Florida International University

FIU Digital Commons

FIU Electronic Theses and Dissertations University Graduate School

3-31-2022

The Utilization of Volatile Organic Compounds and Human
Leukocyte Antigen Genes for Ethnic-Specific Differentiation within
Target Populations

Alice Breia Boone
Florida International University, aboon005@fiu.edu

Follow this and additional works at: https://digitalcommons.fiu.edu/etd

6‘ Part of the Analytical Chemistry Commons, and the Other Life Sciences Commons

Recommended Citation

Boone, Alice Breia, "The Utilization of Volatile Organic Compounds and Human Leukocyte Antigen Genes
for Ethnic-Specific Differentiation within Target Populations" (2022). FIU Electronic Theses and
Dissertations. 4971.

https://digitalcommons.fiu.edu/etd/4971

This work is brought to you for free and open access by the University Graduate School at FIU Digital Commons. It
has been accepted for inclusion in FIU Electronic Theses and Dissertations by an authorized administrator of FIU
Digital Commons. For more information, please contact dcc@fiu.edu.


https://digitalcommons.fiu.edu/
https://digitalcommons.fiu.edu/etd
https://digitalcommons.fiu.edu/ugs
https://digitalcommons.fiu.edu/etd?utm_source=digitalcommons.fiu.edu%2Fetd%2F4971&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/132?utm_source=digitalcommons.fiu.edu%2Fetd%2F4971&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/113?utm_source=digitalcommons.fiu.edu%2Fetd%2F4971&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.fiu.edu/etd/4971?utm_source=digitalcommons.fiu.edu%2Fetd%2F4971&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:dcc@fiu.edu

FLORIDA INTERNATIONAL UNIVERSITY

Miami, Florida

THE UTILIZATION OF VOLATILE ORGANIC COMPOUNDS AND HUMAN
LEUKOCYTE ANTIGEN GENES FOR ETHNIC-SPECIFIC DIFFERENTIATION

WITHIN TARGET POPULATIONS

A dissertation submitted in partial fulfillment of
the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
CHEMISTRY
by

Alice Breia Boone

2022



To:  Dean Michael R. Heithaus
College of Arts, Sciences and Education

This dissertation, written by Alice Breia Boone , and entitled The Utilization of Volatile
Organic Compounds and Human Leukocyte Antigen Genes for Ethnic- Specific
Differentiation within Target Populations , having been approved in respect to style and
intellectual content, is referred to you for judgment.

We have read this dissertation and recommend that it be approved.

Konstantinos Kavallieratos

Francisco Fernandez-Lima

DeEtta Mills

Yong Cai

Kenneth G. Furton, Major Professor

Date of Defense: March 31, 2022

The dissertation of Alice Breia Boone is approved.

Dean Michael R. Heithaus
College of Arts, Sciences and Education

Andreés G. Gil
Vice President for Research and Economic Development
and Dean of the University Graduate School

Florida International University, 2022

1



DEDICATION

| would like to dedicate this dissertation to my cousins Lamethia McCollum and Mia. At
age 28, while 8.5 months pregnant, Lamethia was brutally murdered in her home by the
father of her child. This case was cold for 10 years. However, due to forensic science, my
family was able to finally receive closure and some peace in knowing that justice was

served.

il



ACKNOWLEDGMENTS
This dissertation could not have been completed without the emotional and financial
support of the McKnight Doctoral Fellowship. My cohort has been an asset to my
personal and professional development, and I am forever grateful for the opportunity they
gave me to pursue my doctorate. Furthermore, I would like to acknowledge the faculty
and staff at FIU who have given me guidance through my matriculation through the
program. Under the tutelage of my Ph.D. advisor, Dr. Kenneth G. Furton, I was given
several opportunities to gain expertise in several sectors of forensic science. I would also
like to acknowledge Howard Holness for sharing his scientific knowledge and personal
experience to serve as an additional mentor to me. I would like to thank my advisory
committee members, Dr. Yong Cai, Dr. Francisco-Fernandez Lima, and Konstantinos
Kavallieratos for always supporting me and providing positive feedback to further
enhance my research. I would like to give a special thank you to Dr. DeEtta Mills, who
also serves on my committee, for taking the time to meet with me in support of my
biological studies and for providing the emotional support and encouragement I needed to
complete my degree.

The support system I have gained since enrolling in graduate school was a staple
of my ability to remain grounded in the doctoral program at FIU. I would like to thank
my friends (Christina Burns, Deidra Jordan, Vanquilla Shellman-Francis, and Chantrell
Fraizer) who poured so much into me academically and emotionally. Their selflessness
with their knowledge, unwavering encouragement, and willingness to guide me through

concepts I did not understand well initially eased several frustrating moments in my

v



graduate career. Furthermore, | would like to thank my friends, Jasmine Bray, Oshea
Johnson, and Zashery Mercedes for being my family away from home and providing me
with countless memories and a bond that cannot be broken.

Finally, I would like to express endless gratitude to my parents, husband, and
brother. The tremendous sacrifice, patience, and love they have exhibited at every stage
of my life is a constant reminder of how blessed I truly am. Their active role in ensuring |

was able to finish school with two newborns will never be taken for granted.



ABSTRACT OF THE DISSERTATION
THE UTILIZATION OF VOLATILE ORGANIC COMPOUNDS AND HUMAN
LEUKOCYTE ANTIGEN GENES FOR ETHNIC-SPECIFIC DIFFERENTIATION
WITHIN TARGET POPULATIONS
by
Alice Breia Boone
Florida International University, 2022
Miami, Florida
Professor Kenneth G. Furton, Major Professor

Human scent has been previously defined as a complex mixture of volatile organic
compounds (VOCs) detected in the headspace above a scent sample. Humans generate
odor from several areas of the body including hair, mouth, hand, axillae, and foot. Due to
the novelty of human scent research, human scent evidence has been undervalued in the
court of law. However, this type of evidence has significant value when physical evidence
is not available at crime scenes. To increase the individualization and differentiation power
of human scent evidence, this study aimed to further investigate the identification of
chemical signatures within axillae of specific ethnicities (Caucasian, Hispanic, and African
American) and determine if ethnic-specific genetic signatures are present among Human
Leukocyte Antigen (HLA) genes.
During the study, the axillae of 68 participants were investigated. Upon collection, samples
were extracted using Headspace Solid Phase Micro extraction (HS-SPME) and solvent

extraction. The samples were analyzed using Gas Chromatography- Mass Spectrometry

vi



(GC-MS). The utilization of SPME immediately followed by solvent extraction
complements the extraction of both semi-volatile and non-volatile compounds, thus filling
in the gaps of the compounds that could not be recovered using HS-SPME alone.

The samples were evaluated statistically via logistic regression and Receiving Operating
Characteristic (ROC) curves to evaluate the performance and prediction power of VOCs
for ethnicity inferences. The study concluded that logistic regression served as an efficient
model predicting the VOCs capable of class characteristic determination when comparing
ethnicities.

The HLA gene complex was evaluated to determine its contribution to human
scent and the ability to differentiate between ethnicities. Using buccal swabs extracted
from 31 subjects, five genes were successfully amplified using Multiplex Polymerase
Chain Reaction (Multiplex PCR). The Multiplex PCR products were analyzed using
capillary electrophoresis. The genotype frequencies were observed, and linear
discriminant analysis (LDA) was performed to assess the ability of predicting ethnicity
using genotype frequencies of individuals. Four of the five genes predicted ethnicity at
80% or greater accuracy, which validates that the HLA genes (D6S2925, D6S2937,
D6S2917, and D6S2787), coupled to the VOCs, can be used as a biomarker for class

characteristic determination of an individual.
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1. INTRODUCTION

1.1. INTRODUCTION TO RESEARCH
The thorough analysis of a crime scene requires the collection of all available evidence.
The forensic scientist’s obligation is to identify and establish the source of the evidence
collected. This entails linking a suspect to a victim or a specific crime scene. Throughout
the United States, there are many crime-based television programs that portray the
collection of trace evidence from crime scenes. The information transmitted within these
programs enables criminals to strategically incorporate their knowledge of forensic
investigations to their advantage. A study conducted by Balemba et al. (2014) has revealed
that “forensically aware” criminals who committed sexual homicides (accounting for 33%
of the population studied) believe that DNA and fingerprints have been generally accepted
in the scientific community and within the media as viable tools for the identification of
individuals. However, when physical evidence is not present at the crime scene, the
likelihood of the case remaining unsolved increases significantly.
In accordance with Locard’s Exchange Principle—“Wherever he steps, whatever he
touches, whatever he leaves, even unconsciously, will serve as a silent witness against
him” —even human odor is easily transferred onto virtually anything with which the body
comes in contact.! Because of its ability to transfer, and the unique attributes of each
person’s odor profile, the forensic analysis of this type of evidence can be a significant
factor in the investigation of a criminal case. The past decade has seen rapid
developments in the field of forensic science. However, due to the novelty of human

scent research, human scent evidence has been undervalued in the court of law. To
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increase the integrity of human scent evidence, knowledge regarding volatile organic
compounds (VOCs) profiles must be expanded as this type of evidence has significant
value, even when physical evidence is not available at crime scene. To date, though, there
is minimal understanding about the efficacy of VOCs as physical evidence.

As a result, this dissertation serves as a bridge between the biological and chemical
components of human scent evidence. By determining a correlation between odor profiles
and Human Leukocyte Antigen (HLA) genes, chemical signatures were identified that can
be used to effectively narrow the potential suspects during criminal investigations. This
research specifically focuses on enhancing the profiles of three relatively large populations
Caucasian, Hispanic, and African American. Each subject in the study provided axillary
(underarm) odor samples and buccal swabs to determine chemical and genetic information,
respectively. The VOC profiles were extracted using Solid Phase Micro Extraction
(SPME). Semi-volatile and non-volatile compounds were extracted using solvent
extraction, all compounds extracted via either SPME or solvent extraction were then
analyzed via Gas Chromatography-Mass Spectrometry. Once a complete odor and genetic
profile was obtained for each race, unique signatures within each race can be determined
using statistical analysis, potentially portraying the correlation hypothesized.

1.1 RESEARCH OBJECTIVES

This dissertation aims to further enhance the VOC profiles of three populations (Caucasian,
Hispanic African Americans). The novel incorporation of African American subjects will
highlight the significance of investigating and comparing human scent expression among
all ethnic groups. The objective of this research is to identify specific biomarkers in

individual scent profiles that can be used to differentiate among races. Furthermore, using
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the HLA profiles of each individual subject as supplemental data to identify race will
generate a complete human profile that can be utilized for class characteristic determination
and exclusion purposes in forensic casework. The use of analytical and statistical methods
facilitates the successful analysis of human subjects. The tasks performed to meet the
dissertation’s goals are listed below:
a) Determination of VOCs present in Caucasians, Hispanics, and African Americans.
b) Pilot study: Identification of VOCs present in Caucasians, Hispanics, and African
Americans.
c) Optimization of solvent extraction method for identification of fatty acid and sulfur
compounds.
d) Optimization of HLA gene acquisition via buccal swabbing.

e) Determination of the correlation between VOCs and HLA.

1.2 SIGNIFICANCE OF STUDY

Human scent evidence has been challenged in U.S. courts of law as the technique’s
scientific validity has been called into question. To date, for a scent identification to be
admitted into court and used as incriminating evidence, it must satisfy the Kelly rule, which
highlights the general principles of admissibility in court when novel techniques are
utilized?.

The pursuit of this project’s objectives constitutes a significant advance for the forensic
science community. Applying synergistic extraction methods (SPME immediately
followed by solvent extraction) to human scent profiles complements the extraction of
semi-volatile and non-volatile compounds, hence filling in the gaps of the compounds that

could not be recovered using HS-SPME alone. This ensures that a more complete VOC
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profile is obtained, allowing for improved statistical analysis without requiring any
additional sample collection from subjects. The evaluation of the fatty acids provide new
data to build on and enhance the information obtained during previous studies of odor
profiles and their characteristic features. Moreover, the novel incorporation of African
American profiles validates the discriminatory power of human scent evidence regardless
of ethnicity. Furthermore, the data analysis facilitates specific quantitative and qualitative
observations that can enhance the understanding of the chemical composition of scent for
the populations under study as well as the determination of ethnic-specific VOCs and
quantitative VOC representation in specific populations.

This dissertation serves as an introduction to the holistic evaluation of chemical and
genetic components of human scent. Establishing the correlation between VOCs and HLA
genes significantly increases the discriminating power of human scent evidence. The use
of extraction methods and analytical techniques also provides insights that can be used for
class characteristic determination. This will serve as a groundbreaking technique when
other physical evidence such as DNA is not available. Finally, the statistical analyses
implemented can be reliably utilized in court cases, further validating the potential of

human scent to associate an individual with a crime scene, thus satisfying the Kelly rule.



2. Human Scent Research Background

2.1 BIOLOGICAL SPECIMENS CAPABLE OF IDENTIFYING INDIVIDUALS

Forensic evidence has a significant impact on the criminal justice process and outcomes.
Presently, there are several biological specimens capable of identifying individuals (blood,
semen, saliva, hair) that can be collected from crime scenes for investigative leads. Every
crime involves both a perpetrator and a victim. Particularly in the case of a struggle,
biological specimens are often transferred throughout the scene from the victim and/or
perpetrator.

The unique characteristics of biological specimens per individual are essential for
the conviction of perpetrators and the exoneration of the innocent. In a database study
conducted by Peterson et al., biological specimens were collected at 97% of homicide
cases,® the majority of which (38.3%) are biological samples. However, Figure 1 shows
that of the 400 samples used in these cases, only 6% involved scent evidence.®
Additionally, a total of 44.3% of homicide cases resulted in no arrest. This statistic
highlights the significance of the present study. With effective human scent evidence

collection, cold cases can be resolved when other, more common, evidence is not available.



Evidence Type N=Collected Submitted Examined

0/ o/ Ly

n S0 n o n S
Total 400 388 97.0% 354  8B.5% 324 B1.0%
Biological 153 383% 129 323% 102 255%
blood 137 343% B4 21.0% 60  15.0%
DNA 18 45% 14  35% 14 3.5%
saliva 13 33% 36 90% 27 6.8%
vaginal 0 0.0% 6 1.5% 4 1.0%
semen 0 0.0% 8 2.0% 8 2.0%
condom 0 0.0% 1 0.3% 1 0.3%
bone 1 0.3% 0 0.0% 0 0.0%
tissue 2 0.5% 3 0.75% 2 0.5%
sexual assault kit 16 4.00% 6 1.5% 4 1.0%
scents 0 0.0% 24 6.0% 11 2.8%
urine 0 0.0% 3 0.8% 3 0.8%
biological, other 32 80% 17 43% 12 3.0%

Figure 1: Percentage of evidence collected at crime scene*

2.2 ANATOMY AND PHYSIOLOGY OF HUMAN SKIN AND BODILY SECRETIONS
As the largest organ of the body, human skin provides a protective barrier that plays an
active role in fighting against physical, chemical, and microbial intruders.® The extensive
surface area of the skin accounts for 15% of total adult body weight, with about 40,000
skin cells being shed per minute.® Moreover, a recent study has suggested that human skin
surface area has been miscalculated due to the assumption of human skin being a flat
surface; the appendage openings such as sweat ducts and hair follicles significantly
increase the epithelial surface area from 2m?to 25 m?”’.

Skin is divided into three layers: epidermis, dermis, and subcutaneous tissue.®® The
glands within the dermis (apocrine, eccrine, and sebaceous) are responsible for the
secretion of sweat present in the axillary region.® The increase in apocrine sweat glands

within humans also plays a prominent role in the foundation of armpit odor.°



Eccrine sweat glands are mostly composed of water, amino acids, electrolytes, and
minerals. These glands are essential for body temperature control and sweat’s dissipation
of heat by evaporation within both primates and humans.* Eccrine sweat glands are
typically present in the hands and feet.’> However, the chemical composition of eccrine
sweat modifies according to diet, drug intake, and disease.*

Apocrine glands, located at the base of hair follicles, secrete a fluid very similar to
the eccrine glands from which they derive,™ but the overall sweat rate of apocrine glands
supersedes all other types of glands.* The secretions within the protein,, lipid, and steroid-
rich apocrine glands have been recognized as the primary source of genital axillary odor.®
Upon collection in the axilla, eccrine and apocrine sweat glands can be deciphered by
fluorescence.*

Lastly, subcutaneous fat—composed of lipocytes, large blood vessels, and
collagen—stores energy for humans and provides the body with buoyancy.'® Each of these

three layers (epidermis, dermis, and subcutaneous fat) contribute to bodily secretions (see
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Figure 2: Structure of human skin®®

2.3VOC’S CONTRIBUTION TO HUMAN SCENT

Human scent has been previously defined as a complex mixture of VOCs detected in the
headspace above a scent sample.® These VOC mixtures arise from the impact of different
biological, chemical, and environmental components. In the human body, VOCs excreted
from skin often reveal important information about external and internal causes of odor.’
These different factors have been classified into three different types of odor: primary,
secondary, and tertiary.'® Primary odor does not change over time and is only impacted by
genetics. Secondary odor emits by the influence of an individual’s diet and environmental
factors. Tertiary odor exists from external additives onto a subject that add odor to an
individual’s odor profile (e.g., perfumes, lotions, deodorants). While conducting
experimental research, primary odor is investigated, secondary odor is documented, and
tertiary odor is preferably controlled.

Human scent has been used as evidence in forensic investigations and also
employed in the medical field as a tool to identify biomarkers for specific diseases.*®The

forensic value of the VOCs that emanate from several biological specimens (saliva,



fingernails, hand odor, and hair) have been previously studied and reported.*® A total of
1,849 VOCs have been discovered as contributors to the volatilome of humans. As depicted
in Table 1 below, over 500 volatiles have been reported to have been isolated from skin

secretions.!8

Table 1: VOCs from skin secretions (Filipiak et al.)

Biological Specimen Number of VOCs Detected
Urine 279
Skin 504
Saliva 353
Blood 130
Feces™ 381

However, to date, there have been minimal studies on the forensic contribution of VOCs

emitted from axillary (underarm) secretions.
2.4 HUMAN SCENT STUDIES

Numerous studies have assessed the role of VOC abundance and chemical nature in human
scent. The chemical compounds identified from these sources include fatty acids, steroids,

ketones, hydrocarbons, alcohols, and aldehydes.'®*?° The analysis of the chemical
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composition of human scent has enabled scientists to describe variations within these
factors (age, gender, and ethnicity) to distinguish among individuals. A study by Zeng et
has concluded that the volatiles present in men and women are qualitatively similar.?
Moreover, a study by Prokop-Prigge et al. evaluated the quantitative chemical signatures
in odor profiles from Caucasian, East Asian, and African American individuals, and a
“marginal effect” was noted in the amounts of compounds across the ethnic groups
observed.?? In addition, research by Bates et al. has highlighted the ability to differentiate
ethnicities based on odor. In this study, elephants were used to classify ethnic groups based
on their odor alone.

VOC mixtures arise from the impact of different biological, chemical, and
environmental components in the human axilla. There are several types of bacteria known
to colonize in the human axilla, including staphylococci, aerobic coryneforms,
Propionibacterium, micrococci, and Malassezia.'® Skin bacteria have been identified as a
differentiating variable among individuals’ body odor. Specifically, bacteria such as
Corynebacterium colonize in moist areas like the axilla.?® Moreover, fatty acids have also
been previously reported, by different research studies, as major contributors to axillary
malodor. The major metabolic route to short- and medium-chain volatile fatty acids (VFAS)
in the axilla was described as the partial degradation of long-chain fatty acids by
Corynebacterium.?* However, in the authors’ newest publication, they propose that the
major route to short-chain VFAs is the metabolism of branched aliphatic amino acids by

staphylococci.?® Natsch et al. discovered that medium-chain VVFAs such as 3M2H and 3-

hydorxy-3-methyl-hexanoic acid were derived from N2-acyl-L-glutamine predecessors.
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As a result of the conditions within the axilla (high temperature and extreme
moisture), bacteria heavily colonize the body region and have the ability to convert
aliphatic amino acids into extremely odorous (C4-C5) methyl-branched short-chain
volatile fatty acids such as isovaleric acid. **Besides fatty acid compounds, sulfur-
containing compounds have also been reported in previous studies as contributors to
axillary odor. According to Troccaz et al., thiols and other sulfur-containing amino acids

are excreted in sweat, causing malodor within the axilla region.?®

Since the 1950s, malodor has been connected with the biotransformation of natural
secretions into volatile molecules.® Indeed, bodily secretions play a prominent role in the
formation of body odor. Humans generate odor from several areas of the body including
the scalp, hair, mouth, hand, axillae, and foot.?” However, the axilla serves as the primary
site where malodor exists.

2.5 GENETIC INFLUENCE ON HUMAN ODOR

Several studies have evaluated the influence that genetics has on VOCs. Recent studies
have advocated that the variants in the ABCC11 gene play a significant role in axillary
malodor. 2®However, the study by Prokop-Prigge et al. argues that this gene cannot be
solely responsible for the VOCs present within the axilla, and other biochemical pathways
are also involved in the release of VOCs there.

One of the most informative, diverse genetic coding regions is the major
histocompatibility complex (MHC), known as HLA in humans. MHC and HLA are
commonly known for their influence on mating preference in mammals; however, these

genes also have an effect on body odor.?® The HLA is a large chromosomal region with
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highly polymorphic genes.*® Its primary function is to activate immune defenses; however,
the alleles present within the HLA have a high discriminating power due to the combination
of alleles unique to every individual with the exception of twins.?

There are several theories as to exactly how the HLA contributes to the odor present
in human sweat.>® The most generally accepted theory is that metabolites of MHC
molecules are the carriers of VOCs®* A specific allele in the HLA complex has been
identified to have an impact on metabolic pathways in the human B-cell lines. It has been
further demonstrated that there are HLA-associated VOCs in mammalian biological
specimens such as urine and blood.*

Previous studies have used the Genomic Matching Technique (GMT) to extract
HLA genes;3! however, a method has recently been developed for the STR genotyping of
the HLA region.*® Figure 3 illustrates STR loci correlated to the HLA and its respective

primer sequence.!®

Table 1

Summary of HLA-associated STR lod and primer sequences comprising the genotyping panel. Bold sequences represent primer Lails added to optimize PCR efficiency.
STRY Repeat unit  # Alleles observed  Observed size range, bp  Forward primer sequence [5'-37) Reverse primer sequence (5'-37) Amp mix
DE5105 CA 12 279-303 FAM-TCAGGCTGCTCTCAGACTCC GTTTCTTCCAAAACTCCATATTGAACACG 1
DEs2917  TTCC 24 247-361 HEX-AGGCCTTTTTCACTTGTTTTICTA TCTTCTGCTCTACCCACCA 1
DES2E11 G 22 222-268 HEX-TGGAAATGTCATTITIGATCCAGGE GTTTCTTCCAGGGCCCAGCTAGTAACCC 2
DES265 CA 12 302-324 FAM-AGCATTTATTTCTCTICTGTTGEG GITTCTTAGCATCTTCTCACTCATGTGL 2
DES27ET G 15 134-163 FAM-CTCCAGCCTCOATAACAG ACAAGGGCTTTAGGAGGTCT 2
MI138 AMAG 17 235-320 FAM-GACAGAGCCAGATTCTCLC GAATGCTTAGAACGATGAACGTG 3
DES2748 O q 285-3M HEX-TTGCATACACTCTGAAGCAGT TCCCTGTGCATCTCAAGAATC 3
DE52925  TAAA q 106-141 FAM-TCTAGTGTCTTCTGGECTTG GITTCITATCAGGCAAAGGTCCTGGT 3
DES283T  CATA 13 137-199 HEX CAGCCAATTAGCCCAATAAATCAC 3

CCAACAAACAAAGAACCAATACCA

Figure 3: STR loci and primer sequence used in previous HLA studies®®
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2.6 SOLID-PHASE MICROEXTRACTION

Sample preparation is one of the most critical steps in any analytical technique. This
step is essential for the successful analysis of representative samples. The collection and
preparation of samples entail extracting a small aliquot of material and preparing it for
quantitative analysis. Adequate sample preparation ensures that a sample is suitable for
injection into analytical instruments such as GC, NMR, and HPLC and that it will not
damage the column in use. The significance of sample preparation can be seen by the
variety of fields to which the process is applicable. The environmental, geoscience, and
forensic communities in particular, benefit from the utilization of sample preparation
techniques. From the forensic perspective, sample preparation is essential for a successful
investigation. The quality of the sample preparation increases the validity of the collected
evidence. Several techniques such as solvent extraction, Solid Phase Extraction, and Purge
and trap are used to analyze trace evidence®2. However, more recently, the forensic science
community has revolutionized its sampling procedures using Solid- Phase Micro
Extraction (SPME) as a novel sampling technique for a variety of applications
(environmental science, forensic science, food chemistry, etc.).

SPME was invented in 1990 by Dr. Janusz Pawliszyn and his colleagues.®® The
technique employs a syringe-like device composed of a fused silica fiber coated with an
adsorbent polymer. The process involves the use of different fiber coatings to extract the
analyte (in either the liquid or gas phase). The technique allows for equilibrium to be
reached between the analyte and the fiber. During extraction, the fused-silica fiber is

exposed to the sample and the analyte adsorbs onto the fiber coating.3* Solid-phase
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microextraction can be performed in two ways: direct immersion and headspace. In direct-
immersion SPME, the fiber is directly immersed into the analyte of interest.3® However, in
headspace SPME, the fiber is placed above the headspace of the sample for volatile
analysis. The amount of analyte adsorbed onto the fiber depends on the thickness of the
coating. After the extraction is complete, the SPME fiber is transferred into an injection
port of an analytical instrument such as a GC-MS, where desorption of the analyte occurs.
In order to develop the most accurate and precise method, specific parameters for SPME
must be optimized, including fiber chemistry, equilibration time, extraction time, and
extraction temperature. The type of fiber needed depends on the molecular weight and
polarity of the analyte. Increasing the porosity of the fiber tightly retains analytes; varying
the pore size increases the analyte sensitivity®® There are several types of fiber chemistries
available from Supelco, which can be divided into two categories: adsorbent and absorbent.
Adsorbent fibers physically trap or chemically bond with the analyte of interest. Absorbent
fibers absorb by partitioning. Table 2 lists the SPME fibers that have been used to assess

specific human scent analyte types in the previous literature.
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Table 2:SPME fibers commercially available

Fiber Coating Polarity Compounds to be
analyzed

Polydimethylsiloxane Non-Polar Volatiles

(PDMS)

Divinylbenzene/Carboxen | Bipolar Odorous and

PDMS flavors

Carboxen PDMS Bipolar Gases and volatiles

However, this only serves as a guideline regarding which fiber to use. Scientists
must test these fibers on their specific analyte to determine which fiber produces the best
yield with the lowest standard deviation. Once the appropriate fiber is selected, the optimal
equilibration and extraction time are selected by testing a range of time periods (one
minute, five minutes, thirty minutes, one hour, two hours, etc.). Equilibrium is assumed to
be attained when 95% of the analyte is extracted from the sample.®® Previous human scent
studies have determined that the optimal extraction time is 15 hours. The extraction
temperature study assesses which temperature extracts the most VOCs. Increasing the
temperature of the sample usually increases the vapor density of the analyte.**However,
when heating a sample, the scientist must ensure that SPME offers several advantages in
the analysis of VOCs in comparison to other sampling techniques. The sampling procedure
is relatively low in cost and can be used on various types of analytes (gases, solids, and
liquids). The design of the SPME device protects the sample, making contamination less

likely. The absence of solvents used in SPME makes it a safe, environmentally friendly
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procedure. Additionally, the absence of solvents enables faster separation 6. The method
is highly sensitive and simple to use. The small size of the SPME fiber makes it a useful
portable field instrument.

As with any scientific method, there are also several disadvantages of using SPME. The
SPME device is very fragile, and several parts of the device are easily broken. (Problems
can include stripped fibers, bending of the needle, and fiber breakage.) The apparatus
consists of a polymer coating on fused silica fiber. HS-SPME has been utilized to examine
the chemical composition of drugs, explosives, and human volatiles for forensic
identification purposes. The fiber is exposed to the headspace of the sample, and the analyte
molecules either absorb into or adsorb onto the polymer coating. It is an equilibrium
extraction technique, so it is non-exhaustive. However, it should provide a snapshot of the
environment within the sample vial. As depicted in Figure 4, the septum of a headspace
vial is pierced, and the fiber is exposed to the headspace of the sample. The analyte
molecules either absorb into or adsorb onto the polymer coating, which provides a snapshot
of the environment within the sample vial. Upon completion, the fiber is exposed in the

GC inlet for desorption of analytes.
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Extraction Procedure

Desorption Procedure

Pierce Sample Retract Fiber/
Septum Expose Fiber/ emove

Extract

Retract Fiber/

Fierce GC Inlet Remove

Septum Expose Fiber/

Desorb

Figure 4:Extraction procedure for HS-SPME-GC-MS?38

2.7 SOLVENT EXTRACTION

Solvent extraction is a desorption technique commonly used in the analytical chemistry

field to separate the compounds of a mixture. This method effectively separates compounds

into two immiscible liquids based on their solubility. The immiscible solvents allow the

compound to distribute itself between the two solvents. Solvent extraction is based on the

use of VOCs as the second organic liquid phase® For human scent samples specifically,

solvent extraction is used to remove inorganic compounds or deprotonate acids to make

them soluble in the aqueous phase. At a specific temperature, the ratio of concentrations of

a solute within each solvent reaches an equilibrium3® This is displayed by the distribution

constant (K) in Equation 1.
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Equation 1: Distribution Constant3®

Equation 1 displays the distribution constant as a ratio between the concentration of analyte
within the solvent (Sorg) and the remaining concentration of the analyte present within the
solute (Sag). The partition coefficient is used to assess the efficiency of the extraction. LE
is acommon sample technique. This technique complements the extraction of semi-volatile
and non-volatile compounds, filling in the gaps of the VOCs that cannot be recovered using
SPME. One of the most important steps of LE is choosing the appropriate solvent system
(two immiscible phases). Most extractions involve water because of its high polarity and
compatibility with organic solvents. LE utilizes a large amount of organic solvent to
dissolve the analyte of interest. The choice of solvent is influenced by many factors;
however, the most significant factors are the selectivity, partition coefficient, volatility, and
toxicity of the compound. Once the two layers are identified, the less-dense layer is
separated from the remaining layer using a separatory funnel. The product is then isolated
from the solvent using rectification, evaporation, crystallization, or further extraction. For
human scent extractions, the solvent is evaporated using nitrogen gas for maximum

recovery.
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2.8 GAS CHROMATOGRAPHY MASS SPECTROMETRY (GC-MS)

Gas Chromatography—Mass Spectrometry (GC-MS) is a technique that conjoins a mass
spectrometer and gas chromatography. Chromatography is a separation method in which
the partitioning of a sample occurs between the stationary and mobile phase.*® The variety
of chromatographic methods are categorized by the physical state of the mobile phase.*
This technique has been used to analyze organic and inorganic substances in gases, liquids,
and solids;* the mobile phase is present in a gaseous state. Gas chromatography is a
specific chromatography in which a gas is in the moving phase. This technique is known
for its ability to separate and analyze volatile and semi volatile compounds. These
compounds typically have higher boiling points. The most significant advantage of gas
chromatography is its ability to separate complex mixtures within seconds.*? Gas
chromatography involves a carrier gas, a flow control, an inlet, a column, an oven, and a
detector. The inert carrier gas flows constantly through the injection port, the column, and
the detector. Mass spectrometry is known for its sensitivity and ability to provide both
qualitative and quantitative data on specific analytes.

GC- MS analysis is initiated by placing the sample of interest in a heated injection port.
This injection port operates in two different modes (split or split less) which should be
selected based on the analyte of interest. Mass spectrometry is an analytical technique
utilized for identifying unknown compounds, facilitating the quantitation of known
materials, and determining chemical and structural properties of specific molecules. The
foundation of mass spectrometry is the production of ions that can be separated according
to their mass-to-charge ratio and identified. A mass spectrometer is composed of several

elements as presented Figure 5. If a substance can ionize, ions can move in a vacuum within
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its respective electric field. Within a mass spectrum, the y-axis represents the abundance,
and the x-axis is the mass-to-charge ratio. The chromatogram provides the relationship
between the retention time of a substance and the peak intensity. Substances that are eluting
at the same time can be detected, and structural information on compounds can be revealed.
Two ionization methods are typically used: electron (hard) ionization and chemical (soft)
ionization. In GC-MS, electron ionization is the most commonly used ionization method.
In electron ionization (EI), the analyte vaporizes into the source and is surrounded by 70-
ev electrons.*®> When the energy of the electron beam is transferred to the molecule, a
molecular ion is generated. During this process, an electron beam interacts with the
molecules that have eluted to form molecular ions.** The reaction between the molecular

ion and electron is depicted below.

Equation 2: Electron Impact Equation®?

M+e™ - MY+ 2e
Once this process is complete, the ions need to be sorted based on their masses. Once
ionization of the molecules occurs, they are transferred into a mass analyzer.*® There are
several mass analyzers, such as the time of flight, quadrupole, orbitrap, and sector.
However, when using GC-MS, the quadrupole is most typically used. A schematic of the

GC-MS process is depicted in Figure 5.
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Figure 5:Schematic of GC-MS*?

GC-MS has been utilized in forensic casework for the identification and quantitation of
drugs, explosives, and biological specimens. GC-MS is the analytical instrument of choice
when analyzing volatiles of any specimen. Previous studies have highlighted the
effectiveness of GC-MS for human scent analysis. Therefore, using two extraction methods
simultaneously—GC-MS for VOC identification and quantitation in human scent

samples—is hypothesized to provide high-quality results.

3.Materials

3.1 RECRUITMENT OF SUBJECTS

During two separate time periods, authorization was obtained from the FIU
Institutional Review Board (IRB). The sole difference between the two sets of samples
collected was compensation. During the first sample collection, each subject was rewarded
with a $150 Walmart gift card. The second sample collection did not include compensation

due to limited funding and less restrictions on participants. A total of 68 subjects between
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the ages of 18 and 30 were recruited for the study. Several methods of recruitment were
implemented to ensure that all interested participants were obtained. For the first sample
collection, participants were recruited via fliers posted on campus (see Appendix), email,
and word of mouth. The fliers clearly depicted the commitment necessary for the study and
the compensation given for participation. Two different sets of fliers were disbursed to
cater to English and Spanish-speaking participants (see Appendix). For the second sample
collection, word of mouth and social media networks such as WhatsApp were utilized to
identify volunteers. The ethnicities represented in the study included Hispanics,
Caucasians, and African Americans. Once each subject was recruited, the protocol was
implemented as previously described. Each participant was provided with a handout with
detailed instructions on preparation for sampling (see Appendix 1-2). The optimized
sampling time, commitment to the discontinuation of routine hygiene products, and
depletion of funding caused limitations on subject availability for the project. Overall, the
youngest participant in the study was 18 years old and the oldest was 29.

After the recruitment efforts were complete, a total of 68 participants were
recruited. Buccal swab samples were obtained from 34 of the 68 subjects for the
investigation of human leukocyte antigen genes (HLA). Each subject was asked both their
age and which ethnic group they identified with. Out of the total number of subjects
sampled, 22 were of Caucasian descent, 31 were of Hispanic descent, and 15 were of
African American descent. Because the preliminary study was utilized solely for
optimization purposes, the study involved fewer subjects. Three subjects from each

ethnicity were assessed.
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Table 3:Demographics of populations under study

Race/Ethnicity Males Females
Caucasian 10 12
Hispanic 18 13
African Americans | 6 9

3.2 SAMPLE COLLECTION MATERIAL

Several textiles have been used to collect volatile organic compounds for human scent
evidence including cotton, rayon, polyester, and wool.?” Cotton has been shown to be the
most efficient collection method yielding the greatest number of VOCs and greatest
reproducibility.'? Each subject’s odor profile was collected using a 2 x 2 inch 12 ply Dukal
gauze pad (Dukal Corporation, Syossett, NY, USA). This sorbent material was stored in a
10 mL glass vial with PTFT/silicone septa (SUPELCO, Bellefonte, PA). After sampling,
each gauze pad was transferred using sterilized stainless-steel tweezers (Fisher Scientific,
Pittsburgh, PA). Additionally, powder-free nitrile exam gloves were used (one pair per
subject) to decrease the likelihood of contaminating the scent profiles with hand odor.
Twenty-four hours prior to sample collection, the vial and gauze were conditioned. The
vials were rinsed with acetone (HPLC grade, Sigma Aldrich, St. Louis, MO) and heated at
105° C. Additionally, each cotton gauze was treated by spiking 1 mL of methanol directly
in the center of the gauze and placing it in clean vial.2"*’

2.2.3 Development of Chemical Standard Mix
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An extensive literature review was conducted to determine which VOCs are
significant contributors to human odor. A list of 31 compounds were selected based on
their ability to serve as biomarkers for ethnicity when analyzing human scent evidence.
Standard reference materials were purchased from Sigma Aldrich (St. Louis, MO). A list
of the VOCs previously characterized as odor contributors is depicted in Appendix 4. A
mixture of these compounds was utilized for the emulation of human odor. Additionally,
this “VOC cocktail” was used to create calibration curves that were used for both
qualitative and quantitative purposes. A series dilution of five analyte concentrations (1
ppm, 20 ppm, 40 ppm, and 60 ppm, 80 ppm) was prepared weekly throughout this study.
Each tier was placed in a 2 ML glass vial and run using the GC-MS autosampler on a
weekly basis. The quantitation of analytes was calculated using the calibration cures
constructed on the Enhanced MSD ChemStation (Agilent Technologies, 1989-2006)
software. Furthermore, the qualitative assessment of compounds identified in samples by
retention time was implemented. Appendix 4 depicts the selected VOCs of interest with

their respective retention times.

4.1 RESEARCH METHODS

4.1.1 OPTIMIZATION OF SPME PARAMETERS

There are several types of SPME fibers available commercially. The chemistry of
the fibers’ polymer coatings varies, portraying polar, non-polar, and mid-polar
characteristics.?® Thus, a critical step in optimizing an efficient SPME extraction is
ensuring that the fiber coating selected has an affinity for the VOCs under study. Previous

studies suggest that Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS;
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SUPELCO, Bellefonte, PA) SPME fiber produces the highest yield when evaluating trace
compounds such as human scent.*82%37 To further investigate this parameter and test the
reproducibility of previous studies, an optimization study was conducted. Six mimic
samples were prepared using the chemical standards listed in Appendix 4. The mimic
samples were prepared by spiking 5 pl of a 100-ppm standard mix inside of a 10 mL vial.
Then, HS-SPME was performed using two different fiber chemistries that are
acknowledged to be efficient fibers for human scent VOC analysis:
(1) 50/30 Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS-Grey-
Polar)
(2) 75 um Carboxen/Polydimethylsiloxane (CAR/PDMS-Black-Mid Polar; SUPELCO,
Bellefonte, PA).1316:20.37
Triplicate extractions were performed for each fiber type. The fibers were exposed for 15
hours, which has been uniformly documented as the most efficient SPME extraction time
for human scent compounds.*®*” However, an extraction time study was conducted to
verify the reproducibility of this method.

Once the mimic scent samples were prepared, they were left to equilibrate inside of
a dry heating bath at 50° C for 24 hours.3” Post equilibration, the 50/30 um
DVB/CAR/PDMS and 75 um CAR/PDMS fibers were exposed to the headspace of each
vial containing axillary (underarm) odor samples for 15 hours. After the extraction was
complete, the SPME fibers were unexposed and removed from the headspace vials. Once
analyzed via GC-MS, the fiber chemistry and extraction time that allotted for the maximum

VOC recovery were selected.
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4.1.2 OPTIMIZATION OF SOLVENT EXTRACTION METHOD

Solvent extraction of human scent VOCs was employed to determine the influence
that semi-volatile and non-volatile compounds have on odor profiles. These compounds
portray high molecular weights and boiling points, which typically cause them to not
evaporate in the headspace when performing SPME. A standard mix of three
concentrations (20 ppm, 40 ppm, and 60 ppm) was prepared to further investigate the
parameters necessary for an efficient solvent extraction of acids known to be contributors

to human odor. These acids included 12 of the 33 compounds listed in Table 4.

Table 4: VOC list of compounds extracted by solvent extraction

Compound CAS Number
Nonanal 124-19-6
Propanoic acid-2 methyl 554-12-1
Decanoic acid, methyl ester 110-42-9
Butanoic acid 107-92-6
Isovaleric acid 503-74-2
Hexadecanoic acid, methyl ester 112-39-0
Undecanoic acid 112-37-8
Dodecanoic acid 143-07-7
Pentadecanoic acid 1002-84-2
n-Hexadecanoic acid 57-10-3
Heptadecanoic acid 50-12-7
Octadecanoic acid 57-11-4
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Several GC-MS methods were tested to determine which column would provide the best
separation when investigating the acids (SolGel-WAX column or DB5 column). The GC
injector mode was constant among all the methods (splitless). However, several variables
(temperature ramp, solvent delay time, and hold time) were manipulated within each
method to further enhance the chromatographic separation of volatiles. The quality of each
method was assessed and the column and method that effectively identified and quantified

the most VOCs with the best separation was selected.

4.2 Pilot Study Methodology

4.2.1 COLLECTION OF AXILLARY ODOR SAMPLES

A total of five males per ethnicity (Caucasian, Hispanic, and African American) were
selected for preliminary studies. The protocols were approved by the Florida international
University Institutional Review Board for research involving human subjects (IRB# 17-
0037). Each subject was provided with unscented soap (Tom’s of Main, Kennebunk, ME)
and instructed to use the soap for two days prior to sampling. Additionally, to eliminate
the influence of tertiary odors conflicting with the sample, each subject was instructed to
refrain from using any scented products (soaps perfumes, deodorants, body sprays, etc.).
Each sampling period was a total of four days. The process for the sampling period is

shown in Figure 6.
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Figure 6:Sampling process for pilot study participants

Human scent samples were obtained by placing a 2 x 2 inch, 12-ply cotton Dukal
gauze pad in the center of each underarm as depicted in Figure 6. These gauze pads were
placed using disinfected stainless-steel tweezers. Once the gauze pads were placed, each
participant was asked to hold their arms down over the gauze pads with limited movement
for one hour, Figure 7. A timer was used to ensure that the gauze was removed from each
subject’s underarm after the same amount of time. The gauze was then transferred into the
respective labeled 10 mL vial (which clearly indicated to which armpit the gauze belonged)
and was left to equilibrate for 24 hours. The equilibration period facilitated the release of
VOCs into the headspace of the vial to promote more efficient extraction with the SPME

fiber, thereby providing a snapshot of the VOC profile of each subject.

Figure 7:Gauze placement under human subject axilla (armpit)
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4.2.2 EXTRACTION AND ANALYTICAL METHOD FOR THE ANALYSIS OF VOCS
IN HUMAN SCENT SAMPLES

Each sample was then subject to exposure utilizing a SPME fiber for 15 hours.
After the 15-hour exposure in the headspace of the vial was completed, the SPME fibers
were placed inside the injection port of the gas chromatography instrument for 10 minutes
to ensure complete thermal desorption of analytes. The gas chromatography (GC) method
employed was optimized to begin the separation of volatile organic compounds. The oven
ramp was started at an initial temperature of 40° C. This temperature was held for 1.25
minutes. Subsequently, the temperature was raised at a rate of 10° C/minute until it reached
185° C. The temperature was then held at 185° C for a total of 5.42 min. At the same rate,
the temperature was increased until it reached 205° C, at which point the temperature was
held for five minutes. At the same rate, the temperature was increased until it reached 290°
C, at which point the temperature was held for two minutes. The total run time for the GC
method was 33 min. The Hewlett Packard 6890 Series GC instrument was equipped with
a 30 m x 0.25 mm SGE SolGel-WAX column (30 m x 0.25 mm ID, 0.25 pm phase
thickness) and a single quadruple mass analyzer. Helium was utilized as the carrier gas for
the system and flowed at a rate of 1.0 mL/min. The ionization method selected for structural
elucidation was the electron ionization (EI) mode. The mass spectra were then scanned for
a mass range of 45-410 amu and the NIST mass spectra reference library was used to
identify the VOCs detected in the samples.

For quality control purposes, after sampling, each SPME fiber was cleaned by
exposing it to the GC-MS heated injection port. Furthermore, a blank gauze was run with

each sampling set to account for any potential contaminants.
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Immediately after the SPME GC-MS analysis was complete, each sample was evaluated
using solvent extraction to account for semi-volatile and non-volatile compounds that may
have not been recovered using SPME. A protocol adopted from the previous literature was
utilized for the extraction parameters.®” Vials containing gauze pads were filled with 10
mL of methylene chloride and left to equilibrate for 24 hours. After 24 hours, 2 mL of this
MeCl,was transferred into a clean 4 mL vial and evaporated to dryness using nitrogen gas.
After this, 300 ul of the solvent (methylene chloride) was reconstituted into the vial and
the solution was transferred into a 2 mL ALS vial. The vial was placed into an automated

liquid sample (ALS) system and GC-MS was run.

4.2.3 LOGISTIC REGRESSION

Logistic regression is a predictive and explanatory model that provides predictions for a
dichotomous outcome.®® Prediction models apply a statistical model to predict new or
future observations.*® Prediction models are useful for the determination of inclusion
criteria and covariate adjustment. Logistic regression models assess the likelihood of future
events occurring based on predictor variables. In this dissertation, the predictor variables
are the 31 VOCs selected for ethnicity comparison. The logistic function is modeled as
follows:

Equation 3: Logistic Function Model

e.Bl'l'Box

P =T ePihor

This function graphs an s-shaped curve and is nonlinear. In this equation, p is the

probability that a variable will occur and B is the coefficient of the predictor.*®
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In this model, each variable is tested to determine that compound’s contribution to the
prediction of the outcome. The logistic model was developed by investigating the
likelihood of the occurrence of a situation. The estimated odds (x) are the probability that
an event will occur divided by the probability that it will not occur.*® The ratio of these
odds is called the odds ratio. The odds ratio is a measure that is directly estimated from the
logistic model without the requirement of any special assumption.*” The odds ratio statistic

is calculated using the equation below (see Equation 4).

Equation 4:0dds ratio statistic

P(x)
1-P(x)

Odds for x =
Logistic regression has been previously used in the health field to determine the strength
of predictors in biological samples such as urine and saliva.®
Once a logistic regression is constructed, a Receiving Operating Characteristic (ROC)
curve can be developed to assess the true negative rate (specificity) and true positive rate
(sensitivity).*® The accuracy of the test is measured by the area under the curve (AUC). An

area of 1 is considered a perfect test. An area of 0.50 is a meaningless test.*® These rates

are calculated using the formulas depicted in Table 5.8
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Table 5: ROC table calculations

Rate Type Formula Variable Explanation
True Positive Rate (Sensitivity) | TP/(TP+FP) Where:
TP = number of true positives
FP = number of false positives
True Negative Rate (Specificity) | TN/(TN+FN) Where:
TN = number of true negatives
FN = number of false negatives
False Positive Rate FP/(FP+TN) Where:
FP = number of false positives
TN = number of true negatives
False Negative Rate FN/(FN+TP) Where:

FN = number of false negatives

TP = number of true positives

This test can be used to assess the validity of the logistic regression curve. In this research,

logistic regression was used to predict the VOCs’ contributions to the differences among

ethnicities. The statistical software JMP® Student was used to create all the logistic

regression plots and ROC curves.

4.2.4 PRINCIPAL COMPONENT ANALYSIS

Principal Component Analysis (PCA) is a multivariate data reduction method used to

reduce the variables within a large data set.*® In recent years, there has been a significant

increase in the forensic application of PCA. Principal component analysis has been used to

characterize inks, bills, and even voices.>**1°2 Principal component analysis score plots are
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constructed using eigenvectors and eigenvalues. Eigenvectors show where the most
variance occurs, and eigenvalues quantify the number of variables within each principal
component. Prior to PCA implementation, a scree plot is created to order the eigenvalues
in descending order. The scree plot is a graphical representation that reveals how many
principal components explain most of the variability in data.>

Once a PCA is run, the first principal component (PC1) portrays the largest variance in the
dataset, while principal component 2 (PC2) has the second-largest variance in the dataset.*
The significant variables (VOCs) driving the dataset are established, and score plots are
constructed. The score plots developed using PC1 and PC2 show the clustering of each
subgroup. In this research, PCA was used to characterize ethnicity using the number of
VOCs extracted from each subject’s armpit. The statistical software JMP® Student was
used to create all the PCA plots.

42,5 STUDENT’S T-TEST

The student’s t-test is a parametric statistical analysis method used to validate whether the
mean difference between two independent sample populations is statistically significant.
The formula for the student’s t-test is shown below (see Equation 5). In this formula, x1
and x2 are the means of the two sample populations being compared. S> is the pooled
standard error of both groups. The values ny and n. represent the total number of
observations within each group. The t value is utilized to determine whether a null
hypothesis will be accepted or rejected. If t > 0.05, there is no statistically significant
difference between the groups, and the null hypothesis is accepted.>* On the contrary, if t
< 0.05, it confirms that the variances between the groups are statistically significant, and

the null hypothesis is rejected.>
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Equation 5:Formula for calculation of student's T-test statistic
X1 =X

1
n,

t =
st (=—+ n_lz)

In this research, the t-test was used after logistic regression results were obtained to

determine if, when comparing ethnicities, the differences in the average number of VOCs

were statistically significant. This technique assisted with the narrowing down of variables

prior to PCA implementation.

4.2.6 PRELIMINARY STUDIES

A total of five males per ethnicity were selected for preliminary studies. The
protocols were approved by the Florida International University Institutional Review
Board for research involving human subjects (IRB# 17-0037). In previous literature, odor
has been subdivided into three classes. Primary odor is stable over time and is present due
to internal factors such as genetics and bacteria. Secondary odor is present due to diet and
other environmental factors. Tertiary odor consists of odors present due to the use of
commercial products (soaps, deodorants, perfumes, etc.).!® Prior to the product
disbursement, a protocol was developed to ensure that the experimental design would
facilitate the investigation of primary odor, document secondary odor, and control for
tertiary odor. Upon product disbursement, each subject was asked to sign a consent form.
Additionally, a questionnaire was provided to each subject to provide insight on their
lifestyles and ethnic backgrounds. The sampling protocol consisted of a conditioning
period in which subjects were instructed to wash solely with the products provided to them.

The subjects were provided with Tom’s of Maine soap to use for washing for three days.
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Once the conditioning period was complete, 2 x 2-inch 12 ply Dukal gauze pads
(Dukal Corporation, Syosset, NY, USA) were removed from 10 mL headspace vials with
PTFE/Silicone septa (SUPELCO, Bellefonte, PA) using tweezers. Gauze pads were then
placed under the armpits of each subject. The subjects were instructed to remain seated for
one hour while holding the sampling media under their armpits. At the end of the sampling
period, the gauze was obtained from the subjects using tweezers and stored in 10 mL vials.
Immediately after SPME GC-MS analysis was complete, each sample was evaluated using
solvent extraction to account for semi-volatile and non-volatile compounds that may not
have been recovered using SPME. A protocol adopted from previous literature was utilized
for the extraction parameters®” Vials containing gauze pads were filled with 10 mL
methylene chloride and left to equilibrate for 24 hours. Then, 2 mL of MeCl; were
transferred into a clean 4 mL vial and evaporated to dryness using nitrogen gas. Next, 300
ul of the solvent (methylene chloride) was reconstituted into the vial, and the solution was
transferred into a 2 mL vial. The vial was placed into an automated liquid sample (ALS)

system and analyzed via GC-MS.

4.4 RESULTS AND DISCUSSION

4.4.1 DEVELOPMENT OF CHEMICAL STANDARD MIX

An extensive literature review was conducted to determine which VOCs are
significant contributors to human odor. Standard reference materials were purchased from
Sigma Aldrich (St. Louis, MO). A list of the VOCs previously characterized as odor
contributors is depicted in Appendix 4. A mixture of these compounds was utilized for the

emulation of human odor. Additionally, this VOC “cocktail” was used to create calibration
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curves that were used for both qualitative and quantitative purposes. A series dilution of
five analyte concentrations (1 ppm, 20 ppm, 40 ppm, 60 ppm and 80 ppm) was prepared
weekly. Figure 1 displays a typical calibration curve obtained from using the Enhanced
MSD Chemstation® analysis software. Using this curve, the number of VOCs present
within each sample was calculated and the identification of compounds within each sample

was undertaken.

Calibration Curve of Typical VOC
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Figure 8:Calibration curve of human scent VOC

4.4.2 OPTIMIZATION OF SPME PARAMETERS

The determination of the best SPME fiber for human scent was evaluated by testing
the efficacy of two different fiber chemistries previously studied. As visualized in Figure
8, the DVB/CAR/PDMS-Grey-Polar fiber was shown to be optimal for the mimic samples
based on the yield of analyte produced. When a one tailed t-test was performed, the p-value
was 0.0210, meaning that there was a statistically significant difference in the abundance
extracted per fiber. Furthermore, the fiber chemistry in the DVB/CAR/PDMS-Grey-Polar

fiber extracted six more compounds than its competitor. As seen in Figure 10, 81.25% of
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the VOC:s of interest were recovered using the grey fiber while only 62.5% of VOCs were
recovered using the black fiber. This study validated that the optimization techniques were
in fact reproducible and served as the best techniques for the extraction of human scent

VOCs.

Abundance of Compound vs. SPME Fiber
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Figure 9:Recovery of chemical reference standard mix using two fiber assemblies
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Figure 10:Percentage of VOCs in standard mix recovered using SPME fibers

An extraction study was also implemented to assess the effect of time on VOC extraction.
Three samples consisting of 5 ul of the 100-ppm standard mix were spiked and placed into
separate headspace vials. Since the 50/30Divinylbenzene/Carboxen/Polydimethylsiloxane
fiber extracted the most VOCs with maximum abundance, this fiber was exposed into each
respective headspace vial. Different times were selected for extraction (1 hour, 8 hours,
and 15 hours). There was a direct correlation between increasing extraction times and the
number of VOCs recovered (see Figure 11). These extractions were run in triplicate to
assess the reproducibility of the results. The study revealed that the 15-hour extraction time
recovered the most VOCs consistently. These findings validated that the 15-hour extraction
suggested in previous works was in fact reproducible even when investigating human scent
VOC profiles. Further statistical analysis was implemented to ensure that the most

reproducible extraction time was selected. The RSD percentages were calculated for each
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extraction time using the average total amount of VOC present within each extraction time.
The RSDs revealed that the 15-hour extraction time was the most reliable and reproducible
(see Figure 12). The results of these study confirmed that a 15-hour extraction using the
50/30 um DVB/CAR/PDMS fiber was the best SPME extraction method for human scent

analysis.

Extraction Time Study of VOCs Recovered using 50/30 um
DVB/CAR/PDMS Fiber
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Figure 11: Number of compounds recovered when extraction time is manipulated
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Relative Standard Deviation (RSD) of Total VOCs
Extracted using 50/30 um DVB/CAR/PDMS Fiber
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Figure 12:Relative standard deviation of total VOCs extracted using 50/30 um DVB/CAR/PDMS Fiber

443 OPTIMIZATION OF SOLVENT EXTRACTION PARAMETERS

A gauze saturated with 5 ul of a standard mix of 12 acids was used to analyze the
performance of two different instruments or columns.

a) Agilent Technologies Hewlett Packard 6890 Series GC-MS instrument
(equipped with a SGE SolGel-WAX column of 30 mm x 0.25 mm ID, 0.25
pm phase thickness).

b) Agilent Technologies Hewlett Packard 6890 Series GC-MS DB5 (equipped

with a column of 30 m x 0.25 mm ID, 0.25 um phase thickness).
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Both instruments were equipped with single quadruple mass analyzers. Four
analytical methods were developed to determine which method would provide the
most sensitive, reproducible results when analyzing semi-volatile and non-volatile
VOCs. Each method used the splitless injector mode, which previous studies found
revealed the best sensitivity when analyzing human scent VOCs. Furthermore, the
oven temperature ramps were manipulated to effectively separate co-eluting
compounds with close retention times. The methods selected are depicted in Table
6.

The DB5 column demonstrated poor separation, and the co-elution of compounds
that were close in retention time was challenging to resolve. Furthermore, only 19
of the 31 compounds were detected within the mixture. The SolGel-WAX column
allowed for the separation and detection of all compounds of interest, and co-elution
was resolved by changing the oven temperature. This resulted from the fact that the
analyte of interest was polar, and the similar chemical structure of the SolGel-WAX
column allowed for optimal separation. Figure 13 shows the average total peak area
when comparing the two SolGel-WAX column methods. Method C was selected
as the optimal method. The temperature of 205° C allowed for the complete
separation of VOCs and resulted in a higher abundance when assessing the 20 ppm,
40 ppm, and 60 ppm standard mixes. The additional time added to the solvent delay

prevented the solvent from prematurely eluting from the column.
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Peak Area

Average Total Peak Area for Solgel Wax Column Method C vs.

Method D
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Figure 13:Average total peak area when comparing Method C vs. Method D
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Table 6: Parameters of methods for GC-MS analysis

Method Injector Solvent Initial Oven
Mode Delay Conditions Oven
Temperature
Cycle Sequence
Rate of Final Final Time | Total
Change | Temperature (min) Run
(°C/min) | (°C) Time
(min)
Method A Splitless N/A 40° C for 10 50 0 33.54
(DB5 1.25 min
Column)
10 185 5.42
10 205 5
10 218 0
10 280 2
Method B Splitless N/A 40° C for 10 50 0 4454
(DB5 1.25 min
Column)
10 185 5.42
10 205 5
10 218 11
10 280 2
Method C Splitless 4 min 40° C for 10 50
(Solgel Wax 1.25 min
Column)
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10 140 0 43.78
10 175 5.42
10 200 6.11
10 230 3
10 260 1 46.42
Method D Splitless 7 min 40° C for 10 40 0
(Solgel Wax 1.25 min
Column)
10 50 5.42
10 185 5
10 205 29.47
10 218 0
0 280 2
10 50 0 33.02
10 185 5.42
10 205 5
10 290 2

443 OPTIMIZATION OF SOLVENT EXTRACTION PARAMETERS

A total of five individuals were selected for the sample to ensure the efficiency of
the optimized method before proceeding with the subjects for compensation. A total of 21
compounds were initially investigated. The color-coded stacked columns presented in
Error! Reference source not found. illustrates the scent profiles extracted from the

Hispanic subjects. Each color portrayed in the profile corresponds to a compound extracted
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using SPME. The length of each colored bar is directly correlated with the amount of VOC
present within the sample. This chart is used as a visual aid in making qualitative
inferences. Additionally, statistical evaluations such as PCA were implemented to identify
the driving forces behind the data and the potential for grouping by ethnicity (JMP®
Student). The first two principal components are plotted in Figure 15; this score plot reveals
a clear separation between Caucasian and Hispanic males within the sample. Notably, PC1
and PC2, collectively, were responsible for 62.7% of the variation. This variation enabled
the separation of the two ethnicities, which confirms that the compounds depicted in the

loading plot were suitable for ethnic group differentiation.

Extracted VOC Profiles of Hispanic Males

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

F§8883F¢8¢8

8

5101 (HM) $105 (HM) $107 (HM) $109 (HM) $114 (HM)

B 1-Chloro Octane W Nonanal ¥ Dodecanoic Methyl| Ester Hexadecane

B Heptadecane B Octadecane W 1-Octadecane B Dimethyl Sulfone
m Tridecanoic Acid ® Nonanionic Acid m n-Hexyl Salicylate ® 1-Heptadecane
® Hexadecanoic Acid Methyl Ester m Heptanal Isopropyl Palmite Undecanoic Acid
B Octanal B 2-Tridecanone ® Benzophenone B Dodecanoic Acid

B Pentadecanoic Acid

Figure 14:0dor profiles of Hispanic subjects extracted via SPME/LE
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4.4.4.1 QUALITATIVE OBSERVATIONS

A total of 136 underarm odor samples were collected from the 68 subjects. Samples
from each subject’s right armpit were utilized for qualitative and quantitative analysis. A
total of 68 subjects between the ages of 18-30 were recruited for the study. The participants
were recruited via flyers posted on campus, through email, and by word of mouth. The
ethnicities represented in the sample included Hispanics, Caucasians, and African
Americans. The subjects were compensated with a $150 Walmart gift card for their
completion of the study. Once each subject was recruited, the previously described protocol
was implemented.

The VOCs collected from each subject were captured on gauze pads and extracted
using HS-SPME and solvent extraction. Figure 16 displays an overlay of a typical

chromatogram obtained using the HS-SPME and solvent extraction processes. As the
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figure shows, different compounds were detected using these extraction methods. The
compounds with higher molecular weight and high boiling points were more readily
detected using solvent extraction. The other compounds that were extracted likely included
secondary and tertiary odor contributors as well as siloxane peaks from the fiber chemistry.
Coupling solvent extraction to SPME ensures that a full VOC profile is obtained. When
only HS-SPME is used, compounds with high volatility evaporate. Although several peaks
were identified within the samples, only the 33 compounds listed in Appendix 4 were
analyzed using standard reference materials. An external calibration curve was composed
weekly to quantify the VOCs of interest. In total, 12 compounds were quantified using the
solvent extraction method due to their high boiling points and molecular weights. The other

21 compounds were extracted via HS-SPME.
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Figure 16: Chromatogram of headspace solid-phase microextraction (HS-SPME) vs. the LE extraction method

The author compiled a list of 33 VOCs, which were selected for the quantitative
and qualitative analysis of Caucasian, Hispanic, and African American subjects. The

individual VOC profiles were collected and represented by percent on a stacked column
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color chart that depicts the peak areas of each VOC extracted from the axillae of each
subject. This chart portrays the prevalence of each compound collected from a subject, and
each color represents a particular VOC. The trends in the data were qualitatively assessed
by indicating any significant observations that could potentially connect an individual to a

specific ethnicity.
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Figure 17: The VOC profiles of all Caucasian subjects
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Figure 18: The VOC profiles of all African American subjects
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VOC Profiles of All Hispanic Subjects
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Figure 19: The VOC profiles of all Hispanic subjects

The myriad differences that appear in the above figures are as a result of the
different concentrations of each VOC present within the participants’ samples. The visual
representation highlights several differences between the participants of different
ethnicities. One can make several notable observations about the compounds extracted via
solvent extraction. Previous studies have revealed that axillary odor is composed of a
mixture of several acids (normal, branched, and unsaturated).>® In individuals from
different ethnic backgrounds, one can identify specific trends in the presence of these
acids—trends that are sufficient to identify specific ethnic groups. The African Americans
within the sample produced larger amounts of short chained acids (butanoic acid, valeric
acid, and isovaleric acid). These findings correspond to a study that revealed that African
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Americans produce slightly higher levels of these short chained acids than East Asian and
Caucasian individuals.?? Furthermore, the African Americans in the sample also exhibited
higher levels of long chained acids (pentadecanoic acid, n-hexadecenoic acid,
heptadecanoic acid, octadecanoic acid, and dodecanoic acid), with Hispanic subjects
having the next highest levels. In contrast, Caucasians exhibited the highest levels of
branched acids (isovaleric acid; propanoic acid, 2-methyl).

The qualitative analysis (frequency of occurrence, see Figure 20) performed for this
paper is represented through a histogram. The histogram in Figure 20 displays how

frequently all the VOCs selected for this study were extracted via HS-SPME and solvent
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Figure 20: Frequency of occurrence of VOCs according to ethnicity

Among the samples collected from the 31 Hispanic subjects, the author identified
the presence of 29 compounds at high frequency (22-31), three at medium frequency (14—
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21), and one at low frequency (0-14). Among the 22 Caucasian subjects, there were 29
compounds present at high frequency (15-22), three at medium frequency (7—14), and one
at low frequency (0-7). Among the 15 African American subjects, 28 compounds were
present at high frequency (11-15), four were present at medium frequency (5-10), and one
was present at low frequency (0-5). However, this qualitative analysis also highlighted that
two VOC:s (isopropyl palmitate and isopropyl myristate) are not ideal for the identification
of ethnic groups. This is due to their low frequency of occurrence in African American and
Caucasian subjects. The results indicate that the high frequency of occurrence of the VOCs
selected for this study further validates the consistency of these markers among all human
scent samples (with the exception of isopropyl palmitate and isopropyl myristate).
Furthermore, one VOC octanal 2-phenylethylene was not found in any of the African
American subjects. This indicates that this VOC can be utilized to exclude African
American suspects in a criminal investigation (via scent lineups). Statistical analyses were
implemented to further assess each VOC’s capability of differentiating between ethnicities.

The statistical analysis process is shown in Figure 21.

Logistic Principal Student’s T- Qu_allt_afcn{e,’
Rearession Component Test Quantitative
8 Analysis (PCA) Observations
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Figure 21: Statistical analysis process for VOC study

Data management and analysis were performed using JMP® Student. The variety
of compounds utilized to evaluate human scent profiles made it challenging to identify
patterns and relationships. To facilitate the analysis of these complex profiles, a predictive
modeling technique (logistic regression) was applied to determine which variables can be
used to effectively differentiate between ethnic groups. The benefit of analyzing the
profiles using logistic regression is that it considers how each independent variable affects
the data.*® Each logistic plot was investigated between two different ethnicities
simultaneously. This method simplifies the identification of unique VOC patterns among
populations. To minimize the risk of misclassification, a decision boundary was established
in which the relationship between a compound and an ethnicity is dependent on the p-
value.®® In cases where p < 0.05 for a particular compound, that compound was accepted
as a key compound in ethnicity differentiation. Once the variables were assessed, improved
models were selected for PCA implementation. Furthermore, a student’s t-test was run on
each selected compound to determine if the quantitative differences were statistically
significant. Two sample populations of different ethnicities were assessed at a time. The

comparisons are listed in Table 7.

Table 7: Ethnicity comparison breakdown

Populations of Interest for Comparison

Caucasian vs. Hispanic (A)

Caucasian vs. African American (B)

Hispanic vs. African American (C)
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4.4.42 STATISTICAL ANALYSIS

4.4.4.2.1 CAUCASIAN VS. HISPANIC SUBJECTS RESULTS
As part of the data analysis process, two ethnicities were compared at a time to
determine whether logistic regression can effectively predict which compounds cause
variation among ethnic groups (particularly Caucasian vs. Hispanics). The odor profiles of
all Caucasian and Hispanic subjects were evaluated. Prior to PCA implementation, a
logistic plot was constructed to narrow down potential VOCs which can be used to
efficiently distinguish between Caucasian and Hispanic subjects. Figure 22 offers a logistic

plot that compares Caucasian and Hispanic subjects.
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Figure 22: Logistic regression graph of 2-tridecanone
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This plot illustrates how the VOC 2-tridecanone can be used to predict ethnicity
when comparing Caucasian and Hispanic subjects. Of the 31 compounds selected for
analysis, the logistic plot includes three compounds extracted using SPME and two
compounds extracted via solvent extraction. This qualitative observation highlights the
advantage of coupling SMPE and solvent extraction to obtain a complete profile of human
subjects. Once the contributing VOCs were selected, an ROC curve was constructed to
provide a graphical representation of the classification effectiveness. The sensitivity and
specificity of the results were determined, and the performance of the test was evaluated

by analyzing the area under the ROC curve (AUC).

1.00 |

0.90

0.80

0.70

0.60

0.50

Sensitivity
True Positive

0.40
0.30
0.20
0.10

0
0 0.20 0.40 0.60 0.80 1.00

1-Specificity
Falze Positive

54



Figure 23: ROC curve of 2-tridecanone

Table 8: Performance of logistic regression model for Caucasian vs. Hispanic classification

Compound P- Extraction | Area Sensitivity | Specificity | False False
value Method Under (True Positive | Negative
Used the Positive Rate Rate
Curve Rate)
(AUC)
2-tridecanone* 0.0154 | SPME 0.69318 | 70.83% 39.02% 31.82% | 29.17%
Octanal-2 0.0219 | LE 0.81667 | 69% 62% 6.67% | 31.25%
phenylmethylene
*
Octadecane 0.0322 | SPME 0.67194 | 69.57% 42.29% 27.27% | 30.43%
Tridecanoic acid | 0.0336 | LE 0.62689 | 54.17% 26.89% 27.30% | 45.83%
Dimethyl 0.0237 | SPME 0.7133 73.3% 38.30% 35.00% | 26.67%
sulfone*

In cases where there is no difference between the two populations (Caucasians and
Hispanics), the AUC of the variable (VOC) under study is equal to 0.50. An AUC of 1
would indicate a perfect separation of the populations. Since all the selected compounds’
AUCs had an AUC greater than 0.50, they were found to be significant. However, as a
general rule of thumb, when constructing an ROC curve, an AUC of 0.50-0.70 is
considered poor discrimination, and an AUC of 0.70-0.80 is deemed to be acceptable
discrimination.®® Therefore, only the compounds with an AUC of 0.69 or higher were
accepted for the PCA model (2-tridecanone, octanal 2-phenylmethylene, and dimethyl

sulfone). All other compounds (octadecane and tridecanoic acid) were excluded due to their

poor ability to discriminate between Caucasian and Hispanic subjects.
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The information generated from the ROC curve was translated into an ROC table.
The ROC table assesses the sensitivity and specificity of each logistic plot. An optimal
threshold to determine the point at which the most correct classifications will occur was
identified.>® This was determined by selecting the cutoff that produced the highest
sensitivity without having significant adverse effects on specificity. The ROC tables reveal
that the VOC dimethyl sulfone showed the greatest sensitivity when differentiating
between Caucasians and Hispanics (73.30%). The closer that a sensitivity value is to 100%,
the more sensitive the compound for ethnicity-specific differentiation is. However, the
VOC that showed the highest level of specificity (true negative rate) at 62% was octanal
2-phenylmethlene. As with the sensitivity value, a specificity value of 100% is perfect.

Unlike true rates, when analyzing false rates (false positives and false negatives),
the closer the rate is to zero, the less likely a false positive or negative is present; in other
words, a false positive or false negative rate of zero means that no false positives are
present, which is ideal in forensic analysis. Octanal 2-phenylmethlene also had the lowest
false positive rate (6.67%). Dimethyl sulfone had the lowest false negative rate. Figure 8
shows the false positive and false negative rates when using each compound for
classification purposes. The two compounds with the greatest false positive and false
negative rates (octadecane and tridecanoic acid, respectively) were excluded from the PCA
plot because they did not meet the AUC cutoff. This graph reveals that the lower the AUC,

the higher the false positive and false negative rates.
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False Positve vs False Negative Rates when Comparing Caucasian vs.
Hispansic Subjects

P IS

2 Tridecanone Octanal 2- Octadecane Tridecanoic acid Dimethyl Sulfone
phenylmethylene

Volatile Oraganic Compound (VOC)
B False Postive Rate M False Negative Rate

Figure 24: Comparison of false positive and false negative results when comparing Caucasian vs. Hispanic subjects

A PCA plot of the original 31 compounds was constructed to evaluate the abilities
of the compounds to discriminate between Caucasian and Hispanic subjects. This initial
PCA plot revealed that using all 31 compounds led to poor discrimination. The overlap
between Caucasian (.) and Hispanic (+) subjects was evident. In other words, running a
PCA with 31 VOCs did not facilitate differentiation between Caucasians and Hispanic
subjects. After assessing the low PC1 (10.6%) and PC2 (18%), a scree plot was constructed
to identify how many eigenvectors had to be incorporated into the score plot to explain the
variance among ethnicities. The scree plot shows that selecting a total of three compounds

for the PCA plot accounts for over 80% of the variation between ethnicities.
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Figure 25:Percentage of explained variances when assessing all VOCs capability of differentiating between ethnicities

A new PCA plot was constructed using compounds that were predicted via logistic
regression that passed the Student’s t-test (2-tridecanone, octanal 2-phenylmethylene, and
dimethyl sulfone). Using only the three compounds predicted via logistic regression
resulted in a significant increase in variation. This variation increase resulted from the
adjustment of the discrimination variables, whereby only those statistically significant
compounds predicted via the decision boundary that met the AUC threshold were selected
for the logistic regression model. The percentage in PC1 increased from 10.6% to 53.9%,
while the percentage in PC2 increased from 18% to 31.8%. However, the variation increase
did not promote clustering among Caucasian and Hispanic subjects as expected. The
overlap between Caucasian and Hispanic individuals is a result of self-identification bias;

diversity within the Hispanic race leads many Hispanics to identify as Caucasian. Although
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Hispanic origin and race are two separate concepts, individuals typically use self-

identification to determine how they are classified.>” According to the 2000 U.S. Census,

Miami has the greatest number of Caucasian-Hispanic people in the U.S.%’ Since all of this

study’s samples were collected in Miami, Florida, it is suspected that some subjects of

Hispanic origin may have identified as Caucasian, hence causing the overlap that appears

in the PCA plot.
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The average amount of each VOC predicted via logistic regression was evaluated.
Figure 26 shows that of the three compounds, Caucasian subjects exhibited a higher
average amount of all of the VOCs (dimethyl sulfone, 2-tridecanone, octanal, and 2-
phenylmethylene) than Hispanics. The student’s t-test that was run on these compounds
revealed that the differences that were visually observed are statistically significant. The

p-values obtained are listed in Table 9.
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Figure 28: Average quantitated values of VOCS observed within Caucasian and Hispanic subjects

Table 9:Student's t-test p values t 95% confidence interval for VOCs selected for PCA implementation

Compound P-value
Dimethyl sulfone 0.0137
2-tridecanone 0.0076
Octanal 2-phenylmethylene 0.0112
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4.4.4.2.2 CAUCASIAN VS. AFRICAN AMERICAN SUBJECTS RESULTS
As with the comparison of Caucasian and Hispanic subjects, the VOCs that were
extracted from each odor profile were evaluated to determine their usefulness in
discriminating between individuals of Caucasian and African American backgrounds.
Prior to PCA implementation, a logistic regression analysis was conducted on all 31
VOCs. As in the comparison between Hispanics and Caucasians, only compounds with
an AUC of 0.69 were accepted for analysis. The ROC tables reveal that propanoic acid 2-
methyl had the highest sensitivity when differentiating between Caucasians and African
Americans (81.82%). However, the VOC with the highest specificity (true negative rate)

at 62.99% was octanal 2-phenylmethlene.

Figure 29 shows the false positive and false negative rates when using each
compound for classification. The false positive rate ranged from 7.00%—-35.70% with
nonanal exhibiting the lowest false positive rate (7.14%). However, the results of the
student’s t-test reveal that the observed quantitative differences were not statistically
significant. The false negative rate ranged from 18%-36.36%, with propanoic acid-2
methyl having the most ideal false negative rate.

Table 10: Performance of individual VOCs for Caucasian vs. African American differentiation

(*) indicates that the compound was statistically significant when the student’s t-test was conducted

Compound P- Extraction | Area Sensitivity | Specificity | False False
value | Method Under the | (True (True Positive | Negative
Used Curve Positive) Negative Rate Rate
(AUC) Rate)
Octanal 0.0488 | SPME 0.73377 77.27% 55.84% 21.43% 22.73%
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Nonanal 0.0044 | SPME 0.74838 54.55% 47.40% 7.14% 45.45%

Tetradecane® 0.0028 | SPME 0.76786 72.27% 48.70% 28.57% 22.73%
Butanoic acid* 0.0252 | LE 0.79058 77.27% 62.99% 14.29% 22.73%
Eicosane 0.0232 | SPME 0.71753 77.27% 38.30% 28.57% 22.73%
Hexadecanoic 0.0498 | LE 0.74351 63.64% 49.35% 14.29% 36.36%

acid, methyl ester

Propanoic acid-2 | 0.0010 | LE 0.7629 81.82% 46.10% 35.71% 18.18%

methyl*

False Positive vs. False Negative Rates when
comparing Caucasian vs. African American
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Figure 29:False positive and false negative rates for statistically significant compounds predicted via logistic
regression

The Student’s t-test was conducted at a 95% confidence interval to determine if the
differences between the two populations were statistically significant. The Student’s t-test

revealed that three of the seven compounds that passed the AUC cutoff exhibited
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statistically significant differences when comparing ethnicities (butanoic acid, propanoic
acid, 2-methyl,and hexanoic acid, methyl ester). The p-values observed for these
compounds are depicted below. These three compounds were selected as the most reliable

predictors for the comparison of Caucasian and African American subjects.

Table 11: Student's t-test p-values at the 95% confidence interval for Caucasian vs. Hispanic predictors

Compound P-value
Butanoic acid 0.0143
Propanoic acid, 2-methyl 0.0233
Hexadecanoic acid, methyl ester 0.0374

A PCA plot of the original 31 compounds was constructed to evaluate the ability
of those compounds to discriminate between Caucasian and African American subjects.
As with the original plot that compares Caucasian and Hispanic individuals, this initial
PCA plot reveals that using all 31 compounds to distinguish between individuals of
different backgrounds led to poor discrimination. When evaluating all 31 compounds, the
extremely low PC1 (17.8%) and PC2 (10.7%), as well as the overlap between Caucasian
and African American subjects, highlight the need for data reduction. In assessing these
two populations, the logistic regression analysis facilitated the reduction of variables of
interest. In only using the three compounds predicted via logistic regression in the PCA
plot, PC1 increased from 17.8% to 51.3% while PC2 increased from 10.7% to 30.7%. This
indicates that there was a significant increase in separation among Caucasian and African

American subjects. When using these compounds to distinguish between individuals from
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the two ethnic groups, African American subjects clustered very tightly, with only three

Caucasian subjects overlapping with African American profiles. Due to the complexity of

human scent samples, a perfect cluster was not expected. The results show that comparing

the two PCAs reflected the validity of the logistic regression analysis.
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The average amount of each VOC predicted via the logistic regression was
evaluated. Of the three compounds, the samples from Caucasian subjects exhibited higher
average amounts of two of the three VOCs (butanoic acid and propanoic acid, 2-methyl).
In keeping with the literature, the results show that branched acids like propanoic acid, 2-
methyl are more prevalent among those of Caucasian descent.?? The samples from African
American subjects showed higher average amounts of hexanoic acid, methyl ester, which
supports evidence from previous studies that African Americans produce greater amounts
of straight chained acids than other ethnic groups.?? In contrast to previous findings, the
straight chained acid, butanoic acid, was unexpectedly more prevalent among Caucasian
subjects. However, there was only a slightly higher amount of straight chained acids
present among African American subjects in previous literature than was observed in this
study. The observed increase in butanoic acid among Caucasian subjects may be due to
dietary factors. Butanoic acid is more prevalent among obese subjects®®; if more
overweight Caucasian subjects were sampled than overweight African American subjects,

the data would be skewed when assessing this compound.
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Figure 32:Average quantitated values of VOCs observed within Caucasian and African American subjects

4.4.4.2.4 HISPANIC VS. AFRICAN AMERICAN SUBJECTS RESULTS
The same statistical method that was utilized to compare previous populations was also
used to determine the usefulness of VOCs for classifying individuals according to their
ethnicity. For this comparison, the two subject populations under observation were
Hispanics and African Americans. Prior to PCA implementation, a logistic regression
analysis on all 31 VOCs was conducted. As in the previous study, only compounds with
an AUC of 0.69 were accepted for further analysis. The findings are presented in the ROC
below. Of the 11 compounds, two compounds (valeric acid and benzophenone) were
immediately excluded as their AUCs fell below the threshold (0.60357 and 0.55179,

respectively).



Table 12: Performance of individual VOCs for Hispanic vs. African American differentiation

Compound P- Extraction | Area Sensitivity | Specificity | False False
value Method Under (True Positive | Negative
Used the Positive Rate Rate

Curve Rate)

(AUC)
Nonanal 0.0027 | LE 0.76429 | 55.00% | 55.00% 0% 45.00%
Tetradecane* 0.0117 | SPME 0.85893 | 85.00% | 63.57% 21.00% | 15.00%
Valeric acid* 0.0161 | LE 0.60357 | 60.00% | 10.00% 50.00% | 40.00%
1-Octadecane* | 0.0020 | SPME 0.84286 | 100% 71.43% 29.00% | 0%
Ecisoane* 0.0171 | SPME 0.76429 | 75.00% | 60.71% 14.00% | 25.00%

Nonanoic acid 0.0027 | SPME 0.88571 | 75.00% 67.86% 7.00% 25.00%

n-hexyl 0.0395 | SPME 0.83929 | 70.00% 48.57% 21% 30%

salicylate*

Hexadecanoic 0.0006 | LE 0.83036 | 85.00% 63.57% 21.00% | 15.00%
acid, methyl

ester*

Undecanoic 0.0027 | LE 0.78036 | 75.00% 53.57% 21.00% | 28.57%

acid*

Benzophenone* | 0.0154 | SPME 0.55179 | 65.00% 15.00% 50.00% | 3.00%

Dodecanoic 0.0167 | LE 0.80714 | 80.00% 72.86% 7.00% 20.00%

acid*

The ROC tables reveal that 1-octadecane had the highest sensitivity when
differentiating between Hispanic and African American subjects (81.82%). However, the
VOC with the highest specificity (true negative rate) was dodecanoic acid at 72.86%.
Figure 33 shows the false positive and false negative rates when using each compound for

classification. This chart shows that the compounds with AUCs below 0.69 have a
67



significantly higher false positive rate. The false positive rate ranged from 7% to 45% with
with nonanoic acid portraying the most ideal false positive rate. The false negative rate
ranged from 0% (which is most ideal) to 45%, with octadecane having a perfect false

negative rate.

False Positive Rates vs. False Negative Rates when comparing Hispanic vs. African
American Subjects
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Figure 33:False positive and false negative rates of statistically significant VOCs predicted via logistic regression

Of the 11 compounds predicted via logistic regression for the differentiation of
Hispanic and African American individuals, six compounds used the SPME extraction
method, and five compounds used solvent extraction. Because there were several
compounds with an AUC over 0.69, only compounds with an AUC of 0.80 or higher were
selected for PCA analysis (tetradecane, t; 1-octadecane; nonanoic acid; n-hexyl salicylate;
hexadecenoic acid, methyl ester; benzophenone; and dodecanoic acid).

A Student’s t-test was conducted at a 95% confidence interval to determine if the
differences observed between the two populations were statistically significant. The

student’s t-test revealed that of the six compounds of interest, five of the six that passed
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the AUC cutoff (0.80) showed statistically significant differences when comparing
Hispanic and African American subjects (tetradecane; 1-octadecane; n- hexyl salicylate,
hexadecenoic acid, methyl ester, benzophenone, and dodecanoic acid). The p-values

observed for these compounds are depicted in Table 13.

Table 13: Student's t-test p-values at the 95% confidence interval for African Americans vs. Hispanic predictors

Compound P-value
Tetradecane 0.0387
Dodecanoic acid 0.0235
1-Octadecane 0.0039

These three compounds were selected as the most reliable predictors for the
comparison of Hispanic and African American subjects. According to the scree plot in
Figure 25, a total of three compounds account for over 80% of the variation among
ethnicities. When comparing dodecanoic acid and hexadecenoic acid, methyl ester,
dodecanoic acid had slightly lower sensitivity, with 10% higher sensitivity. Although the
AUC values were relatively similar, hexanoic acid, methyl ester had higher false positive
and false negative rates. Therefore, tetradecane, dodecanoic acid, and 1-octadecane were
selected as the primary compounds for Hispanic and African American subject
comparison.

A PCA plot of the original 31 compounds was constructed to assess the original
human scent VOCs that were selected for analysis, based on their capability to distinguish

between Hispanic and African American subjects. As with the previously examined
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groupings (Caucasian and Hispanic, Caucasian and African American) and the original
plots, this initial PCA plot revealed that using all 31 compounds led to poor discriminatory
capabilities. The PCA plot yielded low PC1 (19.2%) and PC2 (12.7%) values; this caused
significant overlap between the two populations, and no clustering was observed. The
overlap confirmed that using all 33 compounds did not facilitate any class characteristic
determination mechanisms. Furthermore, this result further validates that when assessing
human scent profiles, using 31 compounds to perform the analysis incorporates too many
variables.

When the number of compounds for the PCA was reduced to include only those
compounds selected from the logistic regression analysis, the variation percentage
increased from 19.2% to 49%, and PC2 increased from 12.7% to 28.7%. The increase in
PC1 and PC2 provided a clear explanation of the successful separation of Hispanic and
African American subjects with little overlap. Once again, the variation percentages of both

principal components showed a substantial increase when data reduction was implemented.
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Figure 34:PCA of Hispanics vs. African American subjects using all VOCs
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Figure 35:PCA of Hispanic vs. African American subjects using only VOCs predicted via logistic regression

The comparison of the average amount of statistically significant compounds that

were predicted using logistic regression was assessed. The proposed model suggests that

samples from African American subjects had a higher average amount for two of the three

VOCs (1-octadecane, dodecanoic acid). The samples from the Hispanic participants had a

higher average concentration of tetradecane. The graph shows that there is a statistically

significant difference between the amounts of these substances, which directly corresponds

to the student’s t-test previously performed in this study.
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5.HUMAN SCENT STUDY CONCLUSIONS

In this study, several underarm odor samples were collected from participants and

analyzed using SPME-GC/MS. Thirty-three VOCs, previously identified as odor
contributors, were selected for qualitative and quantitative analysis. The results of the
analyses demonstrate the discriminating power of VOCs within human odor analysis.
The comparison of individuals from two ethnic groups facilitated the data analysis of these
complex human scent profiles. The study provided insights into how VOCs can be used
for class characteristic determination. Previous studies have found that a combination of
VOCs is responsible for the differences between ethnic groups.?”*’ The findings in this
study further validate this claim. Moreover, SPME-GC-MS has consistently demonstrated
its reliability when extracting human scent profiles.

By employing qualitative and quantitative methods of inquiry (relative peak area
ratio comparisons, logistic regression, and principal component analysis), it is possible to
use VOCs to discriminate between different ethnicities. Of the 31 compounds selected for
analysis, 23 of the 31 compounds were predicted to be of importance when attempting to
classify between ethnicities. Of these 23 compounds, 10 compounds were deemed to be
statistically significant when assessing ethnicity-specific differentiation. The ROC table
extracted from the logistic plot allowed for observation of the sensitivities and specificities
of each compound. The trends depicted within the ROC tables show that compounds with
higher sensitivity had a reduced false negative result rate. Conversely, the compounds with
high specificity had a lower false positive rate.

This work represents the first study that has compared the ability of VOCs to

differentiate between individuals of different ethnicities using two extraction methods
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simultaneously. The novel use of multiple extraction methods (SPME and solvent
extraction) allowed for the acquisition of data that are pivotal to the findings. Five of the
10 compounds used for ethnicity-specific differentiation were extracted via solvent
extraction, and the remaining five compounds were extracted via SPME. This highlights
the advantage of coupling HS-SPME to solvent extraction for maximum recovery of VOCs
and enhanced discrimination power.

Furthermore, this project highlights the benefit of using multivariate analysis for
data reduction. Coupling logistic regression to PCAs simplified the identification of
significant variables. In coherence with the scree plot constructed for the dataset, when
three compounds were utilized for ethnicity-specific differentiation, a variation percentage
of 80% or greater occurred for each comparison. It is important to note that when more
than three compounds were plotted, there was a decrease in observed PC1 and PC2.

Three novel compounds have been identified as the primary contributors of
differentiation between Hispanic and Caucasian individuals (dimethyl sulfone; 2-
tridecanone; and octanal, 2-phenylmethylene). The high percentage of variation
contribution from PC1 and PC2 (85.7%) is promising and suggests that these compounds
can be used for class characteristic determination in forensic casework. However, in future
work, researchers should ensure that participants clearly state their origin rather than their
ethnicity to avoid potential self-identification bias. Furthermore, a cross-validation
technique to confirm origin (like an ancestry test) could provide genetically verifiable
origin data for each subject.

This work has identified three novel compounds as the primary contributors for

VOC differentiation between Caucasian and African American individuals (butanoic acid;
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propanoic acid, 2-methyl; and hexanoic acid, methyl ester). The results obtained using the
Student’s t-test are in alignment with findings from Prokop-Prigge et al.’s study; they
suggest that African Americans produce higher amounts of straight chained acids than
other ethnicities. This study also shows how diet and weight can affect the data that are
obtained when analyzing human scent profiles.

Moreover, three novel compounds have been identified as the primary contributors
for VOC differentiation between Hispanic and African American individuals (tetradecane,
dodecanoic acid, and 1-octadecane). This study is the only one to have portrayed complete
separation with little overlap. The high AUC values presented in the ROC table (above
0.80) show the efficiency of these compounds and are directly associated with the tight
clustering visualized in the PCA plot.

Although a slight overlap was present within two of the three ethnicity groupings,
there is a significant increase in PC1 and PC2 in all three groups when the variables are
narrowed. There was an average 33.07% increase in PC1 when using logistic regression
and an average 19.06% increase in PC2 when comparing ethnicities. The increase in these
principal components is directly correlated to the logistic plot that predicts that these
variables act as the key contributors to ethnicity-specific differences. The compounds that
portrayed the acceptable AUCs were responsible for the majority of the variation observed
among ethnicities.

While this study did not confirm that complete ethnicity-specific determination can
occur, it did demonstrate the following:
a) Logistic regression was effective for predicting the compounds that contribute to

the differences between two ethnicities. The ROC table successfully highlights the
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performance of each logistic plot. Furthermore, the sensitivity and specificity of the
compounds provide insights into how reliable each compound is for the prediction
of ethnicity.

b) The implementation of the Student’s t-test assisted with data reduction by
identifying the statistically significant compounds and using them for the PCA
analysis.

c) Overloading PCA plots resulted in poor data, but they can show significant

improvement when the appropriate statistical methods are used.

Future work for this project involves the collection of additional odor profiles from
subjects of different ethnicities. The increase in subjects analyzed will facilitate the
completion of a human scent database of VOCs that can be used effectively for
identification of persons regardless of race or ethnicity. Furthermore, to aim for a
higher value of both sensitivity and specificity, more samples should be collected for

each respective ethnicity.
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Although a larger sample set is necessary to definitively identify which VOCs can be used
to distinguish between subjects of different ethnicities, the discovered and confirmed VOC
biomarkers for ethnicity-specific differentiation have the potential to assist with class
characteristic determinations of human subjects in forensic casework. Much uncertainty
still exists regarding the relationship between the VOCs categorized for human scent
analysis and HLA genes. The following chapter of this dissertation aims to determine

whether HLA genes can be used to differentiate between ethnicities.
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6. HLA GENE INTRODUCTION

6.1 INTRODUCTION

The proper collection and analysis of biological evidence has a significant impact on the
outcome of police investigations and rightful prosecutions. The analysis of blood, bodily
fluids, and tissues for DNA identification has been pivotal in forensic casework.
Incriminating DNA evidence has proven to effect jury conviction decisions greatly due to
its high discrimination power.

The exploration of the Human Leukocyte Antigen (HLA) was included as a task in this
dissertation. DNA typing has proven to be extremely useful for validating genetic
markers of individuals in forensic casework. However, when assessing the correlation of
a population, HLA markers are more useful due their responsibility in kin recognition and
genetic similarity among unrelated individuals.>®

HLA genes have been used as criteria for genetic markers in paternity testing and disease
detection.*? Furthermore, forensic medicine has utilized the HLA genes to distinguish
between subcultures using HLA markers.®° The observation of allelic sharing and
variation among allelic frequencies can facilitate the class characteristic determination of
subcultures.

To date, the evaluation of healthy subjects for biomarkers in correspondence to ethnicity
has yet to be undertaken. The purpose of this study was to determine if the information
provided by the HLA genes can serve as a biomarker when distinguishing between three
populations (Caucasian, Hispanic, and African American). The DNA profiles are
extracted using Maxwell 16® Extraction. The compounds extracted are then amplified

via Multiplex-Polymerase Chain Reaction (Multiplex PCR). Once the specific regions of
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interest are amplified, the regions are then analyzed using Capillary Electrophoresis. The
allelic frequencies observed show the discrimination power of HLA and its influence on
genotype relationships among populations.

6.2 DEOXYRIBOSE NUCLEIC ACID (DNA)

Located inside the nucleus of each cell of living organisms, Deoxyribonucleic acid
(DNA) provides genetic information unique to everyone. The basic unit of DNA
(nucleotide) is composed of a deoxyribose sugar unit, nitrogen-containing base and a
phosphate group.5! Figure 37 shows how sugar phosphate groups connect to the

nitrogen-containing base to form a nucleotide.%?

Figure 37:Primary structure of DNA®

In 1953, James Watson and Francis Crick discovered the structure of DNA that has been
generally accepted as the golden standard for forensic genetic analysis.®® DNA has a
double helix structure with alternating sugar-phosphate backbones present on the outside

helix. Four nucleotide bases, Adenine (A), Cytosine (C), Guanine (G), and Thymine (T)
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are on opposite strands. These bases pair with their associate via hydrogen bonding.
When adenine forms, it is paired with thymine; the same is true for guanine and cystine

(C).61

In a human, genes are present that are simply segments of a DNA molecule. Their
primary responsibility is to describe the genetic makeup and functionality of the human
body. A human has 50-100,000 genes within their body.®* There are no limitations in the
sequences in which these bases can occur on a single chain. In humans, 3 billion
nucleotides are present within 24 chromosomes,® and these components determine what
we are composed of and the operation of our cells. Because variation among human
genomes is present at approximately 3 million sites, DNA can be used to exclusively
identify an individual (with the exception of identical twins).®® In forensic casework,
DNA was first implemented in 1985 in the United States. By 1998, DNA had been
accepted as the gold standard for individual identification due to its reliability and
validity. DNA can be found in several biological specimens including blood, hair, semen,
urine, and saliva.®® The least invasive biological sample (saliva) was selected for this
study. Saliva holds 1,000-10,00 ng/mL of DNA.®® With the appropriate sample collection

methods, saliva can be used to provide useful information for forensic casework.
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6.3 HUMAN LEUKOCYTE ANTIGEN GENE COMPLEX

The Human Leukocyte Antigen (also known as the Major Histocompatibility Complex in
vertebrates) was discovered by Jean Dausset in 1958.” This complex region determines
the cells that belong in the body and fights off viruses and bacteria to protect the immune
system.%® The HLA Gene Complex is located on chromosome 6 spanning approximately
3.6 mega base pairs.®°® The HLA Gene Complex is composed of over 100 genes that
account for about 50% of known protein coding genes to date.®® HLA genes are classified
into three regions: class 1, class 11, and class 111.2° As seen in Figure 38, HLA class |
consist of HLA-A, HLA-B, and HLA-C. Class Il genes consist of HLA-DP, HLA-DQ,

and HLA-DR.
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Figure 38:Diagram of HLA region on chromosome 6
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HLA 1 genes have been used as a biomarker for diseases such as Alzheimer’s and lung
cancer-'%%8 However, Class | HLA alleles are less dependent on ethnicity than class
1. Therefore, the HLA class Il region is of interest for this study.

Within the HLA region, prior studies have noted several ancestry informative
alleles that are useful when exploring ancestry and evolution. The most common five loci
explored are HLA-A, HLA-B, HLA-C, HLA- DRB1, and HLA-DPBL. There are
hundreds of alleles within these regions that encode proteins capable of identifying
individuals.®® HLA DQ Al system has been labeled one of the most informative in
forensic analysis. Previous studies have indicated that loci from this region can identify
which alleles are contributors to Japanese subcultures by using a principal component
analysis model”>. HLA-DRB1 loci have also been proven to identify ethnic and
geographical differences within Caucasian and non-Caucasian individuals.”* HLA DQ A1l
alleles have been used in previous literature to discriminate between two Spanish
populations.’

The most common methods for determining the origin and evolution of individuals is
allelic association studies.” The frequency distribution of HLA alleles allow for the
genetic diversity of human populations to be explored.” Allelic association studies
observe whether the frequency of an allele significantly increases or decreases when
assessing different populations. The application of PCR-based techniques have led to the
development of the HLA’s ability to detect significant differences in allele frequency
among different populations.” The significance of genetic ancestry classification was
exemplified in a bone-marrow study that revealed that nearly 20% of subjects self-

identified their race/ethnicity inaccurately with respect to their genetic lineage.”™
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6.4 BUCCAL SWABBING

The oral cavity has been utilized as a primary source in biologic studies of genetics,
metabolic, and microbiomes.”® Within the oral cavity, there are several structures and
tissues. Each one of these structures and tissues is colonized with bacteria and engulfed in
salivary fluids.”” In comparison to other biological specimens (such as tissues and blood),
oral samples are preferred due to their non-invasive nature and low cost for collection.
The two most common oral samples are saliva samples and buccal swabs. A buccal swab
IS a scientific term that refers to a sample collected from the cells inside a subject’s
cheek. The cells within the cheek contain DNA information in the form of squamous
epithelial cells.” There are different cell types classified within a cheek’s morphology.
Table 14 summarizes the percentage of cell types present within cheek samples.

The figure clearly depicts the most abundant cell type (ISC), which is the pink non-

keratinous superficial squamous cells

Table 14:Proportion of epithelial cell types present within adult cheek samples

Cell Type % Of Epithelial Cells in Adult
Subjects
Pink Non- Keratinous 70.5%

Superficial Squamous Cells

Orange Keratinous Superficial 19.6%

Squamous Cells

Blue Intermediate Squamous 6.4%

Cells
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Figure 39 presents a visualization of the cellular morphology acquired when a buccal
swab is taken. The three types of buccal swabs can be differentiated by abundance and

color via pap staining.

Figure 39:Cellular morphology of cheek sample via pap staining’®

Cheek cells are often studied due to the simplicity of their acquisition and their ability to
produce a high yield of DNA.”® The cells recovered from sampling the cheek using a
cotton swab contain the genetic makeup of the subject’s entire body. There are several
types of material used for DNA swabs. The most common types of material are cotton,
foam, and flock.” Cotton swabs are commonly used in DNA sampling. In comparison,
the polyester single fibers present within the flocked swabs are designed to produce better
cell yield.” However, according to Ruiz et al., standard cotton swabs are more cost
efficient and yielded a similar amount of DNA in comparison to flocked medical grade

swabs.” In the forensic field, the buccal swab is the most efficient and common way for
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forensic pathologists to determine if there is a link between a suspect and a crime scene.
Buccal swabs have also been proven to be an effective sample collection method for the
investigation of the most common HLA loci.®% Sample acquisition is the first step in the
forensic workflow of DNA analysis. DNA extraction follows with the sole purpose of
isolating DNA from the epithelial cells obtained via buccal swabbing.

6.5 DNA EXTRACTION

The limited amount of biological evidence recovered at crime scenes highlights
the significance of recovering DNA from samples. The automation of extracting DNA in
forensic casework is essential to the reduction of handling errors and the increase in DNA
yield in comparison to manual extraction methods.

The Maxwell® 16 is an automated DNA purification system that extracts 16 or
fewer samples simultaneously.®2 The Maxwell® 16 instrument is coupled to the DNA 1Q
Reference Sample Kit™ for the extraction of DNA in forensic casework. There are
several advantages to the Maxwell® 16 instrument including its pre-programmed
methods for purification and rapid purification, its small 12 x 15 footprint, and lower
instrument and kit costs.82# Additionally, the movements of resin through the cartridges
decrease the likelihood of clogged tips and partial liquid transfers.

The extraction method is ideal for the evaluation of blood, semen, tissue, touch,
and trace samples.* There are two types of extraction kits available on the market:
Standard Elution Volume (SEV) and Low Elution Volume (LEV). Low Elution VVolume
(LEV) is typically preferred in forensic casework due to smaller sample processing and
its ability to produce higher DNA yields and concentrations. The DNA 1Q Reference

Sample Kit™ is equipped with cartridges that are prefilled with chemicals. Figure 40
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displays a diagram of the Promega Maxwell 16 DNA 1Q Reference Sample Kit.8® The

“contents” on the left side of the figure identify the makeup of a Promega Maxwell 16

DNA IQ Reference Sample Kit cartridge.® The sample is placed in #1A. The magnetic
rods present within the Maxwell® 16 instrument transports the DNA resin through the

purification reagents present in the cartridge.

When utilizing the Maxwell, cell lysis occurs in which DNA binds to magnetic
particles in the presence of guanidinium salt.®* This salt denatures membrane proteins to
lyse cells and facilitate the binding of the DNA. Subsequently, a series of washes remove
undesirable compounds, and the target DNA is eluted into a buffer.8! The DNA is
released from the resin by heating at 60° C, and the purification of up to 16 samples
transpires within 30 minutes. The resulting sample extracts are then prepared for

quantitation and amplification.®?
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Figure 40: Diagram of DNA I1Q Reference Sample Kit®
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6.6 QUANTIFICATION OF DNA

In order to optimize a PCR reaction, DNA must be quantified so that adjustments to
template DNA can be implemented prior to STR analysis.® There are three common
methods used to quantify DNA: UV spectroscopy, fluorometry, and qPCR. Of the three
methods, gPCR is the most ideal method for quantifying DNA. However, gPCR is more
expensive and time consuming than UV spectroscopy and fluorometry .2 Uv
spectroscopy is incapable of differentiating between DNA and RNA.” Fluorometry was

selected as the method for this study. Specifically, the Qubit 2.0 Fluorometer was used.

Figure 41:Qubit Fluorometer for quantification of gDNA8®®

Fluorometry is a common technique to quantify DNA with minimal interference from
contaminants. Fluorometric measurement of DNA are advantageous due to its ability to
quantitate DNA using as little sample as possible with high sensitivity.®® Fluorometry

uses fluorescent dyes to determine the concentration of nucleic acids and protein in a
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sample.®” The Qubit fluorometer is capable of quantitating molecules (DNA, RNA, or
protein) by using low fluorescent dyes that bind to their target molecule and illuminate
brightly. Fluorescence-based quantification is 1,000 times more sensitive than
quantification via UV spectroscopy.*® Using the Qubit dsDNA kit, DNA is quantitated
with high selectivity. The Qubit dsDNA kit is equipped with a working solution and pre-
diluted DNA standards. The genomic DNA (gDNA) is mixed with a working solution
composed of a dilution buffer and fluorophore to bind the DNA. The Qubit determines
the concentration of the gDNA based on the relationship between the two prediluted
standards given. Once the quantitation of the DNA is evaluated, a PCR method that

allows for sufficient amplification of the loci of interest can be optimized.®*

6.7 POLYMERASE CHAIN REACTION

Polymerase chain reaction (PCR) is a common DNA amplification technique that
produces millions of amplicons of a target sequence quickly.®? This sensitive technique is
capable of converting trace amounts of DNA into several copies for analysis, which
makes it an ideal technique for biomedical research and criminal forensic investigation.
Figure 42 shows the exponential increase of gene copies that occur within each cycle of
polymerase chain reaction.® PCR begins with a single molecule of genetic material that
can come from biological specimens such as hair, saliva, microbes, or dried blood.* To
conduct a PCR reaction, template DNA, primers, nucleotides, and DNA polymerase are
necessary.® The nucleotides present within the reaction (adenine, thymine, cytosine, and

guanine) are found in DNA. Primers are responsible for specifying which DNA product
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is being amplified. In PCR, the primers act as a complementary sequence of DNA to the
target sequence detected and amplified.®

To allow primers to bind to each targeted DNA duplex, the strands are heated and then
cooled. The reaction is prepared in small reaction tubes (0.2—0.5 mL volumes) and is
heated using a thermocycler. A thermocycler successfully programs the temperature
needed to successfully amplify the template DNA through each step of the PCR process.
These steps have been classified as denaturing, annealing, and extension. The
temperatures used and the time applied per cycle are optimized based on the primer
conditions and DNA polymerase.®® During the denaturation step, the reaction mixture is
heated from 94-96°. Denaturation serves to disrupt the hydrogen bonds between bases to
separate double-stranded DNA to a single strand.®® During the annealing step, the
reaction temperature is lowered between 50-65° C.*® The primer anneals to the
complementary bases and should be 3-5° C below the temperature of the primers used. In
the final step (extension), the temperature depends on the type of DNA polymerase
utilized. Within each temperature cycle, the DNA copies double as seen in Figure 42;

multiple target regions can be copied by implementing Multiplex PCR.
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6.8 MULTIPLEX POLYMERASE CHAIN REACTION

Multiplex PCR is a technique that uses multiple primers within a single PCR reaction to
target and amplify multiple loci.®’ Introduced in 1988 by Chamberlain, Multiplex was
introduced in 1988 to improve the efficiency of genotyping.®® Multiplex PCR has been
known for its ability to target more than one sequence within biological specimens. The
technique has been used to screen for gene deletions, STR analysis, and SNP analysis.*
Multiplex PCR has been previously used in genetic disease diagnosis, gender screening,
and pathogen identification. There are several advantages to using Multiplex PCR. The
quality of the template is more effective in multiplex than single reaction PCR, and less
DNA is needed to obtain results. Furthermore, the decrease in expenses and preparation
time is less in PCR, which makes the technique ideal for forensic casework.'® The design

and development of a successful Multiplex PCR reaction is contingent upon several
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factors. When selecting primers for the reaction, the annealing temperatures must be
similar to minimize the risk of cross reactivity. The greatest challenge is optimization of
the PCR technique—specifically, the concentration of reagents, annealing temperature,
and cycling conditions that are suitable for all primers within the reaction.®” The
effectiveness of Multiplex PCR can be validated by separating products by size via gel

electrophoresis.

6.9 GEL ELECTROPHORESIS

Gel electrophoresis is the separation of charged molecules in an electric field. When
biomolecules like DNA are placed within this electric field, the charged molecules move
in the direction of the electrode of opposite charge.!®* The molecules’ mobility varies
depending on their net charge, mass/charge ratio, and molecular shape.%? The gel type
assist in the separation of the molecules. The most used gel matrix for the separation of
DNA in forensic genetics is the agarose gel.** Agarose is a polysaccharide gel matrix,

which is composed of galactose and 3,6, anyhdrogalactose.1%?

OH 1y on .
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Figure 43: Chemical composition of Agarose gel matrix%?
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By selecting gels with specific concentrations, the resolution of DNA fragments can be
manipulated. The higher the agarose concentration, the better separation of small DNA
fragment.2%® On the other hand, low agarose concentrations produce higher resolution of
large DNA fragments. The PCR products are visualized by staining the product with a
chemical dye such as ethidium bromide.'® Gel electrophoresis is useful for qualitative
analysis, specifically to determine if there is presence or absence of a specific DNA
product. Furthermore, gel electrophoresis can be used to gain a better understanding of
the genotype traits of an individual at a specific locus. The band size and intensity can
reveal whether the DNA is heterozygous or homozygous. Gel electrophoresis serves as
an effective confirmatory technique to verify the PCR product formed prior to further
application. Once it is established that the PCR products are present and are within their

respective band size, the fragments are further analyzed using capillary electrophoresis.

6.10 SHORT TANDEM REPEATS

Short tandem Repeats (STRs) are highly polymorphic DNA loci that contain repetitive
units used for forensic DNA analysis.'® The human genome contains one STR for every
200 base pairs.1% STR profiles have been used as markers for both disease and
chromosomal abnormalities due to polymorphic composition.®®1% The forensic analysis
of STR loci have been proven to be a promising method for classifying individuals’
biological samples due to the short length of STRS (20-100 bp long). These profiles use
low amounts of DNA for amplification which make them ideal for forensic analysis.'%’
The application of this phenomenon includes a variety of biological specimens including:

hair, blood, and saliva.’’® Results observed by the generated STR profiles can be assessed
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based on peak height and allele detection.®® Human STRs are present approximately
once every 2 kb, and the most frequently observed STR is dinucleotide repeats.
Previous studies has shown the capability of the Y-STR multiplex system to discriminate
between ethnicities using both gene diversity values and allele frequency distribution.®
STRs have also been used in HLA studies to assess genotypic identification in Caucasian
subjects in.*® The amplified PCR products must be separated in order to distinguish
between fragment lengths. !

6.11 CAPILLARY ELECTROPHORESIS

Capillary Electrophoresis (CE) is a chemical analysis technique used to separate and
identify the ion fragments recovered in PCR by size and charge.'®® CE is known as the
primary technique for forensic analysis.!%” In comparison to its predecessor gel
electrophoresis, CE increases the charge of the electric field, which results in higher
throughput and a faster separation.!!

During this analytical technique, the extension products of the PCR reaction enter the
capillary.

Within a buffer system, the DNA fragments lose an H+ ion from the phosphate group,
which facilitates the formation of an anion.** Then, the products of the PCR enter the
capillary, and a high voltage charge is applied to the sample. This forces the fully
automated separation of extension products based on their charge by forcing the
negatively charged fragments into capillaries. Prior to reaching the positive electrode, the
fluorescently labeled dsSDNA fragments move across a laser beam to facilitate the

attachment of the dyes to their respective fragment and a CCD camera captures the
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fluorescence. The components of a capillary electrophoresis system are depicted

below:112

Capillary array ccD

camera

Diffraction
system

Laser I

Figure 44:Components of Capillary Electrophoresis system!?

Each dye used emits light at a variety of emission wavelengths when exposed to the laser.
This enables the fluorescently labeled PCR products to distinguish clearly between multi-
locus DNA profiles.’® There are several advantages to using CE for data analysis. The
instrument has great sensitivity and resolution.

The SeqStudio Genetic Analyzer (Thermo Fisher) is a four-capillary electrophoresis
system equipped with universal polymer and cartridge-based system to conduct the

analysis of the samples collected.
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.MATERIALS AND METHODS

7.1 RECRUITMENT OF SUBJECTS

A total of 34 subjects between the ages of 18-30 were recruited by word of mouth for the
study. The ethnicities represented in the study were Hispanics, Caucasians, and African
Americans.

After all recruitment efforts were complete, a total of 34 subjects were recruited. Each
subject was asked both their age and which ethnic group they identify with prior to
sample collection. Of the 34 subjects, three samples were used for optimization purposes.

Table 15 shows the demographics of the pilot study participants.

Table 15:Demographics of HLA pilot study

Race/Ethnicity | Number of Subjects
Caucasian 8
Hispanic 10
African 13
Americans

7.2 MAXWELL EXTRACTION METHODOLOGY

Prior to PCR implementation, buccal swab samples were retrieved from storage for the
extraction of genomic DNA using the Maxwell® 16 LEV DNA. Promega developed a
sample kit that provides all the components necessary for a successful extraction (lysis
buffer, elution buffer, clearing columns, Proteinase K [PK solution], Maxwell® 16 LEV
cartridges, elution tubes, and LEV plungers). The protocol for genomic DNA samples

was implemented to prepare the buccal swab samples for extraction. The buccal swab
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was prepared by creating a master mix consisting of lysis buffer and proteinase K(PK).
The master mix was composed of 300 pl of lysis buffer and 30 pl of PK for 1.5x the
number of samples. 1.5 mL Clickfit tubes were then labeled to correspond to the samples
collected, and a clearing column was placed in each. Each sample was placed into its
respective tube and broken off to ensure that only the swab head was in the tube. Of the
previously prepared lysis buffer/PK solution, 330ul was added to each swab and the tube
was closed tightly. Each tube was vortexed for 10 seconds and the samples were

incubated in a heating block at 56° C in an Eppendorf Thermomixer, as seen in Figure

45,

Figure 45:Samples incubating in a heating block using an Eppendorf Thermomixer

One cartridge for each sample was obtained, labeled according to its respective sample,

and shaken slowly numerous times to resuspend the magnetic beads. The seal of each
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Casework Sample Cartridge was cautiously peeled to avoid mixing or splashing of the
reagents. The entirety of the flowthrough was added to well #1 in its respective cartridge.

A Low Elution Volume (LEV) plunger was then placed into well #8 as seen in Figure 46

Contents

Lysis Buffer-user adds sample “A”
DNA IQ™ Resin

Lysis Buffor

Wash Buffer

Wash Buffer

Wash Buffer

Empty-user adds plunger “8”

Figure 46:Diagram of Maxwell Extraction Kit®

For each sample, an elution tube was loaded with 50 pl of elution buffer and the tube was
left open with the lids facing the user. The Maxwell 16 instrument was powered on and
the diagnostics began. The “Run” command was pressed on the instrument and DNA ->
FFPE/Cell was selected and verified. The loaded cartridges were placed in the platform
placeholder and the run was initiated by pressing “Run.” After the run was completed, the

elution tubes, which now contained the extracted DNA, were sealed and stored at -20° C
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Figure 47:Samples placed in cartridge for Maxwell extraction

7.3 DETERMINATION OF PRIMERS FOR STR ANALYSIS OF HLA GENES
An extensive literature review was conducted to determine which primer sequences will
promote the amplification of the HLA regions of interest. Outlined in Table 16 are the

primers with their respective primer sequences used for this study.1%19

Table 16: STR targets with their respective primer sequence!®13

STR Forward primer sequence (5’-3°) Reverse primer sequence (5°-3°)

HEX- TCTTCTGCTCTACCCACCA

D6S2917 AGGCCTTTTTCACTTGTTTTTCTA

M138 |[FAM-GAGAGAGCGAGATTCTGC GAATGCTTAGAAGATGAAGGTG

98



D6S2837

HEX-

CCAAGAAAGAAAGAACCAATAGCA

GTTTCTTATCAGGGAAAGGTGCTGGT

GAGCCAATTAGCCCAATAAATCAC

D6S2925

FAM-TCTAGTGTCTTCTGGCCTTG

GTTTCTTATCAGGGAAAGGTGCTGGT]

D6S2787FAM-CTCCAGCCTGGATAACAG ACAAGGGCTTTAGGAGGTCT

7.4 QUANTIFICATION OF GENOMIC DNA

The genomic DNA was quantified using the Qubit 2.0 kit. The kit came equipped with
buffer, fluorophore, and two known standards. The buffer and fluorophore were used to
create a working solution that intercalates DNA. The known standards were used to
create a calibration curve reflective of gDNA concentration. The amount of 0.5 mL
Qubit® assay tubes were collected for standards and samples, and each tube lid was
labeled carefully. The working solution was prepared by combining 1 pl of fluorophore
and 199 pl of buffer. Each sample received 198 ul of working solution and 2 pl of
sample.
The standards received 190 pl of working solution and 10 pl of standards and were
vortexed for three seconds. The tubes were incubated at room temperature for two
minutes.

7.2.3.2 INSTRUMENTAL ANALYSIS OF STANDARDS AND SAMPLES
On the home screen of the Qubit 2.0 Fluorometer, the following commands were
selected:

“DNA"" - "dsDNA High Sensitivity” — "New Standards”
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The Qubit tube containing standard #1 was placed into the sample chamber and the lid
was closed. “Read standard” was then pressed. When the reading concluded, standard #1
was removed and the same process was replicated for sample #2. The calibration curves
were constructed based on these standards. Each sample was then placed into the
chamber and quantitated based on the calibration curve obtained. Samples were then
diluted to 10 ng/ul and stored in the freezer at -20 °C for normalization of gDNA prior to

PCR implementation.

STR genotyping was performed by performing PCR to amplify 5 STR loci that,
according to the literature, are within the HLA region.%® Hex and FAM fluorescently
labeled STR primers were used. The fragment analysis was then followed using the

SeqStudio™ Genetic Analyzer.

7.5 PRIMER OPTIMIZATION

7.5.1 PRIMER DILUTIONS
Once the primers were selected, the primers were purchased through Integrated DNA
Technologies (IDT). The labeled (forward and reverse) and unlabeled primers were
briefly centrifuged before opening. The oligo yield information was observed on the IDT
specification sheet and then used to determine the amount of buffer needed to make a 100
MM solution of each primer. The primers were then reconstituted in PCR grade water
under a UV hood to make a 100 pm stock solution. The high concentration of the stock
solution, coupled to the possible risk of contaminating the PCR reaction, called for

working solutions to be made. A working solution of each primer was created by taking
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aliquots of the stock solution. Eight working solutions were then created, and the aliquots

were labeled and stored at -20°C.

7.2.42 MULTIPLEX PCR MASTER MIX PREPARATION
Multiplex PCR Amplification was required for two master mix preparations. The dilution
equation was performed to determine the final primer concentration needed. The master

mix contents are depicted in Table 17.

Table 17:Contents of primer mixes for Multiplex PCR amplification

Master mix Contents

Master Mix | M138 (F/R), D6S2925(F/R), D6S2837
(FIR)

Master Mix 11 D6S2917(F/R), D652787 (F/R)

Master Mix | stock solution was created by transferring 37.5 ul of each 20 um primer
into a 0.50 pl tube. Next, 37.5ul of hyclone H20 were added to the mix. Master Mix Il
stock solution was created by transferring 37.5 of each 20 pum primer into a 0.50 pl tube.
After this, 450 pl of hyclone H20 were then added to the mix. From the calculations

below, it was established that 1.25 um per primer were needed for Master Mix I1.

7.5.2 GEL ELECTROPHORESIS
Gel electrophoresis was used to observe the quality of the multiplex PCR amplification.
An agarose gel was prepared by mixing agarose powder with TAE buffer (1%). Ethidium

bromide was then added to the gel to aid with the visualization of DNA during the
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reaction. The solution was then cooled and poured into a casting tray consisting of a
sample comb. The system was left to solidify at room temperature. The tray was then
transferred into the electrophoresis chamber and covered with buffer. The DNA samples
were then pipetted into the sample wells and the DNA began its migration towards the
positive electrode. Each individual band was assessed, and their genotypes were

identified.

7.6 POLYMERASE CHAIN REACTION (PCR)

HLA class 11 genotypes were identified using multiplex PCR to amplify the five loci of
interest using HEX and FAM fluorescently labeled oligonucleotide primers. Multiplex
PCR was applied to 2-3 STR loci per reaction. To conduct the multiplex PCR, Master
Mix | and Master Mix Il were used for each sample in two separate tubes. A positive and
negative control were carried out within each experimental run. For each sample, 10 pl of
the 2x Multiplex PCR master mix (Qiagen, Valencia, CA), 2 pl of 5X Q-solution
(Quiagen), 4 ul of genomic DNA at 10 ng/pl with 16 pl of primer mix for each tube. A
total of 40 cycles were used for the amplification performed using the following cycling
parameters: 1 cycle of 34°C for 15 min, 1 cycle of 94° for 30 s, 1 cycle of 65°C for 90
sec, 1 cycle of 72°C for 30 s, 5 cycles at 94 °C for 30 secs, 1 cycle of 60 °C for 90 s, 1
cycle of 72 °C for 30 secs, 30 cycles of 94°C for 30 sec, 1 cycle of 55°C for 90 s, 1 cycle

of 72 °C for 2 mins, 1 cycle of 72°C for 45 min, final 4 °C Hold.

Each subject that consented to participating in the study booked an appointment

scheduled via email. Subjects were asked to refrain from eating, drinking, brushing teeth,
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or smoking 30 minutes prior to sampling. When the subject arrived, they were asked to
sit. The protocol was then explained to each subject to ensure they knew what to expect.
The HydraFlock 6” Sterile Standard Flock Swab with Polystyrene Handle was used to
collect buccal swabs from each subject. Additionally, powder-free nitrile exam gloves
were used (one pair per subject) to decrease the likelihood of contaminating the buccal
swabs. The buccal swab was removed from the sterile pouch and the specimen was
carefully placed in the subject’s hand. Each subject was asked to rub their right cheek for

a specific time (30 seconds, 60 seconds) as indicated in Table 18.

Table 18:Buccal swab sample time

Sample Number Time (seconds)

1 30s

2 60s

The swab was then transferred into a sterile tube labeled with the respective subject’s
information and the amount of time the swab was rubbed against the subject’s cheek (30s

or 60s). The swabs were then placed in a freezer and stored at -20°C.

8. PILOT STUDY

8.1 PRELIMINARY STUDIES

Prior to extracting and quantifying the pilot study samples, studies were conducted to
determine the optimal protocol for buccal swabbing. The goal of this study was to
establish a buccal swabbing method that would produce an efficient amount of gDNA.
Three subjects of Hispanic and African American descent were selected for a preliminary

study. The gDNA was obtained via Maxwell extraction. Two conditions were
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manipulated to compare which method would produce the best yield: time and the effect

of mouth rinsing. For the study, the following conditions were applied:

Table 19:Optimization of buccal swab conditions

Sample Conditions applied
T101 (Hispanic Male) No wash (30 seconds)
T101 (Hispanic Male) No wash (60 seconds)
T101 (Hispanic Male) Wash (30 seconds)
T101 (Hispanic Male) Wash (60 seconds)

The conditions above were repeated for T102 (African American male) and T103
(African American female), respectively. For quality control purposes, a positive control
(100 pl of human standard) and negative control (100 pl of PBS) were taken through the
process as well.

STR analysis was performed via capillary electrophoresis. The fragments recovered from
PCR were identified using the SeqStudio™ Genetic Analyzer (Applied Biosystems,
Foster City, CA). The size standard was created by mixing 11.5 pl of Hi-Di ™ with 0.65
pl/rxn of GeneScan™ 500 ROX™ internal standard. Each sample consisted of a 1:3
dilution of each PCR reaction and 1 pul DNA per reaction. The PCR product was then
denatured by incubating at 95° C for three minutes and snap cooled for five minutes on
ice. Each sample was run on the SeqStudio™ for 42 minutes. The fragments were
separated and sized by capillary electrophoresis using polymer POP 1.

The data was then loaded into a DNA fragment sizing software Microsatellite Analysis

Software v1.0 (Thermo Fisher Scientific, Waltham MA), which is used to view genetic
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profiles and make qualitative inferences using the electropherogram reports produced and
quantitative inferences by calculating the size fragments.

The Microsatellite Analysis Software v1.0 were set to the local Southern size calling.
Alleles were manually binned based on their expected size. A minimum noise threshold
was set at 100 fluorescent units. For amplicons present in PM1 true alleles were called
between 106-330 bp. For amplicons present in PM2, true alleles were called between
134-361 bp. Because each STR of interest is a tetranucleotide repeat, any peaks 1 bp

apart were deemed an artifact and not accepted as a true value.

8.2 STATISTICAL ANALYSIS

8.21 FRAGMENT ANALYSIS
The electropherograms were created using Thermo Fisher Microsatellite Analysis
Software v1.0. The sizing tables were exported to MS Excel (Microsoft, Redmond, WA),
and the R software was used for data analysis. The variation in size of alleles within each
sample and frequency of their occurrence were analyzed to evaluate if these alleles can
serve as unique identifiers when characterizing ethnicity. During fragment analysis,
fragment primers labeled with fluorescent dyes from PCR were sized and quantitated for
important genetic information about specific targets. In this study, genotype frequency,
allele frequency, and estimated size fragments are of interest and will be investigated to
determine if the HLA gene complex can identify individuals according to their ethnicity

via buccal swabbing.
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8.2.2 LENGTHHETEROZYGOSITY POLYMERASE CHAIN REACTION (LH-

PCR)/ INDICATOR SPECIES ANALYSIS (ISA)
Using the R software, LH-PCR was used to assess the length variation among the HLA
genes under study. The sizing tables of collected human samples were compiled into one
large data matrix. The data was then normalized to relative abundance. Relative
abundance was calculated by finding the sum of each row within the matrix to obtain the
total intensity for the data set. Each row was then divided by total intensity to calculate
the relative abundance of each allele. The abundance of each allele was then used as a
vector for interspecies analysis. The number “0” was assigned when a peak was absent.
The allele was chosen as an indicator if it could predict the diversity of a population. The
alpha parameter was set to 0.05, and all ethnic specific allele associations that were not
significant at this level were not included.

8.2.2.LINEAR DISCRIMINANT ANALYSIS
Linear Discriminant Analysis (LDA) was performed to determine if the genotype
frequencies acquired are reliable biomarkers for ethnicity classification.
Linear Discriminant analysis is a machine learning technique that classifies categorical
data based on a covariance matrix. In this study, LDA was used to evaluate the genotype
frequency’s capability to predict individuals by ethnicity. The genotype frequency was
utilized as the continuous variable. The statistical software used for LDA was JMP®

Student.
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9. Results and Discussion

9.1 Preliminary Studies

Prior to extracting the pilot study samples, the optimal swabbing method was assessed by
determining if a subject washing their mouth prior to sampling produced a greater yield.
This study is of great importance due to the small sample size acquired. The optimization
of methods decreases the likelihood of error and provide samples delegated specifically
for troubleshooting purposes. The results revealed that the amount of time the swab was
rotated in the mouth of the subject did not make a significant difference in the amount of
sample collected. Buccal swabs are known for their ability to acquire DNA with great
quality. Seven out of the eight samples collected were out of standard range. As stated in
the literature, the amount of DNA recovered is 40% greater in subjects that swab prior to
brushing their teeth.!*3 The study also validated that the Maxwell 16 was sufficient for
DNA acquisition. Therefore, for ease of sample collection, 30-second rotations coupled

with no washing of the mouth prior to swabbing was selected as the optimal method.

Table 20: Recovery of DNA based on sample collection method

Wash or No
Sample Name Recovery
Wash
TT101- HM No Wash (30
> 600 ng (sample too high)
(1&2) Secs)
T101- HM No Wash (1
> 600 ng (sample too high)
(3&4) Min)




T101- HM
Wash (30 sec) > 600 ng (sample too high)
(5&6)
T101- HM
Wash (1 min) > 600 ng (sample too high)
(7&38)
T102 AAM No Wash (30
> 600 ng (sample too high)
(1&2) Secs)
T102 AAM No Wash (1
> 600 ng (sample too high)
(3&4) Min)
T103 AAF (1&2) Wash (30 sec) 51.0 ng/ul
T103 AAF (3&4) Wash (1 min) > 600 ng (sample too high)

9.2 QUANTIFICATION OF GENOMIC DNA

Based on the known standards provided in the Qubit Assay Kit, the DNA recovered via
Maxwell extraction was quantified. The concentration of each sample was calculated
with high selectivity. The average quantitated DNA extracted by each were then
calculated. Figure 48 displays the average amount of gDNA extracted within each
population (Caucasian, Hispanic, African American). When comparing the recovery of
DNA among ethnicities, African Americans yielded the most DNA (37.94 ng/ul),
followed by Hispanic subjects (28.77g/ul), and lastly Caucasian subjects (28.77 ng/ul).
The DNA yields obtained using the Maxwell extraction had a small standard deviation

among ethnicities (5.08 ng/ul),
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Figure 48: Average amount of DNA extracted per ethnicity

which highlights that the extraction method utilized was precise. Among the African
American subjects, the DNA yields ranged from 10.8 ng/ul to 60 ng/ul. The median
amount of gDNA extracted was 37.0 ng/ul. Among the Caucasian subjects, the DNA

yields ranged from 8.04 ng/ul to 43 ng/ul. The median amount of gDNA was 25.65

ng/ul.
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Figure 49: Amount of Genomic DNA extracted from African American Subjects
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Figure 50:Amount of Genomic DNA extracted from Caucasian subjects

Among Hispanic subjects, the median amount of gDNA was 31.05 ng/ul.
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Figure 51: Amount of Genomic DNA extracted from Hispanic subjects

Of the 31 buccal swab samples quantified, 17% of the samples were out of range as a
result of the high amount of DNA extracted from subjects. Of the samples, 83% were
quantified successfully using the calibration curves constructed using standard 1 and

standard 2. For samples greater than 60 ng/pl, the samples were diluted.

Quantitation summary of DNA yields

Quantatiation
out of Range
(>600 ng/ ul)
17%
® Quantatiation out of Range

Quantified (>600 ng/ )
succesful using m Quantified succesful using
standrad 1&2) standrad 1&2)

83%

Figure 52: Quantitation summary of DNA yields
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9.3 MULTIPLEX PCR OPTIMIZATION

For the seven samples that were not able to be quantified as a result of the high amount of
DNA present (> 60 ng/ul), M1V1=M:V2 was used to determine how much H2O should be
used to dilute the samples to 40 ng/ul, where My is equal to the approximate amount of
DNA present, V1 is equal to the volume of DNA left in the tube, M2 = desired

concentration of DNA (40 ng/ ul), and V2 = volume needed for an efficient dilution

(Table 21).
Table 21: Amount of water needed to dilute samples

Sample H20 Needed
B131 (AAM) 10.0 pl

B133 (AAM) 15.0 pl

B132 (AAM) 75l

B125 (CF) 17.5 pl

B127 (CF) 17.5 pl

B105 (HF) 20.0 pl

B137 (HM) 17.5ul

The samples were then re-quantified using the Qubit 2.0 Fluorometer. All samples fell
within range for quantitation, which exemplifies the importance of diluting high
concentration analytes. For normalization purposes, each sample was diluted to 10 ng/ul
prior to PCR implementation. The diluted samples were then stored at -20 °C in

preparation for PCR.
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The gel image in Figure 53 is the result of restriction digestion via gel electrophoresis.
Using the PCR product of two subjects, the behavior of the multiplex reactions was
studied. Qualitative and semiquantitative observations were made to determine the

genotype and to confirm the size range for each primer.

PM1 | 2925 | 2837 |M138

Figure 53: Amplification of three genes using Multiplex PCR reaction (Primer mix I)

For Primer Mix 1(PM1), the Primer mix (PM1) in the first lane was analyzed to easily
cross reference and determine if each primer present in the mix would show up. In the
second lane (2925), there appears to be only one band present; however, it does not have
the intensity of a homozygote. Therefore, it was inferred that the band is heterozygous. In

the third lane (2837), there are two clearly distinct bands. This means that this band is
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identified as heterozygous. In the lane labeled M138, there is only one band visible that is

extremely bright. This band is identified as homozygous. The size allele was also

assessed to determine if the size range observed fell within the expected range A

summary of the findings from PM1 are shown in Table 21.

Table 22:Multiplex PCR amplified genes with size range and genotype

Primer Expected size range | Observed size range | Genotype
(bp) (bp)

D6S52925 106-141 100-150 Heterozygous

D652837 137-199 150-200 Heterozygous

M138 235-320 200-300 Homozygous

Each primer was observed close to the expected size range. For Primer Mix Il (PM2), in

the lane labeled 2787, there are two alleles that appear to be close together. This is

because the repeats are only 2—6 bp apart. The intensity of the band determined STR

28787 to be heterozygous. In the second lane, there is a distinct line between the two

bands, which means the band is undoubtedly heterozygous. The qualitative information

revealed from the gel electrophoresis confirmed that the multiplex PCR reaction can

successfully amplify the regions of interest.

Table 23: Multiplex PCR reaction amplified regions with size range and genotype (Primer Mix I1)

Primer Expected size range | Observed size range | Genotype
(bp) (bp)

D6S2787 134-163 200-300 Heterozygous

D6S2917 247-361 100-200 Heterozygous
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Figure 54: Amplification of two genes (D6S2787 and D6S2917) using Multiplex PCR reaction (Primer Mix I1)

9.4 PRIMER MIX | ANALYSIS

9.2.3.1 Primer Mix I indicator species analysis
The frequency of each true allele called within the electropherogram was assessed to
determine if there was a significant increase or decrease in specific populations
(Caucasian, Hispanic, African American). The frequency of HLA genes has been
previously demonstrated to show variation among different ethnic populations.*4 Using
the two optimized multiplex PCR reactions on each sample successfully amplified the
targets of interest (D6S2925, D6S2837, M138, D6S2787, D6S2917). The size of the
amplicons was categorized according to their respective gene, as reported in the
literature. The frequency of each gene among each ethnicity was assessed. The high

number of peaks observed were due to the genetic variation present among each
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tetranucleotide STR loci. A sizing rule was adopted for each gene to ensure consistent
rounding and calling of the DNA fragments occurred. Each primer mix was analyzed
independently to facilitate the analysis of genes identified in similar size ranges.

Primer Mix | amplified the following genes: D6S2925, D6S2837, M138. Preliminary
statistical analysis of the data was used to further investigate if there would be any
variation in the presence of each gene based on ethnicity. Each gene was identified by
their expected size range. Although an overlap between the size ranges is present between
D6S2925 and D6S2837, different primers were used to amplify the regions to provide a

clear distinction between the two genes.

Table 24: Target regions using Primer Mix | with expected size range

Gene Expected Size Range (bp)
D6S2925 106-141
D6S2837 137-199
M138 235-320

The bar graph shown in Figure 55 highlights the variation in gene presence among each
ethnicity. As visualized, Hispanics carried the D6S2837 gene most frequently, followed
by Caucasian and lastly African American. African Americans carried the D652925 gene

most frequently, followed by Hispanics and lastly Caucasians.
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The M138 gene was more frequent in African American subjects, followed by Hispanics

and was least observed in Caucasians.

Variation in Gene Presence amongst Ethnicity
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Figure 55: Variation in gene presence among each ethnicity

A chi square test was conducted to determine if the preliminary observation of each gene
was statistically significant. The chi square test revealed that the differences between the
frequency distributions are statistically significant (p = 0.00293), which means that the
presence of the gene within each population is not random and is potentially affected by
ethnicity. Further qualitative and quantitative studies were needed to further validate this
hypothesis. To further investigate, Length Heterogeneity Polymerase Chain Reaction
(LH-PCR) coupled to an indicator species analysis was employed based on the

differences in length within each HLA region of human samples from each ethnicity.
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Length Heterozygosity PCR (LH-PCR) provided a gateway to quantitatively express the
presence of each allele. Indicator species analysis was utilized as a fingerprinting tool to
determine which alleles are frequently abundant in each population with significance.
The frequency of occurrence of each allele within each population was calculated.

The frequently abundant amplicon sizes ranged from 113-178bp. Of the six sizes deemed
as a unique associate to a specific ethnicity, only two of the three genes were significantly
capable of ethnic specific observations (D652925, D6S2837). The indicator species
analysis did not associate the M138 gene with a specific ethnicity. Furthermore, the
Caucasian population did not have any alleles solely representative of their population.
Two sizes (113, 146) were associated with the African American ethnicity. On the other
hand, four sizes (175, 176, 177, 178) were associated exclusively with the Hispanic
population. The ability of the HLA-B region ( D6S2925) to successfully investigate
genetic diversity of African Americans supports earlier observations that showed genetic

distinctions among two ethnic groups within the African population.!?®

Table 25:Frequently abundant alleles withing gene D6S2925 and D6S2837 detected via indicator species analysis

Size Gene Ethnicity P Value
Association

113 D6S2925 African 0.0473
American

146 D6S2837 African 0.0167
American

175 D6S2837 Hispanic 0.0205

176 D6S2837 Hispanic 0.0225

177 D6S2837 Hispanic 0.0277

178 D6S2837 Hispanic 0.0015
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After the indicator species analysis identified the alleles that are most significant for the
populations under study, one-way ANOVA was used to determine whether the
differences in the relative abundance between ethnicities were statistically significantly.
Only the statistically significant alleles are shown (Size 175-178). Sizes 113 and 146 had
a p value > 0.05 (0.705 and 0.0734, respectively), which means they were not statistically

significant when comparing ethnicities.

Table 26: Statistically significant alleles within D6S2837 gene detected via indicator species analysis

Size Gene ANOVA
176 D6S2837 F=4.081
P =0.0283
178 D6S2837 F=121
P =0.005

Each of these sizes (176 and 178) are directly correlated to the D6S2837 gene. The
Tukey’s HSD post hoc test was implemented to compare the mean values for each of
these alleles. If the ethnicity had the same letter present within their group, this means

they were not statistically different.

Table 27: Tukey’s HSD mean comparison of relative abundance among ethnicities (Allele 176)

Ethnicity Size Group
Hispanic 0.015207634 | a
Caucasian 0.003899443 | ab
African American 0|b
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The mean values of size 176 ranged from 0-0.0153. This study revealed that the mean
values of Hispanic and African Americans were different. All other mean comparisons
between ethnicities using size 176 did not show significant differences. The post hoc test
for size 178 revealed that the mean values of Hispanics were different from Caucasians
and African Americans. All other mean comparisons using size 178 did not show

significant differences.

Table 28: Tukey’s HSD mean comparison of relative abundance among ethnicities (Allele 178)

Ethnicity Size Group
Hispanic 0.0089312405 | a
Caucasian 0.003899443 | b

African American 0.0011210979 | b

The allelic frequency associated with a specific ethnicity was obtained for the data
obtained by evaluating each subject’s profile for the presence or absence of each allele.
The number of occurrences of each allele was tailed and divided by the total number of
subjects in the sample pool to obtain a percentage of occurrence for each ethnicity
9.2.3.2 Gene D6S2837 Allele Frequency Study

Within gene D6S2837 (137 bp—199 bp), a total of 12 alleles were observed between the
population sampled. Figure 56 shows the number of alleles observed for each ethnicity.
The D6S2837 gene was predominant in the Hispanic population with 10 alleles observed
within their population, followed by Caucasians (9 alleles) and lastly African Americans

(7 alleles).
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Figure 56: Alleles observed in D6S2837 gene

The number of alleles observed in the Caucasian population supports previous reports of
this gene’s observation in subjects of European descent.'® Figure 57 highlights the

specific alleles that are most prevalent among each ethnicity.

Allele frequencies of Gene D652837 amongst ethnicites
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Figure 57: Allele frequencies of Gene D6S2837 among ethnicities
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The increased frequency of Allele 146 in African Americans and Allele 177 in Hispanics
further validates the findings from the indicator species analysis that deemed these alleles
as frequently abundant. The absence of alleles within a population could potentially be
used in forensic casework for the exclusion or inclusion of a specific ethnic group. The
allele frequency study revealed that Allele 141 was found only in Hispanic subjects. On
the other hand, Allele 192 was found only in Caucasian subjects and 184 was only
present within African American subjects. This means that if the D6S2837 gene was used
to evaluate a suspect, then if the person expresses Allele 184, with the absence of Alleles
141 and 192, the suspect could potentially be identified as African American. A genotype

study of each was conducted to further asses the STR profiles of each subject.

9.2.3.3 Gene D6S2837 Genotype Frequency Study
Determination of Genotype Combinations
The HLA genome has been used to identify specific genotype combinations that identify
diseases such as multiple sclerosis in populations.t*® The genotype combinations among
ethnicities were conducted to determine if any distinct allelic combinations were present
within each population. The electropherogram of each subject was examined to determine
the genotype of each subject at the specific loci of interest. The combined probability of
allele combinations was calculated using the following equation adopted from the

literature: 11’
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Equation 6: Combined probability of allele combinations

m
P=—
n

where m = the number of allele combinations present at a specific loci and n = the total
number of samples within the population. The genotype combinations present within
each sample were identified in the DS62837, D6S2925, and M138 genes. A summary of
the genotype frequency of each subject is depicted in Appendix 4 through Appendix 8.

When a subject did not express a specific combination, a value of 0 was assigned.

The 13 genotype combinations observed within the sample set were further assessed to
determine if the combination occurred frequently among any specific population.

An example of a combination present within two different Hispanic subjects is depicted

in Figure 58.
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Figure 58:Electropherogram showing genotype of Hispanic subjects

Three allele combinations were present within multiple samples at a different frequency.
Of the three combinations, two of the three (142,174 and 177,181) were found
exclusively in the Hispanic population. The alleles observed within the Hispanic

population as distinct markers highlighted the “extreme polymorphism” of the HLA
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region discussed in previous studies.'!® Although these alleles alone can identify Hispanic
individuals successfully (according to the interspecies analysis), when each heterozygote
was assessed, there were only two unique combinations present. However, 60% of the
samples collected had at least one of the sizes predicted using the interspecies analysis
present. Furthermore, the Hispanic population was the only population to express 100%
heterozygosity at this locus. A linear discriminant analysis was computed to determine if
the genotype frequencies acquired are capable of both predicting and separating ethnicity.
According to LDA analysis, subjects of different ethnicities are clearly distinguished
based on genotype frequencies. With the use of LDA, all 31 subjects were correctly

classified at 87.10% accuracy. The prediction rate of the model is illustrated in Table 29.

Table 29:Prediction rate of identifying ethnicity based on genotype frequency using gene D6S2837

Actual Predicted Rate
Ethnicity African Caucasian Hispanic
American
African American 1.000 0.000 0.000
Caucasian 0.250 0.750 0.000
Hispanic 0.200 0.000 0.800

The 12.90% misclassifications resulted from incorrect classifications of Caucasians and
Hispanics. When evaluating the discriminant scores of the eight Hispanic subjects, two
were misclassified as African American. Of the ten 10 Hispanics, two were also
misclassified as Caucasian. Nonetheless, the true positive rate ranged from 75-100% for
the prediction of each ethnicity. The false positive rate ranging from 20-25% could be
improved upon by increasing the sample size. Based on the canonical plots and stepwise

regression analysis, Table 30 shows the genotype frequencies selected as most influential

124



for successful ethnicity prediction. For predicting ethnicity, four combinations
(173,173/173,185/173/192/173/177) were equally influential. When ethnic variation is

considered, Allele 173 is of great interest due to its redundant expression as an influencer.

Table 30: Most influential genotype for ethnicity differentiation using gene D6S2837

Combination Canon 1 Canon 2
169,189 2.2455914254 0.422465237
173,173 1.8531513237 2.8684746649
173,185 1.8531513237 2.8684746649
173,192 1.8531513237 2.8684746649
173,177 1.8531513237 2.8684746649

9.2.3.4Gene D6S2925 Allele Frequency Study
Within DS62925 gene, a total of 14 alleles were observed among the populations

sampled. Figure 59 shows the number of alleles observed for each ethnicity.
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Figure 59: Total number of alleles observed in Gene D6S2925

The D6S2925 gene was equally predominant in the African American and Hispanic
population with 10 alleles observed. There were fewer alleles detected in Caucasian
subjects (7) than previously reported (9). The bar graph highlights notable differences
between the allele frequencies with respect to their ethnicity. Figure 60 displays that
African Americans were found to have higher levels of the D6S2925 gene at 7 out of 10
loci. Thus, the ethnicity association of African Americans with this gene supported by the
indicator species analysis is further validated. Furthermore, Allele 177 shows a
significant increase in frequency among Hispanics, which confirms the association with
the Hispanic population inferred by the indicator species analysis. On the other hand,
there was an absence of Caucasian subjects at 7 out of the 10 loci observed. Based on
these findings, the Hispanic gene D6S925 could be useful in excluding Caucasians from

forensic cases. Similarities between allele frequencies were also present. Specifically,
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Allele 136 was similar across Caucasian and Hispanics, and Allele 111 was similar across
all ethnic groups. However, to further examine the accuracy and reliability of the

exclusion rate, a larger sample size should be evaluated.
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Figure 60:Allele frequencies of Gene D6S2925 amongst ethnicities
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9.2.3.5 GENE D6S2925 GENOTYPE FREQUENCY STUDY
To identify whether distinct allelic combinations exist within each ethnicity, various
genotype combinations were examined. A summary of the genotype frequencies of each
subject is displayed in Appendix 6. Of the 18 loci observed, 14 had genotypes unique to a
specific population. However, there was some overlap at four loci. Genotype 109,112 and
Genotype 111,127 was present in both Caucasians and African Americans at a different
frequency (0.125 and 0.076923, respectively). The homozygous loci 136,136 was present
in two Hispanic and two Caucasian subjects at a similar frequency. The haplotype
diversity present within the D62925 gene was reflected in the Caucasian sample set. Of
the 8 subjects sampled, 6/8 were heterozygous and 2/8 were homozygous. This is in
comparison to African American subjects, who had 100% heterozygosity at this specific
locus. Homozygosity within the D62925 region may be indicative of Caucasian and
Hispanic ethnicity. However, the natural selection influence on HLA alleles across a
specific loci requires large sample sizes.!'° Based on the genotype frequencies acquired,
it was determined whether ethnicity could be predicted through a linear discriminant
analysis. Based on genotype frequencies, different ethnicities can clearly be distinguished
by target alleles within the D6S2925 gene. A correct classification of 93.30% was
achieved when using the machine-learning technique to predict ethnicity. A summary of

the model’s prediction rate is given in Table 31.

Table 31: Prediction rate of identifying ethnicity based on genotype frequency using gene D6S2925

Actual Predicted Rate
Ethnicity African Caucasian Hispanic
American
African American 1.000 0.000 0.000
Caucasian 0.000 1.000 0.000
Hispanic 0.000 0.200 0.800
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Actual Predicted Rate
Ethnicity African Caucasian Hispanic
American

Of the misclassifications, 6.67 % were due to incorrectly classifying Caucasians and
Hispanics. When the discriminant scores were evaluated, two Hispanic subjects were
incorrectly categorized as Caucasians. African Americans were classified with 100%
accuracy. The perfect prediction of this ethnicity supports previous claims that the HLA-
DRBL1 region (where Gene D6S2925 is located ) is a reliable indicator of African
American origin.'?® The true positive rate of the analysis ranged from 80-100% for the
prediction of each ethnicity. The false positive rates ranged from 0-20%. The canon was
evaluated to determine the most influential genotype combinations for ethnicity

prediction. The results are shown in Table 32.

Table 32:Most influential genotype for ethnicity differentiation of individuals using D6S2925 Gene

Genotype Canon1l Canon?2
128,136 -3.23255 0.546353
112,132 -3.23255 0.546353
112,128 -4.41736 0.291089
111,124 -2.14055 -2.80886
111,120 -2.04775 0.801617

According to the high specificity and sensitivity of this model, the D6S2925 gene could

be an effective target for classifying populations based on their genotype frequencies.
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9.2.3.6 GENE M138 ALLELE FREQUENCY STUDY
Within Gene M138 (235 bp—-320 bp), a total of 12 alleles were observed among the
population sampled. The M138 gene was predominant in the African American
population with 10 alleles observed within their population, followed by Hispanics (9
alleles) and lastly Caucasians (8 alleles). The number of alleles observed in the Caucasian
population supports previous reports of this gene’s observation in subjects of European
descent.'® Figure 61 highlights the specific alleles that are most prevalent among each

ethnicity.

Allele frequencies of gene M138 amongst ethnicities
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Figure 61: Allele frequencies of gene M138 among ethnicities
Within this gene, each population expressed at least one allele exclusive to their

population. A summary of these ethnicity specific alleles is listed in Table 32.
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Table 33: Alleles expressed within M138 gene unique to specific ethnicities

Allele Fingerprint Population
249 Caucasian

255 Hispanic

270 Hispanic

271 African American

275 Caucasian

286 African American

The use of these alleles in forensic investigations could be groundbreaking for identifying
the ethnicity of an unknown sample collected at a crime scene. There were also several
alleles that portrayed similar frequencies among all populations (Alleles 255, 261, and
238). The presence of alleles at a similar frequency in different regions of the M138 gene
may foreshadow challenges with using this gene as a marker for ethnic specific
differentiation.

9.2.3.7 GENE M138 GENOTYPE FREQUENCY STUDY
The genotype of each individual provided more insight on the impact of each allele on

the characterization of subjects based on ethnicity.
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The genotype combination study revealed that three genotype combinations were
frequent among different populations and were not unique to ethnicity. A summary of the

genotype frequencies of each subject is displayed in Appendix _

For example, an African American and Caucasian subject both shared the same genotype
(235,257) at the same frequency and zygosity (heterozygous). This finding correlates to
the allele frequency study that indicated this outcome. However, to offset these
similarities, there were two genotype combinations unique to the African American
ethnicity (242,268)/ 246,286). As conducted in previous gene studies, the M138 gene was

evaluated using LDA to determine this gene’s ability to predict ethnicity.

Table 34:Prediction rate of identifying ethnicity based on genotype frequency using gene M138

Actual Predicted Rate
Ethnicity African Caucasian Hispanic
American
African American 0.923 0.000 0.077
Caucasian 0.000 0.875 0.125
Hispanic 0.000 0.100 0.900

The model was able to predict ethnicity at 74.19% accuracy. The true positive rate
ranged from 70-77% with African Americans portraying the highest true positive rate
(77%) and Hispanics portraying the lowest true positive rate (70%). The 25.8%
misclassification rate stems from the overlap of equivalent genotype frequencies. In
comparison to the two other genes studied that predicted ethnicity at 80% or greater, this

gene had more genotypes that shared the same expression. Therefore, this gene would not
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be ideal for forensic analysis. Overall, the combinations observed within each population,
amplified using Primer Mix I, were different among each ethnic group. Thus, the specific
combinations observed were representative of a particular ethnicity. The possession of
these combinations can be used in the future work for class characteristic determination
when further validated in a larger sample set. The second primer mix underwent the same
analysis to determine if the D6S2787 and D6S2917 genes could discriminate between

ethnicities.

9.5 PRIMER MIX Il ANALYSIS

9.2.4.1 PRIMER MIX Il INDICATOR SPECIES ANALYSIS
Primer Mix | amplified the following genes: D6S2787 and D6S2917. To further examine
whether ethnicity would influence gene presence, a preliminary statistical analysis of the

data was conducted. Each gene was identified by its expected size range.

Table 35:Genes amplified using Primer Mix Il with expected size range

Gene Expected Size Range (bp)
D6S2787 134-163
D6S2917 247-361

As illustrated in Figure 62, the variations in gene presence across ethnicities were

represented by the bar graph.
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Figure 62:Variation in gene presence among ethnicities

D6S2917 is most prevalent in African Americans, followed by Hispanics and lastly
Caucasians. A similar trend is observed in gene D6S2787.The same statistical methods
were implemented on the data to determine which alleles were frequently abundant
within each population. The data was normalized using LH-PCR, and the frequently
abundant alleles were identified using Indicator Species Analysis. To find out whether
the relative ratios observed when comparing ethnicity were statistically significant, a one-
way ANOVA test was performed on each allele. Statistically significant alleles were also
subjected to a Tukey’s post hoc test to determine if the differences between the mean
values were significant. A summary of the findings from the LH-PCR / Indicator Species
analysis is shown in Table 36. The frequently abundant amplicon sizes ranged from136 to
335 base pairs. Nine alleles were identified as strongly associated with a specific ethnic
group. Both genes amplified using primer mix Il provided useful data for ethnic-specific

differentiation. However, the DS62917 gene was the most significant with 78% of
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frequently abundant alleles deriving from that region. In this study, gene D6S2917 was
more frequently detected than any other gene, confirming previous literature that HLA-B
(D6S2787) and HLA-DQB1(D6S2917) loci have greater influence on ancestry and
lineage.”™"* D6S2917 was found to be strongly associated with both Caucasian and
African American subjects at several different regions (239 bp, 271 bp, 286 bp, 287 bp,

335 bp, 364 bp, 367 bp).

Table 36:Frequently abundant alleles present within genes D6S2917 and D6S2787 via Indicator Species Analysis

Size Gene Ethnicity P Value
Association

367 D6S2917 Caucasian 0.0152

271 D6S2917 Caucasian 0.0131

364 D6S2917 Caucasian 0.0280

286 D6S2917 African 0.0060
American

287 D6S2917 African 0.0287
American

136 D6S2787 African 0.0336
American

335 D6S2917 African 0.0103
American
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An ANOVA was used to determine if there were significant differences between ethnic

groups in terms of relative abundance. In Table 36, only statistically significant alleles

are shown. As seen in the table, the mean values with the same letter in superscript did

not differ significantly. Based on the collected data, several quantitative and qualitative

observations were made.

Table 37:Tukey’s HSD mean comparison among ethnicities using gene D6S2917

Size Gene ANOVA Caucasian Hispanic African
American

367 D6S2917 | F=6.68 0.0007049225% | QP 0P
P =0.0072

271 D6S2917 | F=5.62 0.0003516266% | O° 0%
P =0.0134

364 D6S2917 | F=4.144 0.0009160669% | 0.0001474911° | 0.0001472000°
P =0.0342

286 D6S2917 | F=7.93 0.001315590% | 0.003050132° | 0.022945513°
P =0.00389

287 | D6S2917 | F=4.64 0.005385375° | 0.009390577° | 0.061988773°
P =0.0246

136 D6S2787 | F=3.95 0.002218232% | 0.001362258" | 0.013016488°
P =0.039
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9.2.4.2 GENE D6S2917 ALLELE FREQUENCY STUDY
Within gene D6S2917 (247 bp—361 bp), a total of 29 alleles were observed in the
population sampled. Figure 63 shows the number of alleles observed for each ethnicity.
The D6S2917 gene was predominant in the African American population with 22 alleles
observed within their population, followed by Hispanics (15 alleles) and lastly
Caucasians (7 alleles). Although African Americans had the most variation in alleles, the
frequency of each allele within each population was higher in Caucasian and Hispanic
subjects. Previous studies highlighted the observation of this trend. The prevalence of
HLA-B genes (where D6S2917 is located) varies by ethnicity. Caucasians and Hispanics

are more highly represented in this region in comparison to African Americans.!?

Total # of alleles observed in D652917
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Figure 63: Total number of alleles observed in D6S2917
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Among the alleles observed, there was patterns observed within each population. Each
population had several regions in which their lack of presence makes it the region of
interest when conducting forensic investigations. For example, Allele 302 was found in
Caucasian and Hispanic subjects. However, this allele was not found in any Caucasian
subjects. Gene D6S217 expressed several alleles linked solely to a specific ethnicity.
Caucasians had three alleles unique to their population (Allele 279, Allele 271, Allele
327). The Hispanic population also expressed a unique allele that could potentially be
used to classify their ethnicity (Allele 319). African Americans possessed the most alleles
unique to their ethnicity (Allele 278, Allele 282, Allele 350, Allele 252). When
comparing the results of the indicator species analysis to the allele frequencies observed,
there was a correlation with relative abundance and allele frequency for the African
American population. For example, Allele 287 demonstrated the highest frequency and
relative abundance. The same pattern was observed at Allele 327 for Caucasian subjects.
The differences within each observed population validate that if it were further enhanced,
gene D6S2917 could serve as a biomarker for ethnicity-related studies. A genotype study

was conducted to further assess the reliability of this gene as a biomarker for ethnicity.
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Figure 64: Allele frequencies of gene D6S2917 among ethnicities

9.2.4.3 GENE D6S2917 GENOTYPE FREQUENCY STUDY
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The 26 genotype combinations observed within the sample set were further assessed to

determine if the combination occurred frequently among any specific population. The

zygosity of all subjects was observed. Of the 31 subjects, 30 subjects were heterozygous

and only one subject was homozygous (302,302). Three allele combinations

(252,287/278,302/290, 290/291) were present within multiple samples at a different

frequency (see Appendix 8). Two genotypes were found exclusively in the African

American population (252,287/ 278/302), appearing in 15% of the African American

subjects sampled. One genotype was found in 20% of Hispanic subjects sampled

(290,291). The recurrence of these alleles within specific ethnic groups with no overlap

strongly indicate their reliability as a biomarker for class-characteristic determination of
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individuals. A linear discriminant analysis was computed to further validate this claim.
With the use of LDA, all 31 subjects were correctly classified at 90.32% accuracy. The

prediction rate of the model is illustrated in Table 38.

Table 38: Predicted rate of identifying ethnicity based on genotype frequency using gene D6S2917

Actual Predicted Rate
Ethnicity African Caucasian Hispanic
American
African American 0.923 0.000 0.077
Caucasian 0.000 0.875 0.125
Hispanic 0.000 0.100 0.900

The true positive rate ranged from 87.5% to 92.30%. The false positive rate ranged from
0% to 13%. The high true positive and low false positive rates support previous findings
that report a sensitivity greater than 90% when using HLA-B genes as a biomarker for
disease.'?? The 9.68% misclassification rate resulted primarily from incorrect
classifications of Caucasians and Hispanics. When evaluating the discriminant scores, a
Caucasian subject was incorrectly identified as Hispanic. A Hispanic individual was also
incorrectly identified as Caucasian. This finding highlights the misinterpretation
challenges that occur when subjects self-identify their ethnicity. Based on the canonical
plots and stepwise regression analysis, Table 39 shows the genotype frequencies selected
as most influential for successful ethnicity prediction. Their influence was determined by

assessing their canon 1 and canon 2 values. The higher canon 1, the greater the influence.
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Table 39: Most influential genotype for ethnicity differentiation of individuals using Gene D6S2917

Genotype Canonl | Canon?2
280,335 | 4.176087 | 0.560593
271,303 | 4.176087 | 0.560593
306,340 | 4.176087 | 0.560593
287,340 | 4.176087 | 0.560593
287,302 | 4.176087 | 0.560593

9.2.4.4 Gene D6S2787 Allele Frequency Study
Within gene D6S2787 (134 bp—163 bp), a total of 7 alleles were observed within the
population sampled. Caucasians expressed the most alleles (7), followed by African
Americans (4) and lastly Hispanics (3). The gene expressed several notable patterns
observed. The Caucasian population was represented in every allele expressed within this
gene. Furthermore, the Caucasian population also had three alleles that were unique to
their ethnicity (Allele 137, Allele 149, Allele 152). As seen in the Indicator Species
Analysis, Allele 136 was frequently abundant in African American subjects. The LHPC
ratio observed for this allele was directly correlated to the genotype frequency observed.
Allele 138 showed a high frequency for all ethnicities. The expression of this allele in all
populations signifies challenges with prediction of ethnicity using this allele alone.
However, the variation in genotype frequencies may highlight differences between
individuals. On the other hand, Allele 140 shows great potential for ethnic-specific
differentiation based on the presence of this allele at different frequencies. The genotype
frequencies of each subject were further observed to determine whether genotype

combinations could reliably be used to differentiate among ethnicities.
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Figure 65:Allele Frequencies of gene 2787 among ethnicities

9.2.4.5 Gene D6S2787 Genotype Frequency Study
The genotype combinations of each subject were examined to identify trends present
within the populations. Combination 138, 140 was present in approximately 50% of the
populations sampled. This genotype was the most frequent in Caucasians (62.5%),
followed by African Americans (30.8%); it was least observed in Hispanics (30%).
Genotype 136,138 was present within both Hispanic and African American subjects. The
overlap in genotype expression at similar frequency in Hispanic and African American
subjects foreshadow a challenge with deciphering between the two populations. LDAS
was implemented on the dataset to identify the predictive ability of the alleles expressed
within the D6S2925 gene. With the use of LDA, subjects were accurately classified at

80% and misclassified at 20%. The prediction rate of the model is illustrated in Table 39.
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Table 40:Prediction rate of identifying ethnicity based of genotype frequency using gene D6S2787

Actual Predicted Rate
Ethnicity African Caucasian Hispanic
American
African American 0.769 0.000 0.231
Caucasian 0.000 1.000 0.000
Hispanic 0.300 0.000 0.700

The true positive rate for both the African American population and Hispanic population
were relatively low (70-77%). This is due to the similarities observed within both
populations in both the allele frequency study and genotype study. These similarities
accounted for all misclassifications observed in the analysis. Therefore, this could be
useful for the classification of African American and Hispanic subjects. However,
supplemental data would be needed to further validate the characterization of an
individual. By contrast, there was a 100% true positive rate for Caucasian subjects, which
highlights the capability of Gene 2787 to predict Caucasian ethnicity. The false positive
rate ranged from 0% to 30%. The most influential genotypes for the accurate predictions
observed were genotype 137,139 and genotype 150,152. Both genotypes were present in
only Caucasian subjects at a low frequency (0.125). This further validates allele 137 and
allele 152’s usage for exclusion of the Caucasian population. Overall, Gene D6S2787

provided useful information that can be used to assist with ethnic specific observations.

Table 41:Most influential genotypes for ethnicity differentiation of individuals using gene D6S2787

Genotype Canon 1 Canon 2
137,139 | 3.212617 | 2.111731
150,152 | 3.212617 | 2.111731
138,140 | 1.626492 | -0.369995
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138,140 | 1.626492 | -0.369995
136,138 | 0.995345 | -0.31572

10.HLA GENE STUDY CONCLUSIONS

Because the HLA complex is a highly polymorphic region, the genetic variations that
contribute to ethnic specific differences were observed. These variations were evaluated
for statistical significance using several statistical methods for validation. The novel
approach of utilizing LHPCR coupled to Indicator Species Analysis for the HLA region
successfully highlighted alleles that were frequently abundant in almost each population.
This robust method, typically used in microbial community analysis, can identify
amplicons in humans that originate from different ethnicities based on their natural
variations prior to the traditional STR genotyping analysis. The results found in this study
confirm that individuals have a distinct HLA region that is composed of regions that
express ethnic specific combinations that could potentially be used for class-characteristic
determination when a larger sample size is evaluated. The study assessed the ability of
the HLA gene complex to differentiate among three large populations (Caucasian,
Hispanics, African Americans). The study included 31 subjects who were separated into
groups according to their self-identified ethnicity. Using five genes, 20 alleles were
identified as unique contributors to the population due to their ability to predict ethnicity
with 80% or greater accuracy. Of these ten alleles, 10 were detected using Primer Mix |
and 10 alleles were detected using Primer Mix Il. The significance of utilizing both
primer mixes to amplify specific regions is reflected in the data observed. Multiplex PCR

allowed for the simultaneous investigation of several regions that facilitated the
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identification of alleles unique to each population. However, this study revealed that
genes located in the HLA-DPB1 (M138) was not as relevant in ethnic specific studies.
The findings of this study are in direct alignment with previous observations of the HLA
region. The genotype study of frequent combinations revealed that African Americans
have the lowest genetic diversity, which is why the chance of seeing two African
Americans that share the same genotype is lower than with Caucasians.'® These finding
also validate the claim in the literature that the HLA-B (D6S2925) and HLA-
DQRB1(D6S2917) loci have greater influence when assessing ancestry and lineage.’? In
accordance with Nelson v. State: “Without the necessary statistical calculations, the
evidence is deemed meaningless to the jury and thus, inadmissible.” In the absence of an
expected value that could be used to calculate Hardy Weinberg Equilibrium, Linear
Discriminant Analysis serves as an efficient statistical method to predict ethnicity with
great sensitivity and specificity. In future studies, a larger sample set should be used to
further evaluate the exclusion rates and likelihood ratios of these five genes for forensic

investigations.

11.VOC AND HLA CORRELATION STUDY

A correlation analysis was implemented on JMP® Student to determine if there was a
correlation between the most influential loci and VOCs detected in this study. A total of
18 subjects who completed both VOC sampling and buccal swab sampling were utilized

in this study. The demographics are shown in Table 42.
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Table 42:Demographics of VOC and HLA correlation study

Ethnicity Number of Participants
Caucasian 7
Hispanic 5
African American 6

The Kendall Tau Correlation Test was used for the dataset to further assess the
relationship between VOCs and genotype frequency. In comparison to the most used
correlation testing (Spearman’s rank), Kendall Tau was selected due to its more precise p
value for small sample size.'?® The study revealed that there was minimal correlation
between the VOCs and genotype combinations. However, of the nine genotypes, one
genotype showed a correlation to VOCs (142,173). This genotype was found within all
three populations (Caucasian, Hispanic, and African American). A summary of the

correlation is presented in Table 43.

Table 43:VOC and HLA genotype correlations with corresponding p values

Genotype VOCs Correlated to P Value
Genotype

142,173 Tetradecane <0.05

142,173 Propanoic acid, 2-methyl <0.05

142,173 Butanoic Acid <0.05

142,173 2-Tridecanone <0.05

142,173 1- Octadecane <0.05
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142,173 Dodecanoic Acid < 0.05

The negative correlation of -1.0 shown in navy blue in Figure 66 between genotype 142,
173 and the five compounds (Propanoic acid, 2-methyl, Butanoic acid, 2-tridecanone, 1-
Octadecane, Dodecanoic acid) showed that an increase in the amount of tetradecane

present within a subject led to a decrease in the genotype frequency observed.
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Figure 66:Heat map of correlation between VOCs and HLA genotypes

On the other hand, tetradecane displayed a 1.0 correlation, which means that when the

amount of tetradecane increased, an increase in the genotype frequency of 142,173 also
occurred. Previous studies have indicated that distinctive odor signatures are created by
expression of individual alleles.*® The findings of this study support those findings and

show that genotype combinations expressed also have an influence on odor profiles.
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Linear Discriminant Analysis was employed to determine if using the most influential
VOC:s in odor profiles and genotypes present within ethnicity can effectively predict
ethnicity with higher performance than individually assessing the two sample sets. The
test revealed that coupling the VOC findings to the HLA allowed for the investigation of
all three ethnicities simultaneously. Furthermore, the accuracy of the test was 94.4%. The
true positive rate ranged from 80-100%, with two of three ethnicities (African American
and Caucasian) having a perfect true positive rate. The false positive rate ranged from 0%
to 20%. The LDA performed showed the highest sensitivity and specificity in comparison
to the isolated VOC and HLA studies. This highlights the advantage of utilizing both
VOC and HLA data to class characterize individuals successfully. Future studies that
would complement the findings should investigate the VOC profiles of each buccal swab
prior to gDNA extraction. The trends in VOC prevalence within the saliva can be
compared to the HLA loci to determine if the correlation between VOCs and genotype

can be further enhanced.

Table 44:Predicted rate of identifying ethnicities based on genotype frequency using VOCs and HLA

Actual Predicted Rate
Ethnicity African Caucasian Hispanic
American
African American 1.000 0.000 0.000
Caucasian 0.000 1.000 0.000
Hispanic 0.200 0.000 0.800

12. FINAL CONCLUSIONS
When a criminal investigation is ongoing, evidence collection is pivotal in

linking a potential suspect to a crime scene. When physical evidence is not readily
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available, trace evidence of odorous compounds that emit from humans can be utilized to
provide investigative leads. Human scent evidence has made significant advancements in
the last decade. The novel incorporation of using two extraction methods (HS-SPME/
solvent extraction) has added value to the discrimination power of human scent
evidence. The statistical methods implemented in this dissertation show that individuals
can be characterized by ethnicity based on their odor profile by using nine VOCs. The
narrowing of the number of VOC:s significant for ethic specific observations will assist in
simplifying data analysis for future human scent studies. Furthermore, the utilization of
previously optimized HS-SPME methods have confirmed that the acquisition of human
scent evidence has been effectively standardized and facilitates the production of reliable
data that can be used to discriminate between individuals.

Furthermore, this dissertation validates why genomic DNA is the golden standard
in forensic science. The HLA study serves as the foundation for demonstrating the
reliability of the HLA region, not only from an immunological and ancestral standpoint
but also for valuable forensic observations. This dissertation also highlights the cross-
disciplinary application of a statistical method typically used in microbiology for
preliminary screening of frequently abundant alleles. Four of the five genes amplified via
Multiplex PCR predicted ethnicity with 80% or greater accuracy which was significantly
higher and more consistent than VOCs which ranged from 69% to 100% accuracy.
Further validation testing and statistical measures should be pursued in future work to
assess the capability of the HLA region to differentiate among ethnicities by addressing

the limitations of the study (i.e., the sample size).
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Coupling VOCs to HLA genes successfully provided a full profile of human
subjects. Although previous studies have emphasized how HLA influences odor, prior to
this research, there was minimal understanding of the correlation between the VOCs
emitted from humans and their genotype. This study serves as a foundation for the
utilization of HLA genes for the class-characteristic determination of individuals. This
dissertation confirms that the HLA plays a role in the VOCs emitted. However, it is
important to note that correlation is not causation.'?* Therefore, future research should
investigate the metabolic contribution of VOCs to determine the cause of quantitative
differences in primary odor observed within ethnicities. The statistical methods
implemented to analyze both VOCs and HLA genes show how machine-learning
techniques (ROC curves and Linear Discriminant analysis) can be used to predict
ethnicity based on their odor profiles and genotypes. Both data can be individually or
synergistically used to make inferences regarding ethnicity. The increased sensitivity and
specificity of the prediction rate when using both VOC and HLA genotype frequencies
highlights the value each type of biological specimen brings to this research.

Overall, this research has exhibited how the use of both HLA genes and VOCs
provide forensic analysts with two reliable forms of evidence that are left at every crime
scene. The analytical techniques and statistical methods provided robust and clear results
that could be expanded upon for the development of a future database of VOCs and HLA

genes useful for the class-characteristic determination of individuals.
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APPENDICES

Appendix 1: Flyer for human scent study recruitment (English)

Participants Wanted

for Research Study

Researchers at FIU are evaluating differances in scent across Hispanic individuals.
We are looking for Hispanics ages 18-30 who may be willing to take part in the study.
Participants will receive a $150 Walmart gift card as compensation.
kuummpukmunmdnmuxmm

Receive a 150 dollar gift
card for participating! |

International
melc Research

FLORIDA lhT}.LNAﬂO\AL UNIVERSITY
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Appendix 2:Flyer for human scent study recruitment (Spanish)

Se Buscan Participantes

Para Estudio de Investigacion

Investigadores en FIU estan trabajando en un proyecto que procura evaluar
las diferencias en olor corporal entre individuos de origen Hispano.

Buscamos personas de origen Hispano entre las edades de 18-30 afios
y 55 afos o mayores, que estén dispuestos a participar en el estudio.

Como compensacion, los participantes recibiran una tarjeta de
regalo de la tienda Walmart valorada en $150 délares.

Si usted, o alguien que usted conozca, esta interesado en participar en este est
llame al 305-348-3694 o escriba al correo electrénico aboon005@fiu

jReciba una tarjeta de
regalo de *150 délares
al participar!

International
Fomnslc Research

FLORIDA INTERNATIONAL UNIVERSITY
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Appendix 3:Human scent project description and instructions

FLORIDA
EIU |t
UNIVERSITY

In collaboration with Colgate, FIU will be investigating the odor profiles of Hispanics
and Caucasians. Due to the novelty of human scent research, human scent evidence
has been undervalued in the court of law. However, this type of evidence has
significant value when physical evidence is not available at crime scenes. In order to
increase the integrity of human scent evidence, the knowledge of the VOC profiles
must be expanded upon. To date, there is minimal understanding about the cellular
origin of VOCs. Hence, this research focuses on investigating the relationship
between the Human Leukocyte Antigen (HLA) and VOCs within human subjects.

Purpose of the Study

What do we need from you?
If you agree to participate in this study, we need you to be dedicated to following the
specific instructions that will be given.

¢ Unscented hygiene products will be provided to you. The subjects must use
these products for two days prior to each sampling date.

¢ During the sampling period, refrain from using any scented products (soaps,
perfumes, deodorants, body sprays etc.)

¢ During the sampling period, refrain from alcohol consumption
* Questionnaire and Consent form must be completed

What will you do on the sampling date?

Once scheduled for a sampling date, the subjects will be asked to sit in a chair. A
gauze pad will be placed under their arm for 1 hour.

How long does the siudy take?

The total time we will need from each subject is 11 days.

Here is a breakdown of the sampling period:

- o % @ & %
Day 4 DaysS -8

Day 1 Day 2 and Das 9 and Day 11
Start Diet Log Day 3 Sample Use of Repular Day 10 Sample
EP“' ‘P:d"';“ Collecuon £1 Hypene Preparation Collection #2
| Products Period 52 S

Will I be compensated?
Yes! As advertised on the flyer, A $150 gift card will be provided to you for

completing the study.
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Appendix 4:VOCs evlauated fror human scent study

Compound CAS # Retention Time Reference
Octanal 124-13-0 7.574 2
Nonanal 124-19-6 | 9.007 20,21
Tetradecane 629-59-4 | 9.133 16
Propanoic acid, 2-methyl 967-62-1 9.472 16
Decanoic acid, methyl 110-42-9 11.268 16
Butanoic acid 107-92-6 | 12.155 27,125
Isovaleric acid 503-74-2 | 12.155 2z
Valeric acid 109-52-4 | 13.609 z
Naphthalene 91-20-3 10.928 16,20
1-Heptadecane 6765-39-5 | 13.655 18
2-Tridecanone 593-08-8 | 14.429 16,18
Octadecane 593-45-3 | 15.578 2
Cyclodecane 203-96-9 | 15.828 2
Tridecanoic acid 638-53-9 | 16.844 it
Eicosane 112-95-8 | 17.008 87
Isopropyl Myristate 110-27-0 | 17.247 12,37
Nonanoic acid 112-05-0 | 18.114 21125
n-Hexy! salicylate 6259-76-3 | 19.241 12,37
Hexanoic acid, methyl ester 106-70-7 20.254 126
Tridecane 629-50-5 20.258

Heptanal 111-71-7 | 19.886 18,20
Isopropyl Palmitate 142-91-6 | 20.881 87
Octanal 124-13-0 22.279 126
Undecanoic acid 112-37-8 | 22.451 12,37
Homomenthyl salicylate 118-56-9 27.474 7
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Benzophenone 119-61-9 | 23.809 87
Dodecanoic acid 143-07-7 24.831 16.18
Pentadecanoic acid 1002-84-2 | 30.973 20
n-Hexadecanoic acid 57-10-3 31.737 20
Heptadecanoic acid 506-12-7 32.54 127
Octadecanoic acid 57-11-4 33.262 20127
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Genotype frequency present within subjects (Gene D6S2837)

Appendix 5
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Appendix 9: Genotype frequencies of subjects (D6S2787 Gene)
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