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ABSTRACT
To date, the use of mitochondrial DNA in forensic analysis has relied on the presence of
variations in the control region to differentiate between samples. One problem that this analysis
has shown is the occurrence of common Haplogroup H haplotypes or identical sequences. Thus,
there is a need to enhance the distinguishing power of this type of analysis. One option has been
to investigate the mitochondrial coding region for polymorphisms that could differentiate
between samples with identical control region haplotypes. The goal of this study has been to
identify polymorphic coding region sites for development in a Pyrosequencing assay that would
effectively enhance the discriminatory power of mitochondrial DNA analysis. With this goal in
mind, five duplexes have been successfully developed and tested, utilizing the ten polymorphic
sites that had been selected, with most sites being specific to Caucasians. Validation studies
were performed to test the durability of the assay. The specificity of the assay to primate and
non-primate species was determined to be limited to primate species only. Sample variations,
including mixtures, dilutions and environmental exposure, were utilized to assess the sensitivity
of the Pyrosequencing method. It was found that a minimum initial DNA input of 10fg was
necessary for reliable results. The Pyrosequencing assay was able to detect mixtures at a 1:1
ratio and environmental samples exposed to the elements from up to 1 week for blood and 6
weeks for semen. Samples designed to simulate typical casework materials were analyzed and
found to provide for consistent results, including trace fingerprints and digested hair shafts.
These validation results provide the conclusion that this assay is suitable for use in forensic
casework and demonstrate that the mitochondrial coding region provides a viable alternative to
hypervariable region analysis.
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CHAPTER ONE: INTRODUCTION

The mitochondria are cellular organelles responsible for converting organic material into
cellular energy in the form of ATP. The mitochondria possess a genome that is independent of
nuclear DNA that serves as the genetic basis for synthesizing essential proteins for cellular
respiration. The mitochondrial genome was first completely sequenced in 1981 by Anderson
et.al. It was determined that the genome was comprised of 16,569 base pairs and codes for
approximately 14 proteins, 2 rRNA subunits, and 22 tRNA molecules [1]. The mitochondrial
genome is much smaller than the nuclear genome, but there is still a high degree of variability in
the mitochondrial genome that makes it useful for forensic purposes [2-4]. The mitochondrial
genome contains a non-coding control region, which possesses two hypervariable regions, HVR1
and HVR2, which are known to have high base substitution rates [5]. It has been demonstrated
that these two regions mutate at a rate that is estimated to be 5-10 times higher than nuclear DNA
[6, 7]. Research has also shown that there is approximately an average of 8 base pair differences
amongst Caucasians and a 15 base pair difference amongst individuals of African descent, within
in the hypervariable regions [8]. This provides a great source of variation for forensic analysis.
The introduction of DNA sequence analysis into the field of forensic science led to a
dramatic shift from a comparative science to one based on individualization [9]. Since the early
1980’s, forensic DNA analysis has been an improvement over traditional methods, such as hair
comparison analysis. The increased use of mitochondrial DNA analysis over the years has also
served as an applicable alternative to the analysis of nuclear DNA. In some cases, mitochondrial
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DNA analysis has proven to be the preferred method over nuclear DNA analysis because of
specific qualities innate to the mitochondrial genome.
Unlike nuclear DNA, mitochondrial DNA is unique because it is inherited maternally
[10]. The paternal contributions of mitochondrial DNA are eliminated during the fertilization
process, thus providing a maternal pattern of inheritance that can be traced back several
generations. However, one recent study presented a case in which a patient was diagnosed with
mitochondrial myopathy, resulting from a mtDNA deletion with a paternal origin [11]. This
finding has been the cause for some debate over the mode of inheritance for mitochondrial DNA,
but it appears that this case is the exception and not the rule. Nonetheless, the maternal
inheritance of mitochondrial DNA has proved beneficial in various scientific applications. This
genetic attribute has allowed for expanded evolutionary studies involving the determination of
the divergence of primates and humans and the expansion of human populations [12-15]. The
maternal lineage of mitochondrial DNA has also helped scientists identify the bodies of war
casualties or mass burials, by comparing mtDNA sequences from living maternal relatives [1618]. The same approach has been used to identify the putative remains of the Romanov family in
1994 [19] and to resolve the issue regarding the true identity of Anna Anderson [20]. For the
most part, mitochondrial DNA analysis has been utilized for this purpose of identifying remains
and evolutionary studies. In the past decade, mitochondrial DNA has begun to be used more
frequently in criminal forensic analysis.
Another unique aspect of the mitochondrial genome is the high copy number per cell.
There are approximately 2-10 copies of the mitochondrial genome per mitochondria, with each
eukaryotic cell possessing as many as 200 mitochondria per cell. This provides for a potential of
2,000 copies per cell, in comparison to the single copy of the nuclear genome per cell [21]. The
2

significance of this high copy number of mitochondrial DNA is that over time, as biological
materials decay, the DNA in a cell also breaks down. Provided the large number of
mitochondrial per cell, there is a greater possibility that after time, some of the mtDNA will
remain intact. This is relevant for environmentally degraded samples as well as preserved
sources of ancient DNA [22]. This approach has been used to identify remains, including notable
examples such as the previously mentioned Romanovs and the disputed remains of Jesse James
[23].
These unique properties have made mitochondrial DNA a useful resource for forensic
purposes. The field of forensics has focused mostly on the analysis of the mitochondrial
hypervariable regions, given their high degree of variability, even though these two regions
combined only consist of 670 base pairs. Extensive studies have been done to document the
different haplogroup mutations and to collect them into databases. These studies have led to the
establishment of haplogroups, which are groups composed of people with the same haplotype for
the mitochondrial DNA genome. Often times, persons of the same ethnic group will belong to
the same or similar haplogroups, as the theory holds that there was an origin from which all
persons are descended, which later branched out to create the different haplogroups that exist
today. Accordingly, Africans generally belong to haplogroups L1, L2, L3; Asians are defined by
A, B, C, D, E, M [24] and Caucasians are associated with H, I, J, K, T, U, V, W,X [24-26].
Mutations associated with these haplogroups are used to differentiate unknown mtDNA sources
into ethnic groups for identification purposes. The Caucasian super haplogroup H is the
dominant haplogroup amongst persons of European descent and is composed of several subhaplogroups. Studies have indicated that there are Caucasian individuals who have identical
hypervariable region sequences. The most common Caucasian HV1/HV2 type is found in 7% of
3

the U.S. population, with an additional 13 haplogroups found to occur at a rate of 0.5% or higher
within the population [21]. This has created a need to enhance the discriminatory power of the
mitochondrial DNA sequence analysis.
One option has been to consider the mitochondrial coding region as a source for
variability amongst individuals. The mitochondrial DNA coding region is fifteen times larger in
size than the control region, allowing for a greater area of potential variation [21]. There has
been a great deal of work completed in probing the mitochondrial coding region for informative
single nucleotide polymorphisms (SNPs), which are single base pair changes that differ from the
Cambridge Reference Sequence [27]. In an article published by Herrnstadt et al., [24] the
authors describe their approach for developing a reduced-median-network to analyze the coding
region sequences of individuals from European, African and Asian populations. In that paper,
the authors identified 497 haplogroup specific polymorphisms, over half of which have been
documented for the first time. That publication provides insight into how the polymorphisms are
specific to certain haplogroups. Another useful collection of control and coding region
sequences is the Human Mitochondrial Genome Database (mtDB) [28]. This online database
provides access to their collection of entire genome sequences for African, Asian and European
populations, divided into ten major geographic regions. The authors also have listed 3311
polymorphic sites for the entire genome, in tabulated form, describing the base pair change, the
number of variants observed in the database and subsequent information. This database serves
as a valuable tool for searching the mitochondrial genome for variation and relevant data [29].
By far, the most extensive source of information for mitochondrial coding region SNPs can be
found at the Mitomap website [30]. This online source differs from the mtDB in that Mitomap is
a collection of information from published articles on mitochondrial DNA. The polymorphisms
4

are segregated into groups by control region, coding region and disease associated
polymorphisms. Each polymorphism is detailed, regarding variations from the Cambridge
Reference Sequence, as well as links to the published articles that reference this polymorphism.
The Mitomap website serves as an authority on relevant information regarding the mitochondrial
genome. The FBI has also created a mitochondrial database to better serve the forensic
community. This database, referred to as the mtDNA Population Database, is a program that is
made partially available to the public [31]. The database has two functions, one of which is to
aid the forensic science community in verifying mtDNA associations that are made in forensic
casework. This function is a controlled process with profiles provided by contributing
laboratories and then subjected to quality assurance assessments. The public side of the database
is a collection of sequences from published literature and other databases. This function allows
the public to obtain mitochondrial information on ethnic groups and for use in research.
Currently, the forensic and public databases have 4839 and 6106 profiles available, respectively.
The populations found within the forensic database include African-American, Apache,
Caucasian, China/Taiwan, Egypt, Guan, Hispanic, India, Japan, Korea, Navajo, Pakistan, Sierra
Leone and Thailand; where as the public database has approximately 73 unique ethnic
populations, more specific to certain regions.
Several different approaches have been made to develop an assay for detecting coding
region SNPs and analyzing for forensic casework. Some of these assays use techniques such as
SNaPshot, linear arrays and microarrays [32-35]. Several papers have been published regarding
the need to develop assays specifically aimed at sub-typing the most common Caucasian
haplogroup H, utilizing some of the previously mentioned techniques [36-39]. In papers
published by Parsons et al. and Coble et al., the authors describe a series of coding region SNP
5

panels that were developed to differentiate between individuals with matching hypervariable
region sequences, within the most common European Caucasian HV1/HV2 types [21, 40, 41].
In this study, the objective was to develop a unique panel of coding region SNPs that would
provide the ability to differentiate amongst the vast majority of Caucasian individuals. The goal
was also to develop an assay that would allow for the rapid analysis of forensic casework
samples. In order to achieve both nested amplification PCR reactions and Pyrosequencing
technology were chosen to be utilized in the development of an assay that would not require
much time or supplies to provide reliable results.
The field of genetics has benefited greatly from the development of the polymerase chain
reaction. This process has allowed for the laboratories to amplify the amount of DNA required
for proper analysis. Studies have shown that the polymerase chain reaction is suitable for use
with mitochondrial DNA in various applications of PCR [42]. One modification to the standard
PCR protocol that is of interest is the nested amplification PCR. The nested amplification PCR
requires two separate PCR reactions, one to amplify a larger, broader area of the genome,
followed by a second, nested reaction that amplifies a smaller, more precise region within the
amplification product from the first reaction. The benefit to this method is that it allows for less
initial input mtDNA to be required for analysis [18, 43]. Beyond the initial PCR cycle, several
nested amplifications can be performed. Furthermore, it helps to reduce contamination, by
eliminating the possibility of unwanted amplified product. The use of two different primer sets,
binding at two different regions, reduces the likelihood that undesired product will be produced,
ultimately enhancing the quality of results upon sequencing.
Figure 1 illustrates how a nested PCR amplification works. Following extraction of
mitochondrial DNA from a biological sample, the template DNA is placed in a reaction tube
6

with a set of outer primers that isolates a region surrounding the SNPs of interest and amplify
those regions in the first round of PCR. This PCR product is then used in a second amplification
reaction, but in much smaller quantities since there is a greater concentration of mtDNA. The
second round of PCR requires separate nested PCR reactions to amplify all the polymorphic
sites. Each duplex has its own set of primers for its two specific markers, which will then only
amplify the two sites that are assigned to that duplex assay. The products from these nested PCR
reactions are then sequenced using Pyrosequencing technology.

7

Figure 1

Multiplex Assay

The sequence of events involved in the multiplex amplification reaction is illustrated above.
Outer amplification primers bind to template mtDNA extracted from swabs or stains. The first
PCR reaction is run for 30 cycles at 95°C for 10 minutes, 30 cycles: 95°C for 30s, 59°C for 60s,
72°C for 30s, and 72°C for 10 minutes for final extension. The products from this PCR are
300bp fragments surrounding the desired SNP. These products are then amplified in a second
PCR reaction, with the same conditions. Nested Primers for specific markers are used in one of
five duplex reactions. The nested duplex reactions provide smaller 150bp fragments with the
SNP of interest. These fragments are then used for Pyrosequencing analysis.

8

Pyrosequencing technology was developed as an alternative to current methods for
sequencing DNA. At the time, research was being conducted into the possibility of sequencing
by synthesis, which is a process that involves detecting the pyrophosphate emitted following the
incorporation of nucleotides into the complimentary strand during polymerase directed DNA
extension [44]. Nyrén has previously described an enzyme system suited for this technique
which utilizes DNA polymerase, ATP sulfurylase and luciferase and allows for the detection of
the light emission by a luminometer [45]. Ronaghi et al. were able to improve upon this method
by incorporating this enzyme system with solid phase technology that relies on the template
DNA binding to paramagnetic beads to immobilize it. The DNA was subjected to repeated
nucleotide extension reactions with real-time signals being produced that were proportional to
the amount of nucleotides incorporated. These results allowed the authors to conclude that this
method could easily become automated [46]. Ronaghi further improved upon their methods by
developing a four enzyme system, which incorporated apyrase as a nucleotide degrading
enzyme. This would allow for the elimination of the intermediate washing step that was
intended to wash away remaining nucleotides. Instead, nucleotides could now be continuously
added while the apyrase degrades nucleotides from the previous addition. In this article, the
authors first refer to the process as a whole as Pyrosequencing and describe the steps included in
the process (Figure 2). Following PCR amplification, single stranded DNA fragments are
incubated with the previously described four enzyme system. Nucleotides are then sequentially
added complimentarily to the template. This incorporation is coupled with the release of
pyrophosphate in equal molarity to the incorporate nucleotide. The pyrophosphate then initiates
the four enzyme cascade starting with the pyrophosphate being converted to ATP by ATP
sulfurylase, in the presence of adenosine 5’ phosphosulfate (APS). The ATP then activates the
9

conversion of luciferin to oxyluciferin that generates light that is in proportion to the amount of
ATP that was previously generated. The emitted light is then detected by a CCD (charge
coupled device) camera and is interpreted as a peak in the Pyrogram. Finally, Apyrase degrades
the unincorporated nucleotides and ATP at the end of the cycle, in order to prepare for the next
nucleotide addition reaction [47, 48]. Further improvements in the technology have allowed for
the sequencing of double stranded DNA, elimination of exonuclease I treatment and reduction in
unspecific dimer priming [49, 50]. This technology is proving to be versatile for various
applications. Recent studies have demonstrated the application of this technology with single
nucleotide polymorphisms and the forensic analysis of mitochondrial DNA [51-53]. These
findings support the decision to utilize this sequencing technique in the development of the assay
for this study.
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Time
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The chemical reaction involved in Pyrosequencing is illustrated above. Sequencing primers are
hybridized to single stranded template DNA in the presence of DNA polymerase.
Deoxynucleotide triphosphates (dNTPs) are added individually to the reaction, matching the
complimentary base on the DNA template. With the addition of a nucleotide, an equal molar
amount of pyrophosphate (PPi) is released. The pyrophosphate is converted to adenosine
triphosphate (ATP) by ATP sulfurylase, in the presence of adenosine 5’ phosphosulfate. The
ATP provides the energy for the luciferase mediated conversion of luciferin to oxyluciferin,
which produces light in equal proportion to the amount of ATP that is utilized in the reaction.
The light is then detected by a charge coupled device (CCD) camera and then interpreted as a
peak in the pyrogram. The resulting peaks in the pyrogram are in ratio to the number of
nucleotides incorporated to the synthesizing strand of DNA. Apyrase degrades unincorporated
nucleotides and excess ATP to prevent interference with the enzyme cascade and to allow for the
addition of the next nucleotide.
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In order to assess the usefulness of this developed assay, it would need to be validated by
performing several experiments that simulate similar situations that would be encountered in
typical forensic casework, as is the case with most assays developed for forensic casework [5456]. The types of experiments would need to test the species and ethno geographic specificity of
the assay, sensitivity to environmental insults, ability to detect mixtures, lower threshold of input
template mtDNA and the sensitivity to different types of biological materials commonly
analyzed in forensic casework.
The capability of an assay to effectively utilize environmentally degraded samples is
essential for forensic casework. There is always the possibility that biological materials found at
the crime scene have been exposed to heat, humidity, sunlight, and precipitation, among others.
Mitochondrial DNA analysis is sometimes preferred if it seems that the sample has been exposed
to the environment for an extended period of time. This approach has been documented in
various case studies, demonstrating that mitochondrial DNA can be recovered from degraded
samples. This is in part due to the high copy number of mitochondrial DNA per cell and the
greater likelihood it is less degraded than nuclear DNA [57] .
Crime scenes that occur in uncontrolled environments are also exposed to possible
contamination from the various species of animals that reside in that area. Mixed contributions
of biological materials from various species is possible, thus it is necessary to develop an assay
that is specific only to primate species. According to the theories of evolution, humans are
closely related to chimpanzees and apes more so than to other primate species [7]. Research has
shown that the ape species is 2-10 times more variable than the human species when comparing
mitochondrial genomes. This is most likely due to the fact that the human species is relatively
young compared to the ape species [27]. However, a slower rate of divergence has been
12

observed in the regions of ribosomal RNA genes, which are located in the mitochondrial DNA
coding region. It would seem likely that, with the slower rate of divergence, humans and other
primate species may share similar or identical regions of the mitochondrial genome. Thus, there
exists the possibility that an assay designed to analyze human mitochondrial DNA may also
work with other primates.
It is often common in forensic casework to encounter biological materials that have more
than one contributor, as is usually the case with sexual assaults. Thus there is the need to be able
to detect the contributions of multiple individuals in a sample. An assay that is developed for
forensic casework should be able to detect mixtures at levels that would be commonly seen in
crime scene analysis.
One of the advantages to using mitochondrial DNA for analysis is that it expands on the
types of biological materials that can be used in analysis. Studies have shown that mitochondrial
DNA can be successfully extracted from bone, teeth and hairs for forensic analysis. Nuclear
DNA is difficult to extract from these sample types because it is often not present in large
quantities, as opposed to mitochondrial DNA. This fact has allowed for bodily remains to be
analyzed for identification purposes, such as the previously mentioned Romanovs and Jesse
James, among others. One of the most significant improvements within the field of forensic
science has been the use of mitochondrial DNA from shed hairs to assist in the identification of
individuals. The use of microscopic hair comparisons is one of the fundamental practices in
forensic science, but the analysis of mitochondrial DNA has allowed for the analysis to rely more
so on molecular individualization, rather than the less discriminating microscopic comparison.
One study compared the results from FBI Laboratory hair comparisons to recent mitochondrial
DNA analysis [58]. It was found that most hair samples deemed inconclusive or ill suited for
13

comparison were able to yield conclusive mitochondrial DNA analysis. The authors suggest that
mitochondrial analysis coupled with microscopic comparison would enhance the accuracy of the
results. These results were similar to other casework sample reviews, demonstrating a similarly
high success rate and the need for combining hair comparison with mitochondrial analysis [59].
Another study examined the success rates of different types of body hair and it was found that
head hair shafts provided sequencing results at a higher frequency than pubic or axillary hair
shafts [60]. The reason for this is that head hairs grow longer and for a longer period of time
than pubic and axillary hairs, and this requires more mitochondrial activity and thus more
mitochondria. Research has validated that this type of analysis is reliable and beneficial for
individual identification and its use in forensic casework [61].
Another recent application has involved extracting mitochondrial DNA from epithelial
cells that are transferred from fingerprints to another object [62]. Van Oorschot and Jones first
investigated this possibility by demonstrating that STR profiles could be obtained from a variety
of situations, including swabbing the palm of the hand, swabbing frequently used items, and
even hands before and after a handshake. Mixtures were obtained following the handshake test
and from objects handled by more than one person. The authors also found that the length of
time an object was held did not affect the amount of DNA that was transferred, suggesting that
the initial contact results in a significant amount of transferred epithelial cells [63]. This
application was also tested in fabricated strangulation experiments, in which the “suspects” used
their upper arms to simulate contact with the “victim.” Similarly, the authors were able to
successfully type the “suspects” with a system of four STRs [64]. However, in the physical
transfer of epithelial cells, there is a relatively low amount of materials transferred in comparison
to saliva or the amount of DNA present in blood and semen stains. The high copy number of
14

mitochondrial DNA per cell would provide more DNA to work with in comparison to the low
nuclear DNA load in epithelial cells. Szibor et al. investigated this approach [65] by analyzing
several situations that involved the transfer of epithelial cells, including strangulation cases,
firearm traces and a suicide note. Their study demonstrated a relatively high success rate in
extracting mitochondrial DNA from the items that individuals had touched. The latter study
illustrates the potential for mitochondrial DNA analysis with trace amounts of epithelial cell
transfers.
In this paper, an assay is presented that was developed specifically to analyze the
mitochondrial DNA coding region of a Caucasian population, with an application for forensic
casework. A population study was performed with the assay and the results of subsequent
validation experiments are presented, thus demonstrating the discriminatory potential this assay
could provide when utilized in the field of forensic genetics.
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CHAPTER TWO: METHODOLOGY

Preparation of Body Fluid Samples
Body fluid samples were collected voluntarily from individuals within the parameters
established by the University of Central Florida’s Institutional Review Board. Buccal swab
samples were collected from individuals by using sterile swabs to swab the inside of the
individual’s cheek. Population samples were obtained in the form of bloodstains from the
Virginia Division of Forensic Science, Richmond Virginia. Species blood stains were obtained
from the Tuskawilla Oaks Animal Hospital, Oveido, FL (male cat and male dog); HemoStat
Laboratories, Dixen, CA (male cow, male horse and male sheep); West End Animal Hospital,
Gainesville, FL (male ferret). Extracted primate samples were obtained from the NIA Aging
Cell Repository DNA Panel (Primate Panel: Phylogenetic PRP0001).
Environmental samples were prepared from blood stains provided by donors. These
samples were exposed to environmental conditions during the period of time from July 12th 2005
through October 2nd, 2005 in Orlando, Florida. Weather conditions were documented on a daily
basis. Some conditions that these samples were exposed to include heat, humidity, sunlight and
precipitation.

DNA Extraction and Purification from Body Fluid Samples
Mitochondrial DNA was extracted from buccal swabs, hair follicles and dried blood
stains by using a standard organic extraction protocol approved for use at NCFS. Dried samples
were cut and placed in a Spin Ease extraction tube with a mixture of Stain Extraction Buffer
16

(TRIS, NaCl, 20% SDS, 0.5M EDTA) and Proteinase K. For semen samples, DTT was also
added to the extraction mixture. This mixture, upon vortexing and centrifugation, was placed in
a water bath at 56°C over night. The cut pieces were then placed in a Spin Ease basket and
centrifuged at 14,000 rpm for 5 minutes to remove any liquid from the substrate. With the crude
extract left in the tube, 400µL of phenol/chloroform/isoamyl alcohol was added and then the tube
was mixed through inversion. The tube was centrifuged at 14,000 rpm for 5 minutes to separate
out the phases. The aqueous layer of the extract was added to a Microcon reservoir for
purification. The Microcon tube was spun for 9 minutes at 2475rpm. This step was followed by
three washings with TE-4, pH 7.5 and three spins with the centrifuge at 2475 rpm for 9 minutes.
Finally, the sample reservoir was placed upside down in a new vial to transfer the concentrated
extract upon centrifugation at 2475rpm for 5 minutes.

DNA Extraction from Hair
Known hair samples were obtained from volunteers and unknown sources of shed hair were
recovered from office furniture. Hair samples were cut into 3-5cm lengths. These hair pieces
were cleaned in successive washings in 1ml solutions of 5% Tergazyme, 95% Ethanol, and
sterile water. Hair pieces were then cut into approximately 1cm fragments. The fragments were
places in a 1.5ml extraction tube with 400ul of 5N NaOH. Hairs were incubated at room
temperature on a platform rocker. The tubes were taken off hourly to vortex for 10 seconds.
This process was repeated until the hair fragments were completely digested and no longer
visible. The extract solution was then neutralized with 500ul of a 1:1 mixture of concentrated
HCl and 2M Tris base. The final pH of the extract was estimated by spotting 1ul of the extract
on a piece of ph paper. The extract was then filtered in two 450ul phases with a Microcon
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column on a centrifuge at 14000rpm for nine minutes. The Microcon reservoir was then washed
with 300ul of TE-4, pH 7.5, three times. After washing, the Microcon reservoir was inverted in a
new extraction tube and spun on the centrifuge at 2475rpm for five minutes to transfer the
concentrated extract.[66]

DNA Quantification
The extracted DNA was quantified on a 1% agarose yield gel, running at 200V for
thirteen minutes. A set of reference DNA standards of known concentrations was used to
quantitate the actual yield of the extracts.

Primer Design
Outer and Nested primers were designed using the Primer3 Web Interface (Whitehead
Institute for Biomedical Research, Cambridge MA). A region of the sequence with the SNP of
interest, averaging 500 base pairs, was inserted into the Primer3 software. The software then
generated several pairs of primers within the specified region. Outer primers were designed to
amplify a product approximately 360 base pairs in size. Nested primers were designed to provide
for a nested product 150 base pairs in size. Primers were chosen with minimal 3’
complementarity to itself, other primers and other locations within the DNA sequence. Those
primers with too much complementarity were discarded and redesigned. Primer pairs were then
blasted to determine specificity to other species or locations in the genome. Primer pairs that
were similar to other chromosomes were redesigned.
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Extensions primers for sequencing were designed using the SNP Primer Design Software
version 1.0.1 from the Pyrosequencing Technical Support web interface. The entire region
amplified by the nested primers was inserted into the software, while indicating the single
nucleotide polymorphism. The software generated a list of extension primers that would
sequence the SNP of interest, giving each a score based on melting temperature, the likelihood of
template loops, mispriming and duplex formation. Primers with a low score were not
considered. Most primers chosen for usage had a score of 100.

Standard PCR Reaction (Outer Multiplex)
The outer multiplex reaction PCR master mix contained 20pg of template DNA,
10umoles of each primer, 10x PCR buffer, 25mM MgCl2, 10mM dNTPs, BSA and 1.5 units of
AmpliTaq Gold DNA Polymerase.

Standard PCR Reaction (Nested Multiplex)
The nested duplex reaction PCR master mixes contained 0.5uL of the outer amplified
product, 10umoles of the appropriate nested primers, 10x PCR buffer, 25mM MgCl2, 10mM
dNTPs, BSA and 1.5 units of AmpliTaq Gold DNA Polymerase.

Cycling Conditions
(1) 95°C for 10 minutes, (2) 30 cycles: 95°C for 30s, 59°C for 60s, 72°C for 30s, (3)
72°C for 10 minutes for final extension. Amplification reactions were performed using
GeneAmp PCR System 9700, Applied Biosystems.
19

Amplification Product
Amplified products were loaded onto a 1% agarose gel and ran at 200V for 23 minutes to
verify that the amplification process worked. 100bp DNA ladders were used as a reference for
product size determination. Gel documentation was performed with an UltraLum Omega 12 gel
documenter.

Pyrosequencing
All reagents were mixed and used at room temperature. 20µL of PCR product was placed into a
96 well filter plate. 24µL of Streptavidin Sepharose beads/Binding buffer (10Mm Tris-HCl, 2M
NaCl, 1mM EDTA, and 0.1% Tween 20) was added to the PCR product. The 96 well filter plate
was then mixed on a shaker at 1500 rpm for 10 minutes. During this time, a total of 15pmole of
extension primers were added to the appropriate wells of a PSQ 96 flat-bottom well plate. After
mixing, the filter plate was transferred to a vacuum manifold and vacuum pressure was applied
to remove all the liquid in the filter plate and allow the biotin labeled PCR product and
Streptavidin beads to remain in the filter. 50µL of Denaturation solution (0.2M NaOH) was
added to each well and allowed to incubate for 1 minute. Vacuum pressure was then applied to
the filter plate to remove the denaturation solution. The filter plate was then washed with 500µl
of Washing Buffer (10mM Tris-Acetate, pH 7.6) followed by removal of the solution with
vacuum pressure between rinsing. 50µL of Annealing buffer (20mM Tris-Acetate, 2mM MgAcetate pH 7.6) was added to the filter plate. The mixture of Annealing buffer and Streptavidin
bead/ Biotin template are transferred from the filter plate to the flat-bottom plate containing the
extension primers. The PSQ 96 well flat-bottom plate was then heated at 80°C for 2 minutes on
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a PSQ 96 Sample Prep Thermoplate Low. The low plate is then allowed to cool to room
temperature and then placed in the PSQ 96MA instrument. The PSQ 96 SNP Reagent Cartridge
was filled with the appropriate amount of each nucleotide (50µL + 0.22µL x the number of
addition per well x number of wells) Enzyme and Substrate (50µL + 5.5µL x the number of
wells). The PSQ 96 SNP Reagent Cartridge was then added to the PSQ 96 instrument and the
Pyrosequencing software was run using the “instrument parameters code 0002.” The results were
then analyzed with the Pyrosequencing 96 MA SNP Analysis Software.

Statistics
The probability of a chance match (M) between two unrelated individuals was calculated
as:
P (M) =

1

m

n

i =1

• ∑ xi
2

2

in which n is the number of individuals in the population, m is the number of haplotypes, and xi
is the number of times the ith haplotype is observed in the population [67]. The discriminatory
power (DP) of the assay was determined with the formula[68]:
DP = 1 – P (M)
This formula was used to assess the ability to differentiate between individuals in given
population
Frequencies of observance and success rates were calculated as percentages. Success
rates were calculated as the number of successful results versus the total number of results.
Frequencies of observance were determined by dividing the number of times a haplotype was
seen within a population by the number of individuals within that population.
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Phylogenetic Analysis
Phylogenetic analysis was performed on the results obtained from a population study of
100 Caucasians. These data results were input and analyzed with MEGA3.1 software [69] to
create a phylogenetic tree for purposes of comparing the different lineages that were observed in
the population to the results from another population study of 20 African-Americans and to the
known Cambridge Reference Sequence [27], which serves as the standard for comparing
mitochondrial DNA sequences. The resulting tree diagram was separately labeled to indicate
when mutations occurred in relation to the lineages that descended from the common ancestor.
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CHAPTER THREE: RESULTS

Multiplex Design
In order to choose markers for a multiplex assay, sites were selected within the
mitochondrial coding region based on published data regarding their frequency within Caucasian
populations [24, 32, 35, 38, 39]. A tentative list of twenty known polymorphic sites within the
mitochondrial coding region was created, based on observed frequencies of approximately 10%
or greater within Caucasian populations from these previously mentioned studies. From this list
of twenty markers, six were chosen based on their specificity to Caucasian haplogroups H, J, K,
T, and U, specifically 10398, 11251, 11467, 12308, 12372, and 14798. Five other markers
(8701, 10873, 11719, 11914 and 14776) were included because they have often been observed
amongst Caucasians and other ethnic group populations. These polymorphisms appear quite
frequently amongst Caucasians and would serve as additional variation with the more Caucasian
specific polymorphisms. These eleven sites were compared to those sites utilized in Panel A of
the SNP multiplexes developed by Vallone et.al. and Coble et al [41, 70] . All twenty-two sites
were then analyzed individually in singleplex assays. These singleplex assays provided the
opportunity to determine which sites were seen most frequently in a small population of 11
individuals. The small population of 11 Caucasian individuals was obtained from buccal swabs
of lab personnel. The lab personnel are Caucasian and the population presented here is mostly
female, 8 out of 11 individuals. None of the lab personnel are maternal relatives and they all
come from different regions of the country, which provided for a conveniently diverse sampling
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of the Caucasian population in this country. The results of the singleplex assays with this small
population are presented in Tables 1 and 2 below.
Table 1

Singleplex Assay results for Panel A from Coble et.al.

The results from the singleplex assay showed that for a small population (11 individuals) only
three of the polymorphic sites, 3010, 7028 and 16519 were polymorphic for this sample
population. The SNPs are highlighted in yellow.

Sample

477

3010

4580

4793

5004

7028

7202

10211

12858

14770

16519

#

T/C

G/A

G/A

A/G

T/C

C/T

A/G

C/T

C/T

T/A

T/C

1

T

A

G

A

T

C

A

C

C

T

C

2

T

G

G

A

T

C

A

C

C

T

T

3

T

G

G

A

T

C

A

C

C

T

C

4

T

G

G

A

T

T

A

C

C

T

C

5

T

G

G

A

T

C

A

C

C

T

C

6

T

A

G

A

T

T

A

C

C

T

T

7

T

G

G

A

T

C

A

C

C

T

T

8

T

A

G

A

T

T

A

C

C

T

T

9

T

G

G

A

T

C

A

C

C

T

C

10

T

G

G

A

T

T

A

C

C

T

C

11

T

A

G

A

T

C

A

C

C

T

C
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Table 2

Singleplex Assay results for NCFS SNP Panel

The results from the singleplex assay show that eight of the SNP sites chosen for the NCFS SNP
Panel were polymorphic for this same small population (11 individuals) used with Panel A. Only
three sites, 8701, 10873 and 11914, did not show polymorphisms in this population. The results
from the two sets of singleplex assays allowed for determining which markers to utilize in a
multiplex amplification reaction.
Sample 8701 10398
#

10873 11251 11467

11719

11914

12308 12372 14766

14798

A/G

A/G

T/C

A/G

A/G

G/A

G/A

A/G

G/A

C/T

T/C

1

A

A

T

A

A

G

G

A

G

C

T

2

A

A

T

A

A

G

G

A

G

C

T

3

A

A

T

A

A

G

G

A

G

C

T

4

A

G

T

A

G

A

G

G

A

T

C

5

A

A

T

A

A

G

G

A

G

C

T

6

A

G

T

G

A

A

G

A

G

T

C

7

A

A

T

A

A

G

G

A

G

C

T

8

A

G

T

G

A

A

G

A

G

T

C

9

A

A

T

A

A

G

G

A

G

C

T

10

A

G

T

A

A

A

G

A

G

T

T

11

A

A

T

A

A

G

G

A

G

C

T
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Of the sites utilized by Coble et.al, only the markers 3010, 7028 and 16519 were shown
to be polymorphic for this population, while it is worth noting that 16519 is located within
hypervariable region I of the control region. Each polymorphism at these two coding region sites
was observed in approximately one-third of the population. The markers selected for use in this
study that demonstrated polymorphisms were 10398, 11251, 11467, 11719, 12308, 12372, 14766
and 14798. The polymorphisms 10398G, 11251G, 11719A, 14766T and 14798C were each
observed several times within this small Caucasian population. Polymorphisms 11467A,
12308A and 12372G were actually only observed once within this population, but they were
selected for inclusion based on their uniqueness within and specificity to Caucasian haplogroups.
Any other polymorphism not appearing in this small population was not considered for future
use. Thus, it was determined that these eight sites, along with 3010 and 7028 would be included
into the development of a multiplex assay, to detect a higher degree of variability. Figure 3
diagrams the location of each marker in relation to the rest of the mitochondrial genome.
In developing the assay, it was crucial that the PCR product work efficiently with the
Pyrosequencing software. This process began with designing amplification primers that would
be compatible with sequencing primers designed for Pyrosequencing. A pair of forward and
reverse primers was created for each marker, for both the outer amplification and the nested
amplification reactions. The outer amplification primers were generally about 20bps in length
and allowed for the amplification of a 300bp region, surrounding the SNP of interest. Similarly,
the nested primers were designed to amplify a 150bp region with the outer amplification product.
These nested primers were also approximately 20bps long. All the primers used in this assay are
listed in Table 3.
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Figure 3

Mitochondrial DNA Genome

The mitochondrial genome is illustrated above. The control region is shaded in green. The
coding regions of the genome are colored beige and the non-coding regions of the genome are in
white. The markers utilized in the development of our multiplex amplification reaction are also
shown. These markers are labeled appropriately and differentiated with different colors. The
genes in the mitochondrial genome are labeled to indicate the locations of the markers in these
genes.
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Table 3

Amplification and Sequencing Primers

This table presents information for the primers developed for use in the outer PCR amplification,
nested PCR amplification and Pyrosequencing.
Primer

Primer Type

Sequence

3010 OF

Outer Amplification, Forward

5’ACCAACGGAACAAGTTACCC 3’

3010 OR

Outer Amplification, Reverse

5’ TTGGGTGGGTGTGGGTATAA 3’

7028 OF

Outer Amplification, Forward

5’ TGAGCCCTAGGATTCATCTTTC 3’

7028 OR

Outer Amplification, Reverse

5’ CATCGGGGTAGTCCGAGTAA 3’

10398 OF

Outer Amplification, Forward

5’ GCTGTCCCTTTCTCCATAAAA 3’

10398 OR

Outer Amplification, Reverse

5’ GGGAGGATATGAGGTGTGAGC 3’

11251 OF

Outer Amplification, Forward

5’ TTCACAGCCACAGAACTAATCA 3’

11251 OR

Outer Amplification, Reverse

5’ AAGTGGAGTCCGTAAAGAGGTATC 3’

11467 OF

Outer Amplification, Forward

5’ CACTCTCACTGCCCAAGAACT 3’

11467 OR

Outer Amplification, Reverse

5’ CGTAGGCAGATGGAGCTTGT 3’

11719 OF

Outer Amplification, Forward

5’ CCATCTGCCTACGACAAACA 3’

11719 OR

Outer Amplification, Reverse

5’ GGGGGTAAGGCGAGGTTAG 3’

12308 OF

Outer Amplification, Forward

5’ CAGAGGCTTACGACCCCTTA 3’

12308 OR

Outer Amplification, Reverse

5’ TAAAGGTGGATGCGACAATG 3’

12372 OF

Outer Amplification, Forward

5’ TGTCTAACAACATGGCTTTCTCA 3’

12372 OR

Outer Amplification, Reverse

5’ TAAAGGTGGATGCGACAATG 3’

14766, 14798 OF

Outer Amplification, Forward

5’ TCTCGCACGGACTACAACC 3’

14766, 14798 OR

Outer Amplification, Reverse

5’ GAGTGATGTGGGCGATTGAT 3’

3010 F

Nested Amplification, Forward

5’ GGGATAACAGCGCAATCCTA 3’

3010 R

Nested Amplification, Reverse

5’ CCTGGATTACTCCGGTCTGA 3’

7028 F

Nested Amplification, Forward

5’ GGCCTGACTGGCATTGTATT 3’
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Primer

Primer Type

Sequence

7028 R

Nested Amplification, Reverse

5’ TGGCGTAGGTTTGGTCTAGG 3’

10398 F

Nested Amplification, Forward

5’ CCTACAAACAACTAACCTGCCACT 3’

10398 R

Nested Amplification, Reverse

5’ AAATGAGGGGCATTTGGTAA 3’

11251 F

Nested Amplification, Forward

5’ TGAACGCAGGCACATACTTC 3’

11251 R

Nested Amplification, Reverse

5’ TTGTTGGCTCAGGAGTTTGA 3’

11467 F

Nested Amplification, Forward

5’ TGACTCCCTAAAAGCCCATGT 3’

11467 R

Nested Amplification, Reverse

5’ GATAGTACAAGGAAGGGGTAGGC 3’

11719 F

Nested Amplification, Forward

5’ TCTTCAATCAGCCACATAGCC 3’

11719 R

Nested Amplification, Reverse

5’ TGTGAGTGCGTTCGTAGTTTG 3’

12308 F

Nested Amplification, Forward

5’ ATGCCCCCATGTCTAACAAC 3’

12308 R

Nested Amplification, Reverse

5’ GGGGAATTAGGGAAGTCAGG 3’

12372 F

Nested Amplification, Forward

5’ TGGTCTTAGGCCCCAAAAAT 3’

12372 R

Nested Amplification, Reverse

5’ TAAAGGTGGATGCGACAATG 3’

14766, 14798 F

Nested Amplification, Forward

5’ AGAACACCAATGACCCCAAT 3’

14766, 14798 R

Nested Amplification, Reverse

5’ CCTGTGGTGATTTGGAGGAT 3’

3010S

Sequencing

5' TTTAATAGCGGCTGCAC 3'

7028S

Sequencing

5' TTGATAGGACATAGTGGAAG 3'

10398S

Sequencing

5’ TACAAAAAGGATTAGACTGA 3’

11251S

Sequencing

5’ AGGGTGTTGTGAGTGT 3’

11467S

Sequencing

5’ TACCATAGCCGCCTAGTTT 3’

11719S

Sequencing

5’ TCTCATAATCGCCC 3’

12308S

Sequencing

5’ ATTTGGAGTTGCACCAAAAT 3’

12372S

Sequencing

5' TATAACCACCCTAACCCT 3'

14766 S

Sequencing

5' ATTAATTTTATTAGGGG 3'

14798 S

Sequencing

5’ TGGGGTGGGGAGGTCGATGA 3’
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The primer design software provided online, SNP Primer Design from Pyrosequencing
AB version 1.0.1 [71] was utilized to design sequencing primers that would sequence the SNP
within the nested amplification product. During the design process of the multiplex assays, it
was determined that duplexes of two SNPs could only be designed to provide for efficient
sequencing. The process also required that some of the previously utilized primers needed to be
redesigned in order for the software to function properly and to prevent overlapping sequences.
One multiplex, mtSNPlex 4, after initial test runs, was found to provide results that the
Pyrosequencing software did not predict. After redesigning this duplex, the five duplexes
covering all ten markers were tested again with the initial eleven individuals to verify that they
worked and provided data that matched the previously sequenced samples. The assays are given
the name mtSNPlex and a corresponding number to differentiate between the five of them (Table
4). mtSNPlex1 contains markers 7028 and 12372; mtSNPlex2 utilizes positions 3010 and
14798; mtSNPlex3 incorporates markers 11719 and 14766; mtSNPlex4b contains positions
11251 and 11467; mtSNPlex5 utilizes markers 10398 and 12308. mtSNPlex4b is titled as such
because it was the third attempt to create a suitable duplex containing those two markers that
would provide clear, accurate results. The previous formats, mtSNPlex4 and mtSNPlex4a did
not provide successful results with the conditions that had been found to work with the other four
duplexes, providing either low yield or pyrograms that did not match predicted models. The
placement of these primers into the assays was not by choice, but rather by the design of the
duplex. Because of the different primers being used and the sequence being analyzed, only
certain markers could be paired together to form duplexes without overlapping peaks in the
pyrogram. This added more time and difficulty to the duplex creating process. Figure 4
illustrates a complete SNP profile for an individual with this assay. This individual has the
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mitotype 3010A, 7028C, 10398A, 11251A, 11467A, 11719A, 12308A, 12372G, 14766C,
14798T.
Table 4

Multiplex Assays

Five SNP duplexes were developed and named mtSNPlex1 up through mtSNPlex5. The SNPs
associated with each duplex are shown, as well as the sequence surrounding the SNPs. The
control region haplogroups associated with each SNP are listed in the table.
Duplex
mtSNPlex 1

mtSNPlex 2

mtSNPlex 3

mtSNPlex 4

mtSNPlex 5

SNP

Sequence

Haplogroups

7028 C/T

5’actacacgacacgtactacgttgtagcCcacttccactatgtcctatca3’

All Haplogroups

12372 G/A

5’tactataaccaccctaaccctGacttccctaattccccccatccttacca3’

K,U

3010 G/A

5’acgacctcgatgttggatcaggacatcccGatggtgcagccgctatta3’

H,J

14798 T/C

5’cccctaataaaattaattaaccactcaTtcatcgacctccccaccccat3’

J,K

11719 G/A

5’tctcataatcgcccacggGcttacatcctcattactattctgcctagcaa3’

All Haplogroups

14766 C/T

5’acaccaatgaccccaatacgcaaaaCtaaccccctaataaaattaatt3’

All Haplogroups

11251 A/G

5’cttcccctactcatcgcactAatttacactcacaacaccctaggctcac3’

J,T

11467 A/G

5’tcaatagtacttgccgcagtactcttAaaactaggcggctatggtataa3’

K,U

10398 A/G

5’gagtgactacaaaaaggattagactgaAccgaattggtatatagttta3’

C,D,E,I,J,K,L

12308 A/G

5’cagctatccattggtcttaggccccaaAaattttggtgcaactccaaat3’

K,U

1 Reference sequence as made available at www.mitomap.org
2 Herrnstadt et.al.

31

Haplogroups: Asian = A, B, C, D, E, M
African = L1, L2, L3
Caucasian = H, I, J, K, T U, V, W,X

Figure 4

Complete SNP Profile

The pyrograms above depict the full SNP profile for an individual. The 10 SNP sites used in this
assay are highlighted in yellow, with the type labeled in blue. The peak heights are in relation to
the number of nucleotides that are incorporated during the sequencing process. The mitotypes
for this person is 3010A, 7028C, 10398A, 11251A, 11467A, 11719G, 12308A, 12372G,
14766C, 14798T.
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Population Study
A population study of 100 Caucasian individuals was completed to assess the
discriminatory power of the assay for a larger population size. The samples used in this study
were obtained from a database collection of blood stains from Caucasians, kept in the lab for
studies such as this. For the 100 individuals in the population study, it was found that 17
different haplotypes were observed, five of which were unique to one individual (Table 5). The
most common haplotype in this population was the normal haplotype, lacking any of the
polymorphisms.
The discriminatory power of the assay was assessed by first determining the random
match probability within a population [67]. This number was found by using the formula for the
probability of a chance match (M) between two unrelated individuals:
P (M) =

1

m

n

i =1

• ∑ xi
2

2

For the population of 100 Caucasian individuals that were analyzed in this population study, the
probability of two of those individuals having the same mitotype is approximately 0.14, meaning
that there is a 14% chance two individuals will have matching results. The discriminatory power
was then calculated using the results from the probability of a chance match with the formula DP
= 1 – P (M)[68]. This calculation provided a value of 0.85, which means that there is an 85%
chance that the assay will differentiate between two Caucasians within a population.
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Table 5

SNP Profiles for the Population Study

The SNP profiles that were found following a population study of 100 Caucasian individuals are
listed, as well as the frequency of each profile within the population. The majority of the
individuals in the population study did not demonstrate polymorphisms at any of the selected
sites.
Haplotype

% of Population

Normal

32%

3010A

9%

3010A, 7028T, 10398G, 11251G, 11719A, 14766T, 14798C

8%

7028T, 10398G, 11719A, 14766T

8%

7028T, 11251G, 11719A, 14766T

7%

7028T, 11719A, 14766T

7%

7028T, 10398G, 11467G, 11719A, 12308G, 12372A, 14766T, 14798C 6%
7028T, 11467G, 11719A, 12308G, 12372A, 14766T

6%

7028T

4%

11719A

3%

7028T, 11467G, 11719A, 12308G, 14766T

3%

7028T, 11467G, 11719A, 12308G, 14766T

2%

3010A, 7028T, 10398G, 11251G, 11719A, 14766T

1%

3010A, 7028T, 11251G, 11719A, 14766T, 14798C

1%

7028T, 10398G, 11251G, 11719A, 14766T, 14798C

1%

3010A, 7028T, 11251T, 11719A, 14766T

1%

7028T, 14766T

1%
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Another more limited population study was completed for a small population of AfricanAmerican individuals. For all 20 of the African-American individuals analyzed, each had the
same haplotype of 7028T, 10398G, 11719A and 14766T. None of African-Americans
demonstrated polymorphisms for those sites that had previously been classified as Caucasian
specific SNPs. The sites 7028T, 10398G, 11719A and 14766T are known to be polymorphic in
almost every mitochondrial DNA haplogroup and studies suggest most Africans are
polymorphic at these sites[24]. It was found that 8% Caucasians within our sample population
shared this same haplotype. Based on this finding, it would suggest that this assay provides a
92% chance Caucasian samples will be recognizable as not originating from African-Americans.

Species Specificity
After completing the population study, validation studies were completed to test the
application of this assay. The first test was to determine the species specificity of the assay
(Table 6). Blood samples were obtained from various primate and non-primate species. The
first set of samples was comprised of non-primate species, including horse, dog, sheep, ferret, cat
and cow. It was found that the primers utilized in the assay were not complimentary to the
mitochondrial DNA in these non-primate species. This was verified by the amplification product
gel that was run, showing a lack of amplification products in the gel (Figure 5). A set of primate
blood samples were then extracted, amplified and sequenced. The experimental results found
that the developed assay showed greater specificity to the primate species. For most of the
primates, the primers were able to amplify a few of the SNPs in the assay. The primates showing
the greatest similarities to Human samples were the Chimpanzee, the Bonobo and the Gorilla
(Figure 6).
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Table 6

Species Specificity

The table below details the mitotypes for the non-primate and primate species samples that were
analyzed with the mtSNPlex assays. Pyrosequencing was not performed on the non-primate
species after an agarose product gel confirmed that there was not any amplification product
following both rounds of PCR. Primate samples were sequenced with all five mtSNPlex. The
table illustrates the results, in that not all primates were able to be types with every marker. The
gorilla, chimpanzee and Bonobo samples produced the most complete results.
3010

7028

10398

14766

14798

G/A

C/T

A/G

A/G

A/G

G/A

A/G

G/A

C/T

T/C

Cat

-

-

-

-

-

-

-

-

-

-

Cow

-

-

-

-

-

-

-

-

-

-

Sheep

-

-

-

-

-

-

-

-

-

-

Horse

-

-

-

-

-

-

-

-

-

-

Dog

-

-

-

-

-

-

-

-

-

-

Ferret

-

-

-

-

-

-

-

-

-

-

Macaque

A

-

-

-

-

-

-

-

-

-

Rhesus

A

-

-

-

-

-

-

-

-

-

Lemur

-

-

-

-

-

-

-

-

T

C

Chimp

-

C

A

A

A

A

A

A

C

-

Wooly Monkey

A

-

-

-

-

-

-

-

-

-

Spider Monkey

-

-

-

A

-

-

-

-

C

T

Tamari

-

-

-

-

-

-

-

-

-

-

Bonobo

-

C

G

A

A

A

G

A

C

-

Gorilla

-

T

G

A

A

-

A

A

-

T

Species

11251 11467
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11719

12308 12372

Figure 5

Non-Primate Species Product Gel

The picture above displays an agarose product gel following electrophoresis, stained with
ethidium bromide. The numbers above each lane correspond to the sample types that were
analyzed in this gel. Non-primate species Horse, Dog and Ferret samples are in Lanes 1, 2, and
3, respectively. Two human positive control samples occupy Lanes 4 and 5. Lane 6 is a reagent
blank used as a negative control. Lane 7 is also a negative control used for the second round of
nested amplification PCR. Each group of lanes corresponds to the mtSNPlex that was used for
those samples. Aside from faint bands, which most likely indicate primer-dimer formations,
Lanes 1, 2, and 3 lack any bands and allowed for the conclusion that the amplification primers
were not capable of binding to non-primate mitochondrial DNA.
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Figure 6

Primate Species

The figure above displays pyrograms from mtSNPlex4b with primate species samples. A
reagent blank was included for a negative control and a known human sample was included as a
positive control. The sequencing results for the Bonobo, chimpanzee and gorilla are all very
similar to the human control sample. However, the pyrogram for the spider monkey is indicative
of the results that were obtained for most of the other primate species, in that most of the markers
were not detected in analysis. Only marker 11251 was detected in the spider monkey, whereas
marker 11467 was not.
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Sensitivity Studies
Experiments were performed to assess the sensitivity of assay, the results of which are
illustrated in Figure 7. It was of interest to determine the lowest amount of initial input DNA
that was required to produce reliable results from the Pyrosequencing software. The standard
amount of input mtDNA initially used in this assay was 20pg for the outer amplification. For
this study, several serial dilutions were made from extracts from buccal swabs donated by five
previously typed individuals. The amount of initial template mtDNA ranged from 100pg (100 x
10-12g) down to 10ag (10 x 10-18g). The software was able to produce definite peaks for
reactions utilizing equal to or greater than 10fg of DNA. Only a few instances were observed in
which results were found with lower amounts of DNA. Sample #1 with mtSNPlex 1 and 5 and
Sample #3 with mtSNPlex 2 produced successful results with 1fg of initial DNA. However,
these results were not the standard for any of the other mtSNPlex results. The minimum amount
of 10fg of DNA required for analysis is 1/2000 of the amount that is normally used with this
assay. These experiments demonstrate that the assay can work with small amounts of initial
input DNA and the Pyrosequencing is sensitive to detecting these low amounts of DNA. This
aspect of the assay is particularly useful in the field of forensics, when degraded biological
materials are often encountered.
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Figure 7

Sensitivity Samples (20pg - 10ag)

Serial dilutions for known extracts of mtDNA were made to dilute the initial amount of input
mtDNA to determine the sensitivity of the assay and the instruments. The pyrograms above
show the dilutions from 50pg to 10ag. A reference pyrogram for 20pg of input mtDNA is shown
for comparison purposes. It was determined that dilutions as low as 10fg would provide reliable
results. This was consistent for a set of five sample dilutions.
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Environmental Studies
The ability of the mtSNPlex assays to amplify and sequence degraded DNA was
determined by testing the assays with environmentally degraded samples. These samples had
been exposed to a variety of environmental conditions, including heat, humidity, sunlight and
precipitation, over a period of approximately three months from July 2005 until October 2005.
The average temperature during this time ranged from 87°C up to 91°C. The month of August
experienced the most precipitation, with a monthly total of 5.35 inches, with only a total of 1.75
and 3.37 in July and September respectively. Both blood and semen samples were analyzed for
comparison purposes. Mitochondrial DNA was extracted from blood stains from three known
sources of mtDNA. The time increments for the environmental exposure on these samples
included 1 day, 2 days, 1 week, 3 weeks and 6 weeks. These samples were then amplified and
sequenced. The mtSNPlex2, mtSNPlex4b and mtSNPlex5 assays were used in this analysis.
These assays would provide the most markers to differentiate between samples and it would also
allow for testing sensitivity, because mtSNPlex 2 and 5 generally provide more sensitive results,
whereas mtSNPlex4b is not as sensitive to lower levels of mtDNA. It was determined that blood
stains exposed for up to 1 week in the presence of heat, sunlight and precipitation would provide
enough mtDNA for successful mtSNPlex analysis (Table 7). Samples exposed for up to 3 and 6
weeks produced pyrograms that were difficult to interpret, likely due to the fact that at that point,
most of the mtDNA present in the stain had been degraded (Figure 8). All of the mtSNPlex
assays provided similar results, indicating that the sensitivity of the assays was not an issue to
cause concern with these environmental samples.
For the semen stains that were analyzed, similar steps were taken. The same climate
conditions were present for the semen stains during their environmental exposure and the time
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increments of exposure were also the same. For this experiment, two sets of semen stains from
two different known individuals were utilized. The mtSNPlex2 was used for this analysis
because it contained one of the markers, 12308, that would allow for differentiating between the
two samples. Other assay would have worked, but this mtSNPlex is also sensitive to lower
amounts of mtDNA. It was found that for the semen stains, mitochondrial DNA was accessible
for stains exposed for up to six weeks out in the environment (Figure 9). Stains exposed for
eight weeks began to show a decrease in the pyrogram signals, and thus marked an inability to
determine the full profile for those multiplexes.
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Table 7

Environmental Samples

Blood and Semen samples, exposed to environmental conditions for a period of up to three
months, were analyzed to determine the sensitivity of the assay to degraded mtDNA samples.
Results from mtSNPlex2 are shown below for comparison. Plus signs indicate that
mitochondrial DNA was successfully sequenced and minus signs designate those samples that
failed to provide sequencing results. Three blood samples were analyzed with three duplexes.
Reliable results were obtained and consistent for samples exposed for up to 1 week. The two
semen samples analyzed were able to provide reliable results for a longer period of time, after
having been exposed to the environment for 6 weeks.

Blood

Semen

#2

#5

#105

(Female,

(Male,

(Male,

Caucasian)

Caucasian)

Caucasian)

mtSNPlex2

mtSNPlex2

mtSNPlex2

1 Day

+

+

+

+

+

2 Days

+

+

+

+

1 Week

+

+

+

3 Weeks

-

-

6 Weeks

-

8 Weeks

-

#5

#105

mtSNPlex2

mtSNPlex2

+

+

+

+

+

+

+

+

+

+

+

+

-

-

-

-

+

+

-

-

-

-

-

+

+

-

-

-

-

-

-

-
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Figure 8

Environmental Samples - Blood

The figure above presents pyrograms from an environmental study performed on blood stains
exposed for varying amounts of time. The duplex illustrated here is mtSNPlex 5. These results
indicate that the mtSNPlex assays are able to detect degraded blood stains for up to 1 week after
initial exposure to environmental conditions. The decreasing intensity of the peaks is indicative
of the decreasing amount of mtDNA in the PCR product as a result of the lower amount of input
DNA from degradation.
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Figure 9

Environmental Samples - Semen

The figure above presents pyrograms from an environmental study performed on semen stains
exposed for varying amounts of time. The results shown here suggest that the mtSNPlex assays
are able to detect degraded blood stains for up to 6 week after initial exposure to environmental
conditions. This time frame is larger than that which was seen with the blood stains.
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Mixture Samples
The occurrence of mixtures in forensic analysis is quite common, especially when
dealing with blood stains and rape kits. Extracts from mtDNA samples from known Caucasian
contributors #6 and #2 were mixed to simulate mixed sources of DNA, as would be encountered
in a crime scene. The selected extracts for the mixtures were chosen to maximize the number of
SNP differences between the samples, so as to differentiate between the samples in the
pyrogram. The ratios of the mixtures made were 1:1, 1:5, 1:10, 5:1 and 10:1, in 5ul increments.
It was determined that mixtures were detected only at a ratio of 1:1 (Table 8). For the positions
at which the two samples possessed different alleles, the Pyrosequencing software recognized the
presence of mixtures by displaying both possible peak configurations. However, when the ratios
involving an increased amount of one species of DNA over the other were analyzed, the
instrument provided sequence results for the more dominant species. Although smaller peaks
were present in these other mixtures, it was difficult to differentiate them from the background
noise peaks, and thus it was not possible to conclude that they were mixtures (Figure 10). These
results were consistent for each of the five mtSNPlexes.
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Table 8

Mixture Samples

Extracts from known sources of mtDNA were mixed to simulate mixed samples that may be
encountered at a crime scene. The two samples used in this experiment were from two
Caucasian individuals (both female) who donated samples for use in the initial testing of the
singleplex assays. Aliquots from the initial extraction were used to create these mixtures. The
mixtures were made in the ratios, as indicated at the top of the table. Plus signs indicate the
ability to detect a mixture, where as minus signs designate which samples were unable to
determine as mixtures. It was found that the only ratio at which a mixture could be detected
was a 1:1 ratio. The other mixtures produced pyrograms that were more skewed towards the
dominant species of mtDNA.

#2:#6

#2:#6

#2:#6

#2:#6

#2:#6

1:1

1:5

1:10

1:5

1:10

mtSNPlex 1

+

-

-

-

-

mtSNPlex 2

+

-

-

-

-

mtSNPlex 3

+

-

-

-

-

mtSNPlex 4

+

-

-

-

-

mtSNPlex 5

+

-

-

-

-
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Figure 10

Mixture Samples

The pyrograms presented in this figure are the results from analysis performed on mixed samples
of mitochondrial DNA extracts from two individuals. The previously typed individuals were
selected based on the large number of polymorphic differences between each other. For this
mtSNPlex assay, both individuals possess the 12308A allele. However, marker 10398
demonstrates the difference between the two individuals. Sample #6 possesses the 10398G allele
and #2 possesses the 10398A allele. For the samples, #6:#2 1:5 and 1:10, the 10398A allele is
detected, because the ratio of individual #2 is increasing. The opposite is true for samples #6:#2
5:1 and 10:1. When equal mixtures of both individuals mtDNA extracts were analyzed, both
alleles 10398A and 10398G were detected in equal amounts. As the mixtures become skewed
towards one side, it becomes more difficult to detect a mixture as the smaller peaks resemble
background peaks that are often detected in the blank positions following the SNP.
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Simulated Casework
To assess the potential for this assay in forensic casework, mitochondrial DNA samples
were fabricated to simulate those types of samples encountered in this field. These samples
included saliva and handprints collected from an aluminum soda can, a semen stain and hair
shafts with the follicle still attached. These materials came from two previously types donors (#5
and #6), so as to aid in predicting the expected mitotypes. The saliva stain and the semen stain
were collected on cotton swabs, the handprints were collected using the double swab technique
with cotton swabs and the hair shaft with follicle was plucked from the individual and then cut
into smaller pieces. The standard organic extraction method was used on all four biological
materials. Sequences were obtained for all these types of samples, proving that this assay is
effective with various types of biological materials and is not limited to blood and buccal swabs
(Figure 12). The sequences also matched the previous mitotype results for these individuals,
indicating that these various materials provided accurate results.
This is significant because forensic analysis often relies on multiple and varied sources of
DNA for analysis. For the trace samples that were analyzed, it was determined that swabs of an
entire handprint were more effective and produced full profiles, more so than a single fingerprint
or thumbprint. This can be attributed to the larger amount of mitochondrial DNA that can be
extracted from a larger swab area of the trace handprint. The hair samples analyzed in this
experiment had the follicle attached to the hair root. These hairs had been forcibly removed from
an individual, thus providing an intact follicle. However, there was interest in the possibility of
extracting mitochondrial DNA from hair samples without a follicle. This led to investigating the
possibility of digesting shed hair shafts to extract the mitochondrial DNA located deep within the
shaft. The process was aided by the research completed by Graffy et.al [66] . The authors
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reported a new technique that utilizes alkaline conditions to break down the structure of the hair
shaft to allow access to the cells inside the hair shaft. The results of these studies match those of
the authors, in that there was a high success rate for amplifying and sequencing mitochondrial
DNA from shed hair samples. In the first attempted extraction, three known samples and two
unknowns were analyzed. Of these five, only three provided full or partial sequence profiles.
After a second extraction, two of the remaining three samples were successfully amplified and
sequenced. As a positive control, a semen sample was co-amplified and sequences. The positive
control demonstrated that the amplification worked and upon comparison of the pyrograms, it
was determined that the peak heights of the hair samples were similar to that of the positive
control, signifying that the mitochondrial DNA from the hair was in quantities that would
provide reliable results, some of which are presented in Figure 13.
Of the five total shed hair samples that were analyzed, two samples came from unknown
sources. One hair sample appeared to be short in size, approximately one centimeter and was
assumed to be an axillary hair and not a shed head hair shaft. The other unknown hair sample
was several centimeters in length and easily classified as a shed hair shaft. After complete
sequence analysis, it was possible to narrow the source down to two possible contributors who
share identical mitotypes for these mtSNPlex assays. The other unknown shorter hair sample
failed to provide any sequencing results. Table 9 lists the mitotypes determined from these
simulated samples and compares them to the known types for the individual contributors.
The results obtained provided a success rate of four out of five hair samples or 80% of
the total samples. The rate would have been higher except for the one unknown hair that
digested but did not provide enough extracted DNA for analysis. The single hair sample that
failed to provide a sequence profile could be related to the size of the hair shaft, which was much
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smaller than the other samples analyzed, meaning that it was possibly facial hair originating from
the eyebrow. One difference with the extraction process used by Graffy et.al is that there is no
means for quantifying the amount of mtDNA in the final extract, as would be the normal
protocol with the standard organic extractions. However, this is due to the fact that there is a
reduced amount of mitochondrial DNA present in shed hair samples, in comparison to blood
stains or buccal swabs.

Figure 11

Casework Samples

Typical casework samples were fabricated to simulate the type of analysis that this assay could
be used for in forensic casework. These samples include a semen stain, saliva swab, handprint
swab and a hair with follicle attached. Each of these biological materials provided for a full
profile, indicating that the assay is flexible for various sample types.
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Figure 12

Casework Digested Hair Samples

Samples of shed hairs from volunteers were denatured with an alkaline solution to allow for the
extraction of mitochondrial DNA from within the hair shaft. The pyrograms displayed above
were typical for the analyses performed on the mitochondrial DNA extracted from these hair
samples. This experiment demonstrates the ability to analyze low amounts of mitochondrial
DNA from shed hair samples.
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Table 9

Casework Samples Comparison

The table below compares the results from the simulated casework samples to the known or
unknown sources of origin. The previously typed sequences for the individuals are denoted by
the grey shading. Mutations are noted by red lettering. Minus signs indicate where no results
were available for comparison. For the unknown shed hair sample, the sequence was determined
and the source of origin was narrowed down to two individuals from whom the shed hair may
have come from. Both individuals demonstrated identical mitotypes for this assay in previous
studies.
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CHAPTER FOUR: DISCUSSION

The mtSNPlex assays developed and presented here are validated for use in forensic
casework. It is first important to differentiate between this set of coding regions SNPs and other
SNP panels that have been developed. The panels developed by Vallone et al. [70] and Coble et
al. [41] were designed to specifically discriminate between individuals in the control region H1
haplogroup by sequencing coding region SNPs. It has been widely recognized that this
haplogroup is seen in approximately 7% of Caucasian populations. Those panels were designed
to address the issue of individuals with identical hypervariable region sequence profiles. On the
other hand, the panel of 10 mitochondrial DNA coding region SNPs that has been developed
here is not specific to one Caucasian haplogroup. Instead, the SNPs were chosen based on their
observed frequency of occurrence in previously published reports. For the samples used in this
population study, there was not any hypervariable region analysis performed, because this was
not the intent of the study. Instead, the intent of this study was to probe the mitochondrial DNA
coding region and develop a unique combination of coding region SNPs, in order to discriminate
between populations of Caucasian individuals. It was also not the aim of this study to replicate
those studies performed by Vallone et. al. and Coble et. al. Rather, the purpose was to provide
an alternative assay for analyzing the coding region. This set of SNP duplexes will allow for
rapidly screening the mitochondrial coding region. If it is found that two samples produce
identical mitotypes with this assay, further testing would be necessary to discriminate between
the two persons, possibly through hypervariable region analysis. As previously mentioned, it
was determined that for a population of 100 Caucasian individuals, there were 17 different
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haplotypes observed, and the calculated random matching probability of two individuals having
the same haplotype was 14 %. Although there is a likelihood two individuals would have
identical sequences, the assay will at least indicate that further analysis is required, if the
individuals are unable to be distinguished. But as a whole, this assay does serve to increase the
discriminatory power of mitochondrial DNA coding region analysis.
An important issue to address when considering the mitochondrial DNA coding region is
the occurrence and discovery of disease related polymorphisms. It has been recognized that
there is an ethical concern in disclosing information regarding the discovery of a sequence
polymorphism that is associated with a disease phenotype. Coble et al. and Vallone et al. have
suggested that the analysis of the mitochondrial coding region be limited to synonymous changes
to prevent this type of situation from occurring [41, 70, 72]. However, the argument presented
by Budowle et al. acknowledges the reality concerning these disease associated polymorphisms
and recognizes that utilizing only synonymous mutations will greatly reduce the effectiveness
intended with sequencing the mitochondrial DNA coding region [73]. In developing these
assays, there were no limitations to the consideration of polymorphisms that resulted in
synonymous mutations. Instead, the focus was placed more on selecting appropriate sites to
effectively differentiate between individuals in a Caucasian population. In general, most of the
polymorphic sites that were chosen are not known to be associated with genetic disorders [7477]. A few of sites that were selected have also been suggested to be related to various disorders.
For example, mutations at 7028, 10398, and 12308 have been investigated for their association
with Alzheimer’s disease [78]. The polymorphism at 12308 is also associated with single
mitochondrial DNA macrodeletion [79]. The base pair change at 11251 is believed to be
associated with DIDMOAD (Diabetes Insipidus, Diabetes Mellitus, Optic Atrophy and
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Deafness) syndrome [80]. Finally, the polymorphism at marker 11719 is proposed to be linked to
reduced sperm motility [81]. However, these findings still require more research to determine if
an actual phenotypic expression is related to the polymorphism. The only polymorphism that
has actually been confirmed to be related to disease is the A to G mutation at base pair 10398.
One study has linked the 10398A allele to breast cancer susceptibility in African American
women [82].
Another purpose of this study was to utilize several techniques to decrease the amount of
time required for analysis and to provide rapid, accurate results. This led to the use of nested
PCR amplification reactions and to utilize the Pyrosequencing technology for sequence analysis.
The nested amplification reactions were designed to allow for an initial PCR reaction to amplify
approximate regions within the coding region that were of interest. There are benefits to
utilizing this type of amplification process. For instance, it reduces the amount of mitochondrial
DNA that needs to be extracted from the evidence or sample. In forensic casework, it is
sometimes necessary to utilize a small portion of the evidence for analysis. In other cases, there
may only be a small portion available. The nested amplification reactions provide assurance that
once an extract is amplified there is enough template mtDNA available for further analysis. The
Pyrosequencing technology is a useful resource for rapid sequence analysis. As mentioned
before, there are several benefits to the technology, including providing the actual surrounding
sequence, quantitative results and flexible primer placement. Pyrosequencing also allows for
complete genome sequencing or SNP analysis. The SNP sequencing software is able to rapidly
analyze the samples. The average run time for a well plate of samples is approximately 18
minutes, which is faster than most current techniques. Another method currently in use for the
analysis of SNPs is the SNaPshot technique. The SNaPshot technique requires more time for
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analysis given that the minisequencing reaction requires an additional PCR reaction, typically
around 25 cycles, for single base extensions [37, 39]. Following this, the minisequencing
products are separated by capillary electrophoresis on an ABI PRISM 310 Genetic Analyzer,
which for SNP analysis, usually requires approximately 25 minutes per sample [83], thus
demonstrating a much longer runtime than that associated with Pyrosequencing. Furthermore,
the results provided by Pyrosequencing will include identification of the SNPs for the designated
duplex and the quantitative pyrogram peaks. The Pyrosequencing technology provides for an
accurate alternative to standard sequence analysis techniques.
The validation experiments performed on the mtSNPlex assays were essential for
determining whether or not they are properly suited for forensic casework. This approach has
been performed in many studies, in which the authors intend to prove the versatility of their
concept with experimental conditions that simulate forensic casework. The first in this set of
validation experiments was to test the specificity of the assay to other human and primate
populations. A small population of ten African –Americans was chosen for analysis with this
assay, given that African-Americans are considered to be the one of the more prominent ethnic
groups in the American population [84]. According to the most recent estimates from the Census
Bureau, the non-Hispanic African American population is approximately 39.7 million persons,
compared to the total United Stated population of 296 million. This makes African-Americans
the most dominant minority group in the United States. There was some expectation that the
individuals in this study may show some variation in which polymorphisms they possessed. All
ten African-Americans presented the same alleles, according to this assay, with polymorphisms
observed at 7028T, 10398G, 11719A and 14766T. This was not unexpected, in the respect that
persons of African descent are known to have these polymorphisms. One possible explanation
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for this observation is that these SNPs (7028T, 10398G, 11719A and 14766T) are ancestral
mutations that occurred before individuals migrated out of Africa. Studies have been done
suggesting that humans migrated out of Africa [85] and that the common ancestor for human
mitochondrial DNA occurred anywhere from 166,000 to 249,000 years ago [86]. In fact, one
study suggests that since the 11718G allele is associated with the European mtDNA haplogroup
HV, the 11719A must be the ancestral allele [77]. This would also explain why some
Caucasians have the exact same haplotype for this assay as the African-Americans who were
analyzed in the more limited population study. It could be that this arrangement of polymorphic
sites occurred before people migrated out of Africa and populated Europe, thus explaining the
occurrence of this haplotype (7028T, 10398G, 11719A and 14766T) in both populations. It was
not unexpected to observe both Caucasians and Africans with the same haplotype in this assay;
however, it was limited only to polymorphic sites associated with several different haplogroups.
On the other hand, those alleles found exclusively in Caucasian haplogroups (3010A, 11251G,
11467G, 14798C) were not found in the African population that was tested. This coincided with
the results from previous studies [24, 32, 35, 39] indicating that these markers are exclusive to
certain Caucasian haplogroups , and thus the reason for their inclusion in developing this assay.
With the use of MEGA 3.1 Software [69], a phylogenetic tree was constructed from the
data obtained from the Caucasian population study to observe how the different mitotypes of the
individuals were related to one another. The resulting tree diagram that was produced is
recreated in Figure 14. According to the tree, all of the individuals in the analyzed Caucasian
population descended from an ancestor with the SNP mitotype of 7028T, 10398A and 11719A.
All the individuals present possess mitotypes that are evolved forms of this type. One branch of
the tree illustrates a progression away from these SNPs towards the Cambridge Reference
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Sequence, which lacks any of these SNPs. Other branches show how the individuals in this
population maintained the original three SNPs with the additional mutation that also occurred.

Figure 13

Caucasian Phylogenetic Tree

The sequences obtained from the Caucasian population study that was performed are displayed
in the phylogenetic tree above. Mutations that differentiated from the common mitotype (7028T,
11719A, 14766T) are labeled at the branch at which they occur. Dash marks at the ends of the
branches indicate how many individuals were observed with each specific mitotype. Those
Caucasians with matching mitotypes to the African-Americans that were analyzed and those
matching the Cambridge Reference Sequence are indicated so as to demonstrate how these
lineages descended. The patterns observed in this tree match results from previous studies
suggesting that the 7028T, 11719A, 14766T alleles may be the ancestral alleles
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Those Caucasians with matching mitotypes of those individuals from the African-American
population study are also noted, to illustrate how this mitotype is related to the other Caucasians
in the population.
From the patterns that are observed in this tree, it could be suggested that the 7028T,
10398A and 11719A alleles are the ancestral alleles and that mutations at these sites are
transitions towards the more recent alleles. The tree was constructed to display the most
parsimony between the lineages; however, it is apparent that some mutations are shown to have
occurred more than once. In a paper published by Avise et al, the authors suggest that
mitochondrial DNA markers are not ideal for phylogenetic analysis because they often indicate
parallel or convergent evolutionary change [87]. The authors also cite other studies in which
certain restriction sites have been known to turn off and on during the course of evolution [88,
89]. Avise et al suggest this is related to recurrent transitional base substitutions due to the rapid
evolution of the mitochondrial DNA genome. This would serve to explain the homoplasy that is
observed at markers 3010, 10398 and 11719 in this Caucasian population.
The next experiment in this validation study was to test the species specificity of the
primers utilized in the amplification process. The primers were originally designed using the
Primer 3 software available online [90] and tested with the BLAST software available online
[91] to determine if the primer sequences were present in other published DNA regions, aside
from the desired location within the mitochondrial DNA. The BLAST results did not show any
non-human similarities and as expected, the primers were unable to amplify mitochondrial DNA
extracts from non-primate species. This was verified by the absence of markers in a 3% agarose
product gel that was run following the nested amplification reaction. When the primers were
used in amplification reactions for a small population of various primate species, some success
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was found in observing polymorphic sites. For the majority of the primate species, only a few of
the markers were successfully amplified and sequenced. Specifically, results were obtained at
marker 3010 for the Macaque, Rhesus Monkey and Woolly Monkey; at markers 11251, 14766
and 14798 for the Spider Monkey and markers 14766 and 14798 for the Lemur.

However, for

the gorilla, bonobo and chimpanzee samples that were analyzed, there was an increased amount
of markers that were successfully amplified. This is in agreement with previous studies that have
determined how closely related humans are to gorilla and chimpanzee species [7].
A series of sensitivity experiments needed to be performed to test the capability of the
assay to amplify and sequence low amounts of initial input mitochondrial DNA. In actual
forensic casework, the amount of biological materials could vary in quantity, sometimes leaving
the forensic scientist with little material with which to perform analyses. The high copy number
of mitochondrial DNA per cell provides a means for performing analysis with a small amount of
biological materials. This assay was designed to utilize this quality to allow for analysis with
low amounts of input DNA. The standard amount of initial template mtDNA used in the outer
amplification reaction was 20pg. Following this reaction, 0.5ul of the amplified product was
then used for the nested amplification reaction. The process of nested amplification further
increases the amount of mtDNA for analysis, specific for the regions of interest. The
experiments performed were designed to dilute the amount of input mtDNA down to the lowest
threshold at which the mt

SNPlex assays could accurately produce mitotypes. The lowest

amount of input template mtDNA that provided consistent results was 10fg. A few of the
samples produced Pyrograms with 1fg of initial template mtDNA, but this was consistent for
neither all the samples nor all of the duplexes. It seems that from the results that were obtained,
mtSNPlex 1, 2 and 5 are slightly more sensitive and capable of amplifying lower amounts of
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initial DNA. However, as a whole, the multiplex system is sensitive to 10fg of mtDNA. This is
an accomplishment because it is 1/2000 of the amount that is utilized in the standard
amplification reactions for mitochondrial DNA used in the previous experiments of this study.
Another study has shown successful results utilizing 20pg of input DNA [32]. However, other
studies generally use 1 to 4ng of initial input DNA in their amplification reactions [24, 34, 37,
92]. The results from the experiments presented here further indicate that the assay could
provide a means for analyzing small amounts of mitochondrial DNA.
Another important aspect to consider when validating this developed assay was to test the
capability of amplifying and sequencing mitochondrial DNA that had been subjected to
environmental degradation. These types of samples are commonly found in forensic casework,
as most crimes do not occur in sterile, isolated environments such as a laboratory. Thus, there
was a need to subject blood stains and semen samples to the elements to provide a more realistic
scenario for analyzing mitochondrial DNA. Blood and semen stains had been utilized for these
experiments. The degraded samples had been exposed to the environment over a period of three
months during the summer of 2005 in Orlando, Florida. For all three individuals, sequencing
results were consistently obtained for those stains that had been exposed for up to 1 week. The 3
week and 6 week blood stains provided Pyrograms that were either difficult to interpret or
incomplete. For the semen stains, a similar process was used. The semen stains produced
complete Pyrograms for stains exposed for up to 6 weeks in the same environmental conditions
as the blood stains. This suggests that the semen stains were able to withstand more of the
environmental degradation than the blood stains were. However, both experiments demonstrate
the capability of the assay and the Pyrosequencing software to analyze environmentally degraded
biological materials.
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The occurrence of mixed contributor samples is often found in forensic casework. Thus,
an assay utilized in this field must be able to detect mixtures effectively. An experiment was
designed to test how mixtures would be interpreted using the assay and the Pyrosequencing
software. Mixtures of extracts from known individuals were produced by combining the extracts
of two individuals in ratios of 1:1, 1:5, 1:10, 5:1 and 10:1. This set of ratios would provide a
range to observe how the peaks in the resulting pyrograms would be produced. The mtDNA
extracts from the individuals used for this experiment were selected because there types differed
at a maximum number of markers, so as to provide mixed peak results upon Pyrosequencing.
Thus, for the 1:1 mixture, the pyrograms did indeed show peaks that were called as mixtures by
the Pyrosequencing software. These peaks were in equal ratio, as expected in an even mixture.
The mixtures became more difficult to interpret as the ratios increase or decreased in the other
sets. As expected, the more dominant species in the mixture were detected, thus causing the
Pyrograms to be skewed in its favor. In the cases where two peaks were expected from a
mixture, the second, less dominant peak was often observed as a background peak because they
were barely raised enough above the base line to be considered a peak, like the other blank peaks
in the pyrogram
The final set of experiments involved in the validation process included analyzing
samples that would normally be associated with forensic casework. In order to simulate the realworld scenarios, several types of biological materials were used to fabricate biological evidence.
This included saliva swabs, semen stains, handprints, fingerprints, shed hairs and forcible
removed hairs. This set includes sample types commonly used in forensic casework. The
purpose of this wide range of sample types was to demonstrate the flexibility of this assay with a
variety of biological materials and to observe the capability of mitochondrial DNA analysis with
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hair and trace fingerprints. The saliva swabs and one of the handprints were obtained from a
discarded soda can. The semen stain was swabbed using a cotton swab. The other handprint and
fingerprint were swabbed from a sterile beaker that had been swabbed. The double swabbing
technique was used for the saliva, handprint and fingerprint samples, to increase the amount of
epithelial cells that were collected. The double swab technique has been shown to demonstrate
increased collection of epithelial cells from saliva [93] and in this experiment, was also utilized
with epithelial cells transferred from human skin. The double swab technique involves the use of
two swabs. The first swab is wetted with deionized water and the material is swabbed once over.
The second swab is dry and is used to collect any remaining biological material that is left
behind. This method has been presented by Sweet et al as an improvement over classical
swabbing techniques. The forcibly removed hairs were plucked from volunteers and the shed
hairs were collected from laboratory coats and chairs. The removed hairs were utilized because
the follicle was still attached, whereas the shed hairs had to be digested to break down the hair to
extract the mitochondrial DNA deep inside the hair shaft. The extraction of mitochondrial DNA
was accomplished using a recently reported method [66] that involves alkaline digestion of the
hair, neutralization and then extraction and washing through a Microcon filter. This new method
is presented by Graffy et al and is suggested by those authors as an improvement over traditional
methods that are more time consuming and labor intensive. This process allows for one day
extractions using common laboratory materials without excess wastage of chemicals or supplies.
The results from the experiments utilizing the various evidence types indicated that the assay was
durable for the common biological materials encountered in forensic casework. The analysis of
these samples produced Pyrograms that were in agreement with the known types for those
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individuals (Table 9) and of consistent quality for the varying evidence types. This validates the
flexibility of this assay to allow for analysis of typical casework materials.
The most interesting result from this specific set of experiments was the ability to extract,
amplify and sequence mitochondrial DNA from trace fingerprints, handprints and shed hairs.
This is significant because these are among the most common types of evidence found in crime
scene investigations but it is typically difficult to extract nuclear DNA for analysis. Significant
progress has been made to develop assays and techniques to expand the usage of mitochondrial
DNA analysis to these materials. The analysis of the trace fingerprints and handprints provided
complete profiles that were consistent in peak height with the other sample types, which
indicates that enough mitochondrial DNA was present for proper analysis. It also coincides with
previous findings that the amount of contact time is not relevant to the amount of epithelial cells
that are transferred, as the different prints resulted from different amount of contact time. The
experiments conducted on the shed hairs showed a success rate of obtaining full profiles from
digested shed hairs that is equivalent to what other studies have shown in their analysis, which
ranged from 75% to over 90% of the total number of samples analyzed [58-61]. The 80% found
in this study falls within this range. The inability to sequence the one failed shed hair from this
experiment is likely due to the fact that it was an axillary hair, since such hairs have been shown
to be less reliable for DNA profiling than shed head hair [60]. The results from the experiments
that were performed on these materials demonstrate that the assay that has been developed can
also serve as a tool for analyzing mitochondrial DNA from those evidence types that would not
typically be used in nuclear DNA analysis, thus providing a wealth of options for the forensic
scientist.
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CHAPTER FIVE: CONCLUSION

In conclusion, an assay has been presented here, developed to provide additional
discriminatory power to the analysis of mitochondrial DNA, through the use of coding region
SNPs. The development of nested PCR amplification reactions and the use of SNP
Pyrosequencing technology were crucial in accomplishing this goal. This assay was developed
specifically for differentiating between individuals in a Caucasian population. A population
study of 100 Caucasian individuals was performed to assess this ability, and it was found that 17
haplotypes existed within this population, with a random match probability of 14%. The next
goal was to subject this assay to various validation experiments to assess the practicality of this
assay for potential use in forensic casework. After observing the results of species specificity,
environmental degradation, decreased input mtDNA, and mixtures, it was apparent that the assay
would work in these situations that commonly occur in a forensic laboratory. The capability of
this assay to provide results with a variety of sources of mtDNA demonstrates that it is
applicable for crime scene samples, such as trace fingerprints, saliva, semen and blood, and
samples that are more associated with human remains, such as hair and bones. The specificity of
the primers used in the amplification reactions only allowed for the amplification of primate
species mitochondrial DNA. The ability of this assay to successfully analyze environmentally
degraded samples is also significant because of the common occurrence of these samples types in
forensic casework. The use of Pyrosequencing technology allowed for the development of an
assay that can provide rapid results, while analyzing two SNP markers at a time. The real-time
nature of Pyrosequencing provides results that can be observed while the sequencing is
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occurring. The quantitative nature of the resulting Pyrogram peaks are beneficial for detecting if
a mixture is present in a sample and for determining the effects of decreased input mtDNA. The
accuracy and rapidness of this sequencing method would be beneficial in a forensic laboratory
looking to reduce the time and materials needed for analysis. Thus, this multiplex assay is
presented as an alternative option for current mitochondrial DNA coding region SNP methods in
use today.
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UNIVERSITY OF CENTRAL FLORIDA
RESEARCH OR CLASSROOM USE INFORMED CONSENT FORM
Dr. Jack Ballantyne
I.

Department of Chemistry

PROJECT TITLE: Analysis of mitochondrial DNA coding region SNPs for increased
discrimination in forensic casework

II.
INTRODUCTION: To date, the use of mitochondrial DNA in forensic analysis has
relied on the presence of variations in the hypervariable regions to differentiate between samples.
One problem that this analysis has shown is the occurrence of common HV haplotypes or
identical sequences. Thus, there is a need to enhance the distinguishing power of this type of
analysis. One option has been to investigate the mitochondrial coding region for polymorphisms
that could differentiate between samples with identical control region haplotypes. Our goal has
been to identify polymorphic coding region sites for development in an assay that would
effectively enhance the discriminatory power of mitochondrial DNA analysis.
III.

I have volunteered to take part in this study. I understand that my participation is not
required. If I am a student, refusal to participate in this study will not affect my grade in
any way. I understand that participation in this study does not require that I donate all
sample types, only the ones I am comfortable giving. My physiological sample can be
used for the following purpose(s):
____

1. To provide samples for use in a classroom setting to teach students the
techniques used in the analysis of forensic evidence, or for use on ongoing
projects in the research lab. The students and/or researchers will perform the
routine tests used in a forensic laboratory or conduct original research using these
samples. The students in the laboratory will observe universal precautions at all
times when handling the samples (i.e. gloves, lab coats, appropriate clothing,
safety glasses when appropriate, etc.) to protect themselves from contamination
by any infectious agents that may be present in the samples.

____ 2. To be dried and preserved to be used in a teaching lab, as part of research, and
any population studies undertaken.
____

3. To be counted in the population study or for the advancement of research
projects.

____

4. I am a volunteer who knows about this research through word of mouth and
wish to submit my sample on the basis that I will not be able to obtain the results
of my sample.
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Note: Please initial and date Items 3 or 4, then choose Items 1 or 2 or both, if you wish to
participate in this study.
1V.

The genetic analysis of human physiological samples will take place in the University of
Central Florida Chemistry Department, Laboratory 305 or at 12354 Research Parkway,
Laboratory 321/322 in Orlando, Florida.

IV.

Participation requires a one-time donation, with no further donations required. The
amount of time necessary for this donation will vary depending on its nature.
Participants will not receive compensation for their donations. This is what will happen
to the donor:
1. Liquid blood donations- the donor will go to the University of Central Florida MLS
(medical laboratory sciences) laboratory, where a one-time donation of 10 – 15 mL of
blood will be drawn by qualified personnel (Kathy Blaney). Donation will take
approximately 5 minutes. Subjects will be healthy, non-pregnant adults who weigh at
least 110 pounds. The blood will be contained in standard, purple-topped Vacutainers.
The personnel drawing the blood will use standard sterile techniques. These include the
use of sterile, one-time use needles, disposable gloves (to be discarded after each
sample is drawn) and sterile blood collection tubes. The subject’s arm will be swabbed
with alcohol before the needle is inserted. The site of the puncture will be bandaged
after the blood has been drawn.
2. Other physiological donations, such as semen, saliva, and vaginal secretions, will be
deposited on stain cards, dried on swabs, or submitted in a sealed container. Upon
receipt, laboratory personnel will handle the samples using universal precautions.
Semen swabs are collected by the donor in his home as follows: the subject ejaculates
into a plastic waste cup (provided to him). He then places approximately 15 sterile
swabs upside down in the cup. The swabs soak up the fluid and are allowed to dry
overnight, and are returned to researchers. Alternatively, if liquid semen is required,
the plastic cup will be simply sealed after collection and returned to researchers.
Vaginal swabs are collected by the donor in her home. She swabs the cervical region
with sterile swabs, allows them to dry overnight and returns them to researchers.
3. Each sample will be coded with a unique number. This number, the subject’s gender,
and the population group to which he/she belongs will be the only individual
characteristics known to research personnel and/or students.
4.

My physiological sample will be dried on to cards or swabs and frozen for long-term
storage purposes. The samples may be used in a classroom setting to allow students to
learn forensic techniques. The samples may also be used in original research projects
and a compilation of genetic databases consisting of all individuals and their genotypes
for every marker used in the lab.
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5. I will consent to the use of my sample as described by initialing and dating section III
of this form.
VI.

Sometimes there are side effects after blood is drawn with a needle. These side effects are
called risks, and for this project, the risks are:
1. Mild discomfort when my blood is removed by needle.
2. Possible bruising at the site of the needle puncture. This possibility is reduced by
holding your arm above your head just after the procedure.
3. Possible weakness, fainting or dizziness which may be reduced by sitting down for
several minutes after the blood is drawn.
4. Possible contamination at the site where the blood was drawn which will be reduced
by the application of a bandage.

VII.

There are no direct benefits to the participants, but indirect benefits would include the
improvement of the forensic program and the development or discovery of the
mitochondrial SNP markers for use in forensic typing.

VIII. My confidentiality will be guarded. University of Central Florida will protect all the
information about me and my part in this study as required by the IRB and privacy laws
for research participants just as is done for all subjects at University of Central Florida.
IX.

If you believe you have been injured during participation in this research project, you
may file a claim with UCF Environmental Health & Safety, Risk and Insurance Office,
P.O. Box 163500, Orlando, FL 32816-3500 (407) 823-6300. The University of Central
Florida is an agency of the State of Florida for purposes of sovereign immunity and the
university’s and the state’s liability for personal injury or property damage is extremely
limited under Florida law. Accordingly, the university’s and the state’s ability to
compensate you for any personal injury or property damage suffered during this research
project is very limited.
Information regarding your rights as a research volunteer may be obtained from:

Barbara Ward
Institutional Review Board (IRB)
University of Central Florida (UCF)
12443 Research Parkway, Suite 207
Orlando, FL 32826-3252
Telephone: (407) 823-2901
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X.

I understand my physiological sample will become an anonymous sample identified only
by a number. Any genetic data obtained from this sample will only be used for counting
purposes in the population study, or for the advancement of research projects. The
genetic data developed in the classroom will be used for sample to sample comparison for
learning purposes.
I understand I may feel pain when my blood is removed by needle and may receive
bruising at this site. I also understand I may experience weakness, fainting or dizziness as
and will be required to sit down for several minutes after the blood is drawn to minimize
these adverse effects.
Participation in this study is my choice. If I do not take part, there will be no penalty.
Also, if I do agree to take part, I may stop at any point without penalty.

XI.

Signature: _____________________

Date:

If you have any questions, you may contact the principal investigator:
Jack Ballantyne, PhD
Associate Professor, Department of Chemistry
Associate Director for Research,
National Center for Forensic Science
University of Central Florida
PO Box 162366
Orlando, FL 32816-2366
Phone: 407-823-0163
Fax: 407-823-2252
Or the lab manager:
Ashley Hall
National Center for Forensic Science
PO Box 162367
Orlando, FL 32826-2367
Phone: 407-823-0640
Fax: 407-823-3162
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If you will be taking part in the population frequency study, please indicate your population
group by marking a choice below:
Sex: Male
Female
Caucasian
African American
Asian
(South Eastern U.S.) Hispanic
(South Western U.S.) Hispanic
American Indian
Other (please identify):

________
________
________
________
________
________
________
________

____________________________________________

I have read and understand the information in this form. . I am at least 18 years of age, my
questions and concerns have been answered by the researchers, and I have a copy of this consent
form. Therefore, I consent to take part in this research entitled “Analysis of mitochondrial DNA
coding region SNPs for increased discrimination in forensic casework.”
I.
Printed name:
Signature:
Date: __________________________
Relationship if not self:
Witness:
Witness:
Relationship if not self:
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