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ABSTRACT
Forensic DNA profiling has become an important tool in the criminal justice system,
routinely being used to establish a statistical relationship between DNA evidence and an
individual associated with a crime. A major problem facing DNA profiling is laboratory
based contamination. This type of contamination typically occurs by the accidental
transfer of PCR amplicons produced in previous experiments into fresh samples.
Laboratory based contamination by PCR amplicons has been widely researched and
many preventative measures are in place to control its occurrence (Hartley and
Rashtchian, 1993). Contamination can also occur by the deliberate misuse of PCR
amplicons added to DNA evidence at a crime scene. Previous studies by Berryman
(2003), Dent (2006) and Frumkin et al., (2009) have demonstrated how PCR amplicons
can be re-amplified, and detected in a DNA profile from a sample collected at a
contaminated crime scene. Consequently, the resulting DNA profile can appear as a
mixture or the original DNA profile can be completely masked by the amplified
genomic DNA.

In this thesis, a system to detect PCR amplicon contamination was developed. The
detection system was designed using the hTERT locus found in the Quantifiler™
Human DNA quantification kit and the D3S1358 locus, which is one of the nine STRs
amplified in the AmpFℓSTR® Profiler Plus® PCR Amplification Kit. Ratios of
fluorescence from each locus were calculated using the Cycle Threshold (Ct) values
obtained from the amplification plots of the hTERT-D3S1358 assay. A narrow range of
0.86-1.04 Ct (

Quantifiler Ct
D3S1358 Ct

) was observed for uncontaminated samples in the multiplex

reaction. Contamination by PCR amplicons was indicated by an increased Ct ratio value
above the established uncontaminated range. The ratio values for contaminated samples
were used to determine at which dilution of amplicons the hTERT-D3S1358 assay was
able to detect. Samples contaminated after DNA was extracted could be detected in a
10-7 dilution of amplicons. Further tests using a 10-3 dilution of amplicons to
contaminate DNA samples from hair and bloodstains in a simulated crime scene,
revealed the amplicons were effectively carried through the standard DNA extraction
methods of Chelex® and Qiagen®, and were able to be re-amplified in subsequent PCR
reactions.
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The results presented in this thesis demonstrate the ability to simultaneously quantify
the amount of amplifiable DNA in a genomic sample and identify whether the sample
has been contaminated with additional alleles in the form of PCR amplicons. Acquiring
this information is a necessary step for any forensic DNA analysis, as it can verify that
the sample collected is adequate for PCR techniques such as STR analysis and that it is
uncontaminated so a genuine DNA profile can be produced.

9

CHAPTER 1: INTRODUCTION
1.1 Forensic DNA Profiling
Deoxyribonucleic acid (DNA) profiling was first used in forensic investigation in the
early 1980s, and since its introduction it has developed into a sensitive technique with
high discriminatory power. Forensic DNA profiling is the analysis of a small amount of
genetic material from a blood or cellular sample with the aim of identifying and
distinguishing between individuals (Butler, 2005). Since the introduction of DNA
profiling in forensics, reliable techniques and methods have been developed to allow for
higher throughput, automation and the generation of unambiguous DNA profiles. These
DNA profiles are now largely accepted in courts as important evidence.

1.1.1 Deoxyribonucleic Acid
DNA was first discovered in 1869 (Dahm, 2005). It is a molecule containing three
essential components: phosphate, the sugar deoxyribose and four nitrogenous bases;
adenine (A), guanine (G), cytosine (C), and thymine (T) (Rudin and Inman, 2002). The
components of DNA are arranged into groups called nucleotides (dNTPs), each
composed of a phosphate group, a deoxyribose sugar molecule and any one of the four
bases (Lodish et al., 2003). It was James Watson and Francis Crick who first
hypothesised that DNA was arranged in a three dimensional structure composed of two
side-by-side chains of nucleotides twisted into the shape of a double helix (Figure 1.1).
The two nucleotide chains are held together by weak association between the bases of
each strand, where guanine pairs with cytosine (G-C) and adenine pairs with thymine
(A-T). The backbone of each strand is formed by the alternating phosphate and
deoxyribose sugar units that are connected by phosphodiester linkages (James, 2005).
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Figure 1.1: The DNA Double Helix (Rudin and Inman, 2002).

DNA can be useful in forensic investigations since it is highly likely for DNA to be
found at a crime scene and the DNA of each individual is unique. For example, with
the exception of monozygotic twins the chances of two people in the world having the
same DNA profile is unlikely (Saferstein, 2001). Therefore, by comparing the DNA
from two sources, such as DNA from a crime scene and the DNA from a suspect, a
relationship can be established (Gans and Urbas, 2002).

1.1.2 History of Forensic DNA Profiling

Until the 1980s serological and protein electrophoresis methods were used to
distinguish between individuals by accessing the diversity of blood groups and
polymorphic proteins. However, such markers tended to rapidly degrade or were
compromised by bacterial enzymes. Consequently, these earlier identification
methods contributed to inaccurate results. In addition, they did not have the
discriminatory power to give individual identification (Jobling and Gill, 2004). In
1980 Botstein and co-workers discovered regions of DNA which were highly variable
between people (Botstein et al., 1980). These regions consisted of short sequences
repeated many times with the number of repeats varying among individuals; thus they
are referred to as Variable Number Tandem Repeats (VNTR) (Carey and Mitnik,
2002). Botstein and co-workers were the first to make use of VNTRs at the genetic
level by constructing a human genetic map using a technique called Restriction
fragment length polymorphism (RFLP). RFLP involves the use of a restriction
11

enzyme to cut the regions of DNA surrounding the VNTRs, and is based on
measuring the size of DNA fragments cut by the restriction enzymes (Butler, 2005).

Multi-locus RFLP, which examines more than one region in the DNA in a single
reaction, was the first technique adapted for forensic DNA analysis. RFLP determines
the variation in the length of a defined DNA fragment through the hybridisation of
probes to Southern blots of DNA, digested with a restriction enzyme (Jobling and
Gill, 2004). Although multi-locus RFLP has been replaced by more advanced
technology, it still maintains the highest degree of discrimination per locus. This is
because the loci chosen for forensics can show as many as hundreds of variations at
each locus and when more than one locus is analysed a higher power of discrimination
is achieved (Rudin and Inman, 2002). However, a limitation of RFLP in forensics is
that it requires a larger amount of good quality DNA and often DNA samples found in
crime scenes can be old, degraded and limiting in quantity. The RFLP technique is
also labour intensive and difficult to automate, which limits its ability to be used to
build large databases (Rudin and Inman, 2002).
The use of multi-locus RFLP continued for some years, although criminal casework
focused more on using single locus probes (SLPs). SLP DNA profiling examines a
single highly polymorphic RFLP, simplifying the interpretation of results (Jobling and
Gill, 2004). The first DNA-based criminal investigation was carried out using SLP
DNA profiling, and concluded with the conviction of Colin Pitchfork in 1986
(Lincoln, 1997). This case was the first to link the same individual to two killings that
were separated by three years. The case also demonstrated how a non-matched SLP
profile was able to exclude a suspect who confessed to the killing. From 1988 to 1994
SLP was the main form of DNA profiling, before it was replaced by DNA
amplification technologies (Lincoln, 1997).

Although forensic DNA profiling can be the key in the conviction of suspects, it has
also been used to protect the innocent. Jurisdictions around the world have had
success in exonerating wrongfully convicted individuals; one example of this is The
Innocence Project in the United States (The Innocence Project, 2005). DNA profiling
has also been used in paternity testing and evolutionary studies to examine the
relationship between individuals and populations (Wallin, Holt et al., 2002). Other
applications of forensic DNA profiling include the identification of victims of crimes,
12

accidents and disasters such as the terrorist’s attacks of September 11, 2001 in New
York and the natural disaster of the Asian tsunami in 2004. In these situations
physical identification was impossible by other methods (Butler, 2005).

1.2 Short Tandem Repeats (STRs) in DNA Profiling

Short Tandem Repeats (STRs) or microsatellites are found in abundance throughout
the human genome and have a high degree of genetic variability, making them an
excellent marker for DNA profiling. STR sequences are DNA sequences containing a
variable number (typically less that 50) of tandemly repeated short (2 to 6 base pairs)
sequences (Carey and Mitnik, 2002). STRs used in forensics are usually
tetranucleotide repeats such as (ACAT)n repeated a number of times (n) (Jobling and
Gill, 2004).

The particular location of a STR marker on a chromosome is referred to as a locus,
with the plural being loci. Within a particular locus there may be slight differences in
the DNA. The different sequences are referred to as alleles (Butler, 2005). An
individual will have a specific number of repeats in the STR at each locus on one of
their chromosomes, and the same, or different number of repeats at the locus on the
other chromosome. The classification of all the alleles present at a locus is known as a
genotype and the combination of genotypes across multiple loci is a DNA profile
(Butler, 2005; Rudin and Inman, 2002).

In the case of DNA profiling depending on the locus analysed, the number of alleles
present in the human population varies from 5 to 20 (Butler, 2005). When amplified
the size of the DNA fragments produced by the STR loci are within the range of 100
to 400 base pairs (bp). This small size reduces their susceptibility to degradation and
can often be recovered from bodies or stains that have been subjected to severe decay
(Butler, 2005). STRs have become widely used for forensic DNA profiling because
they are detected by DNA amplification methods, which can be used to analyse a
limited amount of low quality DNA. The STR loci chosen for forensic use have
alleles that are reasonably distributed in any given population (Jobling and Gill,
2004). STR loci can also be detected by fluorescent systems allowing automation and
increased throughput which allows for the construction of national DNA databases
accessible worldwide (Rudin and Inman, 2002).
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Although each STR locus is only moderately polymorphic, through simultaneous DNA
amplification of many different loci in the same reaction, a higher discrimination
between samples can be achieved. This is known as multiplexing which saves time,
materials and only a small amount of evidential material is required (Butler, 2005).

1.2.1 Mini-STRs

Mini-STRs are shorter amplicons created by moving the forward and reverse PCR
primers in closer to the selected STR repeat region (Butler et al., 2003). A new
advancement of the standard STRs, Mini-STRs have demonstrated to be very useful in
forensics. Information can be recovered from highly degraded DNA and samples
compromised with PCR inhibitors, when usually a partial profile is produced (Butler et
al., 2010). Mini-STRs were first used in a forensic laboratory to help identify the
victims of the September 11, 2001 attacks, since the remains collected from the debris
were fairly degraded from fire, heat, and bacterial contamination (Coble and Butler,
2005). However, it was not until 2007 that Mini-STR kits became commercially
available from Applied Biosystems. The MiniFiler™ kit was designed to amplify the
eight largest loci of the Identifiler® kit plus the gender-typing locus amelogenin. These
loci are most likely to be partially amplified with a difficult sample (Butler et al., 2010).
Since mini-STRs are a smaller version of the STRs used for forensic DNA profiling, the
DNA databases of the core STR loci can still be used and hence the high level of
discrimination is still maintained (Coble and Butler, 2005). The use of mini-STR
technology allows for more genetic information to be retrieved from old or damaged
DNA evidence, which highlights the potential for past cases that were not solved due to
technology limitations to be re-opened.

1.3 The Polymerase Chain Reaction (PCR)

The theoretical concept of producing many copies of a specific DNA molecule by a
cycling process using DNA polymerase and oligonucleotides primers was first
explained in a paper by Kleppe and colleagues in 1971 (Kleppe et al., 1971). At the
time the use of such a process seemed inaccessible, due to the difficulty and cost of
producing oligonucleotides, the absence of thermostable DNA polymerases and the lack
of automated thermocycling instruments (Edwards et al., 2004). It was later in 1985
when automated oligonucleotide synthesisers and heat-stable DNA polymerase were
14

available that the practical process of Polymerase Chain Reaction (PCR) was developed
by Kary Mullis and colleagues. Mullis envisioned a way of replicating DNA in vitro in
the same way DNA is replicated in every cell of our bodies (Kobilinsky et al., 2005).
For his achievements Mullis was awarded the 1993 Nobel Prize for Chemistry.

The basic aim of PCR is to produce a sufficient amount of a specific DNA sequence for
analysis. This is achieved with the aid of a heat-resistant polymerase enzyme and the
ability to alternately denature (melt) double-stranded DNA molecules and renature
(anneal) complementary single strands in a controlled fashion (Lodish et al., 2003).
PCR requires template DNA, the four dNTP building blocks, two specific primers, and
a DNA polymerase. The DNA polymerase requires magnesium which acts as a cofactor
for enzyme activity and a buffer to maintain a neutral pH (Kobilinsky et al., 2005). In a
typical PCR reaction, amplification is exponential and as it continues the reactants are
gradually consumed until they are exhausted and amplification falls (Valasek and Repa,
2005). The performance of the polymerase at the start of the reaction is limited by the
minute amount of template present, whereas in the final cycles, the enzyme’s activity
declines as a result of continuous temperature changes (Kubista et al., 2006). PCR is a
highly sensitive technique because it detects small amounts of DNA material. However,
as a consequence PCR is also very susceptible to contamination.

In the forensic application for PCR, the DNA is extracted from a sample of cellular
material such as blood or hair. Then, depending on which genetic markers are being
tested for, a particular locus or set of loci on the strand of DNA is isolated and copied
over and over until a sufficient quantity exists for testing (Rudin and Inman, 2002).
There are three basic steps in the PCR process (Figure 1.2); the first involves heating
the DNA strands to about 95°C to separate the double stranded DNA. Secondly, the
temperature is lowered and the primers anneal or hybridise themselves to the separated
strands. These primers are artificially designed for the target sequence and therefore
when added to the denatured DNA template they hybridise to complementary DNA
sequences on either side of the target site. Some important features for creating an
optimal primer set include having a melting temperature with the range of 55-72°C, a
G-C content in the range of 40-60% and a unique base sequence to avoid binding to
non-specific sites. The final step uses a heat-stable DNA polymerase such as Taq
polymerase to direct the rebuilding of double stranded DNA (dsDNA). At this final
stage the primers are extended by the addition of the appropriate bases, resulting in the
15

production of two completed pairs of double stranded DNA segments that are identical
to the starting template. These steps of denaturation, annealing and extension are
performed on an automated thermal cycler and are typically repeated for 30 cycles, each
time doubling the number of copies of DNA (Butler, 2005). The resulting PCR product
is known as an ‘amplicon’ and is produced in sufficient quantity to be analysed by other
methods.

Figure 1.2: DNA amplification process with the Polymerase Chain Reaction (Lodish et al., 2003).

PCR DNA amplification technology is suited to the analysis of forensic DNA samples
because it is sensitive, rapid and less reliant on the quality of the DNA than other
methods (Butler, 2005). It is also an important technique in forensics especially when
the evidentiary material is in small quantity, and/or when the specimen is old and the
DNA may be fragmented or damaged since PCR can produce many copies of the
original molecule, making detection and analysis possible (Kobilinsky et al., 2005).
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1.3.1 Multiplexing PCR

PCR allows for more than one region to be amplified simultaneously by simply
adding more than one primer set to the reaction mixture such as in a multiplex. For a
multiplex reaction to work primer pairs need to be compatible. For example, the
primer annealing temperatures should be similar and excessive regions of
complementarily should be avoided to prevent the formation of primer-dimers that
will cause the primers to bind to one another instead of the template DNA (Butler,
2005).

Multiplex PCR also requires extensive optimisation in reagent components and
thermal cycling conditions to obtain a good balance between the amplicons of the
various loci being amplified. Primer concentrations are one of the main factors in a
multiplex PCR that can influence the overall yield of each amplicon (Butler, 2005).
The more STR loci analysed in the one reaction, the more genetic information that
can be determined from a single sample, increasing the ability of detecting genetic
differences between individuals (Wallin, Holt et al., 2002).

1.4 Forensic DNA Profiling Kits

There are a number of commercial kits available for the amplification and analysis of
DNA samples for forensic purposes. The two major suppliers of DNA profiling kits
are Applied Biosystems and the Promega Corporation. These kits contain all the
necessary PCR reagents for the amplification of 8 to 16 STR markers in a multiplex
reaction. Such reagents include PCR reaction mix, AmpliTaq Gold™ DNA
polymerase, PCR primer set, positive control DNA (cell line 9947A), and a allelic
ladder (Applied Biosystems, 2000). The kits offered by these companies have been
subjected to rigorous quality control testing to ensure reliable performance (Holt,
Buoncristiani et al., 2002). In Australia, forensic biology laboratories routinely use
the Applied Biosystems AmpFℓSTR® Profiler Plus™ PCR Amplification Kit along
with automated fluorescence-based allele detection (Pachette et al., 2002).

The AmpFℓSTR Profiler Plus PCR Amplification Kit co-amplifies the repeat regions
of nine short tandem repeat loci (D3S1358, vWA, FGA, D8S1179, D21S11, D18S51,
D5S818, D13S317 and D7S820) along with a segment of the X-Y homologous gene
17

amelogenin for gender-typing (Table 1.1) (Applied Biosystems, 2000). These nine
STR loci were chosen for this kit as they are well characterised, are not linked to one
another, and have a high discriminatory power between different individuals. For
example, population studies using the Profiler Plus kit has determined the random
match probability of two individuals to have the same AmpFℓSTR Profiler Plus
genotype to be 1 in 9.6 x 1010 for the U.S. Caucasian population (Applied Biosystems,
2000). The AmpFℓSTR Profiler Plus kit contains locus-specific primer pairs for each
STR which are fluorescently labelled with either 5-FAM, JOE or NED dye. This is
detected as blue, green and yellow (displayed in black in an electropherogram)
respectively on automated sequencing equipment such as the ABI PRISM instrument.
An example of a DNA profile is shown in Figure 1.3. These instruments are typically
a multi-channel capillary electrophoresis system used to distinguish between each
STR allele based on size and colour of its fluorescently labelled PCR product (Jobling
and Gill, 2004). An allelic ladder consisting of all or most of the known alleles for a
particular locus is also provided with the kits for accurate genotyping.

Table 1.1: AmpFℓSTR Profiler Plus loci (Applied Biosystems, 2000).
Locus

Chromosome

Designation

Location

Common Sequence Motif

Size Range

Dye

(bp)

Label

D3S1358

3p

TCTA (TCTG)1-3 (TCTA)n

114-142

5-FAM

vWA

12p

TCTA (TCTG)3-4 (TCTA)n

157-197

5-FAM

219-267

5-FAM

(TTTC)3 TTTT TTCT
FGA

4q28

(CTTT)n CTCC
(TTCC)2

Amelogenin
D8S1179

X: p22.1-22.3

-

107

Y: p11.2

-

113

8

(TCTR)n

128-168

JOE

189-243

JOE

JOE

(TCTA)n (TCTG)n
D21S11

21

[(TCTA)3 TA (TCTA)3 TCA
(TCTA)2 TCCA TA]
(TCTA)n

D18S51

18q21.3

(AGAA)n

273-341

JOE

D5S818

5q21-31

(AGAT)n

135-171

NED

D13S317

13q22-31

(GATA)n

206-234

NED

D7S820

7q11.21-22

(GATA)n

258-294

NED
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Figure 1.3: An example of a DNA profile also referred to as an electropherogram produced from
DNA extracted from a whole blood sample, using the Applied Biosystems AmpFℓSTR® Profiler
Plus™. The individual represented in this profile is male denoted by the XY alleles at the
Amelogenin gene and is homologous at the STR loci FGA and D5S818.

The STRs used in commercial DNA profiling kits have been used worldwide and form
the basis of national DNA databases. The standardisation of DNA profiling kits between
laboratories of different countries is possible through the incorporation of similar loci in
each kit. Having these common loci in the different profiling kits helps investigations of
crime across international borders. For example, in the US there are 13 STR loci used
by the CODIS system (Combined DNA Index System), a computer database that stores
DNA profiles created by federal, state, and local crime laboratories. While in the UK
and Europe ten STRs plus the gender-typing STR, amelogenin, make up the core loci
used (Butler, 2006). These eleven European STR loci are all included in the CODIS
system and the nomenclature standardised by the sequenced allelic ladder controls (Gill,
2002).
1.4.1 Forensic DNA Profiling in the Australian Criminal Justice System

The first reported court case to use DNA evidence in Australia was in 1989 (Coelli,
1989). At that time DNA profiling technology was still being developed and
consequently many concerns were raised regarding its use in the criminal justice system
and the civil rights of individuals. These concerns mainly focused on the validity of the
methodology behind the laboratory test (Rudin and Inman, 2002). However, even today
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there are aspects of DNA profiling that are still under scrutiny such as laboratory
accreditation, quality control, sample collection procedures and chain of evidence
management (Gans and Urbas, 2002).

DNA profiling can be useful for a case before it is even brought to trial. For example,
much of its impact happens behind the scenes excluding suspects and reducing the court
load through plea changes and bargaining. Therefore, only a small proportion of cases
that involve DNA evidence would result in a trial (Easteal and Easteal, 1990). However,
when DNA evidence such as the comparison of DNA profiles are required to be
presented in a trial, the court will rely on expert witnesses to testify the validity of the
results. Expert witnesses need to be able to explain the relevant facts surrounding the
scientific testing of the DNA samples and give an opinion as to what conclusions can be
drawn from those tests (Easteal and Easteal, 1990). However, the reliability of the
results rests with the jury members to decide once all the information is presented to the
court. Furthermore, any discretionary exclusions of the evidence may arise from
challenging the expert witnesses’ competency or the strength of their results including
whether the results are contaminated. While complete exclusion of the DNA evidence
can occur when the frequency of the evidence given is questioned and there is a concern
of inadequate databases. For example, this was seen in a South Australian case of R vs.
Smith, where a significant statistical difference between racially specific Aboriginal
databases and Caucasian databases which may or may not include some Aboriginal
components was noticed. The trial judge for this case excluded the frequency evidence
on the basis that the offenders were thought to be Aboriginal and the frequency
evidence relied on databases that were not racially specific enough (Barrett, 1998).

1.5 DNA Quantification in Forensics

A necessary step in any DNA profiling assay is to determine the quantity and quality of
human DNA present in a sample before PCR amplification (Kline et al., 2005). The
amount of DNA a sample contains is essential for most PCR-based assays. For example,
the Applied Biosystems’ Profiler Plus specifies the addition of between 1-2.5ng of
template DNA for optimal results (Applied Biosystems, 2006). Studies have indicated
that the accuracy of DNA quantification does impact the quality of STR typing,
particularly when examining mixed samples (Nicklas and Buel, 2003). Too much DNA
can result in split peaks or peaks that are off-scale for the measurement technique.
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While too little DNA template may result in allele drop-out because the PCR reaction
fails to amplify the DNA properly (Figure 1.4). This phenomenon is sometimes referred
to as stochastic fluctuation (Butler, 2005). The use of excessive DNA template amounts
can result in non-allelic amplification products such as stutters and minus A products
(split peaks) being more evident. Stutters are allele products which are four bases
shorter than the true allele for the amplified STR loci. Where as a minus A product is a
non-template nucleotide addition caused by the Taq polymerase adding a single
nucleotide (usually adenine) at the 3’ end of an amplicon, independent of the template
(Morreti et al., 2001). Alternatively, when only a few copies of the DNA template are
present, stochastic amplification may occur resulting in either a significant imbalance of
two alleles at a given heterozygous locus or allelic dropout (Morreti et al., 2001).

Figure 1.4: If the PCR reaction contains too much DNA (a) the peaks are still present but artefacts
such as pull-ups and split peaks are more evident. When the DNA template is within the optimal
range (b and c) the peaks are well balanced and easy to interpret. When the PCR has too little
template (d) allelic drop- out occurs (Goodwin et al., 2007).

There are many methods for DNA quantification. The earlier methods for quantifying
DNA were not specific for human DNA and often included the analysis of foodstuff,
animal and bacterial contamination (Nicklas and Buel, 2003). These earlier techniques
included ultraviolet and fluorescence spectroscopy to quantify DNA when the species of
origin was not a concern. Samples analysed by UV spectroscopy are assessed at a
wavelength of 260nm and 280nm with the optical density (OD) ratio of 260nm/280nm
being used to determine the purity of the samples. Samples with a ratio between 1.8 and
2.0 are considered pure or relatively free of contaminants, while a lower value indicates
contamination by protein, phenol or some other UV absorbing material. This method
was rapid, simple and useful for application in which samples yield DNA in microgram
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(µg) quantities. However, this quantitation method was also insensitive and has the
drawback of requiring a larger amount of sample (Nicklas and Buel, 2003).

Fluorescence spectroscopy is a quantification method used more for quantifying
samples with low levels of DNA. This technique requires the addition of a dye that
interacts with the DNA and once bound will become fluorescent, changing its emission
spectrum from its unbound state. These fluorescence readings are relative and therefore
must be compared to a standard curve each time the assay is performed. A common dye
used is ethidium bromide which binds to double stranded DNA by intercalation and has
little preference for sequence. Fluorescence spectroscopy is more sensitive than UV
spectroscopy, because nanogram (ng) quantities of DNA can be observed (Nicklas and
Buel, 2003).

To overcome these quantification problems the Perkin-Elmer QuantiBlot™ was
introduced. QuantiBlot™ also known as the Slot Blot method quantifies the amount
human specific DNA in samples. In this method DNA is bound to a membrane using a
slot blot apparatus. The bound DNA is hybridised with a primate-specific probe and
taken through several reaction steps and washes. The bound probe is then visualised
using a colorimetric or chemiluminescence approach. Results are interpreted based on
the intensity of the slot blot band, which is proportional to the amount of human DNA
in the sample (Nicklas and Buel, 2003). QuantiBlot™ is a reliable and sensitive method
detecting as little as 50 picograms (pg), however, can be time consuming, labour
intensive and the results are often subject to interpretation (Richard et al., 2003).

These methods all have the common disadvantage of not being suited to highthroughput or the automated sample flow of forensic laboratories (Richard et al., 2003;
Green et al., 2005). Therefore, the availability of automated instrumentation such as
Real-Time PCR offers the potential to eliminate labour-intensive steps while providing
a more objective measurement (Richard et al., 2003). The application of Real-Time
PCR for DNA quantification has become an accepted technique exceeding the Slot Blot
as the quantification method of choice for forensic laboratories (Nicklas and Buel,
2003). It provides a rapid estimation of the DNA extracted from samples and can also
be performed with DNA of poor quality as it detects only amplifiable DNA rather than
total DNA (Richard et al., 2003; Tringali et al., 2004).
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1.6 Real-Time Quantitative Polymerase Chain Reaction

Real-Time PCR was first described by Higuchi and co-workers in the early 1990s
(Higuchi et al., 1992; Higuchi et al., 1993) and is often referred to as Quantitative PCR
(qPCR) since it analyses the cycle to cycle change in fluorescence signal resulting from
the amplification of a target sequence during PCR (Butler, 2005). Real-Time PCR is a
variation of the traditional PCR technique, which relied on either the size or sequence of
the amplicon for quantification. Gel electrophoresis is often used to measure the size of
the amplicon and although inexpensive and simple, it lacked specificity, since different
molecules of approximately the same molecular weight cannot be distinguished
(Provensano et al., 2001; Kubista et al., 2006). The quantification methods which
require post-PCR analysis are also time consuming and care was needed to ensure that
any amplicons accidentally released into the laboratory environment did not
contaminate DNA preparations (Edwards, 2004).

It was with the introduction of Real-Time PCR that these limitations were resolved and
the initial quantity of nucleic acid during a PCR reaction could be accurately determined
without post-PCR analysis (Tringali et al., 2004). Therefore, with highly efficient
detection chemistries, quantification with accuracy and sensitivity to detect a single
molecule of DNA in a complex sample is possible (Kubista et al., 2006).

1.6.1 Real-Time PCR: Basic Concepts and Methodology

In Real-Time PCR, the amount of product formed is monitored during the course of the
reaction by the simultaneous measurement of dye or probe fluorescence in the reaction.
As the introduced fluorescent reporter, either a dye or a fluorescent probe binds to the
product a signal is generated that reflects the amount of DNA amplified during each
cycle (Kubista et al., 2006). The technique is based on the concept that a quantitative
relationship exists between the initial amount of target DNA present at the start of a
PCR assay and the amount of product amplified during its exponential phase (Bustin,
2004). In the initial stages of cycling the fluorescence signal is very weak (Figure 1.5)
and cannot be distinguished from the background fluorescence forming what is defined
as the baseline of the amplification plot (Leutenegger, 2001). The accumulation of PCR
product increases the fluorescent signal exponentially. Measuring the product formed
during this exponential phase where DNA amplification is the most efficient and least
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affected by reaction-limiting conditions provides a more accurate quantification result,
correlating to the amount of starting material (Walker, 2002). The reaction then plateaus
off due to exhaustion of critical reactants such as primers, the fluorescent reporter, or
the dNTPs (Valasek and Repa, 2005).

Quantification in Real-Time PCR is established by measuring the cycle number (often
referred to as Cycle Threshold or Ct) for the fluorescent signal to reach a fixed threshold
set either by the instrument or the operator (Edwards et al., 2004). The threshold is
calculated as a function of the amount of background fluorescence, and is usually ten
times the standard deviation of the background fluorescence intensity and often is
measured between cycle 3 and 15 (Leutenegger, 2001). By using the difference in Ct
values for two samples, the relative difference in the level of nucleic acid of an
unknown sample can be determined. Therefore, the fewer cycles it takes for a sample to
reach the threshold the greater the initial number of DNA molecules present (Figure
1.5).

Figure 1.5: A typical amplification plot of a Real-Time PCR, with a baseline, exponential phase,
and plateau phase. The Cycle number is plotted against Fluorescence. Note, Sample A contains a
higher amount of starting template than sample B since it crosses the threshold at a lower Ct value
compare to Sample B (Qiagen, 2006).

The software for different PCR machines use different methods and algorithms to select
the threshold, while also allowing the option of manual selection. The setting is
therefore arbitrary and although it affects individual Ct values it does not significantly
influence the differences between Ct values. The threshold is also affected by the
settings of the machine which can be customised for each reaction. The settings include
the filter which detects the different wavelength of fluorescence; the channel which is
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specific to the type of reporter dye used for example FAM/Sybr, JOE and Cy5, and the
gain which alters the sensitivity of the detection (Corbett Research, 2004). Therefore,
comparing Ct values between experiments should be avoided, although if comparison is
required a reference sample should be included in each run (Kubista et al., 2006). The
amplification plot reflects the generation of fluorescence from the reporter dye or probe
during amplification and is directly related to the formation of PCR products. Therefore,
a standard curve can be constructed by plotting the log of initial target copy number for
a set of serially diluted standards versus Ct (Leutenegger, 2001). This standard curve
can then be used to quantify the amount of initial template in an unknown sample using
its Ct value (Bustin and Mueller, 2005).
1.6.2 Real-Time PCR: Detection Chemistries

The first demonstration of Real-Time PCR was performed using ethidium bromide
which fluoresces under ultraviolet (UV) light upon DNA intercalation (Higuchi et al.,
1993). A modified thermocycler attached with a charged coupled device (CCD) camera
was used, and samples were irradiated under UV light to achieve recorded simultaneous
visualisation of the fluorescence signal. This fluorescence signal was then plotted
against the cycle number to obtain an amplification plot providing a good indication of
the amount of DNA generated during each cycle of PCR with the exception of the
earlier cycles where fluorescence was below the limit of detection of the CCD camera
(Ginzinger, 2002).
Presently, the four most commonly used chemistries for fluorescence detection with
Real-Time PCR include the 5' nuclease assays TaqMan® (Applied Biosystems, Foster
City, CA, USA), Molecular Beacons (Tyagi and Kramer, 1996), Scorpions®
(Whitcombe et al., 1999) and SYBR® Green I (Molecular Probes) intercalating dyes
(Ginzinger, 2002; Bustin, 2004; Edwards et al., 2004; McPherson and Møller, 2006).

SYBR® Green I
A common DNA binding dye used in Real-Time PCR to monitor double-stranded
amplicon production is SYBR Green (Figure. 1.6). It is a non-specific fluorescent DNA
intercalating agent that binds reversibly but tightly to the minor groove of the DNA
double helix by slotting a chromophore between the stacked base pairs (Wilhelm and
Pingoud, 2003). In solution the unbound dye exhibits very little fluorescence, and is
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only enhanced once bound to double stranded DNA. The fluorescence emitted by the
bound dye is thousand-fold higher than that of free dye, making it suitable for the
monitoring of accumulation of PCR products (Wilhelm and Pingoud, 2003). The
detection takes place during the extension step of Real-Time PCR with the signal
intensity increasing with the accumulation of PCR product.

SYBR Green has the advantage of being able to permit analysis of many different
targets without the synthesis of target specific probes which can be quite expensive.
However, non–specific PCR products and primer-dimers also contribute to the
fluorescent signal. To overcome this, high PCR specificity is required and often melting
curve analysis can be used to determine the temperature at which primer-dimers are
denatured (McPherson and Møller, 2006). A limitation of SYBR Green is that it cannot
be used in multiplex reactions when DNA sequences differ by only one base pair.
Overall, SYBR Green is a inexpensive alternative to most target specific probes and is
temperature stable since it does not interfere with the DNA polymerase activity at the
concentration used in qPCR (Bustin, 2004).

Figure 1.6: Schematic representation of Real-Time PCR with the SYBR Green I dye. SYBR Green
I dye (green spots) becomes fluorescent upon binding to double-stranded DNA, providing a direct
method for quantifying PCR products in real time (Qiagen, 2006).

QPCR using TaqMan Probes®
TaqMan probes utilises the 5'→3' exonuclease activity of the Taq Polymerase during
the amplification of a DNA template (Ginzinger, 2002; McPherson and Møller, 2006).
TaqMan probes are oligonucleotides that have a covalently attached fluorescent reporter
dye on the 5' end and a quencher moiety coupled to the 3' end. There are many reporter
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dyes that can be used at the 5’ end of a TaqMan probe these include but are not limited
to FAM, HEX, Cy5, JOE and ROX. The large range of reporter dyes is useful for the
multiplex of STR loci, as a separate probe can be designed with spectrally unique
reporter/quencher pairs (Bustin, 2004).

A TaqMan probe is designed to hybridise to an internal region of a PCR product. The
Taq polymerase will only degrade the probe while it is hybridised to its complementary
strand. The temperature condition of the annealing stage of PCR must therefore be
adjusted to ensure proper probe binding. This is usually carried out 8-10°C below the
melting temperature of the probe which also ensures maximum 5’→3’ exonuclease
activity of the polymerase (Bustin, 2004).

In the unbounded state, the 5' reporter dye fluorescence is quenched by the 3' quencher
molecule due to their close proximity which allows Förster (Fluorescence) Resonance
Energy Transfer (FRET) to take place, preventing the detection of any fluorescent
signal from the probe (Provensano et al., 2001; Ginzinger, 2002). This proximity does
not completely quench the fluorescence of the reporter dye and background
fluorescence is often observed. At the annealing stage in PCR, the TaqMan probe binds
to the complementary target nucleic acid. It is during the extension stage the polymerase
carries out the extension of the primers and replicates the template where the TaqMan is
bound. The 5’→3’ exonuclease activity of the polymerase cleaves the fluorescent
reporter from the probe and FRET no longer occurs. Consequently, there is an
irreversible increase in fluorescence from the reporter dye (Figure 1.7). The increase in
fluorescence at each cycle is proportional to the amount of probe cleavage/degradation,
and hence the amount of amplification product in the reaction (Walker, 2002;
McPherson and Møller, 2006). If no amplification product is present, the probe remains
intact and no fluorescence will be detected.

Well-designed TaqMan probes requires very little optimisation, and can detect PCR
products that differ by a few base pairs making them ideal for multiplex reactions.
However, a drawback of TaqMan probes is that they can be expensive to synthesise,
especially with multiplexing since a separate probe is required for each target sequence
(McPherson and Møller, 2006).
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Figure 1.7: Schematic representation of Real-Time PCR with a TaqMan Probe. A) Annealing
phase of PCR where the probe binds to the target sequence. B) Extension phase where the probe
is cleaved by the exonuclease activity of the polymerase and a fluorescence signal is observed
(Qiagen, 2006).

Molecular Beacons
Molecular beacons are single-stranded oligonucleotide probes that form a stem-andloop hairpin structure. The loop contains a probe sequence that is complementary to a
target sequence, while the stem is formed by the annealing of self-complementary
termini sequences. Similar to the TaqMan probe a reporter fluorophore is covalently
linked to the 5’ end and a quencher is covalently linked to the 3’ end (Tyagi and
Kramer, 1996). Molecular beacons do not fluoresce when they are free in solution,
since they must first undergo a conformational change that enables them to fluoresce
brightly when they hybridise to a target sequence.

When unbound to the target sequence, the two ends of the probe bind and the stemloop structure is maintained with the fluorophore and quencher remaining in close
proximity. This quenches the fluorescent signal and hence no fluorescence is
observed. It is during the annealing phase of PCR that the probe binds to the target
sequence and the stem opens separating the fluorophore and quencher which results in
a fluorescent signal (Bustin, 2004). In the extension phase the probe is then displaced
from the target sequence, bringing the fluorophore and quencher back in close
proximity and thus again quenching the fluorescence (Figure 1.8).

Although molecular beacons have the advantage of lower background fluorescence
and greater specificity compared with TaqMan probes, they can be difficult to design
and optimise (Edwards et al., 2004; McPherson and Møller, 2006). An optimal design
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of the stem is critical since the molecular beacon may fold into alternative
configurations placing the fluorophore away from the quencher, resulting in large
background signals. Alternatively, a strong stem can interfere with target
hybridisation and fluorescence will not be emitted (Bustin, 2004). Molecular beacons
are extremely specific, easily discriminating target sequences that differ from one
another by a single nucleotide substitution.

Figure 1.8: Schematic representation of Real-Time PCR with a Molecular Beacon probe. A) The
probe is unbound and the fluorescence is quenched. B) Annealing phase of PCR where the probe
binds to the target sequence and fluorescence is observed. C) Extension phase where the probe is
displaced and the fluorescence is quenched (Qiagen, 2006).

Scorpion® Probes
Scorpion probes are similar to molecular beacons in that they form a hairpin structure
when free in solution. However, their design and mode of action is quite different.
Scorpion probes are bi-functional molecules since the primer is covalently linked to
the probe. The probe is a self-complementary stem sequence with a fluorophore at one
end and a quencher at the other (Whitcombe et al., 1999). During the annealing and
extension stage of the PCR the Scorpion primer anneals to the target DNA and the
primer is extended by the Taq polymerase to form an amplicon. To ensure that the
DNA polymerase does not read through the Scorpion primer and the probe region is
not copied, a non-amplifiable monomer (blocker) is added between the fluorescent
quencher and the primer (McPherson and Møller, 2006). After the extension phase
and a second round of denaturation, the hairpin structure opens up, allowing the probe
containing an amplicon-specific sequence to curl back and hybridise to the target
sequence in the PCR (Figure 1.9). Since the hairpin structure requires less energy to
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denature than the newly formed DNA duplex, the sequence–specific probe hybridises
to the target amplicon with great speed and accuracy. The opening up of the hairpin
loop prevents the fluorescence reporter from being quenched and an increase in
fluorescence is observed (Whitcombe et al., 1999; Bustin, 2004).

Although Scorpion probes are relatively expensive to synthesise, they are simpler to
design compared to molecular beacons and can also detect point mutations. Scorpion
probes are also compatible with any commercial fluorescent dye and together with the
low background fluorescence, multiplexing is possible using multiple probes tagged
with different fluorophores to produce different colours (McPherson and Møller,
2006).

Figure 1.9: Schematic representation of Real-Time PCR with a Scorpion® probe. In this
example, the fluorescent dye is FAM located at the 5’ end while the quencher (DABCYL) is at the
3’ end (McPherson and Møller, 2006).

1.7 Forensic Application of Real-Time Quantitative PCR
From the introduction of Real-Time PCR, the number of applications has grown
rapidly. The applications range from detecting specific genes within a complex
mixture to its use for absolute and relative quantification of DNA and RNA molecules
(Edwards et al., 2004). Real-Time PCR has also been used to determine expression of
genes, viral loads, allele imbalances and the degree of gene amplification and deletion
(Klein, 2002).
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In forensics, Real-Time PCR assays can be very useful since the technology is
specific, sensitive, time and cost effective and flexible when it comes to analysing
casework samples. Real-Time PCR is particularly useful when it comes to quantifying
the amount of amplifiable DNA present in a sample for STR analysis such as in
AmpFℓSTR® Profiler Plus™, as these kits rely on precise quantities of DNA for
optimal results. Real-Time PCR is increasingly being used in forensic analysis for
criminal investigations especially when time is a factor and sample availability is
limited (Valasek and Repa, 2005).

1.8 Quantifiler™ Human DNA Quantification Kit

The Quantifiler™ Human DNA Quantification Kit is designed to quantify the total
amount of human (and higher primate) DNA in a sample. The availability of
automated instrumentation addresses the limitations of some of the older DNA
quantification methods and allows better integration into the work flow environment
of modern forensic laboratories (Green et al., 2005). Results produced from the kit
helps to determine if there is a sufficient amount of human DNA present in a sample
for routine STR analysis (Applied Biosystems, 2006).

The DNA quantification assay combines two 5' nuclease assays; a target-specific
human DNA assay and an Internal PCR Control (IPC) assay. The target-specific assay
consists of two primers for amplifying human DNA and a TaqMan® Minor Groove
Binder (MGB) probe labelled with FAM™ dye for detecting the amplified sequence.
It detects the amount of human telomerase reverse transcriptase (hTERT) gene present
in a sample. The target is a single copy gene located within the non-translated (intron)
region of chromosome 5 (5p15.33) (Applied Biosystems, 2006). The use of single
copy genes reduces the sensitivity of the assay, but it is still sensitive enough to detect
as little as 23pg of amplifiable DNA. In addition, since the STR loci in multiplex kits
are also single copies it can accurately predict the availability of amplifiable copies of
the STR alleles in samples (Green et al., 2005). However, due to the small amplicon
size produced by the assay (62bp) it is less accurate in calculating amplifiable DNA
concentrations at higher levels of degradation since STRs used in the DNA profiling
kits such as Profiler Plus produce amplicons within the 100 to 300bp region (Applied
Biosystems, 2006).
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The Quantifiler® kit assay uses 5' nuclease Real-Time PCR technology, the same
concept as the TaqMan chemistry in Section 1.6.2. In Quantifiler the TaqMan probe
uses the 5'→3' exonuclease activity of the DNA polymerase to detect the amplified
target sequence (Figure 1.10). The FAM-labelled DNA probe binds to the singlestranded target sequence and as the target is copied the FAM-labelled reporter is
cleaved from a quencher, allowing the dye molecule to fluoresce more intensely
(Applied Biosystems, 2006).

A

B

C

D

Figure 1.10: 5’ nuclease assay of the Quantifiler probe (MGB) where NFQ is the non-fluorescent
Quencher, MGB is the Minor Groove Binder, R is the Reporter and P is AmpliTaq Gold® DNA
Polymerase.

The stages of the amplification process are as follows. A) Probe anneals to the target sequence. B) Strands
are extended by the DNA polymerase. C) The DNA polymerase extends the primers while cleaving the
attached probe which allows the reporter to fluoresce. D) Synthesis of the strand continues and since the
3’ end is block the probe is not extended (Applied Biosystems, 2006).
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The TaqMan® probes used in the Quantifiler™ Kit contains a reporter dye (FAM®
dye or VIC® dye) linked to the 5' end of the probe and a 3’ non-fluorescent quencher
(NFQ), that is homologous to the amplicon region between the PCR primers (Green et
al., 2005). In addition, the Quantifiler™ probe has a chemical modification at the 3’
end known as minor groove binder (MGB). This modification increases the melting
temperature allowing the design for a shorter, more sequence-specific probe by
increasing the melting temperature without compromising the probe length (Applied
Biosystems, 2006). This modification to the TaqMan® probe gives lower background
fluorescence presumably due to the shorter oligonucleotide length (Kutyavin et al.,
2000).

The Internal PCR Control (IPC) assay in Quantifiler consists of a DNA template
which is a synthetic sequence not found in nature, two primers for amplifying the
template and a TaqMan® MGB Probe labelled with VIC® dye for detecting the
amplified template DNA (Applied Biosystems, 2006). The IPC assay detects if there
are any PCR inhibitors present in a sample. PCR inhibitors can decrease the rate of
amplification, and if detected additional DNA purification steps can be performed
prior to amplification (Green et al., 2005). The IPC also verifies that the polymerase,
the assay, and the detection instrumentation are working correctly (Butler, 2005).

To accurately determine the quantities in each unknown sample, a DNA standard of a
known quantity is serially diluted and run alongside the samples to be quantified. A
standard curve of Ct versus concentration of the standard dilutions is automatically
constructed by the analysis software. Data from the exponential phase of the
amplification is used to construct the curve as this phase directly correlates to the
amount of starting DNA. The quantities of the samples are automatically determined
by mathematical comparison to the standard curve formula (Green et al., 2005).

The Quantifiler assay is highly specific for human DNA and can detect DNA within
the range of 0.023 to 50ng/µL using only 2.0µL of sample per assay. The accuracy of
the Quantifiler Kit is superior to that of other quantitation methods which is necessary
for successful STR genotyping of forensic samples (Green et al., 2005). Validation
studies conducted by Green et al. (2005) demonstrated the robustness and reliability
of the Quantifiler® kit and the consistency of quantification results in comparison with
other DNA quantification methods. The assay is also ideal for forensics since it
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requires a small volume of sample per reaction and less time is required for
quantification compared to older methods (Green et al., 2005).

1.9 Contamination Issues of DNA samples

One of the main problems facing the analysis of forensic samples is the issue of PCR
amplicon contamination. There are two ways contamination can occur, by accident or
by the deliberate introduction of PCR amplicons. In the case of accidental
contamination which is also known as carryover contamination, many preventative
measures are in place to control its occurrence (Hartley and Rashtchian, 1993,
Scherczinger, 1999). While deliberate contamination can occur when PCR amplicons
produced from DNA profiling kits are intentionally added to samples. PCR amplicons
can affect a DNA profile by masking the original profile or even give a false
impression of a mixture (Berryman, 2003; Dent, 2006; Frumkin et al., 2009).

1.9.1 Accidental Contamination

Contamination is usually defined as the transfer of DNA after the event of a crime
(Gill, 2002). This can occur through the investigating officers and pathologists at the
crime scene, the laboratory staff, carryover contamination from samples processed in
the laboratory, and even plastic ware contamination at the manufacturing source (Gill,
2002). Many of these sources of contamination are easily resolved. For example,
investigators and other personal attending a crime scene can limit their movement to
reduce the amount of foreign DNA entering the crime scene, while wearing protective
clothing and using clean equipment when handling the evidence. However, carryover
contamination from samples processed in the laboratory is more difficult to contain
and thus more effort is required to prevent its occurrence.

Laboratory contamination is usually due to the sensitive nature of PCR and its ability
to detect low quantities of DNA with the amplicon being the most potent source of
carryover contamination in forensic laboratories. This is because the amplified DNA
is many times more concentrated than the unamplified DNA template and thus will be
preferentially copied during PCR and the unamplified sample will be masked (Butler,
2005). However, research has shown that laboratory based contamination by
amplicons is not common and only occurs when the amplified product is carelessly
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manipulated or purposely sprayed near or directly into open tubes (Scherczinger et al.,
1999). The research by Scherczinger and co-workers looked at four aspects of DNA
profiling where contamination might occur including the amplification set-up,
handling of amplification product, aerosolisation, and DNA storage. Scherczinger
concluded that if standard protocols to control contamination are followed, the
physical separation of products is only necessary during PCR set-up.

A consequence of contamination can be the wrongful exclusion of a suspect,
particularly if the contaminant masks the perpetrator’s profile (Gill, 2002). Thus to
minimise the chance of contamination standard protocols should be followed. These
include laboratory personal wearing appropriate protective clothing such as laboratory
coats, face masks and gloves. The physical separation of pre-PCR setup (i.e. sample
and PCR preparation) from post-PCR activities, ideally in separate rooms and have
dedicated sets of equipment for each of these areas, including pipettes and pipette tips
(with aerosol barriers). The number of pipetting steps should also be kept to a
minimum and work surfaces decontaminated with bleach or UV light. All results
should also be compared against a staff database of DNA profiles to eliminate the
possibility of investigators and analysts being potential contributors to the resulting
profile (Hartley and Raschtchian, 1993; Dieffenbach and Dveksler, 1993; Gill, 2002;
Mifflin, 2003).

Furthermore, including amplification controls can help to identify if and where
carryover or amplicon contamination has occurred in the laboratory. It is essential that
these controls are used to make sure the PCR set-up was effective. For example, a
negative control (usually containing no template DNA but all other components of the
PCR) ensures the absence of contamination during the entire PCR process (Gill,
2002). While the positive control (containing genomic DNA of known concentration)
verifies the success of the amplification. However, the drawback of these controls is
that they are unable to detect amplicon contamination that may have occurred before
samples reach the laboratory.

1.9.2 Deliberate Contamination
Adventitious transfer refers to the transfer of DNA by individuals unassociated with
the crime, and as shown in Figure 1.11 can occur before the crime event (Gill, 2002).
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However, the use of someone else’s DNA to contaminate DNA samples associated
with a crime can occur before, during and after a crime has been committed. Thus for
the purpose of this research deliberate contamination will refer to any introduction of
exogenous biological material or DNA to a forensic DNA sample with malicious
intent at any stage of the analysis or prior to it.

Figure 1.11: A modified timeline illustrating the potential opportunities where DNA can be
transferred. Note deliberate contamination using PCR amplicons can be added any time before,
during and after a crime has taken place (Gill, 2002).

It is common knowledge to offenders that a dilute solution of household bleach or
hydrogen peroxide will destroy DNA molecules within most types of trace evidence
left at a crime scene (Koupparis, 2002). Therefore, it would be no surprise if criminals
try to exploit the use of DNA profiling technology to their advantage. A common way
of achieving this is by obtaining the PCR amplicon from biological samples such as a
discarded drink bottle or cigarette butt and developing a profile from it (Koupparis,
2002).
Even though the science and technology surrounding forensic DNA identification is
beyond the reach of most people, almost anyone can acquire the simple equipment
and easy to use PCR kits that produce amplicons. The resultant amplicon solution will
contain a high concentration of target allele molecules which are stable at room
temperature (when shielded from direct sunlight and UV) and can stay fresh for
months in a refrigerator and years when stored in a freezer (Koupparis, 2002). These
amplicons can then be distributed by diluting them into water and using a spray
dispenser. This provides great opportunity for criminals to maliciously abuse the
amplicon solution and contaminate samples, which has been demonstrated to be both
possible and easy to accomplish (Berryman, 2003; Dent, 2006; Frumkin et al., 2009).
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To achieve this, the perpetrator can introduce these amplicons before, during or after
the commission of the crime, but before the arrival of investigators. Consequently, a
crime scene can be considered unsecured before the police arrive since there is a
potential for criminals to tamper with the evidence within the crime scene (Gans,
2003).

1.10 Research Proposal
Previous studies by Berryman (2003), Dent (2006) and Frumkin et al., (2009) have
demonstrated how genomic DNA amplified by a DNA profiling kit such as Profiler
Plus can be re-amplified, and detected in a DNA profile. Consequently, the resulting
DNA profile can appear as a mixture or the original DNA profile can be completely
masked by the amplified genomic DNA. To further these previous studies, the current
study was undertaken to develop a multiplex assay which can detect amplified
genomic DNA (PCR amplicons) on forensic DNA samples.
This research will use the Quantifiler™ Human DNA quantification kit, which is one
of the standard quantification methods employed by forensic laboratories, and the
single STR locus D3S1358. Amplification of these two loci will be performed using
Real-Time PCR technology. The development of a multiplex system to
simultaneously quantify the amount of DNA in a genomic sample, and identify
whether the sample has been contaminated by amplicons can save both time and
resources for forensic laboratories. In addition, this could be the solution to the
potential issue of DNA fraudulence where DNA is planted at a crime scene to
incriminate another individual. The prospect of fraudulent planting of DNA will
continue to be an issue in every investigation and trial concerning DNA evidence until
there is a system in placed to guarantee the DNA profile from a piece of DNA
evidence is from the true perpetrator.
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Four specific objectives in this research are:

1. Develop and optimise a multiplex assay which can identify the deliberate
contamination of forensic samples by PCR amplicons.

2. Determine the Quantifiler: D3S1358 ratio range for uncontaminated samples
using Ct values calculated from the Quantifiler and D3S1358 amplification plots.
3. To perform in vitro contamination of biological samples using PCR amplicons,
both before and after DNA extraction procedures and produce DNA profiles of
the contaminated samples.

4. Simulate crime scene contamination with biological forensic samples to apply
the detection system in a real case scenario.
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CHAPTER 2: MATERIAL AND METHODS

2.1 Sample Collection and Preparation

Hair and blood samples were collected for this research. These were selected as they
are two frequently encountered forensic biological sources of DNA. Hairs were
obtained from one individual and labelled S. Blood samples were received from two
unrelated individuals and labelled J and I. Commercially available genomic DNA was
used as the standard DNA to identify any accidental contamination in the setting up of
reactions.

Hair was removed from the head of individual S and strands with an attached hair root
chosen to ensure DNA was present for the extraction procedures. The hairs collected
were examined under a dissecting microscope for the presence of sheath material and
three hair roots were then selected and washed in sterile, deionised water to remove
any surface debris. Blood was collected in 4mL BD Vacutainer™ heparin tubes
(Becton, Dickinson and Company, Franklin Lakes, USA) from individuals J and I.
Blood samples were used as either whole blood (10µL) straight from the tube or as a
bloodstain spotted onto a cotton under-glove and left to dry overnight at room
temperature. Each bloodstain contained 20µL of fresh blood and was approximately
1cm2 in size. A 3mm square portion of the bloodstained cotton glove was added to
1mL of deionised water. The same volume (1mL) of deionised water was also added
to 10µL of whole blood samples. The blood samples were then incubated for 30
minutes in the water and then centrifuged to separate out the phases. The supernatant
was removed, leaving a pellet or the bloodstained fabric. DNA was then extracted
from these samples as explained in Section 2.2.

Commercially available genomic DNA was also used. This included Quantifiler
Human DNA Standard (Applied Biosystems, Foster City, CA), K562 DNA (Promega
Corporation, Madison, WI) and 9947A DNA (Promega Corporation, Madison, WI).
The Quantifiler DNA standard which came with the Quantifiler™ Human DNA
Quantification kit was stored at -20°C after 50µL was aliquoted for the preparation of
the standards.

According to the manufacture’s manual, 25µL of the Quantifiler

human DNA standard was used in the preparation of the standards (Table 2.3),
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however instead of TE buffer, pyrogen-free injection water was used. These standards
were then stored at 4°C until they were required. An aliquot of 10µL of genomic
K562 DNA and 9947A DNA was removed and stored at 4°C, with the remaining
DNA being stored at -20°C.

A list of the samples used in this research are

summarised in Table 2.1 according to the source of DNA and extraction procedure
they were subjected to.

Table 2.1: DNA Samples. List of samples used for each experimental set up.

Ratio
Determination
Genomic
DNA (A)
Genomic
DNA (B)
Blood
Extracted
with
Chelex
Blood
Extracted
with
Qiagen
Hair
Extracted
with
Chelex
Hair
Extracted
with
Qiagen

In vitro Contamination

Crime Scene
Simulation
First
Second
Attempt
Attempt

Post-Extraction
Contamination

Pre-Extraction
Contamination

K562

K562

K562

K562

K562

9947A

-

-

-

-

JBC

-

IBC

IBSC

IBSC

JBQ

-

IBQ

IBSQ

IBSQ

SHC

SHC

SHC

SHQ

SHQ

SHQ

SHC

SHQ

SHQ

The Chelex® extraction procedure was carried out on the hair samples obtained from individual S and
were labelled as SHC. DNA extracted using the same method from whole blood and bloodstains were
labelled JBC (from individual J) and IBC and IBSC (from individual I). DNA extracted from hair
samples using the Qiagen extraction method were labelled SHQ (from individual S), while DNA
extracted using the same method from blood samples were labelled JBQ (from individual J) and IBQ
(from individual I). Note bloodstains from individual I extracted using Chelex and Qiagen (IBSC and
IBSQ) were used for the first and second attempt of the crime scene simulations.
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2.2 DNA extraction from biological samples
In order to isolate the DNA from the hair and blood samples, two common extraction
methods encountered in forensic laboratories were used. The extraction methods were a
chelating resin suspension, Chelex® (5%, w/v) (Bio-Rad Laboratories, USA) and a
silica-based method Qiagen® DNeasy (Qiagen Pty. Ltd). Once the DNA was recovered
from the prepared samples it was then amplified using the PCR conditions outlined in
Section 2.4.

2.2.1 Chelex® 100 Resin Extraction
DNA was extracted from three hairs per extraction. The three hair roots were added to
200µL of Chelex (5%, w/v) solution with the addition of 2µL of Proteinase K
(10mg/ml) (USB, USA). The whole blood (10µL) or 3mm square portion of bloodstain
was added to the Chelex (5%, w/v) to give a final volume of 200µL. The samples were
then incubated at 56°C ideally for overnight or between six to eight hours before they
were mixed using a vortex and centrifuged. To release the DNA the samples were
incubated in boiling water for 8 minutes. This was followed by a short centrifuge step to
pull the Chelex resin and cellular debris to the bottom of the tube. DNA samples were
stored in a freezer and thawed prior to PCR amplification (Section 2.4).

2.2.2 The Qiagen® Blood and Tissue Kit Extraction

In accordance with the manufacturer’s instructions, 180µL lysing buffer (ATL) was
added to three hair roots along with 20µL of Proteinase K (10mg/ml) (USB, USA). This
mixture was vortexed and incubated at 56°C until the hairs were completely lysed,
usually taking 1 to 3 hours or ideally overnight. Next 200µL of binding buffer (AL)
was added, along with 200µL of ethanol. The mixture was then transferred into a
DNeasy Mini spin column with a pipette and centrifuged at 6000 x g (8000 rpm) for 1
min with the flow-through discarded. At this stage the bound DNA was washed with
500µL of saline wash buffers (AW1 and AW2) followed by a centrifugation step in
between each wash step. The DNA was then eluted off using 200µL of neutralisation
buffer (AE) after a final centrifugation.
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For the whole blood (10µL) and the 3mm square portion of the bloodstains, 20µL of
Proteinase K (10mg/ml) (USB, USA) was added and the final volume adjusted to
220µL with Phosphate Buffered Saline (PBS). An equal volume of 200µL of binding
buffer (AL) and ethanol was then added, and the mixture was vortexed before it was
incubated at 56°C for 10 min. The mixture was then transferred into a DNeasy Mini
spin column and the same wash and elution steps mentioned for the hair samples were
taken. The DNA recovered was then stored in a freezer and thawed prior to PCR
amplification (Section 2.4).

2.3 D3S1358 Primers and Probe Design
Primers for STR loci are available in forensic DNA profiling kits such as Profiler Plus
but are not necessarily accessible for individual reactions as they have been
incorporated into the reaction components provided by the kits. Therefore, these primers
cannot be separated from the reagents and hence the design of new primers and probe
was required for the single STR locus, D3S1358.

In a previous study by Then (2007) primers and a probe were designed for the D3S1358
locus, which is used in both the Applied Biosystems AmpFℓSTR® Profiler Plus™ Kit
and the Promega PowerPlex® 16 System. The primers and probe sequences were
designed using the Primer 3 software (Rozen and Skaletsky, 2000). However, for this
research the probe sequence was re-designed, with the aim of improving the detection
capacity of the probe in a multiplex reaction. Since the previous probe was not designed
for its use in a multiplex with the Quantifiler™ kit. It was only when the two assays
were combined a problem was identified in the probe sequence and choice of
fluorophore. Thus, the re-designed TaqMan probe was labelled with a Cy5® fluorophore
(5′) and a Black Hole Quencher-2 (BHQ2) (3’). The use of the Cy5® fluorophore was to
allow for the fluorescence emission to be measured in a separate channel of the RealTime PCR machine, when it was combined with Quantifiler™ which has a FAM™labelled DNA probe and an Internal PCR Control (IPC) probe labelled with a VIC® dye
(Applied Biosystems, 2006). The probe and primers melting temperatures (Tm) were
calculated and shown in Table 2.2.
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Table 2.2: Sequences and melting temperatures for the D3S1358 locus.

Primer
D3S1358

Sequence

Tm

5' – ACTGCAGTCCAATCTGGGT – 3'

58°C

5' – ATGAAATCAACAGAGGCTTGC – 3'

59°C

5' (Cy5) – CAGAGCAAGACCCTGTCTCATAGATAG – (BHQ2) 3'

63°C

Forward

D3S1358
Reverse

D3S1358
Probe

Both primers and probe were synthesised by Sigma Aldrich (Proligo Australia, Lismore,
NSW). The forward and reverse PCR primer sequences were taken from the sequences
provided by STRBase (http://www.cstl.nist.gov/strbase/index.htm) as the D3S1358
primers used in the PowerPlex® 16 System (Promega Corporation). While the probe
sequence was derived from a newly characterised forward primer sequence designed for
the D3S1358 miniSTR locus (Butler et al., 2003). The size of the amplicon produced
was approximately 139 bases depending on the number of repeats.

2.4 PCR Set-up and Conditions

PCR master mixes were prepared for each assay according to the conditions described
in the following sections and were used throughout this research unless otherwise noted.
Positive controls (K562 DNA) and negative controls (pyrogen-free injection water)
were included in every amplification run to confirm successful amplification and to
detect any accidental contamination into the laboratory environment. Quantifiler DNA
standards (16.7ng/µL, 1.85ng/µL and 0.21ng/µL) were also included in every run to
allow for the Rotor-Gene 3000 software to automatically select the amplification
threshold (Section 2.7).

To minimise contamination of reagents and DNA samples, pre-PCR set-up for each run
was carried out in a separate room using a laminar fume hood and aerosol-resistant
pipette tips. Tubes, pipettes and pipette tips were irradiated under ultraviolet (UV) light
regularly after each use for up to 30 minutes and immediately before each use for at
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least 90 seconds to remove any DNA that would possibly introduce contamination into
the reagents or samples. Pipettes and reagents for PCR preparation were also kept in a
separate room from those used in the laboratory.

2.4.1 DNA Quantification using Quantifiler™

Extracted DNA was quantified using the Quantifiler™ Human DNA quantification kit
(Applied Biosystems, UK) according to the manufacture’s protocols on a Real-Time
PCR System (Applied Biosystems, 2006). DNA samples were quantified to determine
the concentration of DNA necessary for their amplification in the Profiler Plus assay.
Quantifiler requires the amplification of eight DNA Standards to establish a standard
curve, which is used to calculate the concentration of an unknown DNA sample. These
DNA standards were prepared by serially diluting the stock Quantifiler Human DNA
Standard which has an initial concentration of 200ng/µL with pyrogen-free water. An
example of the amount of stock DNA and diluent used for each DNA standard with its
corresponding concentration is provided in Table 2.3. A total of three standard curves
were established with the most accurate being imported into each of the Quantifiler runs
and adjusted using Quantifiler DNA Standard 2 (16.7ng/µL).

Table 2.3: Standard Dilutions for Quantifiler™ used to establish a standard curve (Applied
Biosystems, 2006).
Standard
Std. 1

Concentration (ng/µL)
50.000

Std. 2

16.700

Std. 3

5.560

Std. 4

1.850

Std. 5

0.620

Std. 6

0.210

Std. 7

0.068

Std. 8

0.023
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Amounts
10µL (200ng/µL stock)
+ 30µL pyrogen-free water
10µL (Std. 1)
+ 30µL pyrogen-free water
10µL (Std. 2)
+ 30µL pyrogen-free water
10µL (Std. 3)
+ 30µL pyrogen-free water
10µL (Std. 4)
+ 30µL pyrogen-free water
10µL (Std. 5)
+ 30µL pyrogen-free water
10µL (Std. 6)
+ 30µL pyrogen-free water
10µL (Std. 7)
+ 30µL pyrogen-free water

The preparation of the Quantifiler master mix reaction was carried out according to the
manufacturer’s protocol. The volumes for each component in the reaction is dependent
on the number of samples that are to be analysed and hence was calculated according to
Table 2.4, which shows the volumes of each component per reaction. The PCR controls
were prepared using 2µL of water for the negative control, and 2µL of known DNA
template (K562 DNA) for the positive control. Real-Time PCR amplification for each
reaction tube was performed using the Rotor-Gene 3000 (Corbett Life Science, Sydney,
NSW) in 0.2mL, thin-wall PCR tubes. Cycling parameters were 95°C for 10 mins
followed by 40 cycles (95°C, 15 secs; 60°C, 60 secs) as described in the Quantifiler kit
manual (Applied Biosystems, 2006). These cycling conditions were consistently used
throughout this research unless stated otherwise.
Table 2.4: Quantifiler master mix volumes per reaction.

Quantifiler Reaction Components
Quantifiler Human Primer Mix
Quantifiler PCR Reaction Mix
DNA Template/ Water
Total Volume (per reaction)

Volume (µL)
10.5
12.5
2.0
25.0

2.4.2 AmpFℓSTR® Profiler Plus™ PCR amplification

To determine the genotype of the individuals from which the hair and blood samples
were derived from, extracted DNA was amplified using AmpFℓSTR® Profiler Plus™
PCR Amplification Kit (Applied Biosystems, 2000). Master mixes were prepared
following the manufacturer’s protocol however instead of a total reaction volume of
50µL each reaction contained a final volume of 25µL, to minimise the amount of
reaction components consumed (Table 2.5). Positive controls (9947A DNA) and
negative controls (pyrogen-free injection water) were included in every amplification
run to confirm successful amplification and to detect any accidental contamination.
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Table 2.5: Master mix volumes per reaction for the Profiler Plus™ assay (Applied Biosystems,
2000).

Profiler Plus Reaction Components
AmpFℓSTR® PCR Reaction Mix

Volume (µL)
9.5

®

AmpFℓSTR Profiler Primer Set
AmpliTaq® Gold DNA Polymerase
DNA/Water
Total Volume (per reaction)

5.0
0.5
10.0
25.0

According to the quantification results from Quantifiler (Section 2.4.1), if the DNA
template was ≤0.125ng/µL, 10µL of the sample was added to the reaction, while if the
DNA template was >0.125ng/µL it was diluted using pyrogen-free injection water to be
between the ranges of 0.05- 0.125ng/µL. The PCR amplification of each reaction tube
was performed using GeneAmp® PCR System 9600 (Applied Biosystems, Foster City,
CA) in 0.2mL, thin-wall PCR tubes with the following cycling parameters as suggested
by AmpFℓSTR® Profiler Plus™. Cycling parameters were 95°C for 11 mins followed by
28 cycles (94°C, 60 secs; 59°C, 60 secs; 72°C, 60 secs), 60°C for 45 mins and held at
25°C. These cycling conditions were used consistently throughout this research.

Size discrimination electrophoresis was performed on the Profiler Plus PCR products
using the ABI PRISM® 310 Genetic Analyser (Applied Biosystems, Foster City, CA).
Using a 36cm well-to-read plate for the ABI PRISM 377 DNA Sequencer (Applied
Biosystems, Foster City, CA) 1µL of PCR product was prepared according to the
volumes outlined in Table 2.6.
Table 2.6: AmpFℓSTR® Profiler Plus™ PCR product preparation for DNA sequencing (Applied
Biosystems, 2000).

Reaction Components

Volume (µL)

GeneScan- 500 [ROX]
Deionised Formamide
PCR Product
Total Volume (per reaction)

0.5
11.8
1.0
13.3
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2.4.3 D3S1358 Real-Time PCR assay

To determine whether the D3S1358 primers and probe were able to amplify a specific
PCR product, a singleplex reaction was first established. The D3S1358 primers were
diluted from the original 100µM concentration to 10µM using pyrogen-free water, while
the dual-labelled TaqMan probe was reconstituted from its dried form to give a stock
concentration of 100µM and then diluted to 10µM with pyrogen-free water. The
remaining primers and probe stocks were stored at -20°C. Each singleplex D3S1358
reaction was carried out using the optimised reagent volumes according to Table 2.7
using 2µL of template DNA, prepared from samples as described in Section 2.2 or 2µL
of pyrogen-free water for the negative control.

Table 2.7: Master mix volumes per reaction for D3S1358 Real-Time PCR assay.

Reaction Components

Stock Conc.

Volume (µL)

5X
25mM
5mM
10µM
10µM
10µM
5U/µL
-

5.0
2.0
1.0
1.25
1.25
0.5
0.2
2.0
11.8
25.0

Colourless Buffer
MgCl2
dNTPs
D3S1358 Forward Primer
D3S1358 Reverse Primer
D3S1358 TaqMan Probe
Taq Polymerase (Go Taq)
DNA template/ water
Pyrogen-free injection water
Total Volume

Real-Time PCR amplification for each reaction tube was performed using the RotorGene 3000 (Corbett Life Science, Sydney, NSW) in 0.2mL, thin-wall PCR tubes using
the same cycling parameters as suggested by the Quantifiler™ kit manual. These PCR
conditions were used as it was the intention to incorporate the D3S1358 assay into the
Quantifiler™ kit (Section 2.6), and hence the D3S1358 components were optimised
using the Quantifiler conditions. Cycling parameters as described in Section 2.4.1 were
95°C for 10 mins followed by 40 cycles (95°C, 15 secs; 60°C, 60 secs). These cycling
conditions were consistently used throughout this research unless stated otherwise.
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2.5 PCR Amplicon Preparation

Genomic DNA with a known template such as K562 DNA or Quantifiler DNA standard
were used to produce three different types of amplicons; Profiler Plus, D3S1358 and
nuTH01-nuCSF. PCR amplicons for the purpose of contaminating samples were
produced according to the PCR conditions described in Section 2.4. Profiler Plus PCR
amplicons were produced using the same PCR set up and amplification as outlined in
Section 2.4.2 using 2µl of K562 DNA as the template along with the other reaction
components as shown in Table 2.5. A total of 25µL of Profiler Plus amplicons were
produced. D3S1358 amplicons were produced using the same PCR set up and
amplification as outlined in Section 2.4.3 using 2µL of K562 DNA or Quantifiler DNA
standard as the template as shown in Table 2.7. A total of 25µL of D3S1358 amplicons
was produced from one reaction.

The Profiler Plus and D3S1358 amplicons were serially diluted to obtain eight dilutions
(10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 10-7, and 10-8). The dilutions were prepared using
pyrogen-free injection water and in a separate room from pre-PCR and PCR set up of
reactions to minimise contamination of the tubes and prevent the release of the
amplicons into the laboratory atmosphere, which could cause possible cross
contamination of other samples. A separate set of tubes, pipettes and pipette tips were
also used and irradiated under ultraviolet (UV) light regularly after each use for up to 30
minutes and immediately before use for at least 90 seconds.

In addition to the Profiler Plus and D3S1358 amplicons, nuTH01-nuCSF amplicons
were produced to confirm that the D3S1358 primers were specific in the amplification
of the D3S1358 locus and hence the detection of the D3S1358 amplicon product. The
primer/probe mix for the nuTH01-nuCSF-IPC triplex assay (Swango et al., 2006) was
used at a volume of 20µL per reaction. Although the TaqMan® Universal PCR Master
Mix (No AmpErase® UNG) and the AmpliTaq® Gold DNA polymerase was used in
the nuTH01-nuCSF-IPC triplex assay, the reaction components described for the
D3S1358 assay was employed instead. The volume of each reaction component was
therefore recalculated for the 20µL reaction volume required by the nuTH01-nuCSFIPC triplex assay (Swango et al., 2006). The nuTH01-nuCSF amplicons were produced
using 2µL of K562 DNA as the template and the following reaction components
outlined in Table 2.8 to produce 20µL of amplicons. The same Real-Time thermal
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cycling times and temperatures used for both Quantifiler and the D3S1358 assay were
also used to produce the nuTH01-nuCSF amplicons. Negative controls were included in
every amplification run using pyrogen-free injection water instead of DNA template.
The nuTH01-nuCSF amplicons were serially diluted to obtain eight dilutions (10-1, 10-2,
10-3, 10-4, 10-5, 10-6, 10-7, and 10-8). The dilutions were prepared using pyrogen-free
injection water and in a separate room from pre-PCR and PCR set up of reactions.
Table 2.8: Master mix volumes per reaction for nuTH01-nuCSF-IPC assay (Swango et al., 2006).

Reaction Components
Colourless Buffer
MgCl2
dNTPs
nuThO1-nuCSF Probe/Primer Mix
Taq Polymerase (Go Taq)
DNA template/ water
Pyrogen-free injection water
Total Volume

Stock Conc.

Volume (µL)

5X
25mM
5mM

4.0
1.6
1.6
6.0
0.5
2.0
4.3
20.0

5U/µL
-

2.5.1 Gel Electrophoresis

The presence of amplicons was confirmed by gel electrophoresis. A volume of 10µL of
each PCR product or negative control was mixed with 5µL of loading dye and loaded
into a 2.5% agarose gel. To determine the correct size of the amplicons, 5µL of a 100bp
DNA ladder (Promega Corporation, Madison, WI) was also loaded. The gel was
allowed to run for 60 minutes at 70V/100V according to the size of the tank (10cm/V)
so the products would separate properly. The gel was pre-stained with SYBR safe
(Invitrogen™ Molecular Probes™, Oregon, USA) and viewed using a transilluminator
(Fischer Biotec, Australia).

2.6 Multiplex: Addition of D3S1358 Primers/Probe mix into Quantifiler™

The Quantifiler and D3S1358 assays were combined by adding the D3S1358 primers
and probe into the pre-optimised reaction mix provided by the Applied Biosystems
Quantifiler™ Human DNA Identification Kit. Two experiments of combining the
D3S1358 primers and probes were carried out. In the first experiment the volumes of
the forward and reverse D3S1358 primers and probe, which together gave a total of
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3µL, were added straight into the total volume of the Quantifiler reaction mix as shown
in Table 2.9.

Table 2.9: Reaction component volumes for liquid D3S1358 primers and probe.

Reaction Components
Quantifiler Human Primer Mix
Quantifiler PCR Reaction Mix
D3S1358 Primers/Probe Mix
DNA/Water
Total Volume

Volume per reaction (µL)
10.5
12.5
3.0
2.0
28.0

The second experiment was prepared by adding the 3.0µL volume of D3S1358
primers/probe mix into the tube and drying it down using a SpeedVac for 30 minutes.
The Quantifiler reagents were then introduced keeping the final reaction volume to
25µL. The reactions were then amplified using the Real-Time thermal cycling times and
temperatures as outlined in Section 2.4.1 on the Rotor-Gene 3000 (Corbett Life Science,
Sydney, NSW). When the D3S1358 assay was combined into the Quantifiler assay the
resulting multiplex was referred to as the hTERT-D3S1358 assay.

2.7 Real-Time Quantification PCR analysis

Quantification analysis was performed on the amplification plots produced by the
fluorescence of the Quantifiler probe on the Rotor-Gene 3000 machine using the RotorGene Real-Time Analysis Software 6.0 (Corbett Research, 2004). The eight dilutions of
the Quantifiler DNA standard were used to establish a standard curve to quantify the
amount of DNA in the unknown forensic samples. The raw data from the Quantifiler
amplification was quantified in the FAM/Sybr channel of the Rotor-Gene since the
Quantifiler probe is labelled with a FAM™ dye. Throughout the analysis of the raw
data, defaults such as the dynamic tube and slop correct were used. The Non-Template
Control Threshold was set at 10% of the largest background fluorescence change
(Corbett Research, 2004). This was to compensate for any background fluorescence so
that any sample with a total change in fluorescence less than 10% would not be
displayed. A summary of the parameters used in the quantification analysis are listed in
Table 2.10. The Cycle threshold (Ct), or the value where the threshold line crosses the
amplification curve was then determined using the softwares’ defaults which would
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scan for the optimum threshold level between an upper and lower boundary. Using the
formula y= mx+ b where m is the slope and b is the intercept, a standard curve of Ct
versus concentration was then automatically calculated and displayed (Corbett
Research, 2004). The most accurate of the three standard curves produced, based on the
value of the correlation coefficient (R2), was imported into the subsequent Quantifiler
runs to determine the concentrations of the unknown DNA samples. When the standard
curve was imported into another run it was adjusted to modify the offset of the intercept
(b) using a sample with the same concentration amplified in both runs. In this case
Quantifiler DNA standard 2 (16.7ng/µL) was used for the adjustment.

Table 2.10: Parameters of Rotor-Gene 3000 for quantification analysis.

Parameter
Reaction efficiency threshold
Slope Correction
Normalisation method
Non- template control threshold

Value
Disabled
Enabled
Dynamic tube normalisation
10%

2.8 Ratio Determination Quantifiler: D3S1358

Six different genomic samples, which included four typical forensic samples (JBC,
JBQ, SHC and SHQ) and commercially purchased DNA 9947A (Promega Corporation,
Madison, WI) and K562 (Promega Corporation, Madison, WI), were used to establish
the range of ratios for Quantifiler and D3S1358 with uncontaminated samples. The six
different genomic DNA samples were repeated ten times using two different RotorGene 3000 machines (Corbett Life Science, Sydney, NSW) along with duplicates being
performed in each amplification run and repetition of samples on different days. After
establishing there was less variation when the D3S1358 primers and probe were dried
and combined into the Quantifiler reaction mix (Section 2.6), this master mix was used
for the multiplex amplification of the uncontaminated genomic samples. The
amplification plots generated by the genomic samples were then analysed by the
manufacturer’s software using two different channels (FAM/Sybr and Cy5) and a
threshold was automatically selected over the background fluorescence using the three
Quantifiler DNA Standards (16.7ng/µL, 1.85ng/µL and 0.21ng/µL) for the Quantifiler
reaction in the FAM/Sybr channel.
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The relative quantification of DNA samples was used to establish a ratio between the
Quantifiler and D3S1358 assays. The threshold value was chosen for the D3S1358
assay in the Cy5 channel based on setting the Ct value for the highest concentrated
sample (Quantifiler DNA standard 2) to be the same in both the FAM/Sybr and Cy5
channels. Therefore, when the Ct values for the Quantifiler and D3S1358 assays were
compared for the Quantifiler DNA standard 2 the ratio would be one. The Ct values for
the other genomic samples were then determined according to the fixed threshold set in
each channel and thus for a particular sample a ratio of the Ct value obtained using the
Quantifiler assay against the Ct value obtained by the D3S1358 assay (

Quantifiler Ct
D3S1358 Ct )

was

calculated and was referred to as the Quantifiler: D3S1358 ratio. This was done for all
the samples in each of the replicates and the calculated ratio value was plotted against
the individual samples to compare any differences between each sample type and
extraction method.

2.9 In vitro Amplicon Contamination

In order to demonstrate that amplicons could be re-amplified and identified by the
hTERT-D3S1358 assay, amplicons were added to DNA samples after extraction in the
preliminary experiments. The addition of amplicons to DNA samples successfully
established a change in the Quantifiler: D3S1358 ratio from what was established as
uncontaminated. Amplicons were then added to DNA samples before they were
extracted for DNA, to determine if the amplicons were carried through the standard
extraction procedures.

2.9.1 Addition of amplicons after DNA extraction

D3S1358 PCR amplicons produced from K562 DNA were serially diluted (Section 2.5)
to obtain eight dilutions which were then used to contaminate DNA extracted from hair
using the Qiagen® procedure (SHQ). The reaction tubes were prepared as detailed in
Section 2.6 with 1µL of each dilution of amplicons or undiluted amplicons being added
directly into each tube that contained 23µL of the multiplex master mix and 2µL
template DNA extracted from the hair (SHQ). In addition, uncontaminated samples of
SHQ and K562 DNA were also included in the amplification run. Samples were
amplified by the hTERT-D3S1358 assay using the PCR cycling parameters as
mentioned in Section 2.4.1. After PCR amplification, the samples were analysed in the
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same manner as the uncontaminated DNA samples to determine the Ct values, and thus
the ratios of Quantifiler: D3S1358 was calculated for each sample (Section 2.8). The
samples were analysed under the same methods to obtain comparable ratios with the
uncontaminated DNA (SHQ) and K562 DNA. These ratios were then plotted on a graph
against the dilutions of amplicons used. This experiment was repeated four times; twice
using D3S1358 amplicons prepared three months earlier and twice again with newly
synthesised amplicons. The same experiment was repeated again using the eight serial
dilutions of Profiler Plus amplicons produced using K562 DNA. The same preparation
and analysis was performed as previously mentioned.

The hTERT-D3S1358 assay was also subjected to contamination by eight serial
dilutions of nuTH01-nuCSF amplicons (10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 10-7, and 10-8) to
observe any changes in the Ct values in the D3S1358 assay. The use of amplicons that
are not specific to the D3S1358 locus, such as nuTH01-nuCSF amplicons, was to
determine the specificity of the D3S1358 assay to detect only the additional D3S1358
alleles.

2.9.2 Addition of amplicons before DNA extraction

Hair from individual S and whole blood from individual I were contaminated with
D3S1358 amplicons prior to the Chelex® or Qiagen® extraction procedures (Section
2.2). Six serial dilutions of D3S1358 amplicons (10-1, 10-2, 10-3, 10-4, 10-5, and 10-6)
were used for the contamination and were directly added into the tube containing the
hairs or blood sample. The volume of amplicons added to each tube was the same as the
post-extraction contamination (1µL) so both post and pre-extraction results could be
compared. After genomic DNA was extracted, the master mix was set up as outlined in
Section 2.6 and 2.0µL of the extracted DNA was added to the reaction tube. The
reaction components together with the DNA were then amplified by the hTERTD3S1358 assay using the conditions set out in Section 2.4.1. The Ct values were then
analysed as described in Section 2.8 and the ratios of Quantifiler: D3S1358 calculated
and graphed for subsequent comparison.

The same experiment was repeated again using seven serial dilutions of Profiler Plus
amplicons prepared from K562 DNA. The same preparation and analysis was
performed as previously mentioned.
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2.10 Simulated Crime Scene Contamination
Crime scene contamination was simulated using a 50mL spray bottle with a 10-3
dilution of the D3S1358 amplicons to contaminate hair and bloodstain samples in an
isolated room. A volume of 30µL of the undiluted amplicons was aliquoted into the
spray bottle and autoclaved distilled water was added to make up 30mL of 10-3
amplicon dilution. A single pump of the spray bottle gave on average a volume of
100µL.
To set up the samples for spraying, the area covered by aerosol droplets from the bottle
at a fixed point was determined. The height of the nozzle was positioned 30cm away
from the bench coat on which the samples were placed. An initial test was performed
with bromophenol blue loading dye added to the spray bottle so the area of spraying
could be visualised (Figure 2.1). The area covered by the aerosol from the spray bottle
at a fixed position was calculated to be approximately 1074cm2. The droplets were most
concentrated in the middle of the spraying area and slightly less concentrated in the
outer areas.

120°

30cm
14cm
48cm

28.5cm

Figure 2.1: Establishing the area covered by amplicon spraying.

The samples were positioned to ensure the amplicons landed onto their surface. The
negative control samples were placed 3m away from the area of contamination to
ensure none of the droplets containing amplicons reached these samples. While the
positive controls were placed adjacent to the crime scene set up and were
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contaminated with one direct spray of the amplicons from the spray bottle (Figure
2.2).

Negative Controls
Positive Controls
(1x direct spray)
Crime Scene Samples
(3x spray from stand)

Figure 2.2: Set up of a model crime scene for contamination.

Three pumps (100µL each) of the 10-3 amplicon solution were distributed onto the
samples from a 30cm height to ensure thorough contamination was achieved. The
samples were then wrapped separately in aluminium foil and DNA was extracted from
each by Chelex® or Qiagen® procedures as per Section 2.2. The negative control
samples were processed at the same time to detect any accidental contamination during
the entire process; from the spraying of the amplicons to the completion of DNA
extraction. Similarly, the positive controls were also processed at the same time
however these were to verify the amplicons were successfully produced and were
detectable in the 10-3 dilution.
Once DNA was extracted from these samples, amplification with PCR controls was
performed as described in Section 2.6. The negative control used in this part of the
experiment was to detect if any accidental contamination occurred during the PCR set
up stage and to verify there was no contamination of the PCR reagents. The positive
control was included to confirm successful amplification of the PCR reagents. The
samples were then analysed to establish Ct values and the ratio of Quantifiler: D3S1358
for each sample was determined as described in Section 2.8. The same crime scene
simulation was repeated again with a new set of each sample as shown in Table 2.1;
however this time using Profiler Plus amplicons produced from genomic K562 DNA.
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2.11 DNA Degradation
Another area of this research was to determine whether the Quantifiler and D3S1358
multiplex could be used to assess the DNA degradation in forensic samples. For this
part of the research high molecular DNA, K562 (Promega Corporation, Madison, WI)
was digested with RNase-free DNase (Qiagen, Pty. Ltd) for progressive lengths of time.
A reaction containing 15.82µg of DNA, 10x DNase I reaction buffer and pyrogen-free
water to bring the reaction volume to 110µL was made and 10µL of the reaction was
removed for the 0 min sample and 1µL of DNase (0.5U/µL) was added to the remaining
reaction. A degradation series was achieved by incubating the reaction at room
temperature and removing 10µL volumes at time intervals of 2.5, 5, 10, 15, 20, 25, 40,
and 60 mins. To stop the DNase activity the DNA was treated with 2µL of 25mn EDTA
and heated at 65°C for 15 mins. Although the 0 min sample contained no DNase the
sample was also stopped in the same way as the other samples. The samples were then
amplified in the hTERT-D3S1358 assay using the conditions outlined in Section 2.6 and
the Quantifiler and D3S1358 ratios determined as described in Section 2.8.

Gel electrophoresis was used to assess the fragmentation of DNA by running the
samples on a 2% gel using a 1Kb DNA molecular weight size marker (Invitrogen,
Carlsbad, CA).

2.12 Accidental Laboratory Based Contamination using PCR Amplicons

The use of Quantifiler and D3S1358 as a multiplex to detect laboratory based
contamination was also investigated. Contamination by amplicons in a laboratory is not
common, only occurring when the amplified product is carelessly manipulated or
purposely sprayed near or directly into open tubes (Scherczinger et al., 1999).
Therefore, experiments were designed to focus on the misuse of amplified products. For
both experiments 20µL of pyrogen-free injection water and 20µL of genomic DNA
extracted from whole blood using the Qiagen protocol (JBQ) was added to autoclaved
0.5mL microcentrifuge tubes. After the laboratory based contamination was completed
all samples were amplified by the hTERT-D3S1358 assay using the conditions as
outlined in Section 2.6. Both sets of experiments were performed in an isolated room
separate to pre- and post-PCR set up to contain any possible contamination.
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Two aspects associated with the mishandling of amplification product were examined.
The first involved spraying 10µL of undiluted D3S1358 amplicons produced from K562
DNA with a pipette above a row of tubes, allowing it to drop onto the desk surface in
front of a tube rack containing two tubes of genomic DNA (capped and uncapped) and
two tubes of water (capped and uncapped) (Figure 2.3). Adjacent to this set up was the
negative controls which contained a rack of identical tubes with genomic DNA and
water, capped and uncapped (Figure 2.4).

To evaluate the potential for aerosol contamination during micro centrifugation capped
and uncapped tubes of 10µL of undiluted D3S1358 amplicons produced from K562
DNA were spun for one minute at full speed next to tubes of water and genomic DNA
(capped and uncapped) in a Sigma 1-15 microcentrifuge (Sigma-zentrifugen, Germany).

Figure 2.3: Laboratory based contamination rack set up. From Left to Right: Water capped,
Genomic DNA capped, Water uncapped and Genomic DNA Uncapped. The black cross in front of
the rack (approximately 2cm in front of the rack) was the target for the aerosol droplet.

Figure 2.4: Laboratory based contamination set up. The black tube rack held the negative controls.
From Left to Right; Genomic DNA capped, Water capped, Genomic DNA uncapped and Water
uncapped.
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CHAPTER 3: RESULTS

3.1 D3S1358 Primers and Probe Design

Preliminary experiments were performed to establish that the D3S1358 primers and
probe could successfully amplify the D3S1358 locus in a Real-Time PCR assay. In
these experiments a single base pair error was identified in the previously designed
probe (Then, 2007). After checking the sequence of the D3S1358 probe with the
primer sequence design for the D3S1358 miniSTR locus (Butler et al., 2003) the
probe was re-synthesised. The new D3S1358 probe was labelled with a Cy5®
fluorophore (5′) and a Black Hole Quencher-2 (BHQ2) (3’). Using a Cy5 fluorophore
at the 5’ end allowed the fluorescence of the probe to be detected in a separate channel
of the Real-Time PCR machine compared to that of the Quantifiler assay. This was
important when the D3S1358 assay was combined with the Quantifiler assay to
develop the multiplex hTERT-D3S1358 assay. The previous probe designed by Then
(2007) was labelled with a JOE fluorophore (5’). The JOE fluorophore emits
fluorescence at a similar wavelength to the Quantifiler FAM™-labelled DNA probe.

Initial experiments using DNA samples shown in Table 2.1 verified the D3S1358
primers and probe were successful in amplifying the D3S1358 locus when performed
on its own in a Real-Time PCR. All other channels of the Real-Time PCR machine
including the FAM/Sybr channel were analysed for fluorescence, with the only
fluorescence observed in the Cy5 channel.

Further experiments confirmed the

successful fluorescence of D3S1358 probe when the D3S1358 assay was combined
with the Quantifiler assay in a single tube reaction (Section 3.5). These initial
experiments allowed for the

Quantifiler Ct
D3S1358 Ct

(Quantifiler: D3S1358) ratio to be established

by determining the Ct value of a sample in the FAM/Sybr channel and comparing it
with the same samples’ Ct value in the Cy5 channel. Under ideal amplification
conditions a 1:1 ratio is expected for genomic DNA samples that have not been
contaminated with PCR amplicons since both the Quantifiler locus hTERT and the
D3S1358 locus exist as single copy genes in the human genome.
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3.2 DNA Quantification using Quantifiler™

DNA extracted from whole blood and hair samples using the Qiagen and Chelex
procedures were quantified using the Quantifiler™ Human DNA quantification kit
(Applied Biosystems, UK) according to the manufacture’s protocols on the Rotor-Gene
3000 Real-Time PCR machine (Section 2.4.1). The amplification plots of each sample
view in the FAM/Sybr channel of the Rotor-Gene 3000 can be seen in Figure 3.1. A
standard curve was established using eight serial dilutions of the Quantifiler DNA
standard (Table 2.3). This standard curve was used to calculate the DNA concentrations
of the unknown samples (JBC, JBQ, SHC, and SHQ). Positive control (K562 DNA) and
negative control (NTC) were also included to confirm successful amplification and
detect any accidental contamination.

Table 3.1: List of samples amplified using the Quantifiler™ assay and their corresponding Ct
values, and calculated concentrations (ng/µL) viewed in the FAM/Sybr Channel of the Rotor- Gene
software.
No.

Colour

Sample

Type

Ct

Given Conc Calc Conc
(ng/µL)
(ng/µL)

1

Q Std 1

Standard

23.64

50.000

51.612

2

Q Std 2

Standard

25.03

16.700

17.474

3

Q Std 3

Standard

26.54

5.560

5.362

4

Q Std 4

Standard

27.86

1.850

1.921

5

Q Std 5

Standard

29.36

0.620

0.594

6

Q Std 6

Standard

30.83

0.210

0.188

7

Q Std 7

Standard

32.29

0.068

0.060

8

Q Std 8

Standard

33.29

0.023

0.028

9

K562

Positive Control

20.25

525.345

10

Water

NTC

11

JBQ

Unknown

28.85

0.887

12

JBC

Unknown

29.83

0.413

14

SHQ

Unknown

30.09

0.337

15

SHC

Unknown

26.22

6.863

The colours in column two correspond to the colours of the amplification plots in Figure 3.1. Note, the
Positive Control (K562) used here was undiluted. In subsequent experiments K562 DNA was diluted to
give a concentration of approximately 10ng/µL.
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Figure 3.1: Quantification results of DNA samples using the Quantifiler™ assay.

The eight Quantifiler DNA standards (Q Std 1-8) were amplified to establish a Standard Curve with a
R2 value of 0.99863. This Standard Curve was then used to calculate the DNA concentrations (ng/µL)
of each of the unknown samples (see column 7, Table 3.1). These unknown samples represent DNA
extracted from whole blood using Qiagen and Chelex procedures (JBQ and JBC), and DNA extracted
from hair using Qiagen and Chelex procedures (SHQ and SHC). The colours of the amplification plots
for each sample correspond to the colours in column 2 of Table 3.1. The threshold value indicated by
the red line was calculated as 0.0852.

3.3 Singleplex: Ratio determination of uncontaminated samples

Uncontaminated 9947A DNA and DNA extracted from hair and blood samples were
analysed by the Quantifiler and D3S1358 assays in separate reactions (singleplex) to
determine the uncontaminated range of Quantifiler: D3S1358 Ct ratios. As shown in
Figure 3.2 that the ratio of each sample ranges from 0.95-1.25 Ct. The singleplex of
Quantifiler and D3S1358 assays was repeated five times using different forensic
samples (2x whole blood, 2x hair and 1x genomic 9947A DNA) and two different
DNA extraction techniques (Chelex and Qiagen).

Chelex is a chelating resin suspension that is added directly to the sample while
Qiagen is a solid-phase extraction method which uses the selective binding properties
of a silica-based membrane to extract DNA. Both extraction methods are commonly
used in forensic laboratories for PCR analysis. In addition, Quantifiler DNA standards
(16.7ng/µL, 1.85ng/µL and 0.21ng/µL) were included in every amplification reaction.
This was to cover the range of DNA quantified from the hair and blood samples
allowing for a more accurate Quantifiler: D3S1358 ratio to be calculated.
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A slightly higher ratio value was observed for the first three attempts of the two hair
samples. This could be explained by the initial experimental variation as the ratio
value levelled off after attempt three. A ratio value above this range is likely due to
technical issues such as pipetting inaccuracies and tube to tube variation since the two
assays were amplified separately. This is supported in additional experiments where a
similar result was seen (data not shown). However, a significantly higher ratio value
above this range could also suggest unintentional contamination has occurred with the
sample as there is an over representation of the D3S1358 locus compared to the
hTERT locus.

Figure 3.2: Singleplex Quantifiler: D3S1358 ratios for uncontaminated control 9947A DNA,
Quantifiler DNA standards (16.7ng/µL, 1.85ng/µL and 0.21ng/µL) whole blood (JBC and JBC)
and hair (SHQ and SHC) samples.
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3.4 Singleplex: Addition of D3S1358 amplicons on genomic 9947A DNA

A preliminary experiment to establish whether the addition of amplicons into samples
would influence the Quantifiler: D3S1358 ratio was performed using a serial dilution
of D3S1358 amplicons (Section 2.5). Eight dilutions (10-1, 10-2, 10-3, 10-4, 10-5, 10-6,
10-7, and 10-8) of D3S1358 amplicons, including undiluted amplicons were made from
two different genomic DNA sources (Quantifiler DNA standard and K562 DNA).
Equal amounts of each dilution of amplicon (1µL) and genomic 9947A DNA (1µL)
was then amplified separately by the Quantifiler and D3S1358 assays. The Ct value
from each sample was compared and a Quantifiler: D3S1358 ratio calculated. In
Figure 3.3 the Quantifiler: D3S1358 ratio value is represented on the Y-axis, while the
samples (Quantifiler standards and the amplicon dilutions) are shown on the X-axis.
As shown in Figure 3.3 the amplicons produced from the Quantifiler DNA standard
which had an initial DNA concentration of 1.85ng/µL was able to be detected up to a
dilution of 10-5 when the previously established Quantifiler: D3S1358 ratio (0.95-1.25
Ct) was applied. This is compared to amplicons produced using K562 DNA which had
a higher initial DNA concentration of 9.04ng/µL and was able to be detected by the
singleplex assay up to a dilution of 10-7. The difference in the initial DNA
concentrations was also reflected by the peak heights of the curves, where the
undiluted K562 amplicons had a much higher ratio value compared to the Quantifiler
standard undiluted amplicon.

62

Figure 3.3: Singleplex Quantifiler: D3S1358 ratios for contaminated samples using D3S1358
amplicons made from two different genomic DNA sources; Quantifiler DNA standard and K562
DNA. The peak of each curve represents the ratio value for undiluted amplicons. The red dash line
highlights the uncontaminated range of 0.95-1.25 Ct (Section 3.3).

3.5 Multiplex: Addition of D3S1358 Primer/Probe mix into Quantifiler™

The singleplex reactions of the Quantifiler and D3S1358 demonstrated how a ratio
range can be established by comparing the fluorescent intensities of two Real-Time
PCR probes. By combining the D3S1358 assay with the Quantifiler assay to produce a
single tube reaction a more consistent Quantifiler: D3S1358 ratio value is expected. The
simultaneous amplification of the Quantifiler assay with the D3S1358 assay also
highlights the convenience of using one system to quantify and detect contamination in
a DNA sample.
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For the multiplex reaction of Quantifiler and D3S1358, a total volume of 3.0µL of
D3S1358 primer/probe mix is required in a 25µL Quantifiler reaction. Liquid and
dried D3S1358 primers and probe were trialled twice, each with the aim of
determining if there is a difference when they are combined into the pre optimised
Quantifiler PCR reaction (Section 2.6). Quantifiler DNA standards (16.7ng/µL,
1.85ng/µL and 0.21ng/µL) and genomic K562 DNA was used to establish the
Quantifiler: D3S1358 ratio in each of the two assays. The Ct ratio range using liquid
D3S1358 primers/probe for the uncontaminated samples fell between 0.95-1.02 Ct
(difference of 0.07); while the Ct ratio range using dried D3S1358 primers/probe fell
between 0.96-1.01 Ct (difference of 0.05). Both gave ratios which fell within the 0.951.25 Ct range initially determined for uncontaminated samples. This suggests that both
assays would be a good predictor for contamination. Although the reaction tube
containing dried primer/probe mixture would be more convenient as it avoids the
unnecessary dilution of the primers and probe. For this reason the dried D3S1358
primers/probe mix was used for the rest of the multiplex experiments. The multiplex
assay was referred to as the hTERT-D3S1358 assay for the subsequent experiments.

3.5.1 Optimisation of Real-Time PCR cycling parameters

When the D3S1358 primers and probe were first combined with the Quantifiler
reaction mix there was a decrease in quantification fluorescence for samples in the
D3S1358 assay observed in the Cy5 channel (Figure 3.4). This was indicated by the
fluorescence scale of the Y-axis, where most samples fell below 0.10 Relative
Fluorescence Units (RFU). Smooth exponential curves were also not produced and
there was a lack of separation of the products. Therefore, the denaturation and
annealing stages of the PCR cycle were extended to allow for better separation of the
D3S1358 products. The optimised PCR cycling conditions were 95°C for 10 mins
followed by 40 cycles (95°C, 20 secs; 60°C, 120 secs). These cycling conditions were
used for all the subsequent multiplex reactions involving the hTERT-D3S1358 assay.
An increase in the efficiency of fluorescence for the D3S1358 products without
affecting the amplification of the Quantifiler products was observed using the
optimised PCR conditions (Figure 3.5). Subsequent experiments using the optimised
cycling conditions showed there was no noticeable differences when the Quantifiler
and D3S1358 assays were performed separately in a singleplex or combined in a
multiplex (Section 3.6).
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Table 3.2: List of samples amplified using the hTERT-D3S1358 assay and their corresponding Ct
values, viewed in the Cy5 Channel of the Rotor-Gene software. The colours in column two
correspond to the colours of the amplification plots in Figure 3.4.

No. Colour Name

Type

Ct

1

Q std 2

Standard

24.72

2

Q std 4

Standard

28.10

3

Q std 6

Standard

33.43

4

9947A

Unknown

36.62

5

K562

Unknown

25.65

6

JBC

Unknown

33.88

7

JBQ

Unknown

29.87

8

SHC

Unknown

28.54

9

SHQ

Unknown

29.24

10

NTC

NTC

Figure 3.4: DNA samples amplified by the hTERT-D3S1358 assay using the original PCR
conditions. The colours of the amplification curves for each sample correspond to the colours in
column 2 of Table 3.2. Note the lack of separation of the DNA products and the high level of
background fluorescence.
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Table 3.3: List of samples amplified using the hTERT-D3S1358 assay and their corresponding Ct
values, viewed in the Cy5 Channel of the Rotor-Gene software. The colours in column two
correspond to the colours of the amplification plots in Figure 3.5.

No. Colour Name

Type

Ct

1

Q std 2

Standard

27.11

2

Q std 4

Standard

31.33

3

Q std 6

Standard

38.15

4

9947A

Unknown

36.51

5

K562

Unknown

26.48

6

JBC

Unknown

33.92

7

JBQ

Unknown

31.18

8

SHC

Unknown

29.43

9

SHQ

Unknown

31.25

10

NTC

NTC

Figure 3.5: DNA samples amplified by the hTERT-D3S1358 assay using the optimised PCR
conditions. The colours of the amplification curves for each sample correspond to the colours in
column 2 of Table 3.3. Note the better separation of DNA products, the lack of background
fluorescence and the larger RFU scale indicated on the Y-axis.
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3.6 Singleplex vs. Multiplex
To determine whether there was a difference when the two assays were performed
separately (singleplex) or in combination (multiplex), whole blood and hair samples
were contaminated with 1µL of undiluted or dilutions of 10-1 to 10-6 D3S1358
amplicons, before they were extracted for DNA. The results of this can be seen in
Figure 3.6 for the contaminated whole blood samples and Figure 3.7 for the
contaminated hair samples. The D3S1358 amplicons were produced from genomic
K562 DNA and serially diluted with pyrogen-free water (Section 2.5), while the control
used in this experiment was genomic 9947A DNA. In both figures there is a strong
correlation between the Quantifiler: D3S1358 ratio, observed when the contaminated
samples were amplified in the separate Quantifiler and D3S1358 assay compared to the
combined hTERT-D3S1358 assay.

Figure 3.6: A comparison of the singleplex assay and the multiplex assay using whole blood samples
contaminated with D3S1358 amplicons before DNA was extracted.
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Figure 3.7: A comparison of the singleplex assay and the multiplex assay using hair samples
contaminated with D3S1358 amplicons before DNA was extracted.

3.7 Ratio of Quantifiler: D3S1358 in a Multiplex
To test the consistency and robustness of the hTERT-D3S1358 assay, six different
genomic DNA samples were used and the range of ratios for uncontaminated samples
was determined. Several variables were included such as the use of different DNA
sources, DNA extraction techniques, Real-Time PCR machines and repetition on
different days and same day duplicates (Section 2.8). The ratio for the hTERTD3S1358 assay ranged between 0.86-1.04 Ct for uncontaminated samples (Figure
3.8). This range was slightly lower compared to the initial experiments when the two
assays were performed separately (Section 3.3). This is because when the two assays
are combined into a single reaction there is no tube to tube variation and pipetting
inaccuracies are minimised.
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Figure 3.8: Multiplex Quantifiler: D3S1358 ratios for uncontaminated samples; genomic 9947A
DNA, K562 DNA, DNA extracted from whole blood using Chelex (JBC), DNA extracted from
whole blood using Qiagen (JBQ), DNA extracted from hair using Chelex (SHC) and DNA
extracted from hair using Qiagen (SHQ). Each attempt used one of two Rotor-Gene 3000 PCR
machines and runs varied from same day duplicates to repetition on different days.

3.8 In vitro Amplicon Contamination

3.8.1 Addition of amplicons after DNA extraction
Two different types of amplicons (D3S1358 and Profiler Plus) were serially diluted
and used to contaminate DNA extracted from hair using the Qiagen® procedure
(SHQ) (Section 2.9.1). This is represented in Figure 3.9 and as shown there is a
positive relationship between the amount of contamination in a sample and the
Quantifiler: D3S1358 ratio. There is also an observable difference between the two
different amplicons used. The Profiler Plus amplicons made from genomic K562
DNA was able to be detected by the hTERT-D3S1358 assay up to a dilution of 10-6.
After this dilution the DNA samples fell within the normal range for uncontaminated
samples (Figure 3.9). This was compared to when the same genomic DNA was used
to produce D3S1358 amplicons, and as seen in Figure 3.9 the hTERT-D3S1358 assay
was able to detect up to a dilution of 10-7. There is a tenfold difference between
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dilutions the hTERT-D3S1358 assay can detect up to for the Profiler Plus amplicons
and the D3S1358 amplicons. Two sets of Profiler Plus and D3S1358 amplicons were
used to contaminate the hair samples the first with amplicons prepared three months
earlier and the second with newly synthesised amplicons.
DNA samples contaminated with serial dilutions of nuTH01-nuCSF amplicons were
also amplified by the hTERT-D3S1358 assay. This was to determine whether
amplicons which were not D3S1358 locus specific would affect the Ct values of
samples in the D3S1358 assay. The nuTH01-nuCSF amplicon contaminated samples
all had a ratio range between 0.94-0.96 Ct (Figure 3.9) and hence fell within the
previously established uncontaminated range. The use of nuTH01-nuCSF amplicons
was to verify the specificity of the D3S1358 assay to detect only the additional
D3S1358 alleles.

Figure 3.9: Multiplex Quantifiler: D3S1358 ratios for contaminated hair samples, after DNA was
extracted using the Qiagen procedure. Three different types of amplicons (D3S1358, Profiler Plus
and nuTH01-nuCSF) were used to contaminate the hair samples. The red dash line highlights the
uncontaminated range of 0.86-1.04 Ct.
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The Real-Time PCR amplification for the hair samples (SHQ) contaminated using
Profiler Plus amplicons are seen in Figures 3.10 and 3.11. The quantification results of
samples amplified by Quantifiler are observed in the FAM/Sybr channel, as shown in
Figure 3.10. The majority of the amplification curves for the Quantifiler assay lie on
top of each other, and hence have a similar Ct values since even with the addition of
amplicons each sample contains a fixed amount of genomic DNA (SHQ) (column 6 of
Table 3.4). The amplification curves with a different Ct value represent the Quantifiler
DNA standards and K562 DNA which contains a different amount of starting
material.

Table 3.4: List of samples amplified using the hTERT-D3S1358 assay and their corresponding Ct
values for Quantifiler and D3S1358.

No. Colour

Sample

Type

1

Quantifiler Std 2

Standard

16.70

22.89

22.89

2

Quantifiler Std 4

Standard

1.85

27.99

28.60

3

Quantifiler Std 6

Standard

0.21

33.04

33.68

4

SHQ

Unknown

25.43

26.46

5

SHQ+ Profiler Plus 100

Unknown

24.99

4.95

6

SHQ+ Profiler Plus 10-1 Unknown

25.10

7.27

7

SHQ+ Profiler Plus 10-2

Unknown

24.67

10.53

8

SHQ+ Profiler Plus 10-3

Unknown

25.10

14.28

9

SHQ+ Profiler Plus 10-4

Unknown

25.12

17.58

10

SHQ+ Profiler Plus 10-5

Unknown

25.47

20.75

11

SHQ+ Profiler Plus 10-6

Unknown

25.79

24.74

12

SHQ+ Profiler Plus 10-7

Unknown

25.33

26.97

13

SHQ+ Profiler Plus 10-8

Unknown

25.65

26.99

14

SHQ+ K562

Unknown

23.09

23.71

15

K562

Unknown

23.00

23.73

16

NTC

NTC
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Given Conc Quantifiler
(ng/ul)
Ct

D3S1358
Ct

Figure 3.10: Amplification curves of Quantifiler DNA standards (Q Std 2, 4 and 6),
uncontaminated controls (K562 and SHQ+ K562), non-template control (NTC) and hair samples
(SHQ) contaminated with Profiler Plus amplicons produced from K562 DNA (100-10-8). The
quantification results were viewed in the FAM/Sybr Channel of the Rotor-Gene software to obtain
the Quantifiler Ct values. This channel detects the Quantifiler FAM labelled probe which represents
the hTERT locus. The threshold value indicated by the red line was calculated as 0.0526.

In contrast, the D3S1358 quantification results shown in Figure 3.11 demonstrates the
effect of the Profiler Plus amplicons on the amplification of the DNA samples. When
the same samples are observed in the Cy5 channel a different Ct value is seen at each
dilution of amplicon (column 7, Table 3.4). There is also a preferential increase in Ct
value as the dilution of amplicons decrease.

Figure 3.11: Amplification plots of the same samples seen in Figure 3.10; however these
quantification results were viewed in the Cy5 Channel of the Rotor-Gene software. This channel
detects the Cy5 labelled probe which represents the D3S1358 locus. The hair samples (SHQ)
contaminated with Profiler Plus amplicons are denoted by the dilution of amplicon (100-10-8). The
threshold value indicated by the red line was calculated as 0.0370.
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3.8.2 Addition of amplicons before DNA extraction

To demonstrate that amplicons are able to be re-amplified and be successfully carried
through DNA extraction procedures, whole blood and hair samples were contaminated
before DNA was extracted and amplified using the hTERT-D3S1358 assay (Section
2.9.2). Two different types of amplicons were used to contaminate (D3S1358 and
Profiler Plus); both produced using genomic K562 DNA. Uncontaminated samples also
went through the same extraction methods as the contaminated samples and were
included as part of the controls for this experiment. In Figure 3.12 the plot of ratios for
Quantifiler: D3S1358 indicates that the D3S1358 amplicons can be detected up to a
dilution of 10-4. This is compared to Figure 3.13 where Profiler Plus amplicons could
only be detected up to a dilution of 10-3. The same result was seen when amplicons were
added to samples after DNA was extracted, such that there was a tenfold difference
between the dilutions sensitivities of the two different amplicons used. Furthermore,
when comparing the detection sensitivities of adding amplicons after the DNA was
extracted with the addition of amplicons before DNA extraction there is a thousandfold
decrease. This demonstrates that there is a reduced concentration of amplicons,
suggesting some amplicons are being removed by both extraction procedures.
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Figure 3.12: DNA samples contaminated with D3S1358 amplicons made from K562 DNA before
DNA extraction. The red dash line highlights the uncontaminated range of 0.86-1.04 Ct.
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Figure 3.13: DNA samples contaminated with Profiler Plus amplicons made from K562 DNA
before DNA extraction. The red dash line highlights the uncontaminated range of 0.86-1.04 Ct.
Please note contamination of hair with undiluted to 10-2 dilutions of Profiler Plus amplicons was not
included in this part of the experiment due to the availability of material.

DNA Profiling of Contaminated samples
To determine whether the amplicons produced would be able to alter the resulting DNA
profile, Profiler Plus amplification was performed on the DNA samples contaminated
with a dilution of 10-3 and 10-4 Profiler Plus amplicons before DNA was extracted.
Profiler Plus amplification was not used to produce DNA profiles of samples
contaminated with D3S1358 amplicons. This was because the D3S1358 locus would be
the only locus altered in a profile by the additional D3S1358 alleles. The control sample
(IBQ) and K562 DNA used to produce the amplicons also share the common allele of
16 at the D3S1358 locus making it difficult to observe whether the additional D3S1358
alleles would have an effect on the DNA profile.

Uncontaminated whole blood (Figure 3.14) and the profile of the amplicon made from
genomic K562 DNA (Figure 3.15) was included as part of the controls in this
experiment. Figures 3.16 and Figure 3.17 represent DNA profiles produced using
AmpFℓSTR® Profiler Plus® of the whole blood DNA samples contaminated with a 10-3
and 10-4 dilution of Profiler Plus amplicons. As summarised in the Table 3.5 the
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resulting DNA profile from the whole blood sample contaminated with the amplicon
dilution of 10-3 was a duplicate of the amplicon profile. In comparison when the 10-4
dilution of amplicon was used to contaminate a sample of whole blood, the resulting
profile was that of the control whole blood appearing as uncontaminated.
Table 3.5: Allele summary at each locus of AmpFℓSTR® Profiler Plus for the Control sample
(Whole Blood), Amplicon (Profiler Plus amplicons produced from K562 DNA), contamination of
control before DNA extraction using 10-3 amplicon, and contamination of control before DNA
extraction using 10-4 amplicon.
Loci

D3S1358
vWA
FGA
Amelogenin
D8S1179
D21S11
D18S51
D5S818
D13S317
D7S820

Whole Blood
Control
14,16
18,19
20,20
X,Y
12,13
29,30
14,16
12,12
11,12
10,12

Profiler Plus
Amplicon (K562)
16,16
16,16
21,24
X,X
12,12
29,30,31
15,16
11,12
8,8
9,11
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10-3 amplicon
contamination on
Whole Blood
?,16
?,16
21,24
X,X
?,12
29,30,31
?,13,15,?,16,?
11,12
8,8
9,11

10-4 amplicon
contamination on
Whole Blood
14,16
18,19
20,20
X,Y
12,13
29,30
14,16
12,12
11,12
10,12

Figure 3.14: DNA profile for the control, Whole Blood sample (IBQ).
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Figure 3.15: DNA profile for Profiler Plus Amplicons made from genomic K562 DNA.
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Figure 3.16: DNA profile for Whole Blood with an Amplicon dilution of 10-3.
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Figure 3.17: DNA profile for Whole Blood with an Amplicon dilution of 10-4.
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3.9 Simulated Crime Scene Contamination
A crime scene simulation was set up using the 10-3 dilution of D3S1358 amplicons.
Amplicons were sprayed from a fixed height and used to contaminate bloodstain
samples and strands of hair (Section 2.10). The amplicons were dispensed three times
over the crime scene samples to ensure adequate coverage. The contamination of
bloodstains was duplicated, however, due to the limited availability of hair samples the
contamination of hairs with D3S1358 amplicons was performed once. The controls in
this experiment included a positive control where the samples were directly sprayed
with the amplicons once and a negative control where the samples were left out in the
same room during the experiment, however, away from the spraying area (Figure 2.2).
DNA was then extracted from each sample using either the Chelex or Qiagen method of
extraction. As seen in Figure 3.18 the positive controls for both sets of samples
registered the highest D3S1358: Quantifiler ratio, dropping slightly for the crime scene
samples. The crime scene samples for both the bloodstains and hair samples were above
the uncontaminated range of 0.86-1.04 Ct suggesting they were contaminated by the
amplicons. The negative controls were within the established uncontaminated range
which confirms there was no accidental contamination. This verifies the detection of a
10-3 dilution of D3S1358 amplicons when sprayed onto DNA samples by the hTERTD3S1358 assay. Profiler Plus amplification was not performed on these samples since
only the D3S1358 locus would be altered in the resulting DNA profile. A similar
experiment was performed using a 10-3 dilution of Profiler Plus amplicons made from
K562 DNA. However, Quantifiler: D3S1358 ratio values for both the positive controls
and the crime scene samples fell within the established uncontaminated range (data not
included).
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Figure 3.18: Crime scene simulation contamination using 10-3 D3S1358 amplicons. Bloodstains and
hair samples were used to demonstrate the affect of aerosol amplicons. The positive controls
represent samples with one direct spray of 10-3 amplicons, while the negative control samples
contained no amplicons but were processed at the same time with the other samples.

3.10 DNA Degradation

To assess the fragmentation of DNA, the nine DNA samples degraded by RNase-free
DNase (Qiagen, Pty. Ltd) at the different time intervals (T0, T2.5, T5, T10, T15, T20,
T25, T40 and T60 mins) were run on a gel and separated by electrophoresis (Section
2.11). Along with the DNA samples a positive control, K562 DNA and the PCR
negative control of pyrogen-free water were also run on the gel. A bright band appeared
in the positive well which was similar in brightness in the T0 well. The brightness of the
band decreased with each DNA degraded sample until T25 where no band was visible
(Figure 3.19). Although the degradation of K562 DNA using DNase was successful, the
same result was not reflected when the samples were amplified in the hTERT-D3S1358
assay. It was expected that a degraded DNA sample would produce a drop in the
Quantifiler: D3S1358 ratio to fall below 1.00. Besides only a few samples showing a
slightly lower ratio value below 1.00 there was no significant difference to when
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genomic DNA samples were amplified. The ratio values also did not reflect the time
course of the degradation experiment. This experiment was not repeated due to time
constraints and availability of resources.

Figure 3.19: Electrophoresis gel photo showing the degraded DNA samples. From left to right; first
row: Ladder (1Kb), K562 (Positive Control), T0, T2.5, T5, T10, T15. Second row: Ladder (1Kb),
T20, T25, T40, T60 and NTC (Negative Control).

3.11 Accidental Laboratory Based Contamination using PCR amplicons

The mishandling of amplification product was repeated twice and involved using a
pipette to spray 10µL of undiluted D3S1358 amplicons in front of capped and uncapped
tubes (Section 2.12). A small increase in the Quantifiler: D3S1358 ratio above the
established uncontaminated range was observed in the tube containing genomic DNA
that was uncapped compared to the genomic DNA tubes that was capped. While the
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uncapped tube that contained water next to the uncapped genomic DNA tube did not
amplify in the hTERT-D3S1358 assay. This was the same result for the capped tube
containing only water. The negative controls placed further away from the site where
the amplicons were sprayed showed no contamination in the tubes with all the resulting
Quantifiler: D3S1358 ratios falling within the established uncontaminated range.

The capped and uncapped tubes containing genomic DNA (JBQ) and water which were
centrifuged next to capped and uncapped tubes of D3S1358 amplicons produced from
K562 DNA showed no evidence of contamination when the genomic DNA and water
samples were amplified in the hTERT-D3S1358 assay. Both capped and uncapped
tubes of genomic DNA fell within the uncontaminated ratio range for the hTERTD3S1358 assay. In addition no product was amplified from any of the water tubes (data
not shown).
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CHAPTER 4: DISCUSSION
Previous studies have shown (Berryman, 2003; Dent, 2006; Frumkin et al., 2009),
contamination using PCR amplicons is possible and can have detrimental effects when
it comes to forensic DNA analysis. Contamination can be in the form of carryover
contamination within a laboratory or the deliberate introduction of PCR amplicons onto
DNA samples at the crime scene. Previous studies carried out by Berryman (2003) and
Dent (2006) demonstrated how a dilution of genomic DNA amplified by a DNA
profiling kit such as Profiler Plus, was able to be re-amplified and detected in
subsequent DNA profiles. Consequently, the resulting DNA profile can appear as a
mixture or the original DNA profile can be completely masked by the amplified DNA.

In this thesis the results from the previous studies were confirmed and a multiplex
system to detect this type of contamination, deliberate or accidental, was established.
The detection system was produced using loci amplified from two existing kits,
Quantifiler and Profiler Plus and hence was referred to as the hTERT-D3S1358 assay.
The hTERT-D3S1358 assay utilises the hTERT locus found in the Quantifiler™ Human
DNA quantification kit and the D3S1358 locus, which is one of the nine STRs
amplified in the AmpFℓSTR® Profiler Plus® PCR Amplification Kit. These two loci are
known to exist as single copy genes in the human genome (Applied Biosystems, 2006;
Applied Biosystems, 2000). Therefore, it is expected that in ideal conditions when an
uncontaminated sample is amplified by the hTERT-D3S1358 assay the Ct values of
Quantifiler: D3S1358 should equal one.

4.1 D3S1358 Primers and Probe Design
The design of an optimal primer/probe combination is defined as a set of forward and
reverse primers and probe that produces the highest relative fluorescence at the lowest
Ct (McPherson and Møller, 2006). To achieve this, the D3S1358 probe was designed to
have the 5' end as close as possible to the 3' end of one of the PCR primers without
overlapping. This ensures immediate displacement and cleavage by the polymerase. The
probe was also designed to be as short as possible with a G/C content between 40 to
60% and no repeated motifs in the sequence (Bustin, 2004; Edwards et al., 2004;
McPherson and Møller, 2006).
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The D3S1358 locus has many features which made it ideal for multiplexing with the
Quantifiler™ assay. The D3S1358 TaqMan hydrolysis probe was designed using the
forward miniSTR D3S1358 primer (Butler et al., 2003), which produced a small PCR
product of approximately 139 bases. The small size of the D3S1358 product was ideal
for comparing ratios with the hTERT gene and the smaller product was better for the
overall amplification efficiency. This is because small amplicons are more likely to be
denatured during the 92-95°C step of the PCR, allowing the probes and primers to
compete more effectively for binding to their complementary targets (McPherson and
Møller, 2006). The Tm of the probe was also consistent with the PCR conditions of the
Quantifiler assay allowing the two assays to be combined without compromise.
The D3S1358 probe was labelled with a Cy5 fluorophore at its 5’ end. It was essential
to select a fluorophore for the probe which would emit light at a different wavelength to
the Quantifiler assay. The Quantifiler™ assay was already a multiplex as it combines
two 5’ nuclease assays, a target-specific human DNA assay and an Internal PCR
Control (IPC) assay. The target-specific assay uses a probe labelled with the fluorescent
dye FAM™ which emits light at a maximum wavelength of 522nm. The IPC assay is
also a TaqMan probe but is labelled with the fluorescent dye VIC® which has a
maximum emission wavelength of 554nm (Applied Biosystems, 2006). Quantification
Real-Time PCR systems also require the use of the fluorescent dye ROX as a reference
dye to help calibrate the initial fluorescence of each tube of sample, this dye has an
maximum emission wavelength of 602nm (Biocompare, 2005). Therefore, the Cy5
fluorophore was the most suitable dye to label the D3S1358 probe since its maximum
emission wavelength is 670nm (Biocompare, 2005), which is above those in the
Quantifiler assay and the reference dye allowing each of the fluorophores to be detected
in a different channel of the Real-Time PCR machine.

4.2 Real-Time Quantification PCR analysis

DNA quantification was performed on DNA samples according to the protocol of the
Quantifiler™ Human DNA Quantification Kit (Applied Biosystems, 2006) and
analysed on the Rotor-Gene 3000 using the Rotor-Gene Real-Time Analysis Software
6.0 (Corbett Research, 2004). For the analysis of DNA samples on the Rotor-Gene
software, defaults such as dynamic tube and noise slope correction were enabled as
recommended by the software (Table 2.10) (Corbett Research, 2004). Selecting these
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defaults adjusted the raw data to produce the optimal florescence for each of the DNA
samples.

Dynamic tube normalisation determines the average background of each individual
sample before it is amplified. This differs from standard normalisation which uses the
first five cycles as the background level. Dynamic tube uses the second derivative of
each amplification to determine a starting point for each sample. The background level
is then averaged from cycle one up to this starting cycle number for each sample. This
method gives the most precise quantification result (Corbett Research, 2004). Before a
sample is amplified its background fluorescence should ideally remain constant,
however this level can either increase or decrease due to the components in the reaction
producing what is called a noise level. Selecting the noise slope correction option uses a
line-of-best-fit to determine the noise level and minimises its impact on the amplifying
samples, hence improving the analysis of the raw data (Corbett Research, 2004).

A default which was disabled when quantifying the raw data was the Reaction
Efficiency Threshold. This option was an alternative way to exclude the noise level
from analysis by using an algorithm based on reaction efficiency estimation techniques
used in Comparative Quantification. Comparative quantification is a method for relative
gene expression analysis which is another application of qPCR and hence not necessary
for the quantification of DNA samples in this research (Corbett Research, 2004). The
Non-Template Control Threshold was set at 10% of the largest background fluorescence
change (Corbett Research, 2004). This was to further control any background
fluorescence so that any sample with a total change in fluorescence less than 10% would
not be displayed.

4.3 Determining amplicon contamination concentration using the Quantifiler:
D3S1358 ratio

Two different methods were trialled to determine the threshold value for the D3S1358
assay in the Cy5 channel. The first method calculated the threshold value and the
corresponding Ct values of each sample based on the standard curve established in the
Quantifiler FAM/Sybr channel. In this method the same threshold value selected in the
FAM/Sybr channel based on the standard curve was used in the D3S1358 Cy5 channel.
In the second method, the relative quantification was determined using the Ct value for
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the sample with the highest amount of DNA (Quantifiler DNA standard 2) set in the
Quantifiler assay according to the software’s defaults, to equal that of Quantifiler DNA
standard 2 in the D3S1358 assay. The method of determining the relative quantification
was based on the knowledge that both the Quantifiler and D3S1358 locus is present as a
single copy in uncontaminated genomic samples and hence when Ct values of
Quantifiler and D3S1358 are compared their ratio should ideally equal one.

The second method of determining the Ct values for the D3S1358 assay was considered
the more appropriate way to determine the ratio since it is not necessary to quantify the
amount of DNA of the unknown samples as that information can be derived from the
Quantifiler assay alone. Setting a different threshold value in each channel was an ideal
way of achieving comparative and reproducible Quantifiler: D3S1358 Ct ratios.
Quantifiler DNA standards (16.7ng/µL, 1.85ng/µL and 0.21ng/µL) were included in
every amplification run as DNA controls and used to automatically select the threshold
in the FAM/Sybr channel. The Quantifiler™ kit uses eight DNA standards to establish a
standard curve, however using the three standards was a cost effective way of covering
a range of DNA concentrations without having to amplify all eight Quantifiler DNA
standards.
The ratios of Ct values were calculated such that the greater the magnitude of
contamination, the higher the ratio Quantifiler: D3S1358. Thus, the Ct values of
Quantifiler were divided by the Ct values of D3S1358 and not vice versa. This better
represents the degree of contamination by allowing easy interpretation of the ratios
instead of translating a decrease in ratio as a sign of additional contamination. The ratio
range for uncontaminated samples was established using a number of different variables
such as DNA sources, DNA extraction techniques, Real-Time PCR machines and
repetition on different days and same day duplicates. This was to compensate for any
variation found in the samples that were to be tested.
The established uncontaminated ratio range when Quantifiler and D3S1358 assays were
performed separately was 0.95-1.25 Ct (difference= 0.30). In contrast, when the
Quantifiler and D3S1358 assays were combined into a single PCR reaction a narrower
and slightly lower ratio range of 0.86-1.04 Ct (difference= 0.18) was observed. This
demonstrated that combining the assays into one reaction minimises any technical errors
such as pipetting inaccuracies and tube to tube variation which can alter the amount of
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starting material in each reaction. It was also observed that when the two assays were
combined into the hTERT-D3S1358 assay a lower ratio range of uncontaminated
samples was seen. This could be due to the slight reduction in the fluorescence of the
Quantifiler assay. However, there was no significant affect on the quantification results
when singleplex and multiplex reactions were compared (Section 3.6).
Since both the Quantifiler and the D3S1358 assays are known to have single copy genes
it would be expected that uncontaminated samples would have a Quantifiler: D3S1358
ratio of one, under ideal PCR conditions. However, this was not the case, and the
experiment range was 0.86-1.04 Ct. The most likely cause of a ratio range was the two
assays having different amplification efficiencies. For example, the probes used in the
Quantifiler and D3S1358 assays are labelled with different dyes that have different
fluorescent intensities. The two probes also have different DNA templates which differ
in length and hence would fragment at different times in the Real-Time PCR reaction.
These factors all contribute to a difference in amplification and reflect the experiment
ratio range.

The Quantifiler: D3S1358 ratio was tested using DNA samples contaminated with PCR
amplicons. When amplicons are added to samples it was expected that the amount of
D3S1358 loci would increase, hence increasing the Quantifiler: D3S1358 ratio. There
was an observable difference in Ct values between DNA samples and DNA samples that
were contaminated with amplicons. A contaminated sample had a smaller Ct value since
the addition of the amplified DNA on these samples were many times more
concentrated than the unamplified DNA template and hence was preferentially copied
during PCR.

In some instances the addition of undiluted quantities of D3S1358

amplicons completely saturated the Rotor-Gene’s detection system when viewed in the
Cy5 channel.

The amplification plots for samples contaminated with undiluted amplicons had a Ct
value of sometimes less than 5 cycles and its amplification went straight into the
exponential phase of the PCR cycle. In Figure 3.11 the amplification plots of the hair
samples (SHQ) contaminated with Profiler Plus amplicons reflects the serial dilution of
the amplicons used. The more dilute the amplicons are the larger the Ct value, since
with less additional copies of the D3S1358 locus on these samples the longer the
amplification takes to reach the threshold value. In contrast, when the same
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contaminated samples were amplified by the Quantifiler assay and viewed in the
FAM/Sybr channel (Figure 3.10) the amplification plots appear to overlap each other.
This is because all the contaminated samples contain a fixed amount of genomic DNA
(SHQ) and hence a consistent Ct value was seen for samples of the same genomic DNA.
The sensitivity of detection, or the dilution of amplicon the hTERT-D3S1358 assay can
detect, is influenced by the type of amplicon used. For example, as seen in Figure 3.3
two different genomic DNA samples were used as a template to produce D3S1358
amplicons, Quantifiler DNA Standard and K562 DNA. Both genomic DNAs have a
different DNA concentration and hence could explain why amplicons produced from
K562 DNA (9.04ng/µL) have a higher Quantifiler: D3S1358 ratio than the amplicons
produced from Quantifiler DNA standard (1.85ng/µL) when a sample of 9947A DNA
was contaminated with an undiluted amount of the amplicons. Furthermore, the
amplicon dilution that can be detected by the hTERT-D3S1358 assay is dependent on
the efficiency of the PCR that produces the amplicons and the number of PCR cycles in
the amplification. For example, in Figure 3.9 two different types of amplicons were
produced using the same genomic DNA to contaminate hair samples (SHQ). K562
DNA was used to produce Profiler Plus amplicons and D3S1358 amplicons. The
amount of DNA in these undiluted amounts of amplicons is a relative number and
dependent on the number of PCR cycles; for example the Profiler Plus assay uses only
28 cycles compared to the D3S1358 assay which had 40 cycles.

The overall efficiency of the PCR amplification can also have an impact on the
amplicons produced, and hence affect the sensitivity of detection of the hTERTD3S1358 assay. Therefore, it is expected that a different amplicon dilution limit would
be detected by the assay when different amplicons are used. Finally, the age of the
amplicons can also affect the limit of detection also seen in Figure 3.9 when amplicons
produced three months ago are compared to newly made amplicons. There was a
noticeable difference in the Quantifiler: D3S1358 ratio when the undiluted amplicon
amounts are compared in Figure 3.9, represented by the peak of the ratio plot. For
example, D3S1358 amplicons produced three months earlier had a Quantifiler:
D3S1358 Ct ratio value of 4.26, while newly synthesised D3S1358 amplicons had a
considerably higher Quantifiler: D3S1358 Ct ratio value of 5.04. These results suggest
there was a loss of amplicons, due to their degradation over time and/ or their
adsorption into the wall of the plastic storage tubes.
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The effect of extraction procedures on the DNA samples contaminated with amplicons
was determined. In forensics laboratories there are many different DNA extraction
methods; two of the common ones, Chelex and Qiagen were used in this research.
Experiments were conducted on contaminating genomic samples before and after DNA
extraction. The addition of an equal volume, 1µL of amplicons was added into the
reaction tubes in both the before and after DNA extraction experiments. This was to
standardise the amount of amplicons introduced into the experiment regardless of the
amount of amplicons that would be removed by the extraction process. Therefore, the
processes of contaminating before and after DNA extraction could be compared. In
Figure 3.9 samples were contaminated with amplicons after DNA was extracted;
amplicons made from D3S1358 were able to be detected up to a dilution of 10-7, while
Profiler Plus amplicons could only be detected up to a dilution of 10-6. In contrast,
Figures 3.12 and 3.13 represented samples contaminated with D3S1358 and Profiler
Plus amplicons before DNA was extracted. As shown in the two figures, when adding
amplicons before DNA extraction D3S1358 amplicons were able to be detected up to a
dilution of 10-4 while Profiler Plus amplicons could only be detected up to a 10-3
dilution. Similarly, the addition of amplicons after DNA extraction, there was a tenfold
difference between the two different amplicons. When amplicon dilutions are compared
from adding amplicons before and after DNA extraction, it was observed there was a
thousandfold dilution decrease in the detection sensitivity of the hTERT-D3S1358
assay. This suggests the process of DNA extraction reduces the amount of amplicons
that are carried through the extraction procedure. However, when comparing
Quantifiler: D3S1358 ratios of samples contaminated with amplicons before and after
DNA extraction, there was no substantial evidence to suggest one extraction method
was better than the other.

DNA profiles were produced from samples where amplicons were added prior to DNA
extraction using 10-3 and 10-4 dilutions of Profiler Plus amplicons. This was to
determine if the ratio results of Quantifiler: D3S1358 would be reflected in the DNA
profiles. As seen in Table 3.5 the whole blood sample contaminated with a 10-3 dilution
of Profile Plus amplicons was a duplicate of the amplicon profile. However, there was
an addition of allele 13 at the D18S21 locus that was neither from the whole blood
control or the amplicon profile. From examining the profile shown in Figure 3.16 allele
13 at the D18S21 locus did not have the characteristics of a genuine peak. AmpFℓSTR®
Profiler Plus defines a peak to be greater than 150 relative fluorescence units (RFU)
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indicated by the Y-axis of the electropherogram (Applied Biosystems, 2000). Although
there could be a peak above 150 RFU at allele 13 it was unclear due to the RFU scale of
the electropherogram. However, compared to the other allele peaks in Figure 3.16 in
which some exceeded 6,000 RFU, allele 13 had a considerable smaller peak height and
therefore could have been misinterpreted as a genuine peak by the AmpFℓSTR® Profiler
Plus® analysis software.

At the D3S1358 and vWA loci in Figure 3.16 the peaks appear as split peaks or minus
A products, which are PCR artefacts seen in DNA profiles which have too much DNA
template (Butler, 2005). The DNA profile in Figure 3.16 was compared to the whole
blood sample contaminated with a 10-4 dilution of Profiler Plus amplicons (Figure 3.17).
In Figure 3.17 the DNA profile produced appeared identical to the control sample.
Therefore, at a 10-4 dilution the Profiler Plus amplicons were too dilute to have an effect
on the amplification of the hTERT-D3S1358 assay and the resulting DNA profile. This
current result would need further investigation since in a previous study (Dent, 2006)
amplicons diluted up to 10-8 fold were shown to interfere with profiles of simulated
crime scene samples. However, the difficulty of quantifying the amount of amplicons
could explain this result. It is possible that less amplicons were produced compared to
the amplicons used by Dent (2006). There will also be differences in the sample
preparation and reaction efficiencies that produce these amplicons.

The Quantifiler assay is designed specifically for the hTERT gene and not any other
gene, so it should only detect the presence of the hTERT target sequence. Amplification
curves of amplicon contaminated samples analysed in the FAM/Sybr channel such as in
Figure 3.10 verifies the Quantifiers’ specificity to the hTERT sequence and hence its
ability to quantify the amount of human genomic DNA in a sample. Similarly,
experiments carried out on the D3S1358 assay with nuTH01-nuCSF amplicons
demonstrated the specificity of the D3S1358 assay by only detecting additional
D3S1358 loci (Figure 3.9). Since, the absence of the primers for the nuTH01-nuCSF
amplicons resulted in its failure to amplify and produce a detectable fluorescence.
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4.4 Simulated Crime Scene Contamination
A D3S1358 amplicon dilution of 10-3 was selected to contaminate DNA samples in a
simulated crime scene. The 10-3 dilution was chosen as it had been determined to
produce a detectable increase in the Quantifiler: D3S1358 ratio as seen in the addition
of amplicons before DNA extraction experiments (Section 3.8.2). It was also
determined to be the most practical concentration for criminals to use for deliberate
contamination, since it can be easily contained in a small spray bottle and a single PCR
reaction of 25µL could make up a 25mL solution of amplicons.
The results that are shown in Figure 3.18 verify that the 10-3 dilution of D3S1358
amplicons when sprayed onto samples can be detected using the hTERT-D3S1358
assay. The positive controls which had one direct spray confirmed the presence of
D3S1358 amplicons in the solution. However, due to the limited availability of DNA
samples, duplicates could not be performed which could further confirm the presence of
D3S1358 amplicons on the crime scene samples. DNA profiles were not produced from
these samples either, since only D3S1358 amplicons were used and hence the D3S1358
locus would be the only locus affected. The affect of contamination would be
inconclusive since both the hair and blood samples when profiled had a common allele
of 16 at the D3S1358 locus which was the same for the D3S1358 amplicons produced
using K562 DNA.
Subsequent experiments were performed using a 10-3 dilution of Profiler Plus amplicons
made from K562 DNA. However, all samples including the positive controls resulted in
ratios within the uncontaminated range of Quantifiler: D3S1358. This could be
explained by the results when Profiler Plus amplicons were added before DNA
extraction (Section 3.8.2). It was concluded here that Profiler Plus amplicons could only
be detected up to a 10-3 dilution. Therefore, when the same dilution of amplicons was
dispensed from the spray bottle a lower amount would have contaminated the surface of
the DNA sample.
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4.5 Other applications of the hTERT-D3S1358 assay

The multiplex of Quantifiler and D3S1358 was successfully used to detect deliberate
contamination of DNA samples by amplicons while simultaneously being able to
quantify the amount of DNA in unknown samples. The hTERT-D3S1358 assay was
shown to be a highly sensitive method for detecting additional alleles in a single tube,
which is ideal for forensic purposes as no extra steps are required and evidential
material is conserved. Although deliberate contamination using amplicons was the
main focus in this thesis, the issue of laboratory based contamination was identified as
another application for the assay. Furthermore, since the hTERT-D3S1358 assay
consists of two loci of differing sizes, according to the research of Swango et al.,
(2006), a comparable ratio could be established between the two to detect the degree of
DNA degradation in samples. The application of the hTERT-D3S1358 assay to detect
laboratory based contamination and DNA degradation in samples was trialled, however
with limited experimentation, the suitability of the assay for these other applications
could not be conclusively shown.

Scherczinger et al., (1999) stated that “contamination by amplicons in a laboratory is
not common, only occurring when the amplified product is carelessly manipulated or
purposely sprayed near or directly into open tubes”. By replicating two experiments
mentioned in this paper, which had shown to produce detectable amplicon
contamination, the use of the hTERT-D3S1358 assay was trialled on the misuse of
amplified products. Both experiments produced Quantifiler: D3S1358 ratios within the
established uncontaminated range. This could be due to the amount of amplicons used
which was possibly not enough to contaminate the genomic DNA or water samples.

It was expected since an increase in the Quantifiler: D3S1358 ratio reflects an increase
in the amount of D3S1358 loci and hence the contamination of amplicons, the opposite
effect of a decrease in ratio could mean a decrease in the amount of D3S1358 loci or the
degradation of the DNA sample. As demonstrated by Swango et al., (2006) DNA
degradation could be assessed by PCR amplification and detection of two DNA target
sequences of different lengths. Their research used qPCR to produce an empirical ratio
of the quantity of a short amplicon to the quantity of a long amplicon to provide an
estimation of the degree of degradation present in a DNA sample (Swango et al., 2006).
For the hTERT-D3S1358 assay the shorter amplicon was the Quantifiler STR, hTERT
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of 62 bases while the D3S1358 STR was the longer amplicon of 139 bases. The high
molecular weight K562 DNA appeared to be successfully degraded at progressive time
intervals using DNase (Figure 3.19), however when these DNA samples were amplified
in the hTERT-D3S1358 assay the same result was not reflected in the Quantifiler:
D3S1358 ratio. Only a few DNA samples produced a decreased ratio, however this was
not a significant result. These results could be explained by the fact that the hTERTD3S1358 assay was not designed to detect degradation, but the addition of extra loci,
and the length of the D3S1358 amplicon may not be long enough to give a significant
difference compared with that of the Quantifiler amplicon. Thus the two loci may not be
compatible for this application, although further experiments were not performed to
determine otherwise.
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CHAPTER 5: CONCLUSION
The results presented in this thesis demonstrate the ability to simultaneously quantify
the amount of amplifiable DNA in a genomic sample and identify whether the sample
has been contaminated with additional alleles in the form of PCR amplicons. Acquiring
this information is a necessary step for any forensic DNA analysis, as it can verify that
the sample collected is adequate for PCR techniques such as STR analysis and that it is
uncontaminated so a genuine DNA profile can be produced. The ability to test DNA
evidence before DNA profiling saves time, consumables and money while conserving
the amount of evidential material used. The use of Quantitative Real-Time PCR
technology allowed for the development of an effective method for analysing DNA
samples through the multiplex of two assays; Quantifiler™ and the single STR locus
D3S1358.

The Ct ratio of Quantifiler: D3S1358 observed for uncontaminated samples, when the
two assays were amplified in a single tube was determined to be within the range of
0.86-1.04 Ct. The ratio value for the hTERT-D3S1358 assay was established using
several variables such as different DNA sources, DNA extraction techniques and RealTime PCR machines to account for the variability in samples and to test the robustness
of the multiplex assay. Performing in vitro contamination of DNA samples
demonstrated the ability of amplicons to be re-amplified, with the hTERT-D3S1358
assay detecting up to 10-7 dilution of amplicons, when samples were contaminated after
the DNA extraction process. However, to assess the application of the hTERT-D3S1358
assay to detect DNA fraudulence at a crime scene, contamination of DNA samples
before DNA extraction (pre-extraction) was also performed. Results from the preextraction experiments showed a lesser dilution of 10-4 amplicons could be detected
using the established hTERT-D3S1358. This confirms that contaminating amplicons
were carried through the standard Chelex® and Qiagen® extraction procedures
although the amount detected was reduced a thousandfold. Further verification of the
survival of amplicons through the DNA extraction procedures and a second round of
amplification was seen in the model crime scene experiments. These experiments
simulated the use of aerosol amplicons to contaminate DNA samples such as hair and
bloodstains in a crime scene environment, using a spray bottle. A single PCR reaction
of 25µL can make a 25ml solution of amplicons at a dilution of 10-3. In this research it
was shown that a 10-3 dilution of amplicon dispensed from a spray bottle could
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contaminate DNA samples and be detected by the hTERT-D3S1358 assay. Overall, the
results in this thesis have illustrated how the proposed hTERT-D3S1358 assay can help
identify PCR amplicon contamination before DNA profiling. Although it has been
demonstrated by Dent (2006) that 10-8 amplicon dilution can still alter a DNA profile,
this diagnostic assay would still be beneficial to forensic laboratories for assessing the
quality of DNA samples.

The aim of this research was to develop and optimise a system that could detect the
malicious use of PCR amplicons to contaminate forensic DNA samples. A system was
successfully developed to detect contaminating PCR amplicons using Quantitative RealTime PCR technology. The application of the hTERT-D3S1358 assay can be extended
to a wider range of samples contaminated at various points in the analysis. An overview
of the results has shown that there is potential for this detection method to be introduced
into forensic laboratories, however further validation studies should be performed
before it is accepted by the forensic community.
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CHAPTER 6: FUTURE STUDIES
The results presented in this thesis should be repeated and explored further if the aims
are to implement the hTERT-D3S1358 assay into forensic laboratories as a diagnostic
tool for assessing the quantity and quality of DNA evidence. The studies in this research
are of too small a scale to illustrate the full potential of the hTERT-D3S1358 assay,
however, they have shown how amplicons behave and the application of Quantitative
Real-Time PCR. For example, the use of the hTERT-D3S1358 assay in detecting
laboratory based contamination and degradation in DNA samples was only briefly
investigated. With more resources and time the application of the hTERT-D3S1358
assay to detect laboratory contamination by PCR amplicons could be established. In
addition determining if a DNA sample is degraded is another useful piece of
information to obtain before PCR analysis is performed.

During the in vitro contamination studies two common DNA extraction methods,
Chelex® and Qiagen® were trialled. However, when Quantifiler: D3S1358 ratios were
compared between the two methods there was no substantial evidence to suggest one
extraction method was better than the other. In previous studies (Dent, 2006 and Then,
2007) potential was seen with the column-based Qiagen method of DNA extraction to
effectively remove more amplicons compared to Chelex. It was suggested that due to
the small size of the amplicons, some of the amplicons were able to pass through the
column membrane and be eluted off. Further experiments to verify this result using
DNA samples contaminated with a known concentration of amplicon, preferably
splitting the DNA sample would be required to test the two extraction methods.

Preliminary experiments using amplicons produced at different time periods (three
months previously compared to newly synthesised amplicons) were used to contaminate
hair samples. These initial experiments highlighted the idea that over time amplicons
just like genomic DNA can degrade. The longevity of amplicons under different
environmental conditions is another area which could be investigated. Knowledge about
the survival of amplicons on DNA samples can be useful to determine if contaminated
evidence can simply be left to remove the amplicons before PCR analysis is performed.
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This study has shown that amplicon contamination on DNA samples is possible and can
be detected by a diagnostic assay which compares the loci of the Quantifiler Human
DNA Identification Kit with another STR locus. Future studies expanding on this
research may be useful in working towards the improvement of the hTERT-D3S1358
assay so it can be implemented into forensic laboratories as a routine procedure.

99

REFERENCES
Applied Biosystems (2000). "AmpFℓSTR® Profiler Plus® PCR Amplification Kit User's
Manual©." San Jose, California, Applied Biosystems, Human Identification
Department.

Applied Biosystems (2006). "QuantifilerTM Kits User's Manual." Foster City, California,
Applied Biosystems, Human Identification Department.

Barrett, G. (1998). "DNA fingerprinting: understanding evidence". Law Society of
South Australia, Adelaide.

Berryman, D. (2003). "Forensic DNA Profiling: Infallible or fundamentally flawed"
Brief 30(4): 6-12.

Biocompare™ (2005). From:
http://www.biocompare.com/documents/fluor_wavelengths.pdf.

Botstein, D., K. White, et al. (1980). "Construction of a genetic linkage map in man
using restriction fragment length polymorphisms." American Journal of Human
Genetics 32: 314-331.

Bustin, S.A. (2004). "A-Z of Quantitative PCR." IUL Biotechnology Series. California,
International University Line.

Bustin, S. A. and R. Mueller (2005). "Real-Time Reverse Transcription PCR (qRTPCR) and Its Potential Use in Clinical Diagnosis." Clinical Science 109: 365379.

Butler, J. M. (2005). "Forensic DNA Typing: Biology, Technology, and Genetics of
STR Markers (2nd Edition)". Oxford, Elsevier Academic Press, New York.

100

Butler, J. M. (2006). "Genetics and genomics of core STR loci used in human identity
testing". Journal of Forensic Sciences. 51(2): 253-265.

Butler, J. M. and D. J. Reeder, et al. (2010, 24 January 2010). "Short Tandem Repeat
DNA Internet Database". National Institute of Standards and Technology
(NIST): Biochemical Science Division, from:
http://www.cstl.nist.gov/biotech/strbase/.

Butler, J. M. and Y. Shen, et al. (2003). "The Development of Reduced Size STR
Amplicons as Tools for Analysis of Degraded DNA." Journal of Forensic
Sciences 48(5): 1054-1064.

Carey, L. and L. Mitnik (2002). "Trends in DNA forensic analysis." Electrophoresis 23:
1386-1397.

Coble, M.D. and J.M. Butler (2005). "Characterization of new miniSTR loci to aid
analysis of degraded DNA". Journal of Forensic Sciences. 50(1):43-53.

Coelli, A. (1989). "One Chance in 165 Million." Australian Law News: 22-26.

Corbett Research (2004). "Rotor-Gene 6 Software Manual." Corbett Research, Mortlake
NSW, Australia.

Dahm (2005). "Friedrich Miescher and the discovery of DNA." Developmental
Biology. 278: 274-288.

Dent, R. J. (2006). "The Detection and Characterisation of Forensic DNA Profiles
Manipulated by the Addition of PCR Amplicons." [Masters Dissertation]. The
Centre of Forensic Science. Perth, University of Western Australia.

Dieffenbach, C.W. and G.S Dveksler (1993). "Setting Up a PCR Laboratory". PCR
Methods and Applications. 3: S2-S7.

101

Easteal, P.W. and S. Easteal. (1990). "The Forensic Use of DNA Profiling". Trends and
Issues in Crime and Criminal Justice. 26: 1-6.

Edwards, K., J. Logan, et al. (2004). "Real-Time PCR: An Essential Guide." Horizon
Bioscience.

Frumkin, D., A. Wasserstrom, et al. (2009). "Authentication of forensic DNA samples."
Forensic Science International: Genetics 486: 1-9.

Gans, J. (2003). "Submission to the inquiry into forensic sampling and DNA databases
by the Victorian Parliament Law Reform Committee." Retrieved 22 May,
2009, from:
http://www.parliament.vic.gov.au/lawreform/inquiries/Forensics/Final%20Repo
rt.pdf

Gans, J. and G. Urbas (2002). "DNA Identification in the Criminal Justice System."
Trends & Issues in Crime and Criminal Justice 226: 1-8.

Gill, P. (2002). "Role of Short Tandem Repeat DNA in Forensic Casework in the UKPast, Present, and Future Perspectives." BioTechniques 32: 366-385.

Ginzinger, D. G. (2002). "Gene Quantification Using Real-Time Quantitative PCR: An
Emerging Technology Hits the Mainstream." Experimental Haematology 30:
503-512.

Goodwin, W., A. Linacre, et al. (2007). "An Introduction to Forensic Genetics." John
Wiley and Sons Inc, New Jersey.

Green, R. L., I. C. Roinestad, et al. (2005). "Developmental Validation of the
QuantifilerTM Real-Time PCR Kits for the Quantification of Human Nuclear
DNA Samples." Journal of Forensic Sciences 50(4): 1-17.

102

Hartley, J. L. and A. Rashtchian (1993). "Dealing with contamination: Enzymatic
control of carryover contamination in PCR." PCR Methods and Applications 3:
S10-S14.

Higuchi, R., G. Dollinger, et al. (1992). "Simultaneous Amplification and Detection of
Specific DNA-Sequences." Biotechnology 10(4): 413-417.

Higuchi, R., C. Fockler, et al. (1993). "Kinetic PCR Analysis: Real-Time Monitoring of
DNA Amplification Reactions." Biotechnology 11(9): 1026-1030.

Holt, C. L., M. Buoncristiani, et al. (2002). "TWGDAM validation of AmpFℓSTR™
PCR amplification kits for forensic DNA casework." Journal of Forensic
Sciences 47(1): 66-96.

James, S.H. (2005). "Forensic science: an introduction to scientific and investigative
techniques." CRC Press, Florida.

Jobling, M. A. and P. Gill (2004). "Encoded Evidence: DNA in Forensic Analysis."
Nature Reviews: Genetics 5: 739-751.

Klein, D. (2002). "Quantitation Using Real-Time PCR Technology: Applications and
Limitations." Trends in Molecular Medicine 8(6): 257-260.

Kline, M. C., D. L. Duewer, et al. (2005). "Results from the NIST 2004 DNA
Quantitation Study." Journal of Forensic Sciences 50(3).

Kleppe K, Ohtsuka E, Kleppe R, Molineux R, Khorana HG (1971). "Studies on
polynucleotides. XCVI. Repair replication of short synthetic DNA's as catalysed
by DNA polymerases." Journal of Molecular Biology 56: 341-346.

Kobilinsky, L. F., T.F. Thomas, et al. (2005). "DNA: Forensic and Legal Applications."
John Wiley and Sons Inc, New Jersey.

103

Koupparis, P. (2002). "DNA Evidence: Potential panacea or pandemonium?" Scandals
in Justice. Retrieved 5 June, 2009, from:
http://www.scandals.org/articles/pk021129.html

Kubista, M., J. M. Andrade, et al. (2006). "The Real-Time Polymerase Chain Reaction."
Molecular Aspects of Medicine 27: 95-125.

Kutyavin, I. V., I. A. Afonia, et al. (2000). "3'-Minor Groove Binder-DNA Probes
Increase Sequence Specificity at PCR Extension Temperatures." Nucleic Acid
Research 28(2): 655-661.

Lodish, H., A. Berk, et al. (2003). “Molecular Cell Biology.” W.H. Freeman and
Company, New York.

Leutenegger, C. M. (2001). "The Real-Time TaqMan PCR and Applications in
Veterinary Medicine." Veterinary Sciences Tomorrow 1: 1-15.

Lincoln, P. J. (1997). "Criticisms and Concerns Regarding DNA Profiling." Forensic
Science International 88: 23-31.

McPherson, M. and S. Møller (2006). "PCR". Cornwall, U.K., Taylor & Francis.

Mifflin, T.E. (2003). "Setting up a PCR laboratory". PCR Primer: A Laboratory Manual
Cold Spring Harbor Laboratory Press: 5-14.

Morreti, T., A. L. Baumstark, et al. (2001). "Validation of Short Tandem Repeats
(STRs) for Forensic Usage: Performance Testing of Fluorescent Multiplex STR
Systems and Analysis." Journal of Forensic Sciences 46(3): 647-660.

Nicklas, J. A. and E. Buel (2003). "Quantitation of DNA in Forensic Samples."
Bioanalytical Chemistry 376: 1160-1167.

104

Pachett, K. L., K. J. Cox, et al. (2002). "Recovery of Genomic DNA from Archived
PCR Product Mixes for Subsequent Multiplex Amplification and Typing of
Additional Loci: Forensic Significance for Older Unsolved Criminal Cases."
Journal of Forensic Sciences 47(4): 1-11.

Provensano, M., C. R. Rossi, et al. (2001). "The Usefulness of Quantitative Real-Time
PCR in Immunogenetics." ASHI Quarterly: 89-91.

Qiagen. (2006). "Critical Factors for Successful Real-Time PCR". United States,
Nanogen.

Richard, M. L., R. H. Frappier, et al. (2003). "Developmental Validation of a Real-Time
Quantitative PCR Assay for Automated Quantification of Human DNA."
Journal of Forensic Sciences 48(5): 1041-1046.

Rozen, S. and H. J. Skaletsky (2000). "Primer 3 on the WWW for General Users and for
Biologist Programmers." Bioinformatics Methods and Protocols: Methods in
Molecular Biology. S. Krawetz and S. Misener. Totowa, Humana Press.

Rudin, N. and K. Inman (2002). "An Introduction of Forensic DNA Analysis." Florida,
CRC Press LLC.

Saferstein, R. (2001). "Criminalistics an introduction to forensic science." PrenticeHall, United States of America.

Scherczinger, C. A., C. Ladd, et al. (1999). "A Systematic Analysis of PCR
Contamination." Journal of Forensic Sciences 44(5): 1042-1045.

Swango, K. L., M. D. Timken, et al. (2006). "A Quantitative PCR Assay for the
Assessment of DNA Degradation in Forensic Samples." Forensic Science
International 158: 14-26.

The Innocence Project. (2005). Retrieved 23 February, 2009, from:
http://www.innocenceproject.org/.
105

Then (2007). "Detection of PCR Amplicon Contamination in Forensic DNA Samples
Using Quantitative Real-Time Polymerase Chain Reaction (qPCR)." [Honours
Thesis]. The Faculty of Forensic Biology and Toxicology. Perth, Murdoch
University.

Tringali, G., A. Barbaro, et al. (2004). "Rapid and Efficacious Real-Time Quantitative
PCR Assay for Quantitation of Human DNA in Forensic Samples." Forensic
Science International 146S: S177-S181.

Tyagi, S. and F. R. Kramer (1996). "Molecular Beacons: Probes that Fluoresce upon
Hybridization." Nature Biotechnology 14: 303-308.

Valasek, M. A. and J. J. Repa (2005). "The Power of Real-Time PCR." Advances in
Physiology Education 29(3): 151-159.

Walker, N. J. (2002). "A Technique Whose Time Has Come." Science. 296: 557-559.

Wallin, J.M., C.L. Holt, et al. (2002). "Constructing universal multiplex PCR systems
for comparative genotyping." Journal of Forensic Sciences 47(1): 52-65.

Whitcombe, D., J. Theaker, et al. (1999). "Detection of PCR Products Using SelfProbing Amplicons and Fluorescence." Nature Biotechnology 17: 804-807.

Wilhelm, J. and A. Pingoud (2003). "Real-Time Polymerase Chain Reaction."
ChemBioChem 4: 1120-1128.

106

APPENDIX
List of Abbreviations

A

Adenine

C

Cytosine

CODIS

Combined DNA Index System

Ct

Cycle Threshold

DNA

Deoxyribonucleic Acid

dNTPs

Deoxyribonucleotide Triphosphate

FRET

Förster (Fluorescence) Resonance Energy Transfer

G

Guanine

hTERT

Human Telomerase Reverse Transcriptase

IPC

Internal PCR Control

MGB

Minor Groove Binder

NFQ

Non-Fluorescent Quencher

NTC

Non-Template Control

OD

Optical Density

PBS

Phosphate Buffered Saline

PCR

Polymerase Chain Reaction

QPCR

Quantitative PCR

R

2

Correlation Coefficient

RFLP

Restriction Fragment Length Polymorphism

RFU

Relative Fluorescence Unit

SLP

Single Locus Probe

STR

Short Tandem Repeats

T

Thymine

Tm

Melting Temperature

VNTR

Variable Number Tandem Repeat
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