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ABSTRACT
Evaluation of Prototypes of Roche Applied ScienddEAR
ARRAY™ Mitochondrial DNA HVI/HVII Region-Sequenceyping

Kit for Forensic Mitochondrial DNA Typing

By

Mehul B. Anjaria

The application of deoxyribonucleic acid (DNA) tggiin criminal investigations
has become commonplace. DNA typing technologieg lhaen developed that are
relatively rapid, economical of sample, highly disgnating, and robust. However,
certain types of samples such as hairs withousr@ieletal remains, and samples
containing trace amounts of DNA or highly degra@®tiA are typically not successfully
typed using these nuclear DNA based typing methods.

For these types of challenging samples, analydiseomitochondrial DNA
(mtDNA) is often the only way to obtain geneticanhation. Although the technique of
sequencing the control region of the mitochonddllIA to obtain this information has
existed for some time, it is not amenable to moslip forensic laboratories. The cost,
analysis time, and complexity of sequencing makifficult to implement.

On September 26, 2003, Roche Applied Science(limdianapolis, IN) released
the LINEAR ARRAY™ Mitochondrial DNA HVI/HVII RegiorSequence Typing Kit.

This novel system for mitochondrial DNA typing daest depend on nucleotide



sequencing. It uses the principal of immobilizeduence-specific oligonucleotide
(SSO) probes to produce mitochondrial DNA typingutes. The basic principle of this
kit has been previously used in nuclear DNA typsggtems such as the AmpliType
PM+DQAL kit, and has therefore gained court acaeqga

The LINEAR ARRAY™ Mitochondrial DNA HVI/HVII Regim-Sequence
Typing Kit provides a rapid and cost-effective meahperforming mitochondrial DNA
typing that requires less laboratory equipmentspetialized expertise. Although the kit
does not offer the same level of discriminatios@guencing, it does have a significant
power of discrimination. The kit was designedbéoa screening tool to minimize the
number of samples needing full sequence analyss.example, a law enforcement
agency might need to determine whether pubic lainsd in a rape victim’s bed belong
to a suspect. The hair samples can be rapidlydtygang the linear array kit. If the hairs
are not consistent with the suspect, no furthekweeds to be done. If on the other
hand, typing results indicate that the suspectdcbalthe contributor of the hairs,
sequencing of the PCR product already generated beuperformed if additional
discrimination is required.

Before a new DNA typing system can be used bydhensic community, it must
undergo developmental validation by the manufactdreis involves optimization of the
test as well as definitions of its limitations. eltesearch presented here is a collaboration

study with Roche Molecular Systems, Inc. (Alameda) during the development of the



kit. The typing system was evaluated at the San@dino County Sheriff's Department

(SBSD) laboratory. The primary parameters evatliatere:

1. How much of a concern is contamination?
2. Can different laboratories obtain the same results?

3. How does the system perform on real crime scen@lgaf

Prototypes of the LINEAR ARRAY™ Mitochondrial DNAW/HVII Region-
Sequence Typing Kit were evaluated using a vanésamples made available by the
San Bernardino County Sheriff's Department (SB32)sed on the results obtained in
this project, the typing kit appears to be robugt amenable to the public crime

laboratory system.

Vi
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CHAPTER 1

Introduction

History of Forensic Nuclear DNA Typing

Forensic deoxyribonucleic acid (DNA) analysis iekatively new science that
has its beginnings in the mid-1980’s. The firshteique employed was the analysis of
Restriction Fragment Length Polymorphisms [RFLEJf(dys et al., 1985). This form of
DNA analysis was very powerful in discriminatingween individuals. The end result
of the DNA typing system was an autoradiogram wimch piece of photographic film
that has a series of bands on it that has beemeltkéo a supermarket barcode.
Conceptually, if two separate samples produced $ahthe same location on the
autoradiogram, they could have originated fromséwme individual. If they clearly were
at different locations, then the two samples caowtlhave originated from the same
individual. At first glance it seems a fairly sghtforward concept, however deciding
the criteria for bands that were close enough tageab be a “match” and ascribing
statistical significance to matches proved to b&traversial (Committee on DNA
Technology in Forensic Science, 1992 and 1996%0 Ahe method required relatively
large amounts of DNA (a bloodstain the size ofraedor a semen stain the size of a
pencil eraser) of good quality [that is, the DNAIletule could not be broken apart
(degraded) significantly]. Finally, RFLP analys®k at least a month to perform. All

of these requirements were problematic for foresarples.



In the mid-1980’s a new molecular biology techmiqermed the Polymerase
Chain Reaction (PCR) was conceived (Mullis et2086). It offered a new type of DNA
analysis that was developed in years to follow.RR@s routinely used in forensic
science in the early 1990’s and offered many adged to the RFLP technique.
Relatively small amounts of DNA (on the order oD10nes less than what was required
for RFLP) could now be analyzed, and since smalleas of the genome were being
analyzed, more degradation of the DNA molecule ¢t tolerated. Essentially, the
PCR produced millions of copies of the area ofregeon the DNA molecule in a way
analogous to how DNA is replicated for cell divisim the body. In this way, the
method was much more sensitive than the RFLP metimoch relied only on the DNA
present originally in the sample. Methods of tgpihe DNA were easier and quicker
than previous RFLP methods. The drawback to PCGRed#orensic DNA testing was
that initially these systems had much less discration power than did RFLP.

The first PCR-based forensic DNA test used wa®iQa typing system (Saiki et
al., 1989; Perkin-Elmer Corporation, 1995). Ityldoked at one area or genetic locus
on the DNA as opposed to the 5 loci commonly useRFLP. DG showed much less
polymorphism (variation between individuals) thaa the loci used for RFLP. Further
research and development was aimed at finding nemtiat would add to the
discrimination power of PCR-based tests. By thé-&90’s five loci were added to the
DQa system [now called the PM+DQA1 system] (Perkin-&lr@orporation, 1995) and

in a separate test, the D1S80 locus could be agdlfizasai et al., 1990; Perkin-Elmer



Corporation, 1995). Although these developmentpdtethe discrimination power
immensely, it was still lackluster compared to RFLR to the comparative variability of
the genetic loci used.

The current generation of genetic loci used foRRfased forensic tests are
termed short tandem repeats (STR’s). Typing kithsas Applied Biosystem’s Profiler
Plus™ and COfiler™ are able to type 13 genetic &d determine the sex of a sample
in a highly automated fashion with discriminaticetter than RFLP (PE Applied
Biosystems, 1995).

Despite the rapid evolution of the PCR-based rauddNA testing systems, many
samples commonly encountered in criminal invesbgatare still not amenable to these
types of analyses. While nuclear DNA testing istireely used in local crime laboratories
to essentially individualize samples of blood, senand saliva; analysis of samples such
shed hairs, skeletal remains, and severely degfaidéxjical material is typically not

successful.

Mitochondrial DNA

While methods for analyzing nuclear DNA were besieyeloped, there was
concurrent research into typing the DNA presenhemitochondria of the cell.
Mitochondria are eukaryotic cell organelles that thre site of energy production for the
cell. Oxidative phosphorylation, which producesFAfbr the cell occurs in the

mitochondria (Horton et al., 1994).



Mitochondria are composed of an outer membranereer membrane with folds
known as cristae, and the aqueous matrix whichaoosithe mitochondrial DNA. Figure

1 illustrates the anatomy of a mitochondrion.

Figure 1. Mitochondrion anatomy

(Image fromhttp://www.kathleensworld.com/mitochondria.jpg

There are multiple mitochondria in each cell, aadhemitochondrion has
multiple copies of the genome. It is estimated daath somatic cell has approximately

200-1700 copies of the mtDNA genome (Holland andétes, 1999).



Mitochondrial DNA is inherited maternally. Duririgrtilization, a sperm cell
having only a few copies of its mtDNA genome isarpgorated into the much larger
ovum which has thousands of copies of its genorhas;lthe mitochondrial DNA
contribution of the father is effectively swampeadtbe maternal contribution.
Additionally, there is strong evidence of a meckanwithin the ovum that selectively
destroys foreign mtDNA (Holland and Parsons, 1999).

The presence of DNA in the mitochondria was fdsserved as filaments by
Margit and Sylvan Nass in 1963 (De Robertis and deftis, 1987). In 1981, the entire
16,569 base pair human mtDNA genome was sequerycAdderson et al. (Anderson et
al., 1981). A map of the genome is presented helow

Figure 2. Map of mitochondrial DNA genome
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Human mitochondrial DNA has 22 tRNA genes, 2 rRN#h@s, and 13 protein-
coding regions. The functions of the genome atte for proteins associated with the
electron-transport chain; and code for proteindlAR and rRNAs necessary for protein
synthesis. Additional proteins needed for mitoah@l function are coded in the nuclear
genome (Griffiths et al., 1993).

Mitochondrial DNA is a circular, double strandedlscule that is not associated
with histones. There is a pyrimidine-rich stramibwn as the “light strand”, and a
purine-rich strand known as the “heavy strand”. sMaf the genome actually codes for
proteins, however, a stretch known as the conégibn has no known coding function,
and is therefore an attractive site for forensialgsis. The control region contains the
‘D-loop’ or Displacement loop which describes aisture formed during mtDNA
replication which has its origin in this region (lmd and Parsons, 1999). Base position
numbering begins arbitrarily near the center ofdbetrol region.  Within the control
region are hypervariable region | (HVI) and hypeiaale region Il (HVII), where
polymorphism is concentrated. Figure 3 providesapping of the control region of the

mtDNA genome.



Figure 3. Control region of mitochondrial DNA genome
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Forensic Use Of Mitochondrial DNA Typing

Because the mitochondrial DNA is arranged in eutar fashion, it is less
susceptible to nucleases that tend to degradentl{&r, 2000). It is also afforded
protection by the double-wall structure of the raitondrion. Due to these reasons and
the fact that each cell can have hundreds of cagidse genome, there is a higher
probability of obtaining a successful mtDNA anasysh a sample than of a nuclear DNA
analysis. Thus, samples such as skeletal remathkats or ski masks that may have
poor quantity or quality of nuclear DNA may be aralele to mtDNA typing. Finally,
the most important forensic application of mtDNAabysis is in the analysis of hair
shafts and hairs without root tissue (the typeasfshfound most commonly at crime
scenes). During the keratinization of hair, mdghe nuclear DNA in the hair shaft is

destroyed, but the mtDNA survives this processdhigt al., 2001).



The benefit of the maternal inheritance of mtDIdARhat any maternal relative
can provide a reference sample in cases of unfehtemains of missing persons.
However, the maternal inheritance of mtDNA is aldetedged sword. If a hair found at
a crime scene has an identical mitotype to a stisgkthat can be said is that the hair is
consistent with the suspect or any of the suspetternal relatives. Also, the
discrimination power of mtDNA is extremely weak wheompared to nuclear DNA
typing. There is far less opportunity for variatio a genome of 16,569 base pairs than
there is in the nuclear genome which contains s®iméion base pairs. Furthermore,
nuclear DNA analysis involves looking at severaldpendently inherited loci whose
population frequencies can be multiplied usinggreduct rule. With current STR
typing systems, the reported frequencies of prefiletained are less than 1 in 6 billion
individuals (6 billion = the approximate populatiohthe world). On the other hand, the
information from a mitotype is considered a singleus at which polymorphism is
created by mutation alone versus segregation ametigeecombination. Population
frequencies of mitotypes are determined by a siroplanting method. In this method the
mitotype of a evidentiary sample is compared tefarence database in order to
determine how many times it occurs in that dataljiiseber, 2000).

There are interpretational difficulties associateth mitochondrial DNA as well.
The phenomenon of heteroplasmy has given concetrhasbeen the subject of much
study. Heteroplasmy can be length or sequencalb&equence based heteroplasmy

refers to two different bases being present attcpéar position in the mtDNA genome



(Stewart et al., 2001). This is explained by nmtbian one population of mtDNA being
present in the individual, arising from replicatiermors (Holland and Parsons, 1999).
Length based heteroplasmy involves differencee@mumber of cytosines present at one
region in HVI and one region in HVII. Due to theghiprobability of replication errors, it
can be expected that in fact, all individuals ateloplasmic, it is just a question of
whether it is detectable. Different tissues witimdividuals have been shown to exhibit
different levels of heteroplasmy. In general, lld@s a very low level of heteroplasmy.
Heteroplasmy is more common in hair samples. Tssuth high energy demands have
the highest instances of heteroplasmy. The inergasnutation may be a result of the
production of oxygen free radicals produced duorglative phosphorylation (Calloway
et al., 2000). The presence of heteroplasmy iergdlg confined to one position in the
genome (rarely in two), thus it is distinguishatstam contamination, which should show
up at multiple positions. Heteroplasmy can actuldlyseen as adding additional
discrimination power to a comparison between knawt questioned samples if
heteroplasmies are identical (Holland and Parsb®@9).

The technique most commonly used for mitochonddA analysis is known as
sequencing. The DNA bases present at each posgittbim HVI and HVII are
determined. While this technique offers a greal déinformation about the mtDNA, it
IS expensive, time-consuming, and technically deiimap) These factors do not make it

practical for most public forensic DNA laboratortesadopt.



Roche Molecular Systems, Inc. (Alameda, CA) hazlbped an alternate
method for analysis of mitochondrial DNA (Reyno&tsal., 2000). A commercially
available kit known as the LINEAR ARRAY™ Mitochondr DNA HVI/HVII Region
Sequence Typing Kit was released on September@®3. 2The linear array targets 19
polymorphic sites within both HVI and HVII for arysis. The sequences are detected
via 33 sequence-specific oligonucleotide probesatitized on nylon membranes. The
sample principle has been used in previous comalbravailable nuclear DNA testing
kits such as the AmpliTyfe®M+DQAL system (Perkin-Elmer Corporation, 1995heT
LINEAR ARRAY™ kit greatly reduces the time spentamalysis, the expense of
analysis, and the equipment and interpretationalathels associated with sequencing.
Because the kit is looking at fewer base positibas direct sequencing, it does not
reveal as much polymorphism. However, the diseration power is significant, and
only slightly less than that offered by sequenciiipe following table illustrates the
genetic diversity observed for this typing systevhére: h=genetic diversity = (1x?)

n/ (n-1), x*being equal to the probability of two random iridisals having the same

mitotype] (Stoneking, 1991).
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Table 1. Genetic diversity in four population groups

Population Group N Number of different | Number of unique | h value
mitotypes observed | mitotypes
African-American 194 137 111 .993
U.S. Caucasian 19y 99 73 .9768
U.S. Hispanic 197 91 67 .9449
Japanese 86 58 48 .9806

(adapted from poster presented by Calloway ett #hea 14" International Symposium on Human

Identification)

Research Questions

In order for a reputable forensic laboratory totch novel DNA typing method,
it must perform a series of internal validationdé&s (Technical Working Group on DNA
Analysis Methods, 1995). This involves demonstigathat laboratory scientists can
produce acceptable data with the system in thieorktory. It also serves to define the
limitations of the typing system, and provide gliiges for the interpretation of results
generated.

The study presented here explores the feasibilitising the LINEAR
ARRAY™ kit for mtDNA typing in a typical public cme laboratory. The experiments
were carried out using two prototypes of the curkén This project was a collaboration
with Roche Molecular Systems, Inc. during the paidievelopment phase of the
LINEAR ARRAY™ kit. The research questions (explairtboroughly in the Materials

and Methods section) examined in this thesis are:

11



. What is the level of mitochondrial DNA contamiion present in samples
processed in a nuclear DNA laboratory?
. Can different laboratories obtain the samenypesults using this system?

. How does the system perform on real crime ssan®gles?

12



CHAPTER 2

Literature Review

The primary articles dealing with the subject afaohondrial DNA analysis via
sequence-specific oligonucleotide probes are sumathbelow in chronological order

of their appearance in the literature.

1. Stoneking M, Hedgecock D, Higuchi R, VigilanEtlich H. Population variation of
human mtDNA control region sequences detected byneatic amplification and
sequence-specific oligonucleotide probes. AmulmHsenet. 1991;48:370-382.

This article describes the original developmerd 8 CR-based SSO typing
system for mitochondrial DNA analysis. The contegion of 52 individuals was
sequenced and studied to design suitable probegiofs of 15-20 base pairs in which
most of the variation between individuals was coedi to one or two nucleotides were
targeted. This experiment led to the design gb@bes. In this early system, amplified
DNA was affixed to a membrane which was then chakel with radioactive probes.
525 individuals from five ethnic groups (Africansidn, Caucasian, Japanese, and

Mexican) were typed. All ethnic groups showed agje diversity value above .95.

13



2. Connor A, Stoneking M. Assesing ethnicity frmman mitochondrial DNA types
determined by hybridization with sequence-speolfgonucleotides. J Forensic Sci
1994;39(6):1360-1371.

The data generated from the mtDNA typing of thé Bflividuals described in
the first article summarized were used to develapodel for predicting ethnicity via
mitotype. When the model was applied to this sanspl, it was able to correctly predict
the ethnicity 63 % of the time. In the Caucasiamgles, the model was successful 81 %
of the time. The logistic regression model wasentéed here as a possible means of

determining the racial origin of severely comprosdiskeletal remains.

3. Reynolds R, Walker K, Varlaro J, Allen M, Cl&KkAlvaren M, Erlich H. Detection
of sequence variation in the HVII region of the lamnmitochondrial genome in 689
individuals using immobilized sequence-specifigariucleotide probes. J Forensic Sci
2000;45(6):1210-1231.

Roche Molecular Systems, Inc. describes an impnave on the original assay.
The probes are immobilized onto the nylon stripalihs then challenged with the
amplified DNA. Detection of bound DNA is accompies through an enzymatic
colorimetric reaction versus via radioactive prob&hke system described uses 17
immobilized probes to capture polymorphism in Hwfihlly. 689 individuals of

Caucasian, African-American, Hispanic, and Japae#sdcity were typed. Genetic

14



diversity values ranged between .95 and .98. Tingdeaalso describes the assay’s

increased sensitivity over sequencing and comnmanfsrensic casework application.

3. Calloway C, Reynolds R, Herrin G, AndersonMie frequency of heteroplasmy in
the HVII region of mtDNA differs across tissue t/pad increases with age. AM. J.
Hum. Genet. 2000;66:1384-1397.

In this study heart, brain, muscle, and blood sasifriom 43 individuals ranging
in age from 11 to 85 were analyzed with 16 immakt SSO probes and by sequencing.
Heteroplasmy was detected in one or more sampes $rof the 43 individuals. Any
samples that displayed apparent heteroplasmy vi&éyped with the AmpliTypePM
nuclear DNA typing kit to rule out the possibiliby contamination. It was found that
heteroplasmy is more likely to be found in oldediuduals. Heteroplasmy was detected
most frequently in muscle tissue. The observatmam heteroplasmy occurred at position
189 in all samples displaying heteroplasmy lech®incorporation of a new probe for

this region.

4. Gabriel M, Calloway C, Reynolds R, Andelind¥jdrimorac D. Population
variation of human mitochondrial DNA hypervarialbégions | and Il in 105 Croatian
individuals demonstrated by immobilized sequeneeifip oligonucleotide probe

analysis. Croatian Medical Journal 2001;42(3):3285.

15



The use of mtDNA analysis with immobilized SSOlg@s was investigated as a
possible tool for identifying remains in mass gsalacated in Croatia and Bosnia. A
linear array of 27 probes spanning both HVI and HVds used to analyze 105 Croatian
individuals. 49 different mitotypes were observéd of which were unique in this data
set. Two common types were observed with a frequen17.1 % and 10.5 %.
Additionally, 18 skeletal remains from a Croatianss grave were analyzed. 14 of the

18 were successfully amplified and typed.
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CHAPTER 3

Methods and Materials

Biological Materials

The human biological materials (hair and blood} thare used to generate the
research data in this study were previously cal@dty or purchased by San Bernardino
County law enforcement agencies. The biologicalemat were from three general
sources.

1. DNA extracts of bloodstains from commercially presgthDNA proficiency tests

acquired from either the College of American Paibalts or Collaborative

Testing ServicesThese extracts were previously prepared by tiNé @nalysts

in the San Bernardino County Sheriff's Departmabbkatory as a part of their
DNA training. The DNA profiles cannot be tracectb#o an individual as the

manufacturer does not provide that information.

2. Hair and blood evidence samples collected as agpagxual assault

investigations These items were obtained from criminal caseshaea¢ been
adjudicated. The San Bernardino County Sheriff p&tment Scientific
Investigations Division has obtained permissiokdep this evidence to use for
research. Although there was information on thekpging as to whom the

evidence was collected from, this information wasnecorded in any notes

17



generated in this project. Furthermore, actuad casnbers have been replaced
with single digit case numbers. Thus, with th@infation recorded in this

research project, biological samples cannot betr&dack to their human source.

3. Crime scene samples and reference bloddsese are DNA extracts from actual

crime scene bloodstains and from autopsy blood Esgpawn from deceased
individuals present at the crime scenes. Thesesdasve been adjudicated and
the San Bernardino County Sheriff's Department i&die Investigations
Division has obtained permission to keep this ew@eto use for research. The
extracts had been re-labeled so that neither igeal case numbers nor the

identity of persons from whom the samples wereectéld could be deduced.

Hair samples were also provided by two fellow DN#aby/sts upon request so that
the investigator could practice before analyzirgrgsearch samples. The data generated
from this practice does not appear in this thekiss commonplace for DNA analysts to
provide samples to each other for various experimelh should be stressed that the
areas of the mitochondrial DNA that were typedtf@se samples does not code for any
proteins, and therefore predictive traits abous¢hadividuals was not gained. Universal

Precautions were used in the handling of all bilglalgspecimens.

18



Laboratory Set-Up

The experiments were performed in the DNA labosatdrthe San Bernardino
County Sheriff’'s Department Scientific InvestigaisoDivision. This laboratory is used
for nuclear DNA typing casework only. Figure 4 gvan overview of the available

laboratory space.

Figure 4. Available laboratory space

STR Typing PCR Room Extraction Room
Room
Room 2
Room
Room 1

(not to scale)

Room 1 This room serves as the extraction room for theEBanardino County

Sheriff's Department’s nuclear DNA analysis prograBvidence is inventoried and
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sampled here. Testing for body fluids, extrachdiDNA, quantitation of DNA, and
PCR set-up is conducted in this room.

For this project, one table-top hood with ultraeto]UV) light and glass face
shield was dedicated for mitochondrial DNA analyd¥NA extraction, reagent
preparation, and PCR set-up were all conductedertsiis hood. The hood was cleaned
with 10% bleach and 50% ethanol and submitted tartAdiation for 20 minutes prior
to each use. After use, the hood was cleaneckisdame manner. When the hood was
used for amplification set-up, one side of the haad used for preparing PCR cocktails,
and the other side was used for addition of DN#®cocktail.

Pipettes were also dedicated for mtDNA extractl@R reagent set-up, and
addition of DNA to PCR cocktails. Each set of pipe was stored separately. Pipettes
were cleaned with 10% bleach and 50% ethanol abohited to UV irradiation for at
least 20 minutes prior to using. After use theefigs were cleaned again with 10%
beach and 50% ethanol. A white lab coat dedicfechtDNA analysis was used along
with disposable gloves, which were changed freduent

After samples were prepared for PCR, they weresteared to disposable test

tube racks and transported to Room 3.

Rooms 2 and 3These two rooms house San Bernardino County Slsdbépartment’s

STR amplification and typing operations. A blub tat is worn in these two rooms.

Any materials brought into these rooms cannot beked into other areas of the
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laboratory. Analysts remove lab coats and gloaed,wash hands before exiting these
rooms to other areas of the laboratory. Any papekwenerated in these rooms is
scanned, and printed out in Room 1.

For this project, amplification was carried ouraom 3. Post-amplification
product gels and mtDNA typing were performed inmod. After typing was complete,

the results were photographed using camera equidoeated in room 3.

First Research Question

WHAT IS THE LEVEL OF MITOCHONDRIAL DNA CONTAMINATION PRESENT

IN SAMPLES PROCESSED IN A NUCLEAR DNA LABORATORY?

Contamination is a major concern surrounding mibmcirial DNA testing due to
its extraordinary sensitivity. Misconceptions absieps needed to minimize
contamination dissuade many laboratories from adgphitochondrial DNA testing
programs.

The research question was addressed by analyzmgiesthat were previously
extracted for nuclear DNA analysis in the San Betim® County Sheriff's Department
laboratory without future mitochondrial DNA analysn mind. The samples had been
extracted using an organic (phenol/chloroform) radtfAppendix A) by two different
analysts as either regular proficiency tests aquadifying tests at the end of a training

period. The extracted samples were from comméyqatpared dried bloodstains

21



obtained from either Collaborative Testing Servioethe College of American
Pathologists. The proficiency tests provided byagencies were of two forms: two
guestioned blood samples and two reference blomgles, or a paternity trio (mother,
child, and putative father).

Included with the extracts of bloodstains weraimhber of control samples
commonly used in the laboratory. A reagent cortieml been used with all extractions.
A reagent control is a sample to which all reagan¢sadded, but no DNA is added. The
reagent control is subjected to all of the sampsstieat the samples are. At the end of the
analysis DNA should not be detected in the reagentrol. If it is, either the reagents
themselves were contaminated or contamination mtesduced by the environment of
the extraction. Also included in this sample setanumber of substrate controls, which
are non-stained areas sampled next to a bloodstéis. type of control is generally used
to see if there is any background DNA on the s@fat which a stain is deposited.
Finally, extraction controls, which are bloodstaoriknown approximate DNA quantity,
were available. An extraction control is analyrethe same manner as other samples.
If an appropriate amount of DNA is obtained frore #xtraction control, then the
extraction procedure was successful. This is heélpfthe scenario in which no DNA is
detected. Analysis of the extraction control arrswke question of whether this is
because the extraction failed or if in fact no DINAs present.

Because the samples had already been typed inanlizMA typing systems

(PM+DQAL1 and D1S80), it is known that they aresafigle source samples, and that
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there is no detectable nuclear DNA present in ¢agent and substrate controls. The
extracts had been stored frozen. The table bel@asecterizes the 84 sample extracts

used in this study by their type.

Table 2. Description of proficiency test sample extracts

Type of extract Number from analyst A| Number from analyst B
Bloodstain 31 22
Extraction control 6 2

Substrate control 4 2

Reagent control 10 7

Totals 51 33

Grand Total 84

For most of the extracts, estimates of the amotintiman DNA present were available.
Based on these data, the samples containing DNA dikrted for PCR such that 20 ul
of the dilution would contain approximately 1 narexg of human nuclear DNA. The
amount of reagent control or substrate controlaettamplified was based on the largest
amount of extract used for the set of samples ticlwtine control pertained. Table 3

shows the dilution scheme for PCR.
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Table 3. Dilution of proficiency test samples for PCR

Samples| Approximate | Dilution prepared | Samples

Approximate | Dilution prepared
human DNA human DNA
concentration concentration
(ng/ul) (ng/ul)
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Table 3. (continued)

Samples| Approximate | Dilution prepared | Samples | Approximate | Dilution prepared
human DNA human DNA
concentration concentration
(ng/ul) _ (ng/ul)

7 T

pm T

# $

# $

# $

$
$
$
$ #
$
$ #

20 pul of each dilution was then amplified accordioghe protocol listed in Appendix B.
Areas of both hypervariable region | (HVI) and hyeiable region Il (HVII) were
amplified with biotinylated primers. A 444 basearganplicon was generated for HVI
and a 415 base pair amplicon was generated for B8/tlepicted in Figure 5.

Figure 5. Regions of HVI and HVII amplified

444 bp 415 bp

(adapted from poster presented by Calloway ett #ha 14" International Symposium on Human

Identification)
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Multiple amplification negative controls (TEonly) were run with each set of
amplifications as a further means of monitoringdontamination. The amplifications
were carried out in an Applied Biosystems GeneRmRER System 2400 thermalcycler

programmed to run as shown in Table 4.

Table 4. Prototype #1 amplification parameters

Step Temperature (°C) Time
Activation 92 12 minutes
Denaturation 92 30 seconds
Annealing 60 30 seconds
Extension 72 30 seconds
Final Extension 72 10 minutes
Hold 10 N/A

When amplification was complete, the samples wlaem®phoresed on an agarose gel
along with a DNA mass ladder to determine how matiplification product was
obtained. The specific protocol can be found ipé&mdix C. Figuré shows a
photograph of a PCR product gel that illustrates khe approximate quantity of DNA

is determined.

26



Figure 6. Example of PCR product gel

Based on the quantitative data obtained from thetlyge samples were prepared for
typing such that a 20 pl solution of amplified DNvduld contain approximately 50 to
100 nanograms of amplified product. Samples wiueed with sterile water if
necessary.

At this point, the DNA samples were ready to bestypy hybridization to linear
arrays. The specific protocol can be found in Agpe D. The method of typing is very
similar to the protocol used in the AmpliType™ PM3B1 nuclear DNA typing Kit.

The following figure illustrates the basic stepghe process.
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Figure 7. Hybridization to immobilized SSO probes

!

Nylon membrane with SSO probes attached

B o S S N

Amplified DNA with biotinylated primers anneals tomplementary probes

N N N S

A streptavidin-horseradish peroxidase conjugasdteched to the biotinylated primers of
the hybridized DNA

) ) ) =) )

_fr r FF_

A colorless substrate is added that will turn bideen reacting with horseradish
peroxidase

The final result is a linear array with blue linedicating where amplified DNA
complementary to probes has hybridized
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After the linear arrays were developed, they wéaeqr on top of an acetate
interpretation sheet to determine the mitotypethefsamples. The interpretation sheet
for the prototype of the linear arrays used to arde first research question is shown

below. The sequence detected at each probeds @ Appendix E.

Figure 8. Prototype #1 acetate interpretation sheet

The basic methods for sample dilution, amplificatiproduct gel, and typing just
described are used throughout this research. riftes in prototypes of this system are
noted in appropriate areas, and specific protcam@given as appendices. The protocol

for amplification and typing just described will beferred to as prototype # 1 hereafter.
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Second Research Question

CAN DIFFERENT LABORATORIES OBTAIN THE SAME TYPING RSULTS

USING THIS SYSTEM?

This research question parallels a requiremernth®developmental validation of
novel DNA typing systems as set forth by the ra¥igalidation guidelines of the
Scientific Working Group on DNA Analysis MethodsW&DAM). Section 2.5
(Reproducibility) states “ The technique shouldelaluated within the laboratory,
between or among different laboratories to ensansistency of results” (SWGDAM,
2003).

In order to address this research question eigickmases were prepared for a
collaborative study with the Georgia Bureau of Istigation (GBI). Dried reference
blood samples and reference pubic hairs obtaireed fexual assault evidence kits from
cases already adjudicated in San Bernardino Comety used. Each of the eight mock

cases was made up of the following items of evidenc

Item A: victim reference blood
B: suspect reference blood
C:. questioned pubic hair
D: questioned pubic hair

E: questioned pubic hair
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The mitochondrial DNA sequences of the samples wet&nown prior to
assembling the mock cases. A second set of eigbk mases was prepared that mirrored
the first set, except that different pubic haimnirthe same individuals were used
because the pubic hairs were of insufficient lerigthe divided into two parts for true
replicate testing. Tabledescribes the samples used in the preparatioreaigit mock

cases.
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Table 5. Description of mock cases

ltem Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
A Victim ref. Victim Victim ref, Victim ref. Victim ref. Victim ref. Victim Victim
Ref. blood blood ref. blood blood blood blood blood ref. blood | ref. blood
B Suspect ref.| Suspect | Suspectref.| Suspectref.| Suspect ref. Suspect ref. Suspect | Suspect
Ref. blood blood ref. blood blood blood blood blood ref. ref.
blood blood
C Victim Suspect | Pubic hair Victim Victim pubic | Victim pubic | Pubic hair| Pubic hair
Pubic pubic hair | pubic hair | from neither| pubic hair hair hair from from
hair victim nor neither neither
suspect victim nor | victim nor
suspect suspect
D Victim Suspect | Pubic hair Suspect Victim pubic | Suspect pubic| Pubic hair| Pubic hair
Pubic pubic hair | pubic hair| from neither| pubic hair hair hair from from
hair victim nor neither neither
suspect victim nor | victim nor
suspect suspect
E Victim Suspect | Pubic hair Suspect Suspect pubic|  Pubic hair Victim Suspect
Pubic pubic hair | pubic hair | from neither| pubic hair hair from neither | pubic hair | pubic hair
hair victim nor victim nor
suspect suspect

Note: in case 3 the questioned hairs are all vomindividual

in case 7 and 8 the questioned hairfrane two different individuals
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A set of the eight cases was sent to the Gerorgiad® of Identification (Diana

Williams) for analysis with linear arrays with dtlr that stated the following:

| have enclosed eight cases containing evidence &djudicated sexual assault
cases for you to analyze. The item descriptionsaar®llows for all cases:
Item A: victim reference blood
Item B: suspect reference blood
Item C: questioned pubic hair
Item D: questioned pubic hair
Item E: questioned pubic hair
Feel free to consume all of the evidence if neggss
The basic scenario for each case is that the suispaccused of raping the
victim. The questioned pubic hairs were colledtech the victim's bed where the assault

reportedly took place.

The other set of mock cases was analyzed at th&&aardino County Sheriff’s
Department laboratory. The detailed proceduréiferDNA extraction of the hairs can
be found in Appendix FA section of the root end of the hair, approximatelo
centimeters in length was chosen for extractionortler to cleanse any potential DNA
contamination from the exterior of the hair, it vaicated in a sodium dodecyl sulfate

(SDS) solution and rinsed in sterile water. Thie Wvas then ground into solution in a
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microtissue grinder containing TE Prior to grinding the hair, TEwas added to the
grinder and simulation of grinding was carried fautapproximately one minute. This
TE* was then removed for analysis as a reagent caotde@monstrate that the
microtissue grinder was free from contaminationc®©the hair was ground into solution,
a Chelex extraction was performed to recover théDNhe reference blood samples
were also extracted using a Chelex method (Appe@ilix

After extraction was complete, the extracts wereldied and typed with
prototype #1. A portion of the extract was also kired and typed using a different
prototype of the linear array system (hereaftegrefl to as prototype #2). The specific
amplification and typing protocols can be foundhppendices H and |, respectively
The volume of the PCR reaction changed from 6@ 5t pl and slightly different
thermalcycling conditions were used with prototyf2e Also, the arrangement of probes
on the linear array was different, and the protdoplinear array development changed.

Figure 9 shows the acetate interpretation shegirtdotype #2.

Figure 9. Prototype #2 acetate interpretation sheet
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The results obtained at the San Bernardino Shefifépartment laboratory for
prototype #1 and prototype #2 were compared to etwdr as well as to the data
obtained by GBI. On some of the samples, GBI @sedni-primer set which amplifies
smaller regions of HVI and HVII, and thus requifesr amplicons to amplify both HVI

and HVII.

Third Research Question

HOW DOES THE SYSTEM PERFORM ON REAL CRIME SCENE SRMES?

As with the second research question, this quegiborn from validation
guidelines. Section 2.4 of the revised SWGDAM daitlion guidelines (SWGDAM,

2003) under developmental validation reads:

“...if substrates and/or environmental and/or cheimitzults could potentially affect the
analytical process, then the process should beiatea using known samples to

determine the effects of such factors.”

The samples chosen for analysis were bloodstailectsd at actual crime scenes
in San Bernardino County, California between 198@ #990. The samples are
considered secondary reference samples, meaninthéwasource can be logically
inferred (e.g. blood collected from a pool adjaderd body with a gunshot wound to the

head). These samples had been exposed to an dgayimnmental conditions and were
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deposited on a wide variety of substrates. Alsdyaed were the actual reference (origin
positively known) blood samples collected at auyopsfty existing DNA extracts from
the bloodstains were used for amplification andngp The crime scene samples had
been extracted using an organic (phenol/chloroforathod, while the reference samples
had been extracted either with the same organibadetr via Chelex. The samples had
been extracted by three different analysts in eit®893 or 2000 for nuclear DNA

analysis with some samples having been extractdtipheutimes. None of the samples
were extracted with mitochondrial DNA analysis imth Quantitation estimates were
available for most extracts. The 29 reference bkardples and 21 crime scene samples

used in this project are described in Table 6.
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Table 6. Description of crime scene sample extracts

Code Description of substrate/conditions Date extracted How Yield Gel | Slot Blot | Analyst | Matches
extracted (ng/ul) (ng/ul)

1 grease and soil May-00 organic 20 20 3 35

2 reference sample 1993 Chelex NA 0.02 3

3 nylon/polyester blanket (snow&soil) 1993 organic 15 NA 3 20,42
4 dry bath tub Jun-00 organic 5 NA 1 46, 50
5 trilobal nylon carpet 1993 organic 40-60 NA 3 11, 37
6 wet asphalt May-00 organic 4 20 3 36

7 blue denim Levi pants May-00 organic 3 15 3

8 white cotton sheet (fecal odor) May-00 organic 10 6 3

clean varnished wood chair (blood dried

9 5 days prior to collection) 1993 organic 35 NA 3 12,44
10 cotton/polyester shirt in soll 1993 organic 3 3 14, 34
11 reference sample 1993 Chelex NA 0.16 3

12 reference sample 1993 Chelex NA <.04 3

nylon seat cover exposed to heat and rain

13 for 10 days 1993 organic 21 NA 3 21, 32
14 reference sample 1993 Chelex NA 0.02 3

15 reference sample 1993 Chelex NA 0.02 3

16 dirty galvanized roof May-00 organic 2 10 3 45

cotton thermal undershirt (frozen in

17 sSnow) 1993 organic 34-40 NA 3 20, 42
18 dacron/polyester shag carpet 1993 organic .2-30 NA 3 26, 38
19 dacron/plyester shag carpet May-00 organic NA 2.25 3 26, 38
20 reference sample 1993 Chelex NA 0.01 3

21 reference sample 1993 Chelex NA 0.03 3

22 blue denim pants Jun-00 organic 62.5 45 2

23 cotton pillow cover (w/hair) 1993 organic 15 NA 3 26, 38
24 cotton T-shirt (mildew) Jun-00 organic 12.5 7.5 2

25 reference sample Jun-00 organic NA 20 1
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Table 6. (continued)

Code Description of substrate/conditions Date extracted How Yield Gel Slot Analyst | Matches
extracted (ng/pl) Blot
(ng/ul)
26 reference sample Jun-00 organic 7.5 3.75 2
wet dirty rock (blood present for 2-3 day

27 prior to collection May-00 organic 0.25 0.15 3 43
28 white cotton sheet (fecal odor) Jun-00 organic NA 20 1

29 cotton/acrylic shirt in snow 1993 organic 20 20 3 15, 41
30 reference sample Jun-00 organic NA 20 1

31 reference sample Jun-00 organic 15 15 2

32 reference sample May-00 organic 3 6 3

33 reference sample May-00 organic 1 5 3

34 reference sample May-00 organic 5 10 3

35 reference sample May-00 organic 0.25 0.075 3

36 reference sample May-00 organic 2 3 3

37 reference sample May-00 organic 1 1 3

38 reference sample 1993 Chelex NA 0.05 3

39 reference sample May-00 organic 0.5 2.5 3

40 omitted-no DNA left May-00 organic 0 0.05 3

41 reference sample May-00 organic 4 7.5 3

42 reference sample May-00 organic 3 7.5 3

43 reference sample May-00 organic 10 10 3

44 reference sample May-00 organic 0.5 3 3

45 reference sample May-00 organic 15 4 3

46 reference sample May-00 organic 1 3 3

47 reference sample Jun-00 organic 5 0.625 2

48 reference sample Jun-00 organic 50 25 2

49 reference sample Jun-00 organic 125 10 2

50 reference sample Jun-00 organic 18.75 175 2

51 wet leaves in dirt / ants Jun-00 organic 12 1.2 1 47
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The extracts from the fifty samples above were th&ried for PCR such that 20 pl of a
DNA solution would contain approximately 1 nanograimuclear DNA according to the

table below.

Table 7. Dilution of crime scene samples for PCR

Code | Dilution for PCR Code | Dilution for PCR

1 2 1+798 |ITE® 26 21+148 TE*?
2 20 | 27 10 1+20 ITE?
3 2 1+598 | TE* 28 2 1+798 | TE*
4 2 1+198 | TE* 29 21+798 | TE?
5 2 1+998 | TE* 30 2 1+798 | TE*
6 2 1+798 ITE® 31 2 1+598 | TE?
7 5 |+145 | TE* 32 2 1+238 | TE®
8 2 1+238 |ITE® 33 2 1+198 ITE?
9 1 1+699 ITE? 34 2 1+398 I TE?
10 2 |+118 ITE* 35 10 1+10 ITE®
11 20 | 36 2 | +118 ITE?
12 20 | 37 10 |1+190 I TE®
13 2 1+838 ITE® 38 20 |

14 20 | 39 2 1+98 ITE*
15 20 | 40 OMITTED-NO DNA LEFT
16 2 1+398 I TE*® 41 2 1+300 I TE?
17 2 1+698 | TE® 42 2 1+300 | TE®
18 2 |+398 | TE-* 43 2 1+398 I TE?
19 21 +88 ITE® 44 2 1+118 I TE*
20 20 | 45 2 |+158 ITE®
21 20 | 46 2 |+118 ITE?
22 2 |+898 | TE* 47 2 1+18 ITE*
23 2 1+598 | TE* 48 2 1+998 I TE?
24 2 |+298 I TE* 49 2 1+398 | TE*
25 2 1+798 I TE*® 50 2 1+698 | TE?

I - 21+46 ITE"
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Amplification and typing were carried out initiallyith prototype #1. The results of the
typing were compared to the typing results previpabtained with nuclear DNA
analysis to determine concordance.

Because some samples did not initially amplifteraltions in the protocol were

made. These steps will be described in detali@Results section.
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CHAPTER 4
Results
General
An example of the results obtained for a PCR pcbdel are given on the
following page along with an illustration of howetldata was recorded. The dilutions
prepared for typing of these samples are also diveyure 10). The next figure (Figure

11) gives an example of how linear arrays wereuatat.
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Figure 10. Interpretation of PCR product gel

1 Ladder 4 OK Product  (ul) _Water
2 Amp neg (1) 4 0 20 0

3 (+) control 4 H/H 2 18

4 I-RC 4 0 10 10

5 I-1 4 M/M 4 16

6 -2 4 M/M 10 10

7 -3 4 M/M 4 16

8 Amp neg (2) 4 0 20 0

9 -4 M/M 4 16

10 I-EC 4 H/H 1 19

H=High M=Moderate L=Low 0=No Product
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Figure 11 Interpretation of linear arrays

HVI HVII
Sample A |C D E A B C D 189 16093 | Comments
Ampneg |0 0 0 0 0 0 0 0 0 0
1)
A-RRC 0 0 0 0 0 0 0 0 0 0
3 3 0 wk1 2 0 0 2 0 T Matches
A-1 A-3
1 1 1 3 2 1 1 1 A T Matches
A-2 A-4
B-RRC 0 0 0 0 0 0 0 0 0 0
Ampneg | O 0 0 0 0 0 0 0 0 0
(2
A-3 3 3 0 wkl 2 0 0 2 0 T
A-3C 0 0 0 0 0 0 0 0 0 0
A-4 1 1 1 3 2 1 1 1 A T




First Research Question

WHAT IS THE LEVEL OF MITOCHONDRIAL DNA CONTAMINATION PRESENT

IN SAMPLES PROCESSED IN A NUCLEAR DNA LABORATORY?

In all, 108 samples were amplified and typed. Tiesuded the 84 available
extracts detailed previously as well as 19 amgltfan negative controls and 5 positive
amplification controls. A sample of the linearagrs developed in this study is shown
below in Figure 12.

Figure 12. Example of typing results
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The 55 bloodstain extracts and 8 extraction cositnadre all successfully typed in this
system. No contamination was evident in these Bz81gs all gave a single mitotype (no
evidence of a mixture). Heteroplasmy was detectadme samples. An amplification
negative sample and a reagent control (C-RRC) sti@vielence of contamination. The
linear arrays initially developed for these samplesshown below along with an

amplification positive control (C-18+).

Figure 13. Linear arrays showing contamination

O

For the linear array corresponding to the ampliftmanegative control [A- (1)], an
extremely faint line was observed at HVII A1. Thkignal barely shows up in the photo,
but was clearly visible (although extremely weak)tloe linear array itself. The

contamination in C-RRC is more apparent as seyeodles gave weak signal.
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Based on these results, an attempt was madedordee at what step the
contamination was introduced. In order to deteanithe contamination resulted during
the typing of the linear arrays, the PCR produatifthese samples was re-typed. When
this was done the same contamination was appangplying that the PCR product itself
contained the contaminant. Because more thanmpéfeation negative control was
run with each amplification, and the other ampéftion negative controls run with the
control in question did not show contamination, Tiie" used is not likely to have been
the source of contamination. Because only onegsbiowed signal, and thus very little
of the mitotype was known, it was impossible t@éréhe source (investigator, other
samples processed nearby, etc.). All that casalukis that at some point during the
amplification set-up a contaminant was introduced that sample. Because the signal
was so weak and only at one probe it does notferewith the interpretation of the
other samples that were amplified with it.

The weak types observed in C-RRC were consistehtthe investigator’s
mitotype. In order to determine if the contamioatoccurred during amplification set-
up, the original dilution of the sample preparedP&€R was re-amplified. Again, the
contamination was present. At this point it waewn that the contamination was in the
extract itself, or was introduced when the sams diluted. After re-diluting the
original extract and re-amplifying and typing, fioedowing result was obtained:

Figure 14. Typing results for new dilution of C-RRC
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Because the contamination disappeared, it mwst decurred during the
preparation of the original dilutionThus, none of the sample extracts used in this
study showed evidence of contamination, even thoudhey were extracted in a
nuclear DNA laboratory with no special precautionsfor possible mitochondrial
DNA typing.

The nuclear DNA and mtDNA typing results are showiable 8.
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Table 8. Proficiency test sample results (see following pagdey)

Sample | Nuclear Mitochondrial Comment Sample Nuclear DNA Typing | Mitochondrial DNA | Comment
DNA DNA Typing Resutls Typing Results
Typing Results
Resutls
A-1 ref smpl ref smpl E-4 ref smpl ref smpl
A-2 ref smpl ref smpl F-1 ref smpl ref smpl
matches
A3 Al matches A-1 Fo ref smpl ref smpl
matches
A-2 matches A-2 matches F-1 matches F-1
A-4 F-3
no match
B-1 mother MCT E4 no match (hp)
B-2 child MCT Paternity G-1 no match no match
MCT but wk '1' matches G-4 (same
B-3 not excluded at HVIE G-2 matches G-4 poss hp)
C-1 mother MCT G-3 ref smpl ref smpl
. ref smpl,
C-2 child MCT Paternity G-4 Ei SN (poss hp)
C-3 excluded MCT H-1 ref smpl ref smpl (MCT) mtDNA not
mother matches child no match matches H-1 (MCT suff|C|en_t for
D-7 Paternit H-4 exclusion
D-8 child matches mothel y -1 ref smpl ref smpl
D-9 not excluded / [-2 ref smpl ref smpl
matches
E-4 TFEEIES (24 matches I-1 matches I-1
E-1 -3
matches matches E-3 no match
E-3 (MCT) no match
E-2 -4 (MCT)
E.3 el e (AT 3.7 mother matches child Paternity,
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Table 8. (continued)

Mitochondrial . . .
Sample Nu<_:|ear DNA DNA Typing Comment Sample Nuclear DNA Typing Mltochondrlal DNA Comment
Typing Resutls Resutls Typing Results
Results
. ref smpl
3-8 child matches mother Paternity M-1 ref smpl (MCT) MtDNA not
M-2 ref smpl ref smpl sufficient for
J-9 excluded / M-4 no match matches M-4 (MCT) exclusion
K-1 ref smpl ref smpl
L ref smpl ref smpl
K-2 ref smpl ref smpl P P
K-3 matches K-1 matches K-1 N-2 ref smpl ref smpl
no match
K-4 no match (hp) N-3 matches N-1 matches N-1
no match
L-1 no match no match N-4 no match (MCT)
L-2 matches L-4 matches L-4 0O-1 ref smpl ref smpl
(same poss hp)
L-3 ref smpl ref smpl 0-2 ref smpl ref smpl
L-4 ref smpl ref smpl 0-3 matches O-1 matches O-1
(poss hp) 0O-4 matches O-2 matches O-2
Ref smpl=reference sample MCT=most common typgoss hp=possible heteroplasmy hprbekesmy
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Cases B, C, D, and J were paternity trios. Of seuising mtDNA for this type of case is
not effective since the child’s mtDNA does not deghen the father's DNA. However,

in all paternity cases, the mother’s mitotype diakch the child’s as expected.

In two of the non-paternity cases, mtDNA was ndtisient for elimination. In both of
these cases a reference sample with the most contyp@MCT) could not be
eliminated as a potential source of a questionatpkaalso having the MCT. Nuclear
DNA typing results indicated that the samples it to not have a common origin.
These cases would have to undergo sequencing oY/ HVII for possible further

discriminatory power.

Second Research Question

CAN DIFFERENT LABORATORIES OBTAIN THE SAME TYPING RSULTS

USING THIS SYSTEM?

All hair and blood samples extracted were sucadgsimplified and typed by
both the researcher and the Georgia Bureau of tige¢éi®n. The typing results obtained
by SBSD using both prototype #1 and prototype #2garen in Tables 10-13. The
differences in designation of types at the prolepbsitions 189 and 16093 are given in

Table 9.
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Table 9. Designation of types at probes for 189 and 16093

Probe Prototype #1 Prototype #2
189 A 1
189 G 2
16093 T 1
16093 C 2
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Table 11 HVI HVII
Sample | Version A C D E A B C D 189 16093 comments
3-A Il 1 1 2 1 1 1 1 1 1 1
| 1 1 2 1 1 1 1 1 A T 3-C, 3-D, and 3-E match
each other and are clearly
3-B I 1 1 1 1 1 1 1 1 1 1 distinguishable from both
| 1 1 1 1 1 1 1 1 A T victim (3-A) and suspect
3-B).
3-C Il 1 0 2 1 2 0 0 1 0 1 (3-8)
| 1 0 2 1 2 0 0 1 0 T
3-D Il 1 0 2 1 2 0 0 1 0 1
I 1 0 2 1 2 0 0 1 0 T
3-E Il 1 0 2 1 2 0 0 1 0 1
| 1 0 2 1 2 0 0 1 0 T
4A L 0 1 2 2 2 1 1 1 1 1 4-C is from the victim (4-
I 0 1 2 2 2 1 1 1 A T A). 4-D and 4-E are from
4-B I 1| 3 1 1 2 1| 1 1 1 2 | the suspect (4-B) 4-D
shows heteroplasmy that
| 1 3 1 1 2 1 1 1 A C the suspect’s reference
4-C 1 0 1 2 2 2 1 1 1 1 1 b|00q does not. For 4-E,
possible heteroplasmy
was detected with
prototype # 2
I 0 1 2 2 2 1 1 1 A T
4-D Il 1 3 1 1 2 1 1 1 1 1,2 confirmed with 2nd typing
| 1 3 1 1 2 1 1 1 A C>/=T
4-E Il 1 3 1 1 2 1 1 1 1 (1?),2 | confirmed with 2nd typing
I 1 3 1 1 2 1 1 1 A C
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Table 13 HVI HVII
Sample | Version A C D E A B C D 189 16093 comments
7-A Il 1 1 1 1 2 1 1 0 1 1 :
7-C and 7-D are different
| 1 1 1 1 2 1 1 0 A T from each other and
7-B Il 2 1 2 1 2 1 1 1 1 1 match neither victim (7-A)
nor suspect (7-B). 7-E
' 2 1 2 1 2 1 1 1 A T matches the victim except
7-C I 1 1 1 1 2 1 2 1 1 1 for the heteroplasmy
detected at HVII C.
! 1 1 1 1 2 1 2 1 A T Reagent control for 7-E
7-D I 1 1 wk1l 1 2 1 1 1 1 1 showed contamination
| 1 1 wk1 1 2 1 1 1 A T that did not match any
samples in this case.
7-E Il 1 1 1 1 2 1 1,2 0 1 1
I 1 1 1 1 2 1 1,2 0 A T
8-A I 1 1 1 1 1 1 1 1 1 1 Victim (8-A) and Suspect
(8-B) are indistinguishable
| 1 1 1 1 1 1 1 1 A T as both have MCT. 8-C
8-B I 1 1 1 1 1 1 1 1 1 1 and 8-D match neither
each other nor victim nor
' 1 1 1 1 1 1 1 1 A T suspect. 8-E is from the
8-C I 1 1 1 1 2 1 1 1 1 1 suspect. Slight
differences between
I 1 1 1 1 2 1 1 1 A T protocols with 8-D.
*slightly weak/cfrmd w/
8-D Il 1 1 1 2 2 0 2 1 1* 1 2nd typing
when re-typed HVIIB and
I 1 1 1 2 2 wk4 2 1 WKA T 189 very weak
8-E Il 1 1 1 1 1 1 1 1 1 1
I 1 1 1 1 1 1 1 1 A T
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Case #1

No contamination was observed in any of the reagemtrols or amplification
negative controls. There was 100% correspondegiveclen prototype #1 and prototype
#2. Victim and suspect had clearly distinguishabittypes. The questioned pubic hairs
all had mitotypes that matched the victim. Thesestjoned pubic hairs all shared the

most common type (MCT).

Case #2

No contamination was observed in any of the reagemtrols or amplification
negative controls. There was 100 % correspondeaivecen prototype #1 and prototype
#2. Victim and suspect had clearly distinguishabiwtypes. The questioned pubic

hairs all had mitotypes that matched the suspect.

Case #3

No contamination was observed in any of the reagemtrols or amplification
negative controls. There was 100% correspondegiveclen prototype #1 and prototype
#2. Victim and suspect had clearly distinguishabiwtypes. The questioned pubic

hairs all had identical mitotypes that matchedheivictim nor suspect.
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Case #4

No contamination was observed in any of the reagemtrols or amplification
negative controls. Victim and suspect had cledidyinguishable mitotypes. Hair C
matches the victim. Hair D matches the suspea@xor the heteroplasmy observed at
16093. Hair E had slightly different typing resulistween prototype #1 and prototype

#2. A very weak signal at 16093 suggested theilplegsresence of heteroplasmy.

Case #5

No contamination was observed in any of the reagemtrols or amplification
negative controls. There was 100% correspondegiveclen prototype #1 and prototype
#2. Victim and suspect had clearly distinguishabittypes. Hairs C and D match the

victim and hair E matches the suspect.

Case #6

No contamination was observed in any of the reagamntrols or amplification
negative controls. There was 100% correspondegiveclen prototype #1 and prototype
#2. Victim and suspect had clearly distinguishabitotypes. Hair C matches the victim,

hair D matches the suspect, and hair E matchesemeitctim nor suspect.
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Case #7

Contamination was observed in the reagent cofardiair E. A full, weak
mitotype was obtained that did not match any ofsdm@ples processed with hair E or the
mitotype of the investigator. There was 100% cpondence between prototype #1 and
prototype #2. Victim and suspect had clearly dgishable mitotypes. Hair E matched
the victim except for the heteroplasmy observedirdHC and D have distinguishable

mitotypes which do not match each other, the viconthe suspect.

Case #8

No contamination was observed in any of the reagemtrols or amplification
negative controls. For hair D, there was a sldjfierence between the mitotype
obtained from prototype #1 versus the mitotype iolethfrom prototype #2. Prototype
#2 detected a weak ‘4’ signal at HVII B. The my\mes of the victim and suspect were
identical. Hair E matched both victim and suspétairs C and D have differing

mitotypes, which differ from victim/suspect.

The tables on the following pages compare thetsesbtained by GBI and those
obtained by the researcher using prototype #1. @3Bt small primer pairs for cases 1,
2, and 3. Bolded types showed some discrepangyebetthe two laboratories. Possible

explanations for these difference can be fountien€omments’ column of the tables.
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Table 14 HVI HVII
Sample Lab A C D E A B C D 189 16093 comments
1-A GBI 1 1 1 1 1 1 1 1 A T
SBSD 1 1 1 1 1 1 1 1 A T
1-B GBI 2 2 1 1 2 1 1 1 A T
SBSD 2 2 1 1 2 1 1 1 A T
1-C GBI NT NT NT NT NT NT NT NT NT NT GBI: Hair C lost during
SBSD 1 1 1 1 1 1 1 1 A T analysis. Hairs D and E
have possible cross-
1-b GBI 1 1w2 1 1 1 1 1 1 A T hybridization at HVI C.
SBSD 1 1 1 1 1 1 1 1 A T
1-E GBI 1 1w2 1 1 1 1 1 1 A T
SBSD 1 1 1 1 1 1 1 1 A T
2-A GBI 2 1 1 1 2 6 2 1 A T
SBSD 2 1 1 1 2 6 2 1 A T GBI: Hairs C and D have
possible contamination
2-B GBI 1 1 1 1 2 1 1 1 A T carry-over from victim’s
SBSD 1 1 1 1 2 1 1 1 A T sample at HVII B and
HVIIC.
2-C GBI 1 1 1 1 2 1wb | 1w2 1 A T
SBSD 1 1 1 1 2 1 1 1 A T
2-D GBI 1 1 1 1 2 1,w6 1 1 A T
SBSD 1 1 1 1 2 1 1 1 A T
2-E GBI 1 1 1 1 2 1 1 1 A
SBSD 1 1 1 1 2 1 1 1 A T
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Table 15 HVI HVII
Sample Lab A C D E A B C D 189 16093 comments
3-A GBI | 1] 1 2 1 1 1| 1 1 A | S WEls Dy s 2
display a weak ‘1" at HVII
SBSD | 1 1 2 1 1 1 1 1 A T | c. Possible cross-
3-B GBI 1] 1 1 1 1 1 1 1 A T | hybridization,
heteroplasmy, or greater
SBSD 1 1 1 1 1 1 1 1 A T sensitivity than SBSD.
3-C GBI 1 0 2 1 2 0 wl 1 0 T
SBSD 1 0 2 1 2 0 0 1 0 T
3-D GBI 1 0 2 1 2 0 wl 1 0 T
SBSD 1 0 2 1 2 0 0 1 0 T
3-E GBI 1 0 2 1 2 0 wl 1 0 T
SBSD 1 0 2 1 2 0 0 1 0 T
4-A GBI 0 1 2 2 2 1 1 1 A T SBSD and GBI have
SBSD 0 1 2 2 2 1 1 1 A T identical results even with
regard to presence and
4-B GBI il 3 il il 2 | | | A C ratio of heteroplasmy in
SBSD 1 3 1 1 2 1 1 1 A C Hair D at 16093.
4-C GBI 0 1 2 2 2 1 1 1 A T
SBSD 0 1 2 2 2 1 1 1 A T
4-D GBI 1 3 1 1 2 1 1 1 A wT, C
SBSD 1 3 1 1 2 1 1 1 A C>=T
4-E GBI 1 3 1 1 2 1 1 1 A C
SBSD 1 3 1 1 2 1 1 1 A C
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comments

SBSD may be attributable

GBI: differences with
to cross-hybridization.

100% concordance
between the two
laboratories.

16093

T
T

T
T

189

HVII

HVI

wl

1,w2

A

1

0

1

1

0

1

1

1

1

1

Table 16

Protocol

GBI

SBSD
GBI

SBSD
GBI

SBSD
GBI

SBSD
GBI

SBSD
GBI

SBSD
GBI

SBSD
GBI

SBSD
GBI

SBSD
GBI

SBSD

Sample

5-A

5-B

5-C

5-D

5-E

6-A

6-B

6-C

6-D

6-E
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Table 17 HVI HVII
Sample | Protocol A C D E A B C D 189 16093 comments
not observed by GBI.
SBSD 1 1 1 1 2 1 1 0 A T Could be contamination,
7-B GBI 2 1 2 1 2 1 1 1 A T difference in sensitivity or
possibly heteroplasmy
SBSD 2 1 2 1 2 1 1 1 A T since different hairs from
7-C GBI 1 1 1 1 2 1 2 1 A T the same individual were
examined by the
SBSD 1 1 1 1 2 1 2 1 A T labs. SBSD observed
7-D GBI 1 1 0 1 2 1 1 1 A T contamination in the
reagent control for 7-E
SBSD 1 1 wkl 1 2 1 1 1 A T that did not match any
7-E GBI 1 1 1 1 2 1 1,w2 0 A T samples in this case.
Results for 7-E for both
labs were similar, with GBI
detecting a slightly
different ratio of
heteroplasmy at HVI C.
SBSD 1 1 1 1 2 1 1,2 0 A T
8-A GBI 1 1 1 1 1 1 1 1 A T SBSD: Differences at
due to sensitivity
8-B GBI L L L L 1 1 1 1 A T differences, heteroplasmy,
SBSD 1 1 1 1 1 1 1 1 A T or contamination.
8-C GBI 1 1 1 1 2 1 1 1 A T
SBSD 1 1 1 1 2 1 1 1 A T
8-D GBI 1 1 1 2 2 0 2 1 0 T
SBSD 1 1 1 2 2 wk4 2 1 WkA T
8-E GBI 1 1 1 1 1 1 1 1 A T
SBSD 1 1 1 1 1 1 1 1 A T
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Although the results obtained by the two labora®mwere not identical in all
cases, the correct associations between questantkreference samples were made. It
would have been preferable to have both labora@@amine a portion of the same hair,
but this was not practical due to limited hair lgngGBI’'s samples 2-C and 2-D are the
only samples that are almost certainly contaminat@ther samples that have discrepant
results between the two labs may have differingtogdasmies or be exhibiting cross-
hybridization. Sequencing can sometimes be helpfdetermining whether a sample
has heteroplasmy or is contaminated. If more tranbase is detected at multiple
positions, then heteroplasmy is unlikely. Howeve, linear array system is more
sensitive than sequencing, so faint contaminartesdna linear arrays may not be evident

upon nucleotide sequencing.

Research Question #3

HOW DOES THE SYSTEM PERFORM ON REAL CRIME SCENE SRMES?

Twenty-six of the twenty-nine reference samplesengerccessfully amplified and typed
initially with an approximate input of 1 nanograrfnoiclear DNA into the PCR.
Eighteen of the twenty-one questioned samples sgreessfully amplified and typed
initially with an approximate input of 1 nanograrfnoiclear DNA into the PCR. The
table below summarizes the samples that did n& gintable amplification product for

mitotyping.
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Table 18. Non-amplifying crime scene samples

Sample Dilution amplified Result Comment
initially
7 5pl + 145 pl TE No typing result Darkly colored
extract
27 10 pl + 20 ul TE No typing result
39 2ul+98 ul TE Very weak typing
result
48 2 ul+998 ul TE Very weak typing
result
12 20 pl of extract Unreadable result 0
strips
51 2ul+46 ul TE No typing result Darkly colored
extract; not
previously
successfully
amplified for nuclear
DNA markers

In order to determine if some sort of error wasienduring the initial

amplification, it was repeated for the six samplethe same dilution except for in the

case of sample #27 for which no diluted DNA remdindlo further work was therefore
done with sample #27. This repeat amplificatiod gping resulted in minor
improvements for some samples, but did not prosid&ble profiles. At this point,
since amplifying 20 pl of extract of sample #12dditwice, no further work was
performed. It was assumed that the Chelex extvasttoo dilute.

For samples #'s 7, 39, 48, and 51 an attempt waakerto amplify a greater
quantity of DNA. The table below summarizes tlmibleshooting described above, as

well as the results obtained.
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Table 19. Troubleshooting of non-amplifying crime scene saspl

Sample Result

7. re-amp original dilution Some very weak sign@ot callable)

39: re-amp original dilution Some very weak sign@lot callable)

48: re-amp original dilution Very weak, full miiqte

12: re-amp 20l of extract Too weak to cllO FURTHER WORK)
51: re-amp original dilution No result

7: try 3ul extract + 17 pl TE No result

39: try 1 pl extract +19ul TE Strong, full mitotype

48: try 2l extract + 500 pl TE Strong, full mitotype

51: try 3ul extract + 17 pl TE No result

It was believed that the two remaining samplesdichnot give a mitotype; #7-
stain from Levi's, and #51-stain in wet leaves wdttt and ants, contained PCR
inhibitors. Two approaches to overcoming potentihibition were employed. For both
samples, the input level of DNA was reduced to pi@dgrams (pg) for amplification
both with the standard protocol, and with an adddi 2 pl of DNA polymerase. Both
samples were diluted even further until succesafyplification was achieved. The
presence of an inhibitor was confirmed by takingaamount of DNA extract that did not
give a result and spiking it with 10 picograms ell ine 9947A DNA. At the same time
a control sample with just 10 picograms of 9947/ wenplified. Because 10 pg of
9947A alone amplified, but not in the presencextifaet from either sample #7 or #51,
the presence of an inhibitor was confirmed. Beeausufficient amount of extract of
sample #7 existed, additional experiments usingri@oserum albumin (BSA) to try to
overcome inhibition were conducted. The strategmployed for overcoming inhibition

in these samples is summarized below.
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Table 20. Strategies for overcoming inhibition

Sample Amplification Result

Strategy
#7 bloodstain on Amplify 1 ng No amplification product
Levi's Amplify .5 ng No amplification product

Amplify .5 ng/add 2 | Weak amplification (1 band on gel)
Taq gold polymerase
Amplify 50pg Strong amplification (2 bands on
gel)

Amplify .5 ng spiked No amplification product

with 10 pg 9947A
(amplify 10 pg 9947A) Moderate amplification (2rioks)
Amplify 500 pg with 51 | Strong amplification (2 bands on

of 10% BSA gel)
Amplify 500 pg with 51 | Strong amplification (2 bands on
of 1% BSA gel)

Amplify 500 pg with 5ul | Strong amplification (2 bands on
1% BSA and extra 2| gel)

of Taq gold polymerase
P ——————m—m—m—m—m—m—m—m—my§

#51 bloodstain on wet Amplify 1 ng No amplification product
leaves with dirt and [ Amplify .5 ng No amplification product
ants Amplify .5 ng/add 2 | No amplification product
Taq gold polymerase
Amplify 50 pg No amplification product

Amplify .5 ng spiked No amplification product
with 10 pg 9947A
(amplify 10 pg 9947A) Moderate amplification (2rioks)

Amplify 5 pg Moderate-high amplification (2
bands)

Amplify 5 pg with extra | Moderate-high amplification (2

2 | of Taq gold bands)

polymerase

Amplify 5 pg with 5 | Moderate-high amplification (2

of 10% BSA bands)

Amplify 5 pg with 5 | Moderate-high amplification (2

of 1% BSA bands)

Amplify 5 pg with 5 | Moderate-high amplification (2

1% BSA and extra 2| bands)
of Taq DNA polymerase




Ultimately, simply reducing the level of input DNRas sufficient to overcome

inhibition. The typing results for these two sanspdee shown in the figure below.

Figure 15. Linear arrays developed for crime scene samplesd#51

tt

Finally, an alternate primer set was used to amphimple #7. This primer set is
designed to divide HVI and HVII into two smaller plicons. This is especially
advantageous for samples that may be severelydkdralwo duplex amplifications are
required with this primer set; one for one portadrboth HVI and HVII (5’ products),

and a second for the remaining portion (3’ product®ach region. Due to a problem
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with the design of the primers for the 3’ produgtersonal communication with Roche
Molecular Systems, Inc.), successful amplificaticas not achieved for this duplex
reaction. The primer set for the 5’ products offen® advantage in the amplification of
sample #7 as input DNA had to be lowered to 50gr@ms with this primer set as well
to be successful. The results of the amplificabbeample #7 with the alternate primer
set for the 5’ products, and with the BSA experitsatescribed above are shown on the
gel below.

Figure 16. PCR product gel from BSA and alternate primer afigaliions

For all questioned samples successfully typedladsting a corresponding

reference sample typed, the correct associations made. There were however, some

68



minor differences in the appearances of some dlirtkar arrays between matching
samples that appear to be artifactual rather thamg from contamination. The
phenomenon of cross-hybridization occurred witlkedinarrays from prototype #1. Cross-
hybridization is non-specific binding of amplifi@NA to a probe that has a nearly
complementary sequence to the DNA challenging tbbg Possible causes of cross-
hybridization are imperfect probe design, non-ideag¢ls of input DNA, and non-

optimal heat and salt concentrations during hybation. The figure below highlights

selected instances of cross-hybridization.

Figure 17. Examples of cross-hybridization

#35, the reference sample, exhibits an extremegkwenal at HVI C ‘2’ that the

guestioned sample, #1 does not.

#6, the questioned sample, exhibits a weak sigrtdVél B ‘6’ that the reference sample,

#36 does not
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#9, the questioned sample has an extremely weaklsag HVI C ‘2’ which is not

present in the reference sample, #44.

PCR products from assorted samples from this sitthyquestionable appearance
(cross-hybridization, excess background, etc.) wextyped with prototype #2 linear
arrays. The lessening of background signal wighriewer linear arrays is shown in the

following table.
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Table 21. Comparison of prototype #1 and prototype #2 tedal selected crime scene

samples

Sample | Prototype 1 Prototype 2

C-30(+) Unexpected faint signal (HVIC1, HV1ER Faint signals are gone
HVIIB2)

10 Faint signal at HVIC2 Signal gone

24 Faint signal at HVIC2 Signal gone

35 Faint signal at HVIC2, HVIA3, and Possible weak signal at HVIC2, no
HVIIAL signal at HVIA3, weak signal at HVID1

possible weak signal at HVIIAL

37 Strip developed for 13 minutes (versus |8Strip has nice appearance with standard
min for others in tray), strip has high development time
background

50 Faint signal at HVIC1 Signal gone

6 Weak signal at HVIIB6 Signal gone

36 Should have matched 6, but did not haviatches 6
signal at HVIIB6

9 Faint signal at HVIC2 Signal gone

44 Should have matched 9, but did not hayeMatches 9
signal at HVIC2

8 Weak signal at HVIIC1 Signal gone

28 Possible weak signal at HVIIC1 Signal gone

18 Samples have differing degrees of Appear to be in roughly the same ratio [as
heteroplasmy shown on protocol 1 linear arrays
(18,23,19,26,38)

23 - -

19 - -

26 - -
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Questioned samples #18, #19, and #23 showed higenopat 16093. The
corresponding reference samples (#26 and #38)heaskime heteroplasmy. The level of
heteroplasmy differed slightly among these samples.

Thus, with the exception of crime scene sample #P®et and dirty
rock) for which insufficient extract remained, all crime scene samples were
successfully amplified and typed. All reference saples except for #12 (which was
believed to be an extremely dilute Chelex extractyere successfully amplified and
typed. Finally, proper associations were made beeen questioned and reference

samples where appropriate.
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CHAPTER 5

Discussion

General

The experiments performed in this research wertoeed as a Master’s thesis
project and as a collaboration with Roche Molec@gstems, Inc. Copies of all data
generated were forwarded to either Dr. Rebecca &légror Sandy Calloway of Roche
Molecular Systems, Inc. for their review. Reswolt®xperiments in this study have been
presented at professional meetings. Furthermatte, generated in these experiments has
provided some assistance in the evolution of tlsayas The collaboration will continue
beyond this thesis project.

While three specific research questions were eggdlahe central purpose of this
study was to determine the feasibility of a typipablic crime laboratory adopting the
linear array system. Even though the laboratotyupeused for this project was not
optimal, excellent data that was mostly free oftaomnation was generated. Although
rigorous statistical calculations were not perfodmen appreciation of the discrimination
power of the assay was gained by examining nongtnab evidence, some of which had
been typed using nuclear DNA typing systems. Therovement from prototype #1 to
prototype #2 was significant. An optimized linearay kit will certainly be of great use
to the forensic community, and should greatly iaseethe number of samples on which

mitochondrial DNA typing can be performed.
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First Research Question

WHAT IS THE LEVEL OF MITOCHONDRIAL DNA CONTAMINATION PRESENT

IN SAMPLES PROCESSED IN A NUCLEAR DNA LABORATORY?

Analysis of DNA extracts generated without futurgachondrial DNA analysis
in mind revealed that the extraction process didinwoduce any mitochondrial DNA
contamination. This may not be surprising becabsebloodstains used contain a high
level of mitochondrial DNA. Thus, if a small amdwof one sample were to contaminate
another, the minor component would likely be ovezinted by the major component.
Likewise, if a small amount of mtDNA contaminatiasas introduced in the environment
of the extraction, it likely would not be detectaloh a bloodstain rich with mitochondrial
DNA. However, this study coupled with other datig@est that if a laboratory wishes to
establish a mtDNA population database using exstiatabase bloodstain extracts,
acceptable results can be obtained. This studg doehowever suggest that low level
DNA samples such as hair shafts, etc. can be é&tragithout extra precautions. What
is significant however, is that contamination was aetected in the extracts from reagent
controls and substrate controls. This provides>aelent indication that the steps used
to minimize contamination for nuclear DNA are worli For example, if a reagent
control were contaminated with one or two cell® #mount of nuclear DNA present

may not even be detectable. However, the mtDNAaipad in one or two cells should
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be sufficient to detect. Thus, while of courseaerprecautions need to be taken due to
the increased sensitivity of mtDNA typing, contaation prevention is certainly
possible. This study shows that at least in thmraory used, mitochondrial DNA
contamination is not ubiquitous.

The contamination noted in the amplification negatontrol was very minimal.
Contamination was rigorously monitored