida F1 at a storage time of 2 weeks, or for either sample
at 1 month. Data are, however, available for samples stored for both 3 and 6 months.
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Table 5. Pearson’s correlation coefficients: Archaeal enrichment culture samples

rDNA PCR-SSCP

unfrozen 1

unfrozen 2

unfrozen 3

frozen 1

frozen 2

frozen 3

frozen with granular media 1
frozen with granular media 2
frozen with granular media 3

frozen with granular media 1

frozen with granular media 2

frozen with granular media 3

- N (3}

: 8 %8 : § ¢

[} [} [} O O O
iz 5§ 3

=1 =1 =1 y— y— y—

1.00

0.97 | 1.00

0.96 | 0.96 | 1.00

0.97 | 0.97 | 0.95 | 1.00

0.97 | 0.97 | 0.97 | 0.97 | 1.00

0.96 | 0.97 | 0.98 | 0.96 | 0.97 | 1.00

0.96 | 0.97 | 0.96 | 0.96 | 0.97 | 0.96 | 1.00
0.95]0.97|097] 096 | 095 0.97 | 0.96 | 1.00
0971096 | 098] 095|096 | 098] 0.95| 0.95 1.00|

Matrix of pair-wise Pearson’s correlation coefficients of densitometric profiles generated
from PCR-SSCP of bacterial 16S rDNA in archaeal enrichment culture samples.
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Table 6. Pearson’s correlation coefficients: DHC enrichment culture samples rDNA
PCR-SSCP

- o ™ - N (3¢}
S £ £ = N ® g, 9 o 2 2 2
N N N = 4 X X X ] — - =}
o o o [T] [7) [) [] [ [ c c c
- e e (] (] [«]] [«]] [«]] (] o o ]
e e e = = H H H = £ £ £
= 3 3 - - - N N N N N N

unfrozen 1 1.00

unfrozen 2 0.98 | 1.00

unfrozen 3 0.98 | 0.98 | 1.00

1 week 1 0.97 | 0.98 | 0.98 | 1.00

1 week 2 0971 099 | 0.98 | 0.98 | 1.00

1 week 3 0961 099|098 0.98| 1.00| 1.00

2 weeks 1 0.981 098|099 0.99]| 098] 099 1.00

2 weeks 2 0.97] 099|098 | 099099099 0.99]| 1.00

2 weeks 3 097|098 | 098|099 098|099 099 0.99| 1.00

2 months 1 095|097 | 097|098 099|099 098 | 0.99| 0.97 | 1.00

2 months 2 0981099098 (098|099 099|099 0.99|0.99] 098] 1.00

2 months 3 0981099098 (098|099 099|099 (0.99]| 099|098 1.00| 1.00 |

Matrix of pair wise Pearson’s correlation coefficients of densitometric profiles generated
from PCR-SSCP of bacterial 16S rDNA in DHC enrichment culture samples.

39



Table 7. Pearson’s correlation coefficients: Archaeal enrichment culture samples

rRNA PCR-SSCP

unfrozen 1

unfrozen 2

unfrozen 3

frozen 1

frozen 2

frozen 3

frozen with granular media 1
frozen with granular media 2
frozen with granular media 3

frozen with granular media 1

frozen with granular media 2

frozen with granular media 3

- N (3}

: 8 %8 : § ¢

[} [} [} O O O
iz 5§ 3

=1 =1 =1 y— y— y—

1.00

0.97 | 1.00

0.96 | 0.97 | 1.00

0.98 | 0.97 | 0.96 | 1.00

0.96 | 0.96 | 0.97 | 0.97 | 1.00

0.95] 095|096 | 0.96 | 0.98 | 1.00

0.98 | 0.97 ] 0.97 | 0.97 ] 0.97 | 0.96 | 1.00
0971096 | 096 ] 0.96 | 0.98 | 0.96 | 0.87 | 1.00
096|096 | 096] 095|095 0.94 ] 0.96 | 0.96 1.00|

Matrix of pair wise Pearson’s correlation coefficients of densitometric profiles generated
from PCR-SSCP of bacterial 16S rRNA in archaeal enrichment culture samples.
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Table 8. Pearson’s correlation coefficients: DHC enrichment culture samples rRNA
PCR-SSCP

- o ™ - N (3¢}
S £ £ = N ® g, 9 o 2 2 2
N N N = 4 X X X ] — - =}
o o o ) ) [ [ [ ) < < c
= = = Q Q (] (] (] Q o o ]
e e e = = H H H s £ £ £
= 3 3 - - - N N N N N N

unfrozen 1 1.00

unfrozen 2 0.97 | 1.00

unfrozen 3 0.96 | 0.98 | 1.00

1 week 1 0.97 | 0.99 | 0.98 | 1.00

1 week 2 0.97]1 098 0.98 | 0.99 | 1.00

1 week 3 093] 096|096 | 0.96| 0.98 | 1.00

2 weeks 1 0971096 095|0.96| 096| 093 | 1.00

2 weeks 2 097|098 | 096 | 097|097 | 093] 0.98| 1.00

2 weeks 3 096|096 | 095|097 097|094 097 | 096 | 1.00

2 months 1 096 | 096 | 095| 0.97| 0.97] 094 ] 097 | 096 | 1.00 | 1.00

2 months 2 0961 098|097 (099| 098] 095|097 0.98| 0.97] 097 ]| 1.00

2 months 3 0941 096|096 | 096| 096]| 097|094 (094|094 ]|094]| 096 1.00 |

Matrix of pair wise Pearson’s correlation coefficients of densitometric profiles generated
from PCR-SSCP of bacterial 16S rRNA in DHC enrichment culture samples.
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Figure 1. DNA and RNA yields from laboratory-generated core samples
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DNA (A) and RNA (B) yields from single-species and DHC enrichment culture simulated
core samples (containing zirconia/silica beads). Data shown for unfrozen samples, and
intact samples stored at -80°C. The “*” denotes that the P. putida and B. subtilis
samples were stored for 1 month, while the DHC sample was stored for 2 months.
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Figure 2. Agarose gel images of DNA and RNA extracted from laboratory-
generated samples
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Left: DNA extracted from P. putida F1 samples (unfrozen, frozen, and frozen with
granular media at -80°C for 1 month). Right: RNA extracted form Dehalococcoides
simulated core samples (unfrozen, and frozen at -80°C for 1 week, 2 weeks, and 2
months).
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Figure 3. Results of Bacterial rDNA PCR-SSCP of archaeal enrichment culture
samples

Shown are gel fingerprints produced by PCR-SSCP of bacterial 16S rDNA from archaeal
enrichment culture samples overlaid by the associated densitometric profiles produced
using GelCompar software. Unfrozen: a, b & c; frozen: d, e, & f; frozen with granular
media: g, h, & i.
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Figure 4. Results of Bacterial rDNA PCR-SSCP of DHC enrichment culture samples

Shown are gel fingerprints produced by PCR-SSCP of bacterial 16S rDNA from DHC
enrichment culture samples overlaid by the associated densitometric profiles produced
using GelCompar software. Unfrozen: a, b & c; stored at -80°C for 1 week: d, e, & f; 2
weeks: g, h, & i; and 2 months: j, k, & L.
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Figure 5. Relative abundance of bacterial phylotypes determined by PCR-SSCP of
16S rDNA (a and b) and rRNA (c and d).
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Data shown for peaks (representing individual bands and phylotypes) that comprised
>5% of the total peak area for rDNA (a and b) and rRNA (c and d) archaeal enrichment
culture samples (a and c) and DHC enrichment culture samples (b and d). Also shown
are corresponding positions within representative gel fingerprints.
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Figure 6. Results of Bacterial rRNA PCR-SSCP of archaeal enrichment culture
samples

Shown are gel fingerprints produced by PCR-SSCP of bacterial 16S rRNA from archaeal
enrichment culture samples overlaid by the associated densitometric profiles produced
using GelCompar software. Unfrozen: a, b & c; frozen: d, e, & f; frozen with granular
media: g, h, & i).
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Figure 7. Results of Bacterial rRNA PCR-SSCP of DHC enrichment culture samples

BN S % SWEEER (.
Shown are gel fingerprints produced by PCR-SSCP of bacterial 16S rRNA from DHC
enrichment culture samples overlaid by the associated densitometric profiles produced

using GelCompar software. Unfrozen: a, b & c; stored at -80°C for 1 week: d, e, & f; 2
weeks: g, h, & i; and 2 months: j, k, & L.
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4. Mesocosm scale evaluation of cryogenic
preservation and storage, and high-resolution cryogenic
core sampling for the molecular characterization of
microorganisms in sediment

4.1. Abstract

Sediment samples collected across a toluene plume in a model aquifer were used
to evaluate the effects of cryogenic preservation and storage on microbial community
composition, as well as the recovery and quantification of functional genes. Freezing
was shown to not affect the relative abundance of 16S rDNA or rRNA phylotypes as
determined by the community profiling technique PCR-single-strand conformation
polymorphism (PCR-SSCP). Similarly, quantitative PCR (qQPCR) analysis revealed that
cryogenic preservation did not adversely affect the recovery, quantification, or
amplification efficiency of functional genes associated with toluene biodegradation.
Additionally, the efficacy of cryogenic core sampling for molecular biological analysis
was assessed by collecting a frozen sediment core from the model aquifer. Results from
the cryogenically-collected core agreed favorably with those obtained from co-localized
unfrozen sediment samples. It is thus concluded that cryogenic core sampling is a viable

technique for the accurate characterization of subsurface microbial communities.
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4.2, Introduction

In Chapter 3, bench scale simulated sediment samples were used to demonstrate
the efficacy of freezing to preserve the molecular characteristics of microorganisms in
sediments. In this chapter, that work is expanded to include sediment samples from a
large scale model aquifer, which represents a more environmentally relevant system. As
discussed in Chapter 3, as much as 99% of bacterial populations, including those that
degrade a variety of contaminants, are attached to solid-phase materials in both
laboratory-scale column experiments, and in the field (12-16). It is not, however, simply
a matter of numerical dominance. Numerous studies have shown that sediment and pore
water harbor distinct microbial populations which differ in community structure, as well
as activity (17,18,65). Sediment has even been shown to support more exclusive
phylotypes than the associated groundwater, indicating that the sediment-attached
community is not merely a subset of the suspended community, as was once thought (66).

The implications of this are that sediment samples are necessary in order to
accurately assess subsurface microbial communities. Collection of core samples,
therefore, an optimal sampling approach, particularly with respect to monitoring
subsurface biodegradation, which relies on accurate assessments of in-situ microbial
populations. Traditional subsurface coring, however, can result in incomplete sample
recovery and the redistribution of pore fluids during sample collection, which may
obscure biogeochemical interfaces relevant to ongoing remediation activities.
Additionally, the preservation of DNA and RNA within intact sediment cores presents its
own set of challenges. Whereas water samples can be filtered on site and stored in

extraction buffer or preservation media (e.g., with RNAlater®, etc.) to prevent the
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degradation of nucleic acids, it is difficult to separate cells from soil in the field, and
disturbing or destroying the core would obscure biogeochemical interfaces.
Consequently, the preservation of biomolecules such as DNA and RNA within intact core
samples is an important issue.

A potential solution to both biomolecule preservation and pore water
redistribution is to freeze the core in-situ prior to extraction to the surface.
Immobilizing the pore fluids would not only allow for examination of small-scale
features, but may also prevent degradation of nucleic acids and minimize sample
contamination during extraction and handling. Historically, cryogenic core sampling has
been used for a variety of subsurface sample collection activities. For example,
cryogenic sampling of stream beds for macrobiological and physical characterization has
been a practice for at least 30 years (42,43,67,68). Additionally, Durford et al. used a
cryogenic approach to determine the distribution of non-aqueous phase liquids (NAPLs)
in aquifer materials (69). Although cryogenic sampling has often been used for such
physical and chemical analyses, its use by the bioremediation community has been
limited. This is at least in part due to a lack of information about the effects of whole-
core freezing on biomolecules of interest to bioremediation researchers.

In the work presented here, the effects of cryogenic preservation on the integrity
of DNA and RNA in sediment were evaluated using samples taken from across a toluene
plume in a model aquifer. PCR-SSCP was used to evaluate the effects of freezing on the
relative abundance of bacterial 16S rDNA and rRNA phylotypes. qPCR was used to
assess the effects of freezing on the recovery and quantification of functional genes

associated with toluene biodegradation. Finally, a cryogenic core sampling technique
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was tested in which a sediment core was frozen in-situ in the model aquifer, and extracted
for molecular biological analysis. Results from the cryogenically-collected core were
compared to those from unfrozen sediment samples collected from ports installed through

the side of the model aquifer.

4.3. Methods

4.3.1. Model aquifer

As illustrated in Figure 1, the dimensions of the model aquifer are 7.3 m long X
2.4 m high x 0.5 m thick. Groundwater flow in the model was approximately 30 cm/d.
A solution of toluene (=65 mg/L) and fluorescein was injected through an upgradient port
located at a height of 1.65 m to simulate a contaminant plume, the shape of which can be

seen in Figure 2.

4.3.2 Sample collection for MBT analysis

All samples for molecular biological analysis were collected 2.9 m downgradient
of the injection port spanning the upper interface of the toluene contaminant plume
(Figures 1a, 3a,b). Sediment samples for gPCR analysis were collected at 5 cm intervals
through the sediment sampling ports, and were subsequently homogenized, and divided
into 1 g fractions. 1 fraction from each sample was immediately processed for DNA and
served as the unfrozen control. Remaining fractions were frozen by immersion in liquid
nitrogen for 10 s, and were stored at -80°C for 2 weeks until processing. One sediment
sample was randomly selected for further analysis by PCR-single strand conformation

polymorphism (PCR-SSCP) as described later. Pore water samples (=15 ml) for
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chemical analysis were collected in airtight syringes from water sampling ports installed
at depths corresponding to the sediment sampling ports.

In addition to the port-collected samples, a sediment core was also cryogenically
collected using a Geoprobe core sampler (Geoprobe Systems, Salina, KS) modified to
freeze the core in-situ prior to extraction to the surface. Briefly, the core was advanced
to the proper depth in the model aquifer using a concrete vibrator (Figure 3¢). Liquid
nitrogen coolant was then pumped through coils of copper tubing between the outer pipe
casing and the inner core barrel (Figure 3d). Once frozen, the aluminum core sleeve
containing the frozen sample was removed from the core barrel and transferred to an on-
site -20°C freezer (Figure 3e) where it was stored for 3 days before being cut (while still
in the freezer) into 2.5 cm sections (Figure 3f) using a tube cutter. Individual sections

were then stored at -80°C until processing for DNA.

4.3.3 Nucleic acid extraction and qPCR

All DNA extractions were performed on 1 g sediment fractions using the
FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH). RNA was extracted from 4
replicate 1 g fractions of the sample selected for PCR-SSCP analysis as described in
Smith et al. (50), and pooled. All nucleic acids were stored at -80° until analysis. RNA
was treated with Turbo DNA-free (Applied Biosystems, Carlsbad, CA) and was
confirmed to be free of DNA contamination by a qPCR without reverse transcriptase.
Total RNA was converted to complementary DNA (cDNA) using SuperScript III First-
Strand Synthesis Supermix (Invitogen Corp., Carlsbad, CA). Quantitative PCR of DNA

and cDNA was performed in a MyiQ real-time qPCR detection system using iQ SYBR
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Green Supermix (BioRad Laboratories Inc., Hercules, CA), and primers (200 nM)

targeting genes involved in toluene degradation.

4.3.4 Quantitative PCR

gPCR was performed in triplicate 25 pL reactions in a MyiQ real-time qPCR
detection system using iQ SYBR Green Supermix (BioRad Laboratories Inc., Hercules,
CA). Primers targeting bssA and tmoA genes were added at a final concentration of 200
nM. Cycling conditions consisted of 5 min initial denaturation at 95°C followed by 40
cycles of 45 s denaturation at 95°C, 1 min annealing, and 1.5 min extension at 72°C.
Annealing temperatures were 61.5 and 60°C for bssA and tmoA, respectively. qPCR data
were analyzed using LinReg PCR (56) and gene copy numbers were determined by

comparison to standard curves.

4.3.5 Microbial community analysis

PCR-single strand conformation polymorphism (PCR-SSCP) was used to
examine the effects cryogenic preservation and storage on the relative abundance of
bacterial 16S rDNA (5 months storage) and rRNA (10 months storage) phylotypes in the
model aquifer sediment. RNA was converted to cDNA as described. DNA and cDNA
were PCR-amplified in triplicate independent reactions using universal bacterial 16S
rRNA gene primers (FAM-labeled 357F (5” - CCT ACG GGA GGC AGC AG -37) and
S519R (5°- ACC GCG GCT GCT GGC AC -37)) (32). Cycling parameters consisted of 4
min initial denaturation at 95°C and 20 touchdown cycles of 30 s denaturation at 95°C, 1
min annealing starting at 66°C, and 1.5 min extension at 72°C. The annealing

temperature was decreased 0.5°C with every cycle until a final annealing temperature of
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56°C was reached. The touchdown step was followed by 20 cycles of 30 s denaturation
at 95°C, 1 min annealing at 56°C, and 1.5 min extension at 72°C, with a final extension of
7 min at 72°C.

After amplification, PCR products were purified using the Wizard SV gel and
PCR clean-up system (Promega Corp., Madison, WI). Purified PCR products were
combined with SSCP stop solution (Lonza, Basel, Switzerland), denatured at 95°C for 3
minutes, and placed on ice as described in Sliwinski and Goodman (58). Products were
run on a 0.75 mm 1xMDE polyacrylamide gel (Lonza, Basel, Switzerland) at 300 V for
25 hours at 17°C. After electrophoresis, the gel was imaged directly on a Typhoon
variable mode imager (GE Healthcare Bio-Sciences Corp., Piscataway, NJ).

Gel fingerprint patterns were analyzed using GelCompar II software (Applied
Maths, Austin, TX), which was used to detect bands, create densitometric profile curves,
and calculate the area under each peak. This information was transformed into a relative
area under each peak (relative to the sum of the areas under all peaks), thus making
possible the comparison of independent samples. Additionally, similarity matrices of the

densitometric curves were calculated based on pair-wise Pearson’s correlations.

4.4. Results and Discussion

4.4.1 Chemical analysis of pore water

Results from the chemical analysis of model aquifer pore water are shown in
Figure 4. These data represent a cross section of the plume at a distance of 2.9 m
downstream of the injection port (height = 1.65 m). The toluene plume is characterized

by steep gradients of both dissolved oxygen (DO) and nitrate at plume fringes. This
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representative profile remained stable over several months of system operation (data not
shown).

4.4.2 Cryogenic sample preservation and storage

The effects of cryogenic preservation and storage were assessed by profiling the
depth distribution of bssA and tmoA genes in fractions of unfrozen, and frozen sediment
samples collected from the model aquifer. These genes are known to be biomarkers of
anaerobic, and aerobic toluene biodegradation, respectively, and are thus of interest to
bioremediation practitioners. The bssA genes codes for benzylsuccinate synthase, the key
enzyme involved in anaerobic toluene degradation, and has been found in all isolates
capable of anaerobic toluene degradation to date (70). The tmoA gene codes for toluene-
4-monooxygenase, one of several oxygenases involved in toluene degradation under
aerobic conditions (71).

The depth distributions of bssA and tmoA genes from unfrozen, and frozen
sediment fractions can be seen in Figure 5. Profiles generated from sediment fractions
that were frozen and stored at -80°C for two weeks matched those generated from
unfrozen fractions both qualitatively, and quantitatively (i.e. both the distribution
patterns, and absolute gene abundances were similar). Additionally, no differences could
be seen in qPCR amplification efficiency between frozen and unfrozen samples as
assessed by LinReg PCR which determines amplification efficiency by monitoring
individual-sample reaction kinetics.

The community fingerprinting technique, PCR-SSCP, was used to further
evaluate the effects of cryogenic preservation and storage by including DNA and RNA

from a broad range of bacterial phyla. Bacterial 16S rDNA and rRNA phylotypes from
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unfrozen sediment, and sediment which had been frozen and stored at -80°C were
profiled in triplicate. Resulting gel fingerprint patterns and associated densitometric
profiles can be seen in Figures 6 and 7. DNA and RNA extracted from cryogenically-
stored sediment produced densitometric profiles that were highly similar to those from
unfrozen sediment. Pearson’s correlation coefficients (r) calculated for comparisons of
unfrozen and frozen samples averaged 0.96 and 0.97 for rDNA and rRNA, respectively,
whereas r values comparing replicates of the same sample averaged 0.97 and 0.98 for
rDNA and rRNA, respectively (Tables 1 & 2).

The area under each peak in each densitometric profile was converted to a relative
peak area by dividing by the area under all peaks in the profile. Peaks (representing
unique phylotypes) comprising >5% of the total peak area were plotted in Figure 8,
which also shows the corresponding peak positions in a representative PCR-SSCP gel
lane and densitometric profile. PCR-SSCP profiles of bacterial IDNA and rRNA from
unfrozen and frozen sediment were comparable in the relative abundance of the dominant
phylotypes, i.e. cryogenic preservation and storage did not disproportionately affect any
individual phylotype. The results with rRNA are particularly significant because
biodegradation depends upon active bacterial populations, and in-vivo rRNA content is

often correlated with cellular growth rate (59-61).

4.4.3 Cryogenic core sampling

BssA and tmoA genes were profiled in the frozen sediment core recovered from
the model aquifer, and the profiles were compared to those generated from unfrozen
sediment collected from the sampling ports (Figure 9). The depth distribution patterns of

these genes in the frozen core sample were similar to those in the unfrozen sediment

57



samples. Specifically, both tmoA and bssA gene abundances peaked near the plume
interface, with the tmoA peak occurring on the oxic side of the interface, and bssA on the
anoxic side.

Although the overall distribution patterns of bssA and tmoA genes in the frozen
core and the unfrozen sediment were qualitatively similar, absolute gene abundances
were consistently about 2 fold higher in the frozen core. Correspondingly, overall DNA
recovery from the sediment core was also greater than from port-collected sediment
samples (data not shown). Freeze-thaw cycling is a commonly used method of DNA
extraction, the mechanism of which is physical disruption of cells by the formation of ice
crystals. At first glance, it may seem as if this aided overall DNA recovery in the frozen
core thus explaining the results. However, the presence of a freeze-thaw cycle alone is
not sufficient to explain the increased yield since the frozen fractions of the port-collected
sediment did not produce higher DNA yields (data not shown), or fmoA and bssA genes
abundances (Figure 5) than the unfrozen fractions. However, the speed at which
freezing occurred in the core versus the 1 g sediment fractions may have resulted in
higher yields from the frozen core.

Cellular disruption from ice crystal formation typically occurs at temperatures
ranging from -4 to -40°C. Rapid cooling through this critical zone prevents the formation
of ice crystals, and thus serves as the basis of many protocols for the preservation of
viable cells (72). The small, 1 gram fractions of sediment were frozen within just a few
seconds by immersion in liquid nitrogen. By contrast, in-situ measurements taken during

freezing suggest that temperatures at the center of the core were in the -4 to -40°C range

58



for about 80 seconds (Figure 10). This may have resulted in intracellular ice crystal

formation and thus greater DNA yields from aided cell lysis.

4.5. Conclusions

Sediment samples from a model aquifer were used to evaluate the efficacy of
cryogenic preservation, and cryogenic core sampling for molecular biological analysis of
microorganisms in sediment. The introduction of toluene to the model aquifer resulted in
the formation of a stable anaerobic toluene plume. qPCR was used to profile the depth
distribution of genes involved in toluene biodegradation across the upper interface of the
plume. Sediment fractions which had been frozen and stored at -80°C for 2 weeks prior
to processing produced functional gene profiles matching those generated from unfrozen
sediment fractions. Furthermore, microbial community analysis by PCR-SSCP revealed
no difference in the relative abundance of bacterial phylotypes between unfrozen and
frozen sediment, indicating that freezing did not disproportionately affect any particular
phylotype. This was true not only for rDNA phylotypes, but also for rRNA phylotypes.
This is important because biodegradation depends upon active bacterial populations, and
in-vivo TRNA content is often correlated with cellular growth rate (59-61).

Results with sediment from the model aquifer suggest that cryogenic preservation
is a viable approach for preserving the molecular signature of microorganisms in
sediment. That work was further extended to the evaluation of cryogenic sediment
coring, in which a sediment core was frozen in-situ in the model aquifer prior extraction
to the surface. The development of such a technique would serve the dual purposes of
biomolecule preservation, and the preservation of biogeochemical interfaces relevant to

bioremediation.
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With the cryogenically-collected core, it was possible to profile the abundance of
functional genes to within a resolution of 2.5 cm. This represents a significant
improvement over the resolution of groundwater sampling, which is, at best, on the order
of meters (23). Further, many studies suggest that the poor spatial resolution of
groundwater sampling makes it inadequate to capture “hotspots” of biodegradation which
often occur in narrow plume interfaces, where overlapping countergradients of electron
donors and acceptors exist (23-26,37,38).

The absolute abundance of genes recovered from the frozen core was roughly 2
fold higher than from the port-collected sediment. This is likely due to intracellular ice
crystal formation in the core which contributed to cell lysis and therefore increased DNA
extraction efficiency. Nonetheless, the vertical distribution patterns of functional genes
were similar in the cryogenically-collected core, and in the unfrozen sediment, indicating
that cryogenic coring could be used to accurately characterize subsurface microbial
populations. In fact, given the susceptibility of biomolecules, particularly RNA, to
decay, immediate freezing may be the only viable way to preserve the in-situ microbial
characteristics of sediment. It also has the additional advantage of being able to capture
small-scale features such as biogeochemical interfaces that conventional groundwater

sampling cannot adequately resolve.
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Table 1. Pearson’s correlation coefficients for bacterial rDNA PCR-SSCP profiles
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unfrozen 1 1.00

unfrozen 2 0.99 | 1.00

unfrozen 3 0.99 | 099 | 1.00

frozen 1 0.98 | 0.98 | 0.98 | 1.00

frozen 2 0.981 098 0.97 | 0.99 | 1.00

frozen 3 098 097|096 | 098 | 0.99 | 1.00 |

Matrix of pair-wise Pearson’s correlation coefficients of densitometric profiles generated
from PCR-SSCP of bacterial 16S rDNA in unfrozen model aquifer sediment, and
sediment that had been stored at -80°C for 5 months.
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Table 2. Pearson’s correlation coefficients for bacterial rRNA PCR-SSCP profiles
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unfrozen 1 1.00

unfrozen 2 0.99 | 1.00

unfrozen 3 0.99 | 099 | 1.00

frozen 1 0.98 | 0.98 | 0.98 | 1.00

frozen 2 0.981 098 0.97 | 0.99 | 1.00

frozen 3 098 097|096 | 098 | 0.99 | 1.00 |

Matrix of pair-wise Pearson’s correlation coefficients of densitometric profiles generated
from PCR-SSCP of bacterial 16S rRNA in unfrozen model aquifer sediment, and
sediment that had been stored at -80°C for 10 months.
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Figure 1. Model aquifer
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Side-view schematic of the model aquifer. Its dimensions are 7.3 m long, by 2.4 m tall by
0.5 m thick (not shown). The injection port is located at a height of 1.65 m at the
upgradient end of the model. Groundwater flow in the model is from left to right as
shown. Four transects of groundwater sampling ports (black circles) are installed at
transects 0.5, 1.7, 2.9, and 4.1 m downgradient from the injection port. In addition,
sediment sampling ports are installed adjacent to the groundwater sampling ports
highlighted by box A in the figure, which also denotes the location of the cryogenically-
collected sediment core.
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Figure 2. Evolution of contaminant plume in the model aquifer
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Schematic illustrating the shape of the contaminant plume based on measured
concentrations of the fluorescein tracer (C) in pore water collected from the 4 sampling
transects and the sampling port located 10 cm downgradient of the injection port. Data
shown as values relative to the injection concentration (C,) of fluorescein.
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Figure 3. Cryogenic core sampling

lllustrated above are the model aquifer (A) and cryogenic core sampling procedures.
Panel B shows the sampling location 2.9 m downgradient of injection port with detail of
the sediment and water sampling ports. The core was advanced into place using a
concrete vibrator (C). Panel D is a cut-away section of the core sampler showing the
copper cooling coils. The aluminum core containing the sample was removed and stored
in a chest freezer at -20°C (E) until it was cut into 2.5 cm sections (F) using a tube cutter.
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Figure 4. Depth-resolved model aquifer chemistry
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Shown are the depth-resolved profiles of fluorescein (A), toluene (B), dissolved oxygen
(DO) (C), and nitrate (D) in pore water collected at 5 cm intervals across the toluene
plume in the model aquifer. Injection port located 2.9 m upstream of sampling locations
at a height of 1.65 m. Grey box in A illustrates depths over which unfrozen sediment
samples, and the frozen core sample were collected for molecular biological analysis.
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Figure 5. Frozen versus unfrozen gene profiles
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Depth distribution of tmoA (A) and bssA (B) genes recovered from unfrozen fractions of
port-collected sediment (black diamonds), and fractions which were frozen and stored at
-80°C for 2 weeks prior to processing (grey triangles).
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Figure 6. rDNA PCR-SSCP gel images and associated densitometric curves
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Shown are gel fingerprints produced by PCR-SSCP of bacterial 16S rDNA from unfrozen
(a, b, and c) model aquifer sediment, and sediment that had been stored at -80°C for 5
months (d, e, and f). Overlaid are the associated densitometric profiles produced using
GelCompar software.
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Figure 7. rRNA gel images and associated densitometric curves

Shown are gel fingerprints produced by PCR-SSCP of bacterial 16S rRNA from unfrozen
(a, b, and c) model aquifer sediment, and sediment that had been stored at -80°C for 10
months (d, e, and f). Overlaid are the associated densitometric profiles produced using
GelCompar software.
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Figure 8. Relative phylotype abundance
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Relative bacterial 16S rDNA (A) and rRNA (B) phylotype abundance. Data shown for
peaks (representing individual phylotypes) that comprised >5% of the total peak area.
Error bars represent the standard deviation of 3 replicate profiles from independent
reactions.
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Figure 9. Depth distribution of genes in the port collected sediment and the
cryogenically collected core
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Depth distribution of tmoA (A) and bssA (B) genes recovered from unfrozen port-
collected sediment samples (black diamonds) and the cryogenically-collected core (grey
triangles). Data plotted as abundance relative to the maximum abundance. Absolute
abundance in copies per g can be seen by scale bars at bottom. Error bars, where
present, represent the standard deviation of two extractions performed on replicate
sediment fractions. Also shown is the pore water chemistry (toluene, dissolved oxygen
(DO), and nitrate) associated with these sample (C).
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Figure 10. Core temperature during cryogenic sampling
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Plot of temperature at the center of the core as a function of time after liquid nitrogen
flow was initiated to freeze the core.

72



5. Effects of sampling bias revealed by high-
resolution molecular biological analysis of paired
sediment and water samples from a model aquifer

5.1. Abstract

Molecular biological tools were used to study microbial communities in paired,
high-resolution sediment and water samples taken from a vertical transect across a
toluene plume in a model aquifer. PCR-single-strand conformation polymorphism (PCR-
SSCP) was used to compare sediment-attached and pore water microbial community
structures. Quantitative PCR (qPCR) was used to profile the abundance of functional
genes associated with toluene degradation. Sediment and pore water bacterial
communities were largely distinct, exclusively so within the toluene plume.
Additionally, the vertical distribution pattern of functional genes differed significantly
between the water and sediment. Pore water profiles were suggestive of active
degradation throughout the plume, whereas sediment-based profiles were in better
agreement with electron acceptor availability, and the extent of toluene degradation.
Results indicate that bias associated with the selection of a sampling method could lead to
inaccurate delineation of zones of active biodegradation, which could, in turn, lead to an

overestimation of actual in-situ biodegradation activity.
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5.2. Introduction

The advantages of core sampling over groundwater sampling for molecular
biological analysis of contaminated aquifers have been largely based on two factors.
First, on a volume per volume basis, the abundance of sediment-attached microorganisms
is generally greater than that of the associated pore water, often by several orders of
magnitude (18,65). This has led some to suggest that sediment communities are thus
more representative of overall subsurface populations. Second, sediment core sampling
provides vertical resolution generally not achievable with even the best multi-level
groundwater sampling systems (24,23). This is important given recent work
demonstrating that degradation processes may be largely confined to the fringes of
contaminant plumes where overlapping countergradients of electron donors and acceptors
exist. “Plume fringe theory,” as it is sometimes called, has been repeatedly demonstrated
in both laboratory (25) and field studies (24,23,26).

Additionally, much work exists which expounds differences between sediment-
attached, and suspended populations. These differences extend from microbial
community composition (18,66), to cellular activities such as the dechlorination of
chlorinated hydrocarbons (19), biodegradation of aromatic hydrocarbons (21), and other
cellular activities (20,22,12). However, the absence of data from paired high-resolution
sediment and groundwater samples has largely limited our ability to determine which
strategy is more appropriate for characterizing in-situ biodegradation.

In the work presented here, differences between sediment-attached and suspended
microbial populations were investigated by high-resolution sampling of both sediment

and pore water across a toluene contaminant plume in a well-controlled model aquifer.
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Differences between sediment-attached and suspended populations were examined in
relation to local groundwater chemistry in an attempt to reconcile profound differences

observed between the two compartments.

5.3. Methods

5.3.1. Model Aquifer

As shown in Figure 1, the dimensions of the model aquifer are 7.3 m long x 2.4
m high x 0.5 m thick. A solution of toluene (65 mg/L) and fluorescein was continually
injected at the up-gradient end through an injection port installed at a height of 1.65 m.
Groundwater flow in the model was approximately 30 cm/d.

5.3.2 Sample collection for MBT analysis

Sampling ports for pore water collection were installed in 4 vertical transects
located 0.5, 1.7, 2.9, and 4.1 m downgradient from the injection port (Figure 1). Vertical
resolution within each transect was 5 cm. Additionally, there was one water sampling
port installed 10 cm downgradient of the injection port. Pore water samples for
molecular biological analysis (50 ml) were collected from the ports and filtered onto 0.2
um filters for DNA extraction. A sediment core spanning the upper plume interface (see
Figure 1, box A) was collected cryogenically (see chapter 4) at a downstream distance of
2.9 m corresponding to the third vertical pore water sampling transect. The core was
divided into 2.5 cm sections which were subsequently stored at -80°C until processing.

5.3.3. DNA extraction and quantitative PCR

DNA extractions were performed on filtered water samples, and 1 g fractions of
sediment using the FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH).

Independent DNA extractions were performed on duplicate sediment subfractions from
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each depth. (Duplicate water samples were not possible without reducing sample
resolution.)

Quantitative PCR was performed in a MyiQ real-time qPCR detection system
using iQ SYBR Green Supermix (BioRad Laboratories Inc., Hercules, CA). Primers
targeting bssA and rmoA genes were added at a final concentration of 200 nM. Cycling
conditions consisted of 5 min initial denaturation at 95°C followed by 40 cycles of 45 s
denaturation at 95°C, 1 min annealing, and 1.5 min extension at 72°C. Annealing
temperatures were 61.5 and 60°C for bssA and tmoA, respectively. qPCR data were
analyzed using LinReg PCR (56) and gene copy numbers were determined by
comparison to standard curves.

5.3.4. Microbial community analysis

PCR-single strand conformation polymorphism (PCR-SSCP) was used to profile
dominant bacterial 16S rDNA phylotypes recovered from the sediment core and
associated pore water, and to compare the microbial community structures in the two
compartments. DNA was PCR-amplified using universal bacterial 16S rRNA gene
primers (FAM-labeled 357F (5" - CCT ACG GGA GGC AGC AG -3) and 519R (5™
ACC GCG GCT GCT GGC AC -37)) (32). Cycling parameters consisted of 4 min initial
denaturation at 95°C and 20 touchdown cycles of 30 s denaturation at 95°C, 1 min
annealing starting at 66°C, and 1.5 min extension at 72°C. The annealing temperature
was decreased 0.5°C with every cycle until a final annealing temperature of 56°C was
reached. The touchdown step was followed by 20 cycles of 30 s denaturation at 95°C, 1
min annealing at 56°C, and 1.5 min extension at 72°C, with a final extension of 7 min at

72°C.
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After amplification, PCR products were purified using the Wizard SV gel and
PCR clean-up system (Promega Corp., Madison, WI). Purified PCR products were
combined with SSCP stop solution (Lonza, Basel, Switzerland), denatured at 95°C for 3
minutes, and placed on ice as described in Sliwinski and Goodman (58). Products were
run on a 0.75 mm 1xMDE polyacrylamide gel (Lonza, Basel, Switzerland) at 300 V for
25 hours at 17°C. After electrophoresis, the gel was imaged directly on a Typhoon
variable mode imager (GE Healthcare Bio-Sciences Corp., Piscataway, NJ). Gel
fingerprint patterns were analyzed using GelCompar II software (Applied Maths, Austin,
TX), which was used to detects bands, create densitometric profile curves, and perform a

cluster analysis base on Pearson’s correlations of the densitometric profiles.

5.4. Results and discussion

5.4.1 Toluene plume

The shape of the contaminant plume generated in the model aquifer can be seen in
Figure 2 which is based on measurements of a conservative tracer, fluorescein, in pore
water collected from all four sampling transects, as well as from a plume centerline port
located 10 cm downgradient of the injection port. Additionally, results from chemical
analyses of model aquifer pore water from the transect located 2.9 m downgradient of the
injection port are shown in Figure 3. The introduction of toluene resulted in the
formation of a stable anaerobic toluene plume extending down the length of the model
aquifer with minimal toluene degradation (Figure 3). The plume was characterized by
steep gradients of both dissolved oxygen (DO) and nitrate at the plume fringes (upper
fringe at ~1.9 m, lower fringe at =1.4 m). This representative profile remained stable

over several months of system operation (data not shown).
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5.4.2 DNA yields

DNA yields were consistently greater from sediment than from an equivalent
volume of the associated pore water (Figure 4). This is consistent with the idea that
sediment-attached microorganisms make up the majority of the microbial community in
the model aquifer, and is in agreement with observations of microbial populations in the

field (14,15).

5.4.3. Microbial community analysis

PCR-SSCP was used to compare the bacterial community structures in sediment
and associated pore water from the model aquifer. Gel fingerprint patterns were
converted to densitometric curves (Figures 5 and 6) which were used in a cluster
analysis based on Pearson’s correlation coefficients. As illustrated in Figure 7,
sediment-attached and pore water bacterial communities grouped largely independently
of one another. Furthermore, clustering becomes exclusive when considering only those
profiles generated from samples within the toluene plume (sample height <1.9 m). These
results are consistent with field studies in which aquifer sediment and pore water
microbial communities were shown to be distinct by various other community profiling
techniques such as terminal restriction fragment length polymorphism (T-RFPL)(17), and

PCR denaturing gradient gel electrophoresis (DGGE )(18).

5.4.4 Depth distribution of functional genes

BssA and tmoA genes were selected as biomarkers for anaerobic and aerobic
toluene degradation, respectively, and their abundance was profiled in both the sediment

core, and associated pore water collected from the vertical transect at 2.9 m. The bssA
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gene codes for benzylsuccinate synthase, the key enzyme involved in anaerobic toluene
degradation, and has been found in all isolates capable of anaerobic toluene degradation
to date (70). TmoA codes for toluene-4-monooxygenase, one of several oxygenases
involved in toluene degradation under aerobic conditions (51).

The depth distribution of bssA and tmoA genes recovered from the sediment and
water samples can be seen in Figure 8. Data are shown as abundances relative to the
sample with the highest copy number. Absolute copy numbers are shown by the scale
bars. The distribution patterns of both genes differ significantly between the sediment
and the associated pore water. BssA gene abundance in the sediment peaks at 1.77 m and
drops with increasing depth into the plume. In contrast, the abundance of bssA genes in
the pore water continues to rise throughout the plume reaching a maximum near the
centerline of the plume at 1.64 m. TmoA gene abundance in the pore water is also at its
maximum near the center of the plume, but exhibits an additional peak within the plume
interface at 1.88 m (C/Cpax = 0.79). In the sediment, the rmoA peak coincides with the
oxic/anoxic interface at 1.92 m, and comparatively few tmoA copies can be detected near
the centerline of the plume.

The disparity between sediment-attached, and pore water gene profiles is
problematic with respect to delineating zones of in-sifu degradation using functional
genes as biomarkers. But perhaps more importantly, it underscores the need for a better
understanding of the differences between sediment-attached and free-living populations.
Specifically, what are the causes of these differences, and how do they relate to

assessments of in-situ biodegradation. This is particularly true with regard to selection of
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an appropriate sampling strategy, i.e. groundwater, sediment, or some combination of the
two, for use with molecular biological analyses.

Based on combined molecular and chemical analyses, it seems the sediment core
samples were more appropriate for characterizing biodegradation in the model aquifer.
For example, sediment-based gene profiles better reflected solution chemistry than did
pore water gene profiles. Pore water bssA and tmoA gene abundances both peaked
nearest to the center of the plume which is both nitrate, and oxygen depleted. The
absence of suitable electron acceptors thus makes the plume core an unlikely place for the
proliferation of microbial populations capable of toluene degradation under either
anaerobic denitrifying conditions, or aerobic conditions. In contrast, bssA and tmoA gene
abundance profiles in the sediment both show narrow peaks in or near the plume
interface, which is more consistent with electron acceptor availability. 7TmoA gene
abundance in the sediment reaches its maximum within the oxic/anoxic interface where
countergradients of toluene and oxygen exist. BssA gene abundance peaks slightly below
this interface. Although not detectable in the chemical analysis, it is possible that trace
amounts of nitrate remained in the upper part of the plume, and together with toluene
provided an environment conducive to the development of a population capable of
anaerobically degrading toluene under denitrifying conditions.

Additionally, sediment-based bssA and tmoA gene profiles are also more
consistent with the extent of toluene degradation which took place. Pore water bssA and
tmoA gene profiles suggest degradation could be occurring throughout the thickness of
the plume. However, very little toluene degradation was observed during the experiment,

and toluene concentrations 2.9 m downgradient of the injection port remained >80% of
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the injection concentration (Figure 3a). These results are more consistent with
degradation taking place in only a fraction of the plume’s volume, i.e. along narrow
biogeochemical interfaces at the plume fringes, as would be suggested by bssA and tmoA

gene abundance profiles in the sediment core.

5.5. Conclusions

Based on DNA yields from sediment and pore water, the microbial community in
the model aquifer appeared to be dominated by sediment-attached populations. It was
not, however, simply that sediment-attached populations were more abundant. Analysis
by PCR-SSCP revealed that the two compartments fostered microbial communities with
structures that clustered largely independently from one another. Furthermore, the
clustering became exclusive when taking into account only those samples collected from
within the toluene plume.

Perhaps of even greater significance are the results profiling the abundance of
functional genes associated with toluene biodegradation. The depth distribution of bssA
and rmoA genes differed significantly between sediment and the associated pore water.
Though differences in microbial abundance and community structure have long been
observed between sediment and groundwater, there do not appear to be any studies
showing differences in functional gene abundance patterns between the two
compartments. This likely stems from the difficulty associated with acquiring paired,
high-resolution sediment and water samples as was possible in the model aquifer.

Peak bssA and tmoA abundances in the pore water were observed nearest to the
centerline of the plume where electron acceptors associated with their respective

degradation pathways were depleted. In contrast, sediment bssA and tmoA profiles
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exhibited narrow peaks in, or near the plume interface, and thus were in better agreement
with electron acceptor availability.  Additionally, the limited nature of toluene
degradation stands in opposition to pore water gene profiles in which toluene degrading
organisms are present throughout the thickness of the plume and could presumably be
degrading toluene. Plume fringe theory, however, would contend that degradation is
confined narrowly to the plume fringes, where overlapping countergradients of electron
donors and acceptors exist. This is consistent with both the limited extent of toluene
degradation, and the narrow peaks of bssA and tmoA genes in sediment near the plume
interface.

Based on these results, it appears that the sediment core was appropriate for
delineating zones of toluene biodegradation in the model aquifer using functional genes
as biomarkers. Also implicit in these results is the notion that high functional gene
abundance in pore water doesn’t necessarily correlate with gene expression, or by
extension, contaminant degradation. The relatively high abundance of tmoA and bssA
genes in anoxic, nitrate-deplete pore water despite limited toluene degradation would
suggest that these genes, although present, were not highly expressed. It is conceivable
that organisms harboring these genes originated upgradient where chemical conditions
favored their growth and activity (e.g. prior to the depletion of electron acceptors in the

case of the model aquifer). This idea is explored in more detail in Chapter 6.
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Figure 1. Model aquifer
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Side-view schematic of the model aquifer. Its dimensions are 7.3 m long, by 2.4 m tall by
0.5 m thick (not shown). The injection port is located at a height of 1.65 m at the
upgradient end of the model. Groundwater flow in the model is from left to right as
shown. Four transects of groundwater sampling ports (black circles) are installed at
transects 0.5, 1.7, 2.9, and 4.1 m downgradient from the injection port. There is one
additional groundwater sampling port 10 cm downgradient of the injection port. The
sediment core was taken across the upper plume interface 2.9 m downgradient from the
injection port and corresponding to the third groundwater sampling transect. Box (A) is
used to highlight the samples, both water and sediment, used for molecular biological
analysis.
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Figure 2. Shape of plume developed in the model aquifer
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Schematic illustrating the shape of the contaminant plume based on measured
concentrations of the fluorescein tracer (C) in pore water collected from the 4 sampling
transects and the sampling port located 10 cm downgradient of the injection port. Data
shown as values relative to the injection concentration (C,) of fluorescein.
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Figure 3. Depth-resolved chemical analysis of pore water
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Shown are the depth-resolved profiles of fluorescein, (A), toluene (B), dissolved oxygen
(DO) (C), and nitrate (D) in pore water collected at 5 cm intervals across the toluene
plume in the model aquifer 2.9 m downgradient of the injection port (injection port height
= 1.65 m). Grey box in A illustrates depths over which water and sediment were also
collected for molecular biological analysis.
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Figure 4. DNA yields
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Figure 5. Sediment PCR-SSCP gel fingerprints and densitometric profiles

2.13 m

2.05m

1.98 m )

192m 3
—
1.64 m )

Shown are gel fingerprints produced by PCR-SSCP of bacterial 16S rDNA from fractions
of the cryogenically-collected sediment core. Overlaid are the associated densitometric
profiles produced using GelCompar software.
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Figure 6. Pore water PCR-SSCP gel fingerprints and densitometric profiles

Shown are gel fingerprints produced by PCR-SSCP of bacterial 16S rDNA from pore
water samples collected from the model aquifer. Overlaid are the associated
densitometric profiles produced using GelCompar software.
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Figure 7. Pearson-based cluster analysis
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Figure 8. Depth distribution of bssA and tmoA genes in the model aquifer
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Depth distributions of bssA (A) and tmoA (B) genes recovered from the sediment core
and pore water from the model aquifer 2.9 m downgradient of the injection port. Data
presented as relative abundances. Absolute copy numbers are shown by the scale bars.
Error bars represent standard deviations (of 2 replicate extractions for the core, and 2
replicate PCR reactions for the water). Also shown are data from chemical analysis of
the pore water (C).
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6. Microbial transport hinders use of functional gene
abundance in pore water to characterize zones of active
biodegradation

6.1. Abstract

Quantitative PCR (qPCR) was used to profile the abundance of genes associated
with toluene degradation across a contaminant plume in a model aquifer. Profiles
generated from sediment samples were in better agreement with electron acceptor
availability, and the extent of toluene degradation than were profiles generated from pore
water samples. Experiments using nitrate to stimulate anaerobic toluene biodegradation
revealed that bssA genes, although present, were not highly expressed in groundwater
lacking nitrate and toluene. Results were consistent with the hypothesis that organisms,
and their genes, detected in groundwater may be artifacts of microbial transport from
upstream where chemical conditions favored their growth.

The transcription of bssA genes from denitrifying toluene degraders was induced
by toluene, but only in the presence of nitrate. Transcript abundance dropped rapidly
following the removal of either toluene or nitrate. The loss of bssA transcripts pursuant
to the removal of toluene could be described by an exponential decay function with a rate
constant of 0.44 hr' and a half life of 1.6 hrs. Interestingly, bssA transcripts never
disappeared completely, but rather appeared to be basally transcribed at a consistent level
even in the absence of toluene and nitrate. A significant implication of these results is
that bssA transcripts alone may not be suitable for use as biomarkers of metabolic
activity. Instead, an integrated approach combining functional gene abundance and gene

transcript analysis i1s recommended.
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6.2. Introduction

The adoption of molecular biological tools (MBTs) has significantly improved
our ability to characterize subsurface microbial populations and accurately assess the
effectiveness of bioremediation (74). MBTs provide information on microbial
community structure, metabolic potential, and metabolic activity with respect to the
degradation of contaminants (3). Such information, in conjunction with
hydrogeochemical data, are critical to all phases of bioremediation, from design, to
implementation and monitoring. The detection of functional genes is useful in that it
suggests the presence of microorganisms capable of contaminant degradation by the
pathway and enzyme the gene encodes. Since the number of functional genes is related
to the abundance of contaminant-degrading organisms, they are frequently used to
delineate zones of active biodegradation in aquifers (3,1). However, the presence of
functional genes provides information only on genetic potential, and not in-situ metabolic
activity (6,1).

As discussed in Chapter 5, the gene, bssA, encoding the key enzyme of anaerobic
toluene degradation was detected in pore water throughout the toluene plume in the
model aquifer despite the absence of significant toluene degradation. This has significant
implications for the use of functional genes recovered from groundwater as biomarkers of
contaminant degradation. In this instance, pore water bssA genes would make a poor
choice for use as a biomarker to delineate zones of active toluene biodegradation.
Results may suggest that bssA genes, although present, were not highly expressed (i.e.
relatively little mRNA production), and that their abundance may be explained by

microbial transport from upstream where chemical conditions favored their growth.
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Understandably, this complicates the use of aqueous functional genes as biomarkers for
degradation, and, by extension, for reasonably predicting in-situ biodegradation rates.
This chapter describes experiments using a combination of qPCR and reverse
transcriptase qPCR to further examine the hypothesis that bssA genes detected in nitrate-
limited model aquifer pore water were present, but not highly expressed, and may be
artifacts of microbial transport. Nitrate was added to the toluene plume to stimulate
anaerobic toluene degradation under denitrifying conditions and facilitate description of
bssA gene abundance and expression across interfaces (i.e. nitrate/no nitrate, toluene/no
toluene). A lifetime experiment was conducted to determine the rate at which bssA gene
transcripts disappear following the removal of toluene. Finally, bssA gene abundance and
expression were monitored in the model aquifer following the termination of
biostimulation in order to understand how quickly the system responds to the depletion of
electron acceptors (i.e. nitrate). Together, these data suggest a strategy for using

molecular tools to delineate zones of active biodegradation.

6.3. Methods

6.3.1. Model aquifer

As shown in Figure 1, the dimensions of the model aquifer are 7.3 m long x 2.4
m high x 0.5 m thick. Initially, a solution of toluene (65 mg/L) and fluorescein was
introduced at the up-gradient end of the model through an injection port installed at a
height of 1.65 m. Studies performed under these conditions are described in detail in
Chapter 5, and will be referred to as phase 1 of the experiment in the model aquifer.
Phase 2 involved the addition of 80 mg/L nitrate to the injection solution to stimulate

toluene biodegradation under denitrifying conditions. In phase 3, the nitrate
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concentration was reduced to 52 mg/L, while in phase 4, biostimulation with additional
nitrate ceased. Groundwater flow in all phases of the experiment was approximately 30
cm/d.

6.3.2. Sample collection for MBT analysis

Sampling ports for pore water collection were installed in 4 vertical transects
located 0.5, 1.7, 2.9, and 4.1 m downgradient from the injection port. Vertical resolution
within each transect was 5 cm. Additionally, there were 8 water sampling ports along the
centerline of the plume between the injection port, and the transect at 2.9 m. Pore water
samples (25-100 ml) were collected from the ports and filtered onto 0.2 um filters for
DNA and RNA extraction. A sediment core spanning the upper plume interface (see
Figure 1, box A) was collected cryogenically (see chapter 4) at a downstream distance of
2.9 m corresponding to the third vertical pore water sampling transect. The core was
divided into 2.5 cm sections which were subsequently stored at -80°C until processing.

6.3.3. Nucleic acid extraction and quantitative PCR

DNA extractions were performed on filtered water samples, and 1 g fractions of
sediment using the FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH).
Independent DNA extractions were performed on duplicate sediment subfractions from
each depth. (Duplicate water samples were not possible without reducing sample
resolution.) RNA was extracted from filters as described by Smith et al. (50). A similar
procedure was used for sediment with the exception that 4 independent extractions were
performed on replicate 1 g subfractions, and the RNA was pooled during elution. RNA
was treated with Turbo DNA-free (Applied Biosystems, Carlsbad, CA) and was

confirmed to be free of DNA contamination by a RT-minus qPCR. Total RNA was
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converted to complementary DNA (cDNA) using SuperScript III and random primers
(Invitogen Corp., Carlsbad, CA) at a concentration of 300 ng per 20 ul reaction.

Quantitative PCR was performed in a MyiQ real-time qPCR detection system
using iQ SYBR Green Supermix (BioRad Laboratories Inc., Hercules, CA). Primers
targeting bssA and rmoA genes were added at a final concentration of 200 nM. Cycling
conditions consisted of 5 min initial denaturation at 95°C followed by 40 cycles of 45 s
denaturation at 95°C, 1 min annealing, and 1.5 min extension at 72°C. Annealing
temperatures were 61.5 and 60°C for bssA and tmoA, respectively. qPCR data were
analyzed using LinReg PCR (56) and gene copy numbers were determined by
comparison to standard curves.

6.3.4. Lifetime of bssA transcripts following removal of toluene

To assess the lifetime of bssA gene transcripts following the depletion of toluene,
800 ml of pore water was collected from the plume centerline port located 0.5 m
downgradient from the injection port. Toluene in the sample was removed via sparging
with helium gas, which was also used to keep the sample anaerobic. Subsamples (100
ml) for RNA analysis were collected at the beginning of the experiment (t = 0), and at 2,
4, 8, 12, 20, and 30 hours. Additionally, 15 ml samples were collected periodically in
gas-tight syringes for analysis of toluene and nitrate concentrations. Samples for DNA

analysis (25 ml) were also collected at the beginning, and end of the experiment.

6.4. Results and Discussion

6.4.1 Phasel

As discussed in Chapter 4, the introduction of toluene to the model aquifer

resulted the in the formation of a stable, anaerobic toluene plume with steep gradients of
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both oxygen and nitrate at the plume fringes (Figures 2 a, b, & ¢). Functional genes
associated with aerobic and anaerobic toluene degradation (tmoA and bssA, respectively)
were profiled in sediment and water samples collected from a vertical transect 2.9 m
downgradient of the injection port (Figure 3). The vertical distribution patterns of these
genes differed significantly between the water and the sediment, with the sediment-based
profiles agreeing better with plume fringe theory, measured electron acceptor availability,
and the limited extent of toluene degradation. Specifically, the highest abundances of
both rmoA and bssA genes in pore water samples were nearest the plume’s center, where
electron acceptors associated with their respective degradation pathways were completely
depleted. In contrast, highest abundances of fmoA and bssA genes in the sediment were
largely confined to narrow peaks near the plume interface, where electron acceptor
availability would be more favorable.

Implicit in these results is the notion that high gene abundances in the pore water
samples do not correlate with high gene expression, or by extension, biodegradation
activity. The high abundance of tmoA and bssA genes in anoxic, nitrate-deplete pore
water despite the limited extent of toluene degradation would suggest that these genes,
although present, were not highly expressed. It is likely that organisms (and their genes)
detected in the pore water samples originated upgradient where chemical conditions
favored their growth and activity (e.g. prior to the depletion of electron acceptors in the
case of the model aquifer).

6.4.2. Phase 2

In order to examine the relationship between electron acceptor availability and

functional gene abundance and expression in the model aquifer, nitrate was added to the
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injection solution (80 mg/L) to stimulate anaerobic toluene biodegradation. This resulted
in removal of >97% of the toluene within 0.5 m of the injection port, with no toluene
detectable at any downgradient location (data not shown). Additionally, nitrate within
the plume was undetectable beyond 10 cm of the injection port. This is illustrated in
Figures 2 d & f which depict the profiles of toluene and nitrate at the transect 2.9 m
downgradient from the injection port during phase 2 of the experiment.

Biostimulation with 80 mg/L nitrate had a significant effect on the depth
distribution of bssA and tmoA genes recovered from pore water within the vertical
transect at 2.9 m. The abundance of fmoA genes from all pore water samples dropped
significantly, and notably, the peak observed within the plume interface during phase 1 of
the experiment disappeared (see inset in Figure 3b). This result is consistent with the
disappearance of the toluene/oxygen interface within the transect, as well as with the
hypothesis that anaerobic toluene degradation outcompeted aerobic toluene degradation
after the addition of nitrate. Concomitantly, the number of bssA genes recovered from
pore water within this transect increased by as much as 21 fold (see inset in Figure 3a).

6.4.3. Phase3

The increase in abundance of pore water bssA-containing organisms at 2.9 m in
the absence of nitrate and toluene supports the idea that these organisms originated
upgradient, where biostimulation with nitrate had the largest effect. However, the lack of
detectable nitrate or toluene within the vertical transect precludes any direct assessments
of the relationship between cellular activity (i.e. gene expression), and chemical
conditions. To remedy this, phase 3 of the model aquifer experiment involved reducing

the injection concentration of nitrate to 52 mg/l, and sampling along a horizontal transect

97



within the center of the plume in order to capture toluene and nitrate interfaces at the
leading edge of the toluene plume.

As shown in Figure 4a, toluene and nitrate within the plume decreased to 4 and
0% of their influent concentrations, respectively, over 2.9 m during phase 3 of the model
aquifer experiment. Over this distance, the abundance of bssA genes initially increased
and remained fairly constant throughout the plume, while the abundance of bssA
transcripts peaked 0.5 m downgradient, and proceeded to drop off sharply (Figure 4b).
In fact, the ratio of bssA gene transcripts to gene copies (Figure 4c¢) peaked 0.5 m
downgradient where toluene and nitrate were present at 40 and 24% of their influent
concentrations, respectively, and then rapidly decreased over 300 fold by 2.9 m. This
confirms the hypothesis that bssA genes are present, but not highly expressed in
groundwater downstream of where toluene was degraded under denitrifying conditions.
It also supports the idea that organisms (and their genes) detected in groundwater may be
present as a result of transport from upstream where conditions favored their growth and
activity.

In light of this result, it is important to understand how quickly bssA gene
expression decreases in response to changing environmental conditions such as the
depletion of toluene and nitrate. The ratio of bssA gene transcripts to gene copies
dropped over 90% from 0.5 to 0.9 m. Given a groundwater flow of 30 cm/d, this distance
represents 32 hours of travel time. However, at this sampling resolution it is not possible
to decouple gene expression and solution chemistry because toluene is still present,

though being degraded, throughout this time period.
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6.4.4. Lifetime of bssA transcripts following removal of toluene

In order to assess the speed at which gene expression decreases following the
disappearance of toluene, an 800 ml sample of pore water was collected from the plume
centerline port at 0.5 m, in which relative bssA activity (i.e. the bssA transcript to copy
number ratio) was its greatest. Toluene was removed from the sample via sparging with
helium gas, and bssA gene expression was monitored over the next 30 hours. The
concentration of toluene in the sample fell to 3 and 1% of its initial value within 1 and 2
hours respectively, and no toluene was detected beyond 2 hours (Figure 5). As a result,
the abundance of bssA transcripts dropped 92% in the same period of time before
reaching a stable level. The drop in bssA transcripts in the first 8 hours following the
removal of toluene can be described by an exponential decay function with a rate
constant of 0.44 per hour and a half life of 1.6 hours (Figure 6).

This may seem like a long time, particularly in comparison to E. coli which has
reported mRNA half lives on the order of minutes (75). However, such a comparison
may not be valid. No transcriptional inhibitor was used in the bssA lifetime experiment,
therefore the 1.6 hour “half life” represents not simply the decay rate of existing
transcripts, but rather an accumulation of mRNA, which could include transcription of
new mRNA during the time period monitored. Additionally, since it took more than 2
hours to completely sparge toluene from the system, 1.6 hours is likely a gross
overestimation of the bssA half life when the term is used in its conventional sense.
Nonetheless, half lives determined in this fashion are useful because they demonstrate the
applicability of functional gene expression for assessing the physiological state of

organisms in biodegradation projects, which typically span time periods of months to
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years. Furthermore, the bssA half life reported here is comparable to those determined in
similar fashion for other functional genes of interest for bioremediation. For example, in
the absence of inducers, fceA and vcrA dehalogenase gene transcripts from
Dehalococcoides species decay exponentially with reported half lives of 6.1 and 4.8
hours (39).

6.4.5. Phase 4

As demonstrated by results from phases 1, 2 and 3 of the model aquifer
experiment, toluene appears to induce the expression of bssA genes (and concomitant
toluene degradation), but only in the presence of nitrate. Conversely, the removal of
toluene alone from the sample in the lifetime experiment resulted in a rapid decrease in
bssA gene expression, confirming that toluene in the presence of nitrate, and not the
nitrate alone, that is the inducer. In phase 4 of the model aquifer experiment,
biostimulation with nitrate was terminated, and bssA genes and gene transcripts at two
locations along the plume (0.5 and 2.9 m) were monitored in conjunction with pore water
chemistry.

Toluene degradation ceased rapidly following the termination of biostimulation
(Figure 7). Within 3 weeks, the toluene plume had evolved down the length of the
model aquifer, resuming its pre-biostimulation state. Changes in groundwater chemistry
were accompanied by equally rapid changes in the abundance and expression of bssA
genes. On the third day, a spike was observed in the abundance of bssA genes recovered
at 0.5 m (Figure 8a). This was likely due to re-entrainment of attached cells following
the reduction in pore water ionic strength caused by the removal of nitrate. Re-

entrainment upon decreases in ionic strength results from expansion of the electrical
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double layer surrounding particles and sediment surfaces. As a result, the effective
distance of electrostatic repulsion increases, causing the release of particles reversibly-
held in secondary energy minima (76). This phenomenon has been well documented for
both biological (77) and non biological colloids (78) in saturated porous media. The fact
that a similar, but delayed pulse of bssA genes was not evident at 2.9 m is not necessarily
surprising. The combined actions of dispersion and additional attachment-detachments
acting over the intervening distance could likely spread the peak, making it difficult to
detect.

High numbers of bssA transcripts (> 10’ copies per ml) were detected in pore
water at 0.5 m for two days following the termination of biostimulation (Figure 8b).
Between days 2 and 3, their abundance dropped 2 orders of magnitude, and continued to
fall more slowly thereafter, reaching a steady level of about 10* transcripts per ml. The
ratios of bssA transcripts to bssA gene copies at 0.5 m also dropped sharply from day 2 to
day 3, from = 0.3 to 0.001. The initial drop in overall transcripts numbers and ratios
coincided with the complete disappearance of nitrate at 0.5 m (C/C, = 0.17 and 0.0 at
days 2 and 3, respectively), and with downgradient movement of the leading edge of the
toluene plume (Figure 7).

It is important to note that bssA transcripts never completely disappeared in the
pore water at 0.5 m, rather they reached a steady level of roughly 10* transcripts per ml.
In fact, roughly 10* bssA transcripts per ml could be detected in all samples lacking both
toluene and nitrate, including those from phases 3 of the model aquifer experiment, and
the bssA lifetime experiment. This seems to suggest that bssA transcription continues at

some basal level, even in the absence inducers. The significance of this is that functional
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gene transcripts in and of themselves may not be suitable biomarkers for in-sifu microbial
activity. However, the data do suggest that an integrated approach combining functional
gene and gene transcript analysis may prove useful. In the case of the model aquifer, for
example, bssA transcript to gene abundance ratios on the order of 10" were associated
with active toluene degradation, while ratios of 107 or less were observed elsewhere. A
ratio of greater than 10'2, therefore, may be a reasonable biomarker for toluene

biodegradation in this system.

6.5. Conclusions

Prior to biostimulation, paired, high resolution sediment and water samples from a
model aquifer showed significant differences in the depth distribution of genes associated
with toluene biodegradation. Gene abundance profiles generated from sediment samples
were in better agreement with plume fringe theory, electron acceptor availability, and the
limited extent of toluene degradation. It was theorized that organisms (and their genes)
detected in the pore water samples may have originated upgradient where chemical
conditions favored their growth and activity. Experiments were conducted in which
nitrate was added to the toluene plume to stimulate toluene biodegradation under
denitrifying conditions. Results confirmed that high gene abundance downstream in the
plume was not correlated with gene expression or degradation activity, thereby making it
likely that microbial transport played a roll in shaping the profiles of functional genes in
the pore water.

Induction of bssA gene expression by toluene was shown to occur only in the
presence of nitrate, and to fall sharply following the removal of either toluene, or nitrate.

Results from a lifetime experiment indicated that the disappearance of bssA transcripts
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following the removal of toluene could be described by an exponential decay function
with a half life of 1.6 hours. This supports the use of bssA transcripts for assessing the
physiological state of organisms capable of toluene biodegradation. However, results
also indicate that bssA may be continually transcribed at some basal level even in the
absence of toluene and nitrate, thus complicating their exclusive use as a biomarker for
active biodegradation. Instead, it is proposed that an integrated approach combining
functional gene and gene transcript analysis may be more appropriate. In the case of the
model aquifer, it appeared that bssA transcript to gene copy ratios greater than 107 were
indicative of active zones of toluene degradation. Such “activity thresholds” would have
to be determined experimentally for different systems, but should provide the best
measure of in-situ metabolic activity, and therefore significantly improve assessments

and predictions of biodegradation.
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Figure 1. Model aquifer
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Side-view schematic of the model aquifer. Its dimensions are 7.3 m long, by 2.4 m tall by
0.5 m thick (not shown). The injection port is located at a height of 1.65 m at the
upgradient end of the model. Groundwater flow in the model is from left to right as
shown. Four vertical transects of groundwater sampling ports (black circles) are
installed at 0.5, 1.7, 2.9, and 4.1 m downgradient from the injection port. There are 8
additional groundwater sampling ports installed along the centerline of the plume
between the injection port, and 2.9 m. Box (A) is used show the location of the sediment
core. Locations of samples used for molecular biological analyses are shown in red.
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Figure 2. Chemical pore water analysis in vertical transect
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Shown are the depth-resolved profiles of toluene, (A & D), dissolved oxygen (DO) (B &
E), and nitrate (C & F) in pore water collected at 5 cm intervals across the toluene plume
in the model aquifer 2.9 m downgradient of the injection port (injection port height =
1.65 m). Grey box in A illustrates depths over which water and sediment were also
collected for molecular biological analysis.
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Figure 3. Depth distribution of bssA and fmoA genes in the model aquifer
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Depth distributions of bssA (A) and tmoA (B) genes recovered from sediment and pore
water from the model aquifer 2.9 m downgradient of the injection port. Data in the main
panels are from phase 1 of the experiment (prior to biostimulation), and are presented as
relative abundances. Absolute copy numbers are shown by the scale bars. Inset panels
compare gene abundance profiles from before (phase 1) and after (phase 2)
biostimulation with 80 mg/L nitrate. Sediment data presented as average of two replicate
DNA extractions. Water data represent average of 2 independent gPCR reactions.
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Figure 4. Water chemistry and bssA gene abundance and expression in pore water
along centerline of plume
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Relative abundance of toluene, nitrate and fluorescein in pore water collected along the
centerline on the plume downgradient of the injection port (A). Also shown are the
abundance of bssA genes and gene transcripts (B), and ratio of bssA transcripts to gene
copies (C). Error bars represent standard deviations of 2 independent PCR reactions.
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Figure 5. Disappearance of bssA transcripts following toluene removal
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Abundance of bssA transcripts per ml following removal of toluene via sparging with
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Figure 6. Decay profile of bssA transcripts following stripping of toluene
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Decay profile of bssA gene transcripts during the first 8 hours of the bssA lifetime
experiment. Data are fit to an exponential decay function with a rate constant of 0.44 hr
per hour, and a half life of 1.6 hours.
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Figure 7. Evolution of toluene plume following termination of biostimulation
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Figure 8. Response of bssA following termination of biostimulation
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7. Summary

Experiments with laboratory-generated samples, and samples from a model
aquifer indicated that freezing and cryogenic storage are a viable way to preserve the in-
situ molecular characteristics of microorganisms in sediment. Neither freezing, nor
storage at -80°C affected the quality of DNA or RNA as evidenced by qPCR and RT-
gPCR of genes and gene transcripts from a variety of different organisms including
Dehalococcoides, which are known to reductively dechlorinate TCE. Especially
noteworthy are the qPCR results which demonstrated that short-lived mRNA molecules
were not degraded upon freezing, or storage. Additionally, the relative abundance of
dominant bacterial 16S rDNA phylotypes was unaffected by freezing and storage of
sediment at -80 °C. Significantly, this was also true of rRNA phylotypes. This is
important because biodegradation depends upon active bacterial populations, and in-vivo
rRNA content is often correlated with cellular growth rate.

Not only is freezing a viable approach for preserving sediment samples for
molecular biological analysis, but it also provides a unique way with which to sample
sediment for MBT analysis. A cryogenic core sampling technique was tested in the
model aquifer. Using liquid nitrogen, a sediment core was frozen in-situ, and then
extracted to the surface. Results from the cryogenically-collected core agreed favorably
with those from co-localized unfrozen sediment. Cryogenic core sampling serves the
dual purposes of biomolecule preservation, and the preservation of interfaces relevant to
biodegradation. This is particularly important given that biodegradation in the subsurface
is often confined to narrow biogeochemical interfaces where overlapping

countergradients of electron donors and acceptors exist. With the cryogenically-collected

112



core, it was possible to profile the abundance of functional genes associated with toluene
biodegradation to within a resolution of 2.5 cm. This represents a significant
improvement over the resolution of groundwater sampling, which is, at best, on the order
of meters.

In the model aquifer, the depth distribution of functional genes for toluene
degradation differed significantly between the sediment, and the associated pore water. It
has long been shown that sediment-attached and suspended microbial communities differ.
However, the lack of paired high-resolution sediment and water samples has largely
precluded any interpretation of these data as they relate to specific degradation processes.
In the model aquifer, sediment-based functional gene profiles were in better agreement
with the geochemistry of the associated pore water, and the limited extent of toluene
degradation. In addition, the sediment-based profiles were also in agreement with plume
fringe theory, whereas the pore waster-based profiles suggested that biodegradation could
be occurring throughout the plume despite an absence of suitable electron acceptors.

Based on these results, it appears that core samples were more appropriate for
characterizing zones of active toluene biodegradation in the model aquifer than was the
groundwater. Also implicit in these results is the notion that high functional gene
abundance in pore water doesn’t necessarily correlate with gene expression, or by
extension, contaminant degradation. It is conceivable that organisms harboring these
genes originated upgradient where chemical conditions favored their growth and activity
(e.g. prior to the depletion of electron acceptors).

This idea is supported by the gene abundance and expression data gathered while

nitrate was added to the plume to stimulate toluene degradation under denitrifying
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conditions. Results confirmed that high gene abundance was not necessarily correlated
with gene expression or degradation activity, thereby making it likely that microbial
transport played a roll in shaping the profiles of functional genes in the pore water.
Results showed that the transcription of the functional gene for anaerobic toluene
degradation (bssA) was induced by toluene, but only in the presence of nitrate.
Additionally, bssA transcript abundance fell sharply following the removal of either
toluene or nitrate. Results from a lifetime experiment indicated that the disappearance of
bssA transcripts following the removal of toluene could be described by an exponential
decay function with a half life of 1.6 hours. This would seem to support the use of bssA
transcripts for assessing the physiological state of toluene-degrading organisms.
However, results also suggest that bssA genes are transcribed at some basal level,
even in the absence of toluene and nitrate. This complicates their use as a biomarker for
active toluene degradation. Instead, it is proposed that an integrated approach combining
functional gene and gene transcript analysis may be more appropriate. In the case of the
model aquifer, it appeared that bssA transcript to gene ratios greater than 107 were
indicative of active zones of toluene degradation. Such “activity thresholds” would have
to be determined experimentally for different systems, but could possibly provide the best
measure of in-situ metabolic activity, and therefore significantly improve assessments

and predictions of biodegradation.
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