
Establishing an Agricultural Origin of Soils from Footwear Using a Soil Microbial 

Approach 

 

by 

 

Arrin Canales, B.S. 

 

A Thesis 

 

In 

 

Forensic Science 

 

Submitted to the Graduate Faculty 

of Texas Tech University in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

 

MASTER OF SCIENCE 

 

Approved 

 

Greg Mayer, Ph.D. 

Chair of the Committee 

 

Paola Tiedemann, Ph.D. 

 

Caleb Phillips, Ph.D. 

 

Jan Halamek, Ph.D. 

 

 

Mark Sheridan, Ph.D. 

Dean of the Graduate School 

 

 

August, 2021 

 

 



 

 

 

 

 

 

 

 

 

Copyright 2021, Arrin Canales 



ii 

ACKNOWLEDGMENTS 

I would like to recognize and give a special thanks to my committee, Dr. 

Mayer, Dr. Tiedemann, Dr. Phillips and Dr. Halamek for their unwavering support and 

assistance with my research project. I would like to offer a sincere thanks to Dr. Mayer 

for his mentorship, invaluable expertise and insightful feedback. My gratitude extends 

to Dr. Tiedemann for her treasured support and encouragement the past two years. Her 

dedication to this field and valuable guidance has inspired me to pursue a career as a 

forensic scientist. Lastly, I would like to thank Nicole Brambila-Torres for her 

constructive criticism on the document. Her contribution is highly appreciated.  

I am deeply grateful for my mom, dad, sister and Brandon for their tremendous 

love and support throughout my time at Texas Tech University. I would particularly 

like to thank my parents for enabling me to go to school to further my education in 

Forensic Science. Without them, I could not have achieved this goal and completed 

my Master’s in Forensic Science.  

Texas Tech University, Arrin Canales, August 2021 



Texas Tech University, Arrin Canales, August 2021 

iii 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS .................................................................................... ii 

ABSTRACT ........................................................................................................... v 

LIST OF TABLES .............................................................................................. vii 

LIST OF FIGURES ........................................................................................... viii 

I. INTRODUCTION ............................................................................................. 1 

1.1 Research Objectives/Goals.......................................................................... 1 

1.2 Forensic Analysis of Trace Evidence .......................................................... 2 

1.3 Historical Overview of Forensic DNA Analysis ........................................ 4 

1.4 Microbes as Trace Evidence in Forensic Science ....................................... 6 

1.4.1 Estimating Postmortem Interval (PMI) .............................................. 7 

1.4.2 Skin Microbiome ................................................................................ 9 

1.5 Soil as Trace Evidence .............................................................................. 10 

1.5.1 Soil Microbiome as Corroborating Evidence ................................... 12 

II. METHODS ..................................................................................................... 14 

2.1 Methods ..................................................................................................... 14 

2.1.1 Subjects/Material ............................................................................. 14 

2.2 Experimental Procedures .......................................................................... 19 

2.2.1 Sample Collection ............................................................................ 19 

2.2.2 DNA Extraction ............................................................................... 20 

2.2.3 Library Preparation .......................................................................... 21 

2.2.4 Illumina Sequencing ........................................................................ 24 

2.2.5 Bioinformatic Analysis .................................................................... 24 

III. RESULTS...................................................................................................... 26

3.1 Taxonomic Analysis ................................................................................. 26 

3.1.1 SourceTracker Estimated Proportions of Sources............................ 27 

3.1.2 SourceTracker2 Estimated Proportions of Sources.......................... 29 

3.1.3 FEAST Estimated Proportions of Sources ....................................... 32 

IV. DISCUSSION................................................................................................. 36

4.1 Comparison of Bioinformatic Algorithms ................................................ 36 



Texas Tech University, Arrin Canales, August 2021 

iv 

4.2 Challenges, Limitations and Improvements .............................................. 40 

4.3 Conclusion ................................................................................................ 42 

 

BIBLIOGRAPHY ............................................................................................... 45 

 



Texas Tech University, Arrin Canales, August 2021 

v 

ABSTRACT 

Forensic science describes the boundary between science and the law. 

Scientific evidence is often used to convict individuals of a crime or free the wrongly 

convicted. Forensic analysis consists of several disciplines including forensic 

chemistry and biology, forensic toxicology, fingerprint examination and many others. 

Furthermore, forensic science helps to reconstruct events through analysis of physical 

evidence, or evidence consisting of tangible objects. Just as the ability to associate a 

subject to an item of evidence can be achieved through forensic analysis of human 

DNA, forensic analysis of soil (or other environmental sample) DNA can be used to 

estimate the origin of an unknown sample or provide an association medium between 

crime scene samples and suspects. In an attempt to improve investigative techniques 

that help place an individual at a crime scene, this thesis focuses on soil microbial 

communities and their potential role in forensic science. In this study, source tracking 

algorithms that help identify the source of a “sink” (which in our case was soil 

collected from a shoe) were used to see whether we could link a piece of evidence to 

the crime scene. Given that microbes retain unique microbial signatures, these features 

could aid in discriminating between varying environments which a suspect has come 

in contact. Thus, microbial source tracking may serve as a good candidate for 

corroborating evidence. In addition, this study can add to existing methods used for 

forensic identification by strengthening the use of microbes as evidence using next 

generation sequencing technology. Furthermore, this microbial approach adds to the 

arsenal of current methods that aid forensic scientists in solving criminal 

investigations and can provide a better understanding of soil-derived evidence as an 



Texas Tech University, Arrin Canales, August 2021 

vi 

associative tool between an individual and a crime scene depending upon the 

microbial milieu that is present during evidence collection. 

Keywords: soil microbiome; 16S rRNA amplicon sequencing; microbial 

signatures  
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1 

CHAPTER I 

INTRODUCTION  

1.1 Research Objectives/Goals 

Forensic scientists are responsible for analyzing evidence and testifying in 

court over objective findings. In addition, analysts aim to study various techniques and 

procedures that are used to enhance analyzation of scientific evidence for use in courts 

of law.  

Microbial forensics has gained renewed attention as an emerging discipline 

that was first used to investigate bioterrorism (1). In 2001, the FBI examined letters 

containing spores produced by Bacillus anthracis addressed to several media 

organizations. As individuals came in contact with the letters, inhaled spores produced 

deadly toxins, killing five individuals (2). The subsequent investigation stimulated the 

need to develop molecular techniques that could identify potential microbial hazards, 

and potential suspects. To date, forensic scientists have utilized differences in 

hypervariable regions in the 16S rRNA gene to taxonomically identify bacteria at the 

genus and species level using next generation sequencing (3). This gene originated 

from and can be found in prokaryotic cells and is comprised of about 1,550 base pairs 

(4). Selection of this gene for metagenomic taxonomic studies was made due its 

stabilizing functions, suggesting that DNA sequences within this gene have remained 

the same over time (3). The internal structure of the16S rRNA gene is comprised of 

highly variable and conserved regions (V1-V9) (5). Experts suggest that regions V4-
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V6 of the 16S rRNA gene were most reliable for species identification in that it 

provides the most accuracy in bacterial source identification (5).  

The objective of this proposed study is to determine the provenance of soil 

trace evidence from footwear by analyzing and comparing soil microbial communities. 

The rationale for this proposed study is that soil microbial communities have specific 

signatures that are related to their geographical location, amongst other variables. This 

study evaluates soil microbial communities from the soles of four pairs of shoes each 

originating from one of four selected study sites.  

1.2 Forensic Analysis of Trace Evidence 

A difficult, yet important task in crime scene investigation is to objectively 

illustrate an order of events (6). An all-too-common mistake in crime scene 

reconstruction is the use of subjective theories. For example, predicting the outcome 

of a case based of previous experiences. Rather, a crime scene technician must be 

guided by principles that help to describe causal and temporal relationships. As law 

enforcement officials and crime scene investigators (CSI) approach a scene, they must 

work together to collect, analyze and develop associations between physical evidence 

and individuals, or objects found at the scene (7). While certain items may serve as a 

crucial piece of evidence, the investigator must be able to link these back to establish 

an association that can provide investigative leads. Because of this exchange of 

material, all evidence is considered transfer evidence that persists until collected, 

degraded, or transferred elsewhere (7). There are two types of transfer evidence: direct 

and indirect transfer. Direct transfer involves the transfer of evidence from a source to 
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a location with no intermediates (7). Indirect transfer consists of one or more objects or 

surfaces that act as an intermediary before the item reaches its final destination (7). 

Therefore, due to this exchange of material, the CSI is likely to determine where a 

certain item originated, thus leading to a perpetrator.  

Trace evidence, a subclass of physical evidence, can be defined as a trace 

amount of material originating from a former occurrence or event (8). Trace evidence 

is categorized as a subclass of physical evidence in that it is found in the form of proxy 

data, meaning it has originated from a source but does not make up the source itself 

(e.g. carpet, clothing, fabric). Such trace material can include but is not limited to 

fibers, hair, dusts, condom residues, gunshot residues, paint chips, fragmented glass, 

and soils (7). An object/substance is considered trace evidence at the scene once is has 

been collected for the purpose of determining associations between the object itself 

and an individual, location, or item. The concept of depositing trace material after 

coming in contact with an object, substrate, or individual is referred to as Locard’s 

Exchange Principle founded by Edmond Locard in 1910 (8).  

Trace material is an important aspect of criminal investigations because it is a 

form of evidence that is often times unintentionally transferred as a crime is in 

progress. Therefore, it is the responsibility of the forensic scientist to determine its 

source through identification and comparison. By identifying the source of trace 

material, this can provide leads, eliminate potential suspects and aid in crime scene 

reconstruction. Consequently, it is imperative to recognize the evidentiary value of 
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trace evidence in criminal investigations and to understand which instrumental 

methods are applicable in identifying and analyzing trace material. 

1.3 Historical Overview of Forensic DNA Analysis  

Prior to the invention of identification methods (e.g. DNA analysis) currently 

in use, photographs and fingerprints were the earliest forms of forensic evidence 

collected for criminal investigations during the late 1800’s. It was not until the 1900’s 

that modern blood and body fluid typing began to advance in forensic science. 

Today, biological material is deemed the most crucial form of evidence used to 

discriminate between individuals. Current methods used to analyze DNA have evolved 

since the early 1900’s, beginning with the discovery of the first ABO blood groups 

identified by Karl Landsteiner (9). This discovery happened upon the realization that 

blood transfusions might be harmful to some and beneficial to others. This 

phenomenon was realized when Landsteiner found that cell-to-cell adhesion depends 

on which blood type comes in contact with each other (9). These different blood types 

were classified as type A, B, and O, and were later used as the first genetic markers. 

However, due to the complexity and exclusivity of DNA profiles in humans, ABO 

blood groups could not be used as a method of discrimination in forensic applications. 

To differentiate between genetic profiles, scientists must look beyond the genes in the 

genome because of similarities across individuals. Rather, focus should be directed 

toward repeating stretches of DNA where variable sequences are found. 

Geneticist Alec Jeffreys added to the developing forensic methods of DNA 

typing with the introduction in 1984 of the restriction fragment length polymorphism 

analysis, or RFLP. As described by Jeffreys, RFLPs are medium sized segments of 
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DNA arranged as tandem repeats, referred to as variable number of tandem repeats or 

VNTRs. (10). Though VNTRs are present in all humans, the number of repeats is 

characteristic to each individual, thus increasing the genetic variation between two or 

more people. The hypervariable regions dispersed throughout the human genome are 

collectively known as DNA fingerprints (10). This became the first discriminatory tool 

used in forensic applications due to its ability to link these DNA fingerprints of related 

and non-related individuals (11). Only with the recent advent of RFLPs has this aspect 

of the criminal justice system become truly modernized. However, concerns regarding 

the need for large amounts of biological material hindered its potential to aid in 

criminal investigations. To alleviate this issue, forensic scientists are now using short 

tandem repeats (STR) to aid investigators in identifying potential suspects in 

connection with criminal activity. As the name implies, STRs are short DNA 

sequences repeated within a non-coding region of chromosomes (12). STR profiling, a 

method that identifies human cell lines, uses the Combined DNA Index System, or 

CODIS database (13). Within this database the FBI has established twenty core STR 

loci which vary in the number of repeats that are used to predict the suspect of a crime 

(14). In identifying molecular features of a suspect, the more genetic markers that are 

provided, the greater the likelihood of a match. Hence, the selection of twenty genetic 

markers increases the ability to distinguish between any two individual DNA profiles 

(15). To detect STR alleles, evidentiary DNA is amplified by polymerase chain 

reaction (PCR) (12). Using primers specific to the DNA sequences, millions of copies 

of each allele from a given locus are synthesized. These copies will then retain the 
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same number of STRs present in the original DNA sequence and can be visualized 

using agarose gel electrophoresis (14). Next, the DNA in the gel is compared to a DNA 

ladder enabling the researcher to predict the size of the PCR products. If the DNA 

bands originating from the suspect corresponds to that of the crime scene, then the 

scientist could possibly conclude a match based on similar characteristics (13). This 

method thus far, has strengthened the reliability of biological evidence by increasing 

the power of discrimination, or the ability to effectively discriminate between DNA 

profiles.  

1.4 Microbes as Trace Evidence in Forensic Science   
 

Bacteria are the most abundant single-celled organisms on earth. They inhabit 

virtually everything: humans, plants, animals, soil and water, and other inanimate 

objects (16). Our body serves as a habitat for microbes as they flourish in many parts of 

the body such as the mouth, intestines, nasal areas and genital tract (16). The number of 

bacterial cells living in and on us, in fact, significantly exceeds the number of human 

cells (17). Colonized within the body, bacteria are responsible for the breakdown of 

sugars, absorption of fatty acids, and protects against many diseases (17). Although 

most bacteria form a symbiotic relationship with living organisms, in that they act 

against foreign invaders and provide a resource, a disruption in normal microbial 

habitats in the body (dysbiosis) can stimulate formation of infection and disease.  

Bacteria have also attracted the attention of forensic investigators and 

researchers as they have been used as a varying forms of trace evidence through 

experimental means. Provided that bacteria are cosmopolitan, microbial exchange 
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between objects (i.e. other objects, substrates or humans) can provide information 

regarding a series of events related to criminal activity. Thus, prevalence and 

transferability of bacteria has helped demonstrate their probative value as forensic 

trace evidence. Furthermore, because bacteria can be analyzed using bioinformatic 

schemes, this form of trace evidence can provide statistical data on the uniqueness of 

the microbiome despite its source. As a result, forensic science studies, have shown its 

potential use as a forensic indicator in various aspects of criminal investigations.  

1.4.1 Estimating Postmortem Interval (PMI) 

Because of their unique DNA signatures, single celled microorganisms have the 

potential to identify possible suspects and victims, aid in estimating postmortem 

interval (PMI) and can help determine cause of death. Understanding the process of 

human decomposition remains a vital topic in forensic science as it can assist 

investigators in determining the time since death. To estimate the time at which an 

individual has passed, crime scene investigators currently use a series of 

decomposition stages; algor mortis (the cooling of the body), rigor mortis (the 

stiffening of the body), and livor mortis (the settling of the blood) (7). However, 

utilization of traditional decomposition stages poses some challenges in estimating 

PMI depending on the position of the body, cold temperatures, and buried corpses (18). 

For example, during the process of algor mortis, it has been noted that bodies that are 

clothed will take longer to undergo these changes while those that are unclothed will 

reach an ambient temperature at a faster rate (19). In addition, depending on the 

deposition site of the body, (e.g. corn field or any other outdoor environment) 

investigators may require additional assistance from entomologists to determine time 
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since death (20). Entomology uses the different life stages and insect succession to 

approximate PMI (7). However, because there are inconsistencies in PMI estimation 

for both outdoor and indoor environments due to changes in the interactions between 

the cadaver and insects, this could potentially yield inaccurate findings.  

Modern methods focus on overcoming the challenges by proposing corroborating 

schemes for estimating PMI. Studies indicate that by understanding the dynamics of 

the human postmortem microbiome, researchers may be able to reach an accurate 

estimate of PMI. Research suggests that microbial communities have been proven to 

be measurable, time-dependent and predictable through the progression of 

decomposition (21). Furthermore, researchers have shown that the composition of 

bacterial communities found within the human postmortem microbiome differ in 

diversity and abundance at different stages of decomposition: fresh, bloat, decay and 

dry stages (21). For example, Javan et al. described Clostridium as the most prominent 

bacterium in the human gut of carcasses and found that it was consistent in both the 

late and early stages of decomposition (22). The term late in this context describes the 

decay and skeletonization stages of decomposition, while the term early refers to the 

transition of discoloration of the body and the process of putrefaction (23). Pechal et al. 

performed a similar study and found that Actinobacteria and Bacteroidetes were most 

prevalent one to two days following an individual’s death but began to decline as 

decomposition progressed (21). In the same manner, researchers identified Bacteroides 

and Firmicutes as the most dominant bacterial species composited in the gut through 

the use of next generation sequencing (NGS) (24). In sum, because patterns of 
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microbial succession are specific to predictable stages of decomposition, the change in 

composition of microbial communities can be used as an indicator of time since death 

(25).  

1.4.2 Skin Microbiome 

Another fundamental use of microbes in forensics is the ability to trace an 

individual from the skin microbiome left behind on an object or surface (26). As 

previously indicated, scientists currently use STR typing as a linkage tool between the 

suspect and the crime scene or evidentiary objects. As with most cases, crime scenes 

often contain biological evidence from which DNA can be extracted. Hence, if the 

DNA profile retrieved from evidence recovered from the crime scene matches the 

DNA profile of an individual, this person is identified as a person of interest. 

However, if the two DNA profiles do not match, the individual is then excluded from 

the suspect pool. Correspondingly, a multitude of studies have shown that skin 

microbiome can be used as corroborating evidence in that it differs in species 

composition thus enabling researchers to use the microbial signature left behind at 

crime scenes for identification purposes (27). These varying microbial signatures are 

generally a result of age, the environment, the individual’s health and use of 

antibiotics (1). It has been demonstrated that microbes can be used as a reliable source 

of identification as the skin microbial signature may persist on an object or surface for 

an extended number of days due to its resistance to environmental stress (27). In this 

context, environmental stress refers to temperature or UV radiation as well as moisture 

in the environment (27). Consequently, due to its resistance of environmental stress and 
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interpersonal variation (i.e. variation in bacterial composition and diversity), skin-

associated bacteria are receiving growing attention within the field of forensics.  

Recent experimental work has also shown skin microbiome differs when 

directly or indirectly transferred from one person to another (28). This hypothesis was 

tested by conducting two experiments using the human microbiome. For the first 

experiment, two volunteers shook hands, and rubbed a substrate immediately after the 

handshake. For the following experiment, two volunteers rubbed a substrate with their 

left hand, exchanged this item with their partner, and rubbed the swapped substrate 

with their left hand. Upon completing this experiment, Neckovic et al. found that the 

skin microbial composition of participants differed as a result of transferred 

microbiomes (28). This is an important finding in the understanding of microbial 

profiling as it can be used for forensic purposes (28).  

1.5 Soil as Trace Evidence 

Soil, geographically abundant, is a form of trace evidence frequently 

encountered at crime scenes. Transferability of soil allows examiners to identify the 

source of soil originating from an object or person to which it was transferred. To 

establish this association, soil analysts examine both physical and chemical properties 

of soil. The most common physical tests include examination of color, texture and 

particle size, determining the amounts of nitrogen, phosphorus and potassium, and pH 

of soil (29). Utilization of high-performance liquid chromatography is also used to 

separate and identify components of humus (i.e., organic matter originating from 

decayed plant and animal material) by extraction and filtration of soil. Though 

analysts can potentially determine if two soil samples originated from the same source 
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by comparing physical properties, forensic examiners seldom recognize soil as 

valuable evidence as such examinations are not individualistic. Thus, this approach 

limits a scientist’s ability to differentiate between soil types containing similar 

characteristics. A number of recent studies in forensics and geoforensics have shown 

that this problem can be overcome using a soil microbial approach, a DNA-based 

identification strategy (30).  

It has been long established that soil contains a diverse community of 

microbes. Though soil is often neglected as a form of trace evidence, the bacteria 

found living within a particular soil composition, is vital to forensic investigations as it 

can help place an item collected from a suspect or object to a crime scene. 

Establishing this association has been influential in this field because of the 

development of DNA profiles generated from bacterial communities dispersed through 

all types of soil, thus increasing its evidentiary value in crime scene investigations. 

Because the community of bacteria present is dependent upon the environment and 

soil properties, this specific combination of taxa within the soil enables forensic 

scientists to discriminate amongst varying locations (31). In addition, soil's ability to 

adhere to the bottom of footwear makes it an excellent source for comparing samples 

and for crime scene reconstruction, because footwear is typically an everyday 

necessity (30). Thus, if the microbiota contained within the soil collected from a shoe is 

sufficiently analyzed, this has the capability of providing facts that can lead to an area 

in which an individual may have come in contact.   

Recent experimental work by Demanèche et al. focuses on a molecular 

microbial approach for identifying the origin of a soil sample (32). Although the same 
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concept is used, this study was strictly lab based in that soil samples were collected 

from the individuals conducting the experiment rather than from evidentiary items 

such as footwear used by volunteers exposed to different environmental surfaces. 

Additionally, as opposed to analyzing soil microbial communities from unrelated 

locations, three soil samples were collected from three different areas at the same 

location (32). Consequently, no prior studies have examined soil microbial 

communities originating from agricultural sites collected from footwear.  

Prior to recent studies, the value of soil evidence in forensic science was 

underestimated. Previously classified as class evidence, forensic analysts once 

believed that soil could not be individualized and only examined upon appearance, 

size, and mineral composition. However, a number of works have shown the 

importance of soil microbial evidence, as it can be applied to various forensic 

applications. Thus, this study will enhance investigative processes because it will 

provide additional insight regarding the appropriateness of bioinformatic analysis 

pipelines for microbial source identification.  

1.5.1 Soil microbiome as Corroborating Evidence  

Though not as common, microbes have also played a role in the analysis of 

impression evidence in forensic laboratories, which include bite marks, fingerprints, 

footwear, tool marks, and shoe prints, among many others. This form of evidence 

acquired its name from the impressions (e.g. tool mark, bite mark) that transfer to a 

surface when force is applied. It is important to note that when an object comes into 

contact with a surface, distinctive characteristics are transferred which can be used to 

develop possible associations at a crime scene. For example, friction ridge 
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examinations consist of identifying minutiae, characteristic features of a fingerprint, 

within the following three types of prints: patent, latent and plastic. However, as 

illustrated earlier, investigators can not only analyze a particular fingerprint pattern, 

but also the skin microbiome left on the surface to identify the suspect. 

This same approach can be done for footwear castings. As crime scene 

investigators process the scene in an outdoor environment, footwear castings, or a 

physical representation of an impression, are commonly preserved as evidence. 

Because a cast is generally taken from footprints created on an unstable surface (e.g. 

soil and snow), the casting is made and collected immediately after it has been 

identified to prevent destruction of evidence. Although indirectly used, soil plays an 

important role in the formation of footwear casting by providing the impression where 

the individual was once present. Bull and others have gone beyond the scope of 

casting footprints, analyzing other substances including pollen and soil, that have been 

found to adhere to the casts of footwear helping to exclude possible whereabouts (33). 

Not only does this support Locard’s exchange principle that “every contact leaves a 

trace” but this further indicates that analysis of the soil microbiome can be used as 

corroborating evidence when paired with analysis of impression evidence. Together, 

this evidence could be representative of the environment at which a criminal event 

took place. 
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CHAPTER II 

METHODS 

2.1 Methods  

2.1.1 Subjects/Materials  

Two males and two females were recruited as volunteers from the Institute of 

Forensic Science at Texas Tech University.  

Table 1. Age and weight of participants  

Subject  Age  Weight  

1 32 149 

2 24 145 

3 29 245 

4 23 231 

 

The research team selected four geographical areas located within Lubbock, Texas: 

Dunbar Historical Lake Park (Figure 1), At’l Do Farms (Figure 2), Maxey Park 

(Figure 3) and field near Renaissance at North Park (Figure 4). The participants 

decided amongst themselves which location they would utilize (Table 1). All 

individuals were provided with new sneakers purchased from a local chain store to 

ensure all volunteers wore the same shoe and remove shoe type as a variable. The 

shoes were individually packaged in two-gallon Ziploc freezer bags that were assigned 

the identifiers 1-4. Each package contained instructions for a walking exercise to be 

completed at the volunteer’s location and two 50mL tubes. One tube contained sterile 

water that could be used to moisten the soil if conditions of the environment were 

unfavorable for adherence of soil to shoe (i.e. dry soil). The second tube was used for 

soil sample collection at each site to be used for source attributes. Once the volunteers 

arrived at their designated location, they were instructed to remove their personal 
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shoes and replace them with the newly store-bought sneakers. Each participant was 

advised to walk in the vicinity for 5 minutes or until a sufficient amount of dirt had 

been collected on the soles of the shoes. Upon completing the exercise, volunteers 

repackaged the shoes in the two-gallon Ziploc freezer bags and returned them to the 

research team for processing.   

Table 2. Research testing sites  

Research Testing Sites  

Location  Address Latitude  Longitude  

Dunbar Historical Lake Park  
M.L.K. Jr Blvd & Canyon Lake Dr, 

Lubbock, TX 79403 
33.575331 -101.81624 

At'l Do Farms  6323 FM1294, Shallowater, TX  33.692832 -101.95324 

Maxey Park  4007 30th St, Lubbock, TX 79410 33.567839 -101.90079 

Unrestricted field at 

Renaissance at North Park 
5202 Auburn St, Lubbock, TX 79416 33.5995 -101.9271 
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Figure 1. Satellite view of Dunbar Historical Lake Park located in Lubbock, Texas 

(34).  
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Figure 2. Satellite view of At’l Do Farms located in Shallowater, Texas (35).  
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Figure 3. Satellite view of Maxey Park Lake located in Lubbock, Texas (36).  
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Figure 4. Satellite view of the field located across the Renaissance at North Park 

apartments in Lubbock, Texas (37).   

 

2.2 Experimental Procedures  

 2.2.1 Sample Collection  

 For packages numbered one, three and four, one soil sample was 

extracted from either the right or left shoe using a micropipette tip. For package 

number two, a composite soil sample was collected from both the right and left shoe 

because of scarcity of material. Known soil samples originating from the selected 

locations were also collected by the volunteers and given to the research team. A total 

of 8 soil samples were stored in 2mL tubes. Soil samples originating from the 

footwear were labeled as sinks, while soils samples originating from the four 
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topographical areas were labeled as sources. Samples were extracted, prepped and 

sequenced at RTL Genomics, Lubbock, Texas.  

 2.2.2 DNA Extraction  

 Genomic DNA was extracted from 8 soil samples using the PowerSoil 

DNA Isolation Kit according to the manufactures protocol (Qiagen). To begin, 0.25g 

of soil was added to the provided PowerBead tubes. Tubes were vortexed to mix and 

60µl of Solution C1 was added. Tubes were horizontally secured to the vortex adaptor 

as they were vortexed at maximum speed for 10 minutes. Centrifugation of samples 

was then completed at 10,000 x g for 30 seconds. Supernatant was collected and 

transferred to clean 2µl tubes and 250µl Solution C2 was added. Tubes were vortexed 

and incubated at 4℃ for 5 minutes followed by centrifugation at 10,000 x g for 1 

minute. Approximately 600µl of supernatant was transferred to new 2µl collection 

tubes leaving the pellet behind. Next, 200µl of Solution C3 was added to each tube 

and vortexed followed by incubation for 5 minutes at 4℃. Tubes were centrifuged at 

10,000 x g for 1 minute. Then, 750µl of supernatant was transferred to new 2µl tubes 

leaving behind the pellet. Before use, Solution C4 was mixed and 1200µl was added to 

the supernatant. Samples were vortexed and 675µl was loaded onto a spin column 

followed by centrifugation at 10,000 x g for 1 minute. Flow-through was discarded. 

This process was repeated for each sample. Once all samples have been processed, 

500µl of Solution C5 was added and tubes were centrifuged at 10,000 x g for 30 

seconds. After discarding the flow-though, tubes underwent an additional 

centrifugation step at 10,000 x g for 1 minute. Spin columns were transferred to new 

2µl collection tubes and 100µl of Solution C6 was added to the white filter membrane. 
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Tubes were centrifuged at 10,000 x g for 30 seconds at room temperature and spin 

columns were discarded.  

2.2.3 Library Preparation  

Bacterial 16S amplicon libraries were prepared at RTLGenomics (Lubbock, 

TX) using the manufactures protocol (38). To target the V3 and V4 region of the 16S 

rRNA gene, the following gene specific primers were used: PCR forward primer:  

5’ –TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG - 3’, 

 and PCR reverse primer:  

5’ – GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC – 3’. 

Illumina sequencing adaptors were ligated to the ends of locus-specific DNA 

fragments to enable suitability for amplicon sequencing on Illumina. All primers were 

selected based on the manufacturer’s recommendations (38).  

 Libraries were constructed using a two-step PCR amplification process. Step 

one in this procedure amplified the targeted V3 and V4 regions of the 16S rRNA gene 

using primers specified above flanked by tails. All samples were amplified on the 

thermocycler in a total reaction volume of 25µl including 2.5µl of microbial DNA, 5µl 

of amplicon PCR forward primer, 5µl of amplicon PCR reverse primer and 12.5µl 2x 

KAPA HiFi HotStart ReadyMix. The PCR program was run at the conditions 

provided in Table 2.  
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Table 3. Standard PCR conditions for Library Amplification 

Step Time Temperature No. of Cycles 

Initial denaturation  3 min 95℃ 1 

Annealing 

30 sec 

 

30 sec 

 

30 sec 

95℃ 

 

55℃ 

 

72℃ 

4 

Extension  5 min 72℃ 1 

Next, a PCR clean up stage was performed to remove adaptor dimers from the 

V3 and V4 amplicons (38). This reaction contained the following materials: 52.5µl Tris 

buffer (10mM, pH 8.5), 20µl AMPure XP beads, 20µl of 80% ethanol and a 96‐well 

PCR plate (0.2 ml). The quantities specified for each reagent was individually applied 

to every sample. The amplicon PCR plate was centrifuged at 1,000 x g at 20℃ for 1 

minute. AMPure XP beads were vortexed and transferred to each well of the plate 

using a pipette. Samples in each well were continuously mixed by pipetting up and 

down and incubated at room temperature for 5 minutes. The plate was then placed on 

a magnetic stand until samples were clear. The supernatant containing short DNA 

fragments was discarded, and beads were washed twice with 80% ethanol to elute the 

library the beads. Tris buffer was applied to each well and samples were resuspended 

by pipetting up and down. Samples were allowed to incubate at room temperature for 

2 minutes. The plate was placed on a magnetic stand to allow the solution to clear. 

Using a pipette, 50µl of the supernatant was transferred to an unused 96-well PCR 

plate.  
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Using the Nextera XT Index Kit, the second PCR reaction was designed to add 

Illumina sequencing adaptors and barcodes to the amplicons. Using a pipette, 5µl of 

solution from each well was then transferred to a new 96-well plate. Index 1 and 2 

PCR tubes and the 96-well plate were arranged on the TruSeq Index Plate Fixture. 

Next, a total reaction volume of 50µl was prepared including 5µl of DNA, 5µl Nextera 

XT Index Primer 1, 5µl Nextera XT Index Primer 2, 25µl 2x KAPA HiFi HotStart 

ReadyMix and 10µl PCR grade water. All reagents were applied to each well and 

gently mixed by pipetting up and down. The plate was covered with a microseal ‘A’ 

adhesive film and centrifuged 1,000 × g at 20°C for 1 minute. The PCR program was 

run using the same conditions as the first round, except it ran for 8 cycles.  

A second PCR cleanup stage was performed using the same reagents as the 

first PCR reaction with adjusted quantities: 27.5µl Tris buffer (10mM, pH 8.5), 56µl 

AMPure XP beads, 400µl of 80% ethanol and a 96‐well PCR plate (0.2 ml) (16S 

metagenomic sequencing Library Preparation, 2013). After completion of the double-

sided size selection, both small and large library fragments were removed by 

manipulating the ratio of the bead solution to the DNA (39). Pooled samples were 

quantified using a fluorometric system (i.e. Qubit) before being loaded onto Illumina 

Miseq.  

To prepare libraries for sequencing, all sequences were first denatured by 

combining pooled DNA libraries with NaOH. This solution was vortexed and 

centrifuged at 280 x g at 20°C for 1 minute. The mixture was allowed to incubate at 

room temperature for 5 minutes producing single stranded DNA. A pre-chilled 

hybridization buffer was added to the solution and the DNA-containing tube was 
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diluted to obtain desired concentration. Denatured DNA was diluted by combining 2µl 

PhiX library with 3µl Tris buffer (10mM, 8.5 pH) and 5µl PhiX library with 5µl 

NaOH. Solutions were vortexed and incubated at room temperature for 5 minutes to 

convert PhiX library into single stranded DNA. To obtain a 20 pM PhiX library, a pre-

chilled hybridization buffer was added to the tube and the PhiX library was diluted to 

match the loading concentration of the amplicon library. Samples were then inverted, 

and pulse centrifuged. The amplicon library and PhiX control library were combined, 

and heat denatured at 96°C for 2 minutes. Tubes were inverted and placed in at ice 

bath for 5 minutes. Samples were then loaded onto the Miseq v3 reagent cartridge and 

analyzed using the Miseq Reporter software.  

2.2.4 Illumina Sequencing  

Amplicon sequencing was conducted on the Illumina MiSeq platform at RTL 

Genomics, Lubbock, Texas.  

2.2.5 Bioinformatic Analysis 

Amplicon sequencing data was analyzed using bioinformatic tools including 

SourceTracker, SourceTracker2 and Fast Expectation-Minimization Microbial Source 

Tracking (FEAST). To process the amplicon sequences, the data analysis stage was 

broken down into two steps: denoising and chimera checking and microbial diversity 

analysis. Raw Illumina paired-end reads were merged using PEAR, Illumina. Once 

forward and reverse reads were merged, the FASTQ files were converted into FASTA 

files. Sequence reads were dereplicated using the USEARCH algorithm. Singleton 

sequences were removed, and reads were trimmed and sorted according to their length 

from largest to smallest. UPARSE, a cluster generation pipeline, was then used for 
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OTU selection, and reads were assigned to its original OTU. Next, chimeric sequences 

were identified using the UCHIME chimera detection software. After removal of 

chimeric sequences, sequences within each cluster were aligned to consensus 

sequences. High-quality sequences were corrected base by base to check for sequencer 

miscalls. To measure the accuracy of sequences generated from the Illumina 

sequencing platform, all sequences were assigned quality scores. Quality scores were 

given following the guidelines provided by RTL Genomics.  
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CHAPTER III 

RESULTS 

3.1 Taxonomic Analysis  

Microbial communities associated with sinks and sources were composed of 

two dominant kingdoms, bacteria and archaea. Taxonomic observations were made by 

analysis of trimmed taxa data. This is because all sequences that have been generated 

were assigned a confidence value greater than 51% thus increasing the accuracy of 

taxonomic classification. Results demonstrated that for all four sinks, the majority of 

the sequences were from the taxonomic kingdom, bacteria, while the second most 

abundant was from kingdom archaea (Table 3). The remaining sequences were 

classified as no hit implying that the sequences cannot confidently provide taxonomic 

information as they did not match any of the taxonomic classifications included in the 

database. Similarly, results generated for each of the four sources showed kingdom 

bacteria as the most abundant, following kingdom archaea (Table 4).  

Table 4. Trimmed kingdom counts  

Kingdom 
Sink Corn 

Field 

Sink At'l 

Do Farms 

Sink 

Maxey 

Lake 

Sink Dunbar Lake 

Archaea 712 6 0 17 

Bacteria 12624 37226 10491 6827 

No Hit 104 49 131 73 

 

Table 5. Trimmed kingdom counts  

Kingdom 

Source 

Corn 

Field 

Source 

At'l Do 

Farms 

Source 

Maxey 

Lake 

Source Dunbar Lake 

Archaea 525 496 27 292 

Bacteria 7751 11396 16540 8112 

No Hit 62 96 274 162 
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3.1.1 SourceTracker Estimated Proportions of Sources 

SourceTracker, SourceTracker2 and FEAST were used for bacterial source 

tracking analysis. For the corn field sink sample, results of SourceTracker demonstrate 

that the corn field is the primary source of bacteria (Figure 5). At’l Do Farms (source) 

accounted for 16% of the sink sample, while 28% was declared unknown. A source is 

assigned “unknown” if the bacterial composition contained taxa that did not 

correspond to any of the known source environments included in the study. Analysis 

of the At’l Do Farms sink sample revealed that 98% of the source origin was unknown 

and only 2% resembled At’l Do Farms (source) (Figure 6). Thus, due to the large 

proportion of an unknown source, a distinct source origin cannot be determined. For 

the Maxey Lake sink sample, Maxey Lake was identified as the main source 

contributor accounting for 90% similarity (Figure 7). The remaining 10% was 

unknown. This result indicates that the bacterial communities were predominantly 

from Maxey Lake. For the Dunbar Lake sink sample, 90% of the bacterial 

composition was declared unknown. Maxey Lake (source) contributed 7% and 2% 

corresponded to Dunbar Lake (source). Thus, the source of bacterial communities 

cannot confidently be identified.  
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Figure 5. SourceTracker estimated source proportions for Corn Field sink sample  

 

Figure 6. SourceTracker estimated source proportions for At’l Do Farms sink sample  
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Figure 7. SourceTracker estimated source proportions for Maxey Lake sink sample  

 

Figure 8. SourceTracker estimated source proportions for Dunbar Lake sink sample  
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Source proportions generated from SourceTracker2 were similar to 

SourceTracker showing only slight differences. The microbial communities associated 

with the Corn Field sink sample were primarily from Corn Field (source) as it 

0%0%

90%

0%
10%

Shoe 3 Maxey Lake 

Corn Field

At'l Do Farms

Maxey Lake

Dunbar Lake

Unknown

0%0%7%
3%

90%

Shoe 4 Dunbar Lake 

Corn Field

At'l Do Farms

Maxey Lake

Dunbar Lake

Unknown



Texas Tech University, Arrin Canales, August 2021 

30 

accounted for 55% (Figure 9). While no further source contributions were determined 

using SourceTracker, SourceTracker2 provided estimates of additional source 

contributions: At’l Do Farms 16%, Maxey Lake, 1% and Unknown 27%. Figure 10 

showed that the microbiota was predominantly unknown (98%) with only 1% sourced 

from At’l Do Farms. Results for the Maxey Lake sink sample indicate that a 

substantial proportion of the bacterial taxa were recognized as Maxey Lake (92%) and 

that only 7% was determined unknown (Figure 11). Using the output proportions 

from SourceTracker, the percent of the Maxey Lake sink community (Figure 7) 

recognized as Maxey Lake was greater than the sink percentage determined from the 

SourceTracker2 model (Figure 11). Results for the Dunbar Lake sink sample 

confirmed that 92% of contributed bacterial taxa were determined unknown. All other 

source contributions received a value of less than 5% as seen in Figure 12.  

Overall, results demonstrated that SourceTracker2 accurately identified 

bacterial source origins for both the Corn Field and Maxey Lake sinks. This finding 

indicates that sinks one (Corn Field) and three (Maxey Lake) contained communities 

contributed from the inferred sources. This conclusion can made based on the 

composition of bacterial communities identified from sinks and sources. Furthermore, 

bacterial compositions associated for sinks two (At’l Do Farms) and four (Dunbar 

Lake) could not provide insight regarding potential sources as the bacterial taxa did 

not correspond to any of the known sources.  
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Figure 9. SourceTracker2 estimated source proportions for Corn Field sink sample  

 

Figure 10. SourceTracker2 estimated source proportions for At’l Do Farms sink 

sample  
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Figure 11. SourceTracker2 estimated source proportions for Maxey Lake sink sample  

 

Figure 12. SourceTracker2 estimated source proportions for Dunbar Lake sink sample  
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high similarity between the sink and source. In addition, while SourceTracker and 

SourceTracker2 identified a larger “unknown” proportion, FEAST determined that 

only 16% was unknown. Sink two model (At’l Do Farms) indicated that 89% of the 

bacterial community was unknown. However, while SourceTracker and 

SourceTracker2 presented a relatively small bacterial proportion originating from At’l 

Do Farms (1%), FEAST showed that it was the second most likely contributor 

accounting for 16% (Figure 14). Sink three model (Maxey Lake), indicates that 82% 

resembled the Maxey Lake source, however the “unknown” source had a higher 

contribution compared to proportions seen in SourceTracker and SourceTracker2 

(Figure 15). Results for the Dunbar Lake sink sample confirmed that 63% of the 

source was determined unknown (Figure 16). In addition, while source proportions 

generated from SourceTracker and SourceTracker2 for Dunbar Lake were less than 

5%, FEAST showed that Dunbar Lake accounted for 20% of the bacterial community 

(Figure 16).  

 

Figure 13. FEAST estimated source proportions for Corn Field sink sample  
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Figure 14. FEAST estimated source proportions for At’l Do Farms sink sample  

 

 

Figure 15. FEAST estimated source proportions for Maxey Park sink sample  
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Figure 16. FEAST estimated source proportions for Dunbar Lake sink sample  
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CHAPTER IV 

Discussion 

4.1 Comparison of Bioinformatic Algorithms  

This study utilized a series of source tracking algorithms to predict the 

proportion of microbial communities contributed from a specific environment. The 

concept of determining this association is known as microbial source tracking. Source 

tracking can be achieved using library-independent or library-dependent techniques. A 

library-dependent approach consists of analyzing bacterial strains collected from an 

unknown sample or source. These strains are then compared to a library containing 

bacterial strains with known sources. This comparison enables researchers to 

distinguish between soil sources and identify dominant sources by quantifying OTUs 

within each sample. In contrast, a library independent technique relies on genetic 

markers obtained from bacteria to identify the source. Hence, this study utilized a 

library-independent technique as 16S rRNA amplicons were used for microbial source 

tracking. 

Although commonly used for contaminated water systems, SourceTracker is a 

molecular approach widely used by biologists and environmental toxicologists to 

determine the origin of a bacterial sample (40). Source tracking, when applied to 

forensic applications, can serve as a powerful tool when analyzing trace evidence 

while experimenting with unstable or complex samples, such as those collected from 

the soil (41). Further, microbial source tracking aids in forensic investigations by 

identifying source origins such as geographical environments in which a suspect might 

have been previously located (41).  
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To predict the source of microbial communities, SourceTracker uses Bayes’ 

theorem and Gibb’s sampling to analyze 16S rRNA gene libraries (40). Bayesian 

source tracking helps to formulate proportions of bacteria based on taxonomic 

profiles, which can then be used to differentiate between soil samples. Gibb’s 

sampling uses these proportions to separate the microbial isolates originating from 

unknown sources from the remaining isolates (41). Thus, results generated from 

SourceTracker provide estimates of multiple source environments for a given sink 

including a proportion of an unknown source. 

In the previous section, present findings confirmed that SourceTracker found 

possible source contributions for sinks one and three. While the major source 

contributions for sinks two and four were determined unknown, results provide 

support for the use of soil microbial communities as corroborating evidence because 

the identifiable source contributions for sinks one and three accurately correspond to 

the true source of origin. Thus, high proportions of shared bacteria between sinks and 

sources could provide insight as to a possible location where a human subject was 

once located. In addition, though results demonstrated that 98% of the bacterial 

communities from sink two were unknown, 2% of the bacterial taxa closely resembled 

At’l Do Farms (Figure 6). This suggests source contributions assigned a lower 

proportion should still be considered in criminal investigations because it can provide 

support for the inclusion or exclusion of environmental sources. Similar findings were 

identified in sink four (Figure 8). Results show 90% of the bacterial source 

contribution was unknown, 7% was suspected to have come from Maxey Lake and 3% 

from Dunbar Lake. In this cluster analysis, soil bacterial communities were divided 
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into groups based on shared, common bacterial taxa. Hence, the probability that a 

bacterial community belongs to a particular source can be calculated, which helps to 

predict possible source environments. While the results show relatively low 

proportions for Maxey and Dunbar lakes, the findings suggest investigators could 

narrow their search to an aquatic environment. Thus, microbial evidence, in concert 

with other sources of physical evidence, can increase the likelihood of identifying a 

crime scene’s origins. 

Before the development of FEAST, SourceTracker was the most widely used 

tool for microbial source tracking. While SourceTracker was designed to identify 

potential sources of microbial communities, it also illustrates the magnitude of 

contamination (i.e. presence of bacteria). Thus, this method has been used to 

understand bacteria-related health conditions as well as the microbiota of infants (42). 

In addition, FEAST can also rapidly predict potential sources of microbial 

communities, yet effectively be compared to other source tracking methods. (42). 

Because SourceTracker is only applicable to small data sets, FEAST was introduced 

as it is most efficient at analyzing large data sets. (42). 

While the focus of most studies is limited to identifying predetermined 

microbial sources, FEAST can identify the unknown bacterial taxa contained within a 

sink community, otherwise known as latent variables. Hence, since the contribution of 

bacterial taxa contained in each sink is unknown, the expectation maximization 

algorithm can be used to generate source probabilities, even with the presence of latent 

variables (43). Thus, FEAST has demonstrated an ability to improve forensic analysis 
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of trace material in that it can aid investigators in identifying potential source 

environments. 

         FEAST uses an EM algorithm to predict the origin of microbial communities 

by estimating the proportion of microbial source communities in each sink. The EM 

algorithm consists of two steps used to solve Gaussian mixture models. In this case, 

the algorithm alternates between generating the probability of each sink to a particular 

source and updating these probability values (i.e. cluster means and covariances) (43). 

Because the contribution of environmental sources were unknown for this study, 

FEAST was used to generate optimum values for those latent variables. Estimated 

source proportions are generated in the E-step. Assuming parameter estimates are 

correct, these probabilities are further reduced iteratively to produce a modified 

maximization likelihood estimation (43).  

Source proportions generated by FEAST varied from SourceTracker and 

SourceTracker2. Proportions for primary source contributions (i.e. sources with the 

highest proportion) were consistently lower for sinks two through four, whereas the 

proportion generated for sink one was approximately 20% greater. These differences 

are likely due to the optimization procedures employed. These findings are consistent 

with previous studies as FEAST has been shown to produce slightly superior results 

particularly when sinks contained bacterial communities from uncharacterized sources 

(44). A similar conclusion was reached by Shenhav et al. when they compared the 

accuracy of FEAST, SourceTracker and the random forest classifier (42). Researchers 

found that FEAST achieved the most robust results at varying levels of sequencing 

depths and was the most accurate at estimating proportions for unknown sources. 
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SourceTracker, SourceTracker2 and FEAST each generated proportions for 

uncharacterized sources. In fact, for sinks two and four, the primary source 

contribution was unknown, likely due to contamination. For example, the bacterial 

communities could have originated from either the volunteer, local chain store 

employees, shoppers, manufactures or packaging. Additionally, if the shoe was placed 

by a customer, this could result in an indistinguishable mix of bacterial proportions. 

Contamination could also have been caused by human error. Volunteers, for example, 

could have worn the shoes in areas other than the specified locations. Consequently, 

the bacterial taxa deposited on the shoe did not correspond to those associated with the 

included environmental sources. 

4.2 Challenges, Limitations and Improvements  

Researchers have spent many years determining the characteristics for an ideal 

microbial source tracking marker (45). Specificity, temporal stability, evenness and 

environmental persistence are a few of the many characteristics considered when 

identifying such markers. Ideally, selection of microbial source tracking markers 

should be based on host specificity, evolutionary stability and the ability to accurately 

quantify the presence of contamination, in this case bacteria (45). However, not all 

markers will meet the criteria previously mentioned; thus, it is best to select a marker 

most useful to the study. Hence, this study utilized the 16S rRNA gene, a marker 

consistently found in microbiome research, as it provides the most accuracy in 

bacterial source identification. 

In this study, results show the methods used to identify a bacterium’s origin 

yielded adequate results. Additionally, the findings demonstrate that next generation 
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sequencing enhances the use of soil evidence, as it can characterize unknown bacterial 

sources. The research further suggests that footwear worn at the crime scene can 

inadvertently carry a diverse number of microorganisms contained within the soil.  

This methodology alone, however, cannot be used in forensic investigations to 

determine an individual’s guilt or innocence. Instead, this microbial approach should 

be used as corroborating evidence, to strengthen the probative value of existing 

evidence. Although soil evidence is often found on objects in trace amounts, it is an 

important aspect of criminal investigations in that it can potentially provide the CSI 

with an accurate representation of the environment in which a crime was committed. 

As individuals travel to different locations, soil collected from varying sources 

adhere to the soles and uppers of the footwear, as well as on other mediums (e.g. 

vehicles, carpets). This mixture of soils and sediments can pose a problem for 

investigators attempting to identify an individual’s last known location. As a result, 

the sample recovered from the shoe may lead investigators to locations unrelated to 

the event in question. Analyzing how this intermediate transfer of soils affects a 

scientist’s ability to interpret the results could not be implemented, as this experiment 

focused solely on data obtained from a single source. Ideally, if investigators are 

unable to identify the suspect immediately following a crime, the deposits on the shoe 

are unlikely to persist, thus affecting the reliability of forensic soil analysis. Therefore, 

if investigators are able to timely access footwear from a suspect, the evidentiary value 

of soils deposited on the shoe increases. 

Another experiment limitation was the narrow number of soil samples 

collected and analyzed. For this study, one soil sample was retrieved from the shoe 
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and the environmental source. Generally, a number of soil samples would be taken 

from a crime scene to ensure accurate representation of the environment. For forensic 

investigations, if soil is the main source of evidence, reference or known samples 

should be taken in addition to questioned samples. Questioned soil samples typically 

refer to soil evidence originating from an unknown source. This includes soil adhering 

to substrates such as clothing, footwear, tires and fingernail beds. Conversely, known 

samples are those collected from areas surrounding the crime scene and can be found 

in larger quantities. 

While collecting known and unknown soil samples for evidence is crucial to 

the crime scene investigation process, this study shows soil collection must be 

gathered vigilantly. For two of the sinks, the main source contribution was determined 

unknown. This highlights the importance of maintaining the integrity of soil evidence. 

Hence, implementation of this microbial approach for criminal investigations requires 

careful collection and proper perseveration. Proper evidence preservation can then 

help isolate potential suspects and provide indications of last known locations by 

comparing the known and unknown soil samples in a forensic laboratory. 

4.3 Conclusion  

Source tracking plays an integral role in microbiome research, as it has helped 

characterize the microbiome of intensive care unit (ICU) patients; understand the 

transfer of microbiota between mother and vaginally delivered babies and locate 

sources of contamination for disease prevention (42). Recent studies also show that 

researchers can use microbial source tracking for forensic analysis of soil. This form 

of evidence is critical in criminal investigations in that soil can be inadvertently 
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transferred from one location to another. This transfer of material can then be used to 

develop associations between an individual and object or the crime scene. Soil, in 

particular, is a common element encountered at crime scenes and secondary locations 

that is oftentimes neglected because soil was previously characterized as class 

evidence. However, researchers who once analyzed the common physical features of 

soil now focus on the bacterial composition. With the advancement of DNA 

sequencing technology, soil microbial signatures provide a new outlook on the 

analysis of soil evidence to correlate an individual with a crime scene. 

Though a limited number of samples were analyzed, this study concludes that 

soil microbial communities collected from footwear can be used to predict the origin 

of a crime scene. In addition, the findings demonstrate source identification is 

dependent upon the bacterial taxa comprised within an area of interest. Assuming 

investigators are familiar with collecting soil evidence, this microbial approach can be 

easily implemented in the crime scene reconstruction processes. While other studies 

have shown bacterial profiling of soil can be used to link an individual to a crime, this 

study was designed to simulate a crime scene investigation. Volunteers were used as 

proxies to mimic perpetrators. Shoes were then collected in the form of evidence, as 

soil-derived bacteria was collected from soles and analyzed. This study serves as a 

good first step for distinguishing environmental sources in Lubbock using soil 

microbial communities collected from footwear. Furthermore, the findings highlight 

key points that could potentially impact traditional analysis of soil as trace evidence. 

Because of the emerging nature of this research, this project was conducted for 

exploratory purposes, as bacterial communities in Lubbock soils have not been 
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characterized. Thus, this project addresses a knowledge gap by examining 

topographical areas in Lubbock and implementing varying microbial source tracking 

algorithms to better understand the microbial makeup of West Texas soils. 

In summation, this study hopes to provide a foundation for improved 

discrimination of soil evidence. While this microbial approach has great potential for 

solving criminal investigations, it must comply with the Daubert standard before being 

implemented in the crime scene reconstruction process (46). The Daubert factors 

suggest that the science behind a technique should be generally accepted by the 

scientific community; must be tested and subjected to peer review; have a known error 

rate and adhere to standards that can be incorporated into a particular method (46). 

Meeting these criteria and developing a validation method, however, can be 

challenging, particularly because next-generation sequencing has not yet been applied 

to the analysis of forensic trace evidence. Nonetheless, acceptance and validation of 

this approach will soon strengthen the handling and analysis of trace evidence as well 

as increase the probative value of soil-derived biological evidence. 
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