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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 
 
 

I.  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 



2 
 

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 
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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.  
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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.                      

 

II.  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 
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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. 
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III.  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 
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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 
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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 
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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 
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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 Taq 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.     

 

IV.  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 soil 

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 
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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. 
 

I.  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. 

 

II.  Results 

 

 II.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  
Name 

Ecosystem Collection Location 

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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II.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 AluI 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 AluI 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   

 

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  

 
 
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.      

 

II.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”).     

 

 

 



26 
 

 

 

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).   

 

 

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 SI 
for T-RFLP analysis is 0.64.  The average SI 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. 

              

II.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 



29 
 

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.   

 

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 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.  
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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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Figure 7 – Hybrid C-RFLP and T-RFLP SI heat map for all Lawn (L) soil samples. 

SI 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.          

          

II.e.  Comparison to 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 
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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.   

 

II.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. 
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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 
SI for row 1 is 0.637.  When only major peaks are considered (average of 35.2 peaks), the total 
average SI for row 1 is 0.586.    

 

 

Grid SI values for all peaks 

Grid SI values for only 
major peaks 
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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  

 

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.   

 

II.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 

 

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.     

 

II.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 

 

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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III.  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.   

 

 

 

 

 
 
 
 
 
 
 
 



55 
 

Chapter 3 – Using next generation sequencing to survey bacterial communities in 
soil 
 
 
I.  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.     

 
 
II.  Results 
 

II.a.  Design of soil 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 II.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.    

 

II.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. 

 

 

 

 

 

 

 

 

 



61 
 

 

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 ChaoI 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 ChaoI 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 

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

 

Tables list all soil libraries generated in this study.  Total number of sequence reads are included.  
ChaoI richness estimation, Shannon diversity index (H) and Evenness calculations were 
generated by the Ribosomal Database Project’s Pyrosequencing pipeline 
(http://pyro.cme.msu.edu/).   

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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II.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 

 

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 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.     

 

II.d.  Bacterial community structure in diverse 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 Bacteroidetes than the 
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mineral soils.  In terms of forensic potential, Bacteroidetes and Cyanobacteria assays 

would likely not work with mineral soils. 

 

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 

 

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.   

 

II.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.      

  

 

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.    

 

II.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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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 

 

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

 

 

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.     

 

 

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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II.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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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.   

 

 

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 

 

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

 

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.   

 

http://vamps.mbl.edu/index.php�


91 
 

 

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 



92 
 

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)  

 

 

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 I – 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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III.  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 
 

I.  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.  
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II.  Results 

 

II.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  

 

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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II.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 SI 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 SI 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 SI 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 SI values for each group-

specific assay is different.  The most desirable characteristic for forensic analysis is an 

assay that generates a high SI range within a single location (much like the distributions 

seen for both Acidobacteria and Firmicutes).  A high SI range within a known single 
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location subsequently provides a larger range of values below it that can describe 

unrelated locations.   

    

 

Figure 23 – Range of similarity index values observed for group-specific targets in grid analysis  

Bar graphs depict the number of times an SI value is observed in grid analysis (y-axis).  Data 
from rows 1, 2 and 3 are included in the bar graphs.    
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Our approach to determining whether establishing match criteria is possible is to 

use the average SI for each group-specific grid assay.  The values used for each group are 

shown in Table 15.  If two samples have an SI equal to or greater than the average SI 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 SI 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 

 

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 SI data generated from each group per soil 
sample would be weighed equally and individually     
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II.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 SI values lower than 

the established match criteria.   

 

Table 16 – Comparison of presumed radically different ecosystems 

 

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 SI 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 SI 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 SI 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 SI 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 

 

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 et 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 SI 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 SI 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 SI values meeting grid match criteria.  Given that a the 

majority of SI values 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 SI 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.      

        

II.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 

 

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).     

 

II.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 SI values for group-

specific assays at all locations.   

 

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

 

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 SI value lower 

than the grid match threshold.  Although the Firmicutes group fluctuated annually, the SI 

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 SI 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.            

 

II.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 
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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.   

 

 

Figure 25 – HPLC separation of PCR products targeting the AOB group [amoA gene]: Lawn 1and 
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 

 

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 

 

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.     

 

III.  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 

 

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 SI 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 SI 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 future directions 
 
 
I.  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.  The future of 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 
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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 - Materials and 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.      

 

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

 

All stock solutions were diluted to working concentrations of 2.0 ng/µl 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 
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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 (30µl 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 µl of GeneReleaser® (BioVentures, Inc., Murfreesboro, TN, 

USA), 1X Cresol Red, 0.22 µM each of primers 27F and 926R, deoxynucleoside 

triphosphates at a final concentration of 0.13 mM, 1.67 mM MgCl2, and 1.0U of Taq 

polymerase (Bio-Rad Laboratories, Hercules, CA, USA).  PCR cycling conditions were 

as follows:  5 minute initial denaturation at 95º C, followed by 25 cycles of 95 º C for 45 

seconds, 52 º C for 1 minute, and 72 º C for 1 minute.  Cycle was completed with final 

extension at 72 º C for 15 minutes.  Genomic Escherichia coli DNA was used as a 

positive control.  

PCR products were separated on a 1.0% w/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. 

 

III.  Restriction enzyme digestion 

 

Amplicons from technical replicates were combined and centrifuged briefly to 

pellet the GeneReleaser®.  An aliquot of 60µl 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, AluI (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):  AluI, HaeIII, HhaI, HinfI, EcoR1, 

MspI, and TaqIα.  After testing these enzymes on several soil samples, AluI was selected 

because it created an optimal set of numerous fragments from the 16S rRNA amplicons.  

Digestion reactions (100µl total volume) contained the following: (approximately) 350 

ng of 16S rRNA amplicons (60µl), 1X AluI Buffer, and 20U of AluI.  Reactions were 

incubated at 37 ºC for 8 hours, and the enzyme then inactivated at 65 ºC 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 

60µl 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 50.0º 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 
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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 µl) was combined with 

formamide (9.5-14.5 µl) and 0.5 µl of GeneScan ™ - 500 LIZ ™ 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 GS FLX 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 

(25µl total volume) contained the following: 8 ng of template, 1X PCR buffer (Bio-Rad 

Laboratories, Hercules, CA, USA), 5 µl of GeneReleaser® (BioVentures, Inc., 

Murfreesboro, TN, USA), 1X Cresol Red, 0.4 µM each of primer, deoxynucleoside 

triphosphates at a final concentration of 0.16 mM, 2.0 mM MgCl2, and 1.0U of Taq 

polymerase (Bio-Rad Laboratories, Hercules, CA, USA).  PCR cycling conditions were 

as follows:  5 minute initial denaturation at 94º C, followed by 23 cycles of 94 º C for 30 

seconds, 57 º C for 45 seconds, and 72 º C for 1 minute.  Cycle was completed with final 

extension at 72 º C for 15 minutes.   

PCR products were separated on a 1.0% w/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 50µl 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/µl 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/µl 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 – 3’; 

B_361R 5’ – CTATGCGCCTTGCCAGCCCGCTCAGCYIACTGCTGCCTCCCGTAG 

– 3’.  The PCR mixture (30µl total volume) contained the following: 10 ng of template, 

1X PCR buffer (Bio-Rad Laboratories, Hercules, CA, USA), 5 µl of GeneReleaser® 

(BioVentures, Inc., Murfreesboro, TN, USA), 1X Cresol Red, 0.33 µM each of primer, 

deoxynucleoside triphosphates at a final concentration of 0.13 mM, 1.67 mM MgCl2, and 

1.0U of Taq polymerase (Bio-Rad Laboratories, Hercules, CA, USA).  PCR cycling 

conditions were as follows:  5 minute initial denaturation at 95º C, followed by 23 cycles 

of 95 º C for 45 seconds, 64 º C for 1 minute, and 72 º C for 1 minute.  Cycle was 

completed with final extension at 72 º C for 15 minutes.   

PCR products were separated on a 1.0% w/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 50µl 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/µl 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.     

         

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

 

All stock solutions were diluted to working concentrations of 2.0 ng/µl 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 (30µl total volume) contained the 

following: 10 ng of template, 1X PCR buffer (Bio-Rad Laboratories, Hercules, CA, 

USA), 5 µl of GeneReleaser® (BioVentures, Inc., Murfreesboro, TN, USA), 1X Cresol 

Red, 0.33 µM each of primer, deoxynucleoside triphosphates at a final concentration of 

0.13 mM, 1.67 mM MgCl2, and 1.0U of Taq polymerase (Bio-Rad Laboratories, 

Hercules, CA, USA).  PCR cycling conditions were as follows:  5 minute initial 

denaturation at 95º C, followed by 35 cycles of 95 º C for 45 seconds, 57 º C for 1 

minute, and 72 º C for 1 minute.  Cycle was completed with final extension at 72 º C for 

15 minutes.   
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PCR products were separated on a 1.0% w/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 50µl 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 50µl 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 200µl 

of eluate.    
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IX.a.  Single 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 YM-

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 600µl, two rounds of centrifugation were done with the remaining volume.  

Once the sample passed through, the filter was washed twice with 250µl of sterile water 

by centrifugation at 4.6 rpm for 25 minutes.  Samples were concentrated to a final 

volume of 30µl 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 (6µl total volume) contained the following:  2.5µl DNA template, 

1X BigDye sequencing buffer, 1µl BigDye sequencing enzyme mix, and 0.83 µM of 

either the appropriate forward or reverse group-specific primer.  PCR cycling conditions 

were as follows:  5 minute initial denaturation at 96º C, followed by 25 cycles of 96 º C 

for 10 seconds, 50 º C for 5 seconds, and 60 º C for 4 minutes.  

 Sequencing products were purified from sequencing reactions by first bringing up 

the reaction volume to 20µl 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 50µl 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 20µl 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.  Single vial 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.  Elapsed time reported in minutes.  The difference 
between the average elapsed time and the query peaks is reported in seconds (parentheses).    

 
Figure S27A – Validation using Agricultural Farm soil 
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Figure S27B – Validation using Beach Hall Great Lawn soil 
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Figure S27C – Validation using Swan Lake soil 
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Figure S27D – Validation using Mirror Lake soil 
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Figure S27E – Validation using Cemetery soil 
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Figure S27F – Validation using Field soil 
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Figure S27G – Validation using CT River freshwater sediment 
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Figure S27H – Validation using Sewage Treatment sludge 
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Supplementary Figure S28 – Sequence alignment AOB group [amoA gene]: Lawn 1 

Figure shows a sequence alignment using Clustal.  Ovals highlight positions that did not match 
between the two sequences.  
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Supplementary Figure S29 – Sequence alignment AOB group [amoA gene]: Lawn 9 

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

 

 

 

 

 



174 
 

 

 

Supplementary Figure S30 – Sequence alignment Acidobaceria [16S rRNA gene]:   Lawn 1  

Figure shows a sequence alignment using Clustal. 
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Supplementary Figure S31 – Sequence alignment Acidobaceria [16S rRNA gene]: Lawn 9  

Figure shows a sequence alignment using Clustal. 
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