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THESIS ABSTRACT 

 

Direct PCR is fast becoming a popular method in forensic science due to the advantages of saving 

time and money in the laboratory while increasing the probability of obtaining substantial results 

has a positive rippling effect. A laboratory is able to reduce the time spent on processing trace DNA 

samples, which can lead to investigators receiving important information in a timely manner that 

may not have been possible using standard methods. DNA extraction procedures are standard 

practice in the initial steps of DNA profiling when examining swabs, adhesive tapes and sections of 

fabric. Significant loss of DNA can occur during this process resulting in no DNA profile 

generated. Direct PCR circumvents the extraction process such that a DNA profile may be 

generated directly from the substrate. This saves time, increases the DNA yield, reduces tube 

changes, and minimises steps open to error or contamination in the laboratory.  

 

To fully understand the benefits and limitations of direct PCR, several aspects of the method have 

been analysed in this thesis. The loss of DNA via extraction was investigated and determined for 

the most common extraction methods used in forensic science, as well as understanding the limit of 

detection for the commerical PCR human identification kits. From this, a statistical method to 

quantify the DNA template used in direct PCR amplifications based on the resulting magnitude of 

the allele peaks generated was developed.  In this PhD study, trace evidence items investigated 

using direct PCR include: human hairs, canine hairs, fibres, human finger nails, and human teeth. 

Substrates have been analysed using both short tandem repeat (STR) and single nucleotide 

polymorphism (SNP) methods for identification. A high level of succesful profile generation has 

been found across all of the substrates. A successful profile produces five or more complete loci 

that can be up-loaded to the National Criminal Investigation DNA Database (NCIDD, Australia). 

 

Current practice for many laboratories is that trace evidence items, such as the ones listed above, are 

generally not subjected to DNA testing as there is little chance of generating a meaningful DNA 

profile. All direct PCR methods, where applicable, have followed validated protocols as to maintain 

high standards and allow fast implementation within forensic laboratories. The only alteration to the 

PCR methods was an increase in the amount of DNA polymerase used to help overcome any 

potential inhibitors present on the substrate. This study highlights direct PCR sensitivity and the 

ability for trace DNA to be amplified without the need to increase cycle number or modify current 

protocols to obtain meaningful data. Based on the data presented in this thesis, a direct PCR 

approach is a viable option for the future of trace DNA recovery and analysis for forensic science 

purposes, vastly improving efficiency, sensitivity and the quality of results.  
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Table 6a.2 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.2 ng of 

neat DNA (blue), and on white cotton fabric squares (green, yellow and red), amplified using direct 

PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 

 

Table 6a.3 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.3 ng of 

neat DNA (blue), and on white cotton fabric squares (green, yellow and red), amplified using direct 

PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 

 

Table 6a.4 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.4 ng of 

neat DNA (blue), and on white cotton fabric squares (green, yellow and red), amplified using direct 
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PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 

 

Table 6a.5 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.5 ng of 

neat DNA (blue), and on white cotton fabric squares (green, yellow and red), amplified using direct 

PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 

 

Table 6a.6 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.6 ng of 

neat DNA (blue), and on white cotton fabric squares (green, yellow and red), amplified using direct 

PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 

 

Table 6a.7 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.7 ng of 

neat DNA (blue), and on white cotton fabric squares (green, yellow and red), amplified using direct 

PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 

 

Table 6a.8 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.8 ng of 

neat DNA (blue), and on white cotton fabric squares (green, yellow and red), amplified using direct 

PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 

 

Table 6a.9 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.9 ng of 

neat DNA (blue), and on white cotton fabric squares (green, yellow and red), amplified using direct 

PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 

 

Table 6a.10 – NGM™ profiles showing allele call and RFU value for triplicate samples of 1 ng of 

neat DNA (blue), and on white cotton fabric squares (green, yellow and red), amplified using direct 

PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Table 7a.4 – IrisPlex SNP results for individual 4, amplifying anagen hair roots and fingernail 

samples using direct PCR methods. 

 

Table 7a.5 – IrisPlex SNP results for individual 5, amplifying anagen hair roots and fingernail 

samples using direct PCR methods. 
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Introduction to Forensic DNA Technology 

1.1 Analysis Process 

From crime scene to DNA report, a series of validated protocols are implemented in order to 

transform biological evidence into DNA information relevant to a case. Once biological evidence 

has been identified and collected, it is sent to a forensic laboratory where the DNA may be 

extracted, quantified, amplified and analysed.  

 

The DNA extraction and quantification steps assist in determining the quantity and quality of the 

DNA recovered, such that subsequent amplification of specific regions of nuclear DNA using the 

enzymatic process PCR is successful. PCR creates millions of copies of the targeted DNA 

fragments. Once amplified, the DNA fragments are separated and detected using fluorescence 

methods and CE to determine the size of each fragment followed by data analysis using computer 

software. Once the resulting profile of a sample has been interpreted, it can then be compared to the 

DNA profiles from other evidentiary items or reference samples of individuals or suspects. Reports 

will contain evidential weights (commonly in the form of a likelihood ratio) for the samples under 

investigation; this determines the probability of obtaining the evidence given competing scenarios. 

These statistics are based on population frequencies of STR alleles, often obtained from online 

databases; derived from collections of profiles obtained from unrelated individuals. The comparison 

process can lead to several different outcomes: a known individual can or cannot be excluded as a 

possible contributor to the DNA profile obtained from the evidentiary item; the DNA typing results 

are inconclusive or uninterpretable; or the results from several evidentiary items are consistent or 

inconsistent with originating from a common source.  

 

From start to finish, the analysis process requires large amounts of time, resources and human input 

that are not always available. The typical workflow shown in Figure 1.1 demonstrates that a 

minimum of 10 hours is required from start to finish. An increasing demand for DNA evidence and 

a push for fast results have created a bottleneck in the workflow at many laboratories [1]. The 

introduction of automated and robotic platforms designed to cope with a high throughput of samples 

has helped deal with capacity and backlog issues. The demand for DNA processing comes from two 

main areas: increased collection of DNA evidence in criminal cases, and increased collection of 

DNA samples from convicted or arrested individuals [2]. DNA evidence can easily be seen as a 

panacea by investigating authorities leading to the submission of multiple samples from a scene to 

the laboratory. Despite the adoption of automation in the laboratory, the problem still remains that 

the demand for DNA analysis is increasing faster than most labs can handle. There is also a public 

perception, known as the ‘CSI effect’, that DNA evidence always provides informative results and 
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is therefore expected for every sample. To push through the bottleneck, a balance between 

prioritising and pre-screening DNA casework samples for submission versus the efficiency and 

capacity of the laboratory to deal with the input needs to be an ongoing focus.  
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Figure 1.1 – The standard process for DNA analysis showing the time taken for each step. Typically an extraction process from blood or a buccal swab 

takes two hours to complete; quantification by real-time PCR takes a further two hours; amplification of STR loci a further three hours; separation on 

capillaries an hour per 16 samples; and finally data analysis. The total time is no less than ten hours in total. In certain circumstances, the need and 

advantages of obtaining DNA results quicker has lead to the development of rapid DNA instruments by biotechnology companies. The entire process 

can be completed in as little as 90 minutes, however the technology is considered to be in early stages and has not yet been widely adopted [3, 4].
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1.1.1 Extraction Process 

1.1.1.1 Importance of DNA extraction 

In order to maintain optimal conditions for the downstream processes of DNA analysis, the 

extraction process is necessary to purify DNA from biological material and remove PCR inhibitors, 

such as haemoglobin, that would otherwise cause the amplification reaction to fail [5]. Multiplex 

PCR systems are very sensitive and rely on the correct balance of buffer constituents and reagents 

in order to amplify DNA successfully. The buffer is typically made up of Tris-HCl (pH 8.3), 

MgCl2, primers, DNA polymerase, dNTPs, and DNA template at optimal concentrations; other 

reagents such as BSA and DMSO may also be added to help stabilise the reaction [5-10].  Inhibitors 

can affect PCR by interacting with the DNA, interfering with the enzyme itself, reducing the 

availability of cofactors or by affecting the ability of the cofactors to interact with the enzyme [11]. 

Depending on the type of forensic sample, specific collection techniques are implemented to avoid 

the unnecessary collection of inhibitors. DNA clean-up systems are marketed for this purpose, 

however this adds additional time to the overall process and contributes to the possibility of DNA 

loss and extraneous DNA contamination.  

 

There are several methods of extraction that can be employed for minimising the transfer of 

inhibitors. The three most common DNA extraction techniques used in forensic laboratories, 

outlined in Figure 1.2, are: organic extraction, Chelex® extraction, and solid phase extraction. The 

choice of which extraction method to use varies greatly depending on the difficulties associated 

with extracting DNA from a particular substrate or sample type. The substrate type is known to 

affect DNA transfer and subsequently the efficiency of the DNA extraction method [12], with more 

difficult substrate types, such as bone, requiring further research, validation, and optimisation [10, 

13-16]. The extraction method itself has also been identified as a factor of DNA yield variation [17-

22], highlighting the importance for a laboratory to understand the limitations of different extraction 

methods. There are several studies that compare extraction method efficiency when focused on a 

certain substrate or sample type; this is accomplished using varying volumes of whole blood or 

saliva, and comparing the quantity of DNA obtained [21, 23]. These methods of comparison 

typically rely on the amount of DNA in whole blood or saliva to be directly proportional to its 

volume and does not factor in possible variance caused by the presence of cell-free DNA [24, 25]. 

For the most part though, a full DNA profile can be obtained from a sample typically submitted for 

forensic analysis; but as the demand for DNA testing increases, so does the testing of trace DNA 

samples. The efficiency of the extraction method for degraded or trace DNA samples needs to be 

high in order to avoid interpretation issues at the analysis stage, which may lead to disputes in a 

courtroom [19, 26].  
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The amount of purified DNA obtained from the DNA extraction step can vary greatly depending on 

the method used and the substrate that the DNA is deposited on, opening up the process to errors 

that could affect the overall profile quality [12]. Extractions are susceptible to exogenous DNA 

contamination or sample-to-sample contamination due to multiple tube changes and the extensive 

handling involved. This issue is amplified when dealing with samples containing minute traces of 

DNA, typically less than 1 ng [12, 27-29]. Multiple tube changes are often required for the removal 

of inhibitors via wash steps, but can also cause the loss of DNA due to tube binding, or simply by 

being discarded with the supernatant [24, 25]. Published studies on comparison methods and in-

house validation processes have led to the common knowledge within the forensic science field that 

a lot of DNA can be lost to the extraction process [18, 22, 30-33]. To combat these issues and adapt 

to a forensic science workflow, commercial kits are evolving to include fewer steps to reduce time 

taken, lower contamination risk and incorporate low-DNA binding plastic-ware, with laboratories 

also implementing automated extraction methods to help reduce the risk of contamination and to 

better cope with the increased work demand [34-40].   

 

FTA™ paper (Whatman) is a medium for DNA storage, which can be extracted by using a number 

of methods. It is utilised by biotechnology companies, with reference kits manufactured specifically 

for use with direct PCR and FTA™ punches, such as GlobalFiler® Express, to reduce the steps 

involved in the analysis process and decrease the overall time of analysis [41-43]. The paper is 

cellulose-based and contains chemicals to protect the DNA from degradation, developed by Leigh 

Burgoyne at Flinders University in Australia [44]. This enables DNA to be stored at room 

temperature for several years. The DNA in body fluids such as blood or saliva can be stored on the 

paper by pipetting or swab transferring to the circular area outlined on the paper. The cells begin to 

lyse once transferred to the paper and DNA is fixed within the matrix. Once dry, a small section of 

paper is punched out and transferred to a tube for extraction. Solvents, such as iso-propanol, can be 

used to remove haem and other inhibitors present on the paper. After cleaning, the paper punch is 

transferred directly to the PCR tube for amplification.  

 

The FTA procedure provides long term stable storage at room temperature with consistent results 

[45]. Although the process may be automated for faster results and multi-sample processing [46, 

47], automation using FTA card has not gained traction due to the effects of static electricity.  The 

small, dry paper discs have a tendency to ‘jump’ from their tubes or wells, possibly into other 

sample tubes causing contamination, or lost to other surfaces resulting in loss of information [48]. 

FTA™ has remained a popular medium for the storage of samples due to its preservation 
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capabilities, particular in the collection of crime scene evidence or storage of reference DNA that 

may need further sampling [49-52]. 

 

 
Figure 1.2 – Overview of the three most common extraction techniques.  
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1.1.1.2 Organic or phenol-chloroform extraction 

Organic extraction is ideal for high recovery of DNA from samples, however the process is lengthy 

and involves the use of hazardous chemicals [10, 13]. Initially, SDS and proteinase K are added to 

break open the cell membrane, nuclear envelope and the proteins that encase the DNA molecules 

such as the histones. This is followed by the addition of a phenol/chloroform mixture to separate 

these proteins from the DNA molecules. This is based on the solubility of proteins into phenol 

under these conditions while the DNA remains soluble in the extraction buffer. Centrifugation then 

separates the aqueous phase containing double-stranded DNA from the dense organic phase 

containing cellular and protein debris, allowing for collection and transference of the DNA to a 

separate tube. The protocol is often repeated several times to increase the concentration and purity 

of the DNA yielded. Although the process is difficult to automate and requires numerous tube 

changes, the process does provide relatively pure DNA, depending on how it is initially collected.  

 

1.1.1.3 Chelating resin – Chelex® 

Chelex® 100 (Bio-Rad Laboratories) is more rapid than organic extraction as it involves fewer 

steps, and therefore fewer chances for exogenous contamination. It is also safer, simpler and overall 

reduces laboratory costs. It produces single stranded DNA and therefore is only suitable for PCR 

related analysis. A chelating-resin suspension is added directly to the sample, typically creating a 

5% Chelex® suspension. It is composed of styrene divinylbenzene copolymers containing paired 

iminodiacetate ions that act as chelating groups in binding polyvalent metal ions such as magnesium 

[48, 53, 54]. This attracts and binds magnesium (Mg2+), calcium (Ca2+) and iron (Fe2+) in the 

sample so that the molecules cannot activate nucleases that destroy DNA (Mg2+ is the DNAase co-

factor and hence an inhibitor if not removed). This protects the DNA molecules within the sample. 

Once Chelex® resin has been added to the sample, it is boiled for several minutes to break open the 

cell membranes to release the single-stranded DNA. Spinning the sample in a centrifuge will move 

all Chelex® resin, cellular and protein debris to the bottom of the tube allowing for the supernatant 

containing the DNA to be removed easily. Chelex®, however, tends to be more sensitive to 

inhibition from certain sample types as only 2+ ions are removed, hence other cell content that is 

able to co-extract with the DNA remains. This therefore affects the downstream processes and STR 

results, showing it to perform particularly poorly with degraded DNA samples [22, 32]. There is no 

purification step in this method to remove inhibitors or contaminants; wash steps may be 

implemented to assist in removing some inhibitors such as haem from blood, but additional tube 

changes may cause loss of DNA. Chelex® is a predominantly manual method, but can be modified 

and partially automated to assist with processing time and reduction of contamination risks [55].  



 10 

1.1.1.4 Solid-phase silica 

Solid-phase extraction is available in many formats of commercially manufactured kits. The process 

involves separating compounds, either dissolved or suspended in liquid, based on their physical or 

chemical properties. They are often the preferred method of extraction due to ease of use, high 

DNA yields, ability to be automated, removal of inhibitors and they do not use hazardous chemicals 

[23, 40, 56, 57]. Two companies Qiagen Inc. and Promega Corporation produce the most 

commonly used solid-phase extraction kits in forensic science, utilising spin columns, silica bead 

and magnetic bead technology.  

 

The Qiagen QIAamp® spin columns use small glass beads to selectively absorb nucleic acids. In 

the presence of high concentrations of chaotropic salt, hydrogen-bonding networks in the water will 

be disrupted, causing denatured proteins and nucleic acids to be more thermodynamically stable 

than their non-denatured form [48, 58-61]. Multiple buffer washes contribute to the removal of 

DNA degrading cations, such as Mg2+, as well as other impurities and inhibitors, leaving 

approximately 95 % of the DNA to be bound by charge to the silica membrane in the column when 

pH is less than 7.5 [48]. To release the DNA from the silica beads in the membrane, an alkaline 

elution buffer is used to reverse the binding.  

 

The DNA IQ™ System (Promega) is a semi-solid-phase extraction method, employing the same 

wash, DNA binding and elution steps as Qiagen kits, but use silica-coated magnetic resin instead of 

beads [40, 62]. This approach allows the extraction to be performed in a single tube, reducing DNA 

loss, as DNA can bind to the surface of tubes each time a new one is used.  Like the Qiagen method, 

DNA will bind reversibly (to the magnetic resin) when the pH is less than 7.5. A magnet is used to 

separate the resin from solution by drawing the resin to the side of the tube allowing for the easy 

removal of the solution containing impurities and cell debris. The resin is washed repeatedly to 

ensure the efficient removal of inhibitors. To release the DNA from the resin it is heated for several 

minutes. This one-tube-method is a major benefit as it is fast and simple, making it ideal for 

automation within forensic laboratories, enabling fast processing of large sample numbers. 

Although solid-phase silica extraction methods produce higher purity DNA extracts than Chelex® 

extraction, the commercial kits are expensive and not very efficient at binding DNA, resulting in a 

high loss of template DNA [23, 30]. 
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1.1.2 Quantification of DNA 

1.1.2.1 Why quantify? 

DNA quantification determines how much DNA is present in an extract. This information is 

valuable and necessary in order to optimise downstream processes such as PCR and profile 

analysis. For example, commercially produced human DNA profiling kits are optimised for initial 

DNA starting templates typically between 0.5 – 2.5 ng of DNA at the PCR stage. The original 

profiling kits such as SGM® and Profiler® required 2 ng of input DNA, this reduced to 1 ng for 

SGM Plus® and now to 0.5 ng for newer kits as buffer constituents and polymerases become more 

robust, thus increasing the sensitivity. Info Box 1.1 shows how human genomic DNA quantities are 

calculated. Quantification allows for the optimal amount of DNA to be used; when too little or too 

much DNA is added to sensitive reactions, adverse outcomes may arise. Too much DNA can result 

in incomplete adenylation (split-peaks), off-scale peaks, and locus-locus imbalance [48] as well as 

excessive background noise created by too much DNA fluorescence (detected during capillary 

electrophoresis) making profile analysis very difficult. Too little DNA can also cause locus-locus 

imbalance, as well as stochastic amplification where heterozygous alleles amplify unbalanced or not 

at all, resulting in ‘drop-out’ of an allele [63-66]. Drop-out typically occurs with larger DNA 

fragments and can cause heterozygous loci to appear as homozygous. To reduce stochastic events, 

several methods have been developed for DNA quantification, with a focus on human-specific 

methods in forensic science [67]. Human-specific methods are important for forensic science 

applications, as mentioned previously, the initial starting template for optimised reactions in human 

identification is quite narrow. Each method for DNA quantification continues to evolve to meet the 

needs of the forensic laboratory: simplicity, speed, cost, accuracy, automation and adaptability. 

Comparison studies of quantification methods have also highlighted the need for international [68] 

standard methods and standard reference materials to minimise variation between laboratories, and 

identify the best protocols for each sample type [69, 70]. 
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Info. Box 1.1 

Important values for 

calculating DNA 

quantities, adapted 

from Butler [48]. 

 
 

  

Calculation of DNA quantities in human genomic DNA: 
 
1 bp = 618 g/mol 
 A = 313 g/mol; T = 304 g/mol;  A-T base pairs = 617 g/mol 
 G = 329 g/mol; C = 289 g/mol; G-C base pairs = 618 g/mol 
 
1 genome copy = ~3 x 109 bp = 23 chromosomes (one member of each pair) 
 
1 mole = 6.02 x 1023 molecules 
 
1 genome copy = (~ 3 x 109 bp) x (618 g/mol/bp) = 1.85 x 1012 g/mol 
  = (1.85 x 1012 g/mol) x (1 mole/6.02 x 1023 molecules) 
  = 3.08 x 10-12 g = 3.08 pg in a haploid cell 
 
∴ a human diploid cell, containing two copies of each chromosome will contain 
~ 6 pg of genomic DNA 
 
Human DNA kits optimised for ~ 1 ng of genomic DNA (1000 pg)  
  = ~333 copies of each locus 
  (2 per 167 diploid cells) 
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1.1.2.2 Slot Blot 

Slot blot utilises a 40 base pair (bp) probe that binds to locus D17Z1 in humans and higher 

primates, showing a high degree of species specificity [67, 71]. Once extracted and denatured, the 

single-stranded DNA is bound to a positively charged nylon membrane. The probe is then applied 

and hybridises with the DNA. The hybridised complex can be detected using chemiluminescent or 

colorimetric signal intensities where the unknown samples are compared to a set of standards of 

known concentrations. The amount of DNA is estimated based on these comparisons.  

Chemiluminescence is more sensitive as the reaction causes the release of protons that are captured 

on a CCD camera and can detect down to 10-40 pg of DNA [72]. The commercially produced kit 

QuantiBlot® Human DNA, developed by Applied Biosystems, was short lived due to the 

worldwide adoption of more sensitive, faster and efficient methods, and was discontinued in 2007. 

A large amount of extracted DNA may be lost due to the set-up of this method, as the slot blot plate 

apparatus requires a minimum working volume. This is not ideal for forensic science purposes 

where limited extracted DNA is available, or if the extracted DNA is required for further 

independent testing. The method of measurement is also highly subjective as the intensity of spots 

for unknown samples compared to the calibration standards are estimated, with unknown samples 

often falling between two calibration spots. Negative controls often gave full DNA profiles, as the 

apparatus used is more open to cross-contamination than other methods.  

 

1.1.2.3 Spectrophotometry & Fluorometry  

UV spectrophotometry can quantify DNA by measuring the absorbance of a sample at 260 nm 

without the use of standard curves, detecting concentrations down to 2.5 ng/μL. Although this 

method is relatively fast, the limit of detection is not sensitive enough for most forensic purposes. 

Fluorescence tagging methods have become more popular in forensic science as the use of 

intercalating dyes is more sensitive than UV spectrophotometry. Intercalating dyes will bind to 

DNA and then fluoresce when excited. The measured fluorescence is compared to a standard curve 

and can detect DNA concentrations as low as 100 pg/μL. Intercalating dyes and UV 

spectrophotometry methods quantify the total DNA in a sample and are not human specific. The 

sensitivity and effectiveness of the dyes can also vary greatly depending on the dye used [73, 74]. 

For example ethidium bromide and PicoGreen both selectively bind to dsDNA, however PicoGreen 

is safer, more sensitive and has a substantially higher fluorescence than ethidium bromide [74]. The 

development of the Qubit® Fluorometer (Life Technologies), seen in Figure 1.3, has enabled the 

fast and accurate measurement of DNA, RNA and protein in the laboratory. The benefits of this 

small bench-top device include a small sample input, as low as 1 μL, with a total set-up and run 
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time being as fast as just a few minutes. The disadvantage for forensic samples is that it is not 

human-specific as all DNA is detected. 

 

 
Figure 1.3 – A bench top UV spectrophotometer (left) and a newer style Qubit® 2.0 Fluorometer 

(right). 

 

1.1.2.4 Real-time PCR 

Real-time PCR or quantitative PCR (qPCR) is a fluorogenic method that measures the total amount 

of amplifiable genomic DNA. There are two variations of this technique used in forensic science. 

The first is the measurement of Taq polymerase activity using an intercalating fluorescent dye, such 

as SYBR® Green or ethidium bromide, to bind to double-stranded DNA [75]. The second is to 

measure the 5-nuclease activity of the Taq polymerase, such as TaqMan®, to cleave a target-

specific fluorescent probe [76]. In both instances, the fluorescence is measured as it accumulates 

with each PCR cycle and compared against a standard curve with known concentrations (Figure 

1.4). Human-specific regions can also be targeted during this PCR process, most commonly multi-

copy Alu sequences, which appears up to one million times throughout the human genome [77, 78]. 

Companies such as Applied Biosystems and Promega have developed numerous commercial kits 

providing efficient, accurate and species-specific quantification [77]. This method is typically the 

preferred method for forensic samples as it can be automated allowing for high throughput 
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processing, adapted to simultaneously perform different qualitative analysis such as sex 

determination, mtDNA degradation, and cross species quantitation, detects low levels of DNA, and 

is human-specific [79-81].  

 

 

Figure 1.4 – Amplification curves obtained from serial dilutions of target DNA using real-time 

PCR. Figure source: http://www.etsu.edu/com/mbcf/Services/pictures/pcr1.gif 
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1.1.3 Capillary Electrophoresis 

The final experimental step of the analysis process is the separation of the PCR products to obtain a 

DNA profile. Human identification kits target multiple STR fragments that need to be separated 

from each other to a one base pair resolution, such as TH01 alleles 9.3 and 10, so that individual 

alleles can be distinguished from one another. To ensure reproducibility between laboratories 

worldwide, advanced genetic analysers that utilise CE methods are used, offering high resolution 

and accuracy [82-84].   

 

The capillaries are made of a thin fused silica (glass), with an inner diameter ranging from 50 – 100 

μm and a length of 25 – 75 cm, capable of holding a sieving polymer. The properties of the 

capillaries allow for greater heat dispersion thus enabling higher electric fields, resulting in faster 

separation [85].  The polymer contains a high concentration of urea to maintain an environment 

within the capillary that will keep DNA molecules denatured, allowing the fragments to move 

consistently through the polymer matrix, as the mobility of the DNA fragments can be affected by 

its conformation [86, 87]. Prior to injection, PCR samples are diluted in deionized formamide with 

an internal size standard, and heated to 95 °C to ensure the DNA molecules are single stranded. 

Pores within the polymer matrix aid in the size-based separation of the PCR fragments; smaller 

fragments can move more freely between the pores and elute faster than the larger fragments that 

become entangled within the matrix [88, 89]. The PCR fragments, comprising of DNA, are pulled 

through the capillaries and polymer matrix using an electric current. As the phosphate groups on the 

DNA backbone are negatively charged, the DNA fragments can be separated over the length of the 

capillary using an electric current flowing from the cathode to the positively charged anode [88]. A 

detection window is located on the capillary just prior to the anode, where individual fluorescently 

labelled DNA fragments are detected by laser-induced fluorescence. Fluorescent dyes used in STR 

DNA labelling emit light ranging from 400 – 600 nm, in the visible region of the spectrum, 

allowing them to be distinguished from one another based on their specific emission wavelength. 

The maximum fluorescence of each dye passes through a diffraction grating and is captured by a 

CCD camera [48]. Raw data of the measured fluorescence signal are obtained and compared to 

spectral matrix calibrations for each dye signal. GeneMapper® analysis software automatically 

analyses the data, revealing a DNA chromatogram.  

 
Major benefits of CE methods over slab gel methods includes the overall reduced time in the set-up 

of the instrument, sample preparation and separation, all of which can now be fully automated [90]. 

Reproducibility, resolution, cross-contamination and sample consumption are also greatly improved 

in the CE system. 
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1.1.3.1 Genetic analysers 

The most commonly used CE systems in forensic science are manufactured by Applied Biosystems/ 

Life Technologies. The first system developed, the ABI Prism® 310 Genetic Analyser, consisted of 

a single capillary able to process one sample at a time. To assist with the high workflow of forensic 

samples, CE systems have evolved to include more capillaries per array. The ABI Prism® 3100-

Avant and 3130 house a 4 capillary array, increasing to 8 capillaries in the 3500, and further 

increasing to 16 capillaries per array in the 3100 and 3130xl series. The 16 capillary array systems 

are the most commonly used due to the speed of processing samples (approximately 45 minutes), 

low contamination issues, and greatest precision and sizing accuracy when compared to other CE 

systems [91]. 

 

Human DNA identifying kits continue to evolve by increasing the number of loci targeted. It is 

important that the range of loci does not overlap in size with others; using multiple dyes in the 

multiplex assures there is no overlap (Figure 1.5). CE systems typically consist of 4 or 5-dye 

technology, where one dye is reserved as a size standard, and the remaining dyes are used to label 

the STR fragments. GlobalFiler® is the latest kit by Life Technologies, incorporating 6-dye, 24-

locus technology offering reduced amplification time with the highest discrimination power 

available. With this increase in dyes, a new CE system has been developed, the 3500 Genetic 

Analyser, to accommodate the 6-dye technology.  

 

 
Figure 1.5 – Loci and dye arrangement for the AmpFlSTR® NGM SElect™ (Life Technologies) 

human identification STR kit. Four dyes (blue, green, yellow, and red) are attached to primers for 

DNA STR amplification; the fifth dye (orange) is used as an internal sizing standard during CE. 

Circled locus indicates the additional locus between the NGM™ kit and NGM SElect™ kit.  
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As the demand for DNA sampling and rapid analysis continues to increase, the CE systems 

continue to evolve. Portable CE units developed on microchips, known as microfluidic devices, are 

being manufactured that can be used on-site at an investigation [92-95]. These units process the 

sample from DNA extraction through to STR or SNP analysis, giving results in as little as 90 

minutes, thus speeding up the analysis process dramatically [96, 97]. These instruments are 

generally considered to be in the early stages of development, and have not been widely adopted 

yet.  

 

1.1.3.2 RFU measurements 

RFU are the recorded electric signals detected using software when the fluorophore attached to the 

DNA fragment is excited during CE. The fluorophore will absorb the laser energy and emit light at 

a particular wavelength. The spectral overlap of the dye sets used, as observed in Figure 1.5, is 

accounted for using statistical software and a preinstalled mathematical matrix that subtracts the 

contribution of all other dyes within a single dye measurement [48]. This ensures the results 

observed are from an individual dye colour and not a mixture of the spectral overlap. The stronger 

the signal, the brighter the fluorescence of that dye will be and a greater RFU value will be 

recorded. The RFU measurement is not an SI unit, but developed by ABI for use with their systems. 

 

RFU thresholds for forensic DNA analysis are essential to maximise the detection of alleles, and to 

maintain universal standards for analysis methods. However, these standards may vary between 

each lab from 25 – 200 RFU, depending on whether the peaks are heterozygous or homozygous, 

and the method of threshold determination used [98]. Many laboratories are moving to continuous 

models for DNA interpretation and use +3 SD above the baseline to determine the stochastic RFU 

threshold [99-102]. The thresholds are most commonly determined by analysing the signal-to-noise 

ratio of blank signals after processing. The baseline noise begins to increase substantially with 

higher levels of DNA, causing a bleed through of the overlapping spectral colours, known as ‘pull-

up’ [48, 98]. Excessive pull-up may also cause peaks to present themselves as off-ladder.  Each kit 

identifies an optimal amount of template DNA in order to avoid these issues. 
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1.1.4 Profile Analysis 

Once the data have been collected and processed by the relevant software, the resulting DNA 

profile is ready for analysis. The analysis can be affected by numerous factors, including the 

analysis strategy used, the nature of the DNA profile (mixed or single source), bias, and the 

experience of the DNA analyst [103]. Software such as FaSTR DNA offers automation of the DNA 

profile analysis step to increase consistency and save analysis time [104]. Statistical and continuous 

models, including mixture interpretation software, have been developed as a way to unify the 

analysis process as much as possible, and reduce variation [98, 100, 102, 105]. The factors affecting 

analysis therefore affect the resulting match probabilities and likelihood ratios. This leads to a 

concern of possibly over or understating the evidential impact of a match, particularly where 

kinship or mixed profiles are involved [106], having significant consequences within a courtroom 

[103, 107-109]. Due to the impact of different DNA interpretation methods there has been a push 

within the forensic science community for standardisation, with a shift from threshold-based 

interpretation towards continuous interpretation strategies [110].  

 

1.1.4.1 Standards 

The quality assurance standards for all types of forensic DNA analysis in the USA are governed by 

SWGDAM. SWGDAM are a group of forensic scientists that represent international, federal, state 

and local forensic DNA laboratories. They provide guidelines and documents for the direction and 

guidance within the community for forensic casework analysis, covering areas of nuclear DNA, 

mitochondrial DNA, population genetics, statistics, STRs and Y-STRs, as well as the identification 

and application of threshold for allele detection and interpretation, appropriate statistical approaches 

to interpretation of autosomal STRs and mixture interpretation. The group meet twice a year to 

review standard operating procedures, recommend research to be conducted or methods to be 

validated, and encourage laboratories to review their procedures based on the findings. In addition, 

any laboratory that analyses DNA samples for forensic casework purposes is required by the 

Quality Assurance Standards for Forensic DNA Testing Laboratories to establish and follow 

documented procedures for the interpretation of DNA typing results and reporting [111, 112]. The 

procedures are based upon validated studies, scientific literature and experience. Similarly to 

SWGDAM, commissions presented by the ISFG are followed by many laboratories outside of the 

USA [113]. 

 

The guidelines continue to evolve as new technologies emerge; however until recently (October 

2014), the guidelines have not extensively addressed the validation, standardisation and 

interpretation of analytical results from enhanced low template DNA techniques [114]. This is 
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because the technology is still relatively new, with varying methods, making the overall 

interpretation of DNA typing results for human identification purposes particularly difficult when 

low-level DNA samples are involved, thus requiring professional judgement and expertise [66, 105, 

115-120]. 

 

1.1.4.2 Contamination 

SWGDAM and the ISFG also provide guidelines for precautions against contamination, as many 

studies have shown contamination to arise from various stages within the analysis process [111, 

121-125]. For the most part, contamination can be avoided or greatly reduced by following the 

appropriate protocols and procedures and can be more easily identified with the aid of staff 

elimination databases, isolated laboratory sampling areas, negative controls and regular testing of 

lab ware and supplies [48, 126, 127]. As mentioned previously, trace DNA samples pose their own 

set of difficulties with interpretation and analysis. As the technology implemented in trace DNA 

work involves more sensitive testing, contamination is more likely to be seen and possibly go 

undetected, and thus compound the difficulties of the analysis process [127-129]. The impact of 

contamination has obvious serious ramifications when it comes to criminal investigations and 

prosecution [125, 127].  
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1.2 DNA Technology 

The value of DNA evidence in a forensic investigation has increased momentously since DNA 

fingerprinting was first described [130], a major scientific breakthrough that allows a unique DNA 

profile of an individual to be recorded. The continued collaboration around the world towards DNA 

databases has enabled strong statistical weighting to be applied when comparing DNA samples, 

often making DNA the strongest link of evidence in a criminal investigation. Each one of our cells 

contains DNA within the nucleus and DNA within the mitochondria, except for mature red blood 

cells that lack a nuclear component. Investigations involving biological cellular material will utilise 

a set of validated protocols and steps to retrieve and analyse the important DNA information within. 

This DNA may be present in body fluids such as saliva, blood (white blood cells), or semen, or may 

be retrieved from other sources such as hair, fingernails, teeth, tissue or fingerprints.  

 

1.2.1 Short Tandem Repeat Typing 

STR markers or microsatellites are repeated DNA sequences found on a genome, typically 

consisting of a two – six bp motif. In forensic science, STR technology evaluates specific locations 

(loci) on the nuclear DNA. These areas are variable in nature (polymorphic), increasing the 

discrimination value between profiles of unrelated individuals [64, 65, 131-134]. The first basic 

multiplex, ‘the quad’, was developed in the UK by the Forensic Science Service (FSS) in 1994, 

followed quickly by the ‘six-plex’ Second Generation Multiplex system in 1995 and was used to 

create the world’s first national database [135]. By 1997, the FBI has established a set of 13 core 

STR loci to serve as the standard for CODIS  (most of which, if not all, are incorporated into 

currently used commercial human identification kits) [136, 137]. The aim of the core set is to ensure 

uniform standards and DNA database systems across the forensic science community, as well as 

sharing valuable forensic information.  

 

STR human identification kits are capable of generating results from very small amounts of DNA 

across an increasing number of loci. The loci fragment lengths range from 100 – 450 bps. When 

DNA is exposed to nature’s elements, arising in certain forensic situations such as DVI, degradation 

can occur due to bacterial, biochemical or oxidative processes [138, 139]. When degraded DNA is 

amplified, it is common to see dropout of the larger fragments as well as peak-imbalance [140, 

141]. This is generally caused by the presence of PCR inhibitors, and DNA fragmentation that has 

occurred prior to amplification making full amplification incredibly difficult. To combat this issue, 

amplification primers are placed as close as possible to the core STR repeat to create ‘mini-STR’ 

systems that amplify smaller PCR fragments ranging from 50 – 250 bp in length [138, 142-145]. 

Many of the mini-STRs identified are linked to the CODIS system, enabling use of the same 
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databases [138]. However, a number of studies have also shown the successful analysis of degraded 

DNA using mini-STRs unlinked from the CODIS markers [142, 144, 146], enabling further 

assistance in the forensic analysis of difficult DNA samples. Human STR identification systems 

continue to evolve to include a greater number of loci, as well as smaller and more stable loci in 

order to adapt to the difficulties faced in forensic investigations, such as GlobalFiler® incorporating 

ten mini-STRs (Figure 1.6).  

 
Figure 1.6 – Loci and dye arrangement for the GlobalFiler® (Life Technologies) human 

identification STR kit. The kit is the first to incorporate 6-Dye technology as well as ten mini-STR 

loci to reduce the amplification time, maximise results from degraded samples, and increase 

discrimination power.  

 

1.2.2 Y-STRs  

STR markers have also been identified on the Y-chromosome for forensic application, known as Y-

STR markers. Y-STRs are lineage markers that are passed unchanged (except for mutation events) 

through the paternal line. As lineage markers remained unchanged through each generation, they 

are not as effective in differentiating between two individuals. However, Y-STR markers have 

proven to be a valuable tool in routine forensic investigations for various applications [147, 148]. 

Studies involving population lineage and human migration have enabled researchers to differentiate 

between male individuals of different paternal lineages [149-152]. As Y-STR markers target the 

male DNA component only of sample, they can be applied to forensic cases such as: deficiency 

paternity testing [153, 154]; sexual assaults where the female DNA component of a mixed 
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biological sample greatly outweighs the male DNA component or where there may be multiple 

male contributors [155-157]; and missing person or DVI investigations [148, 158]. The number of 

Y-STR markers used in multiplex systems has continued to increase [155, 159-161] but they are 

still unable to distinguish between related male individuals from the same paternal line. Due to this 

demand, Y-STR technology has progressed into the research of rapidly mutating Y-STRs (RM Y-

STRs) to enable related individuals to be distinguished from each other [162-167]. 

 
1.2.3 Mitochondrial DNA 

mtDNA is also a lineage marker that is passed unchanged each generation, through the maternal 

line. Autosomal STR analysis types the two copies (one paternal and one maternal) of linear nuclear 

DNA found in each cell, whereas mtDNA analysis types the 100 – 10,000 copies of circular DNA 

found in the mitochondria of each cell. The circular nature and number of copies of mtDNA means 

it is robust in nature, lacks recombination and is more resistant to complete sample degradation, 

making sequence analysis of the mtDNA hypervariable regions ideal where samples are so badly 

degraded that nuclear STR analysis is not possible [168-173].  

 

Similarly to Y-STRs, the mode of inheritance means mtDNA analysis is less discriminating than 

nuclear STR analysis for identification purposes. However, this type of analysis still offers great 

information via inclusion or exclusion of individuals in forensic investigations, such as DVI 

scenarios, missing persons, and identifying human remains from highly degraded DNA samples 

such as hair, bone and teeth [174-178].  

 

Mitochondrial analysis has several areas of limitations and important issues to consider when 

evaluating the results, such as: nomenclature inconsistences and the subsequent effect on reference 

population databases [179-181]; heteroplasmy [182-185]; paternal leakage and recombination [186-

189]; and interpretation [190-192]. mtDNA testing is also a time-consuming process, more labour 

intensive than STR typing, not as routine or as automated in the forensic analysis process. It is 

recommended that laboratories undertaking mtDNA testing should have dedicated spaces, 

instruments, chemistry and lab wear, only tolerate low levels of contamination and be involved in 

regular proficiency testing programs [191]. For these reasons as well as cost, time management and 

resources, not all laboratories may be equipped to deal with mtDNA analysis.  

 
1.2.4 Single Nucleotide Polymorphisms 

Forensic DNA scientists often use additional markers, such as SNPs, as the need arises to obtain 

further information about a particular sample [193, 194]. SNP fragment sizes are similar to mini-

STRs, often smaller, and are also ideal for the analysis of highly degraded DNA samples [195]. 
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However, a SNP locus possesses only two possible alleles and therefore SNP panels require a much 

higher number of markers (40 – 60) to deliver a similar discriminating power of commonly used 

STR multiplex kits (13 – 16 loci) [193, 196, 197]. Studies are incorporating more and more SNP 

loci within a multiplex system, even amplifying autosomal and Y-chromosome makers together, to 

offer a high discriminating power to difficult forensic samples [152, 198-202]. SNPs have the added 

benefit of providing inference of the likely physical appearance of individuals such as hair and eye 

colour, as well as ancestry [194, 203-206], thus providing further means to include or exclude 

individuals from an investigation. As SNPs are mostly biallelic, they can be easily genotyped using 

the SNaPshot® Multiplex Kit (Life Technologies). 

 

1.2.5 Low Copy Number & trace evidence 

The term ‘trace DNA’ has many meanings and can be defined as the amount of DNA present, the 

quality of DNA present, DNA detected by low copy number or low template PCR, DNA that cannot 

be attributed to an identifiable body fluid, or the DNA transfer to surfaces of sloughed epidermal 

skin cells through sweat or abrasion [27, 29, 207]. Trace DNA evidence is therefore very wide-

ranging and encompasses all samples that fall below recommended thresholds at any stage of the 

analysis process [27]. As previously stated, Info Box 1.1, the recommended DNA template for 

human identification kits is between 0.5 – 1 ng or ~ 83 – 167 diploid cells, as 1 cell contains 6 pg of 

DNA.  

 

DNA is present within cellular material, but can also be found outside of the cell when cellular 

membranes begin to break down [208]; this is known as extracellular or cell-free DNA. Cell-free 

DNA can also be referred to as trace DNA as it is generally considered to be present in lower 

masses than cellular DNA. Cell-free DNA can be found in blood, saliva, semen and urine [25, 209, 

210] as well as tested forensic samples of vomit, faeces, sweat, and buccal cells [25]. DNA can be 

found on a range of handled objects such as cigarette butts, clothing, nail cleaners, toothbrushes, 

and door handles through direct or indirect transfer, with studies showing that only minimal contact 

is required for skin cells and debris to be transferred to items for successful DNA results to be 

obtained [31, 211-214]. 

 

It has been suggested that cell-free DNA contained in sweat may contribute to the DNA profiles 

obtained from touched or handled items [18, 215]. This was further confirmed in a separate study 

where cell-free DNA was detected in the sweat of 80 % of individuals analysed [24]. In a more 

recent study [25], the suggestion that a substantial proportion of cell-free DNA may be lost to the 

extraction method, discarding potentially important forensic information, was investigated further. 
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This study compared the DNA profiles from the cell pellet and the concentrated supernatant, from 

the extraction process, and found that not all alleles present in one sample were found in the other 

or vice versa [25]. Thus, indicating that DNA information can be lost if the supernatant is discarded 

during extraction.   

 

As STR PCR DNA typing technology continues to become more sensitive due to improved 

extraction processes, enhanced buffer systems, and greater DNA collection techniques, caution 

needs to be demonstrated when handling exhibits and interpreting results from trace DNA evidence, 

as only minimal contact can cause the transference of DNA between objects [211]. Substantial 

DNA transfer between individual and item (primary transfer) occurs during the initial contact [211], 

highlighting the importance of proper care when processing evidence and the risk of external 

contamination. Secondary transfer and contamination of DNA has shown to be low in several 

studies, indicating that although possible it is not likely to occur if proper care is taken when 

processing evidence [26, 29, 66, 213]. The number of factors that affect the presence or transfer of 

trace DNA and the ability to successfully obtain profiles from it are unknown but can include: 

duration of contact, the substrate surface, environmental conditions, time since depository, pressure 

and friction of contact, moisture, and the variation of analysis methods [26, 124, 207, 212, 216]. It 

has also been suggested that the success rate of DNA profiling is dependent on not only the 

characteristics of the DNA contributor (recently washed hands or dominant hand used), but also the 

activities performed by them prior to touching an item [213].  

 

As the science of DNA developed in the late 1990s, a new analysis and interpretation of low 

template DNA was developed by the UK FSS, called LCN. To combat the low success rate of trace 

DNA evidence the PCR amplification was increased from 28 to 34 cycles [66], and is the standard 

for LCN PCR. LCN became a trademarked process marketed to police forces in the UK. Info. Box 

1.2 identifies important cases where LCN was implemented, with Info. Box 1.3 explaining how new 

and novel methodologies is received in a court of law under the Daubert standard (applicable in the 

USA only). As LCN is able to detect lower thresholds of DNA, there is a real concern of incidental 

DNA being detected and secondary transfer therefore becomes more likely. This issue is outlined in 

Figure 1.7, and discussed further in Info. Box 1.2, Reed & Reed v. R [217]. An extensive review of 

LCN analysis has found the process to be a validated method, whilst also identifying advantages 

and limitations associated with the method and recommendations for laboratories wanting to 

implement the technique [218]. 
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Figure 1.7 – A timeline indicating scenarios of DNA transfer pre and post crime event. LCN is 

capable of detecting lower thresholds of DNA, and possibly DNA transferred to items prior to a 

crime event. Informed comment can be made about transfer of DNA originating from certain 

substances such as blood or semen. However, it is much more difficult to provide comment on cell-

free DNA, or low levels of DNA where limited contact may have occurred. Higher amounts of 

DNA present (nanograms) typically reveals greater contact or pressure between item and DNA 

source. The potential to contaminate evidence occurs post crime event. 
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Info. Box 1.2 

Important LCN 

cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

These cases illustrate the highly sensitive nature of the LCN technique. 
 
Sean Hoey v. R 
LCN was used to successfully generate a DNA profile from wires associated with 
a car bomb that killed 29 people and injured 220 others in Omagh, Northern 
Ireland, on 15 August 1998. The LCN profile matched Sean Hoey, a known 
member of the Real IRA. During the trial of Hoey (2007), questions were raised 
as to whether LCN is reproducible. By its very nature, it is not reproducible and 
Mr Justice Weir ruled the prosecution’s evidence did not meet the required 
standard. The judge therefore removed DNA as part of the evidence, leading to the 
exoneration of Hoey. Hoey was later convicted of all murders in a civil trial. 
 
Reed & Reed v. R 
The appellants were convicted in August 2007 of the stabbing murder of Peter 
Hoe, on the basis of an analysis of LCN DNA profiles as well as other evidence. 
Appeals to this case have raised issues with the LCN process, including its lack of 
validation, limited research, absence of protocols, disputes of interpretation and 
the scope of the evaluation. Professor Allan Jamieson, Dr Bruce Budowle, and Dr 
Adrian Linacre, all holding extensive knowledge of LCN, provided the Court 
expert witness statements. The appellants prior to the hearing of the appeals 
abandoned the appeals regarding the reliability of LCN. Following further DNA 
testing by Dr Budowle, it was accepted that the appeal could no longer be pursued 
on the basis of the reliability of the LCN process. It is also worth mentioning that 
there was never a challenge to the fact that the profiles obtained on the knife 
handles matched the profiles of the appellants.  
 
The appeal then shifted to the evidence about transfer of DNA and the various 
explanations that had been given by the prosecution’s expert, arguing that this 
went beyond what was proper for an expert witness. The issue was if evidence 
could be admitted on the possibility of how the DNA came to be on the knife 
handles, and if those possibilities could be evaluated. The Court held that there 
was nothing wrong with the expert giving some evaluation of each of the 
possibilities of the circumstances of transfer and that this was indeed essential. 
However, the Court agreed that the expert witness went too far when she 
expressed the opinion that the appellants were “handling the knives at the time 
when the handles broke”, as this was not based on a reliable scientific basis. See 
Figure 1.7 illustrating the issues with DNA transfer. 
 
Peter Falconio Murder: South Australia 
Peter Falconio was a British tourist who disappeared while travelling with 
girlfriend Joanne Lees, in the South Australian outback during July 2001. 
Falconio’s body has never been found and he is presumed dead. Bradley John 
Murdoch was convicted of his murder in December 2005 after LCN generated a 
DNA profile from the cable ties used around Joanne Lees wrists, that later found 
to match a DNA profile from Murdoch.  
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The Daubert Standard  
A Daubert standard provides a rule of evidence over the validity and admissibility 
of expert testimony conducted before a judge. The opposing counsel may 
challenge the evidence by raising a Daubert motion and the expert is required to 
demonstrate that their methodology and reasoning are scientifically valid and can 
therefore be applied to the facts of the case.  
 
There are three U.S Supreme Court cases that articulated the Daubert standard. 
The phrase originated from the 1993 case Daubert v. Merrell Dow 
Pharmaceuticals. Daubert v. Merrell Dow Pharmaceuticals, Supreme Court held 
that Rule 702 of the Federal Rules of Evidence superseded Frye as the standard, 
incorporating a flexible reliability standard and articulating a new set of criteria 
for the admissibility of scientific expert testimony.  
 
The second case, General Electric Co. v. Joiner, which held the judge may 
exclude expert testimony when there are gaps between the evidence relied on by 
an expert and his conclusion. 
 
The third case, Kumho Tire Co. v. Carmichael, which held the judge’s 
gatekeeping function identified in Daubert applies to all expert testimony, 
including non-scientific. 
 
The Frye standard is also a test to determine the admissibility of scientific 
evidence derived from a new or novel scientific theory or methodology. The test 
stipulates expert opinion based on a scientific technique is admissible only where 
the technique has gained ‘general acceptance’ supported by a body of knowledge 
within the relevant scientific community. The Frye standard is limited in that it is 
essentially a ‘counting heads’ test that does not require the judge to understand the 
new or novel scientific theory or methodology presented to the courts. Although 
Frye and Daubert are not substantially different, Daubert’s key subject is the 
scientific validity, the evidentiary relevance and reliability of the principles that 
underlie a proposed submission, with the focus solely on principles and 
methodology, not on the conclusions they generate. 

 
The Queen v. Bonython 
This case brought to question the qualifications of a witness, Sergeant Daly, to 
express his opinion on handwriting and the identification of signatures, and if his 
opinion is admissible in the Court. The Judge ruled the question regarding 
Sergeant Daly’s expertise, designed to establish that the materials upon which the 
witness formed his opinion were inadequate, related to the weighting of the 
opinion and not to the admissibility of the opinion.  A witness may give evidence 
only as to matters observed by him or her. Opinions are not admissible. The 
exception to this is the opinion of an expert. An expert witness must prove that the 
body of knowledge or experience which is sufficiently organised or recognised to 
be accepted as a reliable body of knowledge or experience are not, or are not 
wholly, within the within the knowledge or experience of ordinary persons. The 
judge must be satisfied that the witness possesses the necessary qualifications, 
whether they are from study, experience or both. In this case, the witness was able 
to satisfy the Judge of his knowledge, and was considered an expert witness.  
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LCN also presents interpretational issues: more extreme heterozygous peak imbalance, increased 

stutter, and increased laboratory based contamination (or allelic drop-in). All samples amplified 

using 34 cycles are processed in duplicates or triplicates, counting the alleles that appear twice, 

creating a consensus profile to assist with profile interpretation (Figure 1.8). Consensus profiles 

however, may also cause important data to be discarded from the final resulting profile if alleles are 

not observed in multiple replicates (Table 1.1). The incidences of increased artefacts in low-level 

DNA samples compromise the quality of the profile. The quality of a DNA profile is typically 

based on the number of loci, in which alleles are present, as well as the height based on relative 

fluorescence units (RFU) value of those alleles. With low levels of template DNA, allele peak 

heights fall and alleles begin to drop-out; making it difficult for an analyst to interpret the results 

especially when there may be more than one DNA contributor to the sample (mixed profile). 

 

 
Figure 1.8 – Understanding the difference between composite and consensus profiles by comparing 

two replicates, R1 and R2. The consensus profile only contains alleles A and B as they appear in 

both replicates, whereas the composite profile contains all alleles (A, B, C and D) observed in both 

replicates. Figure source: Bright [219]. 
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Table 1.1 – A hypothetical example of a replicated sample showing the consensus profile. Observed 

donor alleles may be discarded as unconfirmed and not used as evidence with the consensus method 

(D8, allele 13). Table derived from Cowen [220]. 

 AMEL vWA TH01 D8 FGA D21 
Replicate 1 X 15, 17 6, 9 10, 13 – 28, 31, 32 
Replicate 2 X 14, 15, 17 6 10, 11 20 28, 31 
       
Consensus X, F 15, 17 6, F 10, F F, F 28, 31 
Unconfirmed 
donor alleles 

   13, 11 20  

Drop-in  14 9   32 
       
Donor Profile X, X 15, 17 6, 6 10, 13 20, 23 28, 31 

 

The issues discussed surrounding trace DNA decrease the confidence of the analyst to correctly 

interpret a resulting profile, and why some laboratories are opposed to processing trace evidence. 

The value of trace DNA in an investigation is viewed differently depending on its application. It can 

be highly significant in terms of intelligence applications [131], where partial profiles are typically 

generated, they can aid in the inclusion or exclusions of a suspect. However, the weighting or value 

of trace DNA is viewed to decrease significantly if it is to be relied upon as evidence in a court of 

law [124].  It should also be noted that although analysis errors are rare due to contamination, they 

are possible and can have very serious consequences. For example, six murders were incorrectly 

linked to a hypothesised unknown female serial killer dubbed the “Phantom of Heilbronn” or the 

“Woman Without a Face” after DNA evidence linked crime scenes in Austria, France and Germany 

from 1993 to 2009 [221]. The source of the DNA was eventually found to have already been 

present on the cotton swabs used for collecting DNA samples, contaminated accidentally by a 

woman working at a factory in Bavaria. Human error and sample contamination are the most 

common cause of error rates in relation to the laboratory process [131], and highlights the need to 

investigate all aspects of the analysis process to reduce the number of contaminations and errors 

made.  
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1.3 Direct PCR 

The process of direct PCR enables a DNA profile to be generated from a sample without the use of 

the extraction step, the sample instead is placed directly into the PCR reagents and then amplified. 

In microbiology, this technique is commonly known as ‘colony PCR’, and has been widely used 

since the early 1990s [222-224]. Colonies of bacteria yeast are directly amplified with specific 

primers as a rapid test to determine if the cloning process was successful [225-228]. In forensic 

science, existing standard operating procedures describe the necessity of extraction methods to 

remove potential PCR inhibitors, thus allowing the downstream processes to occur. In regards to 

trace DNA samples, however, where the starting DNA amount may already be incredibly low, the 

potential for DNA to be lost through sample collection and the extraction process can be highly 

detrimental as it could dramatically reduce the likelihood of obtaining a meaningful DNA profile 

[229]. Significant resources are often used to process trace DNA samples, with commonly 

submitted samples such as handled items typically returning the least successful profiles [230]. The 

LCN technique was developed to combat the low success rate of obtaining meaningful data from 

trace DNA samples, but as previously outlined LCN has its own set of disadvantages associated 

with the validation of the technique, as well as the analysis and interpretation of the results.  

 

To use direct PCR with forensic trace DNA samples would mean that the downstream processes are 

open to the effects of inhibition, however, common forensic inhibitors such as haem compounds 

from blood, bile salts and complex polysaccharides, urea, and collagen and certain dyes found in 

clothing, are not commonly present in touch or trace DNA samples [231]. The type of extraction 

method used is also known to play a significant role in the loss of template DNA due to number of 

tube transfers required [30, 31]. Therefore, circumventing the extraction process would save time 

and money by speeding up the processing procedures and potentially increasing the DNA template 

of challenging and difficult samples. It is hypothesised that during direct or colony PCR, the initial 

polymerase activation step (typically 95°C) is hot enough to disrupt the membranes of the cells, 

releasing the DNA into the master mix making it available for amplification [18, 232]. Similarly, 

any cell-free DNA present on the surface of touched samples could also be released into the PCR 

mix during this direct process [31, 215, 232].  

 

Direct PCR was first investigated in forensic science in 2010; swabs, cotton, nylon, polyester and 

denim fabrics that had been in direct contact with a person were amplified directly (placed within 

the PCR mastermix) following manufacturer’s instructions [18]. Complete and partial DNA profiles 

were obtained from these samples without initially extracting the DNA, reducing the processing 

time required by up to two hours. Circumventing the extraction process resulted in no tube changes, 
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thus reducing the chances of DNA contamination from external sources, as well as reducing the 

amount of DNA lost due to tube retention. As more DNA was made available to the amplification 

process, the sensitivity of the test improved without the need to alter the manufacturer’s protocol by 

increasing the number of cycles [18]. The overall improved time and cost reduction, as well as the 

increased sensitivity and results of these difficult trace samples is a positive and promising step 

forward in the forensic science community. These conclusions were further supported by 

comparative studies of direct PCR to traditional DNA extraction methods where direct PCR 

consistently generated higher quality and more complete DNA profiles [232, 233]. The studies 

found that the type of extraction technique used as well as the type of DNA substrate used, directly 

influenced the amount of DNA lost during the collection and amplification steps, subsequently 

affecting the generation of a DNA profile.  
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1.4 Aims of Thesis 

This thesis aims to further investigate the use of direct PCR in forensic casework by exploring a 

wider range of forensic relevant substrates and samples, optimisation and validation of the 

technique, addressing limitations and concluding with implementation recommendations.  

 

Optimisation of direct PCR will include testing different polymerases and PCR buffer constituents, 

to determine the best combination to overcome any potential inhibitors present on the samples. Due 

to the nature and variation of crime scenes and sample types, samples may come into contact with 

inhibitors ranging from components found in whole blood (such as haem) to soils and dirt, dyes 

found in fabrics, or other chemicals (such as house hold cleaners). Surface substrates, such as brick, 

glass, plastic, or fabric type may also affect the efficiency in which DNA is collected, transferred or 

extracted due to their particular characteristics. The efficiency of DNA collection may be further 

inhibited by the method of extraction and concentration used when processing evidence.  

 

To reduce the effects of these variables and maximise the potential of the direct PCR technique, this 

thesis will focus on trace evidence sample types that are known to be difficult in consistently 

producing useable profiles, and samples that also lack potential inhibitors to ensure there is little to 

no processing of the samples prior to amplification.  

 

Chapters of this thesis consist of published articles, short communications or technical notes, 

casework involvement, conference proceedings, or data presented at conferences in the form of 

posters or abstracts, with all remaining data and discussion formatted for submission to scientific 

journals. Chapters also contain manuscripts formatted to an appropriate journal, but are not yet 

ready for submission; these manuscripts may require additional data or research to be collected 

outside of this PhD candidature. An additional two manuscripts are currently under review. Each 

chapter will begin with a short preface to outline the data presented, followed by concluding 

remarks and appropriate appendices.   
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Direct PCR Enhancement 

2.1 Preface 

To identify the capabilities of direct PCR in a forensic setting, different steps of the DNA analysis 

process were investigated further for areas of improvement. Firstly, section 2.2 explores the 

efficacy of DNA extraction methods. As the DNA extraction and isolation step is skipped during 

direct PCR, it is important to determine how this step may impact on the resulting DNA profiles of 

trace evidence samples. The results are also dependant on variables such as sample type, collection 

method and extraction method used. Three common extraction methods were used, keeping other 

variables constant, to determine how much DNA is lost during the process, which method produced 

consistent results, and which method was most suitable for trace evidence samples. Following the 

extraction step, PCR buffer constituents were explored in section 2.3 to identify additives that may 

assist in overcoming PCR inhibition during the direct process. Known PCR enhancers were used in 

varying combinations and concentrations between two commonly used human identification kits, 

with improvements determined by an increase in the quality and number of alleles obtained, as well 

as the intensity or height of the resulting DNA profiles. Section 2.4 applies the preliminary findings 

of extraction kit efficacy and buffer enhancements to a wider range of forensic relevant samples, as 

well as determining the limit of detection for direct PCR methods. To address concerns that may 

arise over the inability to quantify DNA during direct PCR, as the extraction step (and consequently 

quantification step) is skipped, section 2.5 investigates a mathematical-based method to quantify the 

input DNA of samples post amplification. The knowledge obtained throughout these investigations 

enabled the direct PCR technique to be applied to difficult casework samples in section 2.6. Results 

were obtained from a variety of samples where traditional methods had failed to produce DNA 

information.   
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2.2.1 Manuscript prepared as: a letter to the editor, International Journal of Legal 

Medicine. 

 

The efficacy of DNA extraction methods in forensic science 

 

Renée Blackie1, Duncan Taylor2, Adrian Linacre1   

1School of Biological Sciences, Flinders University  
2Forensic Science South Australia, Adelaide  

 

Dear Editor, 

 

In forensic science, the occurrence of trace DNA at crime scenes is common and sometimes may be 

the only evidence available to an investigation. Trace evidence presents its own set of difficulties; 

too little DNA will result in a partial profile, providing reduced significance, or more commonly no 

profile at all. The extraction method is the first step involved in DNA analysis, and is open to 

variation in DNA yield depending on the method used. It is an important step for the isolation and 

purification of DNA as it aims to remove inhibitors permitting downstream processes to work 

effectively. This process typically involves several wash steps and tube changes, each allowing for 

DNA retention to tubes and pipette tips, resulting in the loss of information. Extractions routinely 

work well for certain sample types such as blood, tissue and saliva where a large number of cells 

are typically present. Trace evidence such as single hairs, fibres, or swabs of touch DNA routinely 

fails to produce DNA profiles of significance. This poses great difficulty for investigations as these 

are often found at crime scenes and may be the only physical evidence available. We report on the 

retention and loss of DNA using three commonly used extraction methods in forensic analysis. 

DNA mass was measured prior and post extraction using the Qubit® 2.0 Fluorometer, and 

compared to assess the percentage lost. 

 

Three common extraction methods were tested to determine the average loss of DNA from each: 

QIAamp® DNA Micro Kit (QIAGEN), DNA IQ™ System (Promega) and Chelex®. Previously 

extracted DNA (from buccal swabs using QIAGEN Micro Kit) was quantified on a Qubit® 2.0 

Fluorometer (Invitrogen™) and used as the control in this experiment. Control DNA ranging from 

35 – 39 ng was used as the starting concentration for each extraction. Extractions were performed 

following the manufacturer’s instructions for each kit and were eluted in a final volume of 30 µL 

for the DNA Micro Kit and 100 µL for Promega IQ™ and Chelex®. Chelex® extraction involved 

adding 200 µL of 5 % Chelex® to the DNA in a 1.5 mL tube and incubating at 56 °C for 20 mins 
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with shaking, followed by 100 °C for 8 mins with shaking. Sample was centrifuged at max speed 

(13000 g) for 3 mins. Liquid was removed without disturbing the Chelex® pellet and transferred 

into a new sterile 1.5 mL tube. Extractions were repeated eight times for each method used. Each 

extraction sample was quantified using the Qubit® following manufacturer’s instructions, using 10 

µL from each sample for quantification. The quantification results were compared against the initial 

input DNA to determine percentage lost. 

 

DNA loss ranged from 36.5 % to 96.9 % across all methods, with QIAamp® performing the best 

with the lowest average of 53.4 % DNA loss (Table 1).  Promega IQ™ and Chelex® were highly 

consistent with the results obtained, showing approximately 3 % variation between the highest and 

lowest losses observed. Although the results varied quite significantly for the QIAamp® Micro Kit, 

it still out-performed the other kits with the highest DNA loss obtained (82.6 %) being less than the 

lowest percentages observed for the other two kits (89 % and 94.3 %). These three common 

methods of DNA extraction are very inefficient with their average loss ranging from 53.4 – 95.8 %. 

The currently used extraction methods are not ideal for trace evidence samples where minimal 

initial DNA is present, and methods should be adjusted for trace evidence samples in order improve 

results and reduce time and money wasted on the inefficiency of current methods.  
 

Table 1: DNA lost from standard extraction methods 

DNA Extraction Kit         Starting          Average Final        Average    Lowest/Highest 

        Mass (ng)             Mass (ng)                Percentage Lost (%)              Percentage Observed (%)    

Promega IQ™            36    1.5                            95.8   94.3     / 96.9 

QIAamp® Micro            39    17.1                   53.4   36.5     / 82.6 

Chelex®             35    3                   91.5   89.0     / 92.3 
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2.6 Application 

2.6.1 Case 1 – Seizure of Methamphetamine in South Australia 

March 2013 saw 7.33 kg of pure methamphetamine uncovered by police in one of the state’s 

biggest drug hauls, valued at more than AU $20 million. The drugs were discovered roadside when 

two men were acting suspiciously and drew the attention of police officers. The men were 

interrupted as they were digging up containers filled with the drug, as pictured in Figure 2.1.  

 

 
Figure 2.1 – Several containers were discovered partially buried roadside in South Australia, 

containing a total of 7.33 kg of pure methamphetamine.  

 

Although two suspects were arrested and charged following the find, a drug operation of this scale 

would involve a larger network of individuals. Forensic Science SA (FSSA) were tasked with 

processing the evidence in hopes of obtaining DNA profiles, and other valuable information, to link 

to the apprehended suspects, and possibly other suspects to the crime. Standard procedures were 

unable to provide meaningful DNA information from the evidence sampled. To obtain DNA from 

the evidence would be highly challenging, as many factors would impede the results. Firstly, DNA 

present on the containers pictured would most likely be found in trace amounts in areas such as the 

underside of the tape, particularly the tape ends. DNA present on the outside of the containers 

would be exposed to environmental elements such as bacteria in the soil and varying temperatures 

that contribute to DNA degradation. Lastly, a high percentage of DNA is lost to the extraction 

process, as mentioned previously.  
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South Australian Police were referred to the DNA laboratory at Flinders University by FSSA, due 

to the recent success and promising preliminary results the direct PCR technique had with trace 

DNA samples. A range of evidence samples was selected by Renée Blackie, Jennifer Templeton 

and Adrian Linacre, to be processed using the direct PCR method. Samples included empty 

containers and a range of adhesive tapes – identified on the tapes for further processing included 

several fibres and single hairs. Tapes and containers were also swabbed at various locations, with 

the fibres from the swabs processed directly. A total of 24 samples were processed. 

 

Swab tips were moistened with 2 µL of pre-heated (50°C) Triton® X (Sigma-Aldrich) at 0.1 % 

concentration. Moderate to heavy pressure was used on samples. Swab tip fibres were cut directly 

into pre-labelled 0.2 mL thin walled tubes ready for processing. All samples were amplified using 

AmpFℓSTR® NGM SElect™ kit (Life Technologies, Victoria, Australia) in 0.2 mL thin walled 

tubes following the standard protocol for a 25 µL volume reaction. An additional 1 µL of AmpliTaq 

Gold® DNA polymerase was added to overcome inhibitors that may have been present. 

Amplification conditions followed the manufacturer’s instructions at 29 cycles using a GeneAmp® 

9600 thermal cycler (Life Technologies). PCR products were analysed using an ABI 3130xl 

Genetic Analyser (Life Technologies) and GeneMapper® v3.2. 

 

Alleles were obtained from all 24 samples processed, ranging from 4 – 42 alleles, with 17 samples 

resulting in 10 or more alleles. As expected, due to the sensitivity of the technique, 14 profiles 

contained alleles from two or more contributors (casework item can be observed in Figure 2.2, with 

resulting profiles in Figures 2.3 – 2.7). All data obtained was forwarded to FSSA for further 

analysis.  

 
Figure 2.2 – Case item MG523.B, grey duct tape removed from the lid of a container holding 

methamphetamine. 
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Figure 2.3 – NGM SElect™ kit DNA profile obtained from case item MG523.B using direct PCR from swab fibres at 29 cycles. PCR tube label: j52B.   
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Figure 2.4 – NGM SElect™ kit DNA profile obtained from case item MG523.B using direct PCR from swab fibres at 29 cycles. PCR tube label: k52B.   
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Figure 2.5 – NGM SElect™ kit DNA profile obtained from case item MG523.B using direct PCR from swab fibres at 29 cycles. PCR tube label: l52B.   
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Figure 2.6 – NGM SElect™ kit DNA profile obtained from case item MG523.B using direct PCR from swab fibres at 29 cycles. PCR tube label: r52B.  
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Figure 2.7 – NGM SElect™ kit DNA profile obtained from case item MG523.B using direct PCR from swab fibres at 29 cycles. PCR tube label: t52B. 
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2.7 Concluding Remarks 

The investigation into each step of the DNA analysis process has enabled the direct PCR process to 

be enhanced and optimised to suit forensic relevant samples. The data obtained has identified that 

up to 97 % of DNA is lost to the extraction step depending on the method used. This extreme loss is 

highly detrimental when processing trace DNA samples, indicating a massive downfall in the 

current methods and that most commercial kits are not designed to process such samples. With the 

process circumvented, the DNA is not only retained for amplification, but there is less handling 

involved, decreasing not only time and costs, but risk of contamination. Buffer enhancements such 

as the addition of extra AmpliTaq Gold®, Triton® X, and DMSO has also shown to assist in 

overcoming inhibition, and enabling better DNA collection when using swabs.   
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Supplementary Material 

a. The efficacy of DNA extraction methods in forensic science 

Preliminary data 

Two common buccal swabs, FLOQSwabs™ (COPAN) and Fitzco (Pathtech) were tested 

using the QIAamp® DNA Micro Kit (QIAGEN) following manufacturer’s instructions to 

determine if a particular swab yielded significantly higher DNA concentrations and to 

provide control DNA for further testing. Using the Qubit® 2.0 Fluorometer (Invitrogen™), 

the FLOQSwab™ resulted in 39.45 ng of DNA and the Fitzco swab resulted in 35.25 ng of 

DNA.  

 

Raw data 

Three extraction methods were carried out following manufacturer’s instructions, using 

control DNA obtained in the preliminary testing. Each extraction method was tested for 

eight samples.  

 
Table 2a.1 – DNA lost from three standard extraction methods, showing final percentage 

lost for eight samples per extraction method.  

Extraction Method Input DNA mass (ng) Recovered DNA mass (ng) Percentage Lost (%) 
QIAGEN 39 19.10 45.81 

22.40 36.45 
22.30 36.73 
21.10 40.14 
6.87 82.57 
7.12 81.93 
22.40 43.21 
15.70 60.20 

Promega IQ 36 2.00 94.44 
2.02 94.38 
1.12 96.88 
2.02 94.38 
1.30 96.38 
1.12 96.88 
1.10 96.94 
1.20 96.66 

Chelex® 35 3.84 89.02 
2.68 92.34 
2.78 92.05 
2.86 91.82 
2.92 91.65 
2.80 92.00 
3.08 91.20 
2.82 91.94 
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b. PCR buffer enhancement of STR kits used for human identification 

Raw data 

Table 2b.1 – NGM SElect™ allele call and RFU value of positive control DNA samples. 
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Table 2b.2 – NGM SElect™ allele call and RFU value of positive control DNA samples with added BSA at 0.008 μg. 
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Table 2b.3 – NGM SElect™ allele call and RFU value of positive control DNA samples with added DMSO at 4 %. 
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Table 2b.4 – NGM SElect™ allele call and RFU value of positive control DNA samples with added Triton X at 0.004 %. 
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Table 2b.5 – NGM SElect™ allele call and RFU value of positive control DNA samples with added BSA and DMSO. 
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Table 2b.6 – NGM SElect™ allele call and RFU value of positive control DNA samples with added Triton X and DMSO. 
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Table 2b.7 – NGM SElect™ allele call and RFU value of positive control DNA samples with added Triton X, BSA and DMSO. 
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Table 2b.8 – Profiler Plus® allele call and RFU value of positive control DNA samples. 
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Table 2b.9 – Profiler Plus® allele call and RFU value of positive control DNA samples with added BSA at 0.008 μg. 
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Table 2b.10 – Profiler Plus® allele call and RFU value of positive control DNA samples with added DMSO at 4 %. 
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Table 2b.11 – Profiler Plus® allele call and RFU value of positive control DNA samples with added Triton X at 0.004 %. 
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Table 2b.12 – Profiler Plus® allele call and RFU value of positive control DNA samples with added BSA and DMSO. 
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Table 2b.13 – Profiler Plus® allele call and RFU value of positive control DNA samples with added Triton X and DMSO. 
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Table 2b.14 – Profiler Plus® allele call and RFU value of positive control DNA samples with added Triton X, BSA and DMSO. 
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c. A method for the DNA quantification of direct PCR samples, and limit of detection for PCR 

Raw data 

The following raw data sets were used to determine the limit of detection for PCR of the 

NGM SElect™ human identification kit, as well as the basis for the statistical quantification 

of direct PCR samples. Raw data for single hairs, fibres, and tapes can be found in the 

relevant chapters of this thesis.  
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Table 2c.1 – NGM SElect™ allele call and RFU value of positive control DNA samples at concentrations 50 pg, 100 pg, 200 pg, 500 pg and 1 

ng. Replicate 1. 
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Table 2c.2 – NGM SElect™ allele call and RFU value of positive control DNA samples at concentrations 50 pg, 100 pg, 200 pg, 500 pg and 1 

ng. Replicate 2. 
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Table 2c.3 – NGM SElect™ allele call and RFU value of positive control DNA samples at concentrations 50 pg, 100 pg, 200 pg, 500 pg and 1 

ng. Replicate 3. 
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Appendix 
i. Poster Presentation 22nd International Symposium on the Forensic Sciences of the Australian and New 

Zealand Forensic Science Society (ANZFSS), Adelaide, Australia, 2014. An investigation of the efficacy 

of DNA extraction methods. 
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Corresponding abstract for poster presentation:  

 

An investigation of the efficacy of DNA extraction methods 
Renée Ottens1, Adrian Linacre2 

 
1 School of Biological Science, Flinders University, Bedford Park, SA, Australia, 

renee.ottens@flinders.edu.au  

2 School of Biological Science, Flinders University, Bedford Park, SA, Australia, 

adrian.linacre@flinders.edu.au  

 

In forensic science, trace DNA is common and sometimes may be the only evidence 

available to an investigation. Trace evidence presents its own set of difficulties; too little 

DNA will result in a partial profile, providing reduced significance, or more commonly no 

profile at all. The extraction method is the first step involved in DNA analysis, and is open 

to variation in DNA yield depending on the method used. It is an important step for the 

isolation and purification of DNA as it aims to remove inhibitors permitting downstream 

processes to work effectively. This process typically involves several wash steps and tube 

changes, each allowing for DNA retention to tubes and pipette tips, resulting in the loss of 

information. We report on the retention and loss of DNA using three commonly used 

extraction methods in forensic analysis. Known concentrations of DNA were extracted 

using Chelex®, DNA IQ™ (Promega), and QIAamp DNA Micro kit (Qiagen). DNA 

concentrations were measured prior and post extraction using the QUBIT® fluorometer, and 

compared to assess the percentage lost. DNA loss ranged from 36.5 % to 96.9 % across all 

methods with QIAamp performing the best with an average of 53.4 % DNA loss.   
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ii. Oral Presentation 25th World Congress of the International Society for Forensic Genetics (ISFG), 

Melbourne, Australia, 2013.  The development and implementation of direct PCR in casework. 
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Corresponding abstract for oral presentation:  

 

Title: The development and implementation of direct PCR in casework  

  

R. Ottens1, J. Templeton1, D. Taylor2, D. Abarno2, O. Handt2, A. Linacre1 

 

1 School of Biological Sciences, Flinders University, Adelaide, South Australia, Australia 
2 Forensic Science SA, Adelaide, South Australia, Australia 

 

DNA isolation and purification procedures are standard practice in the initial steps of DNA 

profiling when examining swabs, adhesive tapes and sections of fabric. Significant loss of 

DNA occurs during this process resulting in no DNA profile generated. Direct PCR 

circumvents the extraction process such that a DNA profile may be generated directly from 

the substrate. This potentially saves time, increases the sensitivity, reduces tube changes, 

and minimises steps open to error or contamination in the laboratory. 

 

We report on the generation of DNA profiles from a range of substrates such as hairs, fibres, 

and swabs taken from touch substrates. Sections of hair shafts were placed in the reaction 

solution with no prior treatment. Fibres from clothing were treated likewise. Individual 

fibres from swabs used to remove latent DNA on plastics and metals were removed and 

placed directly in the reaction tube. The number of amplification cycles remained as 

recommended by the supplier.   

 

The only alteration required to generate DNA profiles that can be uploaded to the Australian 

National Criminal Investigation DNA Database (NCIDD) was to increase the amount of 

DNA polymerase. The result is that DNA profiles can be generated from single hair shafts, 

single fibres and substrates touched for 5 seconds.  
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iii. Poster Presentation 22nd International Symposium on the Forensic Sciences of the Australian and New 

Zealand Forensic Science Society (ANZFSS), Adelaide, Australia, 2014. Quantifying DNA from direct 

PCR samples.  
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Corresponding abstract for poster presentation:  

 

Quantifying DNA from direct PCR samples 

Renée Ottens1, Adrian Linacre2 

 
1 School of Biological Science, Flinders University, Bedford Park, SA, Australia, renee.ottens@flinders.edu.au  

2 School of Biological Science, Flinders University, Bedford Park, SA, Australia, adrian.linacre@flinders.edu.au  

 

Direct PCR in forensic science has the advantage of using all genetic material available 

from a sample as none is lost during the extraction process, saving time, money and 

increasing the magnitude of profiles obtained from trace evidence. Quantification of the 

DNA however, is not possible as all genetic material is used in direct amplification. A 

potential criticism of this method is that there is no knowledge of the amount of DNA in the 

tested sample. We report on an accurate method to quantify the DNA template used in direct 

PCR amplifications for the first time. The resulting magnitude of the alleles generated 

(relative fluorescence units or RFU value) can be used to calculate the original mass of 

DNA template. A number of standards of known DNA quantity were amplified using the 

NGM SElectTM STR kit, and were separated on a 3130xl. The data was plotted on a graph to 

assess linearity, and therefore calculate mass based on the RFU value. The data indicated 

that the original template DNA could be calculated within ± 64 pg of the known DNA mass. 

This method can be used to report the estimated number of cells from a sample processed 

via direct PCR. 
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iv. Published Conference Proceeding of the 2013 ISFG, Melbourne, Australia (2nd Author). 
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Direct PCR from Human Hair 
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Direct PCR from Human Hair 

3.1 Preface 

Single human hairs may be encountered in a forensic investigation in one of three growth stages: 

anagen hairs are in the active growth phase and maintain a follicular tag or skin sheathing at the 

root end, to be found loose would suggest forceful removal; telogen hairs have completed the 

growth cycle, shedding themselves naturally once skin sheathing at the root end has finished 

degrading; catagen hairs represent the transitional growth phase between the active (anagen) and 

dormant (telogen) growth phases. DNA is intrinsic to the hair, associated higher with the active 

growth phase where skin cells and sheathing material are still present, and is hypothesised that cell-

free DNA is present on the shaft of the hair. Human hair represents an on going challenge in 

forensic casework due to the low amounts of DNA associated with a single hair and are notoriously 

difficult to consistently obtain DNA information from, if at all [1-5]. This is particularly true for 

telogen hairs that lack sheathing material, and as they shed naturally they are more commonly 

found in a forensic investigation [5-7]. Although a shift from standard STR typing to mini-STR 

nuclear DNA analysis has improved the chances of obtaining alleles from single hairs [4, 8-10], 

improvised pre-treatment methods of hairs such as multiple wash steps, certain staining techniques 

and extraction methods have failed to make a significant difference in success rates [7, 11, 12].  

 

Human hairs are an ideal substrate for direct PCR as inhibitors, such as humic acid (found in soil) 

or haem (found in blood), are unlikely to be found on the surface of the hair. Melanin (a PCR 

inhibitor found within the hair) is unlikely to be released or broken down during the amplification 

stage as the hairs are not digested during this process, the hairs remain intact. The following 

sections investigate the application of human hairs as a substrate for direct PCR (3.2), the 

optimisation of the substrate (3.3), and further testing and implementation of the technique with 

human hairs (3.4). 
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3.2 Successful direct amplification of nuclear markers from a single hair follicle 
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3.3 Optimising direct PCR from anagen hair samples 
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3.4 Applications 

In February 2013, I travelled to the Life Technologies Training Laboratory in Melbourne (VIC, 

Australia) to investigate and compare anagen and telogen hair samples between two human 

identification kits: AmpFℓSTR® NGM SElect™ PCR amplification kit and the GlobalFiler™ 

Express PCR amplification kit (Life Technologies), with and without modified PCR amplification 

conditions (decreased cycle numbers, and additional AmpliTaq Gold® DNA polymerase). The 

GlobalFiler™ Express kit incorporates the use of a 3500xL Genetic Analyser (Life Technologies), 

which is required to analyse 6-dye data. GlobalFiler™ Express is an STR multiplex assay optimised 

to allow direct amplification from the following types of single-source samples: 

- Blood and buccal samples on treated paper substrates without the need for sample 

purification. 

- Blood and buccal samples collected on untreated paper substrates and treated with Prep-

n-Go™ Buffer. 

- Buccal samples collected on swab substrates and treated with Prep-n-Go™ Buffer. 

The kit amplifies 21 autosomal STR loci, Amelogenin, one Y-STR locus, and one Y 

insertion/deletion (Y indel) locus in a single PCR (24 loci total). 

 

A total of 72 hairs (36 anagen and 36 telogen) from six individuals were amplified directly using 

the NGM SElect™ and GlobalFiler™ Express kits. Approximately 5 mm of the proximal tip of 

each hair was removed and placed into a 0.2 mL thin walled tube containing the PCR buffer 

constituents for the respective kits. NGM SElect™ required 10 µL of PCR master mix, 5 µL of 

primer mix, and either 10 µL of Low-TE Buffer or 9 µL with 1 µL of AmpliTaq Gold®, making a 

total volume of 25 µL. GlobalFiler™ Express required 6 µL of PCR master mix, 6 µL of primer 

mix and either 3 µL of Low-TE Buffer or 2 µL with 1 µL of AmpliTaq Gold®, making a total 

volume of 15 µL. Amplification was conducted in a GeneAmp® System 9700 thermal cycler using 

the manufacturer’s recommended conditions for each kit. The standard 29 cycles was used for all 

NGM SElect™ reactions, and 27, 28 or 29 cycles for GlobalFiler™ Express reactions.  

 

Results indicated that without additional AmpliTaq Gold®, resulting DNA profiles displayed signs 

of high inhibition typical of over amplification and were unable to be analysed. Profiles presented 

with split-peaks or incomplete adenylation, imbalanced heterozygous peaks, imbalanced loci 

(complete locus drop out of larger fragments), and increased baseline noise (Figures 3.1 and 3.2). 

 



 132 

 

 
Figure 3.1 – Chromatogram of nuclear DNA from a single anagen hair root amplified using 

GlobalFiler™ Express PCR kit at 29 cycles on a GeneAmp® System 9700 thermal cycler, without 

additional AmpliTaq Gold®. 

 

 
Figure 3.2 – Chromatogram of nuclear DNA from a single anagen hair root amplified using NGM 

SElect™ PCR kit at 29 cycles on a GeneAmp® System 9700 thermal cycler, without additional 

AmpliTaq Gold®. 
 
The quality of profile increased when the cycle number was decreased to from 29 to 28 and 27 for 

GlobalFiler™ Express, and additional AmpliTaq Gold® DNA polymerase was added to the master 

mix (Figures 3.3 and 3.4).  
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Figure 3.3 – Chromatogram of nuclear DNA from a single anagen hair root amplified using 

GlobalFiler™ Express PCR kit at 28 cycles on a GeneAmp® System 9700 thermal cycler, without 

additional AmpliTaq Gold®. 

 

 
Figure 3.4 – Chromatogram of nuclear DNA from a single anagen hair root amplified using 

GlobalFiler™ Express PCR kit at 27 cycles on a GeneAmp® System 9700 thermal cycler, with 

additional AmpliTaq Gold®. 

 
Twelve telogen hairs were sampled with each kit at 29 cycles and there was no significant 

difference between resulting profiles for either kit used. Using NGM SElect™, one full profile was 

obtained with an additional four samples returning between 8 – 10 alleles. Likewise for 

GlobalFiler™ Express, one full profile was obtained with an additional four samples returning 

between 8 – 11 alleles.  
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Single anagen and telogen hair results aligned with the data obtained from section 3.2, however 

GlobalFiler™ Express kit has a higher discrimination power with an increased number of loci 

compared to NGM, with full profiles obtained at a lower cycle number (27) for anagen hairs, 

therefore reducing the time taken to process samples. Based on the data obtained at the Life 

Technologies Training Laboratory, telogen hairs still prove to be a challenging sample type from 

which to consistently obtain meaningful DNA information. Forensic Science SA have also begun to 

validate the direct PCR technique using hair samples and GlobalFiler™ Express, as the 6-dye 

technology has become more available. 

 
To assist in improving results obtained from telogen hairs, I travelled to Canberra (ACT, Australia) 

in February 2015, to explain and help implement the direct PCR technique at the Australian Federal 

Police forensic laboratory and the National Centre for Forensic Studies (University of Canberra). 

International forensic student Linda Kron led an experiment under the supervision of Dr. Dennis 

McNevin to determine the best method for obtaining consistent and meaningful DNA data from 

telogen hairs.  

 

In order to optimise the success rate, telogen hairs were microscopically classified as either root 

type 1: the club root without any soft tissue present (most common), or type 2: the club root with a 

small amount of soft tissue present. Samples were either digested or incubated in TE buffer prior to 

direct PCR amplification. Other factors were noted to determine if there was an impact on the STR 

results, such as whether the hairs had been washed or unwashed at time of collection, whether hair 

roots or shafts were used, or if there was a difference between donors. All samples were amplified 

using the PowerPlex® 21 System (Promega) following manufacturer’s procedures.  

 

Telogen root type 1 hairs (n = 120) produced profiles with six or more alleles in 5.8 % of samples, 

with only one hair resulting in a full profile. Telogen root type 2 hairs (n = 20) produced profiles 

with six or more alleles in 20 % of samples, with no samples resulting in a full profile. This gives 

an average of 12.9 % compared to the 33.3 % success described in section 3.2. Although the root 

types were not classified in section 3.2, and may have contained a number of type 3 roots (club root 

with a large amount of soft tissue present), the large discrepancy between the results is more likely 

due to the variation in the methods. Additional units of AmpliTaq Gold® was not used in this study, 

and the direct method does not involve any wash, digestion or incubation step prior to 

amplification. The addition of these steps is likely to increase the chance of DNA being washed 

away or lost to the process. It was also observed in this study that the success rate was lower for 

samples incubated in TE buffer compared to complete digestion. 
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3.5 Concluding Remarks 

Using the direct PCR technique on single human hairs has shown to greatly improve the likelihood 

of routinely obtaining meaningful DNA information. The simplicity of the technique means 

validation and implementation within forensic science laboratories can be fast. Significant benefits 

include the reduction of time and costs involved in the analysis process, allowing for criminal 

investigations to proceed faster. The preliminary data using aged hair samples demonstrates that 

this technique can be also applied to cold cases where single hairs have not already been processed 

for DNA. The investigations conducted at the Life Technologies Training Laboratory and at the 

University of Canberra strongly indicated that the optimal conditions for sampling human hair using 

direct PCR should include using additional AmpliTaq® Gold DNA polymerase with no treatments 

to be made to the hairs prior to amplification. Using direct PCR methods on single telogen hairs, 

profiles that resulted in enough alleles to be uploaded onto the Australian National Criminal DNA 

Database (NCIDD) were obtained in approximately 33.3 % of samples, whereas when additional 

treatment or extraction methods are implemented this is greatly reduced. The study conducted at the 

University of Canberra included digestion and incubation steps prior to using direct PCR methods, 

thus decreasing the number of up-loadable profiles to 12.9 %. When extraction and staining 

methods are implemented, we see a further reduction to 4 % [12] and just 1 % [7] for profiles 

containing more than eight alleles. As a result of this work, FSSA have verified the same process 

in-house with an aim to implement the technique into active casework. The technique was officially 

implemented in July 2015, and approximately 50 hairs have been processed to date, increasing 

every day. 
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Supplementary Material 
a. Successful direct amplification of nuclear markers from a single hair follicle 

Raw data examples 

Table 3a.1 – NGM™ allele call, RFU value, profile percentage and heterozygous peak balance for ten anagen hair samples for IND 1. 
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Table 3a.2 – NGM™ allele call, RFU value, profile percentage and heterozygous peak balance for ten telogen hair samples for IND 1. 
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Table 3a.3 – NGM™ allele call, RFU value, and profile percentage for two telogen hair samples and one anagen hair shaft sample for IND 3. 
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Chromatogram examples 

 
Figure 3a.1 – NGM™ kit DNA profile obtained from a single anagen hair sample for IND 2, amplified using direct PCR at 29 cycles. 
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Figure 3a.2 – NGM™ kit DNA profile obtained from a single anagen hair sample for IND 4, amplified using direct PCR at 29 cycles. 
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Figure 3a.3 – NGM™ kit DNA profile obtained from a single anagen hair shaft sample for IND 3, amplified using direct PCR at 29 cycles. 
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Figure 3a.4 – NGM™ kit DNA profile obtained from a single telogen hair sample for IND 3, amplified using direct PCR at 29 cycles. 
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b. Optimising direct PCR from anagen hair samples 

Raw data examples 

Table 3b.1 – NGM™ allele call, RFU value, profile percentage and heterozygous peak balance for two anagen hair samples and their 

corresponding dilution results for IND 2.  
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Chromatogram examples 

 
Figure 3b.1 – NGM™ kit DNA profile obtained from a single anagen hair sample for IND 2, amplified using direct PCR at 29 cycles, diluted 

for capillary electrophoresis.  
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Figure 3b.2 – NGM™ kit DNA profile obtained from a single anagen hair sample for IND 4, amplified using direct PCR at 29 cycles, diluted 
for capillary electrophoresis.
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Appendix 
i. Poster Presentation 25th World Congress of the International Society for Forensic Genetics (ISFG), 

Melbourne, Australia, 2013. Successful direct amplification of nuclear markers from a single hair follicle. 
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Corresponding abstract for poster presentation:  

 
Title: Successful direct amplification of nuclear markers from a single hair follicle 
 
R. Ottens1, D. Taylor2, D. Abarno2, A. Linacre1 

 

1 School of Biological Sciences, Flinders University, Adelaide, South Australia, Australia 
2 Forensic Science SA, Adelaide, South Australia, Australia 
 
We report on successful amplification of DNA profiles from single hairs. Direct 
amplification was used on the root tip of both anagen and telogen hairs using a standard 
commercial forensic PCR kit to amplify 15 STR loci. All 30 anagen hairs tested from five 
different people gave full DNA profiles after 29 cycles with no allelic drop-in or increase in 
stochastic events. Six of the 30 telogen hairs tested resulted in a full DNA profile, and a 
further four telogen hair samples tested produced a DNA profile of five or more complete 
loci that could be uploaded to the National Criminal Investigation DNA Database (NCIDD, 
Australia). A full DNA profile was also obtained from the shaft of single anagen hairs. 
Current practice for many laboratories is that single telogen hairs are not subjected to DNA 
testing and anagen hairs are seldom tested as there is little chance of generating a 
meaningful DNA profile; hence this 100 % success rate in generating a DNA profile from 
anagen hairs is a significant advancement. A full DNA profile was obtained from six 5 year-
old single hairs illustrating the power of this technique, even on aged or historic samples. 
The process described was trialled on current DNA profiling kits, using the manufacturer’s 
recommended methods and no increase in cycle number, such that the methodology can be 
incorporated readily into a practicing forensic laboratory. For the first time in the field of 
human identification, single hairs can be analysed with confidence that a meaningful DNA 
profile will be generated and the data accepted by the criminal justice system. 
 
Funding for Renée Ottens and Adrian Linacre was provided by the Attorney General’s 
Department of South Australia. 
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ii. Submitted abstract for the 2013 ISFG conference, Melbourne, Australia. (2nd Author) 

 

Title: Genetic profiling from challenging samples 
 
J. Templeton1, R. Ottens1, Viviana Paradiso1, Damien Abarno2, O. Handt2, D. Taylor2, 
A. Linacre1 

 
1 School of Biological Sciences, Flinders University, Adelaide, South Australia, Australia 
2 Forensic Science SA, Adelaide, South Australia, Australia 
 
The generation of a DNA profile from trace DNA has become the focus of much 
interest. The current methodology subjects the sample to a process to isolate the DNA, 
typically using a solid phase substrate. The aim of this study is to use direct PCR to 
generate both mitochondrial and STR profiles from latent DNA deposited by touch and 
also from samples considered to be highly degraded and unlikely to generate a profile if 
subjected to a DNA extraction process first. Direct PCR has the potential to: minimize 
loss of target DNA in a critical sample; omit steps involved in standard practice - which 
will significantly reduce labour time and cost and; increase the likelihood of obtaining a 
meaningful DNA profile for interpretation. Comparison between the results obtained by 
direct PCR and from extracts after standard extraction processes indicate the real 
potential use of the method described in this paper. The technique will have niche future 
applications in analysing degraded samples that cannot be typed successfully using 
mainstream, STR-based, kits and protocols. 
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iii. Hair Analysis: Encyclopedia of Forensic and Legal Medicine, 2nd Edition 

a. Contributed the creation of all figures and text editing. 
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iv. Microscopy of human hair: examples. 

a. Anagen 
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b. Catagen 
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c. Telogen 
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CHAPTER 4 

 

 

 

Direct PCR from Canine Hair 
 

Blackie, R., Taylor, D., and Linacre, A., Successful direct amplification of nuclear markers from 

single dog hairs using DogFiler multiplex. Electrophoresis, 2015. 

http://dx.doi.org/10.1002/elps.201400560 

 

Canine DNA Detection: 

Case 2 – Determining the presence of canine DNA in an extraction obtained from a glove 

Case 3 – Determining if the canine DNA from Case 2 matches bone DNA from exhumed pet 

Case 4 – Determining the presence of canine DNA in a sexual assault allegation 
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Direct PCR from Canine Hair 

4.1 Preface 

Human hairs are not the only hair types found at crime scenes, it is also common to encounter 

animal hairs from cats, dogs or rabbits within a home, vehicle or on clothing [1-3]. Domestic animal 

hair can be found in abundance around the home and is easily transferred to other surfaces and areas 

via direct contact or secondary transfer, as most domestic pets can shed their coats several times a 

year with season changes [3]. Microscopy is often used to determine the type of animal hair found 

based on its morphology, as each species possess hair with characteristic length, colour, shape, root 

appearance and internal distinguishable microscopic features [1, 2]. Microscopic comparisons can 

be a great tool in potentially linking crime scenes, suspects and victims, but do not have the same 

level of discrimination power of DNA analysis. Autosomal STR markers have been researched and 

identified for canine and feline DNA, however the multiplex assays are not commercially available 

to the same extent as those for human identification. The demand and need for human DNA 

analysis is obviously much greater than that of animal DNA analysis, however crime scenes may 

arise where single animal hairs are the only physical evidence available for analysis.  Like human 

hairs, animal hairs can be considered trace evidence and again are very difficult from which to 

obtain meaningful DNA information [4]. To provide DNA analysis from single animal hairs would 

offer investigations another powerful tool in solving cases or generating leads. The following 

sections investigate the optimisation of the canine STR markers within the Flinders University 

DNA laboratory (4.2), the application of canine hairs as a substrate for direct PCR (4.3), as well as 

the application of canine STR markers in casework and future implementation of the technique 

(4.4). 
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4.2 Multiplex setup 

DogFiler is a multiplex assay developed for canine DNA profiling in forensic casework, 

encompassing 15 loci and one sex-determining marker [5]. To determine whether canine hairs are a 

suitable substrate for direct PCR methods, eight loci (including the sex-determining marker) were 

chosen for preliminary testing. Information regarding the optimal canine DNA concentration for use 

with DogFiler, or the primer concentrations of the multiplex has not been published and needed to 

be optimised before amplifying substrates directly. The optimal DNA concentration for human 

identification kits is on average 1 ng. Humans have 23 chromosomal pairs whereas canines have 39 

chromosomal pairs, therefore it can be expected that the optimal DNA input for DogFiler will differ 

because of this difference.  

 

Phusion® High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Victoria, Australia) and 

QIAGEN® multiplex PCR kit (Qiagen, Victoria, Australia) were compared to determine which 

DNA polymerase is most suitable for canine DNA amplification. Following manufacturer’s 

instructions for a final PCR volume of 26 µL, 2 ng of control canine DNA was amplified using 

Phusion® and QIAGEN® multiplex assays (Figures 4.1 and 4.2, respectively). QIAGEN® overall 

performed better than Phusion®. Profiles obtained using the Phusion® assay often displayed noisy 

baselines, split-peaks, and greater loci and allele imbalance than profiles obtained using the 

QIAGEN® assay. Using positive control DNA, primer concentrations were adjusted until a balance 

between the amplicons of the eight STR loci was observed. All final primer concentrations, primer 

information, PCR set-up and PCR conditions are outlined in section 4.3.  

 

Using the QIAGEN® multiplex assay, canine DNA was amplified at 4, 3, 2, 1 and 0.5 ng to 

determine the optimal input concentration (Figure 4.3). At 2 ng and 3 ng of input DNA, balanced 

heterozygous allele peaks with strong RFU values averaging 6000 – 7000 were consistently 

obtained. At 4 ng of input DNA, baseline noise and the effects of pull-up were more noticeable, 

with the peaks occasionally presenting as split. At 0.5 ng of input DNA, full profiles could still be 

obtained, resulting in average RFU values of 2000. Peak imbalance was more common at 0.5 ng of 

input DNA. All concentrations resulted in full profiles, with alleles clearly defined; even at higher 

concentrations the baseline noise and pull-up were minimal. There was little difference overall with 

profile quality between 1 – 3 ng of DNA, therefore the optimal input using the eight loci selected 

with the QIAGEN® multiplex assay would fall within this range.  
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Figure 4.1 – Chromatogram of nuclear canine DNA (2 ng) amplified using Phusion® High-Fidelity DNA Polymerase and DogFiler loci at 31 cycles on 

a GeneAmp® System 9600 thermal cycler. 

 

 
Figure 4.2 – Chromatogram of nuclear canine DNA (2 ng) amplified using QIAGEN® multiplex PCR kit and DogFiler loci at 31 cycles on a 

GeneAmp® System 9600 thermal cycler. 
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Figure 4.3 – Five chromatograms of nuclear canine DNA at concentrations: 4 ng, 3 ng, 2 ng, 1 ng and 0.5 ng (top to bottom), amplified using 

QIAGEN® multiplex PCR kit and DogFiler loci at 31 cycles on a GeneAmp® System 9600 thermal cycler. 
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Shed telogen animal hairs would represent the majority of animal hair types assessed in casework 

and are therefore the focus of this preliminary study. To determine if there was any substantial 

difference in obtaining DNA profiles between canine telogen and anagen hairs, both types were 

analysed using microscopy and amplified directly. Animals do not have their coats washed as 

regularly as humans wash their hair, with animal hair more likely to retain nuclear DNA and cell-

free DNA along the shaft due to skin secretions, and saliva from grooming. To increase the 

likelihood of obtaining DNA from telogen canine hairs, an entire hair was cut into ~ 5 mm sections 

and amplified in one 0.2 mL tubes (Figure 4.4) 

 

 
Figure 4.4 – A single canine hair (telogen) showing the approximate cut sections, and the resulting 

hair fragments within a 0.2 mL PCR tube containing 26 µL of QIAGEN® multiplex assay master 

mix and DogFiler primers.   

 

Anagen and telogen canine hairs resulted in full profiles, displaying clear baselines and alleles 

(Figure 4.5). There was no significant difference in profile success rate between the two hair types 

during this preliminary study, indicating that there is more DNA found on the shaft of an animal 

hair than a human hair (again, possibly due to the frequency of washing, or animal grooming 

habits). As telogen hairs are more common at crime scenes, with the preliminary data showing that 

this hair type produces similar results to anagen hairs, section 4.3 focuses on shed hairs only. 

 

Canines may have several different coats of hair that are shed differently depending on the weather, 

mainly comprised of an undercoat and a topcoat. The undercoat is generally soft, thin and fluffy, 

whilst the topcoat (also referred to as guard hairs) is thicker and coarser (Figure 4.6). 
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Figure 4.5 – Three chromatograms of nuclear canine DNA samples: telogen hair, anagen hair and positive control (top to bottom), amplified using 

QIAGEN® multiplex PCR kit and DogFiler loci at 31 cycles on a GeneAmp® System 9600 thermal cycler. 
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Figure 4.6 – Three stages of hair growth (anagen, catagen and telogen), showing the height and 

density difference of a canine’s undercoat and topcoat (guard hairs). Figure source: 

https://www.dyson.com.au/pets/dog-grooming.aspx  

 

Preliminary canine hair testing concluded with the amplification of undercoat and topcoat hair 

samples. Single topcoat hairs were prepared as per Figure 4.4, however due to the thin and static 

nature of undercoat hairs, more were added to the 0.2 mL PCR tube. Small tufts of approximately 

ten hairs were used instead of a single hair in order to increase the amount DNA available for 

amplification. Undercoat hairs showed higher signs of peak imbalance and allelic dropout than 

topcoat hairs, yet still resulted in full profiles for most samples tested (Figure 4.7).  

 

With the DogFiler multiplex optimised for use, and the knowledge of what hair types are 

successful, a more in-depth study was conducted (section 4.3) to discover the full potential of using 

canine hairs with direct PCR. 
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Figure 4.7 – Four chromatograms of nuclear canine DNA samples: shed undercoat hairs, amplified using QIAGEN® multiplex PCR kit and DogFiler 

loci at 31 cycles on a GeneAmp® System 9600 thermal cycler. Some allelic dropout and peak imbalance can be observed.  
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4.3 Successful direct amplification of nuclear markers from single dog hairs using DogFiler 

multiplex 

 

Statement of authorship 
Successful direct amplification of nuclear markers from single dog hairs using DogFiler 

multiplex 

Published in Electrophoresis 

Date: April 2015 

 

Renée Blackie (Candidate) 

Performed all laboratory work (primer selection, multiplex set-up, sample collection, DNA 

extractions and quantifications, PCR amplification, capillary electrophoresis), data analysis and 

interpretation, created data tables, and wrote the manuscript.  

 

I hereby certify that the statement of contribution is accurate 

Signed    Date March 2016 

 

Duncan Taylor (Co-Supervisor) 

Assisted with experimental design, commented on data, and edited the paper. 

 

I hereby certify that the statement of contribution is accurate      

Signed     Date  March 2016 

 

Adrian Linacre (Supervisor) 

Supervised the project, assisted with experimental design, commented on data, and edited the paper. 

 

I hereby certify that the statement of contribution is accurate 

Signed     Date  March 2016 
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4.3.1 Published manuscript, short communication, Electrophoresis. 

 
 



 174 

 



 175 

 



 176 

 
 

  



 177 

4.4 Applications 

4.4.1 Casework  

Flinders University DNA Laboratory was asked by FSSA and SAPOL to analyse DNA samples 

obtained from a latex glove and determine if canine DNA was present and if that canine DNA 

profile matched a DNA extraction from exhumed canine bones (Case 2 and Case 3). The DNA 

results were presented as evidence at R v Lowe, a decade old attempted murder case. This section 

contains copies of: the joint statement of Renée Blackie and Adrian Linacre; the PCR set-up 

conditions; the DNA profiles obtained from the case evidence and five positive control samples 

(Figures 4.8 – 4.12); the calculated allele frequencies; and a news report of the final case ruling.  

 

In a separate case, Flinders University DNA Laboratory was asked by FSSA and SAPOL to analyse 

a DNA extract and determine if canine DNA was present (Case 4).  
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Case 2 

 

 

 

 

 

Determining the presence of canine DNA in an extraction obtained from a 

glove   
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STATEMENT OF WITNESS 

 
 
Statement of: Renée Ottens    Adrian Linacre 
Occupation: Forensic Scientist   SA Justice Chair in Forensic Science 
Address: Flinders University   Flinders University 
  Adelaide, SA    Adelaide, SA 
 
Date: 
 
This statement (consisting of 3 pages) each signed by us, is true to the best of our knowledge and 
belief and we make it knowing that, if it is tendered in evidence, we shall be liable to prosecution if 
we have wilfully stated anything that we know to be false or do not believe to be true. 
 

 

Instruction 
We were instructed by Dr Andrew Donnelly to determine if DNA from a dog was present within 

two samples.  

  

Items Received 
Samples 173-53.A and 173-53 were received from Dr Donnelly on 3 April at Forensic Science 

South Australia. The samples were transferred to the Forensic DNA Laboratory at Flinders 

University where the analyses were performed.  

 

Results 
A full canine specific DNA profile (8 loci from the DogFiler multiplex) was generated from sample 

173.53.A and 173.53. The DNA profiles were the same. The DNA data indicate that the DNA came 

from a male dog. 

 

Conclusion 
It is our conclusion that: 

 

DNA from a dog (Canis lupus familiaris), or another member of the Canis genus, was present with 

both samples provided.  
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The data are as expected if DNA from the same male dog was present in both samples. If the DNA 

came from two different dogs then the DNA profiles must match by chance. It is not possible to 

state this chance event without access to a relevant database of DNA types within the local dog 

population. 

 

 

Signed        Signed 

      
Renée Ottens, BSc. (Hons)     Adrian Linacre, B.Sc. (Hons), D.Phil.
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APPENDIX: CANINE SHORT TANDEM REPEAT TYPING 
The DNA profiling performed in this case is similar to that used in human identification and 

examines short tandem repeat markers (STRs). The STR markers used in case were published by 

Developmental validation of DogFiler, a novel multiplex for canine DNA profiling in forensic 

casework (Wictum et al Forensic Science International: Genetics, 2013, 7:1 82-91) 

 

The DNA markers chosen have been shown to be the same for if the DNA test is performed on 

saliva, hair or blood. 

 

The test used is designed to work on the domestic dog (Canis lupus familiaris). The markers will 

generate a DNA profile from DNA originated from other members of the dog genus including the 

grey wolf (Canis lupus) and the dingo (Canis lupus dingo). 

 

As well as STR markers, a gender test is included in the test to indicate if the DNA came from a 

male or female dog. 

 

The DNA markers are known to be highly variable even within breeds. When two different samples 

give the same DNA profile then these are the data expected if the DNA came from the same dog. It 

is possible to estimate the probability that the two DNA samples come from the same dog if there is 

a suitable reference database of the frequencies of the DNA types in the local dog population. 

 

 

End of statement  
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Case 3 

 

 

 

 

 

Determining if the canine DNA from Case 2 matches bone DNA from 

exhumed pet   
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STATEMENT OF WITNESS 

 
Statement of: Renée Blackie    Adrian Linacre 

Occupation: Forensic Scientist   SA Justice Chair in Forensic Science 

Address: Flinders University   Flinders University 

  Adelaide, SA    Adelaide, SA 

 

Date: 20th May, 2015 

 

This statement (consisting of 4 pages) each signed by us, is true to the best of our knowledge and 

belief and we make it knowing that, if it is tendered in evidence, we shall be liable to prosecution if 

we have wilfully stated anything that we know to be false or do not believe to be true. 

 

Statement 
This statement is supplemental to or statement dated 2nd May 2014. 

 

Instruction 
We were instructed by Dr Andrew Donnelly of Forensic Science SA to generate a canine DNA 

profile from sample taken that we understand was taken from the bone of a deceased dog. If a DNA 

profile can be generated from this sample we were instructed to compare this DNA profile to that 

obtained from a sample taken from a glove (as detailed in our previous statement dated 2nd May 

2014). If the profiles matched then an opinion should be provided as to the probability that the two 

samples come from the same dog compared to coming from two different and unrelated dogs.   

 

It is assumed that the information provided is accurate. If new information is provided we are 

willing to alter our opinions. 

  

Items Received 
Samples 173_89.1A and 173_89.2A were received at the Forensic DNA Laboratory at Flinders 

University on 9th July from Sherryn Ciavaglia of FSSA. It is understood that these two DNA 

extracts had been obtained from a bone sample taken from a deceased dog. Extract 173_89.1A was 

given the code bone_1 and extract 173_89.2A given the code bone_2. 
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Results 
Canine DNA testing was performed in the forensic DNA laboratory at Flinders University. Canine 

DNA profiles were generated from bone_1 and bone_2 (using the test described in the Appendix). 

Both canine DNA profiles from the bone sample were incomplete but come from a male dog. An 

incomplete DNA profile is typical of insufficient DNA present within the bone samples to that is 

required to generate a complete profile. 

 

The canine DNA profiles obtained from bone extracts bone_1 and bone_2 were found to match 

each other as would be expected. The canine DNA profiles from bone_1 and bone_2 were found to 

match the canine DNA profile obtained from the sample taken from a glove (sample 173-53). 

 

These are the DNA data expected if bone_1 and the DNA extract from the glove sample 173-53 

came from the same male dog. If these two samples come from different dogs then they must match 

by chance. It is estimated that the chance of obtaining matching canine DNA profiles if the DNA 

from sample 173-53 came from a different and unrelated male dog as the bone extract bone_1 is in 

the order of 1 in 500 thousand. 

 

These are the DNA data expected if bone sample bone_2 and glove sample 173-53 came from the 

same dog. If these two samples come from a different dog then they must match by chance. It is 

estimated that the chance of obtaining matching canine DNA profiles if the DNA from sample 173-

53 came from a different and unrelated male dog as the DNA sample bone_2 is in the order of 1 in 

500 thousand. 
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Conclusion 
It is our conclusion that there is very strong support for the premise that the DNA taken from the 

glove came from the same dog as the DNA taken from a bone sample. 

 

 

Signed        Signed 

     
Renée Blackie, BSc. (Hons)     Adrian Linacre, B.Sc. (Hons), D.Phil.
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APPENDIX: CANINE SHORT TANDEM REPEAT TYPING 
The DNA profiling performed in this case is similar to that used in human identification and 

examines hypervariable regions in the dog genome called short tandem repeat markers (STRs). The 

STR markers used in case were published in the scientific paper ‘Developmental validation of 

DogFiler, a novel multiplex for canine DNA profiling in forensic casework’ (Wictum et al Forensic 

Science International: Genetics, 2013, 7:1 82-91). 

 

The test used examines 8 hypervariable STR loci. As well as STR markers, a gender test is included 

in the test to indicate if the DNA came from a male or female dog. 

 

The DNA markers chosen have been shown to be the same if the DNA test is performed on saliva, 

hair bone or blood. 

 

The test used is designed to work on the domestic dog (Canis lupus familiaris). The markers will 

generate a DNA profile from DNA originated from other members of the Canus genus including the 

grey wolf (Canis lupus) and the dingo (Canis lupus dingo). 

 

The DNA markers are known to be highly variable even within breeds. When two different samples 

give the same DNA profile then these are the data expected if the DNA came from the same dog. If 

the DNA samples come from two different dogs then the DNA profiles must match by chance. It is 

possible to estimate the probability that the two DNA samples come from the same dog compared 

to two different dogs if there is a suitable reference database of the frequencies of the DNA types in 

the local dog population. Allele frequencies were obtained from Wictum et al Forensic Science 

International: Genetics, 2013, 7:1 82-91 and a kinship factor of 0.05 was applied. In the case of an 

absent allele the 2p rule was applied. 

 

 

End of statement  
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FUSA – DNA Profiling Laboratory PCR Set-Up Record    
 
Case Number: 020/14       Operator: Renee Blackie         Date: 04/04/14 
DNA quant using Qubit: 
 
Sample 53  – 0.05 ng/µL,   5 µL used in sample = 0.2 ng 
Sample 53A  – 0.037 ng/µL,  5 µL used in sample = 0.185 ng 
 
PCR Tube ID Sample used in PCR Case ID 
53 DNA extract from glove 173-53 
53A DNA extract from glove 173-53.A 
NEG Negative control, No DNA n/a 
POS Positive control, DNA GM2 (2 ng total) n/a 

 
Operator Signature: ______________________  Witness: ______________________ 
 
Multi Mix Tables 
 DogFiler  Positive Control  Negative Control 
# samples 1 2  1 1  1 1 
2 x QIAGEN Buffer µL 13 26  13 13  13 13 
Primer mix µL 10 20  10 10  10 5 
H2O  - -  2 2  5 5 
DNA  5 10  3 3  0 0 
Final Volume µL 28   28 28  28 28 
 
Cycle conditions as per Wictum et al 2012, run on a GeneAmp PCR 9700 System. 
 

 31 cycles  
95°C 95°C 62°C 72°C 72°C 
1 min 30 sec 30 sec 1 min 30 min 
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FUSA – DNA Profiling Laboratory PCR Set-Up Record    
 
Case Number: 020/14       Operator: Renee Blackie         Date: 11/07/14 
DNA quant using Qubit: 
 
Sample 16450.1  – 0.075 ng/µL,  not used, low DNA 
Sample 16450.2  – 0.275 ng/µL,  5 µL used in sample Bone_2a = 1.375 ng 
 
 
PCR Tube ID Sample used in PCR Case ID 
Bone_2a DNA extract from bone 173-89.2A 
NEG Negative control, No DNA n/a 
POS Positive control, DNA  n/a 

 
Operator Signature: ______________________  Witness: ______________________ 
 
Multi Mix Tables 
 DogFiler  Positive Control  Negative Control 
# samples 1 1  1 1  1 1 
2 x QIAGEN Buffer µL 13 13  13 13  13 13 
Primer mix µL 10 10  10 10  10 5 
H2O  - -  2 2  5 5 
DNA  5 5  3 3  0 0 
Final Volume µL 28 28  28 28  28 28 
 
Cycle conditions as per Wictum et al 2012, run on a GeneAmp PCR 9700 System. 
 

 31 cycles  
95°C 95°C 62°C 72°C 72°C 
1 min 30 sec 30 sec 1 min 30 min 
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FUSA – DNA Profiling Laboratory PCR Set-Up Record    
 
Case Number: 020/14       Operator: Renee Blackie         Date: 04/08/14 
DNA quant using Qubit: 
 
Sample 16450.2  – 0.275 ng/µL,  10 µL used in sample Bone_2b = 2.75 ng 
        
 
PCR Tube ID Sample used in PCR Case ID 
Bone_2b DNA extract from bone 173-89.2A 
NEG Negative control, No DNA n/a 
POS Positive control, DNA  n/a 

 
Operator Signature: ______________________  Witness: ______________________ 
 
Multi Mix Tables 
 DogFiler  Positive Control  Negative Control 
# samples 1 1  1 1  1 1 
2 x QIAGEN Buffer µL 20 20  20 20  20 20 
Primer mix µL 10 10  10 10  10 10 
H2O  - -  2 2  10 10 
DNA  10 10  8 8  0 0 
Final Volume µL 40 40  40 40  40 40 
 
Cycle conditions as per Wictum et al 2012, run on a GeneAmp PCR 9700 System. 
 

 31 cycles  
95°C 95°C 62°C 72°C 72°C 
1 min 30 sec 30 sec 1 min 30 min 
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Canine DNA Profiles 

  
Figure 4.8 – Two chromatograms of nuclear canine DNA from glove samples 53 and 53.A, amplified using QIAGEN® multiplex PCR kit and 

DogFiler loci at 31 cycles on a GeneAmp® System 9700 thermal cycler. 
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Figure 4.9 – Two chromatograms of nuclear canine DNA from Bone Sample 2 (run twice), amplified using QIAGEN® multiplex PCR kit and 

DogFiler loci at 31 cycles on a GeneAmp® System 9700 thermal cycler. 
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Figure 4.10 – Two chromatograms of nuclear canine DNA from positive control canines A and B (both male), amplified using QIAGEN® multiplex 

PCR kit and DogFiler loci at 31 cycles on a GeneAmp® System 9700 thermal cycler. 



 194 

 

 
Figure 4.11 – Two chromatograms of nuclear canine DNA from positive control canines C and D (female and male, respectively), amplified using 

QIAGEN® multiplex PCR kit and DogFiler loci at 31 cycles on a GeneAmp® System 9700 thermal cycler. 
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Figure 4.12 – Chromatogram of nuclear canine DNA from positive control canine E (female), amplified using QIAGEN® multiplex PCR kit and 

DogFiler loci at 31 cycles on a GeneAmp® System 9700 thermal cycler. 
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Allele Frequencies 
 
Table of Canine STR Testing 
Locus SYR 2136 3008 0760 1063 2009 1541 3235 
53 Glove Y 10, 10 20, 20 14, 22.2 11, 11 13, 14 15, 17 14, 17 
53.A 
Glove 

Y 10, 10 20, 20 14, 22.2 11, 11 13, 14 15, 17 14, 17 

Bone_2a Y NR 20, 20 14, 22.2 11, F 13, 14 15, 17 14, F 
Bone_2b Y 10, 10 20, 20 14, F 11, 11 13, 14 15, 17 14, 17 
 
Allele Frequencies  
Allele Frequency Gentotype Frequency 
2136 10 0.12 10, 10 = 0.0144 
3008 20 0.07 20, 20 = 0.0048 
0760 14 0.08 14, 22.2 = 0.038 
0760 22.2 0.11 
1063 11 0.02 11, 11 = 0.00039 
2009 13 0.24 13, 14 = 0.146 
2009 14 0.26 
1541 15 0.07 15, 17 = 0.049 
1541 17 0.18 
3235 14 0.24 14, 17 = 0.066 
3235 17 0.08 
 
ʘ = 0.0625 used. 2p rule used 
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Example Calculations 
∅ = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 
 
Heterozygous  =   2[∅ + (1−∅)𝑃𝑃𝑃𝑃][∅ + (1−∅)𝑃𝑃𝑃𝑃]

(1 + ∅)(1 + 2∅)
 

0760  14, 22.2 
   =  2[0.0625+0.075][0.0625+0.103]

1.195
 

   =  2(0.1375 ×0.1655)
1.195

 

   =  0.0455
1.195

 
   =  0.038 
 
Homozygous  =  [2∅+ (1− ∅)𝑃𝑃𝑃𝑃][3∅+ (1− ∅)𝑃𝑃𝑃𝑃]

(1+ ∅)(1+2∅)
 

2316 10, 10 
   =  [1.0625 ×0.12][1.125 ×0.12]

1.195
 

   =  (0.1275 ×0.135)
1.195

 

   =  0.0172
1.195

 
   =  0.0144 
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News Report: Final Ruling 

 
Accessed: http://www.abc.net.au/news/2015-07-30/jury-finds-nicholas-wayne-lowe-guilty-of-

attempted-murder/6660944  
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News Report: Final Sentencing  

 
Accessed: http://www.abc.net.au/news/2015-09-14/nicholas-lowe-jailed-for-20-years-for-

attempted-murder/6773244 
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Case 4 

 

 

 

 

 

Determining the presence of canine DNA in a sexual assault allegation 
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STATEMENT OF WITNESS 

 
Statement of: Renée Ottens    Adrian Linacre 
Occupation: Forensic Scientist   SA Justice Chair in Forensic Science 
Address: Flinders University   Flinders University 
  Adelaide, SA    Adelaide, SA 
 
Date:   3rd July 2014 
 

 

This statement (consisting of 3 pages) each signed by us, is true to the best of our knowledge and 

belief and we make it knowing that, if it is tendered in evidence, we shall be liable to prosecution if 

we have wilfully stated anything that we know to be false or do not believe to be true. 

 

Instruction 

We were instructed by Mark Webster of Forensic Science South Australia (FSSA) to determine if 

DNA from a dog was present within a sample provided.  

  

Items Received 

Sample 565-2B was received into the Forensic DNA Laboratory at Flinders University from 

Sherryn Ciavaglia of FSSA on 4th June 2014. The sample consisted on one screw top tube 

containing a small amount of colourless fluid. The sample was stored securely at the Forensic DNA 

Laboratory prior to analysis. 

 

Results 

A full canine specific DNA profile was generated from sample 565-2.B. The DNA data indicate 

that the DNA came from a male dog. 
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Conclusion 

It is our conclusion that: 

 

DNA from a male dog (Canis lupus familiaris), or another member of the Canis genus, was present 

in the sample provided.  

 

 

Signed        Signed 

      
Renée Ottens, BSc. (Hons)     Adrian Linacre, B.Sc. (Hons), D.Phil.
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APPENDIX: CANINE SHORT TANDEM REPEAT TYPING 
The DNA profiling performed in this case is similar to that used in human identification and 

examines short tandem repeat markers (STRs). The STR markers used in case were published by 

Developmental validation of DogFiler, a novel multiplex for canine DNA profiling in forensic 

casework (Wictum et al Forensic Science International: Genetics, 2013, 7:1 82-91) 

 

The DNA markers chosen have been shown to be the same for if the DNA test is performed on 

saliva, hair or blood. 

 

The test used is designed to work on the domestic dog (Canis lupus familiaris). The markers will 

generate a DNA profile from DNA originated from other members of the dog genus including the 

grey wolf (Canis lupus) and the dingo (Canis lupus dingo). 

 

As well as STR markers, a gender test is included in the test to indicates with the DNA came from a 

male or female dog. 

 

The DNA markers are known to be highly variable even within breeds. When two different samples 

give the same DNA profile then these are the data expected if the DNA came from the same dog. It 

is possible to estimate the probability that the two DNA samples come from the same dog if there is 

a suitable reference database of the frequencies of the DNA types in the local dog population. 

 

 

 

End of statement
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Figure 4.13 – Chromatogram of nuclear canine DNA from sample 565-2.B, amplified using QIAGEN® multiplex PCR kit and DogFiler loci at 31 

cycles on a GeneAmp® System 9700 thermal cycler. 
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4.4.2 Cold Case Potential 

The first time animal DNA was accepted as evidence in court was for the 1994 murder of Shirley 

Duguay, where the now infamous cat Snowball’s hair implicated the murder suspect [6]. A man’s 

leather jacket was found shortly after the discovery of the victim’s bloodied abandoned vehicle. The 

jacket was also stained with the victim’s blood and had many white domestic cat hairs inside the 

lining. The suspect, the victim’s estranged common-law husband, lived with his parents and a white 

shorthaired pet cat named Snowball. One of the 27 hairs from the jacket contained enough root 

material for extraction and amplification of ten feline dinucleotide STR loci [7]. The results 

concluded that the hairs found on the coat came from Snowball, and were presented and admitted to 

the Supreme Court of Prince Edward Island. The suspect was found guilty of second-degree murder 

in July of 1996.  

 

Since this landmark case, animal DNA amplified from hairs, faeces, urine stains, tissue samples or 

blood has been submitted as evidence in cases ranging from burglary, to animal abuse, sexual 

assaults and murder [8-16]. Although the use of animal DNA in criminal casework has continued 

since 1996, it is still relatively new to many countries. The first time feline DNA was submitted as 

evidence in a UK criminal trial was in 2012, where David Hilder was convicted for manslaughter 

after hairs from his pet cat were discovered on the dismembered torso of David Guy. Many cases, 

such as the one just mentioned, have focused on the use of mitochondrial DNA due to their high 

copy number and higher chance of profiling success. A shift to nuclear DNA genotyping has only 

emerged more recently as techniques become more sensitive [5, 17]. 

 

Direct PCR using human (section 3.2) and canine (section 4.3) hairs has shown a tremendous 

improvement on current methods in obtaining valuable nuclear DNA information. Both studies 

tested hairs of unknown age [18, 19], providing hope for cold cases where single hairs may not have 

been processed due to low success rates. Criminal investigations from the past, prior to routine 

DNA sampling, have a higher chance of human DNA contamination due to a lack of knowledge 

about DNA transference and DNA collection methods. Animal DNA contamination is a lot less 

likely to occur, making it an ideal target source for direct PCR. An unsolved Australian murder case 

mimics this scenario; Gerard Ross, aged 11, was abducted in October of 1997 and his body was 

found at a nearby pine plantation two weeks later [20]. Throughout the investigation, those 

collecting evidence had unfortunately contaminated it, thus making resampling and analysing with 

new techniques impossible. The discovery of dog hairs on his body and clothing gave hope to the 

investigation, as the family did not own a dog. It is unclear to what extent the dog hairs were tested 

and analysed, if at all.  
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4.5 Concluding Remarks 

Similarly to human hairs, canine hairs can be successfully amplified using direct PCR, with both 

sets of data supporting the theory of nuclear and cell-free DNA being present on the surface of the 

hair, as well as in the root material. It can therefore be assumed that similar results would be 

achievable using hair from other animal types, such as the domestic cat. Criminal investigators all 

over the world are recognising the power of animal DNA in criminal casework, particularly where 

there may be no other linking or DNA evidence. Forensic scientists are now pooling their research 

data on animal genotypes, creating worldwide databases for domestic dogs and cats, ensuring that 

population frequency statistics can be applied in the same way human DNA is analysed [21-27]. 

Direct PCR of animal hairs can be a powerful tool in future criminal investigations, especially those 

of a time sensitive nature, as the analysis process is shortened without compromising the quality of 

the results.    
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Supplementary Material 

a. Canine allele frequencies 

Raw data 

Table 4a.1 – Calculated allele frequencies of the eight DogFiler loci. 
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Appendix 
i. Oral Presentation 22nd International Symposium on the Forensic Sciences of the Australian and New Zealand 

Forensic Science Society (ANZFSS), Adelaide, Australia, 2014. Successful direct amplification of nuclear 

markers using single dog hairs with eight DogFiler loci.  
Presented by Renée Blackie. 
 

Society for Wildlife Forensic Science (SWFS) meeting, Missoula, Montana, USA, 2015. Successful direct 

amplification of nuclear markers using single dog hairs with eight DogFiler loci.  

Presented by Adrian Linacre.   
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Corresponding abstract for oral presentation:  

 

Successful direct amplification of nuclear markers using single dog hairs with eight 

DogFiler loci 

Renée Ottens1, Adrian Linacre2 

 
1 School of Biological Science, Flinders University, Bedford Park, SA, Australia, renee.ottens@flinders.edu.au  

2 School of Biological Science, Flinders University, Bedford Park, SA, Australia, adrian.linacre@flinders.edu.au  

 

 

We report on successful amplification of canine STR DNA profiles from single dog hairs. 

Dog hairs are commonly found on clothing or items of interest in forensic casework and 

may be crucial associative evidence if linked to an individual dog. We used direct 

amplification from these hairs to increase the sensitivity and DNA yield of the sample, as 

well as reducing analysis time. Hairs from different somatic regions were used from several 

different dog breeds to amplify a selection of eight loci from the validated DogFiler 

multiplex. Both anagen and telogen hairs were processed, with a mix of coarse topcoat hairs 

and thinner soft undercoat hairs. For single coarse hairs, approximately 5 mm from the 

proximal tip was added directly into a PCR tube. Multiple sections of a single hair were 

amplified in 5 mm segments to determine the viability of DNA recovery from the shaft of 

the hair. Undercoat hairs, which are very fine, were amplified together in a single tube 

(approximately 10 small hairs). Each hair type and fragment consistently produced a full 

DNA profile using all eight loci that matched the corresponding reference profile for that 

dog.  
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CHAPTER 5 

 

 

 

Direct PCR from Human Fingernails 
 

Ottens, R., Taylor, D., and Linacre, A., DNA profiles from fingernails using direct PCR. Forensic 

Science, Medicine, and Pathology, 2015. 11(1): p. 99-103. 

http://dx.doi.org/10.1007/s12024-014-9626-8 

Citations: 4 
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Direct PCR from Human Fingernails 

5.1 Preface 

From the previous direct PCR studies on canine and human hair, it can be inferred that the presence 

of nucleated cells or cell-free DNA would also be available on the surface of fingernails. Like hair, 

nails are made from keratin and have the propensity to maintain DNA on the surface, from skin 

secretion or sebum as the nail grows, even when exposed to extreme environmental conditions [1, 

2]. Unlike hair however, fingernails are more likely to pick up PCR inhibitors such as dirt, nail 

polish, or cleaning chemicals through regular daily activities and exposure to the environment.  

 

Fingernails can be used to target different sources of DNA; a victim may have collected foreign 

DNA under their fingernails during an attack or struggle with a perpetrator, in which case the 

victim’s nails may either be collected or scraped underneath to collect any tissue or DNA material 

present [3-6]. Alternatively, fingernails have been used in victim identification [7, 8], where whole 

nails are collected and processed as a non-invasive method to obtain DNA information about the 

victim. Similarly, many difficulties arise during mass disaster victim identification [9, 10], 

particularly with sample collection and storage [11], making fingernails an ideal source of DNA in 

these scenarios.  

 

The method for analysing DNA from fingernails varies greatly between laboratories; fingernails 

may be cut and pooled into one extraction, swabbed or scraped [1, 4-6, 12]. The collection method 

would then affect the extraction method chosen, and thus the success rate of obtaining important 

DNA information. Direct PCR has the potential to greatly decrease the time taken to process 

fingernail samples, as well as increasing the likelihood of consistently obtaining important DNA 

information. The following sections investigate the application of human fingernails substrate for 

direct PCR (5.2), and the future implementation and use of direct PCR in mass disaster 

investigations (5.3). 
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5.2 DNA profiles from fingernails using direct PCR 

 

Statement of authorship 
DNA profiles from fingernails using direct PCR 

Published in Forensic Science Medicine, and Pathology 

Date: October 2014 

 

Renée Blackie (Candidate) 

Performed all laboratory work (sample collection, DNA extractions and quantifications, PCR 

amplification, capillary electrophoresis), data analysis and interpretation, created data table, and 

wrote the paper.  

 

I hereby certify that the statement of contribution is accurate 

Signed    Date March 2016 

 

Duncan Taylor (Co-Supervisor) 

Assisted with experimental design, commented on data, and edited the paper. 

 

I hereby certify that the statement of contribution is accurate 

Signed     Date March 2016 

 

Adrian Linacre (Supervisor) 

Supervised the project, assisted with experimental design, commented on data, and edited the paper. 

 

I hereby certify that the statement of contribution is accurate     

Signed     Date March 2016 
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5.2.1 Published manuscript, a technical report, Forensic Science Medicine, and 

Pathology 
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5.3 Applications 

The challenges faced with mass disaster investigations (DVI) and the subsequent victim 

identification has been well documented [10, 11, 13-17]. An extensive amount of evidence and 

scene management is required immediately after a mass disaster and can be hindered by the type of 

disaster, the terrain, the overall environmental conditions, the number of staff and organisations 

available for assistance, and the coordination of those teams, just to name a few. DNA evidence 

must also be documented, collected and stored appropriately and as fast as possible to reduce 

further contamination and degradation. Often due to the sheer size of a mass disaster operation, 

DNA degradation is very difficult to avoid thus creating delays in identification, and increasing the 

costs of the downstream processes. DNA analysis has often required the use of shorter primer sets, 

or mini-STRs, to help combat the DNA breakdown and degradation often associated with DVI 

cases [18-22]. The nature of the DVI can mean DNA degradation is unavoidable, as in the case of 

bombing or plane crashes. Some studies have even focused on the use of SNPs or mitochondrial 

DNA to overcome these same issues [23-27].   

 

As mentioned in sections 5.1 and 5.2, the human fingernail has the propensity to hold DNA within 

its keratin structure for long periods of time, even through extreme environmental conditions. This 

sample type therefore has great benefits for DVI situations, particularly when it comes to storage of 

the sample. Fingernails do not require refrigeration, and can be collected and stored very quickly 

leading for the next stages of processing. Refrigeration of samples is a huge hurdle when it comes 

to mass numbers of victims, especially in remote or humid locations. When sampling fingernails, 

only a small section is required for direct PCR, allowing for resampling or further testing if 

required. Fingernails and human hair, where available, would be an effective additional (or 

alternative) source for DNA sampling in DVI cases to traditional blood or tissue. Both sample types 

have shown to work well with standard STR typing, without the need to use modified or additional 

methods for processing [28-30]. The speed of processing of these sample types also decreases the 

overall cost of processing – both are huge benefits in DVI when pressure surrounds every aspect of 

mass disaster investigations.   
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5.4 Concluding Remarks 

Based on the results of this study, the use of direct PCR with human fingernails has improved the 

probability of obtaining meaningful profiles compared to processing the same samples using 

standard extraction methods, as well as reducing the time and costs involved with the analysis 

process. Without the need to modify or adjust validated methods, direct PCR of human fingernails 

can be applied in investigations quickly. The robustness of fingernails and their propensity to hold 

DNA through extreme environmental conditions is greatly beneficial to DVI and missing person 

investigations that are time sensitive. The data continues to support the theory that nuclear and cell-

free DNA are present on the surface of the substrate, and is easily made available to the PCR matrix 

during the direct amplification process.  
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Supplementary Material 

a. DNA profiles from fingernails using direct PCR 

Chromatogram examples 

 
Figure 5a.1 – NGM SElect™ kit full DNA profile obtained from a human fingernail sample for IND 1, amplified using direct PCR at 29 cycles.  
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Figure 5a.2 – NGM SElect™ kit partial DNA profile obtained from a human fingernail sample for IND 1, amplified using direct PCR at 29 cycles.  
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Figure 5a.3 – NGM SElect™ kit DNA profile obtained from a human fingernail sample for IND 4, amplified using direct PCR at 29 cycles.  
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Figure 5a.4 – NGM SElect™ kit DNA profile obtained from a human fingernail sample for IND 5, amplified using direct PCR at 29 cycles.  
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Figure 5a.5 – NGM SElect™ kit partial DNA profile obtained from a human fingernail sample for IND 6, amplified using direct PCR at 29 cycles.  
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Figure 5a.6 – NGM SElect™ kit DNA profile obtained from a human fingernail sample for IND 7, amplified using direct PCR at 29 cycles.  
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Figure 5a.7 – NGM SElect™ kit DNA profile obtained from a human fingernail sample, amplified using direct PCR at 29 cycles. Side by side 

comparison of the same sample before and after PCR product dilution for capillary electrophoresis. Pull-up effects are greatly reduced.  
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Appendix 

i. Oral Presentation 22nd International Symposium on the Forensic Sciences of the Australian and New Zealand 

Forensic Science Society (ANZFSS), Adelaide, Australia, 2014. Successful direct amplification of nuclear 

markers from fingernail clippings. 
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Successful direct amplification of nuclear markers from fingernail clippings 
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2 School of Biological Science, Flinders University, Bedford Park, SA, Australia, adrian.linacre@flinders.edu.au 

 

 

We report on successful direct amplification of DNA profiles from fingernail clippings. The 

collection of fingernail clippings for DNA analysis is fast and non-invasive. Fingernails will 

not degrade in the same manner as other biological materials and do not need special 

storage. This makes fingernails an ideal sample type in mass disaster circumstances where 

storage and conditions may not be optimal. Direct amplification has the advantages of 

increasing PCR sensitivity and DNA yield, allowing for human identification to be made in 

a significantly reduced time. Using the NGM™ 15 loci STR kit, a small section (~ 2 mm2) 

of clipped nail was placed directly into a 0.2 mL thin walled tube for amplification. No 

adjustments to the manufacturer’s protocol were made except the addition of 5 units of 

AmpliTaq Gold® DNA polymerase. Ten nail clippings (one from each finger) were 

analysed from seven individuals. Full profiles were obtained routinely after 29 cycles with 

no inherent stochastic effects thus reducing time, cost and increasing the opportunity to 

obtain an STR profile.  
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Direct PCR from Fibres 
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Direct PCR from Fibres 

6.1 Preface 

Similarly to human and animal hairs, single fibres or items of clothing may often be present at 

crime scenes, potentially offering valuable forensic information. Single fibres may come loose from 

their original source and be transferred to other surfaces or areas during direct or indirect physical 

contact, such as a struggle during a physical assault or in the attempt to remove evidence of a crime 

[1]. Single fibres are typically analysed microscopically to identify morphological features such as 

weave pattern, colour, or whether the fibre is natural, man-made or both [2, 3]. The morphology of 

a fibre can provide information to assist in linking it to its original source or location. The addition 

of autosomal DNA information from a single fibre could provide new avenues for investigation, 

with the ability to link a person, as well as a garment, to a crime. This chapter explores the use of 

direct PCR with fibres from clothing, to offer an additional analysis tool in criminal investigations. 

The following sections explore the testing of fibres, using direct PCR, within the Flinders 

University DNA laboratory (6.2), the application of single fibres as a substrate for direct PCR (6.3), 

as well as the application of single fibres in casework and future implementation of the technique 

(6.4). 
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6.2 Preliminary data 

To investigate the suitability of single fibres as a substrate for direct PCR methods, several 

preliminary experiments were conducted. Firstly, to ascertain if inhibition or over-amplification 

would occur, the following conditions were set up: using sterilised white cotton, fabric squares 

measuring approximately 2 mm x 2 mm were held for 15 seconds (Figure 6.1); single fibres 

measuring approximately 5 mm were held for 15 seconds; 10 µL of saliva was pipetted onto fabric 

squares and left to dry; and 1 ng of control DNA (extracted from individual’s buccal swab) was 

pipetted onto fabric squares and left to dry. All fabric squares and single fibres came from the same 

source of white cotton, which had been sterilised under ultra violet light for 10 minutes. Hands were 

washed with soap and water 30 minutes prior to holding fabric squares and single fibres. Ten of 

each sample type was processed. 

 

 
Figure 6.1 – Example of size of white cotton fabric cut for direct PCR used in control and 

preliminary experiments. 

 

All samples were amplified using the NGMTM kit (Life Technologies, Victoria, Australia). Each 

sample (i.e. either the entire material square, or the entire fibre) was prepared in a 0.2 mL thin 

walled tube containing 25 µL of reagents following the manufacturer’s instructions. A total of 29 

PCR cycles was performed on a GeneAmp® 9700 96-well thermal cycler (Life Technologies) 

following manufacturer’s instructions. PCR products (1 µL) were combined with 0.5 µL Liz 500™ 

(Life Technologies) separated using a 3130xl Genetic Analyser (Life Technologies). The data were 

analysed using GeneMapper ID v3.2 (Life Technologies) with a threshold of 50 RFU for allele 

assignment. 
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Touched fabric square samples all produced profiles of six alleles or less (counting homozygous 

loci as a single allele to represent an unknown reference profile). However, 50 % of these samples 

showed a greater number of alleles between 40 – 49 RFU (represented by dots in Table 6.1), just 

below the 50 RFU threshold, indicating the possibility for protocol enhancement (such as cycle 

number increase) or analysis using a continuous software programme such as STRmix™ or 

TrueAllele® where peaks at lower analytical thresholds can be considered by modelling signal and 

noise [4-7]. Utilising the information down to 40 RFU would mean three of the ten touched fabric 

square samples would be considered partial profiles (five or more complete STR loci), and therefore 

up-loadable to the Australian NCIDD.  

 

Nine of ten single fibre samples produced profiles of five or more complete STR loci, with seven of 

these profiles containing between 1-3 non-donor alleles (Table 6.2). Although the fabric squares 

have a higher surface area than the single fibres during contact, the single fibres performed better. It 

is possible that the larger physical space of the fabric squares within the PCR tube, and therefore 

PCR matrix, somehow prevents all available surface DNA from being released. DNA retention to 

the fabric squares is explored later in this section. As a single fibre is used in the analysis it is 

assumed that any resulting DNA profile will be mostly attributed to the individual touching the 

fibre. The individual touched the fibres and fabrics 30 minutes after washing their hands. During the 

30-minute interval, the individual commenced regular activities. With this in mind, secondary 

transfer of DNA needs to be considered when analysing profiles obtained [1, 8-10]. It cannot be 

assumed that a DNA profile from a single fibre is wholly from the individual touching the item.  

 

All fabric square samples with saliva returned full profiles of the individual (Table 6.3). DNA was 

not extracted from the saliva prior to placing on the fabric; it is assumed that cell-free DNA would 

be present in the saliva [11, 12], and that cell membranes would also be broken down during the 

initial heating stage of the PCR process releasing DNA into the PCR matrix.  
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Table 6.1 – NGM™ profiles showing allele call, RFU value and profile percentage obtained from ten fabric square (white cotton) samples that were 

held for 15 seconds and amplified using direct PCR methods at 29 cycles. Dots indicate alleles present but less than 50 RFU threshold.  
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Table 6.2 – NGM™ profiles showing allele call, RFU value and profile percentage obtained from ten single fibre strand (white cotton) samples that 

were held for 15 seconds and amplified using direct PCR methods at 29 cycles. Dots indicate alleles present but less than 50 RFU threshold. Alleles 

highlighted in red indicate non-donor alleles. 
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Table 6.3 – NGM™ profiles showing allele call, RFU value and profile percentage obtained from ten fabric square (white cotton) samples that had 10 

μL of saliva pipetted onto the centre and amplified using direct PCR methods at 29 cycles.  
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As mentioned previously in section 2.5, the level of fluorescence in a treated DNA sample can be 

used to indicate how much DNA is present [13, 14]. The data from section 2.5 supported a linear 

correlation between DNA mass and the RFU value, therefore a decrease in RFU value would be 

indicative of a loss of DNA mass. This same principle is applied to determine if DNA is retained on 

fabric or released entirely during direct PCR. The average RFU values of positive control samples 

of known DNA masses (2800M, Promega, Victoria, Australia) at 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 

0.8, 0.9 and 1 ng were compared to the average RFU values of the same DNA concentrations 

amplified directly from fabric squares. Fabric samples were prepared by pipetting the series of 

control DNA (2800M) onto sterilised fabric squares measuring 2 mm x 2 mm and allowed to dry. 

This was prepared three times for each mass of DNA (0 – 1 ng) for a total of 33 fabric samples. 

Each sample was placed directly into a 0.2 mL thin walled tube containing 25 µL of reagents from 

the NGMTM kit, following the manufacturer’s instructions. A total of 29 PCR cycles was performed 

on a GeneAmp® 9700 96-well thermal cycler following manufacturer’s instructions. PCR products 

(1 µL) were combined with 0.5 µL Liz 500™ separated using a 3130xl Genetic Analyser. The data 

were analysed using GeneMapper ID v3.2 with a threshold of 50 RFU for allele assignment. A 

single set of the positive control samples were amplified in the same way. All samples were run in 

triplicate on the 3130xl for a total data set of 33 positive control profiles and 99 fabric profiles (see 

supplementary material: raw data examples). The linear correlation between DNA mass and RFU 

value was confirmed for both sets of data, with R2 values above 0.9. The data indicated that overall 

there was an average RFU value decrease of 21.7 % between the control and fabric samples, 

suggesting that approximately one fifth of DNA present on this fabric type is not released into the 

PCR matrix during amplification.  

 

There is obviously a wide range of variables that could contribute to the availability of DNA on the 

fabric and how much is released to the PCR matrix. This could include the composition of the 

fabric: if it is synthetic, natural or a combination of both; any dyes present that may inhibit the 

direct PCR process; exposure of the DNA to environmental pressures; the type of DNA left behind; 

how much pressure is applied to the fabric through touch; an individual’s ‘shedder’ status; as well 

as transference factors (direct, or indirect) to name a few.  It would be unrealistic to explore all of 

these factors, and many are constantly changing due to a range of other variable conditions. With 

these issues in mind, section 6.3 explores the potential of using single fibres from worn clothing 

items with direct PCR. The clothing items were selected randomly and consist of various fabric 

types and colours, as best to mimic a casework scenario.  
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6.3 DNA profiles from clothing fibres using direct PCR 
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6.4 Applications 

Section 6.3 highlights the potential of using single fibres from clothing in conjunction with direct 

PCR. Amplifying sections of tape-lifts directly also provided a higher number of alleles than 

standard extraction methods. Using multiple tape-lifts and single fibres from one item of clothing 

could possibly provide a series of DNA profiles to assist in an investigation where DNA 

information may not be generated otherwise. Consensus and composite profiling can also be 

implemented using data generated from the direct amplification of these samples. Composite 

profiling combines all alleles observed from multiple replicates. An allele only needs to appear once 

to be recorded. Consensus profiling requires alleles to appear more than once and is only recorded if 

observed in each replicate (Figure 6.2).  

 

 
Figure 6.2 – Understanding the difference between composite and consensus profiles by comparing 

two replicates, R1 and R2. The consensus profile only contains alleles A and B as they appear in 

both replicates, whereas the composite profile contains all alleles (A, B, C and D) observed in both 

replicates. Figure source: Bright [15]. 

 

Caution should be observed when applying these two analysis techniques. Consensus and 

composite profiles are created by amplifying DNA from a single extraction multiple times, or by 

injecting the same PCR product multiple times. Only the latter should be applied when using direct 

PCR methods, as per the recommendations of the SWGDAM guideline for interpreting composite 

and consensus profiles [16]. It should be noted that only American laboratories are required to 

follow SWGDAM guidelines. Further research using direct PCR and consensus profiling may need 

to be conducted to determine how conservative the profiles are, that alleles are associated as donor 

or non-donor (major or minor contributors) with a reduction or elimination of allelic drop-in [17, 

18]. Semi-continuous or fully continuous methods that utilise all the information from replicates 
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generated from a single DNA extract [19], could also be applied to profiles run from the same direct 

PCR product. 

 

Projecting forward into the use of fibres and direct PCR would be to investigate the suitability of 

other common fabric types with this method. The items used in the preliminary experiments 

(section 6.2) and explored further in section 6.3 were either cotton or mostly cotton blends. Denim 

would be an obvious choice, however it is likely that indigo dyes commonly present in denim will 

inhibit the PCR process [20, 21]. As mentioned previously, it would be unrealistic to explore the 

suitability of all fibre types, however many common blends are yet to be investigated. Textile fibres 

from carpet, tents, sails, ropes and cordages are also commonly found at crime scenes [2] and are 

worthy of investigation using direct amplification methods.  

 

It is also clear that directly amplifying sections of a tape-lift yields impressive data that would not 

be obtained by standard methods, or without an increase in cycle number. Tape-lifting is the most 

effective and common method to remove trace evidence from items, clothing, and corpses at a 

crime scene [2]. This has long been the standard procedure for fibre investigations [2, 22]. Tape-

lifts are able to collect foreign hairs and fibres, as well as skin flakes, and any other DNA (cell-free) 

that has been transferred directly or indirectly. The identification of skin flakes on tape-lifts using 

microscopy has enabled the DNA to be successfully extracted and amplified [22]. The process 

however, is laborious and only resulted in DNA profiles from approximately 15 % of 500 

individually extracted skin flakes. From the successful samples, only 5 % yielded full DNA 

profiles. LT-DNA typing methods using 33 cycles were implemented to obtain this data. Using 

standard methods, only 0.5 – 1 % of selected samples yielded full profiles. Although these success 

rates can be considered low, it has opened up a pathway to re-examine tape-lifts for cellular DNA 

where previously only fibres and hairs were collected for examination. This method was applied to 

cold cases and resulted in a conviction in two cases [22]. Direct amplification of tape-lifts from cold 

cases has the potential to improve on these results as cycle number increase is not required, and 

significant DNA mass is not lost to the extraction step. The process is significantly faster, and 

multiple samples can be amplified from a single tape-lift.  
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6.5 Concluding Remarks 

Although this research conducted on fibres is considerably small in the vast world of fabrics, the 

benefits highlighted are huge. Two additional methods for acquiring DNA from fabrics include 

amplifying single fibres or small fragments directly, and using small sections of tape from a tape 

lift. Using these tools to complement current analysis techniques of fibres can offer investigators 

more information in a short amount of time. It is clear that there are limitations involved when 

using fibres as a direct PCR substrate, there are too many variables to investigate thoroughly, and 

inhibition from dyes will likely be an ongoing issue. The discrimination power offered by DNA 

however, is a valuable asset to any investigation and always worthy of pursuing. Like previous 

substrates, these methods do not require the enhancement of cycle number or significant protocol 

adjustments to those used in forensic laboratories on typical trace DNA samples.   
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Supplementary Material 

a. DNA profiles from clothing fibres using direct PCR 

Clothing items 

 
Figure 6a.1 – Red/maroon coloured cardigan, labelled cotton, item ID for experiment is A1. 

 
Figure 6a.2 – Cream with grey print jumper, labelled cotton, item ID for experiment is A2. 
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Figure 6a.3 – Light grey with dark grey print jumper, labelled cotton, item ID for experiment is A3. 

 
Figure 6a.4 – Dark green cardigan, labelled cotton/acrylic, item ID for experiment is A4. 
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Figure 6a.5 – Light grey cardigan, labelled 80 % acrylic/ 20 % nylon, item ID for experiment is A5. 
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Laboratory setup examples 

 
Figure 6a.6 – Example of fibres from item A1 inside 0.2 mL PCR tubes. 

 
Figure 6a.7 – Tape lifting item A1, central piece of tape cut for direct PCR, and cut tape inside a 0.2 

mL PCR tube. 
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Raw data examples 

Table 6a.1 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.1 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Table 6a.2 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.2 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Table 6a.3 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.3 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Table 6a.4 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.4 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Table 6a.5 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.5 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Table 6a.6 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.6 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Table 6a.7 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.7 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Table 6a.8 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.8 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Table 6a.9 – NGM™ profiles showing allele call and RFU value for triplicate samples of 0.9 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 



 277 

Table 6a.10 – NGM™ profiles showing allele call and RFU value for triplicate samples of 1 ng of neat DNA (blue), and on white cotton fabric squares 

(green, yellow and red), amplified using direct PCR methods at 29 cycles. Results used to determine loss of DNA (or DNA retention to the fabric) 

based on RFU values. 
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Chromatogram examples 

 
Figure 6a.8 – NGM™ DNA profile obtained from a single fibre from the cuff of item A1 after 2 hours of wear, amplified using direct PCR at 29 

cycles.
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Figure 6a.9 – NGM™ DNA profile obtained from a single fibre from the cuff of item A1 after 6 hours of wear, amplified using direct PCR at 29 

cycles.
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Figure 6a.10 – NGM™ DNA profile obtained from a single fibre from the cuff of item A1 after 9 hours of wear, amplified using direct PCR at 29 

cycles. 
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Figure 6a.11 – NGM™ DNA profile obtained from a single fibre from the cuff of item A1 after 11 hours of wear, amplified using direct PCR at 29 

cycles. 
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Figure 6a.12 – NGM™ DNA profile obtained from a single fibre from the cuff of item A1 after 2 hours of wear, amplified using direct PCR at 29 

cycles.
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 Figure 6a.13 – NGM™ DNA profile obtained from a tape lift from the cuff of item A1 after 12 hours of wear, amplified using direct PCR at 29 cycles. 
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Figure 6a.14 – NGM™ DNA profile obtained from a single fibre from the cuff of item A2 after 2 hours of wear, amplified using direct PCR at 29 

cycles.
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Figure 6a.15 – NGM™ DNA profile obtained from a single fibre from the cuff of item A2 after 4 hours of wear, amplified using direct PCR at 29 

cycles. 
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Figure 6a.16 – NGM™ DNA profile obtained from a single fibre from the cuff of item A2 after 9 hours of wear, amplified using direct PCR at 29 

cycles. 
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Figure 6a.17 – NGM™ DNA profile obtained from a single fibre from the cuff of item A3 after 2 hours of wear, amplified using direct PCR at 29 

cycles. 
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Figure 6a.18 – NGM™ DNA profile obtained from a single fibre from the cuff of item A3 after 4 hours of wear, amplified using direct PCR at 29 

cycles. 
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Figure 6a.19 – NGM™ DNA profile obtained from a single fibre from the cuff of item A3 after 9 hours of wear, amplified using direct PCR at 29 

cycles. 
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Figure 6a.20 – NGM™ DNA profile obtained from a single fibre from the cuff of item A4 after 9 hours of wear, amplified using direct PCR at 29 

cycles. Fibre contains dye that causes inhibition.  
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Figure 6a.21 – NGM™ DNA profile obtained from a single fibre from the cuff of item A5 after 2 hours of wear, amplified using direct PCR at 29 

cycles. 
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Figure 6a.22 – NGM™ DNA profile obtained from a single fibre from the cuff of item A5 after 6 hours of wear, amplified using direct PCR at 29 

cycles. 
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Figure 6a.23 – NGM™ DNA profile obtained from a single fibre from the cuff of item A5 after 9 hours of wear, amplified using direct PCR at 29 

cycles. 
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CHAPTER 7 

 

 

 

Direct Phenotypic SNPs 
 

Manuscript prepared as: a technical note, Journal of Forensic Sciences. 

Successful direct amplification of human hair and fingernails using IrisPlex SNP markers 
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Direct Phenotypic SNPs 

7.1 Preface 

SNP data have been used for over a decade to infer ancestry, lineage and human migration 

movement, in conjunction with Y-STR and mitochondrial DNA haplotypes [1-4]. However, using 

SNP data to predict phenotypes is a recent progression within the forensic science community [5-9]. 

As SNP amplicons are typically smaller than STR amplicons, there is a greater chance of obtaining 

valuable DNA information from difficult trace and degraded samples [10-13]. Although SNP data 

does not offer the same level of discrimination power for identification, standard STR profiles may 

not be of much significance if there is no reference profile or existing profile on a database for 

comparison. The use of phenotypic or ancestry SNPs, therefore, has the potential to aid in inclusion 

or exclusions of suspects or victims where no other information is available. 

 

The first step of SNP analysis involves regular PCR techniques of small amplicons; therefore direct 

PCR can be applied at this stage in conjunction with samples that routinely amplify well with direct 

methods. The following sections investigate the application of single human hairs and fingernail 

clippings as substrates for direct PCR using IrisPlex SNP markers (7.2), and the future 

implementation and use of the direct PCR technique in conjunction with other SNP markers (7.3). 
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7.2 Successful direct amplification of human hair and fingernails using IrisPlex SNP 

markers 

 

Statement of authorship 
Successful direct amplification of human hair and fingernails using IrisPlex SNP markers 

Manuscript prepared as: a technical note, Journal of Forensic Sciences. 
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7.2.1 Manuscript prepared as: a technical note, Journal of Forensic Sciences. 
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7.3 Applications 

Section 7.2 outlines the successful direct amplification of two human substrates with IrisPlex SNPs 

and promising results with the SNPforID 34-plex ancestry test. A natural progression of research 

would be to expand on the number and type of SNP panels used with a direct PCR approach, such 

as the more recent HIrisPlex panel [14] that determines hair colour as well as eye colour, and the 

vast amount of individual identification SNPs available [8, 15-17], including the SNPforID 52-plex 

panel [13, 18, 19]. Of course, human hair and fingernails are not the only substrates that can be 

amplified directly: fibres from clothing, fibres from swabs used on a range of surfaces, as well as 

tape used in tape lifting fabrics, could also be investigated in conjunction with SNP testing.  

 

There are an increasing number of forensic informative SNPs being discovered, and the SNaPshot® 

multiplex kit can only incorporate the use of 30 – 50 SNPs in a single assay [20-23]. The drive to 

obtain more information from a single sample is leading to the combination of ancestry and 

phenotypic informative SNPs through the means of next generation sequencing (NGS), where 

thousands of genetic markers can be genotyped simultaneously [24-27]. As NGS technology 

continues to develop and improve, the systems will be able to combine different forensic assays to 

accommodate the new SNP markers that are continually being discovered. Less input DNA is 

required for NGS, and if coupled with direct PCR techniques, could lead to great improvements 

when processing difficult trace evidence and degraded samples.  
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7.4 Concluding Remarks 

The results from this study highlight the potential use of DNA trace samples as a source for directly 

amplifying forensic informative SNPs. A wide range of substrates and SNPs can be combined to 

further increase the likelihood of obtaining profiles from degraded and challenging samples. As the 

number of forensic informative SNPs continues to grow, newer technologies such as NGS are being 

implemented to provide incredible amounts of data from single samples. By combining individual 

identification SNPs, ancestry inference SNPs, and phenotypic inference SNPs into one process, the 

application of data can be applied to a widening range of investigations such as missing persons, 

DVI scenarios, and the inclusion or exclusion of suspects or victims to assist an investigation.  
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Supplementary Material 

a. Successful direct amplification of human hair and fingernails using IrisPlex SNP markers 

Raw data 

Table 7a.1 – IrisPlex SNP results for individual 1, amplifying anagen hair roots and 

fingernail samples using direct PCR methods. 

Sample rs1800407 rs16891982 rs12203592 rs12913832 rs1393350 rs12896399 

Pos Control G G C C/T C G/T 

Nail 1 G G - C/T C G/T 

Nail 2 G G - C/T C G/T 

Nail 3 G G C C/T C G/T 

Nail 4 G G C C/T C G/T 

Nail 5 G G - C/T C G/T 

Hair 1 G G C C/T C G/T 

Hair 2 G G C C/T C G/T 

Hair 3 G G C C/T C G/T 

Hair 4 G G C C/T C G/T 

Hair 5 G G C C/T C G/T 
- no SNP allele present 

 

Table 7a.2 – IrisPlex SNP results for individual 2, amplifying anagen hair roots and 

fingernail samples using direct PCR methods. 

Sample rs1800407 rs16891982 rs12203592 rs12913832 rs1393350 rs12896399 

Pos Control G G T C/T C G 

Nail 1 G • - C/T C G 

Nail 2 G G T C/T C G 

Nail 3 G G T C/T C G 

Nail 4 G G T C/T C G 

Nail 5 G G T C/T C G 

Hair 1 G G T C/T C G 

Hair 2 G G T C/T C G 

Hair 3 G G T C/T C G 

Hair 4 G G T C/T C G 

Hair 5 G G T C/T C G 
- no SNP allele present 

• allele present but below 50 RFU threshold 
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Table 7a.3 – IrisPlex SNP results for individual 3, amplifying anagen hair roots and 

fingernail samples using direct PCR methods. 

Sample rs1800407 rs16891982 rs12203592 rs12913832 rs1393350 rs12896399 

Pos Control G G C/T C C/T G/T 

Nail 1 G G C/T C C/T G/T 

Nail 2 G G C/T C C/T G/T 

Nail 3 G G •/T C C/T G/• 

Nail 4 G G C/T C C/T G/• 

Nail 5 G G C/T C C/T G/T 

Hair 1 G G C/T C C/T G/T 

Hair 2 G G C/T C C/T G/T 

Hair 3 G G C/T C C/T G/T 

Hair 4 G G C/T C C/T G/T 

Hair 5 G G C/T C C/T G/T 

• allele present but below 50 RFU threshold 

 

Table 7a.4 – IrisPlex SNP results for individual 4, amplifying anagen hair roots and 

fingernail samples using direct PCR methods. 

Sample rs1800407 rs16891982 rs12203592 rs12913832 rs1393350 rs12896399 

Pos Control G G C C T G 

Nail 1 - - - - - - 

Nail 2 G G C C T G 

Nail 3 - - - - - - 

Nail 4 G - C C T G 

Nail 5 - - - - - - 

Hair 1 G G C C T G 

Hair 2 G G C C T G 

Hair 3 G G C C T G 

Hair 4 G G C C T G 

Hair 5 G G C C T G 
- no SNP allele present 
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Table 7a.5 – IrisPlex SNP results for individual 5, amplifying anagen hair roots and 

fingernail samples using direct PCR methods. 

Sample rs1800407 rs16891982 rs12203592 rs12913832 rs1393350 rs12896399 

Pos Control G G C/T C C/T G/T 

Nail 1 - - - - - - 

Nail 2 - - - - - - 

Nail 3 - - - - - - 

Nail 4 - - - - - - 

Nail 5 - - - - - - 

Hair 1 G G C/T C C/T G/T 

Hair 2 G G C/T C C/T G/T 

Hair 3 G G C/T C C/T G/T 

Hair 4 G G C/T C C/T G/T 

Hair 5 G G C/T C C/T G/T 
- no SNP allele present 

 

Note: re-amplification of fingernail clippings where initial amplification failed to produce all SNP 

alleles, returned full SNP profiles.   
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Appendix 
i. Poster Presentation 22nd International Symposium on the Forensic Sciences of the Australian and New 

Zealand Forensic Science Society (ANZFSS), Adelaide, Australia, 2014. Successful direct amplification 

of SNP markers using single human hairs & fingernail clippings.  
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Corresponding abstract for poster presentation:  

 

Successful direct amplification of Single Nucleotide Polymorphism (SNP) markers 

using single human hairs with IrisPlex 

Renée Ottens1, Adrian Linacre2 

 
1 School of Biological Science, Flinders University, Bedford Park, SA, Australia, renee.ottens@flinders.edu.au  

2 School of Biological Science, Flinders University, Bedford Park, SA, Australia, adrian.linacre@flinders.edu.au  

 

We report on the successful direct amplification of IrisPlex SNP markers using single hair 

follicles. The use of phenotypic SNPs in forensic science is fast becoming popular due to the 

nature of the information provided. Standard STR profiles may not be of much significance 

if there is no reference profile or existing profile on a database for comparison. Phenotypic 

SNPs have the potential ability aid in inclusion or exclusions of suspects or victims where 

no other information is available. In this study, we aimed to determine if SNPs could be 

amplified using direct PCR from single hair follicles. We chose to amplify SNPs from the 

validated IrisPlex system, an informative tool for determining eye colour. A section (~ 5 

mm) of hair from the proximal tip was used in the initial PCR amplification. All following 

steps adhered to the IrisPlex protocol. Profiles obtained from the hairs consistently matched 

the reference profiles of the individuals tested. The results from this study highlight the 

potential use of DNA trace samples as a source for directly amplifying informative SNPs. 
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ii. Collaborative EDNAP exercise on the IrisPlex system for DNA-based prediction of 

human eye colour 

a. Contributed laboratory work and data analysis for the Flinders DNA Laboratory 
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CHAPTER 8 

 

 

 

Further Applications, Conclusions & 

Impact 
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Further Applications, Conclusions & Impact 

8.1 Preface 

The final chapter of this thesis discusses the rippling effect this research has had within the forensic 

science community, and the new directions for direct PCR research heading into the future. Given 

the number of variables a crime scene may produce, as far as the substrates and surfaces DNA may 

be found on, there are still many more applications of this technique to explore. Section 8.2 

describes these possibilities in depth, highlighting research already trialled and research currently 

underway. Specifically this section describes: the possibilities of using direct PCR with human teeth 

and bones, showcasing the preliminary results obtained during this candidature from human teeth 

samples; discussing the research projects that have been undertaken as a result of this candidature 

within the Flinders DNA Laboratory; and exploring the world wide use of this technique in other 

forensic areas such as explosive devices, and wildlife crime.  
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8.2 Further applications 

As mentioned previously, there are many variables to explore using direct PCR, too many to 

research sufficiently in one candidature. Given the data from this thesis, it is obvious that certain 

substrates perform better than others due to physical properties and the presence of inhibitors. 

Keratin-based substrates such as human and animal hair, and human fingernails all consistently 

provided meaningful data. Keratin does not break down completely during direct PCR; hair and nail 

samples remain visibly intact after amplification, suggesting that known inhibitors such as melanin 

are not released into the PCR matrix. This is supported by the data as little to no inhibition is 

observed. Fibres however, are more difficult to navigate with this technique. There are endless 

blends and compositions of fibre types, synthetic or natural, as well as dyes. Fibre types and dyes 

can affect the release of the DNA from the fabric into the PCR matrix, as well as causing complete 

inhibition of amplification. Fibre variables are too high for direct PCR to produce consistent results 

when using samples such as clothing. The aim of using direct PCR is to maximise results by 

utilising all available DNA, and minimise costs by reducing the time spent processing samples for 

which there is little chance of generating a DNA profile. The data from this thesis can help 

determine what substrates are going to have beneficial outcomes, and what substrates are unsuitable 

for implementation.  

 

8.2.1 Human teeth & bones 

It is no secret that human bone and teeth are some of the most challenging substrates for DNA 

extraction and purification. The process is expensive, long and arduous, often requiring specific 

equipment or even specialised laboratories. The DNA from these samples is often highly degraded, 

commonly due to environmental exposure, with the composition of bone and teeth creating further 

challenges [1-4]. The samples must be decalcified in order to remove PCR inhibitors, and release 

the DNA from the internal matrices. There has been no shortage of research to simplify the process, 

to minimise the use of specialised and expensive equipment, minimise the use of toxic chemicals, 

reduce the risks of contamination, as well as maximising the quantity and quality of DNA obtained 

[5-14].  

 

The successful direct amplification of these substrates would obviously drastically reduce time and 

costs involved, as well as reduce contamination opportunities, as there are fewer steps in which 

exogenous DNA could be unintentionally introduced. Similarly to all the substrates tested in this 

thesis, any DNA on the surface of a substrate would be released into the PCR matrix during the 

amplification process. Several initial direct PCR amplifications were conducted on human teeth 

samples during this candidature to assess if this was a viable technique for this substrate type.  
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Dr Laurence J Henbest of Perfect Smile in Adelaide, South Australia, donated human teeth samples, 

providing consent for the samples to be used for human identification for forensic science research 

purposes only. Samples were stored individually in Milton Antibacterial Solution: Hospital Grade 

(MSDS: 1 % NaOCl - bleach), and then rinsed in ethanol followed by a sterile water wash. Samples 

were left to dry before processing. The outer layer of the tooth was scraped and cleaned with a 

disposable scalpel to remove any residual bleach that may cause inhibition, followed by another 

sterile water wash. To fragment the tooth sample small enough to amplify directly, the tooth was 

wrapped in Kimwipes™ (Kimberley-Clark®) and then placed in a sterile ziplock bag. This package 

containing the tooth was then crushed in a clean vice. The crushed tooth was then emptied into a 

sterile plastic container. 

 

The pulp of the tooth was removed and placed in a 1.5 mL centrifuge tube for extraction, to enable 

DNA comparison to any tooth fragments. The pulp was extracted using the QIAamp® DNA Micro 

Kit (Qiagen) following the manufacturer’s protocol for tissue extraction. The sample was incubated 

overnight and eluted in a final volume of 50 µL. The DNA was quantified using a Qubit® 2.0 

Fluorometer (Life Technologies).  

 

Direct PCR was conducted by placing powdered tooth sample into a 0.2 mL thin walled tube 

containing 10 µL of PCR master mix from the AmpFℓSTR® NGM™ kit (Life Technologies, 

Victoria, Australia) along with 5 µL of the primer mix and 1 µL (5 units) of AmpliTaq Gold® DNA 

polymerase (Figure 8.1). The addition of the AmpliTaq Gold® DNA polymerase is to increase the 

overall units of enzyme in the reaction to assist in overcoming inhibitors that may be present on the 

tooth. A further 9 µL of sterile H2O were added to make the final volume 25 µL. The amplification 

was conducted in a GeneAmp® System 9600 thermal cycler (Life Technologies) using the 

manufacturer’s recommended conditions. During PCR, 29 cycles was used for all reactions. The 

NGM™ kit amplifies 15 STR loci plus the amelogenin locus. 

 

Capillary electrophoresis was performed on an ABI 3130xl Genetic Analyser (Life Technologies) 

using POP-4™ polymer (Applied Biosystems). An aliquot of 1 µL of the PCR sample was added to 

a solution of 0.5 µL of ABI GeneScan-600 LIZ® Size Standard and 9.5 µL of Hi-Di™ Formamide. 

Samples were then denatured at 95 °C for 3 min. Electrophoresis was conducted at 3 kV with a 10 s 

injection. The data were analysed using GeneMapper® v3.2. The detection threshold was set at 50 

relative fluorescence units (RFU). 
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Figure 8.1 – Powdered human tooth sample in 0.2 mL thin walled tube. Left frame shows tooth 

powder prior to the addition of the PCR master mix, right frame shows the addition of 25 µL of 

NGM™ kit reagents after brief centrifugation. 

 

Tooth samples were trialled from 13 individuals, targeting different areas of the tooth (such as the 

root dentine, and the crown enamel) with varying success. The results indicated that tooth itself is 

not a PCR inhibitor, as DNA profiles could be obtained when directly amplified. Full profiles could 

be obtained from tooth powder (Figure 8.2), that matched the corresponding tooths pulp DNA 

profile. Eight samples returned DNA data ranging from just a few alleles to full profiles. Five of 

these samples returned profiles of five complete loci or more. 

 

Most tooth samples showed signs of over amplification; with high RFU values and the occasional 

split peaks. Clearly there is opportunity to optimise the methods, and determine the best section of 

tooth for direct amplification. Due to limitations in time and equipment, tooth as a substrate for 

direct amplification was not researched further in this candidature. Gaining STR information from 

forensic samples provides the highest discrimination power in terms of DNA analysis. Teeth and 

bone samples are often analysed for mitochondrial DNA or SNP information due to degradation 

factors that make STR information difficult to obtain from these substrates. STR information was 

successfully generated from teeth samples in this preliminary work when amplified directly. With 

new forensic SNPs being researched and implemented, teeth and bone samples would make an ideal 

substrate for direct amplification using SNPs as they amplify smaller fragments than STRs. Further 

investigation into human teeth and human bone samples using STR and SNP analysis would 

undoubtedly be a significant research project on its own.  
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Figure 8.2 – Chromatogram of nuclear DNA from tooth powder amplified directly using AmpFℓSTR® NGM™ kit at 29 cycles on a GeneAmp® 

System 9600 thermal cycler. Sample was injected on an Applied Biosystems 3130xl Genetic Analyser at 3 kV for 10 s.  
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8.2.2 Flinders DNA Laboratory projects 

Early on into this candidature, it was clear that the spectrum of substrates to research using direct 

PCR was too large to properly investigate in one research project. The second direct PCR 

candidature, undertaken by Jennifer Templeton, focuses on the use of swabs with touch DNA. Swab 

fibres are amplified directly after swabbing an area of interest. Unlike fibres from clothing and 

textiles, variables can be kept constant when using forensic swabs. Preliminary data showed nylon 

FLOQswabs™ to give the best DNA profile results when compared to various other swab types, 

such as cotton and foam. Using control DNA deposited onto brass, plastic and glass, swabbing with 

FLOQswabs™ and amplifying the swab fibres directly was shown to improve DNA recovery when 

compared to standard extraction processes [15]. Following the results of this experiment, a mock 

case study was developed to determine if DNA from fingermarks could be obtained from various 

substrates using direct PCR [16]. The method summary was published, reporting the generation of 

interpretable profiles from 71 % of 170 fingermarks [17]. The method is rapid, allowing for a 

reduction in associated costs, and eliminates the need to increase PCR cycle number. The technique 

also provides a new tool to obtain DNA from fingermarks, where previously fingermarks may have 

only been submitted for fingerprint analysis.  

 

Fingermarks or touch DNA present at crime scenes can be challenging for collection as their 

location is mostly assumed, meaning DNA is not always present at the areas targeted for swabbing. 

The flow on effect is that many touch DNA samples submitted for analysis contain little or no 

DNA. The candidature undertaken by Alicia Haines investigates the in situ detection of latent DNA 

using DNA-binding dyes [18]. The fluorescence of the dyes where DNA is present can be observed 

easily using a Polilight®, allowing for a more targeted approach in the collection of touch DNA. 

With the right concentration of dye, ridge detail within a fingermark can also be observed allowing 

for fingermark comparisons to be made [19]. The dyes investigated have no significant effect on 

DNA extraction, amplification (direct or standard), and STR typing [20, 21]. Applying this 

technique to single hairs allows for rapid screening to determine if sufficient DNA is present for 

successful profiling [22, 23]. Combining this technique with direct PCR has further improved the 

DNA typing success rate of this difficult sample type [21].  

 

The combination of techniques being developed in these three candidatures is creating powerful 

new tools for the rapid detection and targeting of trace DNA from difficult substrates with high 

DNA typing success rates. These techniques all adhere to current manufacturer protocol 

recommendations, without the increase of amplification cycle number, providing results fast and at 

a lower cost.    
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8.2.3 Explosive devices 

Explosive devices used in terrorist attacks and bombings present a great challenge in investigations 

to identify the perpetrator, as the strong blasts often create incredibly small fragments of evidence 

[24]. Touch DNA is likely to be present on the components of explosive devices, transferred during 

assembly. The Omagh car bombing of 1998 (Sean Hoey v. R) was one of the first cases where LCN 

was implemented, generating a DNA profile from the wires associated with the bomb. Explosive 

devices are often made from household items, utilising electrical tapes and wires, batteries, and 

mobile phones, with containment in items such as PVC pipes, cookware, and backpacks [25-27]. 

The success rates for DNA STR typing of explosive device components are low [25, 27, 28], with 

the explosion itself likely to cause DNA degradation [25, 26]. Direct PCR has shown it can 

successfully amplify DNA from small fragments of fibres, keratin (hair and nails), and plastic (tape 

lifting), improving success rates in all cases. A recent study implemented direct PCR on simulated 

explosive device components, electrical tape and copper wire, as part of a larger study to determine 

the most efficient collection methods with explosive devices [29]. The sample size is low with only 

ten electrical tape samples, and ten copper wire samples amplified directly, yielding DNA recovery 

percentages of 20 – 35 %. The success rates are likely to increase if direct swabbing techniques 

[15], or a Triton™ X buffer soak (amplified directly) [16], are also implemented. 

 

8.2.4 Wildlife crime 

The illegal wildlife trade has a devastating and cascading effect on many animals, plants and their 

natural habitats. The UN estimates that 500 million shipping containers travel the world each year, 

and that less than 2 % are physically inspected [30]. Much of these containers are originating from 

under-developed countries and arriving at under-monitored ports, making it extremely difficult to 

determine the scale of illegal wildlife trade [31]; however, the wildlife forensic community 

estimates the trade at $20 billion per year [32, 33]. The discipline is greatly underfunded and is not 

prioritised in most forensic laboratories [33, 34].  

 

Direct PCR is now becoming a popular tool to help combat illegal wildlife trade, as it is fast, cost 

effective, only requires a minute sample size, and is effective with trace DNA samples. Direct PCR 

of keratin substrates has been greatly successful throughout this candidature. Keratin substrates are 

also common in the animal kingdom, making up a large portion of illegal wildlife trade. Alpha 

keratins can be found in hair (wool), horns, nails and claws of mammals. Harder beta keratins are 

found in: the nails, scales and claws of reptiles; the shells of turtles and tortoises; the feathers, beaks 

and claws of birds; and the quills of porcupines, to name a few.  
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Mammalian samples of bone, ivory, horn, feces, urine, dried skin, 30-year old hair, muscle tissue, 

and antler have all successfully been amplified using direct PCR [35-37]. Direct PCR can also aid 

with species identification by enabling DNA to be obtained from the smallest of museum samples, 

samples that typically need to remain intact [38].  Traditional extraction methods would require too 

large of a sample in most cases, causing damage to the original item. Since the beginning of this 

candidature, other science disciplines have also begun to utilise direct PCR. DNA has been 

successfully amplified directly from leaf and stem tissues from fibre crops [39, 40], woody plants 

[41], and insect skins [42]. These substrates are all relevant to wildlife crime analysis.  

 

Furthermore, animal SNP markers are becoming an increasing focus in the wildlife forensic field to 

help assist in species identification and the amplification of degraded DNA samples [34]. As 

previously shown, using direct SNP methods are successful on difficult keratin samples and would 

be another means of fast and cost effective identification within this field. 
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8.3 Final statement 

The research contained within this thesis has undoubtedly highlighted the huge advantage direct 

PCR techniques has had within the forensic science community and beyond. The published data has 

facilitated new projects, not only within our own laboratory, but nationally and worldwide [15, 21, 

34-45]. The stepping-stones for multidisciplinary collaboration have been paved, with the 

combination of techniques providing new and powerful methods for data collection and analysis. 

The ultimate goal of any forensic research is to improve methods so as to gain more valuable 

information during investigations. Not only has direct PCR enabled better DNA recovery for 

difficult substrates, the process is also faster and cheaper than current standard methodologies. As 

the technique does not require validated protocols to be adjusted, it can be introduced with ease, 

with many laboratories now implementing and researching direct PCR techniques for casework 

purposes [46-54].  
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