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Abstract

It is accepted that soil evidence can be used in forensic investigations, where bacteria in
soil are used to generate DNA profiles. The research presented in this thesis investigates
how soil can be best used for forensic applications. Although bacterial profiles can be
generated using several molecular methods, terminal restriction fragment length
polymorphism (T-RFLP) analysis has been used most frequently to produce forensically
relevant profiles. The second chapter proposes an alternative to T-RFLP analysis:
comprehensive restriction fragment length polymorphism analysis (C-RFLP). This
alternate typing method utilizes high performance liquid chromatography (HPLC) to
separate and visualize unlabeled DNA fragments. However, neither method readily
allows forensic scientists to extrapolate which types of bacteria are present in the soil
sample in question. Knowing the molecular identity of a peak in a profile (i.e. which
bacterial group is responsible for the presence of observed peaks) provides an additional
layer of potentially informative information. In chapter three, 454 high throughput
sequencing was used to survey fourteen soil samples, cataloging the major and minor
components to soil bacterial communities. From these extensive DNA libraries, five
bacterial groups were selected as candidates for group-specific bacterial typing. The
main goal of chapter four was to determine the forensic potential of using such targeted

analysis. DNA from soils was amplified using group-specific primers, digested with a
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restriction enzyme, and resolved using HPLC. HPLC was used because of its potential
shown in chapter two and also to demonstrate that fragments could be collected and
identified by sequence. The data show that group-specific profiles can be generated and
used for forensic comparison due to the sufficient genetic variability within groups tested.
This suggests that targeted molecular analysis of bacteria has great potential as a forensic
soil typing tool and should be explored further. Ultimately, research on group-specific

typing will aid in the development of a multiplex kit to be used in crime labs nationwide.
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Chapter 1 —Introduction to the forensic analysis of soils

[. Nonhuman DNA evidence in forensic science

In the rapidly evolving field of forensic science, the discovery, application, and
validation of new genetic techniques is crucial for forensic evidence to remain a powerful
tool in the courtroom. Human DNA typing has influenced the forensic community
greatly by acting as a catalyst for other forensic applications. The forensic community
recognizes that human DNA typing by short tandem repeats (STRs) is a very powerful
tool because of its strong foundations in science and statistics. A recent report by the
National Academy of Sciences, as sited by The New York Times article, “Science Found
Wanting in Nations Crime Labs”, stressed the need for crime laboratories to incorporate
more science into the services they offer [Moore, 2009]. This is not a trivial task, as the
human genome has been the focus of genetic and population studies for decades. The
vast amount of information known about the human genome has contributed to the
development of a widely-accepted, comprehensive DNA typing protocol. However, not
all crime scenes will contain human DNA evidence. As a result, the forensic community
has recognized that other types of nonhuman DNA evidence should be used when
appropriate.

Plant, animal, and soil materials all contain diverse genetic information, and can
potentially be included as valuable pieces of evidence in a forensic case [Halverson and
Basten, 2005; Horswell et al., 2002; Menotti-Raymond et al., 1997; Miller Coyle et al.,
2001; Yoon et al., 1993]. However, with human DNA acting as the catalyst for forensic

science technology in the late 1980s, it comes as no surprise that most of the nation’s



forensic laboratories are primarily set up for human DNA analysis. This is also true for
financial reasons, as human DNA evidence is routinely submitted to labs for testing.
While it is unreasonable to expect that nonhuman DNA evidence will someday surpass
human DNA in terms of volume, the potential information lying within these samples is
not trivial, especially in cases where human DNA evidence cannot be used or is not
available.

Two examples of criminal cases where nonhuman DNA evidence was used are
the Palo Verde murder case (Arizona) and a murder case involving a cat named,
Snowball (Prince Edward Island) [Menotti-Raymond et al., 1997; Yoon et al., 1993]. In
1992, a woman’s body was found in an Arizona desert. Next to the body was a Palo
Verde tree.  During the course of the investigation, police had questioned a man who
they later discovered owned a truck that contained Palo Verde seed pods in the truck bed.
These seed pods became a key piece of evidence which ultimately linked the suspect to
the crime scene. Generating DNA profiles from the genetic information in these seeds
pods was novel to forensic investigations. Scientists used a molecular method called
randomly amplified polymorphic DNA (RAPD) to generate DNA profiles from the tree
pods at the crime scene, the evidentiary pods from the truck, as well as control trees from
the area. It was shown that there was enough genetic variation within the Palo Verde tree
population to distinguish single trees. This powerful nonhuman DNA evidence was
successfully used to link the suspect to the crime scene, and ultimately lead to a
conviction.

In 1995, a woman’s body was discovered on Prince Edward Island, Canada.

Before the woman’s body was actually found, a coat was located in the woods close to



her home. This coat was stained with blood from the victim and contained an additional
type of evidence — white cat hair. During the course of the investigation, police visited
the home of her estranged husband and noticed he had a white cat, Snowball.
Investigators DNA typed the cat hair found on the coat to see if they could link it back to
Snowball. Using short tandem repeats, researchers from the Laboratory for Genomic
Diversity at the National Cancer Institute in Frederick, Maryland generated a DNA
profile from 10 feline loci. Snowball’s DNA profile was compared to the individual cat
hairs found on the coat and a match was concluded at all 10 loci. The likelihood of
another cat being the source of the DNA profile was also determined with a small
population study of local and non-local cats. This use of feline DNA evidence was the
first of its kind in Canada as well as the United States, and has since provided a great
example for its acceptance in court.

The success of human STR typing certainly had a positive impact on the use of
STR typing for domestic felines and canines. During the mid-1990s, canine and feline
population studies increased, where researchers were documenting not only STR allele
frequencies in breeds but also mitochondrial DNA haplotypes [Halverson and Basten,
2005]. Commercially available typing Kits also surfaced at this time, making the
integration of animal DNA testing into the repertoire of forensic labs that much simpler.
Unfortunately, all nonhuman DNA typing protocols are not this straightforward. Plant
DNA typing, for example, can be approached in many different ways. As seen in the
Palo Verde case, RAPD was used. Amplified fragment length polymorphism (AFLP)
and STR analysis can also be used to generate DNA profiles from plants. Plants come in

a variety of species, each with its own genomic content and extraction challenges.



Because of this, there may be one technique that works well with one type of plant but
not with another. Specialized analysis, like marijuana typing using AFLP, has been
identified as a useful forensic typing method [Miller Coyle et al., 2001].

There is another potentially informative type of nonhuman DNA evidence that
can be found at crime scenes. Soil evidence is very different from plant and animal
evidence in the sense that both plant and animal DNA profiles are generated from the
genome of one species. Even if there is a mixture of multiple pet hairs or leaves, these
items can be separated. This is not the case with soil, where the most common way to
generate a DNA profile from soil is from bacteria.  Soil is probably one of the most
diverse microbial ecosystems on the planet [Torsvik and Ovreas, 2002]. Their abundance
and diversity make bacteria an excellent molecular target for soil analysis. However, the

early use of soil in forensic investigations did not include any molecular typing methods.

I1. The progression of soil analysis methods

In 1935, the Unites States Federal Bureau of Investigation began analyzing soil
samples based on physical properties [Finley et al., 2004; Morgan and Bull, 2007].
Physical classification of soil based on color, mineral composition, and texture can provide
valuable points of comparison due to wide variation in each of these classifications. Soil
color is often determined by comparing dried sample to a color reference, most frequently
the Munsell color chart. Mineral composition classification is a valuable characteristic as
well. Most soils contain a combination of organic materials and minerals. However, the

percent compositions and types of minerals differ from soil to soil. Soil particle size and



texture can also be used to physically classify soils. Particle size is determined by sieving
the soil through a matrix and thereby classified as: sand, silt or clay. When mineral
composition and particle size information are combined, a more detailed soil textural
designation is achieved. It is important to note that two soils can have the same textural
classification without having the same bacterial populations [Tate et al., 2000]. Before the
use of molecular typing methods for bacteria in soil this was not known. If forensic soil
analysis was needed in the 1950s, for example, two samples would have to be compared
using physical classification. A study published by Sugita and Marumo in 1996 suggested
that color classification could be used to forensically differentiate soils. However, when
combined with other classification techniques, the power of discrimination will increase
[Miller Coyle et al., 2008; Sugita and Marumo, 1996].

When analyzing physical characteristics of soil, the potential for subjective
interpretation must be recognized. Determining the color of a soil sample based on
comparison to a chart can be prone to error, especially if the analyst is a novice. If soil
classification must be done, it would be wise to have the data interpreted by more than one
person. An ideal situation for a crime lab would be to have a soil expert on hand.
However, this is an unlikely scenario given the financial burden to maintain such a position.
For these and other reasons, forensic soil analysis has evolved to take a molecular
approach. Adopting a DNA typing test makes use of any DNA scientists who are already

on staff, especially if final methods are similar to human typing.



[11. Molecular methods for the DNA typing of soil

Many fields of forensic science are built upon strong foundations in biology,
chemistry and physics principles. The forensic analysis of soil is no exception. Successful
strategies of soil analysis were based on microbiology and molecular biology research.
Advancements beyond physical classification began with culture-dependent techniques. A
soil sample was suspended in buffer solution and spread onto various agar plates. Different
nutrients would be used to selectively grow certain bacteria where the presence and absence
of growth identifies the bacteria found in the soil sample. This technique had its
limitations, specifically with contamination. Later, scientists discovered that culturable
organisms only comprised 1% of the total bacteria present [Kirk et al., 2004]. From a
forensics perspective, missing information about 99% of any population inhibits the ability
to accurately compare samples. Soil samples are now routinely profiled using PCR-based,
culture-independent molecular techniques targeting bacteria, allowing for a more objective
analysis.

In-depth molecular analysis of bacterial communities in soil first requires an
extraction technique that efficiently removes DNA from the soil matrix. Currently,
extraction protocols and Kits are available that utilize hot detergent lysis and/or mechanical
bead beating [Martin-Laurent et al., 2001; Roose-Amsaleg et al., 2001; Yeates et al., 1997].
Depending on the extraction technique used, as well as the amount of starting material,
DNA quantity and quality will vary [Feinstein et al., 2009; Martin-Laurent et al., 2001;
Roose-Amsaleg et al., 2001]. For example, an extraction protocol that does not efficiently

break gram positive cells will not produce nucleic acids from those cells. Conversely, if an



extraction procedure is too aggressive on the cells, the DNA will be sheared. Also, the
amount of starting material can affect final DNA yield. Most commercially available kits
are used in conjunction with table top microcentrifuges, limiting the maximum amount of
starting material to approximately 2 grams. Non-kit based extraction methods like the one
published by Yeates et al. accommodates up to 100 grams [Yeates et al., 1997]. Each
extraction protocol has strengths and weaknesses, and the availability of protocols for both
large and small starting amounts is valuable to forensics.

Another common problem with DNA extraction from soil is the co-extraction of
humic substances. Humic acid, fulvic acid and humin are humic substances normally found
in soil. These compounds accumulate in soil because of plant and animal decomposition
[Zipper et al., 2003]. It has been reported that as little as 1 nanogram of humic substances
can inhibit PCR amplification [Menking et al., 1999]. PCR inhibition is caused by the
large molecule’s affinity for ionic substances, which in a PCR reaction leads to magnesium
being sequestered from Taq polymerase [Roose-Amsaleg et al., 2001; Zipper et al., 2003].
The amount of humic substances vary in soil so not all nucleic acid extracts will contain the
same amount of humic contamination.

There are ways to minimize the impact of contamination with PCR inhibitors. One
would be to dilute the extraction stock so that the inhibitor is also diluted [Roose-Amsaleg
et al., 2001]. Also, there are reagents that can be added to the PCR reaction, like bovine
serum albumin, to sequester humic substances. GeneReleaser ™ is a commercially
available product that sequesters PCR inhibitors as well [Yeates et al., 1997]. |If
contamination is very high, these simple measures may not be enough to minimize

inhibition. Purification protocols are available to reduce the amount of contaminants in the



stock extraction, including the use of cesium chloride density gradient ultracentrifugation,
chromatography separation, or gel electrophoresis [Roose-Amsaleg et al., 2001]. It is
unreasonable to expect that purification protocols will remove all inhibitors. However, a
combination of any of these procedures should help to generate an efficient PCR
amplification.

To create a DNA profile from bacteria in soil, a universal genetic target is most
often chosen for PCR amplification. The bacterial ribosomal operon is a region of the
bacterial genome that is used for molecular analysis; specifically, the 16S ribosomal RNA
(rRNA) gene has been used most frequently. There are three genes within the ribosomal
operon (5S, 16S and 23S); the 16S gene has been the focus of molecular studies because of
its manageable size and informative content. The 16S gene is composed of conserved and
hypervariable regions. There are nine differently sized variable regions spread throughout
the gene. As bacteria evolved, mutations in hypervariable regions that were not detrimental
to the production of the 16S ribosomal protein were maintained. The combination of these
mutations taxonomically differentiate bacteria. Molecular methods take advantage of the
conserved regions of the 16S gene using primers that anneal to them to produce genetically
variable amplicons. These amplicons represent both culturable and non-culturable bacteria,
and the genetic information present can be translated into a bacterial DNA profile.

There are a multitude of analysis methods that the forensic community can use to
generate DNA profiles from soil, although none were specifically created with forensics in
mind. Therefore, the forensic community must choose a method that best suits its
specialized applications. Some of the PCR-based analysis techniques include denaturing

gradient gel electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE), and



terminal restriction fragment length polymorphism (T-RFLP) analysis [Hill et al., 2008;
Janssen et al., 2006; Muyzer et al., 1993; Lerner et al., 2006; Liu et al., 1997]. Both DGGE
and TGGE utilize either chemical or temperature gradients, respectively, within a
polyacrylamide gel to separate PCR amplicons based on sequence. There is a direct
correlation with low denaturing speed and high G+C content; amplicons that contain a
higher G+C content will denature last among amplicons moving the slowest on the gel.
Results from this separation are often faint and fuzzy, causing interpretation to be
subjective and time consuming. While this technique is widely used by microbiologists,
transition into a forensics lab is not ideal primarily because the equipment needed to run
these experiments is not normally found in standard crime labs [Miller Coyle et al., 2008].
But lack of equipment does not mean it cannot be useful. A study published by Lerner et
al. (2006) explored the use of DGGE to type soil samples collected during a murder
investigation. Although DGGE is not likely to be a routine analysis in crime labs, it is
important to know that there are methods capable of forensically differentiating soils.

The T-RFLP method, first introduced by Liu et al. in 1997, has been accepted as a
quick and reliable method for generating bacterial profiles. T-RFLP analysis begins with
PCR amplification of bacterial DNA from the extracted soil sample. Universal primers
tagged with a fluorophore on the terminal end target a specific region of the bacterial 16S
gene generating heterogeneous amplicons each containing a fluorophore tag. It is also
possible to use two different fluorophores on either end of the amplicon. Next, a restriction
enzyme is chosen to digest the amplicons, producing fragments of DNA that vary in length.
Only the labeled terminal ends are visualized on a DNA sequencing platform, with

resolution of fragments based on length polymorphisms. The result is an electropherogram



that depicts the length variants as peaks. This analysis method is especially promising for
forensics because the DNA fragments are separated on instrumentation that most crime labs
already have.

Although T-RFLP continues to be the most widely used technique because of its
accuracy and reproducibility, it can be affected by biases introduced during PCR. In
general, all PCR-based analysis techniques are affected in some way by primer design,
extraction method, the Taqg polymerase used for amplification, and the number of cycles in
the PCR reaction [Egert and Friedrich, 2003; Martin-Laurent et al., 2001; Suzuki and
Giovannoni, 1996; Wintzingerode et al., 1997]. PCR-based analysis methods are also
influenced by the composition of bacterial genomes. Different species of bacteria have
genomes that contain different copy numbers of the 16S gene [Farrelley et al., 1995;
Klappenbach et al., 2000]. A bacterial species that contains 14 copies of the ribosomal
operon will be amplified more efficiently than a species that only has 1 copy in its genome.
This ultimately will lead to a biased ratio of PCR products towards species with more
operon copies, even though there may be an equal amount of total cells. A fundamental
understanding of each of these inherent biases allows researchers to modify extraction and
amplification protocols to minimize most biases. While it is unreasonable to expect a
complete suppression of bias, in order for bacterial community analysis to carry any
validity a general acceptance of these biases operating uniformly is needed [Martin-Laurent
et al., 2001]. Any forensic DNA typing protocol must outline the exact steps and reagents
needed for nucleic acid extraction and PCR amplification to ensure reproducibility and

consistency.
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Ecological and environmental biology research has provided the framework for the
successful application of techniques, like T-RFLP, to forensic soil analysis [Heath and
Saunders, 2006; Horswell et al., 2002]. In 2002, Horswell et al. demonstrated that DNA
profiles could be generated from soil using T-RFLP, and used to differentiate soil samples.
Although these results have great potential, forensic scientists still need to consider the
potential for other genetic targets, different analysis methods, and the impact that
environmental variables have on the meaning of a match. Exploring alternatives may

discover cost-efficient, quicker methods that are more amenable to forensic applications.

V. Research synopsis

The research presented herein casts a wide net around basic soil diversity measures
pertaining to how soil can be best used for forensic applications. Exploring forensically
relevant questions required the use of techniques and equipment that are not intergraded
into most crime labs, like nucleic acid HPLC and 454 pyrosequencing. Many of the
experiments presented adopt a proof-of-principle approach, demonstrating that soil analysis
can be feasible using a variety of methods.

Sophisticated methods that extract as much information on bacterial communities as
possible will better inform us of what makes soil samples the same or different. For solil
analysis to have any forensic feasibility, we must be able to demonstrate the possibility to
differentiate many different soils types. This was the goal of the first set of experiments,
where a novel typing method was developed and compared to the established soil typing

method, T-RFLP. One of the limitations to forensic soil analysis is the lack of standardized

11



match criteria, so experiments were designed as a first pass at establishing them. While
these experiments were successful, the complexity of the results from universal bacterial
typing suggested that this approach was not ideal for forensic use, leading us to ask the
question whether less generic typing schemes would offer improvement.

Next generation 454 pyrosequencing (chapter 3) was used to build in-depth surveys
on soil communities to provide rationale for group-specific analysis. By uncovering the
native diversity in several soil samples, similarities and differences among soils could be
more accurately assessed. 454 data cataloged an immense amount of inter- and intra-
bacterial group diversity, leading to and providing rationale for the identification of several
potential group-specific targets.

The last set of experiments (chapter 4) also took a proof-of-principle approach and
resulted in the design and pilot application of group-specific assays to differentiate soil.
Many of the forensically relevant questions addressed in chapter 2 were revisited, exploring
how geography, ecosystem, time and meteorological events impact forensic soil analysis.

The data presented herein offers a broad first pass view into the realm of forensic
soil analysis. This broad approach allowed for many questions to be addressed, with the
results prompting focus on the next set of more narrow questions. The research presented
helped shape the way to think about forensic soil analysis. The long-term goals of this
extensive basic research are to establish feasibility and parameters for forensic applications
and to ultimately aid in developing forensic kits that are both comprehensive and widely

accepted.
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Chapter 2 — Assessing the potential of a novel bacterial typing method in the forensic
analysis of soils.

|. Introduction

Forensic science has played a critical role in civil and criminal investigations for
decades. Throughout this period, advancements in scientific technology have allowed
investigators to not only broaden the scope of what is forensically relevant evidence, but
also provide greater scientific support for that evidence in court. During this time, soil
became recognized for its potential value in forensic investigations [Heath and Saunders,
2006; Horswell et al., 2002; Lerner et al., 2006]. Given the various living components of
soil ecosystems, a genetic profile of soil can be generated using different organisms as
molecular targets [Bridge and Spooner, 2001; Hill et al., 2008; Yeates et al., 2003].
However, bacteria are used most often because of their high quantity and rich diversity in
soil [Hill et al., 2008; Torsvik and Ovreas, 2002]. By representing the total genetic
diversity of bacterial communities in a DNA profile, soil samples can be objectively
compared. Soil can be valuable to forensic investigations in two ways. First, it can serve
as associative evidence that links a reference sample to an evidentiary sample. Second,
soil evidence may provide investigative leads in cases where reference samples cannot be
collected because crime scene locations are unknown.

Implementation of PCR-based methods to generate bacterial DNA profiles from
soil allows for objective analysis of potentially highly informative forensic evidence.
With thousands of different species of bacteria estimated to be found in one gram of soil,

the goal of forensic soil analysis is to use a profiling method that is sensitive enough to
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detect differences in bacterial communities [Torsvik and Ovreas, 2002]. Such detection
should allow investigators to accurately determine the relatedness of two samples without
over-reaching interpretation. The current gold standard for generating forensically
relevant bacterial profiles from soil includes the use of terminal restriction fragment
length polymorphism analysis (T-RFLP) [Heath and Saunders, 2006; Hill et al., 2008;
Horswell et al., 2002].

T-RFLP is an analytical technique that resolves flurophore-labeled DNA
fragments created from a restriction enzyme digest of PCR amplicons. The 16S
ribosomal RNA gene (16S rRNA) is often the target of PCR amplification, using
universal bacterial specific primers to amplify variable regions of this gene. In 2002,
Horswell et al. demonstrated potential for the use of T-RFLP as a way to generate
forensically relevant bacterial profiles from soil [Horswell et al., 2002]. In 2008, Meyers
and Foran characterized some environmental challenges associated with this typing
method [Meyers and Foran, 2008]. Although this approach has been proven valuable by
both studies, it is important to investigate additional methods for DNA fragment
visualization and separation. New methods may prove more amenable to forensic
applications, particularly with respect to reproducibility, resolution, and cost. The data
presented in this chapter investigates the use of high performance liquid chromatography
as a means to resolve and analyze digested DNA fragments.

Denaturing HPLC (DHPLC) analysis has previously been used to study microbial
communities in the human intestine [Goldenberg et al., 2007] and marine samples
[Barlaan et al., 2005]. It has been utilized to track microbial infections in humans

[Domann et al., 2003], as well as identify specific bacterial species [Hurtle et al., 2002].
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Specialized HPLC systems (such as the Transgenomic WAVE® Nucleic Acid Detection
system) are designed to separate DNA fragments by length by elution from a DNASep™
column. Samples can be analyzed under denaturing or non-denaturing conditions. For
this research, HPLC soil analysis begins by universally amplifying bacterial 16S
ribosomal DNA, followed by restriction enzyme digestion of the products. The
subsequent, comprehensive pools of DNA fragments are separated by HPLC, detected by
ultraviolet light absorption at 260nm, and are represented by peaks in a resulting
chromatogram. Therefore, a DNA profile from soil can be easily generated without the
use of a fluorophore, an important advantage given the high cost of purchasing
fluorophore-labeled primers. The HPLC chromatogram reflects the genetic variability
among soil bacterial communities. The data output from HPLC software is easy to read,
highly reproducible, and automatically generates several peak attributes. A desirable
feature of the Transgenomic WAVE® system is that individual fragments can be
collected and subjected to post-run analysis, such as DNA sequencing. The ability to
further characterize peaks by sequence can provide additional layers of discrimination not
easily accomplished with standard T-RFLP analysis. This feature will be discussed in
chapter four.

The data presented in this chapter centers around the introduction of a novel
bacterial soil profiling method called comprehensive restriction fragment length
polymorphism analysis (C-RFLP).  Through implementation of HPLC, we have
developed an alternative way to represent the genetic variability of bacterial communities

in soil. The variability is easily translated into a DNA profile that has been used to
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compare soil samples in this study. Additionally, C-RFLP has been compared to T-RFLP

analysis to determine which method shows the most forensic potential.

1. Results

[1.a. Design of sample collection

This research utilizes a set of soil samples designed to represent bacterial
communities from both presumed similar and radically different ecosystem. The set
allows for three major classifications to be studied: (1) soils that share a general
ecosystem and local geography, (2) predicted radically different soil ecosystems, and (3)
soils that only share a common ecosystem (“biological replicates”). All sampling
locations visited for this research are listed in Table 1.

Soil cores were collected from the first 2 inches beneath the horizon (excluding
the freshwater sediment and sewage sludge samples). Five soil cores were taken from
each sampling site. The site of the first core was chosen then the remaining four cores
were taken two feet in each cardinal direction. Compact soil cores were placed into a

plastic zip top bag then homogenized by hand.
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Table 1 — Soil Sample Classification and Ecosystem Information

Soil Sample Ecosystem Collection Location
Name
AG Farm Agricultural Corn Plot Mansfield-Storrs, CT
Swan Lake Maintained Lawn adjacent to lake Storrs, CT — Main Campus UConn
Mirror Lake Maintained Lawn adjacent to lake Storrs, CT — Main Campus UConn
Great Lawn Maintained Lawn Storrs, CT — Main Campus UConn
Cemetery Maintained Lawn Storrs, CT — Main Campus UConn
Field Maintained Lawn Middletown, CT
River Freshwater River Sediment Portland, CT
Sewage Sludge 2°Sewage Treatment Sludge Middletown, CT
Lawn 1 Maintained Lawn Wolcott Hill Park, West Hartford, CT
Lawn 3 Maintained Lawn Batterson Park, New Britain, CT
Lawn 4 Maintained Lawn Batterson Park, New Britain, CT
Lawn 5 Maintained Lawn AW Stanley Park, New Britain, CT
Lawn 6 Maintained Lawn AW Stanley Park, New Britain, CT
Lawn 7 Maintained Lawn Stanley Quarter Park, New Britain, CT
Lawn 8 Maintained Lawn Stanley Quarter Park, New Britain, CT
Lawn 9 Maintained Lawn Falcons Field, New Britain, CT
Lawn 10 Maintained Lawn Falcons Field, New Britain, CT
Lawn 11 Maintained Lawn Walnut Hill Park, New Britain, CT
Lawn 12 Maintained Lawn Walnut Hill Park, New Britain, CT
Lawn 13 Maintained Lawn Martha Hart Park, New Britain, CT
Lawn 14 Maintained Lawn Martha Hart Park, New Britain, CT
Lawn 16 Maintained Lawn Washington Park, New Britain, CT
Lawn 17 Maintained Lawn Skinner Road School, Ellington, CT
Lawn 19 Maintained Lawn Windermere School, Ellington, CT
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[1.b. Validation of C-RFLP method

A novel way to generate DNA profiles representing bacterial communities in soil
was created for this research, called C-RFLP. In C-RFLP analysis, the universal
amplification of the bacterial 16S rRNA gene and restriction enzyme digestion of
resulting amplicons are carried out using well-established molecular techniques.
However, the use of HPLC to separate and detect DNA fragments for the generation of
potentially forensically relevant DNA profiles from soil has not been previously
described. To ensure that HPLC separation is reliable and reproducible, a set of
validation experiments were done. The goal of validation was to ensure that soil samples
could be profiled, and that data points collected from profiling the same soil sample
multiple times were consistent for each analysis. Given the high sensitivity of the
WAVE® system, it is expected that the DNA fragments will be precisely separated each
time a soil sample is profiled.

To establish the reproducibility of profiles, DNA from 8 soil samples from the
University of Connecticut (Storrs, CT) and Middletown, CT were each profiled on three
separate instrument runs (technical replicates). For the validation trials, each technical
replicate began with initial PCR amplification. On the WAVE® system, the smallest
fragments in the sample are detected first, beginning approximately 5 minutes post-
injection. All fragments are detected by ultraviolet light which allows for a constant
measure of absorbance at 260nm over a run time of 28 minutes. As DNA fragments are
detected, their identity is represented by a peak. Each peak is characterized by height

(measured absorbance, millivolts), and the time that the fragment elutes from the column
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(retention time, minutes). The largest fragments in each sample are the last to elute from
the column, approximately 26 minutes post-injection.

Figure 1 shows technical replicates from the AG Farm and Great Lawn. The
chromatograms have not been cropped in order to illustrate the data from a complete 28
minute run. Peaks detected during the first 3-4 minutes of a run are attributed to excess
primers from the PCR reaction, and are not informative in analysis. A side-by-side
comparison of replicate profiles demonstrates that not only are the presence and absence
of peaks reproduced, but the unique morphology of peaks is replicated. Each technical
replicate was carried out individually, with all three trials (Trials A, B, and C) occurring

on three separate days.
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Figure 1 — Consolidated C-RFLP profiles of Alul digested 16S rRNA gene amplicons from soil
bacterial community.

Profiles shown from soil collected from AG Farm (panel A), and soil from Great Lawn (panel B).
Independently run traces exhibit high similarity, based on examination of peak patterns. DNA
fragments unique to each sampling location begin elution off of the column beginning
(approximately) 5 minutes into injection. Presence of DNA is represented as a peak in the
chromatogram. Peak height is noted along the y-axis, reported in millivolts (mV). Retention
time is noted along the x-axis, and is reported in minutes.

In order to better illustrate the reproducibility of each C-RFLP profile,
chromatograms were cropped and profiles were expanded to focus on amplicon
fragments generated from Alul digestion (Figure 2). Five of the highest peaks that span
the full elution run in each profile were selected to objectively evaluate reproducibility of
fragment elution times. The sensitivity of the WAVE® detection system allows for
retention time to be reported to the thousandth of one minute, from which seconds can be

calculated. Figure 2 shows individual technical replicates for the AG Farm (Trials A-C).
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Peaks chosen for analysis are labeled 1-5. Table 2A lists the retention times in minutes
for the 5 selected peaks. The results indicate that the select peaks (fragments) are eluting
off the column at nearly identical times in each run. The variation in the retention times
of the 5 replicate peaks in AG Farm range from 0.78 second (variation between trials A
and B, peak 4 is 0.013 minute) to 4.8 seconds (variation between trials A and C, peak 1 is
0.08 minute). Analysis of all 8 soil samples used in this validation experiment showed
that the greatest shift in peak retention was no greater than 6 seconds (or 0.1 minute
rounded time; see Chapter 8, Figures S27A — S27H). Considering the entire run length, 6
seconds of a 28 minute run accounts for only 0.36% of total time. The minor shifts
observed among replicate peaks are expected given the high sensitivity of this instrument.
Fragment separation can be influenced by the number of injections that have run through
the column, freshness of solutions A and B, as well as the purity (cleanliness) of the
column. Although individual analysis of peaks demonstrates high reproducibility, it is
important to determine whether these variables were affecting the elution of all fragments
equally. HPLC separation of DNA fragments would not be a reliable profiling method if

all fragments contributing to a profile pattern are not equally affected by these variables.
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Figure 2 — Analysis of C-RFLP peak retention times from Agricultural Farm soil

Trials A, B, and C represent independently run replicate C-RFLP bacterial community profiles
from Agricultural Farm soil. Profiles have been cropped to show all fragments eluted between
(approximately) 10 and 28 minutes. Five of the largest peaks were selected, and their respective
retention times were compared for reproducibility (Tables 2A and 2B). Note: Y-axis scales
(Peak Height — mV) vary between each trial.

Table 2A — Peak retention times for individual fragments: Fig. 2

Soil Sample No. 1 No.2 No.3 No. 4 No.5
Trial {rounded) {rounded) {rounded) {rounded) {rounded)
Trial A 15207 (15.2) |18.573 (18.6) |19.393 (19.4) |20.840 (20.8) |24.374 (24.4)
Trial B 15233 (15.2) |18.593 (18.6) |19.407 (19.4) |20.853 (20.9) |24.360 (24.4)
Trial ' 15287 (15.3) |18.640 (18.6) [19.453 (19.5) |20.893 {20.9) |24413 (24.4)

Retention times are reported in minutes, as determined by Navigator ® Software. Each peak’s
retention time has also been rounded to the nearest tenth of one minute (listed in parentheses).

Table 2B — Elapsed elution time between select fragments: Fig. 2

Soil Sample Peakland2 Peak2 and 3 Peak3and4 Peak4 and 5
Trial {seconds) {seconds) (seconds) {secomnds)
Trial A 3.366  (0.368) | 0820 (0.24s) | 1447 (0.188)| 3.534 (0.8435)
Trial B 3360 (0.00s) | 0814  (0.12s)| 1446 (0.128)| 3.507 (0.78g)
Trial C 3353 (D42s) | 0813 (0.18s) | 1.440 (D.245)| 3.520 (0.008)

The calculated difference in time between peak elution within each trial run is given in seconds
(listed in parentheses).
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Any variation in injection conditions should affect all fragments equally, thus
shifting the pattern as a whole. Table 2B compares the elapsed time (in minutes) between
the elution of select fragments. The results show that the integrity of the AG Farm
profile is virtually unaffected between replicates. Using the average elapsed time between
fragments as a standard, the variation in time is calculated in seconds (shown in
parentheses). The data for the AG Farm shows that the spacing between fragments varies
no more than 0.84 seconds from the average time. The data for the remaining validation
trials shows the same spacing calculations to be no greater than 2.82 seconds for all trials
(Chapter 8, Figures S27A — S27H). Based on the validation experiments done in this
study, we are confident that HPLC fragment analysis generates reliable data that is highly
reproducible, providing an objective method for comparing bacterial communities in soil.

Bacterial C-RFLP and T-RFLP profiles from all soil/sediment samples were
compared using a relatedness calculation. The Sorensen similarity index determines the
percent relatedness of two samples based on the number of peaks shared between two
samples. This index is calculated by the formula: 2(number of peaks shared between two
profiles) / (the sum total of all peaks detected in both profiles) [Meyers and Foran, 2008].
The index has values from 0 (no similarity) to 1.0 (100% identical). When comparing
any two C-RFLP profiles, we define shared peaks as such if retention times are within a
range of +/- 6 seconds (0.1 minute) of one another. This definitive range was determined
by reproducibility trials since known replicate peaks did not vary more than +/- 0.1
minute. For ease of interpretation, the retention time of peaks was rounded to the nearest
tenth of one minute. A shared peak between any two T-RFLP profiles is defined as two

fragments having exactly the same base pair length when the lengths are rounded to the
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nearest whole number. GeneScan ™ software assigns each fragment a size which
includes tenths or hundredths of a base. For ease of interpretation, all computed fragment

lengths were converted to whole numbers.

[.c. Grid Collection

A forensically relevant typing method should be able to successfully interpret soil
samples as similar if they are collected from the same uninterrupted area. For example,
multiple soil samples collected from a continuous section of maintained lawn should
produce C-RFLP and T-RFLP profiles that show high relatedness between all of the
samples. Unfortunately, one of the short comings to the use of soil as forensic evidence
is lack of an established criterion for determining not only what a ‘high’ similarity is, but
whether two soil samples are the same or different (match). Although bacterial
communities in soil have been shown to be heterogeneously dispersed within a single
area [Ettema and Wardle, 2002; Girvan et al., 2003], a forensically relevant typing
method must not be too sensitive as to falsely conclude that two known soil samples did
not originate from one location. Moreover, the meaning of a sample match must also be
addressed. For example, does a high similarity index between two samples always
support the conclusion that two soils definitely came from the same location, or is it more
appropriate to conclude that high similarity only suggests two samples could have come
from the same location? By collecting multiple samples from an uninterrupted
maintained lawn, two points will be addressed. First, which typing method generates

data more closely resembling the data we expect to see from an uninterrupted lawn (i.e.
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high similarity index values). Second, if it is practical to use the similarity index values
to establish a criterion for sample matching (“match threshold”). Samples collected for
grid profiling should have the highest similarity indices among all sample comparisons
done in this study. If this is not the case, then the expectations for what soil evidence can
tell us in a forensic context must be fine tuned.

A 75’ (width) by 150° (length) portion of the Great Lawn was sectioned into three
rows. Each row (1-3) contained 6 sampling locations (A-F). Each grid sample was
comprised of 5 soil cores taken within a 4’ diameter (central core with remaining cores
taken 2’ in each cardinal direction). Each grid was spaced 25’ apart. At the time of
collection, the Great Lawn’s landscape contained thick grass, clover patches, and sandy
areas where grass was not growing. Care was taken to ensure that grid samples were
primarily taken from thick lawn areas.

C-RFLP and T-RFLP profiles were generated for each grid. Similarity indices
were calculated for all samples, using each successfully profiled grid as a reference for all
others so as to ensure outlier references were not chosen. Figure 3 depicts a side by side
comparison of the results obtained from using each grid in row 2 as a reference sample.
Row 2 data is representative of the results generated from rows 1 and 3 for both typing
methods. Query samples are listed down the left side of each panel. Values have been
color coded for ease of interpretation. Some soil grids were not able to be successfully

profiled (“n/a”).
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Figure 3 — C-RFLP and T-RFLP similarity index heat map for Great Lawn collection grid.

Similarity indices for respective profiles from each grid location on Great Lawn. Panel the left
lists C-RFLP data; T-RFLP data shown on the right. Figure shows comparisons using each
sample collected from row 2. Reference samples are listed across top of color grids.  Query
samples are listed down the left-hand side of each panel. Similarity values are color coded
according to the ranges indicated in the color key. While only data from row 2 is shown, the
similarity ranges shown are representative of all comparisons. “n/a” indicates a profile was not
able to be generated.
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Similarity indices of soil samples analyzed by C-RFLP show that this method is
better suited for replicate testing. Based on the data shown in Figure 3, only C-RFLP
profiling gives an expected measure of relatedness of multiple samples collected from a
single ecosystem and geography. All samples considered, bacterial community
relatedness fell within a range of 0.77 — 1.00 for C-RFLP, while T-RFLP indices fell

within the range of 0.48 — 0.77 (Figure 4).
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Figure 4 — Distribution of similarity index values in grid experiment: T-RFLP versus C-RFLP.

Distribution of similarity index values observed in grid analysis. Height of bar graph indicates
how many times the corresponding similarity index value was seen in the grid. The average Sl
for T-RFLP analysis is 0.64. The average Sl for C-RFLP analysis is 0.93.

A majority of values clustered around 0.95 — 1.00, and 0.60 — 0.69 for C-RFLP and T-
RFLP, respectively. This distribution supports the C-RFLP profile for grid 2A as being
an outlier (Figure 3). The C-RFLP profile for 2A was not as robust as the others, perhaps
due to PCR inhibition or inefficient nucleic acid extraction. Taking into account all 136

comparisons, the average similarity index value within the grid sampling was 0.931 for
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C-RFLP analysis; T-RFLP analysis produced an average similarity index of 0.639.
Although grid 2A (C-RFLP) can be considered an outlier, to provide a conservative
threshold this data has been included in the average. If the data were excluded, the
average C-RFLP value rises to 0.944. From this grid data, it is proposed that a match
threshold of at least 0.93 similarity be used to establish that two soil samples likely came
from the same location when using the C-RFLP typing method. Additionally, it is
proposed that a match threshold of 0.64 be used to establish the same relatedness of soil
samples when using the T-RFLP typing method. The remaining samples collected in this
research will be used to assess the reliability and accuracy of these thresholds on known,

unrelated soils.

[1.d. Assessment of C-RFLP in soil individualization

The data show that C-RFLP is a reliable method for DNA fragment separation,
generating profiles that are reproducible and easily interpreted. The C-RFLP method has
also performed well in grid analysis, consistently generating profiles of very high
similarity from multiple samples taken from one area. Next, the ability of the C-RFLP
method to differentiate soil samples from various locations and ecosystems is assessed.

In this research the term ‘ecosystem’ is defined as a biogeographical location that
can be characterized by its natural environment. Ecosystems that share a specific type of
vegetation, for example, may also share bacterial groups that prefer the nutrient
conditions provided by that environment [Girvan et al., 2003]. It can be hypothesized

that the more ecologically diverse two ecosystems are, the more diverse the bacterial
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communities native to them will be. A forensically valuable method for soil profiling
should successfully differentiate soil samples independent of the range of similarity
between the bacterial communities. In order to thoroughly evaluate C-RFLP’s
discriminating potential, soils were examined belonging to three major classifications: (1)
soils that share a general ecosystem and local geography, (2) predicted radically different
soil ecosystems, and (3) “biological replicate” ecosystems. The T-RFLP method was
also used to profile all samples.

Easily accessible locations around the University of Connecticut campus (Storrs,
CT) were chosen to represent soils sharing a local geography within a common
ecosystem. Soil from the agricultural farm was sampled from a corn plot maintained for
research purposes. The Great Lawn is a maintained lawn between two buildings
characterized by high foot traffic. Soils were collected from locations adjacent to small
lakes on campus. The Swan Lake location is well-shaded and surrounded by plants and
trees, while the sampling location at Mirror Lake is characterized by more open space
and less vegetation. Swan Lake soil was collected 3 feet from water, while Mirror Lake
soil was collected 30 feet from water. Soil collected from a cemetery on campus
represented a lawn surrounded by trees (low foot traffic area).

Samples collected from the Middletown, CT area provided three ecologically
diverse and radically different environmental samples: maintained lawn, freshwater
sediment, and sewage treatment sludge. Soil collected from a maintained lawn (“Field”
sample) bordered by trees near the Snow Elementary School was subject to moderate foot

traffic. Secondary sewage sludge was obtained from a waste treatment plant. Sediment
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from the Connecticut River was obtained from the river’s edge, approximately two inches
below the water surface.

Samples to serve as “biological replicate” soils were collected from maintained
lawns in 10 community parks/recreational areas located in Hartford and Tolland counties
(samples named as “Lawn #” - Table 1). Maintained lawns are prevalent in these
locations, providing an excellent option for studying soils that can be superficially
classified as presumed biological replicate ecosystems. All sampling locations were
confined to lawn areas that were 10 feet away from tree/shrub borders. Two soil samples
were collected from each park, at opposite ends of the area.

The first sample set used to evaluate the ability of C-RFLP to differentiate soils
are samples that represent very different ecosystems. The samples collected in the
Middletown area each represent unique ecosystems (field soil, river sediment, and
sewage sludge). Figure 5 shows the C-RFLP profiles for these samples. Calculated
indices confirm low similarity between these three soils. The field and river share 27%
of peaks (0.27); the field and sludge share 43% of peaks (0.43); the river and sludge share
42% of peaks (0.42). These data support our initial assumption that soils from radically
different ecosystems are characterized by very different bacterial communities.
Furthermore, the data show that HPLC was able to successfully detect these presumed
differences and represent them in a chromatogram that provides unambiguous data points
for analysis. Based on the match criteria set forth in the grid analysis section, all
similarity index comparisons here fall well below the 0.93 match threshold, providing

empirical support that these samples are not from the same location.
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Figure 5 — Bacterial community C-RFLP profiles from three ecologically diverse sampling
locations (Middletown, CT)

Bacterial community C-RFLP profiles generated from universally amplified, digested 16S rRNA
amplicons. While all data from time 0 — 30 minutes is shown, digested bacterial DNA fragments
are detected beginning approximately 8 minutes post-injection. Note: Y-axis scales (Peak Height
— mV) vary between trials.

The next set used to evaluate the potential use of C-RFLP as a forensic typing
method is soils that share a general ecosystem and local geography. Soil samples
collected from the University of Connecticut are geographically localized, having been
collected within an approximately 2 mile radius. It can be hypothesized that these
profiles will have higher similarity indices (as compared to those in the first set) due to
the proximity of sampling locations, as well as the presence of environmental
characteristics common to these ecosystems (see Table 1) [Horner-Devine et al., 2004].
Figure 6 aligns these C-RFLP profiles. The chromatograms in Figure 6 share similarities

in peak distribution and morphology. This suggests that the bacterial communities native
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to each sampling site at the University of Connecticut may share some similarities in

structure and composition.
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Figure 6 — Bacterial community C-RFLP profiles from geographically localized samples
(University of Connecticut)

Bacterial community C-RFLP profiles generated from universally amplified, digested 16S rRNA
amplicons. Samples represent soils that share a general ecosystem and local geography. While all
data from time O — 30 minutes is shown, digested bacterial DNA fragments are detected
beginning approximately 8 minutes post-injection. Note: Y-axis scales (Peak Height — mV) vary
between trials.
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Using the Great Lawn profile as the reference, the following similarity indices were
calculated: AG Farm, 0.82; Swan Lake, 0.56; Mirror Lake, 0.69; Cemetery, 0.71. These
similarity indices support the hypothesis that bacterial communities in soils collected
from similar ecosystems will have higher similarity indices than those calculated from
profiles generated from diverse ecosystem soils. The soil with the lowest similarity to
Great Lawn was Swan Lake. Although Swan Lake was geographically localized to all
the others, the soil at this location was unique. Swan Lake soil was collected 3 feet from
water, and contained a noticeable amount of fibrous materials in addition to organic soil.
All other samples were solely organic soils collected from maintained lawns. Given
these characteristics, the bacterial community in the Swan Lake soil likely contained
species fit for survival in this micro-environment that are not present in the other
locations. With respect to the match threshold, all samples profiled in this second set also
fell below 0.93, further validating this value as potential match criteria.

Lawn samples were analyzed as a group to determine the extent of bacterial
community sharing between soils collected from presumed biological replicate locations.
From a forensics perspective, it is important to determine whether soils from locations
that all look the same (superficially) produce profiles that are distinguishable. It can be
hypothesized that since these locations all have a single environmental ecosystem in
common, there may be a set of bacterial groups that are indigenous to soils found in these
lawns. As a result, bacterial community profiles may demonstrate higher than expected
similarity indices when compared.

Figure 7 is a hybrid heat map of similarity indices for all C-RFLP and T-RFLP

data generated for these Lawn samples (T-RFLP data is discussed in the next section).
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The top right section (A) represents C-RFLP data. Each profile was compared against all
others to ensure that outlier references were not chosen. The average similarity index for
all Lawn comparisons is 0.758. Profiles generated from soils collected within the same
park resulted in similarity indices that increased to an average of 0.810 [L3/4, 0.90; L5/6,
0.79; L7/8, 0.80; L9/10, 0.77; L11/12, 0.79; L13/14, 0.81]. As a general observation, the
difference between 0.758 and 0.810 does not appear to be significant. Given the wide
range of similarity values, C-RFLP profiles from these presumed biological replicate sites
cannot be characterized by a specific percentage of relatedness. While these biological
replicate sites are likely characterized by many of the same bacterial species, overall their

soil profiles are distinguishable.
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A Section A — Similanty indices for C-EFLE

Section B — Similanty indices for T-EFLP
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Figure 7 — Hybrid C-RFLP and T-RFLP Sl heat map for all Lawn (L) soil samples.

Sl data for universal bacterial profiling. Section A — Similarity indices for C-RFLP; Section B —
Similarity indices for T-RFLP. Similarity values are color coded according to the ranges
indicated in the color key.
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However, there are some exceptions to this conclusion, specifically those
similarity indices that are 0.93 and greater. If we were to use our 0.93 match threshold to
determine the likelihood of two soil samples originating from the same location, 3 (out of
120) sample comparisons would meet that criteria (L3 and L8; L4 and L8, and L8 and
L9). Knowing the locations of these sites, these conclusions are incorrect. Situations like
this in forensic investigations would erroneously lead an investigator to believe that
samples likely came from the same place. These data emphasizes the value of collecting
replicate samples from any area so as not to base interpretation on one sample that may
not be representative of the entire area.

As to our 0.93 match threshold, our data supports the use of a very conservative
interpretation where results must emphasize that a similarity of greater than 0.93 only
suggests that the soils in question possibly originated from the same location. From this
data we also show that soil profiles cannot be used to definitively affirm a single
origination of a sample. Additionally, this data reinforces the need to define a location in
a forensic context. “Being from the same location” is a broad characterization, as two
reference points can be spatially distributed in a variety of ways within small parks, or
even in confined areas like the grid. At this point, a forensic definition for what

constitutes a single location cannot be determined.

Il.e. Comparisonto T-RFLP analysis

The data support C-RFLP as an alternative bacterial profiling method for forensic

purposes. The C-RFLP method provides suitable resolution of differences in bacterial
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communities, important for use in a forensic context. These differences are represented
in easy to read chromatograms containing data points that are used to calculate similarity.
The set of soil samples in this research have tested the ability of the C-RFLP method to
differentiate soils collected from both diverse and similar ecosystems. It is necessary,
however, to compare these results with T-RFLP data.

Continuing with the Lawn biological replicate testing, T-RFLP similarity indices
are shown in the bottom right section (B) in Figure 7.  As stated earlier, a match
threshold of 0.64 will be used to establish the likelihood of two soil samples originating
from the same location based on T-RFLP data. The Lawn similarity index values shown
in Figure 7 have an average of 0.549. Like C-RFLP data, there is a wide range of values
seen (0.27 — 0.78). Also similar to C-RFLP, T-RFLP profiles from these presumed
biological replicate sites cannot be characterized by a specific percent relatedness. Based
on the 0.64 match threshold, there are 14 Lawn comparisons that would be classified as
likely to have originated from the same place. L3 and L4, L9 and L10, and L11 and L12
soils did come from different areas of the same park, so their greater than 0.64
similarities are correctly interpreted. However, there are 11 other comparisons that
would be incorrectly interpreted.

A point worth noting is the difference in similarity values calculated for the same
sample using C-RFLP and T-RFLP. Generally, T-RFLP similarity indices are lower than
their C-RFLP counterparts. This has no direct correlation with the usefulness of either
method, rather it is a product of the amount of data points that each method generates,
and the sensitivity of the instruments used. T-RFLP profiling produces 3-4 times more

data points than C-RFLP. T-RFLP analysis detects terminal fragments that differ by one
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nucleotide, resulting in a significantly larger data set. Ultimately, however, the relevant
question is which of the two methods is best for use as a forensic tool.
Table 3 compares T-RFLP and C-RFLP similarity indices for the soil samples

discussed in figures 5, 6 and 7.

Table 3 — Similarity indices for soil profiles (as compared to Beach Hall Great Lawn soil,
2007 [BCH 2007])

C-RFLP Similarity Index | Soil Comparison T-RFLP Similarity Index
0.82 AG Farm 2007 0.68
0.29 Swan Lake 2006 * 0.39
0.69 Mirror Lake 2007 0.50
0.71 Cemetery 2007 0.50
0.72 Field 2007 0.57
0.69 CT River 2007 0.52
0.72 Sludge 2007 0.40
0.63 Lawn 1 0.46
0.65 Lawn 3 0.53
0.60 Lawn 4 0.48
0.60 Lawn 5 0.47
0.44 Lawn 6 0.44
0.54 Lawn 7 0.34
0.63 Lawn 8 0.49
0.62 Lawn 9 0.41
0.56 Lawn 10 0.41
0.56 Lawn 11 0.53
0.45 Lawn 12 0.45
0.49 Lawn 13 0.41
0.56 Lawn 14 0.38
0.64 Lawn 16 0.39
0.57 Lawn 17 0.43
0.59 Lawn 19 0.40

All soil profiles were generated following the universal bacterial typing protocol. (*) Swan Lake
2006 was used as the sample comparison instead of 2007 because the 2007 soil sample was not
able to be profiled by the T-RFLP method. Note: All Lawn soil samples were collected in
November 2008.
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Indices calculated were based on comparison to the Great Lawn sample. There does not
appear to be any observable trend regarding ecosystem type and similarity index. For
example, T-RFLP data shows Mirror Lake soil and River Sediment both differing by only
2% when compared to Great Lawn. The same comparison using C-RFLP analysis
reveals identical similarity to the Great Lawn for both samples (0.69). This data
emphasizes the fact that the actual bacterial diversity present in the samples cannot be
extrapolated by comparing the calculated SI values. Both C-RFLP and T-RFLP only
provide graphical representation of the different types and quantities of bacterial DNA in
soil. These match thresholds can only be used to determine the likelihood that any two
samples potentially originated from the same location. Using T-RFLP analysis, the 0.68
similarity of AG Farm to Great Lawn soil would be interpreted as soils likely originating
from the same location. This conclusion would be incorrect. None of the comparisons
facilitated by C-RFLP analysis generated similarity indices that could be incorrectly
interpreted.

The forensic implication of this data to the use of T-RFLP as a typing method is
significant. In order for soil to be reliably used in a forensic context, all interpretations of
sample relatedness must be supported by empirical data. The T-RFLP grid data seen in
Figure 4 depicts the range of similarity index values seen within one location, and 52.2%
of the values listed in Table 3 fall within this range. In contrast, only 1 (4.3%) sample
fell within the C-RFLP grid range. Using T-RFLP profile data to forensically establish
the relationship between two soil samples may lead to improper interpretation more
frequently than if using C-RFLP analysis. C-RFLP highlights enough differences

between samples, yet is not so sensitive that it prompts samples collected from the same

39



area to be interpreted as belonging to unrelated locations. While T-RFLP’s sensitivity
may be desirable for other applications, the data show its application in this capacity
seems problematic.

It is essential to address the differences we see in similarity index values between
C-RFLP and T-RFLP. That is, are C-RFLP and T-RFLP measuring the same thing? If
we were to rank the sample comparisons for both methods by similarity index values, we
would see that the corresponding rankings would not match. This tells us that the way
DNA fragments are separated and visualized by both methods creates two very different
representations of the genetic information. While both representations are accurate, the

question is which method provides the best forensically relevant data.

I1.f. Exploring major and minor T-RFLP peak variation

Simply looking at a universal T-RFLP electropherogram, one can clearly see that
there are smaller and larger peaks (based on rfu height) (Figure 8). The intensity of a
peak can be attributed to fragment quantity. Based on the T-RFLP profiles generated in
this research, we can infer that there are major and minor components to bacterial
communities in soil. The forensically relevant question here is what can the variation in
similarity index values be attributed to: the minor peaks or the major peaks? In order to

answer this question, we return to the grid analysis experiment.
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Figure 8 — T-RFLP electropherogram illustrating minor peaks.

Two T-RFLP electropherograms are shown that contain major (high rfu) and minor (low rfu)
peaks. Each panel’s minor rfu threshold is different based on the overall intensity of the profile.
Swan Lake has a minor peak threshold of approximately 300rfu. Beach Hall has a minor peak
threshold of approximately 750 rfu.

As shown in Figure 8, the two electropherograms shown have different y-axes
(rfu). When loading fluorophore-labeled DNA fragments onto a capillary sequencer it is
difficult to standardize the amount of terminal fragments that are loaded. This results in
each sample having its own maximum y-axis range (tallest major peak). As a result, the
rfu range for the smaller minor peaks will vary. For this experiment, each grid T-RFLP
profile was individually examined and a minor peak threshold was chosen for each
profile. Choosing each electropherogram’s minor peak threshold was subjective; the goal
of this threshold was to eliminate a majority of the smaller peaks. Once the smaller

(minor) peaks were eliminated from analysis, new similarity index values could be
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calculated. If similarity index values increased, then we can conclude that the reason for
such a wide variation was due to the minor peaks.

Figure 9 compares similarity index data from T-RFLP grid analysis for all peaks
(top panel) and major peaks only (bottom panel). Only data using row 1 as a reference is
shown. The data for rows 2 and 3 are consistent with row 1. When all peaks are
considered for similarity index calculation, there are an average number of 49.8 peaks.
When minor peaks are removed this number drops to 35.2. The data in the bottom panel
show that minor peaks are not the source of the variation that we see from grid to grid.
The average similarity index value actually decreases by 5.1% when minor peaks are not
included. This suggests that some of the minor peaks are shared between the T-RFLP

profiles.

42



Reference Sample
1A 1B 1C 1 1E 1F

Grid Sl values for all peaks

1A - 0.74 0.62 0.54 061 nia

1B 0.74 - 0.74 0.63 0.64 nia

1C 062 0.74 - 037z 0.75 nia

1D 0.54 0.6l 0372 - 072 nia

1E 0.6l 0. 64 075 037z - nfa

1F nia nia nia nia nia -

ZA 063 060 .69 065 0.65 nia

2B 0.70 063 0.5% 0.55 0.60 nia

2C 0.53 0.&0 .65 064 0.63 nia

D 0.54 0.53 0.58 0.54 0.65 nfa

2E 0.6l 0.6l 064 0.53 0.64 nfa

2F 0.65 069 075 063 0.71 nfa

3A 0.63 0.58 0.57 0.5% 0.59 nfa

3B 0.67 0. 64 0372 0.58 0.67 nfa

3C 0.63 0.58 .65 0.57 061 nfa

3D 0.65 0.58 .69 062 0.67 nfa

3E 066 0,70 062 0.55 0.6 nia

aF 0.63 0. 66 0.67 0.55 0.67 nia Average 1. 0637

a m her s Tw Grid Sl values for only

1A - 0.70 .58 0.52 0.60 nia H
1B 0.70 - 071 066 0.74 nia major peaks
1C 0.58 071 - 073 0.76 nia

1D 0.52 0. 66 073 - 0.71 nia

1E 060 074 076 063 - nfa

1F nia nia nia nia nia -

A 0.64 0.03 0.62 0.63 0.65 nfa
2 0.60 0.57 0.52 0.44 0.57 nfa
C 0.55 0.60 0.64 0.60 0.62 nfa
D 0.42 0.52 0.50 0.43 0.61 nfa
2E 0.56 0.64 0.53 0.56 0.64 nfa
2F 0.7 0.66 0.69 0.63 0.81 nfa
3A 0.4% 0.50 0.44 0.48 0.47 nfa

3

k-

k-

2

2

[}

3B 0.0 0.62 0.66 0.62 0.76 nfa
3c 0.26 0.26 0.40 0.34 0.50 nfa
3D 0.54 0.56 0.61 0.57 0.70 nfa
3E 0.56 0.65 0.56 0.51 0.65 nfa
3F 0.56 0.67 0.58 0.50 0.61 nfa Average 51 0586

Figure 9 — Impact of minor T-RFLP peaks on similarity index values for grid analysis.

Universal T-RFLP analysis of bacterial profiles from Beach Hall grid. Only row 1 references are
shown. Reference results for rows 2 and 3 were similar. Table compares the difference in
similarity index values when all peaks are used for comparison (top) to when only major peaks
are used for comparison (bottom). Example of where minor peak rfu threshold would be is
described in Figure 8. When all peaks are considered (average of 49.8 peaks), the total average
Sl for row 1 is 0.637. When only major peaks are considered (average of 35.2 peaks), the total
average Sl for row 1 is 0.586.
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Another important point would be to determine the similarity of major peaks
between T-RFLP profiles from the grid. The top 7 tallest peaks were identified in each of
the T-RFLP grid electropherograms. Table 4 shows data for all grid comparisons.
Column 2 lists the resulting similarity index value for all possible matches (i.e. 6 out of 7
peaks matching would have a 0.86 similarity value). Column 3 lists the total number of
comparisons falling in that category. An overwhelming majority of the comparisons had
either a 0.43 or 0.57 similarity. This tells us that there is variation among the major peaks

as well the minor peaks.

Table 4 — Grid Analysis: Universal T-RFLP analysis of top 7 tallest (major) peaks

ND. of Similarity Mo, qf Nq. of . % Change
Wajor Peaks Indes Comparisons comparisons with | between exact and

Shared with exact match +/- 1 hp match +i- 1hp
7 1.a0 1 1 Mo change
] 0.86 5 26 +1545%
5 0.71 20 a2 +30.858%
4 0.57 48 38 -T735%
3 0.43 40 7 -24.28%
2 0.29 la 2 - 1177
1 0.14 4 0 -100%s
0 0.on 0 1] Mo change

Table presents grid data for universal T-RFLP analysis. Top 7 tallest peaks are based on rfu
(peak height). Columns 3 and 4 in the table compare data for exact match numbers versus peak
matches that were +/- 1 base pair. The last column shows if there was an increase or decrease in
the number of matches when a +/- 1 base pair criteria is used.

These results can be explained in one of two ways: either the variation we see is
real, or the variation is due to a technical artifact. Two of these technical artifacts are
incomplete enzyme digestion and incomplete +A addition. It is possible that either one
or both of these technical artifacts are present here. Column 4 in Table 4 lists the number
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of peak matches when a match criterion of +/- 1 base pair is used. If there is incomplete
+A addition in some of the major peaks, then making this match criteria more lenient
would increase the number of matches. In fact, this is the case. When a +/- 1 base pair
window is used, nearly half of all grid comparisons have a similarity index of 0.71 for the
top 7 major peaks. There is a 15.45% increase in the amount of 6 out of 7 matches as
well. The number of 7 out of 7 matches did not increase.

The data in this experiment show that both major and minor peaks contribute to
the variation seen in the grid collection. For the remainder of this chapter, all T-RFLP
data will include all peaks for analysis. The variation that is seen within the grid samples
is likely due to a combination of true variation as well as technical artifact. Care was
taken to minimize incomplete +A addition for all T-RFLP experiments performed for this
research by including a 15 minute final extension step at the end of the PCR

amplification. Also, amplicons were digested overnight to ensure complete digestion.

I1.g. Impact of time on bacterial populations

The environment’s influence over bacterial community structure cannot be
controlled. However, in order for soil to be of use to forensic investigations we must
attempt to gauge how much this influence affects DNA profiles. Specifically we must
investigate the potential for samples collected from the same area at different time points
to falsely be interpreted as originating from unrelated locations.

The success of forensic soil typing is predicated on the fact that one can use the

genomic content of a bacterial community to establish a connection between two soil
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samples.  This process assumes that there is enough variability within bacterial
communities to differentiate unrelated samples. By and large, the data presented thus far
has demonstrated that this is the case for both C-RFLP and T-RFLP. However, if two
soil samples were taken from the same location but not at the same time would the ability
to successfully associate the two samples be compromised? The goal of this next
experiment was to determine if C-RFLP and T-RFLP universal profiles remain consistent
over the course of 1 year. If bacterial communities change drastically, similarity index
values would be lower than the match criteria. The data presented here will shed light on
how time can impact the interpretation of soil evidence.

Sampling locations around the University of Connecticut were visited during the
month of July in 2006, 2007, and 2008. When soil samples were collected, care was
taken to sample from nearly the exact same location each time. It is important to note
that each location could be accessed by the public. Each location was also subject to
lawn mowing and general landscaping. Both of these factors could potentially influence
the bacterial community structure. Ultimately these factors were desirable, as they
created realistic scenarios for testing.

Table 5 lists the similarity index data for both C-RFLP and T-RFLP universal
profiling. Sample comparisons are listed in the middle of the table. None of the soil
comparisons profiled by C-RFLP generated similarity index values greater than the 0.93
match threshold. The data suggests that the native bacterial communities to each location
have changed within the course of 1 year. Without knowing that these soil samples did
come from the same location, the analyst would reach an incorrect conclusion about the

relatedness of soil samples.
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Table 5 — Similarity index comparisons for C-RFLP and T-RFLP universal soil profiling:
Year-to-year site monitoring

Taotal Total | Humber | Sumlarity Aedl Total Total | Humber |Smmlarity
Peaks & | Peaks B | Shared Index Conparison Peaks & | Peaks B | Shared Index
17 15 ] 038 A AG 00y T 92 52 0.54
B AGZONT
17 n'p - -- A AG 200N I n'p -- -
B AG IS
17 12 5 028 A BEH OO0 23 99 &3 0.69
B BCHIONT
17 24 [ 029 A BCH OO 23 &7 42 0.5&
B BCH OO
19 24 11 0.51 A BEHZONT 99 &7 45 0.54
R RCH IS
25 15 4 022 A Swan 2000 32 n'p - -
B. Swan 2007
23 27 12 042 A Swan 2006 32 44 22 0.54
B Swan 2005
13 27 4 0.20 A Swan 2007 n'p 44 -- --
B. Swan 2008
21 13 5 029 A Mizror 2O0G 48 44 30 087
B Mirwvor 3007
21 o) 5 0.33 A Mirror 2006 45 64 22 0.51
B Mivror 2005
15 El 3 027 A Miwvor FO0T 44 &4 28 0.48
B Mirror 2008
21 12 5 030 A CEM 2o 56 53 29 0.53
B CENM 2O0T
21 28 13 0.55 A CEL 2 i 58 a7 38 0.59
B CEM 2008
12 26 ] 042 A CEM 2007 53 &7 34 0.57
F. CEM Zo0s

Left side of table lists C-RFLP data; right side of table lists T-RFLP data. Each side contains data
on the number of peaks in the designated profiles “A” and “B”, the number of peak shared
between two profiles and the resulting SI value. “n/p” designates no profile for comparison.

The similarity index results for T-RFLP analysis also demonstrate community
change. However, there are two comparisons that gave a greater than 0.64 similarity
index and one that was equal to the match criteria. Although this is a positive result for
T-RFLP analysis, the remaining comparisons still suggest community fluctuation.

Results for C-RFLP and T-RFLP highlight an important limitation to the forensic
analysis of soils. If reference samples are not collected within a timely fashion from
when an evidentiary sample is received, there is a possibility that universal bacterial

profiling will reach an incorrect conclusion about the relatedness of two soil samples.
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Therefore, whenever possible, reference samples must be collected as soon as a location
is known. Proper interpretation of soil data must then account for the possibility of time

influencing results.

[1.h. Impact of meteorological events on bacterial populations

Another forensically relevant factor that can influence soil bacterial communities
are meteorological events. Sampling locations around the University of Connecticut
were visited in order to evaluate whether universal bacterial profiles change after heavy
rainfall and when the ground is covered in snow (as compared to a control sample).

During the month of March 2008, soil was collected from Beach Hall Great
Lawn, Swan Lake, Mirror Lake, and Cemetery. This soil was collected on a day when
the weather could be classified as “seasonable”. Within a span of 3 weeks, there was one
instance of heavy rainfall and one instance where the soil was covered by 1 inch of snow.

Soil samples were extracted and profiled using T-RFLP and C-RFLP. Table 6
shows similarity index data for all samples. The control samples (location, 2008) were
each compared to the snow and rain samples. None of the C-RFLP similarity indices
were greater than the 0.93 match criteria. Only one T-RFLP similarity index was greater
than the 0.64 match criteria. The data suggests that bacterial communities do change as a
result of meteorological events. This change happens quickly, as these 3 samples were
collected within the same month. As discussed in the year-to-year section, the same

interpretational limitation applies here. When collecting reference samples, it is
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important to make note of any meteorological events, as they may impact the native

bacterial community structure.

Table 6 — Similarity index comparisons for C-RFLP and T-RFLP universal soil profiling:
Meteorological event site monitoring

C-BFLF Untversal Profile Siwalavity Index T-BFLF Untversal Profile Siwalanty Index
Tatal Tatal |Humber | Smulanty Aol Tatal Taotal | Humber |Smmlanty
Peals & | Peals B | Shared Index Conparison Peals 4| Pealks B | Shared Index
24 1& & 0.30 A BCHIO0S 67 73 40 0.57
R BCH now
24 13 2 0.58 A BCH IS a7 71 39 0.586
B, BCH Rain
27 1a 12 0.58 A Swan 2008 44 28 15 0.54
B Swan Snow
27 13 7 0.35 A Swan 2008 44 nip -- -
B, Swan Rain
9 14 3 0.26 A Mirpor 2008 6 55 33 0.58
B Mivor Snow
9 15 4 0.33 A Mirror 2008 64 35 23 0.47
F. ooy Rain
28 22 10 042 A CEM 2008 a7 58 42 062
B CEM Snow
26 12 11 0.50 A CEM 008 a7 44 29 0.52
B CEM Fain

Left side of table lists C-RFLP data; right side of table lists T-RFLP data. Each side contains data
on the number of peaks in the designated profiles “A” and “B”, the number of peak shared
between two profiles and the resulting SI value. “n/p” designates no profile for comparison.
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[11. Discussion and Conclusions

The goal of this chapter was to investigate the potential for an alternative to T-
RFLP analysis of bacterial communities in soil. While it is unlikely that soil evidence
will be a part of every criminal investigation, it is important that the forensic community
have the ability to use this evidence when needed in specific, high profile cases.
Currently, T-RFLP is being investigated for potential use by the forensic community to
objectively measure relatedness between samples. The main objective of the forensic
comparison of soil samples is to determine if two soil samples could have come from the
same location. The study published by Meyers and Foran provided data that suggests soil
analysis is best suited for use as associative evidence [Meyers and Foran, 2008]. The
data shown in this study supports this conclusion as well, with respect to both T-RFLP
and C-RFLP analysis. As shown by year-to-year and meteorological event sampling,
concrete conclusions about where unknown samples originate from may never be
possible due to environmental variables that cannot be controlled. Environmental
variables like temperature change and rain can influence bacterial community structure,
thereby altering the “native” DNA profile [Lipson and Schmidt, 2004; Smit et al., 2001].
This can falsely lead to samples being interpreted as unrelated. Therefore, it is important
that evidentiary and reference samples are collected together and within a short time
frame of one another.

The data presented demonstrates that C-RFLP bacterial community analysis is an
additional way to represent bacterial variability in soil. Although C-RFLP analysis is

subject to the same interpretational limitations as T-RFLP, the C-RFLP method seems
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more promising for forensic applications. First, a C-RFLP profile is easily interpretable
because of a manageable number of data points. Second, the data points generated from
fragment separation are highly reproducible. Third, the soil samples collected in this
study were successfully individualized by C-RFLP. Although neither T-RFLP nor C-
RFLP performed perfectly, C-RFLP analysis appears to be better suited for forensic
applications based on this data. A more appropriate, broad statement would be that
forensic soil analysis appears to be better paired with a molecular typing method less
sensitive than T-RFLP.

When comparing C-RFLP and T-RFLP data using the Sorensen similarity index,
the most obvious difference between the methods is their respective range values. The
differences seen in similarity index values are attributed to the way DNA fragments are
detected by HPLC and capillary electrophoresis. HPLC separation and visualization is
achieved by measuring absorbance at 260nm. Because this measure is constant, peaks
are often wide, spanning 0.1 — 0.2 minutes. Within these wider single peaks, there are
likely multiple fragments being represented. Thus, HPLC separation consolidates closely
sized fragments thereby reducing the number of peaks we expect to see. This is slightly
counter intuitive, seeing as C-RFLP utilizes all fragments, while T-RFLP only resolves
the terminally labeled one. In contrast, capillary separation resolves fragments that differ
by one base pair. T-RFLP peaks are rarely wide and as a result the profiles contain many
data points (3-4 times more data points than C-RFLP). Furthermore, the capillary
electrophoresis instrument’s ability to detect small amounts of fluorophore results in the
potential to detect labeled fragments that are poorly represented in the sample. These

minor fragments may go undetected using HPLC separation.  Because the potential
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starting amounts of data points between each method are so different, the possible range
of similarity index values will also be influenced. This may explain why T-RFLP
analysis of all grid samples never generated similarity values higher than 0.77; T-RFLP
analysis was too sensitive.

Grid analysis provided very valuable information regarding match criteria and
sampling. In order for soil to be used as forensic evidence, multiple soil samples taken
from a single, homogenous geography must be shown to have similarity indices higher
than soils from unrelated locations so that related and unrelated samples can be
objectively distinguished. This criterion is true for both C-RFLP and T-RFLP. Based on
the T-RFLP data, samples taken from within a single location produced some similarity
index values that were indistinguishable from samples being compared from unrelated
locations. This may be a consequence of the extreme sensitivity of T-RFLP. The minor
peaks T-RFLP generates may contribute to the significant amount of variation between
samples taken from the same location. Also, our match threshold was established from a
single grid experiment. It would be crucial to continue these sampling studies on
different ecosystems. Increased data would strengthen the reliability of using a single
similarity index value to determine relatedness. These experiments have also called
attention to the value of collecting multiple samples from any soil. Given the
heterogeneity of the soil matrix, a more complete analysis must include several samples
so not to randomly choose one that may not accurately represent the entire location.

Establishing and validating match criteria will be a challenge to forensics. Also a
challenge will be defining what a match means. For example, does a high similarity

index between two samples always support the conclusion that two soils definitely came
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from the same location, or is it more appropriate to conclude that high similarity only
suggests two samples could have come from the same location? Based on the data
presented, a conservative interpretation is best. There is always the possibility for
bacterial communities to change slightly in response to the environment and/or time.
Also, there are some bacterial communities found in unrelated locations that happen to be
very similar. The question that begs an answer is whether sample similarities are random
chance events, or whether their high similarities can be explained biologically. An
example of this was shown in Figure 7 where Lawn data was discussed. One explanation
for high similarity may lie in the maintenance of the lawns. Perhaps similar (if not
identical) fertilizer blends were used on all the lawns, thus normalizing bacterial
populations towards groups that survive best under those conditions. At this point we can
only speculate without further knowledge of lawn care, or other biological replicates to
test.

More research needs to be done on forensically relevant questions exploring
bacterial populations in soil. First, a very limited set of soil types was examined in this
research. It is important to address how any method will perform on less homogenous
areas of forensic interest, like forest samples. Second, nucleic acids were extracted from
1.0 gram of soil. It will be important to determine the minimum amount of soil needed to
generate a reliable, forensic profile. Third, understanding how bacterial populations
change in the natural environment will be crucial for forensic applications so that DNA
profiles can be properly interpreted without overreaching analysis. Fourth, investigation
into how statistics can be used to provide the most objective and powerful support is also

needed. More grid studies would help establish whether there is a minimum threshold for
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concluding that two samples could originate from the same location. Additionally it
would be of use to explore whether different ecosystems would require the use of
different thresholds.

Any forensic method must demonstrate accuracy and reproducibility. The data
show that universal T-RFLP and C-RFLP are not 100% accurate in reaching conclusions
about relatedness. The question becomes, how can soil analysis be improved? Meyers
and Foran (2008) suggested that targeting bacterial groups for analysis may be a better
alternative to universal typing. The next chapter sets the stage for group-specific analysis
by exploring soil bacterial communities using modern, high-throughput sequencing. 454
amplicon pyrosequencing provides a unique way to thoroughly catalog bacteria in soil,
primarily because of the sequence depth achieved. Taking a detailed look at the major
and minor components of the bacterial community will create a better understanding of
what makes bacterial communities different in soil samples. These broad, in-depth DNA
libraries will also focus attention on a select set of potentially informative bacterial

groups.
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Chapter 3 — Using next generation sequencing to survey bacterial communities in
soil

|. Introduction

Obtaining an accurate and comprehensive picture of the structure and richness of
bacterial communities in soil has been a long standing goal of microbial ecologists. With
thousands of bacterial species estimated in 1 gram of soil, it comes as no surprise that
achieving this goal is dependent on the use of an appropriate molecular method [Torsvik
and Ovreas, 2002]. While there are many molecular technologies available, the
consensus among microbiologists is that the best method will be PCR-based. Culture-
dependent techniques are only capable of identifying a small percentage (1% or less) of
the total bacterial community [Kirk et al., 2004; Torsvik et al., 1990]. Given the
estimated richness of bacteria in soil, this small percentage cannot accurately represent
the entire community. Thus, PCR amplification targeting the 16S rRNA gene is the most
commonly used method for obtaining information about complex bacterial communities.

The 16S rRNA gene is composed of 9 hypervariable regions. Each region
contains different degrees of polymorphisms, making some regions more informative
than others for differentiating bacterial taxa [Baker et al., 2004]. Conserved regions
increase the potential for diverse bacteria to be amplified by providing flanking areas for
primers to anneal [Baker et al., 2004]. It is important to note that universal primers that
truly amplify all bacteria do not exist. Although there are clusters of conserved
nucleotides throughout portions of the 16S gene, ultra-conserved regions are not found in

long enough stretches where primers of optimal length could anneal. Despite its
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limitations, the genetic information provided by 16S gene amplicons is sufficient for
estimating bacterial richness [Sogin et al., 2006].

Until recently, clone libraries were widely used to catalog bacterial species in
complex samples [Janssen et al., 2006; Liles et al., 2003]. Although generating clone
libraries is a tried and true molecular method, using this technique to assess actual
bacterial diversity is problematic. First, only bacteria found in majority components of
populations will be easily detected [Janssen et al., 2006]. Rare contributors may never be
detected if an insufficient number of clones are screened. Second, clone library analysis
is labor-intensive with many duplicates sequenced. Ultimately, the question reverts back
to, “How many clones must be sequenced to generate reliable data about the population
composition?” Without prior knowledge about community richness, this question is
difficult to answer.

Techniques like pyrosequencing have revolutionized the way scientists approach
microbial surveys because the need for cloning is eliminated. Specifically, amplicon
sequencing using the 454 GS FLX system has been used for many studies where in-depth
bacterial surveys were necessary [Acosta-Martinez et al., 2008; Humbolt and Guyot,
2009; Miller et al., 2009; Sogin et al., 2006]. Depending on the specific sequencing
strategy used, 454 amplicon libraries can generate tens to hundreds of thousands of
sequences per sample in a single run. Such depth of coverage provides a virtually
unbiased representation of both major and minor components to bacterial communities.

Among the many fields that can benefit from 454 sequencing is forensic science.
Although high throughput sequencing is not currently a common protocol in forensic

labs, this type of analysis can advance forensic research. For example, Fierer et al.
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described how 454 pyrosequencing was used to establish linkage between an object and
individual based on the skin-associated bacteria left on the object by the individual
[Fierer et al., 2010]. The goal of this chapter was to use in-depth amplicon libraries from
bacteria in soil to improve the underlying knowledge base for the potential use of soil as
evidence. First, the sequence coverage required to accurately describe bacterial richness
in soil was established. Based on this information, the bacterial community structures of
diverse and similar ecosystems were screened to determine if sufficient differences exist
to support the feasibility of forensic analysis. Soils collected after meteorological events
and over time were screened to determine if there were measureable changes in
community structure and to help establish parameters for collection in a forensic context.
These data will also determine if specific ecosystems might be identified by unique
bacterial signatures, providing possible investigative leads. The comprehensive nature of
these results will help forensic scientists craft a DNA typing protocol for soil that utilizes

bacteria to best advantage without overreaching interpretational limitations.

1. Results

Il.a. Design of sail library sets

Amplicon libraries were generated from four subsets of the soil samples in Table
1. The first set represented four diverse soil samples from radically different ecosystems:
Agricultural soil from a corn plot (AG Farm), soil from a maintained lawn area (Field),
freshwater river sediment (CT River) and secondary waste treatment sludge (Sludge).

Samples presumed to be radically different in terms of native bacterial communities
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delineate the taxa that contribute to these specific diverse communities and the levels of
distinction between them. In-depth surveys will identify any bacterial groups specific to
certain ecosystems.

The second set of samples was collected from a maintained lawn on the
University of Connecticut campus (Beach Hall). At this location, soil was collected once
in the month of July in the years 2006, 2007 and 2008. This set of samples revealed the
extent of bacterial community change over the years.

The third set of samples was also collected from a maintained lawn on the
University of Connecticut campus (Cemetery). At this location, soil was collected during
the month of March, 2008 on three separate occasions. The specifics of sample
collection are described elsewhere (Chapter 2, section 1l.h.). These samples revealed the
extent of bacterial community change as a result of meteorological events and provide a
second maintained lawn in close proximity to the first. Both year to year and
meteorological event sampling will help guide collection strategies and determine the
limitations to using soil for associative purposes.

The fourth set of soil samples were collected from different locations in
Connecticut but were presumed biological replicate ecosystems of maintained lawns
(Lawn 1, 9, 14 and 17). These locations were characterized by vegetation and landscape
that looked the same on a superficial level. Maintained lawns in park areas around the
state of Connecticut were sampled from a region of the lawn that was always 10’ away
from a tree/shrub border. One purpose of studying unrelated locations that share a
common ecosystem was to determine if bacterial communities provide “signatures” for

the specific soil ecosystem. This would be valuable to forensics, especially if
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investigative leads were needed. Whether or not there were ecological signatures, this set
of samples would also provide information on the possibility of distinguishing presumed
biological replicate ecosystems from different locations.

The AG Farm, Field, CT River, Sludge, Beach Hall and Cemetery samples were
all amplified using a V6 primer. At the time, this approximately 100 base pair amplicon
was optimal for the manufacturer’s standard chemistry emulsion PCR protocol. As the
manufacturer optimized for product efficiency, a 100 base pair amplicon was outside the
optimal size range for titanium chemistry emulsion PCR. For the remainder of the
samples, all soils were amplified with primers targeting the V1 and V2 regions of the 16S

gene, generating an approximately 400 base pair amplicon.

I1.b. Measuring species diversity

One goal of this study was to use 454 amplicon sequencing to thoroughly catalog
native bacterial communities from a variety of soil samples. An inherent problem in this
approach was that actual community composition was not known, nor was depth of
sequence coverage required to accurately determine species richness and abundance. The
great advantage of 454 amplicon sequencing is that the large number of DNA sequences
generated from one DNA library allows empirical evaluation of the effectiveness of
coverage. First, the purpose of this section was to evaluate how well each sequencing run
sampled community diversity. Second, using various statistical measures we evaluated

each community’s richness and structure.
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One of the techniques used to evaluate sequence coverage involves construction
of a rarefaction curve. A rarefaction curve is generated by plotting the number of
operational taxonomic units (OTUs) observed against a subset of sequences from the
original library. The morphology of the curve dictates if the sequence library has
discovered a majority of the OTUs in the sample (flat line) or if many of the OTUs in the
sample remain undiscovered (steep slope). Figure 10 shows 4 rarefaction curves for the
DNA libraries generated in this study, grouped by sample set. A forensically relevant
question answered with these curves is how many sequences are needed to accurately
represent the bacterial community. Also, if there is a value that can be used for all
sample types, or do certain ecosystems require a larger number of sequences than others?
In the future, 454 amplicon sequencing is used to generate forensic bacterial community
profiles from unknown soil ecosystems, it would be important to know the depth of

coverage needed in order to accurately determine a possible location of origin.
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Figure 10 — Rarefaction curves for soil libraries

Rarefactions curves were generated for all amplicon DNA libraries in this study. Soil samples
used to compare diverse ecosystems are shown in panel A. Biological replicate lawn soils are
shown in panel B. Beach Hall soil collected in the years 2006, 2007 and 2008 are shown in panel
C. Cemetery soils collected following meteorological events are shown in panel D. All
rarefaction curves were plotted using a 95% sequence similarity. Sequence alignment and
complete linkage clustering was performed using the Ribosomal Database Project’s
Pyrosequencing Pipeline (http://pyro.cme.msu.edu/).

There are differences in total DNA sequences from each library in Figure 10 (x-
axis). One of the reasons for differences in final sequence counts is attributed to sample
preparation. Positive DNA bead collection is never 100% efficient. Therefore, each
sample will yield anywhere from 5% - 20% (or more) of the total bead input. The

number of regions chosen for a PTP will also affect the number of possible sequences per
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run. The DNA libraries in panel A were run on a 4 region PTP which allowed for
between 160,000 and 250,000 high quality reads per region (Titanium Sequencing
Manual, Roche). The samples in panels B, C and D were run on an 8 region PTP which
allowed for potential high quality reads of 80,000 to 120,000.

Panel A illustrates rarefaction curves for soils collected from diverse ecosystems.
This sample set was used as a pilot deep-sequencing experiment that provided an
estimate of how many sequences may be needed to describe very complex soils (i.e.
agricultural farm soil) to the least complex sample of the group (i.e. sewage sludge). The
curves show that each bacterial community contains a different amount of species
diversity. The sewage sludge sample is the least diverse of the four samples, with its
curve flattening out at approximately 38,000 sequences. There were 2,623 OTUs
detected in the sludge sample. The agricultural farm soil has the most diverse bacterial
community with 7,278 OTUs identified in its sequence library.

Although performing four region PTP runs does provide an in-depth survey of the
bacterial community, such coverage might not be necessary to capture enough diversity
so that comparisons can be made. For example, if 29,300 sequences were selected from
the AG Farm and the Sewage sludge, 4,032 and 1,425 OTUs, respectively, would be
detected in each sample. With respect to total OTUs detected in the complete library,
each subset of sequences detects 55% of the total OTUs. The question becomes whether
this 55% majority is sufficient for describing diversity. By increasing the PTP regions
from four to eight we can determine whether smaller sequence libraries compromise

sampling effectiveness.
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The 454 data shown in panels B — D evaluated the effectiveness of using lower
coverage runs to measure diversity. The average Lawn sequence library (Panel B) size
was 32,252. In panel B, the curves for Lawn 9, 14 and 17 cluster tightly suggesting
similar richness to their communities at the genus level (95% sequence similarity). Lawn
1 was less diverse at the genus level than the other three lawns. The plateaus seen in the
curves for the Lawn libraries indicate that these lower coverage libraries are sufficient in
detecting diversity.

Although the rarefaction curves in panels C and D all share the same morphology,
the curves do not plateau as much as in panel B. This is likely a result of the fact that the
Lawn sample libraries contained about 2.5 times more sequences. These data
demonstrate that the more sequences you have the more OTUs you will detect, giving a
more complete picture of diversity. The data shown in panels C and D were derived from
even smaller libraries than the Lawns. Panel C (Beach Hall year-to-year) had the
smallest average number of sequences at 14,600. Panel D (Cemetery meteorological
event sampling) contained an average 20,964 sequences.

Tables 7A and 7B list various community diversity measures for all soil libraries.
Table 7A includes data using a 97% sequence similarity. Table 7B includes data using a
95% sequence similarity. A 97% sequence similarity describes bacteria at the species
level while a 95% sequence similarity categorizes at the genus level. The Chaol richness
estimation, Shannon diversity index (H) and Evenness values were calculated using the
Ribosomal Database Project’s (RDP) Pyrosequencing pipeline [Wang et al., 2007]. The
data show that both the AG Farm and CT River contain the largest number of OTUs at

both the species and genus levels. The Chaol richness measure predicts that there should
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be more OTUs in all the soil libraries we generated. In general, the libraries generated in
this study identified at least 50% or more of the expected OTUs in all samples for both

sequence similarities.
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Table 7A — Bacterial community diversity comparisons: 97% sequence similarity for
species identification

No.of No.of Chaol Richness Shannon Diversity

Sample Reads OTUs Estimation Index (H) Evenness
A3 Farm 113,838 10,292 18,229 696 073
Field 44123 7,228 13,259 759 0gs
CTRiver 01,091 10,304 21,599 675 073
Bludge 07,950 4,927 8,260 523 042
BeachHall2006 11,428 3,051 6,051 T1a 0ge
BeachHall2007 19,758 3,985 7,346 721 0g87
BeachHall2002 12,613 3,493 66035 733 0s0
Cemetery Control 14,562 3,568 7,070 716 [IR:41
Cem etery Snow 23,118 4,482 5,241 T18 025
Cemetery Rain 25,212 5,260 0705 7.50 [IR:41
Lawnl 31,508 5,083 8,752 722 0E5
Lawn?® FER 7,409 12,5829 200 0s0
Lawnld 32,748 7,322 12,666 798 0s0
Lawnl7 35,748 7,944 13,997 T4a 0ga

Table 7B — Bacterial community diversity comparisons: 95% sequence similarity for
genus identification

Mo.of Chaol Richness Shannon Diversity

Sample OTUs Estimation Index (H) Evenness
A0 Farm 7278 11,274 674 07a
Field 5393 8,263 T35 02a
CT ERiver 6,573 11,143 642 073
Sludge 2,623 4,025 489 062
BeachHall2008 24,3735 4,163 684 088
BeachHall2007 3,083 5,243 6.90 0&a
BeachHall2002 2,708 4964 701 (IR:4
C em etery Control 2,781 4033 [ 02a
Cem etery Snow 3,373 6,003 620 024
CemeteryRain 3,961 6,501 712 0E&a
Lawnl 3,184 4,447 6.74 01
Lawn? 4604 6611 T42 (IR:4
Lawnl4d 4,660 6,652 746 0zs
Lawnl7 49535 7,007 T34 02a

Tables list all soil libraries generated in this study. Total number of sequence reads are included.
Chaol richness estimation, Shannon diversity index (H) and Evenness calculations were

generated

by  the

(http://pyro.cme.msu.edu/).
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To fully describe bacterial diversity, two components are often addressed: species
diversity (calculated by the Shannon Index) and Evenness. The Shannon Index (H)
provides a measure of species diversity. The range of values for H will vary according to
the sample size used for calculation. The larger the sample size, the greater the range of
H. In general, as the H value increases diversity increases. However, H will be affected
by evenness. If there are a few bacterial species/genera that dominate the community, H
will decrease. Evenness is calculated from the H value, as it is ratio of the actual H value
to the maximum H value. The values generated from the Evenness calculation range
from 0 to 1, where a value closer to 1 means that the members of the bacterial community
are more evenly distributed.

Of all soil libraries in this study, Lawn 9 contains the most evenly distributed and
diverse bacterial community at the species level (0.03). In general, the Lawn samples
contain the most evenly distributed communities. Furthermore, maintained lawns (all
Lawn, Beach Hall, Cemetery soils as well as the Field sample) as a group have more
diverse and evenly distributed bacterial communities than the AG Farm and CT River.
While Tables 2A and 2B showed that the AG Farm and River contained the most OTUs,
their H values likely dropped as a result of select species domination in the community.
As expected, the sewage sludge was the least diverse sample in this study. Data for the

genus level changes slightly, but the overall trends are still the same.
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[l.c. Taxonomic Classification of Soils

To determine the types and abundance of bacterial phyla represented in each soil
library, all sequences were classified using the RDP. The taxonomic sequence
classification results are shown in Table 8. Lawn soil libraries were created from V1-V2
amplicons. Because these amplicons were greater than 250 base pairs, the RDP
recommended an 80% confidence threshold for classification. All other soil libraries
consisted of V6 amplicons which were approximately 100 base pairs. At the time these
data were analyzed, the RDP recommended using a 60% confidence threshold for
classification. [Note: As of July 2010, the RDP updated this classification criterion to
50% based on a study by Claesson et al., 2009]. Given the size difference of these
amplicons, it is important to consider the adequacy of classification using libraries of
different lengths. Liu et al. explored the use of short pyrosequencing reads to
characterize bacterial communities [Liu et al., 2007]. While it is true that using a larger
segment of the 16S rRNA gene will resolve phylogenetic differences with greater
accuracy, short reads of 100 base pairs can still perform as well as full-length 16S reads

[Liu et al., 2007].
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Table 8 — Taxonomic sequence classification for amplicon libraries

Dataset: AG_F Field River Sludge B_06 B_07 B_08 C_Cnt C_R CS5 Ln_l Ln_9% Ln_14 Ln_17

Acidobacteria £.394 2,774 1673 526 524 993 446 969 1479 769 7,089 G57E 6,370 7,031
Actinobacteria 2,985 1,293 1006 1468 w71 1,702 8525 424 1,102 1,135 1486 2,704 2,383 2,848
BRC1 1 1] 6 ] 1] 1] i] ] 1] 0 0 1] 1 i]
Bacteroidetes 131 145 1,01% 2,258 22 2 2 4 7 342 4,172 2,248 2413 2432
Chlamydiae 1] 1] i 1] 1 1] 1] 1] 1] i i 1] 1] 1]
Chloroflexi 14 23 139 9 ] 1] 1 ] 4 1 3 5 42 4
Cyanobacteria 1 1] 496 19 1] 1] 3 3 1] i i 35 1] 1]
Deinococcus-Thermus 2 ] 1 ] ] 1] i] 2 ] 0 0 4 1] i]
Firmicutes 209 70 1,843 904 14 17 11 17 71 263 137 128 134 29
Gemmatimonadet es 1 11 FE} 113 ] 1] 1 2 ] 1 3327 ele 206 402
Nitrospira 19 12 16 1] 23 47 15 4 1 1 296 115 234 254
oDl 4 ] 0 15 ] 1] i] ] ] 0 0 ] 1] 1
OP10 0 1] 1 0 1] 0 i 0 1] i 1 2 1 3
Flanctomycetes 23 45 52 ] 7 1 11 3 12 23 57 k] 2 20
Proteohacteria 40,366 9,694 46,092 81,379 2,706 4,911 2,953 3,988 5,214 9,318 13,635 11,576 13,397 15,266
5R1 1] 1] i 1] 1] 1] 1] 1] 1] i i 1] 2 1]
Spirochastes ] ] 0 ] ] 1] i] ] ] 0 0 1 1] 2
Synergistetes 1} 1} 0 1} 1} 0 1 1} 1} 0 0 1} 0 0
TM7 15 4 24 208 1 1] i] ] 1 2 133 45 45 13
Thermotogae 14 1] i 1] 1] 1] i 1] 1] i i 1] 1] i
Verrucomicrobia 1,181 %47 7,294 346 515 819 383 GF7 1,325 913 113 23 17 29
W53 3 1 1 1] 0 1 i 1 3 0 1 0 g g
phylurm_NA 61,413 28,171 31,332 10,669 6,925 11,259 7,941 8,531 15,935 10,271 3,987 5,636 6,946 7,007

Total BacterialSequences 111,73943 195 91,018 97,914 11,409 19,752 12,582 14,530 25,174 23,035 31,355 28,725 32,198 35,457
Unidentified Root 2,093 328 973 36 13 7 3l 32 33 73 153 240 570 311

Total No.ofReads  113,83344,123 91,991 37,350 11,428 19,759 12,613 14,562 25,212 23,118 31,508 28,965 32,768 35,768

Major and minor bacterial phyla identified by sequence classification using the Ribosomal
Database Project. Datasets are listed across the top: AG Farm (AG_F), Field, River, Sludge,
Beach Hall 2006 (B_06), Beach Hall 2007 (B_07), Beach Hall 2008 (B_08), Cemetery Control
(C_Cnt), Cemetery Rain (C_R), Cemetery Snow (C_S), Lawn 1 (Ln_1), Lawn 9 (Ln_9), Lawn 14
(Ln_14), and Lawn 17 (Ln_17). Row “phylum_NA”" includes sequences that were assigned to a
phylum but could not be further assigned. Sequences that could not be classified as bacteria, or
were too short to classify are listed in the “Unclassified Root” row. The total number of sequence
reads for all datasets are found at the bottom of each column.

Table 8 lists the abundance of bacterial sequences according to phylum. Not all
known phyla are represented in the soil analyzed. A large portion (50.3% average) of the
V6 sequence could not be classified further than either the bacterial kingdom or
respective phylum (“phylum_NA” row of Table 8). The Lawn V1-V2 libraries averaged

only 18.25% unclassified sequences. This is likely because the amplicon used to
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generate these libraries was larger than 250 base pairs allowing more accurate
classification.

The purpose of such sequence classification is to identify common phyla found in
soil. Based on the distribution in Table 8, there are major and minor components to the
soil community. An example of a major phylum would be Proteobacteria, while a minor
phylum would be the Verrucomicrobia group. There are other phyla that contain very
low (less than 10) sequence matches. Such results can be misleading. For example, in
the Beach Hall 2006 library a single Chlamydiae sequence is in 11,428 total sequences.
The ambiguity of this result comes from the inability to demonstrate whether this match
is real or coincidental. A sequencing error could have occurred leading to a coincidental
match. Furthermore, no other soil library contained a Chlamydiae sequence. Because of
this type of ambiguity, only major and minor phyla that are consistently represented in
the soil libraries will be considered for analysis. These phyla include: Proteobacteria,
Acidobacteria, Actinobacteria, Bacteriodetes, Verrucomicrobia, Firmicutes, Nitrospira,
and Cyanobacteria.

The bacterial phylum with the most representation in all soil libraries is the
Proteobacteria phylum. Table 9 lists the abundance of Proteobacteria sequences in all
soils. The total number of Proteobacteria listed includes sequences that could only be
identified as belonging to the phylum (i.e. no further taxonomic classification). The
abundance of Proteobacteria in soils makes this phylum a good target for forensic
analysis. The development of group-specific DNA typing will require bacterial groups
that are common in soils, ensuring that interpretable data can be generated from a variety

of soils. However, for specific groups to be forensically informative, there must be
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sufficient intra-group genetic diversity so that DNA profiles can be distinguishable

between soils. Intra-group diversity will be discussed at the end of this chapter.

Table 9 — Abundance of Proteobacteria sequences in soil samples

Total Sequences | Proteabacterice | Yo Pratza.
AG Farm 113,238 46,125 7497
Field A4 123 12,827 6206
CT River 91,991 45,934 7749
Sewage Sludge 97,950 a1,270 9507
BCH 2006 11,428 3,385 53.84
BCH 2007 12,795 5,828 56.08
BCH 2008 12,613 3,702 2671
CEM Control 14,562 4,894 2842
CEM Snow 23,118 10,985 67,36
CEME.am 25,212 6,778 4% 90
Lawnl 31,508 13,621 S0.65
Lawn? 28,965 11,568 21.56
Lawn 14 32,768 12,411 2212
Lawn 17 35,768 15,284 5468

Total number of high quality sequence reads per sample is listed. Both classified and unclassified
Proteobacteria sequences are included in the total. Sequence classification was done using the
RDP database. Members of the Proteobacteria phylum dominate all soils, with nearly 50% or
greater representation in the community.

Proteobacteria were not the only identifiable members of the soil community.
Figure 11 shows the relative abundance of the other major and minor bacterial phyla.
The data show that phyla are not evenly distributed in each community, in agreement
with the Evenness values generated in Tables 7A and 7B. Across samples, there are
trends: after Proteobacteria, the next two largest phyla are either Acidobacteria,
Actinobacteria, or Bacteriodetes; the Verrucomicrobia, Firmicutes, Nitrospira, and

Cyanobacteria phyla each contribute to a lesser extent to the bacterial communities.
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Figure 11 — Distribution of bacterial phyla in soil samples

Bar graph depicting the relative abundance of members of bacterial phyla. Sequences used
include classified and unclassified matches. Sequences from Proteobacteria are not included so
that all other phyla could be easily visualized. Sequence classification was done using the
Ribosomal Database Project.

Since bacterial communities are biased towards only a few phyla, typing methods
involving universal PCR amplification of the 16S rRNA gene must be analyzed with
caution. PCR amplification is a competitive process (in terms of primer access to
template), and universal DNA profiles will not be truly “universal’; rather they will tend
to represent major components of bacterial communities. For forensic soil analysis,
amplification of only major bacterial components may be sufficient in differentiating
soils. This question will be addressed later on Chapter 4. Similarly, it is important to
determine whether these minor components offer any additional potentially informative

data. This will also be explored in Chapter 4.
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To summarize thus far, 454 pyrosequencing has provided an in-depth look into
the components of bacterial communities. Based on the data presented, soil communities
are extremely diverse. The way that this diversity is structured within the community is
biased toward a few major phyla. Of the twenty two bacterial taxa, eight have been
selected as major and minor community components. These phyla will be used to
measure the differences and similarities among diverse and similar ecosystems. These
phyla will also be explored with regards to meteorological and time change in two soil

locations.

I1.d. Bacterial community structure in diver se ecosystems

The goal of this chapter is to utilize in-depth surveys to provide rationale for
group-specific assay selection. A successful group-specific assay should work on a
variety of soils from various ecosystems. Comparing diverse ecosystems will help to
identify some potential group-specific targets. Figure 12 shows the relative abundance of
the top 8 bacterial phyla (left side). The bar graph on the right side excludes
Proteobacteria so that the other phyla can be more easily visualized. When the
Proteobacteria are removed, we observe how the distribution of these phyla is unique to
the CT River and Sewage Sludge. Although the AG Farm and Field are not from the
same location they are both mineral soils. This may explain why the relative proportions
of Acidobacteria, Actinobacteria, Bacteriodetes and Verrucomicrobia are similar. The
relative abundance of Cyanobacteria is unique to the CT River sample. Also the CT

River and Sewage Sludge samples contain a much high amount of Bacter oidetes than the
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mineral soils. In terms of forensic potential, Bacteroidetes and Cyanobacteria assays

would likely not work with mineral soils.

All Major Phyla Major Phyla without

Preteabacteria
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Figure 12 — Relative abundance of bacterial phyla in diverse soils/sediments

X-axis lists diverse soil samples: A — AG Farm; F — Field; R — CT River; S — Sewage Sludge.
Bar graph on the left includes all major phyla observed following sequence classification with the
Ribosomal Database Project’s database. The bar graph on the right does not include members of
the Proteobacteria.

Table 10 summarizes the percentages of major phyla in diverse ecosystems.
Proteobacteria were not included so that other phyla could be better explored. While it
was clear from the bar graph that there were quantitative differences among the datasets,
Table 10 normalizes each phyla’s contribution by percentage. Beginning with the AG
Farm and Field soils, the distribution of phyla is very similar. One observed difference

between these two libraries and the River and Sludge is the low abundance of
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Bacteriodetes. There is approximately 10-fold less in these soils compared to Sludge,

and approximately 5-fold less than in the River.

Table 10 — Percent composition of select phyla in diverse samples

AG Farm Sewage Shudge Field CT River

Mitrospira 29 0.02% 1] -- 26 0.60%% 14 0.02%%

Cyanobacteria 46 | 0.04% 19 |0.02% | 78 | 0.18% | 496 | 0.54%

Ferrucomicrobic | 2,049 | 1.80% 346 | 0.35% | 1,531 | 3.54% | 7,294 | 3.01%

Firmicutes 598 0.50% a04 0.92% 134 0.45% | 1,843 | 2.02%

Bactercidstes 213 0.20% | 2,255 |2.30% 200 D.46% [ 1,018 1.11%%

Actinabacteria 3,523 3.20% 1,468 | 1.50% | 1,847 |4 .28% | 1,006 1.10%

Acidobacteria 3,340 | 7.40% 526 0.54% | 3,966 | 9.18% | 1.673 | 1.83%

Bacterial

Sequence total: 111,738 87,914 43,195 21,018

Total sequences and percent composition for select phyla. Sequences included were those both
classified and unclassified. Members of the Proteobacteria phyla were not included in analysis
so that other phyla could be highlighted.

However, if uncommon soil samples (like sludge and freshwater sediment) are
submitted as forensic evidence, then there are phyla that can be used to differentiate them
from mineral soils. The lack of representation from the Acidobacteria, Verrucomicrobia
and Nitrospira phyla may be indicators of most types of Sewage Sludge. There was
approximately 16-fold less Acidobacteria in the Sludge as compared to mineral soils.
This is consistent with the biology of soils, as these three phyla are known habitants of
soil. In the CT River sample there was high quantity of both the Firmicutes (3-fold
greater than mineral soil) and Cyanobacteria (5-fold greater than mineral soil) which may

be useful indicators of determining whether a sample likely originated from a freshwater
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ecosystem. Specifically, Cyanobacteria are not normally found in mineral soils, but

know to be common in marine ecosystems.

I1.e. Bacterial community structure in maintained lawns

The 454 data generated for diverse ecosystems demonstrated measureable,
quantitative differences in each sample’s respective bacterial community. Although
Proteobacteria was the major contributor in all samples, the presence and absence of
other phyla highlighted were noted as possible ecosystem-specific signatures. The
question for possible forensic soil analysis is can soils that share more environmental
characteristics be differentiated? The remainders of samples surveyed in this study were
all classified as mineral soils from maintained lawn areas. The first task is to determine
the relative abundance of phyla in each of these samples. This data will be able to show
whether there are quantitative similarities among mineral soils that come from different
locations. Also, these data will further establish possible candidate phyla for identifying
mineral soils.

The bar graph in Figure 13 illustrates the relative distribution of the top 8 bacterial
phyla identified from these similar ecosystems; below a table lists absolute sequence
counts. The samples are clustered by set: Beach Hall samples, Cemetery samples, and
Lawn samples. The data show that all soils are dominated by Proteobacteria,
Acidobacteria, and Actinobacteria, supporting the data generated from the AG Farm and
Field soil. These three phyla, specifically Acidobacteria and Actinobacteria, may be

signature phyla for mineral soils. Fierer at al. also identified these phyla in forest, desert
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and prairie soils [Fierer et al., 2005]. This has important forensic ramifications as this

data shows promise for use of group-specific typing across many ecosystems.

Relative Distribution of Bacterial Phyla
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BCH | BCH | BCH | CEM | CEM | CEM | __ | | Lawn | Lawn
2006 | 2007 | 2008 |Control| Snow | Rain | oot &I 14 17
DProtechacteria | 3385 | 5829 | 3702 | 4894 | 10985 | 6778 | 13621 | 11568 | 12411 | 15284
Dacidobacteria | 1041 | 1852 | 870 | 1857 | 1489 | 2864 | 7068 | 5584 | 6336 | 7026
Bactinobacteria | 1097 | 2387 | 1364 | 834 | 1520 | 2078 | 1482 | 2712 | 2312 | 2346
BEacteroidetes 33 7 15 5 410 36 | 4174 | 2246 | 2373 | 2425
BFirmicutes 23 46 18 il 570 105 136 126 133 26
BVerrucomicrobia| 670 150 | 521 | 727 | 1280 | 1630 | 114 23 16 23
ECyanoharcteria 1 2 4 13 45 ) 3 63 a 3
m Nitrospira 3z 9] 34 12 8 41 296 116 | 230 | 254

Figure 13 — Distribution of major bacterial phyla in various maintained lawn soils

Bar graph depicts the relative abundance of phyla with absolute sequence counts below.
Absolute sequence counts include classified and unclassified sequence reads. DNA libraries from
all Beach Hall (BCH) and Cemetery (CEM) soils were created from V6 region amplicons. Using
the RDP, a 60% confidence threshold was used for taxonomy classification for V6 libraries.
DNA libraries from lawn samples were generated from V1 —V2 regions. An 80% confidence
threshold was used to classify these sequences.
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At a superficial level, there are libraries that appear to cluster; for example, the
phyla abundance in both BCH 2006 and BCH 2008 are very similar. Also, the Lawn
samples share similarity in abundance and display distinct composition compared to the
other organic soils. Specifically, the Bacteroidetes phylum has strong representation in
the Lawns. This data negates the previous statement that the Bacteroidetes phylum may
not be a good candidate for mineral soils. A more appropriate statement would be that
Bacteroidetes has the potential to differentiate some mineral soils. Since the soil libraries
contain different amounts of sequence data, percent composition will be used to compare
bacterial communities within the Beach Hall, Cemetery and Lawn sets. Any major
outliers will be selected for further analysis.

Thus far, 454 data has highlighted quantitative differences among a variety of soil
samples. Common phyla to mineral soils have been identified, providing rationale for
group-specific assay development. In the next section, annual community fluctuation is
explored to determine if major phyla change over the course of time. These data will
help to identify any phyla that are robust enough to withstand change. Bacterial phyla
that remain consistent over time are desirable candidates for group-specific assays

because data will be more consistent.

I1.f. Bacterial community fluctuation from year-to-year

As discussed in chapter 2, time can influence bacterial community structure, as
was evident from soils collected from the same location over two years. Although

universal T-RFLP analysis performed better than C-RFLP by correctly identifying more
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soils collected from the same locations over the course of one year, neither method was
consistently reliable. Using more comprehensive 454 pyrosequencing, the goal of this
experiment was to determine how much change occurs over a period of one year. If
bacterial communities do change, can the variable phyla be identified? Lastly, how
might such change impact the ability to use soil as associative evidence?

Figure 14 depicts the bacterial phyla distributions for Beach Hall 2006, 2007 and
2008 soils, including a table list of the relative sequence abundance and percent
composition in the soil library. Absolute sequence totals for each phyla include classified

and unclassified sequences. [Note: Figures 15-19 also follow this format].
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BCH 2006 BCH 2007 BCH 2008

B Mitrospira

B Cyanobacteria
Everrucomicrokia
B Firmicutes
EEBacteroidetes

O Actinobacteria
O Acidobacteria

O Proteobacteria

BCH 2006 BCH 2007 BCH 2008
Mitrospira 32 0.30% 91 0.46% | 34 [0.27%
Cyanobactaria 1 - 2 -- 4 | 0.03%
Verrucomicrobic 670 | 5.90% 180 0.91%%6 | 521 [4.14%
Firmicutes 28 0.25%% 46 0.23% | 13 [0.14%
Bacteroidetes 33 0.30%% 7 0.04%% 15 | 0.12%
Actincbacteri 1,097 | 9.81% | 2,387 | 12.1%: | 1,364 | 10.8%
Acidobacteria 1,041 | 9.12%6 | 1,852 | 9.4% | 870 |6.91%%
FProteabactaria 3,385 [297% | 5,829 | 29.5% 3,702 | 29.4%%
B“““ﬂg;'““““" 11,409 19,752 12,582

Figure 14 — Distribution of major bacterial phyla in year to year sampling

Pie charts represent the relative distribution of bacterial sequences in Beach Hall soils collected in
years 2006, 2007 and 2008. Table lists absolute sequence counts which include both classified
and unclassified sequences. Classification was done using the Ribosomal Database project.
Percentage calculations were based on the total number of bacterial sequences generated from
each library.

When percent composition is used to compare phyla, the data show that bacterial
abundance in most phyla remains relatively consistent from year to year. There are two
instances of noticeable change, however. In BCH 2007, only 0.91% of the soil library
was Verrucomicrobia, whereas this phylum comprised 5.90% and 4.14% in the BCH
2006 and BCH 2008 libraries, respectively. Change in abundance can be due to a variety

of environmental factors like decreased moisture content [Buckley et al., 2001]. This is a
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plausible explanation since these soils were sampled during the middle of summer in
July. There is also a slight drop in the abundance of Acidobacteria in BCH 2008. While
fluctuations in soil pH may play a role in altering Acidobacteria abundance, without pH
data we cannot say for certain [Jones et al., 2009].

The data show slight changes in the relative abundance of bacterial phyla
members in different years. It is important to address whether this change is strictly
quantitative or qualitative, specifically in the Verrucomicrobia and Acidobacteria phyla.
In terms of forensic potential, bacterial phyla that only change in quantity are more
desirable than groups that change in richness. A modification to richness may result in
changes to a DNA profile. Table 11A lists the Acidobacteria data in Beach Hall annual
soil libraries which show that there is similar representation of Acidobacteria classes
from year-to-year. The same is true for the Verrucomicrobia data in Table 11B. The
data show that these two phyla change in quantity annually; species richness remains

consistent. This is positive information for possible forensic applications.
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Table 11A — Classification of Acidobacteria from Beach Hall libraries

Dataset: BCH_200& BCH_2007  BCH_Z00E

Acidobacteria_Gplo; species_MNA 0 0 1
Acidobacteria_Gpl; species_MNA 283 430 134
Acidobacteria_Gp25; species_MNA 1 0 0
Acidobacteria_Gp2; species_MNA 8 7 5
Acidobacteria_Gp3; species_MNA 11 37 11
Acidobacteria_Gpd; species_MNA 9 20 7
Acidobacteria_GpS; species_MNA 37 54 25
Acidobacteria_Gp6&; species_MNA 79 176 B&
Acidobacteria_Gp7; species_MNA 32 133 GG

Table 11B - Classification of select Verrucomicrobia from Beach Hall libraries

Dataset: BCH_ 2006 BCH_ 2007  BCH_ 2003
Werrucomicrobia; Opitutas; Opitutale s;Opitutace s Alterococcus 0 0 1

wWerrucomicrobia; Opitutae; Opitutale s; Opitutace ae; Opitutus 1 1 1]
WerrucomicrobiaSpartobacteria 365 E&S 223
werrucomicrobia;Subdivision a0 101 47
WarrucomicrobiaVerrucomicrobiaceas;Luteolibacter 1 1 0
WerrucaomicrobiaVerrucomicrobiaceae;Prosthecobacter 0 1] 1
WerrucomicrobiaVerrucomicrobiaceaeVerrucomicrobium i} 2 i]
werrucomicrobia;class_MA 87 158 28

Taxonomy classification for sequences in Beach Hall annual libraries. Classification was done
using the Visualization and Analysis of Microbial Population Structures (VAMPS) database
(http://vamps.mbl.edu/index.php). Table A lists all Acidobacteria classes. Order, family, genus
and species classification is not available for Acidobacteria.  Table B lists several
Verrucomicrobia classifications. Each sequence category contains taxonomy classification
beginning with the Verrucomicrobia phylum, followed by class, order, family, genus and species
information where available.
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Figure 15 shows community data on the Proteobacteria. This phylum is very
robust, retaining a consistent abundance among classes from year-to-year. All
meteorological and seasonal events that took place during the course of one year did not
seem to dramatically affect the Proteobacteria phylum distribution. These data further
supports its potential as a forensically informative group given its prevalence in mineral

soils and demonstrated robustness.

BCH 2006 BCH 2007 BCH 2008

B alpha-FProteo.
EBetaProteo.
ODeltaProtec.
B GammaProteo.

@ UNCL-Protec,

BCH 2000 BCH 2007 BCH 12008

Alphaprotechacteria | 1,417 |41.9% | 3,228 | 55.4% | 1,848 |49.9%

Betaprotecbacteria g10 23.9% | 1,016 | 17.4% | 735 [19.85%

Deliaprotenbacteria 109 3.2% | 195 | 3.35% | 218 5.9%

Gammaprotenbacteria 434 12.8% | 637 | 10.9% | 304 8.3%

Unclassified 615 | 18.2% | 753 [12.9% | 595 |16.1%
Proteobeacteric Sequence 3,385 5529 3,702
total:

Figure 15 — Distribution of Proteobacteria in year to year sampling

Pie charts represent the relative distribution of Proteobacteria sequences in Beach Hall soils
collected in years 2006, 2007 and 2008. Table lists absolute sequence counts for each class.
Classification was done using the Ribosomal Database project. Percentage calculations were
based on the total number of Proteobacteria sequences generated from each library.
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I1.g. Bacterial community fluctuation after meteorological events

Bacterial communities are sensitive to environmental variations environment such
as temperature change [Lipson et al., 2004; Smit et al., 2001; Walker et al., 2006]. As a
result, microbes have adapted survival mechanisms to guarantee viability even in times
when growth conditions are not optimal. An example of this is that members of a soil
bacterial community that experienced freeze-thaw cycles adapted to withstand damage
from ice crystals [Walker et al., 2006]. Such genetic modifications allow bacterial
communities to retain a structural balance over time. This adaptation is also critical to
the prosperity of the ecosystem, as microorganisms are known to play key roles in the
maintenance of the soil ecosystem [Nannipieri et al., 2003].

As previously mentioned, for soil to be useful as forensic evidence the bacterial
communities native to a given location must not significantly change over time. A
significant change to richness may alter the native DNA profile. If bacterial communities
fail to maintain structural equilibrium then associating a soil sample to a location would
never be possible. The data in the previous section demonstrated that although some
quantitative changes occur from year to year, the overall richness remained consistent. In
this section the community in one location is examined after meteorological events to
explore how bacterial phyla respond to environmental variables.

Figure 16 shows community data for the top 8 bacterial phyla in the Cemetery
meteorological event libraries. It is clear that there are some differences in the snow
sample as compared to the other two: Firmicutes and Bacteroidetes phyla are increased.

Member of the Firmicutes phylum are gram positive, so their increase in abundance in
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the snow sample may actually result from ice crystals breaking open more cells. It is
unclear why Bacteroidetes increased in abundance. Whether the increase of these two
phyla are a result of physical disruption exposing more cells, or a direct biological
adaptation to cold environment, the data show that snow cover changes community
structure. This is significant to forensics because it speaks to the importance of timely
sample collection. Furthermore, it demonstrates that group-specific assays done on
samples collected from the same location may generate misleading results.  This
information is useful for interpretation of both universal and group-specific DNA
profiles.

These data also show that rain does not drastically change the bacterial
community in the Cemetery soil. This is equally important to forensics because it
demonstrates that not all environmental variables will negatively impact bacterial
community structure. Furthermore, this experiment includes the variable of time. Three
weeks separated the collection of control and rain samples. The community structure

within Cemetery soil was not affected by time or heavy rain.
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CEM Control

CEM Snow

CEM Rain

CEM Control CEM Snow CEM Rain
Mitraspira 12 0.08% i 0.03% 41 0.16%
Cyanobacteria 13 0.09%% 45 0.19%% 2
Varrucomicrobia F2T 5.00% | 1,280 5.55% 1,630 f.67%%
Firmicutes il 0.21% | 570 2.47%% 0% 0.42%%
Bacteraidetes 9 0.06% | 410 1.78% 36 0.14%
Actinobacteria 534 5774% | 1,520 | 6.60% | 2,078 | B.25%%
Acidobacteria 1LEST | 12.8% | 1,489 | 6.46% | 2,864 | 11.38%
Protecbactaria 4,894 | 33.7% [ 10,985 | 47.7% | 6,778 | 26.9%
B‘“tm'i‘:gl'?q“m‘w 14,530 23,039 25,174

M Mitraspira

B Cyanobacteria
@verrucomicrobia
B Firmicutes

B EBacteroidetes

@ actinabacteria
Oacidobactzria

OProtecbacteria

Figure 16 — Distribution of major bacterial phyla in meteorological event sampling

Pie charts represent the relative distribution of bacterial sequences in Cemetery soils from the
control, rain and snow dataset. Table lists absolute sequence counts which include both classified

and unclassified sequences.

Classification was done using the Ribosomal Database project.

Percentage calculations were based on the total number of bacterial sequences generated from

each library.
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Next, the Proteobacteria phylum was examined to determine if snow cover and
rain changed the distribution of its members. In the previous section, Proteobacteria was
determined to be resistant to drastic change over time. As shown in Figure 17, the
Gammaproteobacteria class has a 3.5-fold average increase in abundance in the snow

library as compared to the control and rain libraries.

CEM Control CEM Snow CEM Rain

B AlphaProteo.
EBetaProteo.
ODeltaProteo.
B Gamma-Proteo.

B UNCL-Proteo.

CEM Control CEM Snow CEM Rain

Alphaprotechactaria 1835 | 39.5% | 3,095 | 28.2%: | 3,080 |45.15%

Betaprotecbacteria 1,505 | 30.75%0 | 3,143 | 28.6% | 1,576 | 23.25%

Deltaprotenbarctaria 230 4 7% 415 | 3.8% 312 4. 6%

Gummaproteobacteria 434 8.9% 2,910 | 26.5% [ 459 0.8%

Unclassified TEE 16.1% | 1,422 | 12.9% | 1,371 | 20.2%
Prateabactaric Sequence 4,894 10,985 6,778
total:

Figure 17 — Distribution of Proteobacteria in meteorological event sampling

Pie charts represent the relative distribution of Proteobacteria sequences in Cemetery control,
rain and snow datasets. Table lists absolute sequence counts for each class. Classification was
done using the Ribosomal Database project. Percentage calculations were based on the total
number of Proteobacteria sequences generated from each library.

To ensure that the increase in Gammaproteobacteria was not accompanied by new

species, taxonomic classification was compared between the three datasets. Table 12
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highlights some of the sequence classification. The largest increase in representation in

the snow library came from the Enterobacteriales and Pseudomonadales orders.

In

general, all of the taxa found in the snow library were also found in the control and rain

datasets. This demonstrates that this change is quantitative, a desirable characteristic for

group-specific forensic applications.

Table 12 — Species classification of select Gammaproteobacteria from Cemetery libraries

Dataset:  CEM_control CEM_Snow CEM_FRain
Gammaprotechacteria; Chromatiales; Chromatiaceas; Mari chromatium 3 1z 1
Gammaprotechacteria;Chromatiales;Chromatiaczas 0 5 ul
Gammaprotechacteria;Enterobaceariales;Enterobaceriaceas;Butiauwxella Q 15 0
GammaprotechactariaEnterobaceriales;Enterobacteriaceas;Ervinia 14 . 7
Gammaproteobacteria;Enterobacterial es;Enterobacteriaceas; Kluyvera 4 3 1
Gammaproteobacteria;Enterobacterial es;Enterobacteriaceas; ¥ ersinia 0 1 0
Gammaprotecbacteria;Enterobacteriales;Enterobacteriaceas 7 32 5
Gammaproteobacteria;Legionellales; Coxiellaceas; Aquicella 2 4 2
Gammaproteocbacteria; 0 ceanospirillales; 0 ceanospirillaceas 0 15 il
Gammaprotechacteria;Pseudom onadales;Pseudomonadaceas; Cellvibrio 0 20 ul
Gammaproteobacteria;Pseudom onadales;Pseudomonadaceas; Pseudomonas 22 1585 15
Gammaproteobacteria;Pseudom onadales;Pseudomonadaceas 2 12 2
Gammaproteobacteria;Xanthomonadales; Xanthom onadaceas; A quimonas 1 4 1
Gammaproteobacteria;Xanthomonadales; Xanthom onadaceas; Dokdonel |3 0 3 0
Gammaprotesbacteria;Xanthomonadales; Xanthom onadaceas; R hodanobacter 5 [ 0
Gammaproteobacteria; Xanthomonadales; Xanthom onadaceas Stenctrophom onas : 4 0
GammaprotecbacteriaXarthomonadal es; Xanthom onadaceas; Xanthom onas 0 10 0
Gammaproteobacteria; Xanthomonadales; Xanthom onadaceas G5 73 54
Gammaproteobacteria; Xanthomonadales 25 [ 25
Gammaproteobacteria; order WA 145 2049 129

Taxonomy classification for sequences in Cemetery meteorological event libraries. Classification
was done using the Visualization and Analysis of Microbial Population Structures (VAMPS)
(http://vamps.mbl.edu/index.php). Each
Gammaproteobacteria class, followed by order, family, and genus information where available.

database

classification

begins

with

the
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I1.h. Presumed biological replicate soils

In instances where the origin of a soil sample is unknown, it would be useful to be
able to identify potential ecosystems based on the bacterial community structure.
Specific soil types influence which bacteria are present in the native community [Hackl et
al., 2004; Givran et al., 2003; Louzoupne €t al., 2007; Nanniperieri et al., 2003], so it is
reasonable to ask if locations that look the same (superficially) contain similar bacterial
communities. By surveying maintained lawns from park sites from different locations it
is possible to determine whether there are bacterial signatures that characterize this
ecosystem.

The first step is to determine whether the lawn soils collected contain similarly
structured bacterial communities. As a reminder, these maintained lawns were collected
on the same day in November from community parks. Soils were sampled ten feet away
from a tree/shrub border. Figure 18 shows data from Lawn samples 1, 9, 14 and 17. The
pie charts illustrate a very high similarity among all 4 lawns. The only major difference
is seen in Lawn 9, where there are approximately 20-fold more Cyanobacteria sequences.
Identifying 63 sequences strongly suggests that its presence in the library is real and not
artifact (see Table 13 for taxonomy classification). Cyanobacteria can be found in damp
soils, but are primarily found in aquatic environments. An increase in Cyanobacteria
was seen in the CT River library. The presence of Cyanobacteria in the Lawn 9 library
may be evidence of a nearby water source but at the time of collection no water sources

were observed in the area.
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Lawn1l Lawn 9

Lawn 14 Lawn 17
B Nitrospira
B Cyancbacteria
Bverrucomicrobia
B Firmicutes
B EBactercidetes
O Actinobacteria
O Acidobacteria
OFroteckbacteria
Lawn 1 Lawn© Lawn 14 Lawn 17
MNitraspira 296 0.94%% 1164 0.40% 230 0.71% 254 0.72%
Cyarnobacteria 3 0.01%: 63 0.22% 0 -- 3 0.01%:
Verrucomicrobia 114 0.36%% 23 0.80% 1a 0.05% 28 0.08%%
Firmicites 136 0.43%% 126 0.44% 133 0.41% 26 0.24%%

Bacteroidetes 4,174 [ 13.22% | 2,246 | 7.82% 2,373 | 73T | 2425 | 6.84%

Actinobacieria L4432 | 4.73% | 2,712 | 3.44% 2312 | 718% | 2,846 | 8.03%%

Acidobacteria 7068 | 22.5% | 5,584 | 19.4%% 6,336 | 19746 | 7,024 | 19.8%

Proteohacteria | 13,621 | 434% [11,568 | 40.3% | 12,411 | 38.5% | 15284 | 43.1%

Bacterial

Sequence total: 31,355 28,745 32,198 35,457

Figure 18 — Distribution of major bacterial phyla in Maintained Lawn samples

Pie charts represent the relative distribution of bacterial sequences in Lawn soils 1, 9, 14 and 17.
Table lists absolute sequence counts which include both classified and unclassified sequences.
Classification was done using the Ribosomal Database project. Percentage calculations were
based on the total number of bacterial sequences generated from each library.
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Table 13 — Classification of Cyanobacteria from Lawn libraries

Datasets: Lawnl Lawn®  Lawnld  Lawn 17

Cyanobacteria; Cyanobacteria;Unassigne d;Family 1;Gpl i 3 0 i
Cyanobacteria; Cyanobacteriz; Chloroplast; Chlorophyta i 1 0 i
Cyanabacteria; Cyanobacteria; Chloroplast; Bacillariophyta 2 25 il 3
Cyanobacteria; Cyanobacteria;order_MNA ] 33 0 ]

Taxonomy classification for sequences in Lawn libraries. Classification was done using the
Visualization and Analysis of Microbial Population Structures (VAMPS) database
(http://vamps.mbl.edu/index.php) as well as Ribosomal Database Project . Classification begins
with the Cyanobacteria phylum, followed by class, order, family and genus information when
available.

The distributions of Proteobacteria (Figure 19) are also very similar among these
four libraries, although there are slight differences. Specifically, the Deltaproteobacteria
class comprises almost 20% of the Proteobacteria in Lawn 14 (average representation in
the other libraries is 8.6%). In the same library, the Gammaproteobacteria representation
is lower than the average among the other three (5.8% abundance as compared to the
average 13.2%). This data is consistent with the previous Proteobacteria data
demonstrating their prevalence in mineral soils. The additional point made from the lawn

data is that all major phyla have impressively similar bacterial community structures.
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Lawn 1l Lawn 9

Lawn 14 Lawn 17

B slphaProteo.
EEBetaProteo.
OCeltaProteo.
B GammaFroteo.
B UNCL-Proteo.

Lawn 1l Lawn?9 Lawn 14 Lawn 17

Alphaprotecbacterta |4 665 | 34 25% | 4,148 [ 35.9% [ 4,651 [ 37.5% | 7.046 [46.1%

Bataprotechacteria 3,331 | 24.45%0 | 3,181 | 27.3% | 2,989 [ 24.1%% | 2,849 | 18.6%

Deligprotecbactaric | 1,103 | 8.1% 1,453 [12.6% | 2,472 [19.9% [ 783 5.1%

Sammaprotecbacteria | 2,183 | 16.0% | 1,119 | 9.7% Tla 5.8% | 2113 [13.3%

Unclassified 2,539 [ 17.2% | 1,687 | 14.6% | 1,583 [12.75%| 2,493 | 16.3%
FProtechacteric 13,621 11,568 12,411 15,284
Sequence total:

Figure 19 — Distribution of Proteobacteria in maintained lawn samples

Pie charts represent the relative distribution of Proteobacteria sequences in Lawn soils 1, 9, 14
and 17. Table lists absolute sequence counts for each class. Classification was done using the
Ribosomal Database project. Percentage calculations were based on the total number of
Proteobacteria sequences generated from each library.

There are three forensically relevant questions that can be addressed from this
data. First, do what we refer to as biological replicates look the same based on
community structure? Second, are there sufficient differences within these biological

replicates to differentiate them from one another? Third, are the biological replicate lawn
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libraries measurably different than the other libraries generated in this chapter? The first
question can be answered with the data presented in Figure 18. The pie charts
demonstrate a remarkable similarity among the unrelated lawn locations. The second
question can be answered with data presented in chapter 2. Universal DNA typing was
able to differentiate a majority of the lawn soils. So, although community structure is
quantitatively similar, there are enough qualitative differences present to distinguish
them. To answer the third question, bacterial diversity among all libraries using four
different community similarity indices was compared (Figure 20) and portrayed as a heat
map.

The similarity measures used are listed above the respective heat map. Each heat
map represents the diversity of the communities differently because each index takes into
account different community variables. The Morisita-Horn index uses information about
the number of unique species found as well as abundance to determine similarity. The
Bray-Curtis index measures dissimilarity by comparing the number of unique species to
total richness. The Jaccard index calculates the ratio of shared species to the total number
of species between two communities and therefore does not account for any species that
are absent in one community. The Yue-Clayton index also calculates the ratio of shared
to total species but is assigns greater significance for shared species that are most
abundant in the community. Each index calculates distance measures across a range of 0
(most similar, blue) to 1 (most different, red). The range of values is coded across a color

scale beginning with blue > light blue >white = pink > red.
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Figure 20 — Community heat maps using various distance measure calculations

Four heat maps are shown comparing all soil libraries. Each heat map was generated by the
community similarity index listed above the map. Heat maps were generated using the
Visualization and  Analysis of  Microbial  Populations  Structures  (VAMPS)

(http://vamps.mbl.edu/index.php)
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The presence, absence, richness, abundance and evenness of bacterial
communities are differently represented by each diversity measure. Therefore, it is
difficult to say which measure will accurately represent the bacterial community.
Because this application has never been explored for forensic potential, all four measures
were evaluated. The context that this analysis can be used in forensics would be to
identify a location or ecosystem of an unknown sample. A measure that would have the
most forensic potential would be one that creates an association between like samples.

The Jaccard Index does not appear to be forensically informative because it does
not cluster any of the known locations together. This is likely because the calculation
does not account for species that are unique to one location. However, the remaining
three indices do produce potentially forensically informative data. The Bray-Curtis and
Yue-Clayton diversity measures provide similar information on bacterial diversity. Both
cluster the AG Farm, Beach Hall, Cemetery, and Field mineral soils together. Each
measure also finds the CT River sediment to be similar in community structure. Based
on the community data, the biological replicate lawn samples cluster very tightly and can
be differentiated from all other samples. This suggests that bacterial signatures can be
used to identify potential ecosystems if reference sample are unavailable.

The data provided by the Morisita-Horn calculation is the most stringent, making
it a desirable forensic measure. Using this measure, the AG Farm bacterial community
stands apart from all other samples, as does the sewage sludge. Even the Beach Hall and
Cemetery samples do not cluster as tightly as they do with the other measures. However,
the Lawn samples remain highly similar, further validating the potential for using

community diversity measures to suggest an ecosystem of origin.
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The 454 data presented thus far has provided a detailed survey of several bacterial
communities. It is clear that there are quantitative and qualitative differences among
bacterial communities. The presence of common phyla in mineral soils is positive to
forensics because it gives feasibility to group-specific assays. Heat map data
demonstrates that there are qualitative inter-group differences throughout the bacterial
community. The key to a successful forensic application will be to find and exploit these
differences for the purpose of differentiating soils. The next step in choosing informative
group-specific targets for forensic analysis is to demonstrate that single bacterial groups
can genetically distinguish samples.

Figure 21 contains several panels that show the intra-group species representation
of select taxa for all 454 datasets. The purpose of this data was to show that there was
genetic variability within groups. This was important to demonstrate, as the objective to
targeting bacterial groups for forensic applications is to differentiate soils. Panels A - E
contain species information for one phylum each. Given the abundance of
Proteobacteria, four subclasses of Proteobacteria are shown in Panels F — I. The data
show that there is genetic variability within each group shown. All groups do not contain
the same levels of diversity. For example, the Acidobacteria and Bacteroidetes groups
show unique richness among datasets, while the Betaproteobacteria and Firmicutes
groups have a more uniform representation within the datasets. However, each panel
demonstrated intra-group variation within datasets. These data support the potential for

targeted analysis.
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Figure 21 — Intra-group species distribution within 454 datasets

Percent composition within 454 datasets of select bacterial species are shown for the following
taxonomic groups: Panel A — Acidobacteria; Panel B — Actinobacteria; Panel C — Bacteroidetes,
Panel D — Firmicutes; Panel E — Verrucomicrobia; Panel F — Alphaproteobacteria; Panel G —
Betaproteobacteria; Panel H — Gammaproteobacteria; Panel | — Deltaproteobacteria.  Line
graphs were created using the Community Visualization tool available on the Visualization and
Analysis of Microbial Population Structures database (http://vamps.mbl.edu).
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[11. Discussion and Conclusions

The goal of this chapter was to generate in-depth sequence libraries from bacterial
communities in soil so that forensically relevant questions could be addressed. First,
what are the major and minor components to bacterial communities? Second, are there
any bacterial groups that are shared among unrelated soils? Third, can soils be classified
by ecological origin based on their bacterial community? Fourth, is there sufficient intra-
group variation among datasets to support the feasibility of group-specific typing? The
purpose of forensic soil analysis is to establish an association between two samples. A
positive association between two soil samples suggests a common location. Currently,
this type of forensic analysis is based on universal bacterial DNA typing using T-RFLP.
However, modern techniques like 454 pyrosequencing paint an accurate picture of
community structure, providing data that can improve the way soil is typed.

454 amplicon libraries are a cost-effective way to generate thousands of
sequences from a variety of soils. Fourteen libraries containing an average 41,685 high
quality sequences were generated. Based on richness and diversity calculations, the soils
collected in this study contained more species diversity than was actually sampled.
However, rarefaction data demonstrated that more than 50% of OTUs were observed in
all soils. Taking the community heat map data into account, this coverage was enough to
draw conclusions about community relatedness.

Rarefaction data show that in-depth amplicon libraries identified thousands of
bacterial genera. The question for forensics is whether there is a minimum number of

genera that must be identified to accurately describe the native community. In most
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cases, 5,000 sequences can potentially identify approximately 2,000 OTUs. However,
the OTUs that are identified by a small number of sequences are likely major components
of the soil community. Larger libraries would include genera in minority representation.
Such lesser-represented bacteria may provide information about what makes two
bacterial communities different. From these data, we recommend that a minimum of
15,000 sequences be collected on any given sample to create an informative survey. The
Beach Hall data set produced the poorest rarefaction curve likely because these libraries
contained the lowest amount of sequences (just under 15,000). Ideally, new soils and
unexplored ecosystems should be more fully sequenced at least once to verify coverage.

As more information about community structure on a multitude of soils is
collected, it will be possible to fine tune the number of ideal sequence reads for a screen.
This will also help determine whether specialized soils or uncommon ecosystems require
more (or less) than the average number of sequences to differentiate their bacterial
communities. In this study, agricultural farm soil can be considered specialized, as it is
maintained for the sole purpose of growing corn. Sewage sediment may also be
considered specialized because of its role in sewage decomposition. However, the
number sequences that are required to accurately describe each community is very
different. The AG Farm will require more sequences because of the community’s natural
complexity while sewage sludge will require less. Although there are plenty of bacteria
in sludge, the community lacks species richness.

This chapter also explored the community structures of presumed similar and
diverse ecosystems. The data show that bacterial communities are not evenly distributed

(in terms of species representation). Proteobacteria dominated all soils sampled
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regardless of ecosystem. This finding supports the potential of using Proteobacteria-
specific targeted analysis because it will consistently generate data. Moving away from
universal bacterial DNA typing has appeal to forensics because it increases the amount of
information that can be extrapolated from a DNA profile. For example, rather than
simply comparing the presence and absence of an unknown peak, investigators can
attribute peak similarity to a specific bacterial group. The 454 data presented in this
chapter has identified potentially informative phyla for mineral soils. Both the
Acidobacteria and Actinobacteria phyla are abundant in mineral soils. The data also
suggest that the Cyanobacteria phyla can be used to identify freshwater sediment. There
are exceptions to every rule, as Cyanobacteria were also detected in Lawn 9. In general,
the data presented in this chapter supports the investigation of the following phyla as
potential candidates for group-specific soil analysis: Proteobacteria, Acidobacteria,
Actinobacteria, Bacteriodetes, Verrucomicrobia, Firmicutes, Nitrospira, and
Cyanobacteria.

The data also emphasize the importance of timing of sample collection. An ideal
situation from a forensic perspective would be to obtain evidentiary and reference
samples from one location within a short time span. Unfortunately this may not be
possible for most cases. The data show that over one year’s time, bacterial communities
do not change drastically. Even if reference samples are not collected at exactly the same
time as when evidentiary samples are deposited, it still may be possible to establish
positive association.

The data show that collecting a soil sample from a location that is covered in

snow can generate inaccurate information about association. As discussed in chapter 2,
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universal DNA typing was able to detect differences in bacterial communities in response
to environmental variables. Depending on the group-specific assay, similar results can be
achieved. However, the data show that there are some groups (like Proteobacteria) that
do not change drastically. Assays targeting these phyla would give desirable results.
Interestingly, heavy rain did not seem to alter the community much from the control
library. A study by Cruz-Martinez et al. in 2009 demonstrated that bacterial communities
were able to maintain native structure after periods of rain [Cruz-Martinez, 2009]. This
information suggests that rain-soaked soil is most similar to the average native bacterial
community than the same soil covered in snow.

The data in this chapter supports the potential for using amplicon libraries to
suggest probable ecosystems if the origin of a sample is unknown. Based on community
diversity measures, the bacterial communities of the biological replicate maintained lawn
samples were unique to only the lawns. This was true for all diversity measures except
for the Jaccard index. The Jaccard index did not find any measurable difference in any of
the libraries except the sludge. In terms of forensic potential, this diversity measure was
not informative. The remaining three measures provided informative data that clustered
like locations together. The Morisita-Horn index provided the most stringent data and
appears to have to most forensic potential. Given the novelty of this application, it is best
to include all measures, taking a consensus of each to determine potential ecosystem.

Future continuation of this work should include soils from ecosystems other than
maintained lawns. Forests and areas near bodies of water would be forensically relevant
locations to study. Establishing microbial community databases like VAMPS would also

be useful for forensics so that amplicon library data from various diverse ecosystems
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could be compared and organized according to state or region. A comprehensive
database would strengthen forensic soil analysis. Also, continual site monitoring that
documents bacterial community change in response to environmental variables would be
very helpful to forensics. These data would fine-tune our expectations for what groups
are considered to have forensic potential. The data presented in this chapter only focused
on two meteorological events at one location. In order for any concrete conclusions to be
made about how bacterial communities respond to environmental variables more data is
necessary.

The research presented in this chapter provides a foundation for the exploration of
group-specific DNA typing. In this chapter, common soil bacterial groups have been
identified. These common soil groups are good preliminary candidates for group-specific
analysis because they are found in mineral soils and contain intra-group variation. In the
next chapter, five targets will be evaluated for their potential in forensically

differentiating soils.
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Chapter 4 — Exploring the potential for group-specific bacterial analysis in the
forensic differentiation of soils

|. Introduction

Soil evidence can be potentially very valuable to criminal investigations by
linking a suspect (or victim) to a crime scene or object. In its infancy, soil evidence was
examined by physical classification using color comparisons and chemical and organic
composition percentages [Sugita and Marumo, 1996]. A commentary by Morgan and
Bull (2007) recognized the first use of soil evidence by George Popp in 1904 to solve a
murder [Morgan and Bull, 2007]. Although physical classification was successful at that
time, modern day forensic scientists understand the limitations associated with subjective
analysis. Physical classification is not only difficult to perform but requires a skilled
expert to interpret the data [Heath and Saunders, 2006; Horswell et al., 2002].
Considering the world-wide variability of soils, a molecular approach targeting bacteria
was the next logical step in advancing soil evidence.

The research by Horswell et al. provided a foundation for the improvement of
forensic soil analysis. Forensically relevant questions could be addressed, including how
time, seasons and meteorological events changed the bacterial communities in soil
[Meyers and Foran, 2008]. The forensic community also gained valuable information on
these questions from basic research on the same topics [Griffiths et al., 2003; Lipson and
Schmidt, 2004; Smit et al., 2001; Walker et al., 2006]. In the span of less than a decade
since the study by Horswell et al. was published, the forensic community continued to

investigate and improve soil as evidence. Modern molecular techniques like 454
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pyrosequencing could be used to comprehensively describe bacterial community
diversity, providing insight into how it can best be used in forensic applications.
Specifically for soil analysis, the previous chapter demonstrated how high throughput
sequencing of bacteria can be used to identify potential targets for group-specific
analysis. The forensic potential for such targeted analysis of soils was previously
suggested by Meyers and Foran [Meyers and Foran, 2008].

The research presented in this chapter investigates the potential of group-specific
DNA typing for forensic soil analysis. Current universal detection methods (like T-
RFLP) represent all bacteria in soil. This method does not readily allow extrapolation of
the types of bacteria present in the soil sample. Knowing the precise identity of bacteria
provides an additional layer of potentially informative data. In the previous chapter, 454
high-throughput sequencing was used to survey 10 soil samples to catalog the major and
minor components present in each community. From these extensive DNA libraries, 5
bacterial groups have been selected as candidates for group-specific bacterial typing,
employing group-specific primers with the previously described comprehensive
restriction fragment length polymorphism (C-RFLP) analysis method. The resulting
HPLC chromatograms are easy to read, contain peaks that can be used to objectively
compare soil samples together, and are relatively inexpensive to generate. The main
question being addressed in this study is whether group-specific data can be used as an
alternative to universal DNA typing.

There are many target choices for group-specific evaluation. Our approach to
choosing potential targets was based on representation, i.e. group-specific targets that are

common to many soils. Choosing phyla that are known to be found in most soils will
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generate the most data for the limited number of samples we have. Given that the group-
specific approach to forensic soil analysis is fairly new, it was important to design our
initial experiments based on a proof-of-principle framework. Thus far, 454 amplicon
pyrosequencing has shown that there is very high taxonomic diversity in soil and that
within taxonomic groups species richness and abundance will vary from sample to
sample. The next step was to determine the potential of select groups to forensically
differentiate soils. This study will focus on members of the Proteobacteria and
Acidobacteria phyla. We have also included Firmicutes in our study so that we can

compare the performance of major and minor groups.

108



1. Results

Il.a. Development of group-specific assays

The main goal of this chapter is to investigate the forensic potential of targeted
bacterial DNA typing to differentiate soil samples, and determine if two samples could
have originated from the same location. Universal bacterial typing generates DNA
profiles with unknown genetic content so taxonomic information cannot be readily
extrapolated. In contrast, group-specific amplification products generate informative data
that can be traced to specific bacteria. This data can be used to strengthen the
conclusions made about the relationship of two soil samples. Additionally, group-
specific typing alleviates the issue of amplification bias toward major bacterial phyla.

Many soil microbiome studies focus on specific bacterial groups [Blackwood et
al., 2005; Fierer et al., 2005; Jones et al., 2009; Poly et al., 2008]. Although these studies
do not address forensically relevant questions, they provide models for choosing targets
for analysis. First and foremost, the DNA from a bacterial group must be able to be
reliably extracted and amplified from a variety of soil types using standard methods.
Second, there must be enough genetic variation within the genomes of the selected
bacterial group to allow for sample differentiation.

Table 14 describes the targets chosen for analysis in this study. Members of the
nitrite oxidizing (NOB) and ammonia oxidizing (AOB) bacterial groups were chosen
because of their known roles in the nitrification of soils [Teske et al., 1994]; they

represent alpha- and betaproteobacteria, respectively. The high sequence similarity in
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the NOB and AOB groups in their 16S genes makes differentiating them difficult based
on 16S data [Chu et al., 2007; Grundmann et al., 2000]. Gundmann et al. reported that
the intergenic spacer region between the 16S and 23S genes contained sufficient genetic
variability to differentiate members of the NOB group [Grundmann et al., 2000]. For the
AOB group, Horz et al. successfully identified ammonia-oxidizing bacteria targeting the

ammonia monooxygenase gene (amoA) [Horz et al., 2000].

Table 14 — Description of group specific targets used for HPLC analysis

Phylum/Group Target Primer Sequence Description
Sequence
Mitrite nxidizing 1653 - 235 | F:5-TOCGGCTGOATCCCCTCCOTT-37 Proteobacteria;
group (NOB) intergenic B SLATCOGOTCGASGT OO AL GOATCCAS alpha-; gram -
spacer
Apmonia F 5 GaGaTTTCTACTGGTGET-37 Proteobacteria;
Oﬂdizmg group amoAgene R A CCCCTCEGEAALMGOCTTCTTC -3 beta gram -
(408)
Acidobacteria 163 EMA | Fi5-CATCCTOOCTCAGAATC-3 Acidobactena,
R A ATTACCICGGC TG new, gram -
Bota- 169 RIA | F 5 ACTCCTACGON AGCC AGC A3 Proteobacteria:
Proteobariaria RS TCACTOGCTACACGY G-3 gram -
Firmicutes 165 RNA | F 5 -GCABTAGGGAATCTICCG-3” Firmicutes; low
R:5-ATTACCGCGGCTGCTGG-3 GHC: gram +

NOB group primers — Grundmann et al., 2000; AOB group primers — Horz et al., 2000;
Acidobacteria, Betaproteobacteria, and Firmicutes primers — Fierer et al., 2005

Group-specific amplification of the 16S rRNA gene for the three remaining
groups in this study is accomplished by utilizing conserved primer sequences flanking the
variable regions. The Acidobacteria phylum is newly recognized, with its members
commonly found in many types of soil environments [Barns et al., 1999; Jones et al.,

1999; Kielak et al., 2009]. Members of the gram positive Firmicutes group are not as

abundant in the soil community as other phyla [Fierer et al., 2005]. This was supported
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by the previously described 454 data. Successful detection of Firmicutes in soil will
demonstrate that gram positive cells were being lysed during the extraction process. The
Proteobacteria group was chosen because of its predominance in the amplicon libraries
generated in this study (Table 9). In order to focus analysis on a smaller set of
Proteobacteria, members of the Betaproteobactera subclass were targeted. Although the
Betaproteobactera panel did not show as much intra-group variation as the other
Proteobacteria subclasses, it was interesting to determine how a seeming low-diversity
group would perform at differentiating soils.

Soil samples were individually amplified using these group-specific primer sets;
to minimize PCR bias and to ensure sufficient PCR product, reactions were performed in
triplicate and combined prior to digestion.  Figure 22 depicts sample HPLC

chromatograms for each group-specific assay.
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Figure 22 — Group-specific C-RFLP profiles

Examples of HPLC group-specific chromatograms. Figure shows profiles for soils from diverse
ecosystems (panel A: Cemetery/AG Farm; Swan Lake/Sludge), similar ecosystems sharing local
geography (panel B: Mirror Lake/Swan Lake; Beach Hall/Cemetery), and presumed biological
replicate ecosystems (panel C: Lawn 6/Lawn 12) .

In chapter 2, HPLC fragment separation and detection were shown to be highly
reproducible and that resulting chromatograms could be used to compare two soil

samples. HPLC-based fragment analysis is a valuable method for exploring the potential
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of group-specific targets because DNA profiles are easy to generate and are cost-effective
(fluorophores are not needed).

As evident in Figure 22, each group-specific assay produces a distinct DNA
profile with varying numbers of peaks. An example of each group-specific assay is
shown for either diverse ecosystems (panel A), similar ecosystems sharing local
geography (panel B) and presumed biological replicate ecosystems (panel C). The data
show that there are some group-specific profiles that are easier to visually interpret than
others. For example, there is no question that the Acidobacteria profiles between Swan
Lake and Sewage Sludge are different. In contrast, the profiles between Mirror Lake and
Swan Lake using the Betaproteobacteria target share a greater number of similarities,
making it more difficult to individualize the profiles by eye. In some cases, visual
comparison of HPLC chromatograms is enough to individualize soils, especially when
two soil samples originate from diverse ecosystems. From a forensics perspective, a
profile type most amenable to this type of analysis contains clean, sharp peaks (like those
seen in the AOB, Acidobacteria, and Betaproteobacteria profiles. However, the profiles
generated by the NOB and Firmicutes groups are more complex and harder to interpret by
eye alone. It is important to recognize that a clean profile does not necessarily mean that
the assay is better suited for forensic differentiation, or vice versa. Therefore, profile
similarity was based on a statistical measure so that subjective interpretation can be

avoided.
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[1.b. Establishment of group-specific match criteria

The premise of using bacterial DNA profiles to establish the relatedness of two
soil samples was first addressed by Horswell et al. [Horswell et al., 2002]. Both
Horswell et al. and Meyers and Foran included the Sorensen similarity index (SI) in their
studies [Horswell et al., 2002; Meyers and Foran, 2008]. For the Sl to be a suitable
metric for forensic applications, match criteria for determining whether the profiles of
two samples are the same must be established.

Forensic match criteria was modeled as previously described in chapter 2, using
soil from the grid experiment. Extracted DNA from each grid was analyzed using all 5
primer sets and similarity indices were calculated, using each successfully profiled grid
as a reference for all others to ensure outlier references were not chosen. Figure 23
depicts the distribution of Sl values for each group. The data for the Acidobacteria group
is closest to having a normal distribution, while all the others appear to be classified by
either a slightly bimodal distribution or platykurtic distribution. The fact that each group-
specific test produces a wide range of Sl values in the grid tells us that the targeted
bacterial groups are heterogeneously dispersed in the soil. This is consistent with what is
known about bacterial microenvironments [Ettema and Wardle, 2002; Grundmann and
Normand, AEM, 2000]. The data also show that the range of Sl values for each group-
specific assay is different. The most desirable characteristic for forensic analysis is an
assay that generates a high Sl range within a single location (much like the distributions

seen for both Acidobacteria and Firmicutes). A high Sl range within a known single
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Similarity Index Range
Figure 23 — Range of similarity index values observed for group-specific targets in grid analysis
Bar graphs depict the number of times an Sl value is observed in grid analysis (y-axis). Data

from rows 1, 2 and 3 are included in the bar graphs.



Our approach to determining whether establishing match criteria is possible is to
use the average Sl for each group-specific grid assay. The values used for each group are
shown in Table 15. If two samples have an Sl equal to or greater than the average Sl for
that group, then that group-specific test suggests that the two soil samples likely came
from the same location. To parallel human STR typing, each group-specific test is
considered a locus where all loci are equally informative. First, these data will indicate
whether a rigid Sl criterion is appropriate for each group-specific test. Second,
concordance of information provided by each group-specific assay can be determined.
That is, do all group-specific assays reach the same conclusion about the relatedness of

known samples?

Table 15 — Grid collection data for group-specific targets

Group Specific Average Number of Average ST for

Target HPL C Datap omts Grud Collection
Acidabacteria 12,4 078
AOE 4.8 0.66
Betaprotecbacieria 71 069
Firmicutes 6.0 0.85
NOE 167 0.45

Grid sampling data was combined for each bacterial group target to generate an average similarity
index (SI) for each group. This value would be used as a criterion to establish the likelihood of
two samples originating from the same location. The Sl data generated from each group per soil
sample would be weighed equally and individually
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I1.c. Comparison of samples using group-specific loci

Soil samples collected from radically different ecosystems will be characterized
by very different bacterial communities. Any method potentially suitable for forensic
applications should reflect this. Soil/sediment collected from a field, river and sewage
sludge fit the radically different classification. Table 16 shows data from these sites
using the 5 group-specific tests. All 5 group-specific tests produced Sl values lower than

the established match criteria.

Table 16 — Comparison of presumed radically different ecosystems

SAMPLE | Firm. S1 | Acido. 51 | Betgpro. S1 [AQE S1 | NOF 51
Field 07 0.53 0.67 0.47 0.24
Eiver 07 nfa
Field 07 0.44 0.13 0.5 0.20 0.37

sewage 07
Eiver 07 0.40 0.30 0.67 029
ludge 07 n'a

Similarity indices (SI) for all samples and groups do not meet the match criteria established in the
grid experiment. Grid similarity index averages for groups: Firmicutes, 0.85; Acidobacteria,
0.78; Betaproteobacteria., 0.69; AOB, 0.66; NOB, 0.46. “n/a” indicates no comparison was
possible for that group because no PCR product was generated for one sample.

Furthermore, when these values are plotted against the grid Sl distributions shown in
Figure 23, they are primarily found toward the lower ends of the ranges. Also worth
noting is that absence of PCR product at the AOB locus in the CT River sample can be as
informative as a positive PCR test, suggesting that the target is absent or in insufficient

amounts to be amplified. The use of control DNA (plasmid containing known target
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sequence from a single species belonging to each group used) monitored positive PCR
amplification. The lack of amplification in the AOB group is consistent with the biology
of the AOB group, known to be slow growing and therefore in low biomass in bacterial
communities [Chu et al., 2007; Horz et al., 2000]. Based on these results, we can
conclude that the 5 loci chosen for analysis are sufficient for forensically differentiating
soils originating from very different ecosystems; each assay reaches the same conclusion
about relatedness.

Differentiation of such radically different soil types is not particularly
challenging. How will group-specific assays perform to differentiate more closely related
soils? Soils collected from the University of Connecticut, Storrs, share a common
geography as well as more similar soil composition (at least compared to river sediment
and sludge). The closer in proximity two bacterial communities are, the more similar
they tend to be [Horner-Devine et al., 2004]. Table 17 lists Sl results for all 5 group-
specific assays, using Beach Hall soil as the reference for other samples. Based on the
match criteria established for each assay, there are some similarities among these
samples. In the Beach Hall and Agricultural Farm comparison, both the Acidobacteria
and Betaproteobacteria loci exceed the grid Sl values, suggesting that there are more
members of these groups that are shared between the two samples than the other groups.
Members of the Acidobacteria group in the Beach Hall sample are also very similar to
those within the Mirror Lake and Cemetery communities based on Sl values above the
match criteria. These data reveal similarities among the Acidobacteria populations
within this sample set. The Acidobacteria assay does differentiate soils collected from

the same geography by the established criteria.
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Table 17 — Comparison of samples to Beach Hall soil using all group specific tests

SAMPLE | Firm S | Acide. S1 | Betapre. S1 | AGBS] | NOESI

AGFarm 0.55 0.85 0.73 046 0.25
swaty Lake 0.29 tfa nfa nfa nfa
Whrrer Lake 067 0.89 0,60 nfa 0.44

Cemetery 077 0.92 0.55 nfa 0.3%

Similarity indices (SI) highlighted in grey indicate a positive match greater than the similarity
threshold. Grid similarity index averages for groups: Firmicutes, 0.85; Acidobacteria, 0.78;
Betaproteobacteria., 0.69; AOB, 0.66; NOB, 0.46. “n/a” indicates no comparison was possible
for that group because no PCR product was generated for one sample.

The Firmicutes and NOB assays differentiated the Storrs soils collected from
different locations. Combined with the results from studies of the radically diverse
ecosystems, there is forensic potential for these two assays to differentiate soils. Again,
there was no amplification of the AOB group in the Swan Lake, Mirror Lake and
Cemetery samples. This inconsistency in amplification may exclude this group from
forensic testing since group-specific targets that generate interpretable profile data are
preferable.

Are bacterial communities collected from biological replicate soils (such as
maintained lawns) from more widespread geographical locations the same (bacterial
communities are ecosystem driven) or different (communities are location/geography
driven)? From a forensics perspective, it is important to determine whether soils from
locations that superficially look the same produce profiles that are distinguishable. It is

equally important to determine if soil samples can be analyzed to suggest habitats of

origin. For example, if soil evidence was obtained in an investigation but its origin was
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unknown, could the soil’s bacterial community suggest a possible habitat like a forest or
maintained lawn? Such information could be of great value by providing investigative
leads. Since specific soil types influence which bacteria are present in the native
community [Hackl et al., 2004; Louzoupne €t al., 2007; Givran et al., 2003; Nanniperieri
et al., 2003]. It can be hypothesized that lawns will be more similar to each other than to
other soils. This hypothesis is further supported by the 454 community data presented in
Figure 20 that tightly clusters the maintained lawn samples..

Figure 24 shows color-coded SI data for all Lawn samples: negative PCR
amplification (blue) and Sl values equal to or greater than established match criteria
(red). Each group-specific assay is represented by a triangle (A-F) that depicts results of

all pairwise comparisons.
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Figure 24 — Group-specific SI data for lawn replicate soils.

Triangles represent all comparisons between lawn soils. A. Acidobacteria; B.
Betaproteobacteria; C. AOB; D. NOB; E. Firmicutes. Query samples are listed down the left
side of the triangles; reference samples are diagonally across the top. Some Sl values have been
color coded for ease of interpretation (see legend).
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Members of the Acidobacteria group (panel A) are widely shared between
maintained lawns. The large number of SI values higher than the grid match criteria
indicates that habitat acts as a driving force rather than local geography itself. These data
show potential for the Acidobacteria group assay to identify maintained lawns, but it is
not sufficiently discriminatory alone to differentiate soils from similar habitats.

Panel B shows data for the Betaproteobacteria group assay which produced the
second highest incidence of Sl values meeting grid match criteria. Given that a the
majority of SI wvalues fell below the match criteria, the results suggest that
Betaproteobacteria may not be as reliable in identifying maintained lawns as the
Acidobacteria group assay. The Betaproteobacteria group assay is better suited for soil
differentiation than the Acidobacteria group assay. However, the true potential of this
assay is inconclusive given that the Sl values falling above and below the match criteria
are just about equal.

Data shown in Panel C for the AOB group are consistent with previously
described results in that there is a high incidence of failure to amplify. The forensic
potential of the AOB group is limited since this assay produces inconsistent profile data.
A useful experiment would be to explore the AOB group using the 16S rRNA gene (or
another genomic region). If other molecular targets confirm the low abundance of
members of the AOB group, this assay is undesirable for forensic testing.

The NOB and Firmicutes groups (panels D and E, respectively) provided data that
best differentiated maintained lawn soils from widespread locations. The Firmicutes
group performed the strongest, successfully differentiating 99% of lawns and generating

the highest number of 0% SI values. Both assays reveal that similar Firmicutes and NOB
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patterns are not consistently found in maintained laws and that similarity between two
soils reflects a very local, highly restricted geography. The profile data generated from

these two groups would not be useful to identify a maintained lawn.

I1.d. Year-to-year sampling

The premise of determination of soil sample origin is predicated on the notion that
bacterial communities do not change very much over time within the same location. In
fact, bacterial communities do fluctuate over time, as shown in both the forensic study by
Meyers and Foran [Meyers and Foran, 2008] and in other studies [Lipson et al., 2004;
Smit et al., 2001; Walker et al., 2006]. Environmental influences over bacterial
community structure cannot be controlled, but its effects on DNA profiles can be gauged
to guide and control for time of collection. This portion of the research investigated
whether samples collected from the same area at different time points might be falsely
interpreted as originating from unrelated locations based on group-specific assay data.

Previously extracted soils from the year-to-year experiment sampling were re-
analyzed using the group-specific assays. The purpose of this experiment was to
determine how much each group’s profile changed over time. The similarity index

results for this section are shown in Table 18.
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Table 18 — Year-to-year sampling of soils collected at the University of Connecticut

SAMPLE Firm. 81 | Acide. 81 | Betgpre. 51 | AOF R | NOERI

BCH 04 1.00 0.2 0.21 0.60 0.65
BCHAO7
BCH 04 1.00 0.32 0.80 1.00 0.s7
BCH O3
BCHO7 1.00 0.80 0.80 0.40 0.81
BCH 03

SAMPLE Firm. 81 | Acida. 81 | Betgpre. 51 | AOF R | NOEFRI

CEM 06 0.:0 092 0.25 0.47
CEMO7T nfa

CEM 06 0.&0 0.38 0.22 0.ao 0.46
CEMOE

CEMO7T 1.00 0.95 0.77 0.67
CEMIOE nfa

Similarity indices (SI) highlighted in grey indicate a positive match greater than the similarity
threshold. Grid similarity index averages for groups: Firmicutes, 0.85; Acidobacteria, 0.78;
Betaproteobacteria., 0.69; AOB, 0.66; NOB, 0.46. “n/a” indicates no comparison was possible
for that group because no PCR product was generated for one sample.

Table 18 shows year-to-year data for Beach Hall and Cemetery. Beach Hall soil
achieved the most forensically desirable result, with soil from 2007 and 2008 matching at
all 5 loci, demonstrating that bacterial groups native to this location did not change much
from year to year. However, this does not imply that the community did not change at all
during the course of one year. Month-to-month sampling would shed light on whether
there are slight fluctuations over time in response to seasons, for example. Additionally,
other members of the bacterial community not examined in group-specific assays could
have fluctuated.

On the contrary, the bacterial groups assayed in Cemetery soil did not remain
consistent over time. Only one comparison (CEM 2007 and CEM 2008) generated data

similar to the Beach Hall data. In this very limited study time influenced bacterial
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communities differently, and the extent of these changes will be dependent on the local
conditions. As previously stated, both locations were accessible to the public. The data
generated for Cemetery soil could have been influenced by another variable in addition to
time.

These results demonstrate that time can influence the structure of certain bacterial
communities. The degree to which this happens is not uniform, as shown with the Beach
Hall and Cemetery sets. In both sets, members of the Acidobacteria group retain a
consistent structure from year-to-year. This is desirable for forensics given the potential
for there to be a difference in the collection times of evidentiary and reference samples.
As a whole, each group-specific assay generated different information about relatedness.
What this data means for forensic soil analysis is that if reference and evidentiary
samples are not collected within a certain time frame of each other, then there is a
possibility that the resulting DNA profiles may not accurately reflect their actual

relatedness (if in fact the two samples did originate from the same location).

Il.e. Meteorological event sampling

Addressing the impact of meteorological events on bacterial communities in soil
is another forensically relevant topic. Based on the data in Table 19, it is clear that some
bacterial groups change over one year’s time. To further complicate matters, this
fluctuation is not consistent. In the next experiment, sampling locations around the

University of Connecticut were evaluated for measurable changes after heavy rainfall and
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when the ground is covered in snow. The data in Table 19 lists Sl values for group-

specific assays at all locations.

Table 19 — Impact on group-specific analysis after heavy rainfall and snow cover

SAMPLE Firm. 81 | Acide. 81 | Beta-Pro. 81 | AOESI | NOEBSI
BECH Contral 0.77 0.85 0.36 1.00 0.63
BCH Snow
BECH Contral 0.57 0.92 0.18 0.59 0.74
ECH Eain
BECH Snow 0.59 0.92 0.86 0.89 0.48
BCH Fain
CEM Control 0.53 0.86 0.13 0.46 0.54
CEM Snow
CEM Control 0.0 0.79 0.17 D.62 D.60
CEM Rain
CEM Snow 0.67 0.93 0.62 0.75 0.54
CEM Fain

Similarity indices (SI) highlighted in grey indicate a positive match greater than the similarity
threshold. Grid similarity index averages for groups: Firmicutes, 0.85; Acidobacteria, 0.78;
Betaproteobacteria., 0.69; AOB, 0.66; NOB, 0.46. “n/a” indicates no comparison was possible
for that group because no PCR product was generated for one sample.

Data from the Beach Hall set demonstrate that the groups tested respond
differently to environmental variables. Each Firmicutes test generates an Sl value lower
than the grid match threshold. Although the Firmicutes group fluctuated annually, the Sl
values from that experiment remained above the match criteria. The Acidobacteria group
retained its native structure in response to meteorological events. Also retaining
consistency were members of the AOB and NOB groups. Lastly, the Betaproteobacteria

group appeared to change in response to snow and rain.
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The Cemetery soil set shared similarity to the Beach Hall set in that both the
Acidobacteria and NOB groups generated Sl values above the match criteria for each
comparison. This is of importance to forensic applications, since these two groups are
robust enough to withstand the impact of meteorological events. Again, we also see that
the Cemetery set responds differently to snow and rain than the Beach Hall soil. Forensic
interpretation of the relatedness of soil samples after meteorological events must be
approached with caution, as environmental variables can have a broad impact on soils

depending on the location, as well as the group being assayed.

I1.f. Peak identification using HPLC fragment collection

One of the advantages to using the HPLC WAVE® system is the potential for
fragment identification by DNA sequencing. In instances where more information is
needed in order to solidify DNA typing results, the WAVE® system can collect peaks for
further analysis. For high-profile forensic cases, this feature is desirable as it can provide
an added layer of information that strengthens the evidence.

The purpose of this experiment was to determine the efficacy of fragment
collection and identification using mixed templates. Although group-specific assays
targeted a small subset of the bacterial community, the amplicons generated were still
heterogeneous. For standard Sanger sequencing to work, the DNA collected must be
single copy. Lawn 1 and Lawn 9 were used in this experiment, comparing the results

from the AOB group and the Acidobacteria group. The AOB group assay targets a

127



functional gene that is conserved in sequence, while the Acidobacteria group targets the
16S gene which is highly variable.

Figure 25 shows C-RFLP profiles for Lawn 1 and Lawn 9 (top panel).
Undigested amplicons from both assays were separated by HPLC and their respective

chromatograms are shown in the bottom panel.

Lawnl—AOB Ajul
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Lawn 9 —AOPB Alurl

Lawnl - AOB undigested

...........

Mg (o)

Figure 25 — HPLC separation of PCR products targeting the AOB group [amoA gene]: Lawn land
Lawn 9

Top panel shows C-RFLP profiles for Lawn 1 and Lawn 9. Bottom panel shows fragment
collection data for undigested amoA amplicon for Lawn 1 and Lawn 9.
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It is clear that the C-RFLP profiles from Lawn 1 and 9 are different. If it were necessary
to provide additional data supporting this conclusion, sequence confirmation can be done.
The WAVE® system has the ability to dispense peaks into multiple vials. Initially,
whole peaks were collected and sequenced. The results from combining vials together
were problematic, as the DNA sequences appeared to contain more than one sequence.
To minimize the undesirable effect of multiple templates, single vials were sequenced.

The results from the AOB group for Lawns 1 and 9 are shown in Table 20.

Table 20 — Sequence match results for Lawn 1 and Lawn 9 - AOB group

Lawn 1 - Sequence Eesults

Vial Number Sequence Match (RDP/TNCET)
oo# Proteahactsria (RDT)
] Mitrasamonas eurcpaea (TTCBI)

Lawn 2— Zequence Fesults

Vial Numhber Sequence Match (RDP/INCEI)
97 Mitrasagpira multiformizs IICED
8* nlr
Q0% FProteobactsria (EDE)
10 MNitrosospira multiformis (TTCBD
101 Mitrosospira multiformis (TTCBD

Table lists sequence match results for Lawn 1 (top) and Lawn 9 (bottom) AOB group analysis for
all vials collected. Both RDP and NCBI were used to classify the sequence. Result shown only
lists the most complete result. (*) Vial #59 had poor sequence quality; could not confidently call
nucleotides. Vial #98 was not able to generate sequence. Vial #99 had poor sequence quality;
could not confidently call nucleotides.

The undigested amplicon from Lawn 1 was dispensed into 2 vials; Lawn 9 amplicon was

dispensed into 5 vials. Keeping each vial separate was sufficient enough to eliminate
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multiple template contamination in most of the vials. There was enough sequence data
generated from each sample to confidently determine the bacterial species that was being
targeted in each assay. [Sequence alignments for Lawn 1 and Lawn 9 are shown in
supplementary figures S28 and S29, respectively]. The C-RFLP profile generated from
Lawn 1 is a result of the presence of the species, Nitrosomonas europaea, while the Lawn
9 profile is a result of the presence of the species, Nitrosospira multiformis. These results
further validate the specificity of the AOB assay.

The results for the Acidobacteria group were not as successful as the AOB group.

Figure 26 shows Acidobacteria data for Lawns 1 and 9.
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Figure 26 — HPLC separation of PCR products targeting Acidobacteria [16S gene]: Lawn 1 and
Lawn 9

Top panel shows C-RFLP profiles for Lawn 1 and Lawn 9. Bottom panel shows fragment
collection data for undigested Acidobacteria amplicon for Lawn 1 and Lawn 9.

As compared to Figure 25, the Acidobacteria assay generates more peaks because of the
hypervariability of the region being targeted. HPLC separation of the undigested
amplicons reveals three peaks, suggesting that there are three amplicons of different size

and possibly sequence. Sequence results from each single vial are reported in Table 21.
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Table 21 — Sequence match results for Lawn 1 and Lawn 9 - Acidobacteria

Lawn 1 — Sequence Results

Vial Number Sequence Match (RDP/INCET)
& (peak 1) Acidobacteria (RDF)
Tipeak 1) Acidobacteria (RDF)

3 (peak 2) Acidobacteria (RDF)
9 (peal 3) Acidobacteria (RDF)

Lawn 9 — Sequence Results

Vial Number Sequence Match (RDP/INCET)
20% (peak 1) nfr
21 (peak 2) Acidobacteria (RDF)
22% (peak 2) nfr
23% (peak 3) CED

Table lists sequence match results for Lawn 1 (top) and Lawn 9 (bottom) Acidobacteria analysis
for all vials collected. Both RDP and NCBI were used to classify the sequence. Result shown
only lists the most complete result. (*) Vial #20 and #22 was not able to generate sequence.
Vial #23 produced truncated sequence with poor sequence quality; could not confidently call
nucleotides.

Sequences generated from Lawn 1 were of better quality than Lawn 9. However, none of
the vials in either samples generated clean sequences (i.e. without evidence of mixed
template). Data analysis of the sequences was done conservatively, only manually
calling bases that were clearly missed by the software. Classification of the sequences
revealed Acidobacteria taxonomy. Further classification past the phylum level could not
be done because of the high amount of ambiguous bases. Separation of the amplicons
would have to be done using traditional cloning methods. Although the results were not

as specific as the AOB group, the data show that HPLC fragment collection can be used
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to identify peaks based on sequence. This type of analysis is better suited for amplicon

pools that are as close to single source as possible.

[11. Discussion and Conclusions

The purpose of this study was to evaluate the forensic potential of bacterial group-
specific assays to establish the relatedness of soils. Universal bacterial typing generates
DNA profiles with unknown genetic content so taxonomic information cannot be readily
extrapolated.  In contrast, group-specific amplification products generate more
informative data that can identify specific bacteria. These data can strengthen the
conclusions made about the relationship of two soil samples. Additionally, group-
specific typing alleviates the issue of amplification bias toward major bacterial phyla.
Using modern sequencing techniques, we have chosen target phyla for DNA typing,
primarily based on abundance. This study focused on two major phyla (Proteobacteria
and Acidobacteria) and one minor phylum (Firmicutes). Table 22 provides a general
summary of the performance of each group-specific assay with respect to several criteria

(listed below table).
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Table 22 - Summary of findings for groups-specific assays

Target Target HPLC SI PCR Diverse Local Bio. Metero. Time *
Group Region Profile Maich Eff:! Hahitat? Geog.? Reps. # EvenisE
Acido. 163 Clean 078 Yes Yes Mo No Tes Tes
ACE amaA Clean 0.68 Mo
Eefa-
13 Clean 069 Yes Yes Yes Na Na Incl
Fro.
Firm. 163 Mesay 025 Tes Yes Tes Tes Mo Incl
NOE 161%2533 Messy 0.4a Yes Yes Yes Tes Tes Incl

t = Do the PCE primers chosen consstently produce enough amplicon for HPLC analysis?
2 = Can the group-specific test differentiate diverse habitats?
* = Canthe group-specific test differentiate site locations within alocal geography?

A = Canthe group-specifictest differentiate biological replicate mantained lawn sites?
B = Canthe groups-specifictest correctly identify identical locations after meteorological events?

¥ =Canthe groups-specifictest correctly identify identical locations over the course of 1 year?

Table provides a summary of the performance of each group-specific assay
evaluated in this study: Acidobacteria, AOB, Betaproteobacteria, Firmicutes, and
NOB. Table lists each assay’s genomic target region, subjective classification of
the resulting HPLC chromatograms (i.e. clean or messy), similarity index match
criteria.

Five group-specific targets were evaluated on a variety of soil samples. HPLC

analysis effectively evaluated the potential of multiple targets without the financial

burden of fluorophore-labeled primers. Grid experiments for each group-specific assay

demonstrated that members were heterogeneously dispersed in soil.

In terms of

forensic analysis, this result is problematic. Group-specific profiles can be different

even when two soil samples are collected from the same location, complicating the

establishment of match criteria. Each group-specific assay revealed a wide range of

differently distributed SI values. Using an absolute average Sl value as a threshold for
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determining the relatedness of soil samples may not be appropriate for all assays and
future research should explore profile analysis using less stringent thresholds.

The data presented in this chapter show that group-specific analysis can
differentiate diverse soils. As soils become more similar (i.e. similar composition or
local geography), bacterial groups can be shared. Throughout all sample sets, the
Acidobacteria group had the highest similarity among mineral soils from both related
and unrelated locations. Although this assay did not perform well in differentiating
soils, it has the potential to serve as a biological marker for mineral soils from
maintained lawns. Both the NOB and Firmicutes groups generated the most consistent
data that accurately differentiated soils from different sites, showing the most potential
in a forensic context.

Given the heterogeneity of soil, using multiple group-specific assays to determine
the relatedness of two soil samples will provide the most detailed information.
However, accurate differentiation of nearly all lawn samples was accomplished using
only the Firmicutes assay. The key to choosing forensically informative assays will be
the assay itself, and not the number of tests included. Most importantly, the choice of
assay will be dependent on whether sample relatedness or ecosystem suggestion is the
analysis goal. Furthermore, it is possible that different group-specific assays will be
better/worse for different soil types. This study has identified forensically informative
assays for maintained lawns. These assays may (or may not) perform as well on organic
or sandy soils.

Meteorological events and time can alter the structure of certain bacterial groups.

The Acidobacteria group did not appear to fluctuate in response to these variables,
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further validating its potential as a forensically informative group. Although able to
consistently differentiate soils, it was shown that the Firmicutes group was influenced
by these variables. Altogether, these results speak to the importance of timely evidence
and reference sample collection. The most desirable situation would be for reference
sample collection to occur within hours of a crime. In a majority of cases this is an
unrealistic scenario. However, being aware of the impact these environmental variables
have is critical to proper analysis.

Each assay was shown to represent bacterial groups uniquely, in turn providing
different conclusions about the relatedness of soils samples. Some groups are better at
distinguishing soils, while others are more useful for suggesting locations of origin.
Data generated by the AOB group did not provide useful information about the
relatedness of soils. This was likely due to the low amount of AOB members in the
soils collected.

There are interpretational limitations to determining the relatedness of soil
samples using group-specific targets. If group-specific tests are to be used, the forensic
community must determine how many tests must “match” in order for the samples to be
interpreted as originating from the same location. Conversely, there must be guidelines
for interpretation of soils that fall below match criteria. For example, there can be two
explanations for soil samples having a lower than expected Sl value. Either soil samples
A and B are not from the same location, or soil samples A and B are likely from the
same location, but the time between the collection of these samples has changed the
native bacterial community in one sample. Perhaps the most difficult variable to

measure in forensic soil analysis will be the environment. Not all locations are exposed
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to the same environmental variables so the impact to bacterial communities will vary.

Translating this variation into a probability will be useful for interpretation.
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Chapter 5—Thesis synopsis and futuredirections

|. Synopsis

The data presented herein aims to close the gap between basic research and
related forensic applications. The ultimate goal of all translational research is to
generate data that can be used in the design of a specific application or diagnostic test.
In this case, the data herein adds to an already strong foundation of basic soil research
with the ultimate goal of a multiplex typing kit for the forensic community. We
recognize that 454 pyrosequencing and HPLC analysis of nucleic acids may never be
part of routine analysis in crime labs; these two methods can be a part of a national,
regional or commercial service labs. However, these modern techniques have provided
valuable data from which forensically relevant topics have been explored.

Bacterial communities in soil are demonstratively complex. Fortunately, we
have instrumentation at our disposal that makes analyzing these communities easier.
In-depth pyrosequencing generates tens of thousands of bacterial sequences per sample
in a few days, something that traditional cloning methods could never do. Regardless
of the complexity of the instrument or quantity of data, the basic questions are still the
same. The first basic question addressed the forensic potential of two DNA typing
methods.

Universal bacterial DNA profiles from soil can be used to establish the
relatedness of two samples. However, neither T-RFLP nor C-RFLP can be used to
determine the exact location of origin of a soil sample. This does not speak to the

efficiency of either method, rather it is a limitation due to the natural, heterogenic
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dispersal of bacteria in soil. The sensitivity of the T-RFLP method highlights this
characteristic more so than C-RFLP. With the capillary sequencer’s resolution
capability of one base pair, in addition to a very sensitive fluorophore detection system,
both major and minor terminal fragments are readily visualized. If the goal of T-RFLP
analysis is to estimate bacterial diversity in soil, then this feature is desirable. From a
forensics perspective, this sensitivity complicates analysis. The key to choosing an
appropriate soil analysis method is that it must be sensitive enough to detect differences
in samples, but not go so far as to highlight all differences such that a positive
association will never be achieved no matter where the soils originate. C-RFLP
analysis meets this criterion and therefore has more forensic potential for future
applications. Even if HPLC separation and detection is not the forensic method of
choice, the important point here is that the sensitivity of the method is crucial.
Regardless of the analysis method eventually chosen for forensic soil analysis, a
match criterion must be established for determining whether two samples are the same.
We attempted to address this issue with the grid experiment. The data from that
experiment (for both the universal and group-specific assays) showed that one absolute
number may not be appropriate for establishing relatedness. Again, this has to do with
the natural heterogeneity of bacterial communities. Multiple samplings from one
location can generate a range of similarity indices. Taking the average of these
numbers and using that as rigid match criteria can give misleading results. Future work
might evaluate match criteria with an appropriate standard deviation. Furthermore, the
data from the grid experiments emphasize the need to collect multiple reference

samples from a single location. This will ensure that outlier samples are not
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inadvertently used as a single reference point, possibly leading to incorrect conclusions.
Collection of multiple samples will also ensure back-up samples in case one or more
extractions or amplifications fail. Throughout the course of this research, there were
several samples that could not be profiled either because of low extraction yield or high
humic substance contamination.

This research also identified other considerations, such as meteorological events
and time, which should be factored in to soil analysis. These data demonstrated that
bacterial communities can change over the course of one year. Changes can also take
place over a shorter period of time, as in response to heavy rainfall or snow. These
environmental factors would not be as big of a problem for forensic analysis if their
impacts on bacterial communities were consistent. Soil communities can have unique
responses to these variables. The data show that changes from “native” structure may
be either slight or severe. This point emphasizes the importance of timeliness of
sample collection. For forensic applications, it will be necessary to collect reference
and evidentiary samples over a narrow time frame so that the effects of these potential
variables can be minimized.

The application of bacterial community structure to identify possible ecosystems
of origin was also explored. When the origin of a soil sample is unknown, it would be
of great forensic value to be able to suggest potential environments. For example, if
there is soil on a body found in the middle of a parking lot, there is considerable
forensic interest to be able to infer that the soil likely came from a forest in the area.
The use of 454 pyrosequencing has potential for this type of analysis. As shown with

heat map similarity measures, bacterial communities can be clustered to determine
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which samples are most alike. Biological replicate samples (maintained lawns
bordered by trees) were readily identified as a cluster and could be differentiated from
other mineral soils. Conversely, the data might also be able to reveal to investigators

where a sample did not originate from.

II. Thefutureof forensic soil analysis

The purpose of this research was to address how soil might be best used for
forensic applications. The quest for the answer to this question began with universal
bacterial T-RFLP analysis as described by Horswell et al. [Horswell et al., 2002]. The
data also addressed the limitations to this type of analysis. Most importantly, it prompted
the forensic community to start asking questions about the analysis of soil evidence.
Soon after, the promise of universal bacterial DNA typing gave way to the potential for
group-specific typing, as suggested by Meyers and Foran (2008). The data presented
herein provides support for this type of analysis, adding to the body of scientific evidence
that is absolutely essential if soil samples are to be critically examined and ultimately
accepted for forensic applications. The kinds of information resulting from our
experiments are necessary and valuable regardless of the method ultimately chosen.

There are still many fundamental questions that need to be addressed before soil
analysis can be accepted by the forensic community. Spatial analyses of single locations,
like our grid experiments, are critical to understanding the heterogeneity of soil. It would
be useful to sample across micro- and macro-scales to determine how much DNA
profiles can vary across space. These data will provide valuable information for how

locations are to be properly sampled. Sampling at various depths would also be useful in

141



this capacity. Our sample set focused on soils collected from the top two inches of the
soil surface. Soil taken from deeper below may contain different diversity.

Studies exploring forensically relevant locations are also needed. This research
was focused around a convenience soil sample set primarily composed of mineral soils
from maintained lawns. More isolated, heterogeneous environments like forests,
wetlands and prairies would be of interest to study as crimes can also occur in these
remote areas. Heterogeneous environments may pose their own set of difficulties in
terms of analysis. For example, bacterial community variation across a spatial scale may
be more exaggerated in these environments than across a maintained lawn.

The consensus among the forensic community is that PCR-based typing methods
are best suited for all DNA typing methods, including soil analysis. Although there are
biases associated with PCR-based methods, an understanding of them can minimize their
impact on analysis. The choice of an appropriate statistic for the chosen method also
needs careful consideration. The Sorensen similarity index may not be the best selection
for statistical comparison given its relatively simple approach to measuring percent
relatedness. Multivariate methods, like the Bray-Curtis and Morisita-Horn measures, that
cluster samples based on similarity/dissimilarity can be of use to forensics. These
measures take into account more than just presence and absence of data points.

Validating potential extraction and molecular typing methods is also critical.
There are many variables to consider when formulating any DNA typing protocol.
Beginning with soil extraction, there are several commercially available kits as well as
chemical extraction protocols that can extract nucleic acids from soils. Five kits were

evaluated in addition to the Yeates et al. protocol for this work. The Yeates et al.
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protocol consistently performed the best, generating high molecular weight DNA with the
lowest amount of PCR inhibitors. The forensic community must work to validate all
possible methods for DNA quality, cost-effectiveness, and reliability. There also must be
agreement on proper storage, time between storage and extraction, and what the
minimum amount of soil needed for analysis is. In this study, soil samples were stored at
four degrees in plastic zip top bags. Other storage methods, like freezing or air-drying
samples prior to storage were not evaluated. It is difficult to conclude which method is
best for forensic applications. Extractions were carried out within one week of collection
from one gram of soil. Smaller starting amounts should be evaluated for ability to
generate DNA profiles.

There are also many PCR variables to consider such as starting template, target
region, and the number of replicates to perform on a single sample. If T-RFLP and C-
RFLP remain viable options for analysis, the restriction enzyme choice will also be
critical. Performing double digests on samples, as well as several single digests on one
sample may show to be more informative than one digestion. On the other hand,
methods that contain a restriction enzyme step introduce the artifact of incomplete
digestion. Generating a DNA profile does not necessarily have to include digestion. For
example, a length-based assay could be created similar to the current human STR typing
method. Specific primer sets could be tagged with different fluorophores creating
uniquely sized fragments for each taxon probed. These length variants could be analyzed
by capillary electrophoresis. This type of multiplex assay would require a lot more work,

as informative taxa have not yet been identified.
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The ultimate goal of this translational research is to provide useful information so
that a multiplex soil typing assay can be created. The method employed can be based on
a modification of T-RFLP, 454 analysis or microarray chips. For example, studies using
multiplex (M) T-RFLP have been presented as a way to identify bacteria in
environmental samples [Singh et al., 2006; Singh and Thomas, 2006]. This has potential
forensic applications as T-RFLP is run on instrumentation crime labs already have. 454
Life Sciences has recently introduced (June 2010) a Junior FLX sequencer that generates
less data at a greatly reduced cost. Additionally, one could use multiplex ID tags with the
original GS FLX system to allow for more samples to be analyzed at one time, also
driving down cost. The use of MID tags for bacterial surveys has been successful in
previous studies [Dowd et al., 2008; Huse et al., 2008]. The group-specific data
presented can also be used in the development of a bacterial microarray chip containing
forensically informative markers. Chips can be created for common phyla and rare
ecosystem-specific groups. A similar microarray system was used to survey the human
oral microbiome [Huyghe et al., 2008].

Whatever the method chosen, incorporation of a streamlined protocol to be used
across the nation is desirable for forensics because it ensures consistency. A soil
multiplex typing assay is likely to be centered on group-specific loci, just as human STR
typing is built around a core set of markers. The data presented herein demonstrate
potential for the use of group-specific markers. There are some bacterial groups that are
best suited for sample differentiation (Firmicutes and NOB groups), while others may be
best suited for ecosystem association (Acidobacteria). The successful design of any

multiplex assay will rely on the researcher’s ability to recognize that not all bacterial
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groups are created equal. There are many classes and subclasses of phyla, each harboring
potentially valuable forensic information. When that is added to the many choices of
genetic targets, the combination of assays is limitless. A superior assay does not
necessarily have to contain 16 markers like human typing kits do. Rather, the
combination of markers must be able to successfully type most soils, and generate
enough information about the sample in question so that the forensically relevant
question being asked can be accurately answered. Finally, a successful application of
bacterial DNA analysis to forensics must be user-friendly and cost-effective,
implementing a typing method that delivers the most discriminate information in the

shortest amount of time.
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Chapter 6 - Materialsand Methods

I. Nucleic acid extraction and quantitation from soil

Samples were subject to nucleic acid extraction within one week of collection.
Solid materials from the Connecticut River and the sewage treatment plant were isolated
from their liquid portions prior to extraction. Two milliliters of each sample were
centrifuged at 13,000 x g for 5 minutes. A total of 1.0 gram of wet soil/sediment was
used for extraction. The nucleic acid extraction protocol used in this study exactly
followed the method published by Yeates et al. (1997), except for modifications to
reagent volume to accommodate a smaller amount of starting material [Yeates et al.,
1997].

The quantity of nucleic acids was estimated using gel electrophoresis. A portion
of the extract was run on a 1.0% w/v agarose gel containing ethidium bromide. Query

DNA bands were compared to known DNA standards ranging from 12.5 ng to 400 ng.

I1. Preparation of amplicons for T-RFLP and C-RFLP universal bacterial typing

All stock solutions were diluted to working concentrations of 2.0 ng/pl of DNA.
PCR reactions were set up in triplicate (technical replicates) for each sample, using
bacterial-specific universal primers for the 16S ribosomal RNA gene: 27F 5 -
AGAGTTTGATCCTGGCTCAG - 3’ and 926R 5 - CCGTCAATTCATTTRAGTTT -

3’ (Primer positions based on Escherichia coli numbering). PCR for C-RFLP analysis

146



used unlabeled primers, whereas T-RFLP analysis included the use of the following
fluorophore-labeled forward primer: 27F 5’ - /56-
FAM/AGAGTTTGATCCTGGCTCAG - 3’. Reverse primer 926R was not modified.

The PCR mixture (30pl total volume) contained the following for both T-RFLP
and C-RFLP analysis: 10 ng of template, 1X PCR buffer (Bio-Rad Laboratories,
Hercules, CA, USA), 5 ul of GeneReleaser® (BioVentures, Inc., Murfreesboro, TN,
USA), 1X Cresol Red, 0.22 uM each of primers 27F and 926R, deoxynucleoside
triphosphates at a final concentration of 0.13 mM, 1.67 mM MgCI2, and 1.0U of Taq
polymerase (Bio-Rad Laboratories, Hercules, CA, USA). PCR cycling conditions were
as follows: 5 minute initial denaturation at 95° C, followed by 25 cycles of 95 ° C for 45
seconds, 52 ° C for 1 minute, and 72 ° C for 1 minute. Cycle was completed with final
extension at 72 °© C for 15 minutes. Genomic Escherichia coli DNA was used as a
positive control.

PCR products were separated on a 1.0% wi/v agarose gel containing ethidium
bromide. Bands were visualized under ultraviolet light, and amplicons were compared to

a 1 Kb+ ladder (Invitrogen, Carlsbad, CA, USA) for size verification.

[11. Restriction enzyme digestion

Amplicons from technical replicates were combined and centrifuged briefly to
pellet the GeneReleaser®. An aliquot of 60pl of PCR product was transferred to another
tube for restriction enzyme digestion. Amplicons generated for C-RFLP and T-RFLP

analysis were digested with the restriction enzyme, Alul (New England BioLabs, Ipswich,
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MA, USA). Prior to selecting this restriction enzyme for analysis, several different
restriction enzymes were evaluated (data not shown): Alul, Haelll, Hhal, Hinfl, EcoR1,
Mspl, and Taqlo. After testing these enzymes on several soil samples, Alul was selected
because it created an optimal set of numerous fragments from the 16S rRNA amplicons.
Digestion reactions (100ul total volume) contained the following: (approximately) 350
ng of 16S rRNA amplicons (60ul), 1X Alul Buffer, and 20U of Alul. Reactions were
incubated at 37 °C for 8 hours, and the enzyme then inactivated at 65 °C for 20 minutes.
Digested DNA was purified using the QiaQuick® PCR Purification Kit (Qiagen,
Valencia, CA, USA), according to the manufacturer’s protocol. Fragments were eluted in

60ul of sterile MilliQ water.

IV. Separation and detection of DNA fragments using C-RFLP

The total eluate from purification of unlabeled digested PCR products was loaded
onto the HPLC/WAVE® Nucleic Acid Fragment Analysis System (Transgenomic, Inc.,
Omaha, NE, USA). Fifty microliters of each sample was injected into the system
containing a DNASep® cartridge, and analyzed using the Universal Linear application
(non-denaturing conditions). The oven temperature was held constant at 50.0° C. The
separation specifications were constant for all samples: “Fast” clean type; 28 minute
gradient time; 0.90 slope distribution for Solution A [0.1M triethylammonium acetate
(TEAA), obtained from Transgenomic, Inc.] at 55%, and Solution B [0.1M TEAA in
25% acetonitrile, obtained from Transgenomic, Inc.] at 45%. Reagent flow rate through

the column was 0.65mL/min. Fragments were continually detected by ultraviolet light at

148



260nm. Chromatogram data was analyzed using Navigator™ Software (Transgenomic,

Inc.). All peaks that met the 0.05 mV (millivolt) threshold were included in analysis.

V. Separation and detection of DNA fragments using T-RFLP

A portion of the purified 56-FAM labeled, digested amplicons was used for T-
RFLP analysis. Approximately 100 — 150 ng of DNA (10-15 ul) was combined with
formamide (9.5-14.5 pl) and 0.5 ul of GeneScan ™ - 500 LI1Z ™ Size Standard (Applied
Biosystems, Foster City, CA, USA). Prior to injection, prepared samples were added to a
96-well plate, denatured for 3 minutes at 95° C, and snap cooled on ice for 3 minutes.
Terminal fragments were separated by capillary electrophoresis on Applied Biosystem’s
3130 Genetic Analyzer using GeneScan ™ software for fragment sizing. Fragments were
visualized using GeneMapper ™ ID software version 3.1. Only fragments within the
range of the genomic size standards, and above 100 rfu (relative fluorescence units) were
considered for preliminary analysis. Peaks were further eliminated from analysis through

normalization [Meyers and Foran, 2008].

VI. 454 GSFLX amplicon pyrosequencing — Standard Chemistry Preparation

To prepare samples for standard chemistry Genome Sequencer FLX amplicon
pyrosequencing (454 Life Sciences/Roche, Branford, CT, USA), amplicon libraries were
created from the following samples: [Set A] - AG Farm, CT River, Field, and Sewage

Sludge; [Set B] - Beach Hall (BCH) 2006, BCH 2007, BCH 2008, Cemetery 2008,
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Cemetery Snow and Cemetery Rain. PCR reactions were set up in triplicate (technical
replicates) for each sample, using universal bacterial primers containing 454 adaptor
sequences A (forward primer) and B (reverse primer) targeting the V6 region of the 16S
gene [Sogin, et al. 2006]: A967F 5’ -
GCCTCCCTCGCGCCATCAGCAACGCGAAGAACCTTACC - 3’; B1046R 5 -
GCCTTGCCAGCCCGCTCAGCGACAGCCATGCANCACCT - 3’. [Note: adaptor
sequences used with standard chemistry for amplicon sequencing]. The PCR mixture
(25ul total volume) contained the following: 8 ng of template, 1X PCR buffer (Bio-Rad
Laboratories, Hercules, CA, USA), 5 pl of GeneReleaser® (BioVentures, Inc.,
Murfreesboro, TN, USA), 1X Cresol Red, 0.4 pM each of primer, deoxynucleoside
triphosphates at a final concentration of 0.16 mM, 2.0 mM MgCI2, and 1.0U of Taq
polymerase (Bio-Rad Laboratories, Hercules, CA, USA). PCR cycling conditions were
as follows: 5 minute initial denaturation at 94° C, followed by 23 cycles of 94 ° C for 30
seconds, 57 © C for 45 seconds, and 72 ° C for 1 minute. Cycle was completed with final
extension at 72 ° C for 15 minutes.

PCR products were separated on a 1.0% wi/v agarose gel containing ethidium
bromide. Bands were visualized under ultraviolet light, and amplicons were compared to
a 1 Kb+ ladder (Invitrogen, Carlsbad, CA, USA) for size verification. Amplicons from
technical replicates were combined and centrifuged briefly to pellet the GeneReleaser®.
DNA was purified using the QiaQuick® PCR Purification Kit (Qiagen, Valencia, CA,
USA), according to the manufacturer’s protocol. Fragments were eluted in 50ul of sterile

MilliQ water.
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For samples in Set A, amplicon library concentrations were measured using an
Agilent Bioanalyzer system (Agilent Technologies, Foster City, CA, USA), following
manufacturers protocol.  For samples in Set B, an Experion Automated Gel
Electrophoresis System (Bio-Rad Laboratories, Hercules, CA, USA) was used following
manufacturer’s protocol.

For the samples in Set A, a 2.0 E+05 double stranded DNA molecules/ul dilution
of the amplicon library was created. A target copy number of 1.0 molecule per bead was
used in the emulsion PCR. For samples in Set B, a 4.0 E+06 double stranded DNA
molecules/pl dilution of the amplicon library was created. A target copy number of 2.0
molecules per bead was used in the emulsion PCR. All DNA libraries were prepared for
unidirectional sequencing from the A end. Emulsion PCR amplification was carried out
using manufacturer’s protocol. After emulsion PCR was complete, emulsions were
broken and positive beads were enriched for following the manufacturer’s protocol. A 4-
region 454 sequencing run was done using a 70x75 GS PicoTiterPlate (PTP) on the GS
FLX System for Set A. An 8-region sequencing run was done using a 70x75 GS
PicoTiterPlate (PTP) for Set B. All sequencing procedures followed the manufacturer’s

instructions.

VII. 454 GS FLX amplicon pyrosequencing — Titanium Chemistry Preparation

To prepare samples for standard chemistry Genome Sequencer FLX amplicon
pyrosequencing (454 Life Sciences/Roche, Branford, CT, USA), amplicon libraries were

created from the following samples: Lawn 1, Lawn 9, Lawn 14 and Lawn 17. PCR
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reactions were set up in triplicate (technical replicates) for each sample, using universal
bacterial primers containing 454 adaptor sequences A (forward primer) and B (reverse
primer) targeting the V1-V2 region of the 16S gene [Sundquist, 2007]: A 8F 5* —
CGTATCGCCTCCCTCGCGCCATCAGAGAGTTTGATCMTGGCTCAG - 37
B_361R 5° — CTATGCGCCTTGCCAGCCCGCTCAGCYIACTGCTGCCTCCCGTAG
— 3’. The PCR mixture (30ul total volume) contained the following: 10 ng of template,
1X PCR buffer (Bio-Rad Laboratories, Hercules, CA, USA), 5 ul of GeneReleaser®
(BioVentures, Inc., Murfreesboro, TN, USA), 1X Cresol Red, 0.33 uM each of primer,
deoxynucleoside triphosphates at a final concentration of 0.13 mM, 1.67 mM MgCI2, and
1.0U of Taqg polymerase (Bio-Rad Laboratories, Hercules, CA, USA). PCR cycling
conditions were as follows: 5 minute initial denaturation at 95° C, followed by 23 cycles
of 95 ° C for 45 seconds, 64 ° C for 1 minute, and 72 °© C for 1 minute. Cycle was
completed with final extension at 72 ° C for 15 minutes.

PCR products were separated on a 1.0% wi/v agarose gel containing ethidium
bromide. Bands were visualized under ultraviolet light, and amplicons were compared to
a 1 Kb+ ladder (Invitrogen, Carlsbad, CA, USA) for size verification. Amplicons from
technical replicates were combined and centrifuged briefly to pellet the GeneReleaser®.
DNA was purified using the QiaQuick® PCR Purification Kit (Qiagen, Valencia, CA,
USA), according to the manufacturer’s protocol. Fragments were eluted in 50ul of sterile
MilliQ water.

For all Lawn samples, an Experion Automated Gel Electrophoresis System (Bio-

Rad Laboratories, Hercules, CA, USA) was used following manufacturer’s protocol.
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A 4.0 E+06 double stranded DNA molecules/pl dilution of the amplicon library
was created. A target copy number of 4.0 molecules per bead was used in the emulsion
PCR. The DNA libraries were prepared for unidirectional sequencing from the A end.
Emulsion PCR amplification was carried out using manufacturer’s protocol. After
emulsion PCR was complete, emulsions were broken and positive beads were enriched
for following the manufacturer’s protocol. An 8-region 454 sequencing run was done
using a 70x75 GS PicoTiterPlate (PTP) on the GS FLX System. All sequencing

procedures followed the manufacturer’s instructions.

VII1. Preparation of amplicons for group-specific C-RFLP analysis

All stock solutions were diluted to working concentrations of 2.0 ng/pl of DNA.
PCR reactions were set up in triplicate (technical replicates) for each sample, using the
group-specific primers in Table 15. The PCR mixture (30ul total volume) contained the
following: 10 ng of template, 1X PCR buffer (Bio-Rad Laboratories, Hercules, CA,
USA), 5 ul of GeneReleaser® (BioVentures, Inc., Murfreesboro, TN, USA), 1X Cresol
Red, 0.33 uM each of primer, deoxynucleoside triphosphates at a final concentration of
0.13 mM, 1.67 mM MgCI2, and 1.0U of Taq polymerase (Bio-Rad Laboratories,
Hercules, CA, USA). PCR cycling conditions were as follows: 5 minute initial
denaturation at 95° C, followed by 35 cycles of 95 ° C for 45 seconds, 57 ° C for 1
minute, and 72 ° C for 1 minute. Cycle was completed with final extension at 72 ° C for

15 minutes.
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PCR products were separated on a 1.0% wi/v agarose gel containing ethidium
bromide. Bands were visualized under ultraviolet light, and amplicons were compared to
a 1 Kb+ ladder (Invitrogen, Carlsbad, CA, USA) for size verification. Amplicons from
technical replicates were combined and centrifuged briefly to pellet the GeneReleaser®.
DNA was purified using the QiaQuick® PCR Purification Kit (Qiagen, Valencia, CA,
USA), according to the manufacturer’s protocol. Fragments were eluted in 50l of sterile

MilliQ water. DNA fragments were run on the HPLC system as described in section 6.5.

IX. Sequence identification of group-specific amplicons as separated by HPLC

Undigested group-specific amplicons were prepared as described in section 6.10.
Triplicate PCR reactions were combined and DNA was purified using the QiaQuick®
PCR Purification Kit (Qiagen, Valencia, CA, USA), according to the manufacturer’s
protocol. Fragments were eluted in 50l of sterile MilliQ water.

Amplicons were initially separated by HPLC in order to generate a chromatogram
that pinpointed the location of all peaks. The location of these peaks (retention time)
dictated how the fragment collection protocol was designed. Once a fragment collection
protocol was established for each group-specific amplicon, a new sample was run on the
HPLC. Fragments were collected using a 96-well plate, with each vial containing 200ul

of eluate.
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IX.a. Sngle peak sequencing

Using Navigator™ software, all vials containing the desired DNA molecules were
identified by vial number. Single peaks that were distributed among multiple vials were
combined into a clean 1.5mL tube. Collected peaks were purified using a Microcon Y M-
30 microcentrifuge unit. The entire volume of each peak was transferred to each
microcon unit. Samples were centrifuged for 25 minutes at 4.6 rpm. If the peak volume
exceeded 600pul, two rounds of centrifugation were done with the remaining volume.
Once the sample passed through, the filter was washed twice with 250l of sterile water
by centrifugation at 4.6 rpm for 25 minutes. Samples were concentrated to a final
volume of 30pul using MilliQ water.

To generate enough template for DNA sequencing, the purified DNA was used as
template for group-specific PCR. Amplification followed the protocol as described in
section 6.8.

Sanger sequencing was then performed on the HPLC peak PCR product using the
BigDye Terminator Kit v3.1 (Applied Biosystems, Foster City, CA, USA). DNA
sequencing reactions (6ul total volume) contained the following: 2.5ul DNA template,
1X BigDye sequencing buffer, 1ul BigDye sequencing enzyme mix, and 0.83 uM of
either the appropriate forward or reverse group-specific primer. PCR cycling conditions
were as follows: 5 minute initial denaturation at 96° C, followed by 25 cycles of 96 ° C
for 10 seconds, 50 ° C for 5 seconds, and 60 ° C for 4 minutes.

Sequencing products were purified from sequencing reactions by first bringing up

the reaction volume to 20ul with sterile MilliQ water. Entire volume was transferred into
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a clean 1.5mL tube. Two microliters of 3M sodium acetate was added to the reaction as
well as 50l of 95% ethanol. Samples were briefly vortexed and allowed to incubate at
room temperature for 10 minutes in the dark. Samples were centrifuged for 10 minutes at
13.2 x g. Supernatant was removed from the tube, carefully avoiding the DNA pellet.
Two hundred fifty microliters of 70% ethanol was added to the pellet and briefly
vortexed. Tubes were centrifuged for 5 minutes at 13.2 x g. Supernatant was removed
from the tube (avoiding the DNA pellet) and the pellet was allowed to fully dry. DNA
pellets were resuspended in 20ul of HiDi Formamide by thoroughly vortexing the
sample. Samples were loaded onto a 96-well plate and placed into an ABI 3130 DNA

Capillary Electrophoresis Instrument (Applied Biosystems, Foster City, CA, USA).

IX.b. Snglevial sequencing

Using Navigator™ software, all vials containing the desired DNA molecules were

identified by vial number. Single vials were not combined during this protocol. Single

vials were concentrated, PCR amplified, DNA sequenced and sequencing products were

purified exactly as described in section 6.9.1.
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Chapter 8 — Appendix

Supplementary Figures S27A — S27H — Validation data for C-RFLP bacterial profiling using
HPLC to separate and detect DNA fragments.

Bacterial community profiles generated by 16S rRNA amplicon fragment separation and
detection on the HPLC/WAVE® System. Included for all sampling locations is a chromatogram
of consolidated, independently generated profiles. The 5 tallest peaks were chosen for validation
testing. Table A lists fragment retention times for the independently run samples in minutes (as
determined by Navigator™ Software). Each peak retention time is listed with a rounded value (to
the nearest tenth of a minute). Table B lists the elapsed time between the detection of select

fragments among independently run trials.

between the average elapsed time and the query peaks is reported in seconds (parentheses).

Elapsed time reported in minutes. The difference
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Tabled: Individual Peak Retention Time

Soil Sample No. 1 No.2 No.3 No. 4 No. 5
Trial {rounded) {rounded) {rounded) {rounded) {rounded)
Trial 1 15207 (152 [18573 (186) | 19393 (194 | 20840 (20.8) (24374 (24.4)
Trial 2 15233 (15.2) [18383 (186) | 19407 (194 | 20853 (209 [24.360 (24.4)
Trial 3 15287 (123 (12640 (186) | 19453 (195 | 200893 (20 (24413 (24.4)

Table B: Pattern Analyds - Elapsed Time Between Fragment Detection

Soil Sample Peakl and 2 Pealk 2 and 3 Peak3 and 4 Pealk 4 and 5
Trial (seconds) (seconds) {seconds) (seconds)
Trial 1 3366 (0.36:2) | 0.820 (0.243) 1447 (018:) | 3534 (0.84g)
Trial 2 3360 (0.00:) [ 0.814 (0.122) 1446 (0.12:) | 3507 (078:)
Trial 3 3353 (0.42s) | 0813 {0.1283) 1440 (0D.248) | 3520 (0.00g)

Figure S27A — Validation using Agricultural Farm soil
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Tabled: Individual Peak Retention Time

Soil Sample No. 1 No.2 No.3 No. 4 No. 5
Trial {rounded) {rounded) {rounded) {rounded) {rounded)
Trial 1 10467 (103 [ 12260 (15.3) | 19400 (194 | 20860 (209 (24387 (24.4)
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Table B: Pattern Analyds - Elapsed Time Between Fragment Detection

Soil Sample Peakl and 2 Pealk 2 and 3 Peak3 and 4 Pealk 4 and 5
Trial (seconds) (seconds) {seconds) (seconds)
Trial 1 4793 (0.90z) | 4.140 (0.4235) 1.460 (066z) | 3527 (054g)
Trial 2 4780 (1.683:z) | 4.146 (0.06z) 1427 (1.32:) | 3313 (0.305)
Trial 3 4 853 (270z) | 4.154 (0.4235) 1.460 (066z) | 3513 (0.30s)

Figure S27B - Validation using Beach Hall Great Lawn soil
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Y

Pealt Height (m'V)

10 a0 mid
Retention Time (mimutes)
TableA: Tndividual Peak Retention Time
Soil Sample No.1 No.2 No.3 No. 4 No.5
Trial {rounded) {rounded) {rounded) {rounded) {rounded)
Trial 1 11787 (11.8) (15283 (153 | 20333 (20033 | 21500 (213 (23513 (239
Trial 2 11767 (11.8) (15267 (153 | 20340 (203 | 21487 (21.3) (23480 (235
Trial 3 11787 (11.8) (15233 (152 | 20360 (204 | 21,5933 (21.3) (23483 (239
Table B: Pattern Analyss - Elapsed Time Between Fragment Detection
Soil Sample Pealt 1 and 2 Peal 2 and 3 Peak 3 and 4 Pealt 4 and 5
Trial (seconds) (seconds) {seconds) (seconds)
Trial 1 3006 (1.322) | 5.040 (2.40z5) 1.167 (0.30:) | 2013 (1445
Trial 2 3500 (0.96:z) | 5073 (0.4235) 1.147 (0.903s) 1983 (0.24s5)
Trial 3 3446 (2283 | 5127 (2.825) 1.173 (0.663) 1960 (174s)

Figure S27C — Validation using Swan Lake soil
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D.

Pealt Height (m'V)

Mirrer Lale

20

Retention Time (mimutes)

TableA: Individual Peal Retention Time

Soil Sample No.1 No.2 No.3 No. 4 No.5
Trial {rounded) {rounded) {rounded) {rounded) {rounded)
Trial 1 10507 (1053 (15263 (153 | 20860 (2009 | 23513 (233 (24387 (24 4)
Trial 2 10493 (103 (15253 (153 | 20847 (208 | 23473 (233 (24313 (243
Trial 3 10520 (105 (15287 (153 | 20867 (2009 | 23480 (233 (24347 (243

Table B: Pattern Analyss - Elapsed Time Between Fragment Detection
Soil Sample Pealt 1 and 2 Peal 2 and 3 Peak 3 and 4 Pealt 4 and 5
Trial (seconds) (seconds) {seconds) (seconds)
Trial 1 4756 (0.30:) | 5357 (0.422) 2.653 (1.32:) | 0874 (0845
Trial 2 4760 (0.06:) [ 5594 (0.243) 2626 (0.30z) | 0840  (1.208)
Trial 3 4767 (0.362) [ 5580 (0.60z5) 2613 (1.08:) | 0867 (0425

Figure S27D — Validation using Mirror Lake soil
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E

Pealt Height (m'V)

. Cemetery

i0

0

Retention Time (mimutes)

TableA: Individual Peal Retention Time

Soil Sample
Trial

No.1
{rounded)

No.2
{rounded)

No.3
{rounded)

No. 4
{rounded)

No.5
{rounded)

Trial 1

Trial 2

Trial 3

10.500 (10.5)

10.500 (10.5)

10,540 (10.5)

15.233 (15.2)

15.253 (15.3)

15.300 (15.3)

20.833 (20.8)

20.827 (20.8)

20.880 (20.9)

24360 (24.4)

24360 (24.4)

24400 (24.4)

24813 (24.8)

24813 (24.8)

24.840 (24.8)

Table B: Pattern Analyds - Elapsed Time Between Fragment Detection

Soil Sample Pealt 1 and 2 Peal 2 and 3 Peak 3 and 4 Pealt 4 and 5
Trial (seconds) (seconds) (seconds) (seconds)
Trial 1 4733 (0.90g) | 5.600 (0.90z) 3527 (0.00g) | 0453 (0.245)
Trial 2 4753 (0.30:) | 5574 {0.66z) 3533 (036 | 0453 (0245
Trial 3 4760 (0.72g) | 5.580 (0.30z) 3520 (0428 | 0440 (0.545)

Figure S27E — Validation using Cemetery soil
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gV 1 2 4 5
F Field

g

Eh
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‘T

jun

-

g

=¥

10 20 A0 min
Retention Tune (mmutes)
Tabled: Individual Peak Retention Time

Soil Sample No. 1 .2 No.3 No. 4 No. 5
Trial {rounded) {rounded) {rounded) {rounded) {rounded)
Trial 1 10487 (105 (12213 (15.2) | 200833 (2008 | 22320 (223 [24.347 (243
Trial 2 10467 (10.3) (15253 (1523 | 200847 (2008 | 22333 (223 [24.360 (24.4)
Trial 3 10513 (10.5) (12260 (15.3) | 20867 (2009 | 22360 (224) (24400 (24.4)

Table B: Pattern Analyss - Elapsed Time Between Fragment Detection

Soil Sample Peakl and 2 Pealk 2 and 3 Peak3 and 4 Pealk 4 and 5
Trial (seconds) (seconds) {seconds) (seconds)
Trial 1 4726 (1.62z) | 5620 {0.7835) 1487 (012z) | 2027 (024g)
Trial 2 4786 (1.98:) | 5.5%4 (0.782) 1.486 (018:) | 2027 (0245
Trial 3 4747 (0.36:) | 5607 {0.00s) 1.493 (0.24z) | 2040  (054g)

Figure S27F — Validation using Field soil
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Pealt Height (m'V)

10 20 an  mir
Retention Time (mimutes)
TableA: Individual Peal Retention Time
Soil Sample No.1 No.2 No.3 No. 4 No.5
Trial {rounded) {rounded) {rounded) {rounded) {rounded)
Trial 1 10633 (1046) [14.033 (1400 | 20947 (209 | 22400 (224) (24467 (245
Trial 2 10593 (1046) [14.027 (1400 | 20913 (2009 | 22353 (224) (24413 (24 4)
Trial 3 10577 (1046) [14.013 (1400 | 20880 (209 | 22320 (223 (24400 (24 4)
Table B: Pattern Analyds - Elapsed Time Between Fragment Detection
Soil Sample Pealt 1 and 2 Peal 2 and 3 Peak 3 and 4 Pealt 4 and 5
Trial (seconds) (seconds) {seconds) (seconds)
Trial 1 3400 (1.38s) | 6514 {1.50s) 1,453 (0.5435) 2067 (0125
Trial 2 3434 (0.66:) | 6886 {0.1283) 1.440 (0.2435) 2060 (0.5d8)
Trial 3 3436 (0.78s) | 6.867 {0.125) 1.440 (0.2435) 2080 (0.66s)

Figure S27G — Validation using CT River freshwater sediment
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Peak Height (mV)

H Sewage Sludge

Retention Tune (mmutes)

TableA: Individual Peak Retention Time

Soil Sample No. 1 No.2 No.3 No. 4 No. 5
Trial {rounded) {rounded) {rounded) {rounded) {rounded)
Trial 1 15153 (15.2) (16433 (164 | 20727 (2070 | 22227 (22.2) [24.333 (243
Trial 2 15160 (15.2) (16460 (165 | 20780 (2008 | 22273 (223 [24.387 (24.4)
Trial 3 15187 (15.2) (16473 (165 | 20787 (2008 | 22273 (223 (24373 (24.4)

Table B: Pattern Analyss - Elapsed Time Between Fragment Detection
Soil Sample Peakl and 2 Pealk 2 and 3 Peak3 and 4 Pealk 4 and 5
Trial (seconds) (seconds) {seconds) (seconds)
Trial 1 1.280 (0.54s) | 4254 {0.903) 1.500 (042z) | 2106  (0.06g)
Trial 2 1.300 (0662 | 4.320 (0.663) 1.4593 (000 | 2114 (0425
Trial 3 1.286 (0.18z) | 4.314 {0.30s) 1.436 (042z) | 2100 (0428

Figure S27H — Validation using Sewage Treatment sludge
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L1 59 ACB :
L1 60 ACB :

L1 59 ACB :
L1_60_ACB :

L1_59_ACB :
L1_60_RCE :

L1_59 ACB :
L1_60_ACB :

L1 59 _ACB :
L1 60 ACB :

L1 59 A0B I tivvvrnnnnnnaniencnan
L1_60_ACB :

L1 59 208 ¢ vuvvuen.
L1_60_RCB :

AGCECTGEETCATGEACACCETCCTECTGCTCACGCG pCATGETCACAGCCCTEATTGECEGECEEC

360 * 380 * 400 * 420

ACGTARRAGECGCCCETGECC] GCATGRRGAACCACGTCACCGCATTTGECCARGARGECTTTCE

r427
. .1 428
CEREGEGR

Supplementary Figure S28 — Sequence alignment AOB group [amoA gene]: Lawn 1

¢ 209
1 210

: 279
;280

: 349
¢ 350

;419
HE ¥

Figure shows a sequence alignment using Clustal. Ovals highlight positions that did not match
between the two sequences.

172



GARGECTTTCONCgaqG]

Supplementary Figure S29 — Sequence alignment AOB group [amoA gene]: Lawn 9

I Ve S S PSRRI S TP 72
I e R I —— PP UTPTPPTPPPTRTTY JUN. WD £9
LI L100_ACE  ourevrere P S B4
L9 101_ACE § =vevvunn.. - S Y s B3
ceTCATCATGEACARCCGTCCTGCTGCTCACCOGCARCTGGATGATCACCGCRCT! GECGECEECECTAT
. 100 - 120 . 140 . 160

LS 7 BOB 1 4usenvnrnssnsassssonensnsssssnsnsssssssssnsnsnssssssssensnsasssssssnrasasssnssrsssss 1 156
o T A S .-
LS L00_ACB £ 4uuusrnrassasaenernnnnnnnsnnnnsnssssssassersessensnnnsnnsasnssnsrssssssesesearnnnnns : 168
LS 100 AOB £ 4uuusrasaseaeaesennnnensssnnnnsssssssssssessssnssssnnsnnnnsnnsnssssssssssessasnnnnne : 167

TCGECCTECTET TCTACCC oG ECARCTEGCCCATTTTTEGACCGACCCACCTGCCECTEETAGCCORRGECETACTGCTCTONC

. 180 . 200 . 220 . 240 .
- : 240
L - S : 237
Lo S TP : 282
A T t 251

TG T A A A GG T T T T AT G T A G A CC A GCC TCAATACC TACCECTCAT CERRACARCECTCGCTECGIACLT

260 . 280 . 300 . 320 .

IO ST BOB  © 4uuvrnrassaeeeeeennnensnsnnnnnnssnsssessersesnssssnnsnnsnsnnsnssrrsssesesenrnnnnns : 324
- S TP a1
IR S T : 336
L8 T0T BOB I o titsnsataneneneceae s sasesanesasssnsnsnasasasesenennsnsasosanesaseassncnenens T 335

T GECEGACACACCACCGTCATTECGECCTTCTTCTOCGCCT TG TCTOCATGC TCATGTTCTGOGTCTGOTEETACTITGRCA

240 E 360 . 380 . 400 . 420
LY T BOB  f 4unrenraseasaseeseneesssssssnnsnnsssssseeressssssssssnnsnsnsiaseeeessssofimcfeeenns : 407
O 59 BOB 1 4treuneaensnnnseneenasasnasncaeenceassoncenasaasaseesarncensscnsencenafomeheiii.s 1 404
L9 L00_ACB © wuuusrarasrasacorsnnnsessssasnsnsasssssssersesssssanssnssarnssacssrrsssafamealeeenes T 419
o L B ) Y R : 419

AGCTCTACTGCACCGCCTTCTACTACGTCARAGEOCCCCGCEECCGAGTCACCATGAAGARCGRCGTCACDG GECGAR

bl 440

L% 57 BCE 1 ... il coo 1 427
L3 95 ACE ! uuvrnnnn. veeeXom= 1422
L9 100_ACE § vuvvrrersfoeeeehom @ 438
L%_101_acE : .CGR..}G- : 438

Figure shows a sequence alignment using Clustal. Ovals highlight positions that did not match
between the two sequences.
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Ll _& _Ac :
L1 7 Bc :
L1 9 Re :
L1 & Be :

1 7 _Be :

L1 & _Re

L1 6 Ac :
L1 7T Bc :

11 & Ac

Ll _& _RAc :
L1 T Be :
L1 % Ac :
L1 8§ Bc :

L1 & &z :
Ll 7 _Re :
L1 & Bec :
L1 & Re :

Ll _& _Ac :
11 ? Ac
L1_9 Re :
1.1_&_3:: :

Supplementary Figure S30 — Sequence alignment Acidobaceria [16S rRNA gene]:

L1 9 BRc @ ..

L1 & Bc : .....C..

a1 4

ARCCGEGGECIAATACCGCATARCATCS TGy TT TYRASR4GYGOARATCARRGCRGGGGTTCCANGACRGTGCG

* 160 * 180 - 200 * 220

Ll 9 ac : ....T..
I A T ™. .cinnns =M.BE....... BS......58.6T....0...... C....B..¥R..... &

CTGHGP.GGGCGEECGG&CHCACTGGSHCTGMCACGGKCCHGHCTCCTHCGGGBGGCHGCAS‘E‘GGGGP.BTTTT

300 * 320 * 340 * 360 -

I T MAY . KWHW.SW. ... .. WAG. .W. .. AY.YW. .. == =mmmmmmmmmmeeee
= 334
TS S : 351
MM, .. .88-Y.. . R.Y...... AG.BR... BN, ======= === :

GCECEETGGGGG&AﬁCCC’EECECHSCHCCGCCSCGTEGSEGﬁTGﬁhGﬁECCTTGGGACGTﬁiﬁE“CCTTTCG&

cee e s s, Goouan GST. .. TY.6T.Y.....8. ... cv i

: 1198
: 113
: 13¢

= 1583
: 187
= 208

17

: 267
260
: 280
. &+ 150

324

187

...... ¢y ———— TTTii..SG.....--qsﬂ H.——-------—-—-— 4 335

CCGRGACGATWYTGACRGIMCTSGHRRAAGAAACWCCGCRRIACATTARGMCAGCARCCGCEEY YATAWAR

Figure shows a sequence alignment using Clustal.

Lawn 1
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L9 21 Ac :
L9 23 Ac :

L9 21 Ac :
L9 23 Ac :

L9 21 Ac :
L9 23 Ac :

* 20 ¥ 40 & &l *
.......................... .17 y A | .- JR, R S
i A E.Y..... 4 S H...M.... MR :
GEAAAGCRGCAATTCECTTGAAGAGGLGCGOGCGECTGATTAGCTAGT TGGRGEGCTAASGGCTCACCAAGEC

17 R .- TR . NN . R 0 PR PR 30 S .- Y . (R . JRRP i |

* 160 * 180 & 200 *
............... e - 4 §
R..MEMM..E er.—-.IR..5..-WCR.. . W...Y-W.......H.5...-——..... - 1 182

GCAGCAGTGEGEAATRITGERCARTCLEGGARARCCTGACSCAGCAACACCECETCRAGGAAGAA

13

Supplementary Figure S31 — Sequence alignment Acidobaceria [16S rRNA gene]: Lawn 9

Figure shows a sequence alignment using Clustal.
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