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THESIS ABSTRACT 

My original contribution to knowledge is the application of direct PCR for sampling 

‘touch’ DNA obtained from fingermarks for the purpose of human identification. DNA 

from fingermarks can be crucial evidence in forensic cases where partial or smudged 

prints are obtained and hence cannot be used for classical fingerprinting. Advances 

in technology have facilitated the typing and interpretation of trace or low-level DNA 

from fingermarks. It is well-known in forensic science that fingermark traces may 

possess limited DNA. The flow-on effect of this is that the DNA profiling of 

fingermarks often yields little or no information that can be used to assist forensic 

investigations. For samples such as fingermarks, every effort needs to be made to 

reduce processes that are wasteful of DNA so that the success rate for DNA profiling 

is maximised. Standard processing in most forensic laboratories involves the sample 

going through a DNA extraction step, which is known to lose high percentages of 

DNA. One possible workflow that removes the DNA extraction step involves placing 

the sample directly into the Polymerase Chain Reaction (PCR). This process is called 

‘direct PCR’ and has shown to be successful in other forensic applications where 

traditional DNA profiling failed. 

 

This thesis examines the effectiveness of direct PCR to generate DNA profiles from 

fingermarks. Informative DNA profiles were obtained from swab fibres used to 

recover DNA from plastic, wood, glass and metal substrates. Further results highlight 

the potential for dusted fingerprints to be successfully profiled. A case report is 

included (see Chapter IV) demonstrating the application of the technique in real case 

work where DNA was recovered from a smudged fingermark on the surface of a drug 

seizure. Additionally, a mock case demonstration highlights that direct PCR can be 

used on samples subjected to environmental exposure. 

 

In this thesis, the quality of a DNA profile is assayed by the relative peak height of the 

alleles, associated artefacts, allele ‘drop-in’ and ‘drop-out’. In the first data chapter, a 

comparison to standard non-direct PCR was carried out (i.e. extraction followed by 

PCR). The data I obtained infer better quality STR-based DNA profiles recovered by 

direct PCR over conventional extraction. It was found that informative profiles can be 

generated from fingermarks left by an individual only 15 minutes after washing 
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hands. The use of a detergent-based nylon flocked swab was trialled and resulted in 

improved quality of the DNA profiles obtained. 

 

The donors of the prints were able to be identified in a quicker time-frame than is 

currently possible with traditional methods that involve DNA extraction. Direct PCR 

reduces the opportunity for contamination by eliminating the multiple tube changes 

and additional steps required during an extraction. Consequently, there is a reduction 

in the cost of labour and reagents needed to process samples and a high through-put 

potential for case work exhibits. According to Forensic Science South Australia 

(FSSA), direct PCR is at times the only way to obtain a DNA profile from a crime 

scene exhibit. Ultimately, the work showed that direct PCR has a role to play in case 

work and proved to be reliable, robust and reproducible.  
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Chapter I:          

Introduction 
Manuscript enclosed: 

 Linacre, A., & Templeton, J. E. L. (2014). Forensic DNA profiling: state of the 

art. Res Rep Forensic Med Sci, 4, 25-36. 
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1.1 Preface 

This introduction describes the history of DNA typing for the purpose of human 

identification and details current methodology that is used to generate DNA profiles 

from fingermarks - a common form of trace evidence typical in forensic 

investigations. Chapter 1 concludes with a published review on the use of DNA 

profiling for human identification (see manuscript enclosed: Linacre, A., & 

Templeton, J. E. L. (2014). Forensic DNA profiling: state of the art. Res Rep 

Forensic Med Sci, 4, 25-36). 

 

Recent advances in DNA technology, and sensitivity, have enabled biological 

samples that are invisible to the naked eye to be successfully analysed [1-5]. In spite 

of this, there are often low success rates for low-template and degraded DNA 

samples [2]. ‘Every contact leaves a trace’ postulated by Dr Edmond Lochard is a 

mantra familiar to forensic science [6], but all too often this trace is too small to 

analyse, is invisible to the naked eye, or cannot be recovered from the surface on 

which it was deposited. 

 

Individuals transfer their DNA to objects, simply by touch – so called ‘touch’ DNA [5]. 

The terms ‘touch’ DNA, contact DNA and trace DNA are used in the same context in 

the literature. When an object has been touched, epithelial cells or cell-free DNA 

may be transferred when complexed with oil or sweat residue [7-9]. Human skin is 

abundant in sweat ducts; approximately 2 – 4 million are distributed within the skin 

[10] (see Figures 1.1 and 1.2) and they contribute to the amount of sweat and 

potential cell-free DNA deposited by touch [7]. These features can be exploited when 

attempting to obtain a DNA profile from a touched object at a crime scene and used 

to associate or exclude witnesses and suspects. 

 

1.2 ‘Touch’ DNA 

Since it was first recognised in 1997 that DNA could be retrieved from fingermarks 

[5], handled or touched items have become a common source of evidentiary material 

submitted to a forensic laboratory for analysis [2, 4, 11, 12]. However, it has been 

found that a significant number of crime-related surfaces, even though they should 

have DNA present, do not necessarily yield analytically useful material [2-4, 13]. 
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More sensitive commercial kits have become available in the last few years which 

make it more possible to analyse trace material and to further appreciate the 

complex nature of ‘touch’ DNA samples [14-17]. 

 

Despite the likelihood of a useful deposit being present on touched items, forensic 

scientists encounter difficulties when attempting to recover and type DNA from a 

substantial number of these items [12, 13, 18]. Although the human genome is 

massive, forensic science currently only utilizes a small fraction of it for what is now 

termed ‘DNA profiling’. 

 

Forensic science laboratories around the world make use of a very small part of the 

human genome – so-called short tandem repeats or STRs – as a highly 

discriminating barcode to identify individuals [19-22]. It is common knowledge in the 

forensic science field that many ‘touch’ DNA exhibits fail to generate profiles [2-4, 

13]. Identifying and genetically characterising ‘touch’ DNA samples is challenging 

because DNA is often a mixture from more than one source, degraded [9, 23], 

limited in quantity (i.e. low-template) [2-4, 24], and may contain elements that co-

extract with the DNA [25], hindering subsequent amplification. All of these aspects 

are discussed in this introductory chapter. 

 

The standard process of isolating ‘touch’ DNA from a touched surface is swabbing or 

tape lifting (which may not be effective at recovering all of the DNA present), 

extraction/purification (where DNA is lost) and capillary electrophoresis (CE) to 

separate amplicons (amplified product) (see Figure 1.3). Loss due to extraction and 

purification is of particular importance when samples possess limited DNA to begin 

with, as is the case with trace DNA, and any additional loss due to extraction may 

prevent amplification of STRs [13, 26-33]. As a result, standard protocols often 

recover sub-optimal levels of nuclear DNA that can result in a poor quality STR-

based DNA profile or fail to produce a profile at all [11, 32, 34]. 

 

The area of ‘touch’ DNA profiling gets much more complex depending on: the nature 

of the surface that was touched [18, 35-41]; pressure and friction used during 

transfer [4]; the time since DNA deposition [40]; the shedder status/characteristics of 
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the donor [41, 42]; quality and quantity of DNA deposited (i.e. low-template or 

degraded) [23, 43]; and presence of PCR inhibitors/environmental factors [25, 44]. 

Some of these aspects will be investigated in this thesis, more specifically, nature of 

substrate, time of deposition, and environmental exposure. 

 

Figure 1.1 Showing skin layers, hair follicles, sweat glands, and sebaceous gland. 
Image reconstructed from: Human skin: https://en.wikipedia.org/wiki/Human_skin 
[45]. 
 

 

Figure 1.2 Showing layers of skin in both hairless skin (typical of fingermarks) and 
skin containing hairs (from other regions of the body). Image reconstructed from: 
Layers of the skin: https://en.wikipedia.org/wiki/Human_skin [45].  

https://en.wikipedia.org/wiki/Hair_follicle
https://en.wikipedia.org/wiki/Sweat_gland
https://en.wikipedia.org/wiki/Sebaceous_gland
https://en.wikipedia.org/wiki/Human_skin
https://en.wikipedia.org/wiki/Human_skin
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It has been demonstrated that transfer of DNA between substrates and surfaces 

makes it possible for forensic scientists to isolate and identify DNA present on 

handled or touched items [5]. This advancement in the field initially led to a wide 

range of exhibits being submitted (e.g. weapons, cartridge cases, clothing, personal 

items and drug seizures) to casework laboratories [2] for testing. Yet, Forensic 

Science South Australia (FSSA) has stopped accepting many ‘touch’ DNA items for 

analysis (e.g. brass cartridge cases) due to the very small likelihood of obtaining a 

DNA profile. A new method for recovering more DNA from touched substrates is 

therefore required. Addressing this need is the main aim of the work described in this 

thesis. 

 

1.2.1 ‘Shedders’ 

Day-to-day activities such as brushing hair, brushing teeth, or blowing a person’s 

nose can result in individuals shedding tens to thousands of skin cells per day [11]. It 

was originally believed that good and poor ‘shedders’ exist [40], however this 

concept has been challenged [41]. Cell-free DNA has been described as ‘free-to-

roam’ DNA not encapsulated by a cell nucleus [7] and may contribute to the ‘touch’ 

DNA content. The physical/emotional state of a person and the amount of sweat they 

produce may influence the amount of DNA that is deposited [7, 46, 47]. The 

‘shedder’ status of an individual has been defined as the amount of DNA deposited 

in the form of cell-free nucleic acid and/or skin epithelial cells [7, 40]. For example, a 

good ‘shedder’ will deposit large amounts of DNA in comparison to a poor ‘shedder’ 

who generally leaves behind less than optimal DNA for subsequent analysis [40]. 

 

The complexity of factors involved with ‘touch’ DNA samples makes it difficult to form 

a conclusion on aspects of ‘shedder’ status, how long DNA lasts, and the likelihood 

that a certain individual deposited the DNA by primary, secondary or tertiary contact. 

One study by Lowe et al. (2002) [40] determined the ‘shedder’ status of an individual 

by assessing their ability to deposit DNA on an item 15 minutes post-hand washing. 

All data were assessed using the low copy number (LCN) (i.e. 34 PCR cycles) 

process (discussed below). In this study, a person was defined as a good ‘shedder’ if 

they left behind a full DNA profile after hand washing. In contrast, a poor ‘shedder’ 

was one who produced a partial or incomplete profile. The findings conclude that 
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‘shedder’ type is not an influencing factor in determining how much DNA is left 

behind when the period between hand washing and depositing DNA is greater than 6 

hours [40]. The results demonstrate 100% success for all individuals tested in their 

ability to leave behind a full STR-DNA profile 6 hours post-hand washing, regardless 

of ‘shedder’ status. Secondary transfer was observed in the study when DNA from 

one individual was transferred to another and subsequently to an object resulting in a 

mixed DNA profile [40]. Secondary and tertiary DNA transfer events have been 

observed in other published work [36, 37, 42, 48-53]. 

 

Other work has contradicted the existence of ‘shedder’ status by observing 

substantial differences amongst their volunteers in their ability to deposit DNA [41]. 

Thomasma et al. (2012) [28] noticed a significant difference in DNA yield depending 

on the digit used to deposit the fingermark. The authors observed a higher amount of 

DNA recovered from index fingers (compared with other fingers) and proposed that 

index fingers experience faster rates of dermal tissue turnover (see Figure 1.2) 

owing to heavier use, and this may contribute to the higher quantity of cells/DNA. 

Another explanation could be that index fingers are commonly used over other 

fingers to touch parts of the body more often, such as the hair and face. Phipps et al. 

(2006) [41] were unable to characterise the ‘shedder’ status of 60 volunteers, as 

repeated testing produced variable results. The authors observed that individuals 

deposit different amounts of epithelial cells through contact at different times of the 

day. Further work coincides with these findings by reporting variation in DNA 

amounts transferred by the same individual [54]. Based on this research, certain 

biological and environmental factors need to be assessed before commenting on the 

‘shedder’ status of an individual. Or perhaps forensic scientists need to accept that 

we cannot comment on the ‘shedder’ status of an individual due to the large number 

of variables involved. 

 

1.2.2 Low success rate for ‘touch’ DNA profiling 

Improvements in nucleic acid purification and amplification techniques [55-57] make 

it easier - but not always possible - to obtain DNA profiles from touched objects. The 

low amounts of ‘touch’ DNA that scientists work with are problematic. Incorrect 

handling of samples at the scene may contribute to problems with contamination [49, 
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58, 59] and invalid results (see below, case study 2). Given its simplicity, direct 

Polymerase Chain Reaction (PCR) (described in detail later in this chapter) is one 

method to improve the sensitivity of detection and enable faster processing; a 

genotype can be generated quicker than usual (i.e. 2 – 3 hours) (see Figure 1.4) to 

exclude or confirm a match to a DNA profile. 

 

It is common knowledge in forensic science that handled items are one of the most 

common forms of evidence submitted to a forensic science laboratory for testing. 

The study by Harbison et al. (2008) [2] highlights the importance of ‘touch’ DNA at 

the Institute of Environmental Science and Research Limited (ESR) in New Zealand. 

In 2003, the laboratory received 4447 samples crime scene samples, of which 1990 

were submitted for low-level trace DNA analysis [2]. However, due to the low 

success rate, many handled items submitted to a forensic laboratory are not 

processed. Reports by Harbison et al. (2008) [2] and Raymond et al. (2009) [12] 

demonstrate a low success rate with ‘touch’ DNA in their laboratory and reported that 

only 5-6% of handled items generated a full DNA profile. It should be noted that older 

versions of STR profiling kits were used to generate the data in these studies and 

since then newer versions of STR kits (with enhanced buffers) have become 

available that optimise profiling success for low quantity/degraded DNA samples. 

 

Two cases examples are described below that highlight the importance of ‘touch’ 

DNA evidence for forensic investigations. Both case examples utilised low copy 

number (LCN) methodology; a technique that has been heavily debated for 

credibility. 
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1.2.3 Two high profile case examples that utilised ‘touch’ DNA evidence 

CASE EXAMPLE 1 – using low copy number (LCN) technique 

One high profile case that utilised touch DNA evidence in 2005 was the murder of 

backpacker Peter Falconio who was ambushed in the Australian outback when 

driving in a campervan with girlfriend Joanne Lees. Bradley Murdoch was accused 

of the murder of Peter Falconio and the abduction and assault of girlfriend Joanne 

Lees after flagging down the camper van they drove in Barrow Creek in the 

Northern Territory, Australia, in 2001. Ultrasensitive DNA testing proved vital to 

solving the case and linked the drug runner Bradley Murdoch to the murder. The 

DNA profile of Bradley Murdoch was extracted from a bloodstained top the female 

victim had been wearing that evening, and ‘touch’ DNA was obtained from tape 

used to tie the victim’s hands, and from the gear stick of the camper van. The chief 

prosecutor in the case (Mr Wild) described the DNA evidence as the “linchpin” in 

the case. “There may be an innocent explanation for each transfer of DNA, such as, 

secondary contact or by another person with DNA matching Mr Murdoch, but this 

would be highly unlikely”. The DNA recovered from the bloodstained top was “150 

million billion times more likely to have originated from Mr Murdoch than from 

another individual”. The technique used for obtaining ‘touch’ DNA samples from the 

tape and gear stick was LCN (discussed later) [1]. LCN was used to amplify a low 

amount of DNA originating from a small number of cells present on the evidence. 
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CASE EXAMPLE 2 – using low copy number (LCN) technique 

The Omagh car bombing in Northern Ireland in 1998 described as Northern 

Ireland’s worst terrorist attack is the second example of the use of ultrasensitive 

DNA testing in a high profile case. Despite a DNA match being made that linked the 

accused to the tape found on the bomb timer and explosive wiring, the evidence 

was not admissible in court. The use of LCN technology to generate DNA profiles 

was criticized by the judge as not credible evidence due to the lack of adequate 

chain of custody, inadequate handling of evidence, and the method being relatively 

novel and having not gained ‘general acceptance’ in the science community. 

Samples were processed with inadequate LCN controls for sample handling and 

collecting. The accused was later acquitted based on the way the evidence was 

handled. In response, the Caddy report was commissioned by the UK Home Office 

- an expert review of the LCN process conducted by Professor Brian Caddy, Dr 

Graham Taylor and Professor Adrian Linacre – who ultimately concluded that low-

template DNA typing was fit for purpose [60]. 

 

1.3 DNA used in Identification 

The human body contains approximately 100 trillion cells. The genetic makeup of the 

individual is contained within the cell, in the nuclei in the form of nuclear (nu) DNA, 

and the mitochondria in the form of mitochondrial (mt) DNA. A person’s genome is 

their entire set of DNA molecules in a given cell (i.e. the basic unit of life) used to 

code proteins and to aid cell function and division. Nuclear DNA is passed down 

from generation to generation as a combination from each parent and resides in 

every cell in the human body (with the exception of red blood cells). DNA contained 

within the human cell is bundled into a total of 46 chromosomes (i.e. 22-paired 

autosomal and two-sex determining chromosomes (XY)). 

 

One copy of the human genome consists of approximately 3.2 billion base pairs (bp). 

Approximately 99.9% of the sequence of the bases are identical in all individuals, so 

it is the 0.1% variation that forensic biologists use to differentiate and link individuals 

[61]. Prior to the use of DNA technology, serum proteins and blood group antigens 

were used to identify samples; however, these methods lacked discrimination. 
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Following a forensic breakthrough in 1985, DNA profiling was developed by Sir Alec 

Jeffrey. DNA was isolated and compared to other samples by examining repeated 

sections of DNA sequence that are known to differ between individuals in length and 

sequence content. The analysis of mini and micro satellite variable number of 

tandem repeats (i.e. VNTRs) in the human genome was performed and this is 

discussed below. Early tests to analyse VNTRs used restriction enzymes to cut 

regions of interest and the technique employed was known as restriction fragment 

length polymorphism (RFLP). Minisatellite VNTRs that were initially used are too big 

for routine forensic DNA applications [62-64] that require techniques suited to 

degraded fragments (i.e. 100–400 bp length). Now the most suitable markers for 

human identification are short tandem repeats (i.e. STRs) [19, 20, 65, 66] that 

analyse smaller regions of nuclear DNA in the genome, or single nucleotide 

polymorphisms (SNPs), mentioned below. 

 

Other DNA markers exist to aid forensic identification, such as SNPs. Regions of 

interest in the chromosome are called loci, and the variations of DNA sequence at a 

given locus are known as alleles. A SNP assay of 50 loci has similar discriminatory 

power to approximately 12 STR loci [67]. Fragment sizes for SNP assays favour 

degraded DNA samples as the amplicons targeted are shorter than standard STRs 

[67-81]. Additional information can be obtained from individuals by using SNP 

assays, such as phenotypic [82, 83] and ancestral informative [74, 78], in addition to 

analysing Y-chromosome markers [84]. More information on SNP genotyping can be 

found in the review that is enclosed at the end of this chapter, see: Linacre, A., & 

Templeton, J. E. L. (2014). Forensic DNA profiling: state of the art. Res Rep 

Forensic Med Sci, 4, 25-36. 

 

Additionally, mitochondrial DNA (mtDNA) can add value to a forensic investigation 

when STR typing fails [34] or maternal lineage information is required [85]. MtDNA 

typing is a useful tool for human identification owing to the fact that mtDNA exists in 

high copy number in the cell (i.e. approximately 100 – 10,000 copies) in comparison 

to nuclear DNA (i.e. 2 copies). MtDNA typing is more likely to generate a result in 

samples where nuclear DNA is highly compromised [34, 86-92]. Supplementary 

information on the use of mtDNA typing for forensic purposes is included in the 

https://en.wikipedia.org/wiki/Short_tandem_repeat
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manuscript enclosed, see: Linacre, A., & Templeton, J. E. L. (2014). Forensic 

DNA profiling: state of the art. Res Rep Forensic Med Sci, 4, 25-36. 

 

The success of a DNA profile depends largely on how much DNA is retrieved from 

the evidence and the quality of the DNA fragments. Various collection approaches 

are used to recover DNA from touched items, such as self-adhesive security seals 

[56], minitape and other types of tape lifts [93-96], and swabs [26, 97-100]. Despite 

the advantages of using tape on certain substrates (e.g. clothing), the most common 

way to recover and retain DNA from a hard surface is the use of a sterile, DNA-free 

swab [98]. Double swabbing is thought to improve DNA recovery (i.e. one wet 

swabbing event followed by a second dry swabbing event).  

 

Cotton swabs have been used by forensic examiners for years [26, 97, 98, 100, 101] 

for the retrieval of DNA from hard surfaces. The ability to recover the entire DNA 

adhering to the swab is a limiting step and crucial to the success of obtaining a DNA 

profile. Improving methods for sample collection would have a considerable effect on 

the overall profiling result as more DNA template would be made available to the 

PCR. Most importantly, the process of DNA retrieval should be carefully performed 

to avoid extraneous DNA contamination (see Chapter II; contamination controls for 

low-template DNA). 

 

The forensic DNA community strives to achieve standardization by agreeing on a 

core set of STR loci and standard methodologies to generate data [65, 102]. On the 

other hand, standardizing methods associated with newer technologies such as 

massively parallel sequencing technologies will take longer to achieve. A standard 

workflow for DNA profiling - from extraction to analysis of data - is illustrated in 

Figure 1.3 and can take between 8–10 hours depending on the number of samples 

to be processed (i.e. ~2 hours for extraction, ~2 hours for quantification, ~2-3 hours 

for PCR and 1 hour for capillary electrophoresis (CE) detection). Ideally, processing 

samples in a quicker time frame than is currently possible, and maximizing the 

amount of DNA recovered, would enable a more effective forensic investigation. 

Isolating the DNA during the extraction and purification step is where loss of DNA is 

thought to occur [13, 29, 32, 101, 103, 104].  
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1.3.1 Standard workflow for DNA analysis (isolation to detection) 

Figure 1.3 showing a standard workflow for forensic DNA profiling. Image 
reproduced from ‘Linacre, Adrian, and J. E. L. Templeton. Forensic DNA profiling: 
state of the art. Res Rep Forensic Med Sci 4 (2014): 25-36’ [105]. The process starts 
with DNA extraction and quantification, subsequent PCR to amplify DNA fragments, 
and finally capillary electrophoresis (CE) detection to separate and size STR alleles 
for data analysis. Standard high throughput forensic laboratories use automated 
liquid handling systems to carry out multiple extractions and real-time PCR methods 
to quantify DNA prior to PCR. 
 

1.3.1.1 DNA extraction 

Depending on the method used to isolate DNA, some commonly used extraction 

methods utilise many reagents, tube changes, and wash steps to extract DNA. 

However, there is generally insufficient DNA extracted from substrates (e.g. swabs, 

tape lifts and cloth) in order to generate profiles, and some extraction methodologies 

have limitations with regards to how much DNA can bind to the columns (e.g. DNA 

IQ™ kit). It has been reported that between 20–70% of the DNA recovered by a 

cotton swab is lost when the swab is subjected to an extraction [13]. Ottens et al. 

(2013) [29] report a detrimental loss of DNA of up to 83% following a standard 
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extraction. Other researchers concur with these findings and describe a loss of DNA 

following extraction [106, 107]. 

 

DNA extraction reagents 

Lysis buffer is used to break open the cell membranes and generally consists of 

several different components (e.g. sodium dodecyl sulphate (SDS), ethylene-

diamine-tetra-acetic acid (EDTA), dithiothreitol (DTT) and proteinase K (ProK)) [108]. 

The nuclear envelope and histones are made of proteins. Proteinase K is known for 

digesting proteins, removing contaminants, and inactivating nucleases that would 

otherwise degrade DNA or ribonucleic acid (RNA). Nucleases are enzymes (i.e. 

proteins) present in the cell that degrade DNA in the presence of magnesium. The 

presence of a chemical known as EDTA in the extraction mix will chelate metal ions 

(Mg++ and Ca++) that enzymes such as DNase require to digest DNA. By chelating 

these ions, DNase enzymes become inactive and the DNA remains intact. DTT 

induces protein digestion, reduces cross links between DNA and other biomolecules, 

and breaks disulphide bonds (these are prevalent in keratin and the acrosome 

surrounding spermatozoa). Ethanol during wash steps removes impurities in the 

sample and separates DNA from contaminants. 

 

In the 1990s, commercial kits became available that had been optimised for specific 

sample types. More recently new kits have been optimised for dealing with degraded 

and low-template DNA [14-17, 55, 57, 109]. Common kits still in popular demand are 

Promega’s DNA IQ™ kit, Invitrogen’s ChargeSwitch™ kit and Qiagen’s QIAamp 

DNA Micro™ and Mini™ Kits. Other methods for sample extraction include Chelex-

100® (Bio-rad) [110], organic methods (such as phenol-chloroform) [111] and FTA 

paper [112-114]. 

 

Organic extraction 

Organic extraction (e.g. phenol-chloroform) predates commercial kits and is 

successful at extracting high molecular weight DNA required for previous RFLP 

technology [111]. The method is hazardous and time consuming compared with 

many commercial kits. Organic extraction used in conjunction with ethanol 

precipitation is commonly used to improve the rate of DNA recovery from challenging 
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samples, as the preliminary steps are carried out with sample material contained 

within the tube initiating a more effective cell lysis. The process is achieved by 

separation of the organic phase from the aqueous phase. Proteins are soluble in the 

phenol solution and DNA will remain in the aqueous layer of the mixture, along with 

other contaminants. The aqueous phase is removed by pipetting. Ethanol 

precipitation separates DNA in the aqueous phase from other contaminants (e.g. 

salts and carbohydrates). Spinning via centrifugation and pipetting will contribute to 

loss of sample DNA as there can never be 100% transfer of DNA from one tube to 

another. In addition, ethanol precipitation is not 100% effective and not all DNA spins 

down [111]. In spite of this, some laboratories still perform ethanol precipitation. 
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Chelex-100® extraction 

Chelex is a faster method of extraction involving fewer steps than phenol-chloroform, 

so less opportunity for contamination, although it generates single-stranded DNA 

which the operator should be aware of. Chelex is an ion-exchange resin (Bio-Rad 

Laboratories) that comprises of styrene divinylbenzene copolymers containing paired 

iminodiacetate ions [108] that aid DNA extraction by chelating divalent metal ions 

(e.g. magnesium) which are required by nucleases to destroy DNA. Nucleases are 

no longer active in the presence of a chelating agent and the DNA is protected. 

Samples are centrifuged in a similar fashion to organic extraction where cell debris is 

pulled to the bottom of the tube and DNA in the upper aqueous layer can be 

dispensed into a PCR tube for amplification [110]. Spinning will contribute to a loss of 

sample DNA. Chelex-100® and organic methods have also been shown to lose up to 

75% of target DNA [13, 115, 116]. 

 

Solid-phase extraction 

Silica-based extraction methods are popular for high-throughput casework that 

involves multiple samples or ancient DNA work where you might have only one or 

two precious samples [117-119]. Kits utilize a silica-coated magnetic bead-based 

approach to capture DNA. Nucleic acids absorb to silica beads, powders, or 

columns, in the presence of chaotropic salt (e.g. guanidine hydrochloride) [117]. 

Increasing the salt concentration and decreasing pH will disrupt hydrogen ions in 

water allowing DNA to come out of solution and bind to silica. The sodium ions 

present in salt will act as cations that attract negatively charged oxygen ions in silica 

when pH conditions are optimal (e.g. pH ≤ 7). Strong silica-DNA interaction enables 

contaminants to be removed via traditional ethanol wash steps; cell debris, impurities 

and proteins can be separated from sample DNA by purification. DNA is then eluted 

from the silica under alkaline conditions, heat, and low salt concentration. This solid-

phase extraction approach has been adapted to work well for single tubes or a high-

throughput workflow (e.g. DNA IQ™ system, Promega) [115, 120]. Depending on the 

material extracted, metallic ions - common PCR inhibitors in fingerprint powders or 

on brass surfaces – may interfere with the silica-DNA binding complex by interacting 

with silica membranes common in solid phase extraction kits [39, 119]. Similar to 
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other extraction methods, wash steps and tubes changes contribute to loss of 

sample DNA. 

1.3.1.2 Direct PCR vs standard extraction and quantification 

 

Figure 1.4 Schematic of direct PCR workflow on the left (i.e. extraction stage and 
quantification is omitted) and the industry standard extraction steps and 
quantification on the right. Direct PCR requires biological material to be placed 
directly into the PCR tube, and cell lysis will be achieved by heating the sample (e.g. 
to 94 ° C) during the initial PCR stage.  
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1.3.1.3 Loss of ‘touch’ DNA during extraction 

Cell-free DNA has been proposed as a source of ‘touch’ DNA in forensic cases 

involving fabrics [33] and sweat [7]. Most forensic workflows now work on absorption 

methods (i.e. DNA binding to silica, as previously discussed) [121]. However, the 

loss of DNA is still possible through the multiple wash steps. During a standard DNA 

extraction process cells are centrifuged and supernatant – thought to contain cell-

free DNA - is typically discarded. Organic extraction used in conjunction with ethanol 

precipitation would limit the loss of DNA. Cell-free DNA was first detected in the 

1940s when differences in serum levels were observed amongst sick and healthy 

individuals [122]. Necrosis, apoptosis, and active secretion are the mechanisms 

behind which cell-free DNA enters the circulation [7]. The levels of cell-free DNA in 

an individual may vary depending on behavioural changes, such as extraneous 

exercise or disease states [46, 123, 124]. 

 

A study by Nakamura et al. (1999) [125] postulated that cell-free DNA can play an 

important role in the recovery of DNA from a touched item. Moreover, in 2011 

Quinones et al. [7] recovered cell-free nucleic acid in the sweat of 80% of healthy 

individuals and found that nucleated cells were also noticeable in sweat. The authors 

report that 11.5 ng of DNA was extracted from 1 mL of cell-free sweat [7]. Likewise, 

another study revealed cell-free DNA as a component of the ‘touch’ DNA sample 

[126]. 

 

Analysts need to consider that current extraction methods generally discard the 

supernatant aqueous portion of the extract which may retain cell nucleic acid and 

commercial kits have limitations. Future methods aimed at improving DNA recovery 

from touched items need to take into account the cell-free nucleic acid portion of the 

sample as this could be a valuable contributing factor to generating a meaningful 

DNA profile. 

 

1.3.1.4 Optimising extraction processes 

Methods exist to optimise current methodology for trace DNA and include 

concentration of DNA using spin columns, such as Microcon® (Millipore, MA, USA), 

Nucleospin® (Clontech, CA, USA), or MinElute® (Qiagen, CA, USA) columns [3, 127, 
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128]. However spin-columns have also been shown to contribute to a loss of sample 

DNA [13]. The addition of carrier RNA or salmon sperm DNA to the sample tubes 

has the potential to prevent loss of valuable sample DNA [119, 127]. The addition of 

another nucleic acid to the columns will prevent sample DNA from irreversibly 

binding to sacrificial sites on polypropylene tubes, silica membranes, and plastic 

wear, and should prevent further loss. If the thermodynamics of DNA adsorption to 

silica is driven by an increase in entropy, in the presence of chaotropic salt, as 

previously suggested [117, 119, 129, 130], the addition of another nucleic acid (i.e. 

carrier RNA) may further drive DNA adsorption to silica by competing for water 

molecules that are not already bound to the chaotrope. However, in spite of this, 

carrier RNA may interfere with subsequent analysis of the sample as it will co-elute 

with DNA, so a DNA-specific detection method (such as PCR) is required. 

 

FTA™ paper 

An alternative approach for extracting DNA came about with the manufacture of 

FTA™ paper designed by Leigh Burgoyne at Flinders University in 1994 [112]. 

Absorbent cellulose-based paper containing DNA preservatives enable storage and 

preservation of DNA for long periods of time [113]. FTATM paper requires a spot of 

blood, or other body fluid, to be placed on the surface and allowed to dry. Cells are 

immediately lysed and DNA is fixed within the paper matrix and protected. A section 

of paper can be removed using a small medical punch device to extract DNA from 

the substrate. Wash buffer is then added to the paper to remove inhibitors (e.g. 

haem in the case of blood) and the paper can be added directly to PCR for 

amplification [112, 131, 132] or extracted further. If future testing is required, a punch 

from another section of the paper may be used. 

 

A review published by van Oorschot et al. (2010) [3] expressed how beneficial it 

would be to add the sample containing DNA to the same reaction vessel as the PCR 

reagents. The authors reported that direct PCR methods were not yet capable of 

amplifying template DNA adhering to swab fibres and the authors conveyed how 

advantageous this would be for trace DNA. Published work does not yet describe the 

application of direct PCR for case work samples, however operational laboratories 
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such as FSSA already use direct PCR on FTA reference samples, and the work 

described in this thesis provides additional support for the application of direct PCR. 

The data chapters provided in this thesis focus experimental design around the 

direct PCR approach and the ability to utilise swab fibres for direct PCR amplification 

(see Figure 1.4). 

Following on from DNA extraction, the next steps in the process are quantification 

and amplification to produce fluorescently labelled PCR products. 

 

1.3.2 Quantification 

Most laboratories require the DNA sample to be quantified prior to PCR to guarantee 

optimal input DNA for PCR to succeed and to retain sufficient DNA for secondary 

analysis if required. Laboratories that adhere to the Quality Assurance standards of 

the FBI require quantification steps to be carried out. Sub-optimal sample types, 

such as trace DNA, are unlikely to overload a PCR instrument with too much DNA. 

Rather than using a proportion of the sample to quantify the DNA extract, the whole 

amount of DNA could be retained for the amplification of STRs in a direct PCR 

approach. Quantification values predetermine the characteristics of the DNA by 

estimating the amount of template, but not the quality of DNA; and quality is also a 

major contributing factor to the success of DNA profiling. For example, a sample with 

high amounts of degradation may not generate a high quality DNA profile despite 

passing quantitative threshold values. Likewise, a sample that failed to reach 

adequate quantification thresholds as set by the laboratory may still be capable of 

generating an informative DNA profile. More recent Quantification kits such as 

Quantifiler Trio™ (Applied Biosystems) and Powerquant® (Promega) now have 

degradation indicators included to assess the fragment size and presence of 

inhibitors. Quantification steps remain a prerequisite to testing in many forensic DNA 

laboratories. 

 

Early methods for estimating DNA quantity involved ethidium bromide staining of 

gels [133]. Fluorescent bands present on the gel are specific to the molecular weight 

of the detected fragments. Initial tests proved non-specific to human DNA [134]. 

Most importantly, a large volume (by forensic standards) of DNA was needed for 

testing and hence only good for large blood stains etc. More recent quantification 
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methods utilise target-specific fluorescence for specific applications, such as the 

Qubit™ (Applied Biosystems) and Bioanalyzer (Agilent Genomics) instruments. The 

most popular method for high-throughput forensic laboratories is real-time PCR, 

discussed below. 

 

Slot blot quantification 

A human and higher primate specific DNA test was developed in the 1990s to target 

a primate-specific alpha satellite DNA sequence D17Z1 on chromosome 17 using a 

40 bp probe [135, 136]. Extracted DNA is used as the template for probe 

hybridisation on a nylon membrane and chemiluminescent or colorimetric signal 

intensities are recorded. Unknown sample DNA is compared against reference 

calibration standards of known DNA amounts. DNA can be serially diluted to prepare 

standards which are run alongside sample DNA for comparison [108]. 

Chemiluminescence is more sensitive and can detect trace levels of DNA down to 10 

– 40 pg [137]. 

 

PicoGreen quantification 

The UK Forensic Science Service (FSS) developed the PicoGreen assay in the 

1990s to deal with high volume casework in a 96-well format. PicoGreen is a 

fluorescent inter-chelating dye which emits greater fluorescence when in the 

presence of DNA [138, 139]. Unknown sample DNA is measured by comparison to a 

standard curve of known DNA amounts based on the fluorescence intensity. A small 

volume of extracted DNA (e.g. 5 µL) is mixed with the dye (e.g. 195 µL) and 

examined by a fluorometer [108]. Although the assay is not specific to human DNA, it 

can be a useful indicator of how much DNA to add to the PCR [138]. 

 

ALUQuant™ human DNA 

AluQuant probes are used to target regions in the human genome known as ALU 

repeats [140]. The assay is human specific and detects a wide range of DNA 

quantities (i.e. 0.1 ng/µL – 50 ng/µL) [108, 140] through comparison to a standard 

curve. The assay works when a hybrid complex is formed between probe and DNA 

template which triggers enzymatic reactions, ending in oxidation of luciferin and 
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production of light which is directly proportional to the quantity of DNA [108, 140]. 

The intensity of light produced is captured using a luminometer. 

 

End-point PCR 

Another human-specific method to detect and quantify a region of interest in the 

human genome (e.g. STR marker) is through the use of a fluorescent intercalating 

dye (e.g. SYBR Green) [141-143] and end-point PCR. Similar to other quantification 

methods, a standard curve is generated with known DNA dilutions alongside 

unknown sample DNA to compare signal intensities. SYBR Green dye intercalates 

between double-stranded DNA and the signal intensity is directly proportional to the 

amount of PCR product in the sample [141]. PCR inhibitors present in the sample 

can be monitored using this assay and the test indicates how much sample DNA is 

required for subsequent STR-based DNA profiling [44]. Similarly, other intercalating 

dyes have been used for the quantification of DNA with success (e.g. EvaGreen) 

[144]. 

 

Real-time PCR (or quantitative PCR) 

This technique uses the same molecular mechanism as End-point PCR to determine 

copy number. However, real-time provides the analyst with the ability to watch the 

PCR proceed from cycle-to-cycle through a monitor and quantitative PCR (qPCR) 

equipment. Detection equipment is designed to detect the fluorescence intensity of 

qPCR product in a closed-tube system. Two common methods of qPCR include 

either the SYBR Green assay or TaqMan assay [138, 142, 145, 146]. The SYBR 

Green approach takes advantage of the intercalating dye properties of the SYBR 

Green dye, which positions itself in-between double-stranded DNA [142], and emits 

light confirming the presence of PCR product at each cycle. TaqMan is referred to as 

the 5’ Nuclease assay [146] which utilises two fluorescent dyes that emit light at 

different wavelengths. DNA samples that pass the quantitative PCR threshold set by 

the laboratory (e.g. ~ 100 pg) will continue with STR-based PCR analysis. 

 

1.3.3 Polymerase Chain Reaction (PCR) 

PCR reagents 
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Forward and reverse primers are required for each marker of interest in the DNA 

molecule. These short sequences of synthetic DNA bind to regions flanking the 

region of interest and should be specific to that region only, but be well conserved. 

Primers are designed with prior knowledge of the target sequence to be copied. PCR 

yield is a direct result of how well the primers anneal to the template DNA. Other 

components needed for PCR include template (i.e. sample DNA), deoxynucleotide 

triphosphates (i.e. dNTPs) - the building blocks for each of the four nucleotides, 

buffer (i.e. magnesium chloride (MgCl2)), bovine serum albumin (BSA), potassium 

chloride (KCl) and Tris hydrochloride (Tris-HCL)), deionized water and 

thermostable DNA polymerase. The most commonly used DNA enzyme used is a 

thermostable enzyme Taq polymerase, isolated from the bacterium Thermus 

aquaticus [147] that inhabits hot springs. For PCR set up, positive and negative 

controls are also included for each run. A negative control uses water in place of 

DNA template to monitor contamination in the surrounding environment or in existing 

reagents. A positive control (e.g. 1 ng of commercial DNA) can be used to ensure all 

the reaction components and thermal cycling conditions are working effectively. 

 

STR-based profiling kits are designed to simply add the optimum amount of DNA 

template (e.g. ~ 0.5 - 1 ng) to a pre-made master mix containing the amplification 

reagents. Commercial kits are progressing to include more enhanced buffer systems 

that overcome PCR inhibitors and incorporate more genetic loci for increased 

discrimination (such as AmpFlSTR NGM™, PowerPlex ESX™, PowerPlex® Fusion 

Systems and GlobalFiler™ kits) [14, 17, 148]. Advanced multiplex kits have been re-

designed to position primers closer to the repeat units in order to reduce the length 

of the flanking region (e.g. miniSTR loci and GlobalFiler™ kits) [3, 15-17, 109, 149, 

150], and this feature is beneficial for degraded DNA [57, 80, 149-152]. 

 

PCR technique 

PCR produces millions of copies of each region of interest when optimal conditions 

are used (e.g. ~1 ng of DNA template at 28 PCR cycles). Commercial STR profiling 

kits (See Table 1.1) are optimized for initial DNA starting templates between 0.5 – 

2.5 ng of DNA [1, 14, 17, 148, 153]. Validation studies are performed based upon the 

Scientific Working Group on DNA Analysis Methods (SWGDAM) guidelines [154], 
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and the specific laboratories internal validation studies. Testing in the laboratory will 

determine the optimal amount of DNA template and PCR cycle number for the 

specific STR profiling kit (e.g. 28, 29 or 30 PCR cycles are standard for most STR 

kits). Commercial kits should amplify all loci to the same extent, that is, alleles from 

the same locus should be of similar heights (e.g. 60–70%) to prevent heterozygote 

imbalance. If there is too much DNA available in the sample, or inhibition, split peaks 

result from incomplete adenylation (see Figure 1.5 (a)). Also, Off-ladder peaks, locus 

imbalance, and a noisy background (i.e. high fluorescence), may result from high 

amounts of template DNA. Less than optimal DNA can cause locus-locus imbalance 

or stochastic effects such as heterozygote imbalance (see Figure 1.5 (b)) that result 

in allele ‘drop-out’ [1, 21, 155, 156] (see Figure 1.6). 

  



24 

 

Figure 1.5 Showing (a) split peaks observed from incomplete adenylation (b) peak 
height imbalance where PCR efficiency of one allele is reduced. 
 

Figure 1.6 Example of allele ‘drop-out’ and locus ‘drop-out’; commonly observed 
when dealing with low-template DNA. Allele ‘drop-out’ is the result of preferential 
amplification and careful interpretation is required to avoid assigning false 
homozygosity. 
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Table 1.1 Multiplex STR Systems 

There are now comparable STR multiplex systems offered by Applied Biosystems 
(now part of ThermoFisher), Promega and Qiagen. Some of these kits are listed in 
the table provided to give an example of the increased power of discrimination 
achieved throughout the years. 
Table 1.1. Multiplex STR amplifications 
N.B. CODIS is the combined DNA index system, consisting of 13 STR loci, adopted by the FBI 
for a national DNA database in 1998. 

STR multiplex 
 

Description 
 

Loci examined 
 

“The Quad”; effectively 
the First Generation 
multiplex 

The initial STR multiplex was 
used in the UK in 1995. 
Designed by the FSS. 

4 STR loci included; match 
probability of ~ 1 in 10,000. 
 

‘CTT’ triplex; effectively 
the First commercial STR 
kit 

Promega produced the first 
commercial STR kit in 1994. 

3 STR loci included; match 
probability of ~ 1 in 500. 

Second Generation 
Multiplex, or SGM kit 

Improved version of multiplex 
profiling combination, first used 
in the UK; 1996. 

6 STR loci; has two loci in common 
with the Quad plus Amelogenin, 
match probability of ~ 1 in 50 
million. 

SGM + Further improvement, widely 
used in the UK. Kit sold by 
Applied Biosystems; 1999. 

10 STR loci; SGM loci plus 4 more 
STR loci (plus Amelogenin). 1 in 5 
X 10

12
 average probability of 

identity. 

AmpFLSTR Profiler Plus Applied Biosystems; released 
1997. 

9 STR loci; all in CODIS. Plus 
Amelogenin. 

AmpFLSTR  COfiler Sold by Applied 
Biosystems;1998. 

6 STR loci; together with the Profiler 
plus kit will amplify 13 STR CODIS 
markers. 

AmpFLSTR Identifiler Applied Biosystems; 2001. 15 STR loci; all CODIS 
plus 2 additional markers and 
Amelogenin. 

Promega Powerplex 2.1 Promega; 1999 9 STR loci; 8 CODIS markers plus 1 
additional marker. 

Promega Powerplex 16 Promega; 2000 15 STR loci; all CODIS plus 2 STRs 
and Amelogenin. 

AmpFLSTR NGM Kit Applied Biosystems; 2009. 15 STR loci, plus Amelogenin. 
 

AmpFLSTR NGM SElect 
Kit 

Applied Biosystems; 2010. 16 STR loci, plus Amelogenin. The 
kit generates the highest power of 
discrimination of any AmpFLSTR kit 
to date. 

GlobalFiler kit Released by Applied 
Biosystems/ThermoFisher 
2015, first 6-dye technology. 

24-locus STR kit. The inclusion of 
10 mini-STRs maximizes results 
from degraded samples. The most 
common genotype results in LR of 
greater than 100 billion to 1[157]. 

N.B. Microvariant alleles or new alleles that are discovered are now added to a 
rapidly growing internet database known as STRBase [108, 158]. 
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1.3.3.1 Improvements to STR profiling kits 

New versions of profiling kits include optimised buffers, re-design of primers, and 

PCR cycling optimization [14-17, 148] in order to aid identification of degraded and 

low-level DNA samples. 

 

1.3.4 Capillary Electrophoresis (CE) and profiling 

Following PCR, the ability to visualise STR alleles in the DNA sample is possible by 

using fluorescence-based detection assays. DNA alleles are visualised as peaks on 

an electropherogram. Simultaneous analysis of many STR loci can be achieved 

using multi-colour fluorescent dyes attached to one of the primers in a pair. At 

present, CE is the method commonly used by the forensic community to analyse 

these markers. Multiple samples can be processed with CE due to full automation 

and the instrument requires small sample volume for injection (e.g. 1 µL of PCR 

product) and minimal hands-on time. The CE platform enables rapid high resolution 

of closely sized DNA fragments which is a requirement for distinguishing STR 

alleles. 

 

Fluorescence 

A dye molecule attached to a PCR primer is excited upon passing a laser in the CE 

instrument during electrophoresis, where the negatively charged DNA molecules 

move toward a positively charged anode [108]. Smaller sized DNA fragments will 

migrate faster than large sized amplicons under the presence of an electric field. The 

detection of light emission in the range of approximately 400–600 nm [108] following 

excitation is then measured. Conformational changes of the fluorophore (i.e. dye 

molecule) takes place after excitation of a photon converts it from ground energy 

state to an excited transition state. A resulting photon is emitted at a lower energy 

(i.e. longer wavelength) than the excitation photon. A stokes shift results from the 

difference observed between the absorption and emission spectra. Optical filters in 

the fluorescent detector are designed to pick up particular wavelengths of light and a 

separation algorithm ‘matrix’ can be used to resolve multiple fluorophores if their 

spectra properties are distinguishable. Multi-component analysis subtracts the 

fluorescent signals of neighbouring dyes. A matrix file is created by the computer 
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software to reflect spectral overlap of dyes by running a set of DNA fragments that 

are labelled with each specific dye. 

If there is considerable overlap between dyes due to poor matrix a phenomenon 

known as ‘pull-up’ [108] can occur on the resulting electropherogram (see Figure 

1.7) where there is colour overlap from one spectral channel into another. Many 

factors may influence the properties of fluorescent dyes (such as temperature and 

pH). Therefore, a matrix for a specific dye set should be run frequently to prevent 

dye colour overlap and subsequent ‘pull-up’. 

 

Figure 1.7 Profile snapshot illustrating ‘pull-up’ where small blue peaks appear at the 
same size as the green peaks that are true STR alleles. ‘Pull-up’ can be observed if 
over-amplification occurs, or if the matrix file needs to be re-run due to poor 
resolution of the dye colours used to label the PCR products. 
 

Charge-coupled devices (CCD) convert fluorophore light intensity signals into 

electronic signals when they pass by the detector and data is plotted as relative 

fluorescent units (RFUs) [108]. Filters are designed based on their ability to separate 

signals (see Figure 1.8). The ability to resolve similar sized STR products relies on 

the inherent property of fluorescent dyes emitting fluorescence at different 

wavelengths. STR alleles are distinguished from each other based on the length of 

the amplicons and colour of the fluorescently attached primer dyes. 

Electropherograms display the DNA profile results as a series of peaks plotted with 

fluorescence signal intensity on the Y axis - relating to quantity of DNA - and time 

that DNA passes the detector displayed on the X axis - relating to size of DNA. Peak 

morphology provides information about the STR alleles; the combination of all locus 

genotypes for an individual’s profile will define the sample genotype (i.e. series of 

numbers) that can be interpreted as a DNA profile. 
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Figure 1.8 Fluorescent emission spectra of ABI dyes used with AmpFlSTR kits. 
Image taken from Butler, J.M., Forensic DNA Typing, 2005 [108]. Four overlapping 
dyes shown need to be deconvoluted by the software to minimise ‘pull-up’, as 
illustrated above. Newer STR profiling kits (e.g. GlobalFiler™ now contains six 
overlapping dyes for higher powers of discrimination) [15, 17]. 
 

Genotyping 

Electropherogram results are currently analysed using GeneMapper™ ID software 

(Life Technologies) that resolves dye colours for each marker and is used to size the 

DNA fragments. Genotyper software can be used to define the sample genotype by 

comparing the size of alleles at each locus to known size alleles in the allelic ladder. 

The Local Southern method [133] is an algorithm used by the computer software to 

measure the DNA fragment size of the alleles by measuring adjacent peaks next to 

the peak of interest and taking the mean value. 
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Relative Fluorescent Units (RFUs) 

The RFU values of the peaks in an electropherogram relate to the quantity of PCR 

product (i.e. the greater the amount of PCR product the higher the RFU value). Peak 

heights and associated RFU values relate to how much fluorescence emission has 

been detected by the CCD. A laboratory must decide on the analytical peak 

detection threshold based on intra/inter-laboratory validation studies. Signal-to-noise 

ratio is assessed by using a series of DNA dilutions and DNA of varying quality for 

PCR in order to assess the average peak height of the baseline (not considering 

allelic peaks or stutter). The performance of the instruments used and the sensitivity 

of the detection equipment will determine appropriate thresholds. RFU values are 

essential for assigning alleles to loci - which ultimately determine genotype - and to 

maintain universal standards as part of a validation process. These standards may 

vary between laboratories from 25 – 400 RFU, depending on whether alleles are 

heterozygotes or homozygotes [159]. Regardless, it is crucial to separate a true 

allele from background and many laboratories are progressing to continous models 

for interpretation (e.g. +/- 10 SD above the baseline to ascertain the laboratory-

associated RFU threshold) to reduce error rates [157, 160-162]. 

 

A profile is considered ‘full’ when all alleles at all loci are detected above the 

threshold RFU and the DNA analyst is able to detect a complete complement of 

genotypic information at each region tested. Exclusion is when there is no match 

between sample DNA and reference material in a case. If excluded, the DNA profile 

obtained could be entered into a DNA database (e.g. Australian National Criminal 

Investigation DNA Database (NCIDD)) and compared to other profiles for a potential 

match. On the other hand, if an inclusion is made between a crime scene DNA 

sample and a reference DNA sample then a population database can be used for 

evaluating the strength of the evidence and the likelihood of a coincidental match. A 

point worth considering is that a full DNA profile generated by one STR kit (e.g. 

SGM+ kit with 10 genetic markers plus Amelogenin) would only represent a partial 

DNA profile from an STR kit that examines more loci (e.g. NGM SElect™; 16 genetic 

loci, plus Amelogenin). It is also the quality of the profile that is crucial to the success 

along with the number of loci detected. 
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Sizing DNA fragments 

Allelic ladders are used as a reference for assigning alleles and genotypes to 

unknown samples, by correlating PCR product (i.e. amplicon) size to the number of 

repeat units. Ladders are run alongside samples and contain common alleles in the 

human population for each specific locus. The same primers used to target the core 

STR markers in the sample are used to generate the artificial allelic ladder, which is 

synthetically made and provided alongside the STR kit. The peak height of alleles - 

representative of DNA quantity - is well balanced by altering the amount of input 

PCR product for each to produce the allelic ladder. This ensures that the DNA alleles 

for unknown samples will accurately line up with the known allelic ladder fragments 

and the genotyping software will correctly assign alleles. 

 

Internal size standards are artificially created DNA fragments labelled with a different 

coloured dye to separate it from the dye-labelled amplicon. Size standards are run 

alongside each sample in the same reaction tube to calibrate the peak data points 

from unknown sample DNA to their correct size. In addition to size standard, Hi-Di 

Formamide (ABI, AU) is added to the PCR-size-standard mix to ensure the DNA 

fragments are denatured and will run inversely proportional to mass within the 

capillary electrophoresis machine. The formamide forms hydrogen bonds with the 

DNA preventing DNA hybridisation with its complementary strand. 

 

Software exists to interpret the STR data; however, there is a human element of 

interpretation needed. This will involve the need to distinguish fluorescence that is 

representative of the DNA sequence and that which has arisen as an artefact of the 

DNA profiling process. 

 

1.4 Short Tandem Repeats (STRs) 

STRs are the ‘gold standard’ of evidence in the worldwide criminal justice system. 

They are repeating units of 2 to 6 base pairs in length [108], easily amplified without 

issues of differential amplification due to similarities in length; occur on average 

every 10,000 nucleotides [19] in the human genome; and offer high levels of 

discrimination due to high levels of polymorphism and multi-loci examination. The 

pattern of the repeat units may vary. Simple STRs contain repeat units that are all 
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identical in length. Compound repeats can be defined as two or more adjacent 

simple repeats, whilst complex repeats are variable in length and sequence. All 

STRs contain sequence variation that cannot be detected with traditional capillary-

based analysis methods, however this is not a requirement for most DNA labs. 

 

Genetic loci targeted for STR analysis are positioned on non-coding regions either 

within or between genes. The nomenclature for STR markers depends on where the 

repeat region is positioned within the chromosome (e.g. within a gene or outside). 

For example TH01 indicates the human tyrosine hydroxylase gene located on 

chromosome 11 [108]. The ‘01’ denotes the repeat region situated within intron 1 of 

the tyrosine hydroxylase [108] gene. If a marker falls outside of a gene, they are 

characterised by their chromosome position. For example, D22S1045 where D = 

DNA, 22 = chromosome 22, S = single copy sequence and 1045 = 1045th locus on 

chromosome 22. The genetic loci used for identifying samples are distinguished by 

the number of the repeats (e.g. Dinucleotide means two nucleotides repeated; 

Trinucleotides contain three and so on). Tetranucleotides (i.e. four nucleotide 

repeats) are the most common STR markers used in commercial multiplex PCR kits 

as they permit a smaller overlapping allele size range for multiplexing, reduce 

preferential amplification of smaller alleles, target small sized amplicons, and reduce 

stutter product formation [108]. 

 

The history of nuclear DNA typing has progressed from typing singleplex loci of large 

amplicon sizes [62] to multiplexing loci of shorter amplicon lengths (i.e. many primers 

perform reliably together in one reaction) [19-22, 149, 156]. The smaller size of STR 

alleles (approximately 100–400 bp length) compared to minisatellite VNTR alleles 

(approximately 400-1000 bp length) make STRs ideal for degraded samples, as they 

target smaller intact fragments [55, 149, 152]. STR-based analysis is less labour 

intensive than analysing VNTRs, amenable to automation, and advantageous for 

high-throughput casework. 

 

Work carried out by Lagoa et al. in 2007 [57] highlights the importance of mini STRs 

as a suitable choice of marker for genetic fingerprint analysis. The success rate can 

be attributed to the target of smaller amplicon sizes (e.g. < 200 bp) [57]. It is possible 
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that many operational forensic laboratories do not hold validated protocols for 

miniSTR work so they remain redundant, unless they are included in new STR 

profiling kits that are designed for degraded DNA. 

 

1.4.1 Interpretation of STR alleles 

Sample comparison using STR alleles relies on match probabilities and the very 

small likelihood of a coincidental (i.e. random) match. There is a much higher power 

of discrimination between unrelated and even closely related individuals if multiple 

STR markers are analysed that have high heterogeneity and a high level of 

polymorphism. The product rule uses frequency population data sets to calculate the 

likelihood that two DNA profiles match. The genotypes produced can be used in the 

assignment of a statistical weighting for the comparison of an evidence profile to a 

reference profile. If matching profiles are obtained then the statistical weighting 

provided, known as a likelihood ratio, considers the probability of obtaining the 

matching profiles if they have originated from the same source compared to being 

purely coincidental. Differences and similarities observed in the genotype between 

two samples are used to exclude or confirm matches. It is important that the 

sequences in the regions flanking the loci are not prone to mutation [108]. However, 

there are instances of well characterised mutations and redundant primers 

compensate for these events. To support the establishment of the UK National DNA 

database and to ensure consistency between DNA profiling results, the forensic 

community selected a core set of tetranucleotide tandem repeats that would be used 

for identifying and comparing DNA profiles between jurisdictions and would enable 

overlap between different commercially available kits [65, 102]. 

 

Artefacts associated with STR-based DNA Profiling 

Artefacts are an inherent feature associated with PCR-based STR analysis. They 

have a huge impact on DNA profile interpretation and every effort should be taken to 

consider these artefacts before a true allele is reported. A large scale study was 

carried out on low-level DNA typing and the ability to characterize artefacts, and the 

authors of the study concluded that the most accurate method of distinguishing 

erroneous alleles from true STR alleles in their laboratory was the consensus 

method of confirming alleles that appear at least twice from four replicates [163]. 
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This validation approach of confirming alleles is laboratory specific. A Bayesian 

approach to calculate likelihood ratios that factor in the probability of artefacts has 

been used to strength evidence [1, 164] where two alternative propositions are 

considered (i.e. the prosecution hypothesis vs the defence hypothesis). 

 

Stutter 

Stutters are common artefacts reported when the DNA polymerase slips [165, 166] 

during PCR. The resulting product is displayed on an electropherogram immediately 

adjacent to the main allele peak (see Figure 1.9 (a)). The majority of stutter peaks 

examined are one repeat unit (i.e. four base pairs) smaller than the corresponding 

STR allele peak (n - 4) [166]. On occasions, stutter peaks are observed that are one 

repeat unit larger (n + 4) than the corresponding main STR allele (see Figure 1.9 

(b)). Stutter can also be observed at n – 2 and n – 8.  Stutter is thought to be 

associated with PCR conditions and the type of polymerase used; a faster DNA 

polymerase would prevent the DNA-primer hybrid complex disassociating and 

strand-slippage occurring [165, 166].  

 

Figure 1.9 Two separate amplification reactions showing (a) high stutter at loci 
D22S1045 (assigned as allele 15 by the computer software). Thresholds for stutter 
vary between loci, however, stutter can also be characterised as less than 15% of 
the main peak height [167], (b) possible over-stutter observed at locus D22S1045 – 
this locus is more prone to stutter being a trinucleotide repeat [168]. 
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Laboratories will determine whether a peak is a true allele or stutter by using stutter 

thresholds for each locus as determined by internal validation studies. The height of 

the potential stutter peak is divided by the height of the allele peak and a pre-

determined threshold value is used to indicate stutter; STRmix software considers a 

range of values [161, 169]. The rate of stutter occurrence is related to the flanking 

sequence, the repeat unit, and the length of the allele being amplified [165, 166]. If a 

core repeat sequence has been interrupted (e.g. Allele 9.3 has three extra bases 

inserted as ATG sequence between the 6th and 7th repeat) [170] the quantity of 

stutter for this allele is also reduced to levels equivalent to the longest uninterrupted 

stretch (LUS) [171]. Stutter peaks are of particular concern when interpreting DNA 

mixtures, as minor alleles in the profile need to be distinguished from stutter peaks 

and other possible artefacts. One interesting study characterising stutter showed that 

increased stutter levels were observed with a higher A-T content [171]. 

 

Non-template addition (split peaks) 

Taq DNA polymerase has both the polymerase activity but also has terminal 

transferase activity [147]. This latter activity adds an extra nucleotide to the 3’ end of 

a PCR product during the extension stage [172]. This extra base is usually 

adenosine and is described as ‘adenylation’ with the resulting product one base pair 

longer (i.e. +A) than the target fragment [173]. Polyadenylation is not 100% effective 

and therefore some PCR products may not have the extra adenine (i.e. - A peak) 

and some do (i.e. + A peak) [174]. It is easier for profile interpretation if all PCR 

products are either fully adenylated or not, rather than a mix of both –A peaks and 

+A peaks (see Figure 1.5 (a)). To help prevent this, the extension step in PCR (e.g. 

~ 60 °C) can be extended for a longer time period (e.g. 45 minutes) to allow the 

enzyme time to add the extra base [108]. 

 

Off-ladder (OL) alleles and Microvariants 

Rare STR alleles exist that contain sequence variations in the form of insertions, 

deletions or single nucleotide modifications [175]. Sequence changes will not be 

detected on traditional CE-based platforms using standard STR profiling kits. 

Microvariants may differ from the common allele by only one base pair or by several 

base pairs [175]. Dissimilarities in the sequence content of the microvariant allele 



35 

 

compared to a reference ladder allele can generate true ‘off-ladder’ (OL) alleles, as 

they are not present in the allelic ladder. 

 

TH01 repeat region 9.3 contains nine full repeats and an additional three base partial 

repeat (ATG) after repeat 6 which shorten the product length from allele 10 to allele 

9.3 due to a single base deletion of adenine [170]. Mostly, complex polymorphic 

STRs (e.g. FGA) exhibit more microvariants than simple STRs (e.g. TPOX) due to 

the repeat unit being modified [108]. 

 

Allelic ladders are required to be run as reference comparison against sample DNA. 

Off-ladder alleles are easily detected as the base pair (bp) position of the peaks - as 

determined by the internal lane size standard - do not line up with the position of the 

allelic ladder consensus peaks and instead fall outside the designated bin for allele 

size calling (e.g. ± 0.5 bp). If more than one OL-allele is present in the profile, a shift 

in size calling across multiple alleles could result from problems with electrophoretic 

separation and machine maintenance. In addition, variant alleles exist that contain 

the same number of repeats for the microvariant as the common allele but differ in 

sequence content [175]. This difference would only be detected by complete 

sequencing of the fragments of interest and would not be detected by traditional STR 

analysis. Sequencing STRs is not routine, possibly due to a lack of accessible 

technology. 

 

Currently, many forensic related samples do not need to be sequenced due to the 

high level of discrimination already achieved with standard STR kits that contain 

highly polymorphic loci. Occasionally new alleles will arise that have not yet been 

detected and are not included in the reference allelic ladder, so they fall out of range 

for reference alleles of specific loci. Extra peaks that are assigned to a locus need to 

be observed with caution, as they are not always the result of a mixture but could be 

due to trisomy (i.e. an extra chromosome) [175]. 
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Allele ‘drop-out’ 

A null allele results from a base pair change in the DNA template at the primer-

binding region which results in failure to amplify the fragment of interest resulting in 

allele ‘drop-out’ [176]. Disruption of complex between primer and template DNA can 

result in PCR failure [176]; the allele does exist but fails to be detected. For STR loci 

with known problematic primer binding variants a degenerate primer can be used 

[177]. The degenerate primer will allow amplification of a specific region of interest in 

the fragment that contains the single base nucleotide change [108]. 

 

Alternatively, samples with low quantity or degraded DNA may exhibit preferential 

amplification of smaller sized amplicons, as larger amplicons fail to be amplified due 

to their size (e.g. ~ 400 bp) and typically ‘drop-out’ (see Figure 1.6). Stochastic 

effects may cause problems with mixture interpretation for low DNA template (e.g. ~ 

100 pg DNA)[1]; preferential amplification of one allele over the other may result in 

false homozygosity (see Figure 1.6). This is the reason for using a homozygous 

threshold in binary interpretation systems. 

 

Allele ‘drop-in’ 

‘Drop-in’ (see Figure 1.10) is common when amplifying low amounts of DNA and can 

occur if proper de-contamination measures are not in place (e.g. proper sterilisation 

of work surfaces and equipment, and personnel protection clothing worn). Additional 

alleles present in a DNA profile could be the result of laboratory associated ‘drop-in’ 

rather than a true allele. FSSA have noticed a higher incidence of allele ‘drop-in’ and 

random alleles that cannot be confirmed due to the introduction of a more sensitive 

STR profiling kit (i.e. GlobalFiler™ amplification kit) [17]. Mixture interpretation 

should take place with extreme caution to prevent additional alleles being falsely 

assigned to a sample that are the result of poor laboratory practice or increased PCR 

cycles during LCN methods. Profiles of staff and personnel that have access to the 

laboratory need to be cross-checked against all detected alleles for exclusion 

purposes. Refer to Chapter II for controls used to prevent laboratory associated 

‘drop-in’. 

 



37 

 

 

Figure 1.10 Showing allele ‘drop-in’ – a random event that can cause issues with 
profile interpretation and is not reproducible following re-PCR (i.e. the same alleles 
will not appear twice). 
 

Difficulties with genotyping 

Non-specific products or primer dimer 

Historically there was a problem with primers annealing to template DNA at room 

temperature as well as the optimum temperature for Taq DNA polymerase [108]. 

Non-specific products would result from primers randomly annealing at non-specific 

binding sites. Primer-dimers result from primers binding together at lower 

temperatures causing preferential amplification of these smaller primer-dimer 

amplicons. These unwanted products are amplified throughout the remaining PCR 

cycles and may take over the reaction and consume components that would 

otherwise be used by the sample. To prevent these non-specific amplicons from 

being amplified, a ‘hot-start’ DNA polymerase (e.g. AmpliTaq GoldTM DNA 

polymerase) [147] can be added that requires thermal activation at a specific 

temperature and is rendered inactive until it reaches that temperature. 

 

Abnormal peaks 

Abnormally broad peaks (see Figure 1.11 (a)) are not characterized as true alleles 

as they differ in morphology. The result is a loss of DNA resolution. Dye blobs (see 

Figure 1.11 (b)) occur when the fluorescent dye detaches from the respective primer 

and migrates by itself through the capillary [108]. Dye blobs are also characterised 

as broad peaks that differ in morphology from true allele peaks. Spike peaks (see 

Figure 1.11 (c)) are displayed as sharp intense peaks that result from air bubbles, 

urea crystals, or voltage spike [108]. 
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Figure 1.11 showing (a) abnormal peak morphology; b) dye blob and; (c) spike peak 
- unusually thinner peak compared to STR allele peaks – artefact is caused by 
voltage spikes [178]. 
 

Figure 1.12 Representation of a noisy baseline in a DNA profile which can cause 
issues with sample interpretation. True alleles need to be separated from 
background and this is one reason for laboratories to move to continuous models for 
interpretation (e.g. + 3 SD above the baseline to determine laboratory RFU threshold 
values). 
 

Advances to current methodology 

Advanced methodology for trace DNA can be applied to improve the yield of PCR 

product and to improve the overall interpretation of profiling results. Improved 

methods include reduced volume amplification [179], concentration of DNA extract 

[127], post-PCR purification [180], increased capillary injection time and voltage 

[181] and increased PCR cycle numbers [153]. 

 

Low copy number (LCN) methodology was introduced by the Forensic Science 

Service (FSS) in the UK in the late 1990s for the analysis of low-level DNA [1]. The 

ability to adjust the PCR cycle number from 28 to 34 cycles known as LCN was 

thought to be useful for analysing low amounts of DNA by increasing the sensitivity 
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of the STR assay [43, 59, 182]. To improve the accuracy, the same DNA extract is 

used for duplicate or triplicate analysis. Increasing the PCR cycle number to 34 

cycles extends the power of DNA testing as alleles can be recorded that would 

otherwise remain undetected. However, many operational forensic laboratories avoid 

implementing the LCN process due to operational constraints (e.g. lack of space for 

a low-level DNA testing lab, the cost associated with training staff, and the need for 

repetitive analysis) [181]. LCN has been challenged in court many times (see case 

example 2) when it has not been validated for use. Instead, improving sample 

collection and processing to maximise the template DNA available to the PCR would 

minimise stochastic effects of low-level DNA typing without the need to increase 

PCR cycle number. 

 

1.5 Direct PCR 

Colony or direct PCR methodology is a method of allowing more DNA to be made 

available to the PCR without adding steps to original forensic protocols (see Figure 

1.4). This process can be easily implemented into an operational laboratory and has 

been around since the early 1990s [183]. Direct PCR is the process where biological 

material is transferred directly into the PCR tube with no prior extraction or 

purification steps before processing (see Figure 1.4). Direct PCR is the method used 

in this thesis to obtain DNA profiles from swabbed fingermarks. Lysing of cells 

without the extraction step will still occur during the initial stage of PCR; which 

involves initial heating to 95 °C for 11 minutes. The cell membranes are disrupted 

during the hot start cycle and the DNA is released for amplification. 

 

In the last few years there have been more and more papers published on direct 

PCR in a forensic context. In FSSA and other operational laboratories the process of 

eliminating the extraction step is routinely used for the processing of reference 

samples, but not currently carried out on all sample types. Direct processing may 

carry over PCR inhibitors that are detrimental to the Taq DNA polymerase if not 

removed (e.g. humic acid, tannic acid and indigo dye) [184]. However, recent studies 

have demonstrated the great potential this method has had in analysing DNA from 

trace sources [30, 131, 183, 185-188], which would otherwise fail to produce a result. 
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Linacre et al. (2010) [33] report on the process of direct PCR to obtain full DNA 

profiles from a range of fibres taken from fabrics.  

 

The authors summarise the key benefits of direct PCR: 

 increased number of alleles obtained (less allele ‘drop-out’); 

 reduced contamination rate (less tube changes and less chance for error); 

 ability to retain valuable DNA (by eliminating spin columns and wash steps); 

 increased sensitivity for low template DNA and; 

 reduced cost (no commercial extraction kits are required). 

 

Only one previous study has been published in relation to direct PCR from ‘touch’ 

DNA swabs [32]. Literature exists that highlights the benefits of the direct approach 

when analysing other biological materials (e.g. blood, saliva, semen and hair). Lee et 

al. (2011) [189] developed a direct PCR system for ABO typing from blood, hair and 

body stains to use as an initial screening test for exclusion testing and high-

throughput work. The authors used a fast PCR machine and optimised polymerase 

(i.e. Phire hot start DNA polymerase) to target three SNPs that identify the common 

blood group alleles A and B in around 70 minutes. The authors report reliable 

profiling results from low concentrations of input DNA (i.e. 60 pg) with no allele ‘drop-

in’ or ‘drop-out’ observed. 

 

Wang et al. (2011) [190] used FTA paper spotted with blood or buccal swabs for 

direct PCR using the AmpFlSTR® Identifiler® kit.  The commercial kit includes sodium 

azide (0.05%), carrier protein, detergents [190] to assist with amplification. 

Denaturation conditions were trialled and higher peak heights were noted at 94°C, 

followed by 92.5 °C and then 95.5°C. 
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Verheij et al. (2012) [191] report the use of direct PCR on 149 mock casework 

samples that include blood, saliva, semen, hair, contact DNA and bone samples. In 

this study a proof-reading heat stabile enzyme (i.e. Phusion Flash DNA polymerase) 

was used during direct PCR. The enzyme is tolerant to PCR inhibitors [192]. In 

contrast to other studies, they found direct PCR profiles to demonstrate higher levels 

of stutter, increased base-line noise, and non-specific low-level artefact peaks [191]. 

However, the authors highlight the advantage of direct PCR in analysing single 

source samples (such as blood, saliva or semen) in a 6 hour time period that would 

assist in cases of high priority (e.g. national security). 

 

Ottens et al. (2012) [31] report on informative DNA profiles obtained from hair 

follicles using the direct PCR approach. A successful profile was described as having 

five or more complete loci as a requirement for upload to the Australian DNA 

database. The authors report 100% success with anagen hairs and 33% success 

with telogen hairs and indicated no unusual stochastic effects (i.e. no allele ‘drop-in’ 

or heterozygote imbalance). 

 

Sim et al. (2013) [193] used the direct PCR process to directly amplify DNA retrieved 

from buccal cells and to establish a high-throughput DNA database system using this 

approach. Over 4000 reference swabs were used for direct PCR and results were 

compared to those achieved through conventional extraction and PCR. The results 

from the direct PCR approach revealed perfect concordance, good quality DNA 

profiles and good peak height ratios [193]. The optimised buffering system included 

zwitterionic buffer to minimise PCR inhibition. The results from their study suggest 

that direct PCR minimised allele ‘drop-out’ in samples with a low PCR yield and the 

cost of analysing offender samples decreased by 35%. 

 

A study by Swaran et al. (2012) [32] subjected swabs to direct PCR and compared 

the resulting data to extracted DNA results. The researchers used control DNA of 

different concentrations (i.e. 1 ng – 0.1 ng) and deposited the DNA on various 

surface types (e.g. plastic, glass, stainless steel and ceramic) prior to swabbing. 

Direct PCR out-performed conventional extraction; there was a higher yield of PCR 

product, and less allele ‘drop-out’ using direct PCR on all substrate types. Direct 
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PCR gave full DNA profiles (i.e. 16 loci using PowerPlex® 16 HS System, Promega) 

in almost all the substrates tested with starting amounts of 1 ng/µL and 0.75 ng/µL of 

total DNA. Incomplete or partial profiles were observed for samples that had been 

subjected to an extraction prior to PCR. 

 

Further application of direct PCR was presented by Gausterer et al. (2012) [194] who 

investigated a case of suicide involving yew (i.e. Taxus spp.) plant poison. Phire 

plant PCR kit (i.e. Finnzymes, ThermoFisher) was used in the direct PCR protocol to 

identify the plant poison within a short time-frame of 1.5 hours. 

 

All studies utilising direct PCR emphasised that extra tube changes involved in the 

extraction process may contribute to a loss of valuable sample DNA through the 

binding of template DNA to irreversible binding sites in polypropylene tubes and 

other plastic wear. Moreover, the correct choice of low bind sample tubes would be 

beneficial as DNA adsorption to tubes may influence the level of DNA recovered 

[195, 196]. The success and quality of DNA profiles obtained using the direct PCR 

method will be dependent on the nature of the material examined and the presence 

of PCR inhibitors, which are generally eliminated during the extraction process. 

 

1.6 Expert systems 

Software systems that convert electropherogram information into genotypes need to 

be compatible with current databases. GeneMapper® ID-X [197] and OSIRIS [198] 

are software programs commonly used by forensic laboratories to assign alleles 

through size comparison to allelic ladders. All software programs require overview by 

the operator. Quality values (PQVs) are generated that relate to confidence in allele 

calls [108]. 

 

The purpose of software programs such as STRess® (STR Expert System Suite) 

developed by the Forensic Science Service (FSS) [199] and TrueAllele® [200] are to 

improve STR allele calls through standardisation and to reduce manual assessment 

of individual profiles. Quality measures are in place to increase accuracy by reducing 

manual error rate. TrueAllele® assigns genotypes to peaks along with quality values 

that range from 0 – 1 based on the peak morphology. Additionally, TrueAllele® has 
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had success in defining the number of contributors in complex mixtures [201, 202]. 

The aim of STRess® is to reduce the sample interpretation bottle neck which 

generally requires two analysts to examine data. Features of the software include a 

high through-put search engine for hits, a cross-contamination module to prevent 

errors between samples and monitor staff contamination, and the pendulum module 

for mixture deconvolution [108]. 

 

1.7 Science and the Law 

Credible evidence accepted by a court is generally in the form of witness statements, 

expert opinion, physical evidence and circumstantial evidence. A judge will 

determine whether admitted evidence is considered credible and should be accepted 

by a court of law, not the forensic scientist whose role is to remain impartial. The role 

of the expert witness is to explain how the physical evidence may relate to the case 

findings based on scientific fact and statistical probabilities. In court, most credible 

evidence is delivered through the testimony of witnesses, and physical evidence is 

rarely credible without an explanation of how it links to the case. 

 

In the past, expert witness evidence was determined admissible in the United States 

in the 1920s if it was “generally accepted” by the wider scientific community. This 

arose due to the results of a polygraph test result dated to 1923. This was the Frye 

standard (Frye v United States 293 F 1013 (DC Cir, 1923)) [203] where a scientific 

technique discussed in court had to be recognised, accepted, and widely used by 

scientists before the results would be accepted as reliable evidence. Later, the 

Daubert standard (Daubert v Merrill Dow Pharmaceuticals Inc  509 US 579) (1993) 

[203] (US only) superseded the Frye standard in many jurisdictions in the United 

States, but not all. With the Daubert standard, criteria was set out to ensure 

adequate methodology and reasoning of science before evidence would be 

admissible in a court of law.  

 

Requirements of the Daubert standard include: 

 

 an understanding of basic theory and how the testing is performed; 

 peer review of the science in publications; 
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 a knowledge of error rates associated with the method; 

 use of adequate controls and standards to validate the method; and 

 acceptance of the method in the field in which it is studied. 

In Australia and the UK, the Bonython test (Bonython v R (1984) 38 SASR 45) [204] 

is often cited when considering the “field of expertise” test. The expert witness needs 

to satisfy the Judge of his knowledge, experience, or both, to qualify as an expert 

witness in the eyes of the court. The President’s Council of Advisors on Science and 

Technology (PCAST) was released in 2016 with recommendations on how to 

strengthen forensic science in the courtroom. PCAST reported a need for 1) clarity 

about the scientific standards required to deem a method reliable, robust and 

reproducible and 2) the requirements to determine whether a method is scientifically 

valid before its use [205]. 

 

1.8 Laboratory validation 

DNA typing needs to be performed to high quality standards following good 

laboratory practice (e.g. use of SOPs, qualified and trained personnel, and quality 

assurance and quality control measures) to ensure accuracy in results that can 

withstand legal scrutiny in court. Requirements for accreditation include: intense 

validation of all new techniques and methods to guarantee results are reliable, robust 

and reproducible; proficiency testing to ensure results obtained in one laboratory are 

generated in another accredited facility; and proper document control of all casework 

and evidence handling that follow a strict chain of custody. Laboratory audits of 

techniques, equipment and staff are all part of maintaining accreditation. All 

personnel need to be qualified and adequately trained to ensure day-to-day 

operation that meets these expectations. The PCAST report discussed above 

describes the need for continual improvement in certain areas of forensic science 

that have previously been scrutinised for scientific validity and reliability, specifically 

feature-comparison methods such as DNA analysis of single-sourced and simple 

mixed samples, DNA analysis of complex mixtures, bitemarks, latent fingerprint, 

firearms and footwear analysis [205].  
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1.9 Organisations that exist for quality 

The Scientific Working Group on DNA Analysis Methods (SWGDAM) [154] is an 

organisation set up in the United States that consists of a team of scientists that work 

together to ensure adequate quality control measures are in place for DNA typing. 

For example, a subcommittee of the group includes STR interpretation, training, and 

validation. The working groups set quality assurance (QA) guidelines to aid 

laboratory managers in setting up their own internal QA program. 

 

The DNA Advisory Board (DAB) organisation [206] is part of the FBI and consists of 

a team of scientists whose main aim is to issue standards to the forensic DNA 

community. For example, the DAB Standard 13.1 requires that DNA analysts 

perform regular external proficiency testing [108] to evaluate staff ability. The 

National Institute of Standards and Technology (NIST) U.S. Department of 

Commerce [207] provide reference materials for calibrating laboratory techniques 

against known standards. DAB standards [206] require annual DNA testing against a 

known NIST standard in order to verify results. 

 

The European Network of Forensic Science Institutes (ENFSI) [208] was established 

to set up standards for data exchange between member states and to conduct audits 

as an accrediting body. Another European organisation that exists with a similar 

purpose to SWGDAM is the European DNA Profiling Group (EDNAP) [209] that 

conducts proficiency testing between laboratories to ensure concordant STR results 

are achieved. The main aim of EDNAP is to examine the reproducibility of results 

across various laboratories. 

 

National Association of Testing Authorities (NATA) was established in 1947 [210] 

and was the world’s first accreditation authority in the assurance of technical 

standards. Member facilities (e.g. DNA testing laboratories) comply with testing 

standards to uphold their status of accreditation and to be deemed competent in a 

range of testing that provides consistently accurate and reliable testing, through 

calibration, validation studies, proficiency testing, measurement, quality controls, and 

record keeping. Accredited forensic DNA facilities will define their own interpretation 

guidelines based upon their own internal lab testing and validation guidelines from 
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SWGDAM [154]. For example, with STR typing, each laboratory will set a minimum 

peak height threshold, homozygote threshold, and stutter ratios for each locus. 

 

1.10 Databases 

DNA databases are important tools to assist police investigations as the DNA 

profiles of repeat offenders are likely to be on the system used to link suspects with 

evidence, and link two or more criminal events. 

 

Databases can be used to solve crimes by linking unknown DNA profiles obtained 

from evidence to known profiles in the database through ‘hits’ defined as a match 

between DNA profiles. Features important for the success of a DNA database 

include: a core set of STR markers, standard software used between jurisdictions, 

and quality standards to ensure consistency and accuracy. The forensic community 

strives for harmonization worldwide to ensure a core set of STR markers are used in 

national DNA databases that that permit an overlap of standard loci between 

countries, and enable statistical weighing to be applied that generate consistency 

between results. The FBI launched the Combined DNA Index System (CODIS) in the 

US in 1990s and maintains a core set of 13 STR markers that provide a random 

match probability of 1 in 100 trillion [108]. The National DNA database (NDNAD) 

launched in the UK initially used six STR markers and the sex determining marker 

Amelogenin to provide a random match probability of ~ 1 in 50 million [1, 65]. Later, 

the analysis of ten STR markers plus Amelogenin in the AmpFlSTR® SGM Plus™ kit 

increased the random match probability to 1 in 3 billion [153], and has since 

increased further to 17 genetic loci (2016). 

 

Improving methods to retrieve more DNA from items of forensic significance will 

enable more potential hits on DNA databases and more effective forensic 

investigations; the ability to generate high quality DNA profiles will enable more 

samples to be uploaded and compared to the DNA profiles of previous offenders. 
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SCOPE OF THESIS 

This thesis is written as a series of publications that are currently published or under 

review in relevant forensic journals. 

 

AIMS OF THESIS 

This thesis aims to explore the use of direct PCR for amplifying ‘touch’ DNA 

deposited by fingermarks as a source of forensic human identification. In 

collaboration with the FSSA laboratory, aspects associated with DNA recovery from 

swabs, DNA extraction, PCR, CE detection, and analysis of resulting DNA profiles 

are reviewed. In particular, a large emphasis will be placed on issues surrounding 

DNA contamination and ways to minimise unwanted extraneous DNA in the reaction. 

The main goal of this research is to include standard operating procedures (SOPs) in 

the materials and methods section of this thesis, with guidance from FSSA on how to 

implement the research methodology into operational casework. To achieve this 

goal, a case study demonstrating the application of the technique is included in 

Chapter IV along with peer reviewed manuscripts compiled into the following 

chapters: 

1) The first data chapter (Chapter III) compares the efficacy of cotton, 

nylon and foam swabs for recovering low-template DNA. Additional 

work highlights the most effective swabbing method prior to direct 

PCR. Results obtained from a standard extraction kit (DNA IQ™ 

System) are compared to those obtained by direct PCR when 

processing ‘touch’ DNA swabs. This chapter includes: 3 peer reviewed 

publications; a poster presentation; an oral presentation; and a patent 

application. 

2) The second data chapter (Chapter IV) focuses on the application of 

direct PCR for processing latent ‘touch’ DNA samples. Results are 

presented in a peer reviewed publication, a journal article in 

Biotechniques, and a real case study. A further manuscript (which is in 

preparation) is included that explores the use of PCR facilitators (such 

as BSA and DMSO) on the direct PCR approach. 

3) The third data chapter (Chapter V) examines the use of direct PCR for 

profiling visually enhanced (i.e. powdered) fingerprints. Further work 
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aims at exploring the effects of environmental exposure on the survival 

of ‘touch’ DNA, using the direct PCR approach. Work highlights the 

application of direct PCR on challenging substrates (e.g. metal 

cartridge cases). Results are published in a short peer-reviewed 

publication, a poster presentation, and a manuscript in preparation. 
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2.1 Preface 

This chapter includes a background section on the standard practice for 

forensic evidence collection, sample handling and processing, and describes the 

materials and methods section for the thesis. More specifically, the workflow involves 

contamination controls, sample handling, the swabbing process, direct PCR, and the 

protocol for capillary electrophoresis that was used to generate profiling data from 

‘touch’ DNA swabs. The chapter concludes with recommended standard operating 

procedures (SOPs) that have been structured with guidance from FSSA Laboratory. 

All forensic DNA testing laboratories are required by ‘The Quality Assurance 

Standards for Forensic DNA Testing Laboratories’ to follow accredited protocols that 

have been validated [1]. Therefore, protocols have been established that will allow 

rapid implementation of the direct PCR approach into accredited facilities upon 

validation. 

 

2.1.1 Standard practice 

 

In order to perform STR-based DNA analysis of a biological sample, initial steps are 

performed that include sample collection, preservation, and adequate storage of 

material to minimise DNA degradation. It is vital that samples are handled properly at 

all stages in the workflow and follow a strict chain of custody so that DNA profiling 

results are legally admissible in a court of law. 

 

Sample collection 

Proper controls and checks need to be in place to prevent sample contamination or 

mix-up during evidence collection. If a sample becomes contaminated with 

extraneous DNA during early stages of handling (or at any stage) then results would 

be compromised. ‘DNA-free’ plasticware and consumables should be used to 

prevent the 'phantom of Heilbronn' incident [2] from happening again. In Germany 

and Austria, 40 cases were incorrectly linked, due to a ‘sterile’ swab contamination 

issue in the manufacturing plant. ENFSI (European Network of Forensic Science 

Institutes), BSAG (Biology Specialist Advisory Group) and SWGDAM (Scientific 

Working Group on DNA Analysis Methods) have released recommendations to the 

scientific community to ensure all plasticware and consumables are not only sterile 
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but also ‘DNA-free’ and have their own standard that is ISO 18385 [3-6]. 

Contamination can be introduced in the laboratory if adequate care is not taken [7-

10]. A study carried out to investigate incidental DNA on sterile gloves revealed the 

presence of DNA on the surface of gloves taken from closed gloves boxes, 

emphasizing the need for ‘DNA-free’ gloves and consumables [11]. 

 

Specifics important to sample collection 

The risk of contamination can be minimised with the aid of proper protective clothing, 

sample controls, elimination databases, strict protocols, separate work areas (see 

Figure 2.1) for each stage of sample handling, and the use of ‘DNA-free’, sterile 

consumables [12-14]. 

 

Clothing 

Gloves need to be worn when evidence is collected and a separate pair of gloves 

worn for each handled item. Gloves should not be packaged in with evidence [15]. 

Facemasks, hair nets, and clothing protection, should be worn to prevent 

contamination (see Figures 2.2 (a) and (b)). 

 

Packaging 

Evidence should be packaged separately and exhibits (particularly those stained with 

biological fluids) should be air-dried prior to sealing the packaging. Evidence should 

be stored in paper bags that are porous to prevent condensation, as water/moisture 

accelerates DNA degradation. Swabs or biological stains should be air-dried prior to 

packaging, stored separately, and labelled correctly. 

 

Chain of custody 

Case details relating to each item should be detailed on the packaging and include: 

case/reference number, date and time of collection, location of evidence, and the 

name of the person collecting the evidence. Packages should be sealed across the 

package seal to ensure that samples are not tampered with. 
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Reference material 

Reference material (e.g. buccal swabs) should be collected from the relevant 

individuals and the DNA isolated and compared to evidence material. Reference 

swabs should be stored and analysed in a separate location away from other 

evidence. 

 

Storage and preservation 

To minimise DNA degradation, samples should preferrably be stored in a cold, dry 

environment, for preservation. Upon delivery to the laboratory, DNA samples are 

stored as non-extracted evidence or extracted DNA. Samples should be placed at 4 

°C, – 20 °C or – 70 °C depending on the required length of time in storage. Swabs at 

FSSA and SAPOL are currently stored at room temperature. 

 

2.1.2 Materials and methods for thesis 

 

2.1.3 Contamination controls for low-template DNA 

To minimize contamination of sample DNA with contemporary human DNA or 

previously amplified PCR product, specific controls were set up for all experiments. 

Pre-PCR steps for swabbing took place in a dedicated fume-hood that was isolated 

from post-PCR activity (see Figure 2.1). Strict contamination protocols were followed, 

such as cleaning work benches and consumables with 70% isopropanol and 3% 

sodium hypochlorite before use; one-way movement of personnel (sample 

preparation hood > PCR laboratory > post-PCR laboratory) took place (see Figure 

2.1). Additional sterilisation of gloves took place; 3% sodium hypochlorite was used 

to clean the surface of gloves prior to use. Gloves were changed between sampling. 

Each laboratory and work area had its own set of pipettes, barrier filter tips, tubes 

and racks. Protective clothing consisted of separate lab coats designated for each 

lab (and laundered every few months), double gloves, facemasks, and hair tied back 

to prevent skin cells from contaminating the samples (see Figure 2.2 (a) and 2.2 (b)). 

For research requirements it is unsure how effective laundering lab coats really is. 

However, there were no instances of contamination noted. In spite of this, casework 

laboratories would require disposable coats for one use only. PCR setup was 

conducted in a laminar flow hood. Aersol-resistant filter tips were used in the PCR 



86 

 

setup up lab and a new tip was used for each sample. Reagents were prepared with 

care and diluted with sterile molecular grade water. Non-template controls (PCR 

blanks) and extraction blanks (i.e. sterile swabs containing no DNA) were used in all 

PCR set up reactions to monitor contamination. 

Prior to use, substrates on to which DNA was deposited were cleaned with 70% 

isopropanol and Milli-Q ultrapure water (Merck Millipore, VIC, AU), and air-dryed in a 

sterile fume hood. Substrates were further sterilised by UV light (at a wavelength of 

approximately 300 nm) where the substrate is situated close to the UV lamp for 15 

minutes (with the exception of Chapter V). The effectiveness of the UV lamp was not 

tested, however, controls used in testing did not indicate any issues with 

contamination and the UV light could be seen to be working. Slides were swabbed 

prior to DNA deposition as an additional negative control. Slides were stored at 4°C 

post fingermark deposition and swabbing. 

Using an elimination database, the STR-based DNA profiles of all staff involved in 

handling of samples (J.T and A.L), and all lab personnel that had access to the 

laboratories, were genotyped and profiles were compared to those obtained from 

samples. Reference buccal swabs provided by the donors were isolated in a 

separate DNA extraction laboratory and processed after fingermark swabs had been 

taken. 

 

Positive controls, containing 1 ng/µL of control 2800M DNA, (Promega, US) were 

included for each PCR set up to ensure that all PCR components were working 

effectively. Care was taken in all aspects of sample handling. PCR was carried out in 

a designated PCR-set up laboratory (see Figure 2.1) as one small drop of PCR 

product may contain as many as a billion copies of DNA [12]. 
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2.1.3.1 DNA laboratory setup 

 

The DNA Linacre lab 330 setup, Physical Sciences Building, Flinders 

University 

Figure 2.1 Three DNA testing laboratories at Flinders University are physically 
isolated from each other. Pre and post-PCR laboratory work is restricted to 
designated areas only. 
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Figure 2.2 personal protective clothing; (a) double gloving; (b) facemask, lab coat 
and gloves worn at all times. 
 

Ethics 

Ethical approval was obtained from Southern Adelaide Clinical Human Research 

Ethics Committee prior to starting lab work. Ethics approval number: 461.13. 

Informed consent was provided by all the volunteers in the study prior to starting. 

 

DNA reference material 

Buccal swabs (Cotton, Copan, Brescia, Italy) were rubbed inside the inner cheeks of 

volunteers and used as reference material. 

 

DNA extraction 

Cells were lysed using the DNA IQ™ extraction Kit (Promega, US) following 

manufacturer’s recommendations. 

 

Sample preparation 

Prior to starting, Triton-X™ 100 (Sigma-Aldrich, Castle Hill, NSW, Sydney) was 

diluted to 0.1% using Milli-Q ultrapure water (Merck Millipore, VIC, AU) and 2 – 20 μL 

of  Triton-X™ 100 was dispensed onto the tip of a swab prior to swabbing. The 

amount of swab media varied per experimental set up (see data chapters for specific 

details). A larger volume of swab media is recommended for swabbing large surface 

areas and this was used in early experimental design with ‘whole swabbing’. 

Conversely, a ‘targeted approach’ to swabbing, using pre-cut fibre clumps, required 



89 

 

a smaller volume of swab media. Control DNA (2800M, Promega, US, at 10 ng/µL 

was diluted to varying concentrations (depending on the experimental design) using 

Milli-Q ultrapure water (Merck Millipore, VIC, AU) or TE buffer (i.e. 10 mM Tris, 0.1 

mM EDTA, pH 8.0). It is recommended that this swabbing protocol is carried out in 

the laboratory only until a field device becomes available for direct PCR use. 

 

Swabbing 

Swabbing consisted of 8-20 strokes horizontally (left-to-right direction) and 8-20 

strokes vertically (top-to-bottom) over the substrate using medium pressure to 

ensure consistency. The number of strokes used varied depending on the 

experimental design and substrate that was swabbed (see data chapters for specific 

details). 

 

Targeted swabbing 

Swab fibre clumps (~ 2 mm2) were cut from the tips of pre-moistened DNA-free 

Ethylene Oxide (EO) treated sterile swabs: a) nylon FLOQswabs™ (Copan, Brescia, 

Italy), b) foam swabs (Whatman, USA), and c) cotton swabs (Livingstone, NSW). 

Swabs were further sterilised under UV light for 15 minutes. Sterile forceps were 

used to hold the fibre clumps in place over the slide (see Figure 2.3). Glue fragments 

from the inner core of the nylon swab held flocked fibres neatly in place and moisture 

from the swabbing media prevented fibres from becoming static and dislodging from 

the forceps. 

Figure 2.3 (a) fibre clump used for swabbing (~ 2mm2) (b) sterile forceps used for 
swabbing to target a small surface area where DNA had been deposited. 
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Polymerase Chain Reaction 

The specifics for each experiment are detailed in each data chapter. 

STR typing for all samples was performed using the AmpFℓSTR® ProfilerPlus™ kit 

(10 genetic STR loci typed, including Amelogenin; Applied Biosystems, AU) or the 

NGMSElect kit™ (16 genetic STR loci typed, plus Amelogenin; Applied Biosystems, 

AU) following manufacturer’s recommendations for sub-optimal DNA (i.e. < 1 ng). 

For ProfilerPlus™, the final reaction consisted of 21 μL ProfilerPlus™ reaction mix, 

11 μL of ProfilerPlus™ primer mix, 1 μL (5U) AmpliTaq Gold™ (Applied Biosystems), 

DNA template (2 – 4 mm2 fibres or 1 ng of extracted/control DNA) and the remainder 

of the solution was made up to 50 μL with TE buffer (i.e. 10 mM Tris, 0.1 mM EDTA, 

pH 8.0). Half volume PCRs were carried out as indicated in specific data chapters by 

halving all the reaction components but keeping the amount of enzyme consistent 

(i.e. 1 μL (5U) AmpliTaq Gold™ DNA polymerase). Additional work highlights the 

importance of extra AmpliTaq Gold™ DNA polymerase for processing low-level DNA 

samples [16]. For ProfilerPlus™, cycling was performed on a 9700 GeneAmp 

thermal cycler (Applied Biosystems) and consisted of an initial denaturation at 95 ° C 

for 11 min followed by 28 or 29 cycles of 94 ° C for 1 min, 59 ° C for 1 min and 72 ° C 

for 1 min, then a final extension at 60 ° C for 45 min, and 25 °C hold. Additional PCR 

facilitators were added in later experiments (see chapter for specific details). 

 

For PCR with the AmpFℓSTR® NGM SElect™ kit (Life Technologies), the reaction set 

up followed manufacturer’s recommendations with additional AmpliTaq Gold™ DNA 

polymerase added. The final PCR reaction volume consisted of 10 μL NGM SElect™ 

reaction mix, 5 μL of NGM™ primer mix, 1 μL (5U) AmpliTaq Gold™ DNA 

polymerase (Life Technologies) and DNA template (either 2 – 4 mm2 swabbed fibres 

for fingermark samples or 1 ng of DNA extract/control sample), the remainder of the 

solution was made up to a final volume of 25 µL with TE buffer (i.e. 10 mM Tris, 0.1 

mM EDTA, pH 8.0). Cycling was performed on a 9700 GeneAmp thermal cycler (Life 

Technologies) and consisted of an initial denaturation at 95 ° C for 11 min followed 

by 30 cycles of 94 ° C for 20 s, 59 ° C for 3 min, then a final extension at 60 ° C for 

10 min, and 4 °C hold. PCR products were spun in a microcentrifuge for 20 seconds 

at maximum speed to centrifuge the powders to the bottom of the tube. 
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Capillary Electrophoresis 

For the AmpFℓSTR® NGM SElect™ kit, amplicons were analysed on a 3130xl 

Genetic Analyser (Applied Biosystems). The final reaction volume (11-11.5 μL) 

consisted of 1-1.5 μL PCR product, 9.5 μL HiDi™ Formamide (Life Technologies) 

and 0.5 μL GeneScan™ 600 LIZ™ Size Standard v2.0 (Life Technologies).  

 

For ProfilerPlus™ kit, amplicons were analysed on a 3130xl Genetic Analyser 

(Applied Biosystems) in a final set up volume of 14 μL that consisted of between 1-2 

μL PCR product (as recommended by the ProfilerPlus™ kit manufacturer), 12 μL 

HiDi™ Formamide (Applied Biosystems) and either 0.5 μL GeneScan-400 [ROX] 

size standard or GeneScan-500 [ROX] size standard. Profiles were analysed using 

GeneMapper ID software (v3.2.1) (Applied Biosystems), and a threshold value of 30-

50 relative fluorescence units (RFU) was used to assign alleles (specific threshold 

values for each experiment are provided in the chapter specific methods section). 

 

Data Analysis 

Internal validation studies were used to assess analytical threshold values. Allelic 

‘drop-out’ was reported if associated peak heights were less than 50 RFU. A 

threshold was set at 150 RFU for potential homozygote genotypes; if only one allele 

was detected at a locus then this threshold value was used to account for potential 

‘allele drop-out’. Stutter was considered for peak heights less than 15% of the main 

true STR allele. A profile was considered ‘full’ if all alleles, for all loci, were detected 

above the threshold RFU. An informative DNA profile (i.e. one considered ‘up-

loadable’ to the Australian National Criminal Investigation DNA Database (NCIDD)) 

was defined as ≥ 12 alleles (plus Amelogenin). 

 

Profiling success (%) was assessed by dividing the number of detected alleles by the 

total number of expected alleles and multiplying this value by 100. The average peak 

height for each profile was calculated by dividing the summed peak heights of all 

alleles by the total number of peaks observed in that sample. 
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2.2 Standard operating procedure (SOP) for recovering ‘touch’ DNA from 

casework exhibits 

 

This protocol has been designed for the purpose of targeting small intricate surface 

areas for latent DNA or to retrieve DNA from fingerprints that have been dusted with 

fingerprint powders prior to DNA analysis. A targeted swabbing method can be used 

which involves moistening the tip of nylon flocked swabs with 2-20 L of Triton-X™ 

(0.1%), pre-heated to 50 °C, cutting moistened swab material (2 mm2) using a sterile 

scapel blade, and using the swab fibre clump and sterile forceps to rub over the 

surface thought to contain DNA. A swab designed for the purpose of direct PCR 

would prove more beneficial. See protocol described below for using a whole swab 

approach for direct PCR. Further testing would be required to determine if heating 

the detergent is necessary in order to improve DNA yield, as this may not be 

practical in the field.  

 

Template sample handling sheet 

Case ID: 

Sample ID: 

Date and time: 

Name of operator: 

Signature of operator: 

Laboratory location: 

Kit name: 

Expiry date: 

Lot number: 

1. Preface and Scope 

Wet and dry nylon flocked swabs (Copan or similar) are used to collect DNA 

from crime scene items. 

2. Definitions 

‘Touch’ DNA = DNA left on an object by touching i.e. no obvious body 

fluid/tissue stained areas are observed. 
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3. Principle 

Skin (and other) cells are lysed in the presence of 0.1% Triton-X™ and 

heated to isolate the DNA. 

4. Reagents 

4.1.1 Triton-X™ (0.1%) 

4.1.2 Bleach; sodium hypochlorite (3%), (in squeeze bottles, for 

cleaning) 

4.1.3 MilliQ water or sterile (DNA-free, RNA-free distilled water – 

molecular grade) 

4.1.4 Kleralcohol wipes (70% Isopropanol, for cleaning) 

5. Equipment 

5.1.1 Biohazard hood 

5.1.2 Sterile disposable forceps 

5.1.3 P10, P200 and P1000 pipettes 

5.1.4 Heating block set at 50 0C 

5.1.5 Thermometer calibrated to 50 0C 

5.1.6 Racks to hold 0.2 mL tubes 

6. Consumables 

6.1.1 0.2 mL sterile low-bind DNA tubes (Eppendorf or similar) 

6.1.2 Filtered tips for P10, P200 and P1000 pipettes 

6.1.3 Nylon flocked swabs (Copan or similar) 

6.1.4 Sterile scalpel blades 

6.1.5 Kimwipes 

6.1.6 Dental bibs 

6.1.7 Disposable gloves 

6.1.8 Disposable face masks 
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6.1.9 Plastic bags for waste and bin 

6.1.10 Clean separate lab coat designated to each lab (pre and post-

PCR) 

7. Procedure 

7.1.1 Quality Control: 

i. Do not place samples from the same case 

number adjacent to each other; 

ii. Include a reagent blank (RB); 

iii. Thoroughly clean forceps, equipment and 

work areas with 3% sodium hypochlorite and 

70% Ispropanol wipes prior to starting work 

and between sample preparation; 

iv. Wear a fresh pair of gloves for handling each 

sample. 

7.1.2 Prepare a sample handling sheet for each case 

7.1.3 Pre-heat an aliquot of Triton-X™ (0.1%) to 50 0C in a heat 

block in the pre-PCR extraction lab 

7.1.4 Retrieve samples from 4°C and place on the bench in the pre-

PCR extraction lab 

7.1.5 Ensure the case number and item codes match form details 

7.1.6 Prepare the hood by exposing to UV light for 15 minutes prior 

to starting 

7.1.7 In an extraction rack in the hood, label the appropriate number 

of sterile 0.2 mL tubes with the case number and sample 

description on the lid 

7.1.8 Witness step: 

i. Witness checks that the sample case number and 

item code match the sample handling sheet; 
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ii. Witness passes each sample/item to be swabbed to 

the 

extractor in the order of the sample handling sheet, 

verbalizing sample details and which tube number the 

sample is to be placed into; 

iii. Witness continues with all the samples in the batch 

and; 

iv. Witness signs the sample handling sheet 

7.1.9 Moisten the tip of a nylon flocked swab with 2 L of Triton-X™ 

(0.1%), pre-heated to 50 0C. 

7.1.10 Hold the swab vertically over the item, so that only the tip of 

the swab is in contact with the item. Swab 10 strokes 

vertically (top-to-bottom direction) and 10 strokes 

horizontally (left-to-right direction) over the substrate. 

7.1.11 Cut fibres from the tip of the swab (~ 2 mm2) using a sterile 

scalpel blade and using sterile forceps place fibres directly 

into a 0.2 mL PCR tube (pre-labelled with case details). 

7.1.12 Repeat step 7.10 – 7.11 with a second dry swab and add 

fibres from the second swabbing event into the same pre-

labelled PCR tube or a separate PCR tube if a backup 

sample is required. Double swabbing was shown to be more 

effective than single swabbing. 

7.1.13 Seal PCR tubes and send tubes to the pre-PCR set up lab for 

processing. Clean work areas (as detailed previously), 

change gloves and proceed to next sample. 

8. Validation 

Reference for validation: “DNA profiles from fingermarks”, J E.L Templeton and 

Adrian Linacre. Biotechniques 57: 259-266 (November 2014) doi 

10.2144/000114227. 
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2.3 Standard operating procedure (SOP) for processing ‘touch’ DNA swabs 

 

Template sample handling sheet 

Case ID: 

Sample ID: 

Date and time: 

Name of operator: 

Signature of operator: 

Laboratory location: 

Kit name: 

Expiry date: 

Lot number: 

 

1. Preface and Scope 

 Wet and dry nylon flocked swabs (Copan or similar) can be used to 

collect DNA from evidence items. All swabs arriving into the lab should be 

intact and sealed prior to processing. Swabs have been pre-moistened with 

Triton-X™ prior to swabbing and can be left to air-dry or stored in the freezer 

post-swabbing. Additional testing would be required to determine the most 

effective storage conditions, as both methods have been found to be 

sufficient. 

2. Definitions 

 Touch DNA = DNA left on an object by touching i.e. no obvious body 

fluid/tissue stained areas are observed. 

3. Principle 

 Skin (and other) cells are lysed in the presence of 0.1% Triton-X™ and 

heat. 

4. Reagents 
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MilliQ water or sterile (DNA-free, RNA-free distilled water – 

molecular grade) 

Sodium hypochlorite (3%), (in squeeze bottles, for cleaning) 

Kleralcohol wipes (70% Isopropanol, for cleaning) 

5. Equipment 

5.1 Biohazard hood 

5.2 Sterile disposable forceps 

5.3 Racks to hold 0.2 mL tubes 

6. Consumables 

6.1 0.2 mL sterile low-bind DNA tubes (Eppendorf or similar) 

6.2 Sterile scalpel blades 

6.3 Kimwipes 

6.4 Dental bibs 

6.5 Disposable gloves 

6.6 Disposable face masks 

6.7 Plastic bags for waste and bin 

6.8 Clean separate lab coat designated to each lab (pre and post-PCR) 

7. Procedure 

7.1 Quality Control: 

i. Swabs should arrive into the lab intact and sealed following 

the chain of custody procedure; 

ii. Do not place samples from the same case number adjacent 

to each other; 

iii. Include a reagent blank (RB); 

iv. Thoroughly clean forceps, equipment and work areas with 

3% sodium hypochlorite and 70% Isopropanol wipes prior to 

starting work and between sample preparation and; 
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v. Wear a fresh pair of gloves for each sample. 

7.2 Prepare a sample handling sheet for each case 

7.3 Retrieve swabs from the 4 0C fridge, and place on the bench in the pre-

PCR extraction lab 

7.4 Ensure the case number and item codes match form details 

7.5 Prepare the hood by exposing to UV light for 15 minutes prior to starting 

7.6 In an extraction rack in the hood, label the appropriate number of sterile 

0.2 mL tubes with the case number and sample description on the lid. 

i. Witness step: Witness checks that the sample case 

number and item code match the sample handling 

sheet; 

ii. Witness passes each sample/item to be swabbed to 

the 

extractor in the order of the sample handling sheet, 

verbalizing sample details and which tube number the 

sample is to be placed into; 

iii. Witness continues with all the samples in the batch 

and; 

iv. Witness signs the sample handling sheet. 

7.7 Cut fibres from the tip of the swab (~ 2 mm2) using a sterile scalpel blade 

and using sterile forceps place fibres directly into a 0.2 mL PCR tube (pre-

labelled with case details). Repeat if a second swab has been supplied for 

the sample and add fibres from the second swab into the same pre-

labelled PCR tube or a separate PCR tube if a backup sample is required. 

7.8 Seal PCR tubes and send to the pre-PCR set up lab for processing. Clean 

work areas (as detailed previously), change gloves and proceed to next 

sample. 

8. Validation 

Reference: Templeton, J. E., and Adrian Linacre. "DNA profiles from 

fingermarks." BioTechniques 57.5 (2014): 259. 
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3.1 Preface 

The ability to acquire genetic information from ‘touch’ DNA aids criminal 

investigations and is now an integral part of a forensic laboratory’s workflow. In 

particular, collection is a critical stage in the recovery of DNA from handled or 

touched items. It is now possible to generate interpretable DNA profiles from 

picogram amounts of DNA [2]. This is important for ‘touch’ DNA samples that may 

yield limited DNA as there is the possibility to generate DNA profiles from sub-

optimal samples. The vast improvement in the sensitivity of STR profiling kits is 

partly due to the enhanced buffers and enzymes present in the multiplex systems [3-

5]. Despite this advancement, DNA recovered from touched substrates is often close 

to the limit of sensitivity for most STR-based DNA profiling kits [6, 7]. Part of the 

reason for this could be the direct result of poor sampling efficiency and/or the low 

extraction efficiency of the swabs that may contribute to a loss of sample DNA [8, 9]. 

Direct PCR has the potential to improve DNA recovery, but a consequence of this is 

the detection of complex mixtures (i.e. additional alleles) which require resolving due 

to the increased sensitivity of this approach. 

 

This data chapter is split into three phases, each of which examines aspects relating 

to DNA recovery when swabs are used as the collection device. Raw data are 

presented in the Appendix - Supplementary Information (SI) section at the end of the 

chapter. 

1) The first phase of the study compares the sampling efficiency of three 

commonly used swab types (i.e. wound, pad and flocked swabs) when direct 

PCR is used, and explores the use of detergent-based swabbing media and 

swabbing technique. The main result for direct PCR showed that fibres 

present in the PCR tube, with 1 ng of DNA, did not affect the ability to 

generate a DNA profile and results were compared to a positive control 

(containing no fibres). 

2) Detergent-based nylon FLOQSwabs™ recovered a higher yield of DNA (as 

assessed by RFU values of peak heights) compared to foam and cotton 

water-based collection devices. Preliminary data are reported in 

supplementary information (SI) Tables 3.1 and 3.2, with results extending into 
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two short peer reviewed manuscripts published in the journal Forensic 

Science International: Genetics, Supplement Series. 

3) The second phase of the study explores the efficacy of direct PCR compared 

to a standard DNA extraction method (i.e. DNA IQ™ System) when using 

control DNA of known mass as the template for amplification. The DNA IQ™ 

System included the use of spin baskets as recommended in the protocol for 

swab substrates. Various substrates on which DNA was deposited were 

examined (i.e. brass, plastic and glass). The nature of substrates is explored. 

Results are reported in a peer reviewed publication in the Journal of Forensic 

Sciences. 

4) The third, and final, phase of the work describes the application for a patent 

for a novel swab device designed as a direct result of this work. 
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3.2 Aims of study 

1) To compare a) the efficacy of swab types for recovering DNA; b) to assess 

the effectiveness of detergent-based swabbing media in comparison to water-

based swabs and; c) to determine the most effective method of swabbing for 

direct PCR. 

2) To determine if a meaningful DNA profile could be obtained using direct PCR 

when swab fibres are present in the PCR tube. 

3) To assess the profiling results generated by direct PCR in comparison to 

those obtained by a standard DNA extraction method. 
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3.3 Introduction 

 

Swabs 

DNA collection using swabs is currently one of the most widely used techniques for 

collecting biological evidence [10]. Recent reports [10-13] are suggesting that an 

alternative fibre material to cotton should be considered for processing ‘touch’ DNA 

samples. A comprehensive study by Verdon et al. (2014) [10] compared swab types 

of different compositions for the efficient recovery of DNA from various materials. It 

was reported that swabs with a high sampling efficiency do not necessarily have high 

extraction efficiency [10]. A significant contributing factor is the elution capability of 

the swab to release DNA which has been collected. A previous study [14] reports 

that the success of DNA profiling from swabs is dependent on the extraction method 

used. However, the overall DNA yield will be reduced if a swab is not efficient at 

releasing DNA during extraction [14]. Research conducted by Prinz et al. (2006) 

examined 109 touched items (including 30 deposited fingermarks) [15] and found 

that most of the collected samples contained less than 100 pg of DNA, post 

extraction. Most commercial STR DNA profiling kits recommend optimal starting 

templates between 0.5 – 2.5 ng of DNA [3-5, 16-18], and would not be suitable for 

analysing highly degraded or low-template DNA samples. However, laboratories also 

perform internal validation studies to determine their own optimal starting DNA 

amounts and this may be lower than manufacturer guidelines. 

 

Selection of an appropriate sampling device - suitable for the nature of the substrate 

that is swabbed - would have great impact upon recovery, extraction, and profiling of 

DNA [10, 11, 19, 20]. The ideal collection device should be: inexpensive; easy to 

transport; sterile; DNA and RNA-free; and have a wide-range application for use on 

many different substrates. 

 

There are many characteristics of a swab that may influence the ability to collect and 

preserve DNA from a substrate, such as: 

1) tip composition and design; 

2) thickness and length of the swab tip; 

3) nature of how the fibres are attached to the shaft (tightly woven round  
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or glued and projected from the shaft); 

4) the material of the shaft; and 

5) the shape and design of the storage tube (e.g. air-vents to facilitate air-

drying, anti-microbial properties/agents present to preserve DNA). 

 

Three swab designs commonly used are: wound swabs – fibres are tightly woven 

around the shaft of the swab (e.g. cotton); flocked swabs – fibres are sprayed onto 

the shaft and project from the shaft with a brush effect (e.g. nylon flocked); and pad 

swabs – porous material (e.g. foam) wrapped around the core (see Figure 3.1). 

 
Figure 3.1 Swabs used in a comparative study (foam, nylon and cotton) for chapter 
III. 
 

Nature of cotton wound swabs 

Cotton swabs have a woven design of cotton fibres tightly wrapped around the tip of 

a wooden or plastic shaft (see Figure 3.1). A hollow internal shaft holding the swab 

matrix together draws solution up along the fibres through capillary action. The 

swabs feature a dense inner core that traps cellular material within its fibres. These 

swabs are popular for use in forensic DNA recovery as the OH groups of cotton 

fibres (see Figure 3.2) form strong hydrogen bonds with DNA [21]. Similarly, cotton 

swabs are highly permeable to water and other polar solvents owing to their 

hydrophilic functional groups [22]. Hydrogen bonds hold long chains of glucose 

molecules together and account for the 99% cellulose structure [23] (see Figure 3.2).  
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Figure 3.2 Chemical structure of cellulose that comprises 99% of the cotton swab. 
Image generated from Rudnik, E., Handbook of Biopolymers and Biodegradable 
Plastics: Properties, Processing and Applications [24]. 
 

Nature of pad foam swabs 

Foam swabs are formed from gas pockets trapped in a solid matrix (see Figure 3.1) 

Padded foam swabs designed for forensic purposes are examples of open-cell foam; 

water flows through the entire matrix displacing the air. Most foam swabs used for 

forensic purposes are designed to efficiently absorb liquid from the surface from 

which it makes contact. Isopropanol foam popules (i.e. Mini-popule) (Puritan Medical 

Products, USA) are currently used by Forensic Science South Australia (FSSA) to 

recover ‘touch’ DNA evidence. The swab heads have a larger surface area 

compared to standard cotton swabs (see Figure 3.1). The inner shafts of Mini-

popules are filled with isopropanol which is released onto the substrate when the 

swab is used. 

 

Nature of nylon flocked swabs 

A swab called the Nylon FLOQSwab™ (Copan Flock Technologies, Brescia, Italy) 

should be considered as an alternative for swabbing forensic material (see Figure 

3.1 and 3.4). Medical research conducted reports that nylon swabs are more 

effective than rayon swabs at collecting epithelial cells from the nasal passage [25]. 

Similarly in a microbiological study, nylon swabs were proven to be extremely 

effective at collecting microbes from swabbed surfaces compared to other swab 

types and there was an improvement in microbe yield of 20 – 60% [26]. 

 

Recently a comprehensive study was published comparing the effectiveness of three 

swab types for recovering DNA from saliva and data reported on the superior 

performance of nylon-flocked swabs (i.e. forensicX) [12]. The average yield of DNA 
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recovered was between two-to-three times higher with the nylon swab [12], and 

nylon swabs yielded more DNA 40 days after storage at room temperature. 

Nylon FLOQSwab™ fibres are positively charged and attract the negative charge on 

the sugar-phosphate backbone of DNA; the NH groups of nylons (see Figure 3.3) 

form strong hydrogen bonds with DNA or the hydrophobic cell membrane [21]. By 

design of a flocked swab technology, the swabs are made up of thousands of 

parallel nylon fibres that have been sprayed onto a plastic stick while it is held in an 

electrostatic field (see Figures 3.1 and 3.4) [27]. The short fibre strands are arranged 

in a perpendicular fashion creating an absorbent thin layer with an open structure. 

Unlike traditional cotton swabs that contain an internal absorbent core, nylon 

FLOQSwabs™ have no internal mattress or cushion to entrap the sample. This 

design strategy allows sample DNA to remain close to the surface of the fibre and 

increases the surface area for sample collection and release from the hydrophilic 

layer of nylon pile [27]. This design feature is especially important when working with 

low-level or ‘touch’ DNA, as a dense core may trap, and not release, the small 

amount of cells captured. In addition, nylon FLOQSwabs™ initially designed for 

medical purposes [25, 26] are sterile, PCR inhibitor-free, RNase-free and DNase-

free, so ideally suited to forensic science. 

 

Figure 3.3 Chemical structure of nylon demonstrating NH groups that will form 
strong hydrogen bonds with DNA. Image adapted from Sigma-Aldrich [28]. 
 
 

 

Figure 3.4 Diagram of the flocking process used by Copan Diagnostics, where 
strands of nylon are applied to the plastic core swab head. Image generated from 
Copan, 2012, nylon FLOQSwabs™ by Copan, California, USA [27].  
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Double swabbing method 

The double swabbing technique [29, 30] involves using a water absorbed swab on 

the substrate to recover DNA, followed by a second dry/wet swab. A study by Pang 

et al. (2007) [31] demonstrate the advantage of a double swabbing technique for 

recovering DNA from touched items. The authors report that a single wet swab did 

not efficiently capture DNA and they observe an improvement in profiling results after 

pooling the first wet swab and second dry swab together prior to extraction [31]. 

Their findings suggest that the second dry swab alone yielded sufficient DNA to 

generate a profile in 60% of cases [31]. Another study by Sweet et al. (1997) [29] 

indicates a significant improvement in profiling results when the double swabbing 

technique was used to recover DNA from saliva in a human bite mark case. 

Likewise, the double swabbing technique has been used in many other studies 

aiming to retrieve ‘touch’ DNA from different sources [32-35]. 

 

Swab media 

In addition to the type of swab used, the mechanism of DNA recovery will depend on 

the nature of the substrate swabbed [31] and the rehydrated state of the cells [29]. 

When epithelial cells are rehydrated by moisture they loosen and the natural 

capillary movement of liquid between the fibre strands facilitates strong hydraulic 

uptake of samples. Mechanical swabbing with the aid of hydrophilic swab fibres will 

aid the absorption of rehydrated cells. Devices such as FTA® paper, used for 

collection of body fluid, contain DNA preserving reagents that help to lyse cells. Most 

swabs used for collecting ‘touch’ DNA do not contain lysing agents; however, they 

can be pre-treated with buffers prior to sampling. 

 

Many forensic laboratories currently use swabs moistened with distilled sterile water 

as a media for cell recovery from touched items. DNA is a polar hydrophilic molecule 

(i.e. dissolves in water) owing to the negative charge on the sugar-phosphate 

backbone. However, water cannot solubilize all membrane proteins and fats easily 

and this may prevent total cell lysis; hydrophobic components of the cell that lack 

polar or charged functional groups will not dissolve readily in water. For this reason, 

other swab media should be considered that will further aid cell lysis. 
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Minimal research has been conducted into comparing different swabbing media for 

the retrieval of ‘touch’ DNA. A short study by Phetpeng et al. (2013) [36] was 

published comparing swab moistening agents and different brands of cotton swabs, 

and findings concluded that various combinations of swabs and buffers yielded 

different amounts of DNA. The authors report that the EO cotton swab (Thai Gauze, 

Thailand) combined with isopropanol buffer generated the highest DNA yield [36]. 

Other buffers tested included phosphate buffered saline (PBS), sterile water, 

ethanol, SDS, and lysis buffer. 

 

A recent study by Thomasma et al. (2013) [37] reported that swabs moistened with 

detergents, compared to water-based swabs, led to a greater rate of DNA recovery 

from hand prints deposited on glass. In particular, detergents such as Triton™-X-100 

(0.1%) and SDS provided significantly higher yields of DNA. 

 

Detergents are amphiphilic in nature (i.e. allow solubility in polar and non-polar 

solvents) and have hydrophobic-associated properties as a result of their non-polar 

groups but also have hydrophilic-associated properties making them soluble in water 

(see Figure 3.5). Triton™-X is an example of a non-ionic detergent that would help to 

aid cell lysis and extraction of DNA, RNA and soluble protein [37, 38]. Detergent-

based swab media should, therefore, be considered to help aid ‘touch’ DNA recovery 

as it should, in theory, improve cellular DNA recovery during swabbing and 

subsequently increase the likelihood of obtaining a DNA profile. However, it should 

be noted that lysing cells may not be ideal in some circumstances that require laser 

micro-dissection or XY FISH of specific cell types. If a lysing agent is used then a 

validation study would be required to ensure that there are no downstream 

implications for analysis (e.g. detection of body fluid such as saliva). 

 

 

Figure 3.5 Complex chemical structure of Triton™-X-100 showing hydrophobic and 
hydrophilic groups. Structure adapted from Sigma-Aldrich [28]. 
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Substrates 

Surface materials examined in this thesis for the recovery of DNA include plastic, 

wood, glass and metal substrates. The binding affinity of DNA to substrates may 

influence the level of DNA recovery and hinder the subsequent profiling ability of the 

sample. If the surface that is swabbed is porous (e.g. paper or wood) then the DNA 

will become less accessible for recovery and will be harder to retrieve by swabbing 

alone [31], compared to surfaces that are non-porous (e.g. glass). Additional 

moistened swabs or other methods of collection may be required to collect DNA from 

large and/or porous surface areas [29]. On the other hand, substrates that have no 

grooves for DNA/skin cells to adhere/become trapped (e.g. smooth surfaces) may 

not be effective at retaining DNA for long periods of time. A study by Nanassy et al. 

(2007) report that glass has an affinity to DNA at the molecular level [39]. Equally, 

glass beads have been used to concentrate and bind DNA for many years. 

 

It is important to consider the nature of the substrate that is being targeted for DNA 

prior to swabbing in order to determine the most effective collection device and 

method to use [20, 32]. Recent developments in DNA testing have opened up new 

avenues of research, some of which have great potential in forensic science. These 

include using the direct PCR approach for amplifying low quantity DNA from 

biological sources [40-44].  
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Direct PCR 

Most DNA extraction methods are tailored towards high molecular weight DNA and 

cellular material that is intact and not highly degraded [45]. Current methodology for 

‘touch’ DNA extraction encompasses multiple tube transfers and a sample 

purification stage that contributes to a significant loss of target DNA [8, 46, 47]. Large 

quantities of DNA may be retained on the swab surface [48] and subsequently lost 

during a routine extraction [42]. A recent study by Adamowicz et al. (2014), reported 

a loss of 50% of DNA, as assayed by quantitative PCR, from a swab subjected to an 

extraction [48]. The binding of DNA to columns or silica particles and the removal of 

PCR inhibitors - through purification wash steps – may prevent efficient recovery of 

DNA [49, 50]. Previously, published work reports a significant loss of DNA following 

an extraction with the highest loss reported at 80% [21, 40-42, 50-55]. 
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3.3.1 Comparison of swab types for direct PCR 

3.3.1.1 Materials and Methods  

 

Preliminary work to supplement manuscript data 

All contamination measures and controls are indicated in Chapter II. Sampling was 

repeated in triplicate. Control DNA (10 ng of 2800M, Promega) was diluted to 1 ng / 

µL, and 1 µL was deposited onto 3 x sterile plastic microscope slides (Rinzl plastic, 

ProSci Tech, QLD, AU) and slides air-dried in a sterile fume hood for 10 minutes 

prior to swabbing. The tips of three swabs were then moistened with 20 µL 0.1% 

Triton™-X (Sigma-Aldrich, AU) and swab types consisted of: i) DNA-free nylon 

FLOQswabs™ (Copan Brescia, Italy); ii) foam tipped DNA-free applicator swabs 

(Whatman, USA) and; iii) sterile cotton swabs (Livingstone, NSW, AU). All slides 

were subjected to ‘targeted’ swabbing using fibre clumps (see Chapter II). Post-

swabbing, the fibre clumps were added directly to a 0.2 mL PCR tube for 

amplification. To examine the inhibition effect that fibres may have on the PCR, 

diluted DNA (2800M, Promega, AU) at 1 ng was dispensed directly onto ~ 2 mm2 

swab fibres labelled: i) nylon; ii) cotton; and iii) foam, prior to placing the fibres into a 

0.2 mL PCR tube, and results compared to the positive control with no fibres 

present. 

 

Controls 

A positive control was set up where 1 ng of control DNA (2800M, Promega) was 

added directly to a PCR tube. Negative controls were set up consisting of a PCR 

blank (i.e. no DNA), a swab of a slide containing no DNA (to monitor slide and swab 

contamination), and fibres added to a PCR tube containing no DNA (to monitor fibre 

contamination). 

 

Amplification 

Amplification of all reactions took place following the AmpFℓSTR® ProfilerPlus™ kit or 

NGM SElect kit™ guidelines (see Chapter II). 
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3.3.1.2 Results and Discussion 

 

Preliminary work to supplement manuscript data 

Optimum method of recovery 

Swab type 

Nylon FLOQ™ swab fibres were the only type of fibre to produce a DNA profile upon 

swabbing and direct PCR (see S.I. Table 3.1 – data example). However, controls set 

up to examine the inhibitory effect of fibres on the direct PCR approach - without 

swabbing - showed that foam and nylon FLOQ™ swab fibres present in the PCR 

tube (with 1 ng of template DNA) did not affect the ability to generate a DNA profile 

(see SI Table 3.2 – data example). In this experiment, foam fibres present in the 

PCR tube did result in DNA alleles; however, the RFU value of peak heights for foam 

was less than the RFU values generated from nylon swabs (see SI Table 3.2). On 

the contrary, cotton fibres appeared to have a detrimental effect, resulting in failed 

amplification (see SI Table 3.2). 

 

Replicate testing 

Testing was repeated in triplicate and repeat testing demonstrated the inability to 

obtain a DNA profile when foam or cotton swab fibres were present in the PCR tube. 

This inconsistency in results – from previously generating a profile using foam fibres 

when no swabbing took place - may be due to the practical difficulties in obtaining 

the right amount of fibre material for foam and cotton fibres to work well under direct 

PCR conditions. In comparison, nylon FLOQ™ swab fibres consistently generated 

DNA alleles for every sample tested. 

 

Nylon FLOQ™ swabs aid DNA collection due to the nylon fibres being positively 

charged (i.e. they have an affinity for negatively charged molecules such as DNA), 

and the sample is more easily absorbed by capillary action [12]. Secondly, the nature 

of the nylon flocking process enables sample to be in close proximity to the surface 

of the swab rather than trapped within the inner core matrix. This inherent feature of 

the swab (i.e. brush-like) is thought to reduce sample retention [26] and improve the 

release of sample material [31]. On the contrary, for foam and cotton swabs, the 

sample is entrapped within the core matrix (see Figure 3.1). This dense matrix may 
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contribute to the sample not fully eluting from the swab during the 95 °C heat step in 

PCR. A combination of these factors may influence the success of direct PCR 

profiling of swab material. A smaller section of swab material (i.e. < 2 mm2) may be 

required for future success with foam and cotton swabs. 

 

Additional data for the comparison of swab types for the purpose of direct PCR are 

published in the manuscript enclosed: “Templeton, J., Ottens, R., Paradiso, V., 

Handt, O., Taylor, D., & Linacre, A. (2013). Genetic profiling from challenging 

samples: direct PCR of ‘touch’ DNA. Forensic Science International: Genetics, 

Supplement Series, 4(1), e224-e225”. 
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3.4 Comparison of swab media and swab technique 

 

3.4.1 Materials and Methods 

Preliminary work to supplement manuscript data 

 

Repeat testing was performed to determine the most effective swab technique and 

swab media for direct PCR. Prior to swabbing, control DNA (10 ng of 2800M, 

Promega) was diluted to 1 ng / µL, and 1 µL was deposited onto 4 x sterile plastic 

microscope slides and left to air-dry in a sterile fume hood for 10 minutes. 

 

Triton™-X swabbing media 

Two DNA-free nylon FLOQswabs™ were moistened with 20 μL 0.1% Triton™-X 

prior to swabbing. One slide of the set was subjected to ‘targeted’ swabbing using 

fibre clumps (see Chapter II). Post-swabbing, the fibre clump was added directly to a 

0.2 mL PCR tube. One slide of the set was subjected to ‘whole’ swabbing (see 

Chapter II). After ‘whole’ swabbing took place, a sterile scalpel blade was used to 

section a clump of fibres from the tip of the swab (i.e. ~ 2 mm2) and fibre material 

was placed into a 0.2 mL PCR tube using sterile forceps. 

 

Water swab media 

Two DNA-free nylon FLOQswabs™ were moistened with 20 μL sterile Milli-Q 

ultrapure water (Merck Millipore, VIC, AU) prior to swabbing. One slide of the set 

was subjected to ‘targeted’ swabbing (see Chapter II) and one slide of the set was 

subjected to ‘whole’ swabbing (see Chapter II). 

 

Amplification 

Amplification of all reactions took place following the AmpFℓSTR® ProfilerPlus™ kit or 

NGM SElect kit™ guidelines (see Chapter II). 
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3.4.2 Results and Discussion 

Preliminary work to supplement manuscript data 

 

Swab media 

Repeat testing revealed that Nylon FLOQ™ swab fibres, pre-moistened with 

Triton™-X 0.1%, were more effective than water-based Nylon FLOQ™ swab fibres 

at collecting DNA from a plastic substrate and then releasing the DNA into the 

amplification vessel (see SI Table 3.3 and SI Table 3.4). For example, a full STR-

based DNA profile using AmpFℓSTR® ProfilerPlus™ (i.e. 20 alleles out of a possible 

20 alleles) was generated from Triton™-X swabs used to retrieve 1 ng of DNA, in 

comparison to a partial DNA profile (i.e. 9 alleles out of a possible 20 alleles) 

obtained from water-based swabs (see SI Table 3.3). Likewise, Triton™-X swabs 

outperformed water-based swab media when ‘whole’ swabbing was performed (see 

SI Table 3.4). For example, when swabbing 1 ng of DNA, Triton™-X swabs 

generated a partial profile of 8 alleles (out of a possible 20 alleles), compared to only 

one marker (i.e. Amelogenin) amplified from water-based swabs (see SI Table 3.4). 

Results are consistent with previously published data stating that detergents are 

superior to water-based swab media [37]. 

 

The addition of Triton™-X appears to aid the lysis of cellular material by solubilizing 

the membrane proteins and phospholipids more readily than water. Another inherent 

feature of the Triton™-X surfactant is its high viscosity in preventing DNA from 

binding to the walls of the reaction tubes. It is known that ancient DNA laboratories 

add dilute non-denaturing detergents to their limited DNA extracts in order to prevent 

this irreversible binding effect and to minimise loss of crucial DNA [56]. 

 

Swab technique 

Due to the flexible component of the nylon swab plastic shaft, the physical act of 

‘whole’ swabbing proved difficult. Hence, the current design of the nylon 

FLOQSwab™ is not ideally suited for the collection of biological material at crime 

scenes [14]. 
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A re-design of the standard swab shaft and swab material dimensions suitable for 

direct PCR is illustrated in a provisional patent at the end of this chapter. Repeat 

testing showed that a ‘targeted’ approach to swabbing, using sterile forceps to hold 

the pre-cut fibre clump in place over the slide and apply pressure resulted in a higher 

yield of DNA, compared to when the whole swab head was used (see SI Tables 3.3 

and 3.4 and 3.5). A targeted approach to swabbing (i.e. fibres pre-cut) ensured that 

all DNA-saturated fibres in contact with the substrate were added to the PCR tube. 

This would increase DNA yield as more template DNA is made available to the 

amplification reaction. A whole swab head used for swabbing is a less targeted 

approach, resulting in a reduced yield (see SI Table 3.3, 3.4 and 3.5). For example, 

a full STR-based DNA profile (i.e. 20 alleles out of a possible 20 alleles) was 

generated from swabbing 1 ng of control DNA using a ‘targeted’ approach with 

Triton™-X nylon FLOQSwabs™ fibres (see SI Table 3.3), compared to 8 alleles (out 

of a possible 20 alleles) when using a ‘whole’ swab approach (see SI Table 3.4). 

Likewise, when water-based nylon FLOQSwab™ fibres were used with a ‘targeted’ 

approach there was a higher profiling success than with a water-based ‘whole’ 

swabbing approach. For example, nine alleles (out of a possible 20 alleles) were 

generated from swabbing 1 ng of control DNA using a ‘targeted’ approach (see SI 

Table 3.3), compared to only 1 allele generated when using a ‘whole’ swab approach 

(see SI Table 3.4). Further testing with a new STR kit (i.e NGM SElect kit™) was 

carried out to assess the swabbing technique, and full DNA profiles were obtained 

from both ‘whole’ swabbing and the ‘targeted’ approach, but substantially lower yield 

of DNA obtained by using ‘whole’ swabbing (as assessed by RFU values of peak 

heights) (see SI Table 3.5). 

 

Complications observed in the experimental design relate to the application of swab 

media to the surface of the nylon FLOQSwabs™ fibres. The nylon swab did not 

appear to be highly absorbent when a large amount of swab media was dispensed 

onto the tip of the swab; however, by reducing the amount of swab media added to 

the tip of the swab from 20 µL to 2 µL, absorption was more effective. Further results 

using reduced swab media are published in the manuscript: “Templeton, J. E., 

Taylor, D., Handt, O., Skuza, P., & Linacre, A. (2015). Direct PCR Improves the 
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Recovery of DNA from Various Substrates. Journal of Forensic Sciences, 60(6), 

1558-1562”.  
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3.5 Direct PCR vs Extraction 

 

3.5.1 Materials and Methods 

 

Preliminary work to supplement manuscript data 

For Preliminary testing for direct PCR, control DNA (10 ng, 2800M, Promega) was 

diluted to two different concentrations: 1 ng / µL and 0.5 ng / μL. DNA (1 μL) of each 

concentration was deposited onto a separate sterile plastic microscope slide (Rinzl 

plastic, ProSci Tech) labelled either: Direct i) 1 ng / µL or Direct ii) 0.5 ng / µL. Prior 

to swabbing, slides were air-dried in a sterile fume hood for 10 minutes. Two DNA-

free nylon FLOQswabs™ were pre-moistened with 20 μL 0.1% Triton™-X (Sigma-

Aldrich, AU) prior to swabbing (see Figure 3.6 (a)). For each concentration of DNA 

tested, swabbing consisted of 20 strokes horizontally (i.e. left to right) and 20 strokes 

vertically (i.e. top to bottom) over the slide using medium pressure to ensure 

consistency (see Figure 3.6 (b)). Later studies using control DNA involved swabbing 

with 10 strokes over the substrate of interest with no effect on the ability to recover 

adequate DNA for profiling (see manuscript detailed below: Direct PCR improves the 

recovery of DNA from various substrates). For each sample, a sterile scalpel blade 

was used to cut a small portion of fibres (~ 2 mm2) from the tip of a DNA-free nylon 

FLOQswab™ (see Figure 3.6 (c)). Swab fibres (~ 2 mm2) were added directly to a 

0.2 mL PCR tube (see Figure 3.6 (d and e)). 

Figure 3.6 Sample preparation for swabbing: a) 20 µL of Triton™-X or sterile ‘DNA-
free’ water was deposited onto nylon FLOQswab™ fibres; b) swabbing using the tip 
of the nylon FLOQswab™ c) sterile scalpel blade and forceps were used to transfer 
~ 2 mm2 fibre section to the PCR tube. d) and e) 0.2 mL PCR tube containing ~ 2 
mm2 section of swab fibres ready for direct PCR. 
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For extraction, Control DNA (10 ng, 2800M, Promega) was diluted to two different 

concentrations: 1 ng / µL and 0.5 ng / μL. DNA (1 μL) of each concentration was 

deposited onto a separate sterile plastic microscope slide (Rinzl plastic, ProSci 

Tech) labelled either: Extraction a) 1 ng / µL or Extraction b) 0.5 ng / µL. Prior to 

swabbing, slides were left to air-dry in a sterile fume hood for 10 minutes. DNA-free 

nylon FLOQswabs™ were moistened with 20 μL 0.1% Triton™-X prior to swabbing. 

For each concentration of DNA tested, swabbing consisted of 20 strokes horizontally 

(i.e. left to right) and 20 strokes vertically (i.e. top to bottom) over the slide using 

medium pressure to ensure consistency. For each concentration of DNA tested, the 

whole swab head was added to a 1.5 mL Eppendorf tube and the DNA was 

extracted following manufacturer’s recommendations for the DNA IQ™ System 

(Promega). 

 

Amplification 

Amplification followed using the AmpFℓSTR® ProfilerPlus™ kit guidelines. 

 

For Capillary Electrophoresis and Data Analysis of all experiments - See Chapter II 

For the data analysis steps, a ‘full’ DNA profile was defined when all the expected 

alleles, in all loci, were observed. Full DNA profiles did not show ‘allele drop-out’ at 

any loci. 
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3.5.2 Results and Discussion 

 

Preliminary work to supplement manuscript data 

Replicate testing revealed that the presence of nylon FLOQSwabs™ fibres and glue 

fragments in the PCR tube (with PCR volume = 25 µL) did not affect the ability to 

generate amplified product (see SI Table 3.6, 3.7 and 3.8). Full STR-based DNA 

profiles were generated from swabbing 1 ng of control DNA deposited on plastic and 

subjecting the swab fibres to direct PCR at standard PCR cycling conditions 

(Example of data is illustrated in SI Table 3.7) (n=3). When a smaller mass of DNA 

was deposited on the slide for swabbing (i.e. 0.5 ng), only 4 alleles were generated 

using the direct PCR approach, compared to 17 alleles for positive control DNA (i.e. 

no swabbing) (see SI Table 3.8). Direct PCR improved DNA profiling results over 

conventional DNA extraction (i.e. DNA IQ™ System) and the results are consistent 

with a recent published study [42]. To expand on these results and to explore the 

limit of detection for the direct PCR approach, results were published in the 

manuscript: “Templeton, J. E., Taylor, D., Handt, O., Skuza, P., & Linacre, A. 

(2015). Direct PCR Improves the Recovery of DNA from Various Substrates. Journal 

of Forensic Sciences, 60(6), 1558-1562”. 

 

Controls 

There was one case where the Amelogenin marker (XY) was amplified from a 

negative control swab of a slide (see SI Table 3.6). All other negative controls in this 

study were blank. All samples produced concordant profiles with no apparent 

contamination detected. Amelogenin is a common marker to be amplified in low-level 

DNA forensic laboratories [2], and it was thought to be from background low-level 

DNA in the laboratory, however, extreme caution should be taken to minimise 

extraneous contamination. 

 

All sampling was replicated in an extensive study and data published in the 

manuscript enclosed: Templeton, J. E., Taylor, D., Handt, O., Skuza, P., & Linacre, 

A. (2015). Direct PCR Improves the Recovery of DNA from Various Substrates. 

Journal of Forensic Sciences, 60(6), 1558-1562”. 
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3.6 Extraction efficiency 

A recent study was published investigating the ability of cotton and nylon 

FLOQSwabs™ to recover DNA after using three different extraction methodologies 

(i.e. QIAamp DNA investigator kit, BioRobot EZ1 and the QIAcube) [14]. Nylon 

FLOQSwabs™ retrieved significantly more DNA than cotton swabs, although the 

success of swabbing was based on the extraction platform used [14]. By eliminating 

the extraction protocol variable results are thought to be more consistent. Additional 

results that reveal a loss of DNA through standard extraction protocols are published 

in the manuscript enclosed: “Ottens, R., Templeton, J., Paradiso, V., Taylor, D., 

Abarno, D., & Linacre, A. (2013). Application of direct PCR in forensic casework. 

Forensic Science International: Genetics, Supplement Series, 4(1), e47-e48”. 
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3.7 Conclusion 

Current swabs used for collecting and extracting ‘touch’ DNA are inefficient; template 

DNA most likely becomes trapped within the inner core of the swab matrix. This 

residually retained DNA is not always efficiently released following an extraction 

step. Direct PCR ensures that all DNA template would be made available to the 

reaction if the fibres are added directly to the PCR tube. Improving the ability to 

capture more ‘touch’ DNA from a substrate would increase the chance of providing 

probative value to forensic investigations. By using a ‘targeted’ swabbing approach 

and positively charged fibres that are saturated in Triton™-X (0.1%) detergent there 

is the potential to increase the amount of DNA recovered. This is particularly 

important if there is a small amount of DNA available for collection in the first place. 

Detergent-based nylon FLOQSwabs™ offer a potential solution for processing low-

template DNA samples that may otherwise yield insufficient DNA for conventional 

STR typing protocols. The results presented in this study report the use of optimised 

swabbing and direct PCR when using control DNA deposited on various substrates. 

The research to follow in Chapter IV explores the use of direct PCR for processing 

latent DNA from touched items. The method has the potential to be highly 

informative if there is an unknown mark found on an item to which an immediate 

match is required on a DNA database. Additionally, direct PCR has the advantage of 

speeding up the processing of swabs for high-throughput casework. 
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Appendices - Chapter III 

 

Appendix A - Supplementary Information 

Experiment 3.1) Comparison of swab types for direct PCR 

 

The threshold for assigning alleles was 30 RFU in this preliminary study that 

compared swab types, swab media and technique. This threshold is considered 

lower than what is generally used in case work laboratories; a threshold used for 

later studies in this thesis was 3 standard deviations above the baseline to account 

for background noise. 
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Results - preliminary work to supplement manuscript data 

SI Table 3.1 Example of STR DNA profiling results for swab comparison test, using 
control DNA at 1 ng as template for swabbing and amplification using direct PCR 
(n=3). 

GENOTYPE PROFILE 

 

GENOTYPE PROFILE 

 

GENOTYPE PROFILE 

 

Sample ID: 

NYLON 

 

Sample ID: 

COTTON 

 

Sample ID: 

FOAM 

Genetic 

loci 

Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

Genetic 

loci 

Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

Genetic 

loci 

Allele 

(and 

RFU) 

Allel

e 

(and 

RFU

) 

D3S1358 17 

(90) 

18 

(51) 

D3S1358 F F D3S1358 F F 

VWA 16 

(71) 

19 

(44) 

VWA F F VWA F F 

FGA 20 

(33) 

23 

(46) 

FGA F F FGA F F 

Amel X 

(111) 

Y 

(81) 

Amel F F Amel F F 

D8S1179 14 

(50) 

15 

(70) 

D8S1179 F F D8S1179 F F 

D21S11 29 

(59) 

31.2 

(30) 

D21S11 F F D21S11 F F 

D18S51 F F D18S51 F F D18S51 F F 

D5S818 12 

(94) 

F D5S818 F F D5S818 F F 

D13S317 9 

(30) 

11 

(27) 

D13S317 F F D13S317 F F 

D7S820 F F D7S820 F F D7S820 F F 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the 
highest RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 3.2 Example of STR DNA profiling results for swab fibre inhibition test, 
using control DNA at 1 ng deposited directly onto swab fibres and subjected to direct 
PCR. No swabbing. 

GENOTYPE PROFILE 

 

GENOTYPE PROFILE 

 

GENOTYPE PROFILE 

 

Sample ID: 

NYLON 

Sample ID: 

COTTON 

Sample ID: 

FOAM 

Genetic 

loci 

Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

Genetic 

loci 

Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

Genetic 

loci 

Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

D3S135

8 

17 

(662) 

18 

(597) 

D3S135

8 

F F D3S135

8 

17 

(490) 

18 

(578) 

VWA 16 

(434) 

19 

(695) 

VWA F F VWA 16 

(533) 

19 

(494) 

FGA 20 

(663) 

23 

(535) 

FGA F F FGA 20 

(423) 

23 

(519) 

Amel X 

(574) 

Y 

(556) 

Amel F F Amel X (451) Y 

(409) 

D8S117

9 

14 

(424) 

15 

(528) 

D8S117

9 

F F D8S117

9 

14 

(380) 

15 

(439) 

D21S11 29 

(464) 

31.2 

(518) 

D21S11 F F D21S11 29 

(565) 

31.2 

(428) 

D18S51 16 

(415) 

18 

(426) 

D18S51 F F D18S51 16 

(329) 

18 

(324) 

D5S818 12 

(903) 

12 D5S818 F F D5S818 12 

(661) 

12 

D13S31

7 

9 

(392) 

11 

(387) 

D13S31

7 

F F D13S31

7 

9 (300) 11 

(224) 

D7S820 8 

(277) 

11 

(317) 

D7S820 F F D7S820 8 (215) 11 

(234) 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the 
highest RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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Appendix B - Supplementary Information 

Experiment 3.2) Comparison of swab media and swab technique 

 

Results - preliminary work to supplement manuscript data 

SI Table 3.3 Example of STR DNA profiling results for swab media comparison test, 
using control DNA at 1 ng as template for ‘targeted’ swabbing and amplification with 
direct PCR. 

GENOTYPE PROFILE 

 

GENOTYPE PROFILE 

 

Sample ID: TRITON X  Sample ID: WATER 

Genetic 

loci 

Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

Genetic  

loci 

Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

D3S135

8 

17 

(332) 

18 

(376) 

D3S1358 17 

(115) 

18 

(115) 

VWA 16 

(333) 

19 

(309) 

VWA F F 

FGA 20 

(228) 

23 

(349) 

FGA 20 

(100) 

F 

Amel X 

(338) 

Y 

(360) 

Amel X 

(167) 

Y 

(113) 

D8S117

9 

14 

(263) 

15 

(363) 

D8S1179 14 

(108) 

15 

(64) 

D21S11 29 

(182) 

31.2 

(170) 

D21S11 F 

 

31.2 

(59) 

D18S51 16 

(301) 

18 

(102) 

D18S51 F F 

D5S818 12 

(457) 

12 D5S818 12 

(122) 

F 

D13S31

7 

9 

(116) 

11 

(145) 

D13S317 F F 

D7S820 8 

(161) 

11 

(122) 

D7S820 F F 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the 
highest RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 3.4 Example of STR DNA profiling results for swab media comparison test, 
using control DNA at 1 ng as template for ‘whole’ swabbing and amplification with 
direct PCR. 

GENOTYPE PROFILE 

 

GENOTYPE PROFILE 

 

Sample ID: TRITON-X Sample ID: WATER 

Genetic 

loci 

Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

Genetic loci Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

D3S135

8 

17 

(63) 

18 

(94) 

D3S1358 F F 

VWA F F VWA F F 

FGA 20 

(53) 

23 

(75) 

FGA F F 

Amel X 

(273 

Y 

(149) 

Amel X 

(117) 

F 

D8S117

9 

14 

(91) 

F 

 

D8S1179 F F 

D21S11 29 

(61) 

F 

 

D21S11 F F 

D18S51 

 

F F D18S51 F F 

D5S818 

 

F F D5S818 F F 

D13S31

7 

 

F F D13S317 F F 

D7S820 

 

F F D7S820 F F 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the 
highest RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 3.5 Example of STR DNA profiling results for swab technique test, using 
control DNA at 1 ng as template using Triton-X swabbing media, and amplification 
with direct PCR, following the NGM SElect kit™ guidelines. 

GENOTYPE PROFILE GENOTYPE PROFILE 

Sample ID: 

‘WHOLE’ SWABBING 

Sample ID: 

‘TARGETED’ SWABBING 

Genetic 

loci 

Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

Genetic loci Allele 

(and 

RFU) 

Allele 

(and 

RFU) 

D10 13 (260) 15 (297) D10 13 (1649) 15 (1257) 

vWA 16 (303) 19 (218) vWA 16 (1175) 19 (1193) 

D16 9 (183) 13 (313) D16 9 (1006) 13 (905) 

D2S1 22 (190) 25 (159) D2S1 22 (1400) 25 (937) 

Amel X (545) Y (426) Amel X (2247) Y (1407) 

D8 14 (297) 15 (346) D8 14 (1417) 15 (2013) 

D21 29 (180) 31.2 (348) D21 29 (1691) 31.2 (1939) 

D18 16 (115) 18 (307) D18 16 (1304) 18 (1343) 

D22 16 (1039)  D22 16 (3734)  

D19 13 (415) 14 (540) D19 13 (1849) 14 (2448) 

THO1 6 (426) 9.3 (495) THO1 6 (2313) 9.3 (1583) 

FGA 20 (265) 23 (260) FGA 20 (1365) 23 (1147) 

D2S4 10 (202) 14 (320) D2S4 10 (898) 14 (670) 

D3 17 (163) 18 (220) D3 17 (831) 18 (624) 

D1 12 (206) 13 (146) D1 12 (750) 13 (626) 

D12 18 (190) 23 (61) D12 18 (513) 23 (557) 

SE33 15 (77) 16 (106) SE33 15 (462) 16 (410) 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the 
highest RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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Appendix C - Supplementary Information 

Experiment 3.3) Direct PCR vs Extraction 

 

Results - preliminary work to supplement manuscript data 

SI Table 3.6 Preliminary results to report on DNA profiling success for direct PCR 
nylon FLOQswabs™ and extracted nylon FLOQswabs™, using ‘whole’ swabbing. 

Date of run: 

15.04.13 and 22.04.13 

Sample run name: 

JT_15.04.13 and JT_22.04.13 

Sample description Direct PCR 

Result 

Extraction 

Result 

1) Neg control slide 

(i.e. No DNA) 

Amelogenin only 

(XY) 

No result 

2) PCR blank 

(no DNA) 

No result No result 

3) Slide nylon swab, 

1ng / µL DNA 

Full STR profile No result 

4) Slide nylon swab, 

0.5 ng / µL DNA 

2 loci (including 

Amelogenin) 

No result 

5) pos control, 

1 ng / µL DNA added to 

PCR 

Full STR profile Full STR profile 

6) pos control, 

0.5 ng / µL DNA added to 

PCR 

Full STR profile Full STR profile 

7) DNA swab pos control 

(buccal) 

Full STR profile Full STR profile 
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SI Table 3.7 Example of STR DNA profiling results for direct PCR, using control 
DNA at 1 ng as template for ‘targeted’ swabbing and direct PCR. Positive control 
indicates no swabbing. 

GENOTYPE PROFILE GENOTYPE PROFILE 

Sample ID: 

SWABBING – DIRECT PCR 

Sample ID: 

POSITIVE CONTROL DNA 

(i.e. No Fibres) 

Genetic 

loci 

Allele  

(and RFU) 

Allele  

(and RFU) 

Genetic 

loci 

Allele  

(and RFU) 

Allele  

(and RFU) 

D3S1358 17 (158) 18 (173) D3S1358 17 (803) 18 (748) 

VWA 16 (145) 19 (202) VWA 16 (940) 19 (828) 

FGA 20 (98) 23 (100) FGA 20 (830) 23 (679) 

Amel X (174) Y (92) Amel X (2446) Y (887) 

D8S1179 14 (135) 15 (145) D8S1179 14 (709) 15 (587) 

D21S11 29 (131) 31.2 (138) D21S11 29 (576) 31.2 (744) 

D18S51 16 (64) 18 (147) D18S51 16 (778) 18 (781) 

D5S818 12 (211) 12  D5S818 12 (968) 12  

D13S317 9 (104) 11 (53) D13S317 9 (471) 11 (545) 

D7S820 8 (93) 11 (89) D7S820 8 (432) 11 (371) 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the 
highest RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 3.8 Example of STR DNA profiling results for direct PCR, using control 
DNA at 0.5 ng as template for ‘targeted’ swabbing and direct PCR. Positive control 
indicates no swabbing. 

GENOTYPE PROFILE GENOTYPE PROFILE 

Sample ID: 

SWABBING (0.5 ng) 

DNA – DIRECT PCR 

Sample ID: 

POSITIVE CONTROL (0.5 ng) 

(i.e. No fibres) 

Genetic 

loci 

Allele 

(and RFU) 

Allele 

(and RFU) 

Genetic 

loci 

Allele 

(and RFU) 

Allele 

(and RFU) 

D3S1358 17 

(72) 

18 

(52) 

D3S1358 17 

(153) 

18 

(152) 

VWA   VWA 16 

(139) 

19 

(154) 

FGA   FGA F 23 (182) 

Amelogen

in 

X 

(87) 

Y 

(56) 

Amel X 

(120) 

Y 

(69) 

D8S1179   D8S1179 14 

(96) 

15 

(88) 

D21S11   D21S11 F 31.2 

(84) 

D18S51   D18S51 16 

(69) 

18 

(59) 

D5S818   D5S818 12 

(144) 

F 

D13S317   D13S317 9 

(91) 

11 

(62) 

D7S820   D7S820 8 

(68) 

11 

(51) 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the 
highest RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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Supplementary Information - Results - Experiment 3.3) Direct PCR vs 
Extraction 
 

Data for direct PCR vs extraction were analysed using Statistical Package for Social 

Sciences (SPSS, IBM, Armonk, NY) [57]. The average relative fluorescent unit 

(RFU) for allele peak heights was used to assess the effectiveness of the direct PCR 

method of amplification in comparison to a standard extraction (i.e. DNA IQ™ 

Systems). 

 
SI Figure 3.7 Comparison between extraction and direct PCR DNA profiling results, 
as assayed by RFU values of peak heights (n=90 samples). 
 

 
SI Figure 3.8 Comparison between substrates used for DNA deposition, as assayed 
by RFU values of peak heights for (n=90 samples).  
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Supplementary Information - Results - Experiment 3.3) Direct PCR vs 
Extraction 
 

SI Table 3. 9 Mean and standard deviation results with upper and lower confidence 
Intervals [57] for method of DNA testing (Extraction vs Direct PCR). 
 

Concentration of DNA [ng] * Surface * Method used for DNA testing 

Dependent Variable: Average relative fluorescent units (RFU)   

Concentration of 
DNA [ng] 

Surface Method used for 
DNA testing 

Mean Std. 
Error 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

.10 

glass 
extraction 

1.137E-
013 

53.652 -107.319 107.319 

direct PCR 35.667 53.652 -71.653 142.986 

brass 
extraction 7.000 53.652 -100.319 114.319 

direct PCR 16.000 53.652 -91.319 123.319 

plastic 
extraction 3.000 53.652 -104.319 110.319 

direct PCR 53.667 53.652 -53.653 160.986 

.20 

glass 
extraction 11.667 53.652 -95.653 118.986 
direct PCR 18.000 53.652 -89.319 125.319 

brass 
extraction 12.000 53.652 -95.319 119.319 
direct PCR 71.667 53.652 -35.653 178.986 

plastic 
extraction 18.000 53.652 -89.319 125.319 
direct PCR 90.667 53.652 -16.653 197.986 

.50 

glass 
extraction 54.667 53.652 -52.653 161.986 
direct PCR 239.912 53.652 132.593 347.231 

brass 
extraction 140.667 53.652 33.347 247.986 
direct PCR 164.140 53.652 56.821 271.460 

plastic 
extraction 141.579 53.652 34.260 248.898 
direct PCR 364.667 53.652 257.347 471.986 

.75 

glass 
extraction 105.386 53.652 -1.933 212.705 
direct PCR 268.807 53.652 161.488 376.126 

brass 
extraction 232.632 53.652 125.312 339.951 
direct PCR 333.263 53.652 225.944 440.582 

plastic 
extraction 169.965 53.652 62.646 277.284 
direct PCR 285.439 53.652 178.119 392.758 

1.00 

glass 
extraction 36.667 53.652 -70.653 143.986 

direct PCR 482.684 53.652 375.365 590.003 

brass 
extraction 280.912 53.652 173.593 388.231 

direct PCR 470.667 53.652 363.347 577.986 

plastic 
extraction 436.772 53.652 329.453 544.091 

direct PCR 546.509 53.652 439.190 653.828 
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Supplementary Information - Results  
Experiment 3.3) Direct PCR vs Extraction 
 

SI Table 3.10 Table of estimates for direct PCR vs Extraction 
Dependent Variable: Average relative fluorescent units (RFU)  

Surface Method used for 

DNA testing 

Mean Std. 

Error 

95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

glass 
extraction 41.677 23.994 -6.317 89.672 

direct PCR 209.014 23.994 161.019 257.009 

brass 
extraction 134.642 23.994 86.647 182.637 

direct PCR 211.147 23.994 163.153 259.142 

plastic 
extraction 153.863 23.994 105.869 201.858 

direct PCR 268.189 23.994 220.195 316.184 
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Appendix D - Poster: Direct PCR improves the recovery of DNA from various 
substrates. 

Presented at “The International Society for Forensic Genetics” conference, 
Melbourne, Australia, 2013. 
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Appendix E – Patent application 

 

Invention Title: NUCLEIC ACID COLLECTION DEVICE 

 

Applicant:  THE FLINDERS UNIVERSITY OF SOUTH AUSTRALIA 

 

Patents Act 1990 

PROVISIONAL SPECIFICATION  
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Description of patent detailed below, wording is taken from the patent application [1]. 
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Micro-swab concept [1]

SI Figure 3.9 Microswab concept design. 

  



170 

 

Micro-swab concept [1]

SI Figure 3.10 Microswab in 0.2 mL PCR tube. 

 

 SI Figure 3.11 Microswab showing swab fibre tip. 
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Appendix F - Oral presentation given to FSSA, 2013. 
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Chapter IV                    

DNA profiles from 
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Publication included in Chapter IV 

1. Templeton, J.E. and Linacre, A., 2014. DNA profiles from fingermarks. 

BioTechniques, 57(5), p.25 

 

Manuscript (in preparation) in Chapter IV 

1. R. Blackie, J. Templeton, D.A. Taylor, A. Linacre. PCR buffer enhancement 
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Case work included in Chapter IV 
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The application of direct PCR to generate a DNA profile. 
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a) Poster: Templeton, J.E., Handt, O., Taylor, D., and Linacre, A. Genetic 

profiling from challenging samples. Presented at “The International Society for 

Forensic Genetics” conference, Melbourne, Australia, 2013. 

b) Oral presentation: Templeton, J.E. 3MT (Three minute thesis). Runner up, 

static presentation slide – Flinders University, 2015,  
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d) Award: Ross Vining memorial student scholarship. 
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4.1 Preface 

Despite the various interpretations of the term ‘trace DNA’, there is a common 

association that it is derived from the smallest samples encountered in forensic 

biology and has the potential to provide crucial evidence to a case. PCR-based 

methodologies have enabled DNA profiles to be generated from touched objects – a 

common form of trace evidence [1-4]. The term ‘touch’ DNA can be used to describe 

DNA deposited by touch that is not attributed to a biological fluid. However, not all 

DNA is a result of direct contact (e.g. secondary or tertiary transfer can occur) and 

the terms ‘contact/trace/transfer DNA’ are used interchangeably to describe samples 

of this nature. Consequently, items of ‘touch/contact’ DNA content are routinely 

submitted to a forensic laboratory for analysis. 

 

Latent DNA derived from fingermarks or touched evidence can be difficult to recover 

routinely using standard methodology. This may be due, in part, to the way that the 

samples are collected and processed. Low-levels of DNA recovered from swabs [5] 

and the extraction methodology may result in low success [5-7]. As discussed in 

Chapter III, by eliminating the extraction steps (i.e. direct PCR) there is the potential 

to increase the amount of DNA template available to the reaction. 

 

Direct PCR has the potential to be applied to ‘touch’ DNA samples that commonly 

don’t yield sufficient information to allow evaluation of the DNA profile [8, 9]. Chapter 

III previously reported the use of direct PCR to amplify control DNA deposited on 

various substrates, and highlighted the potential gains for swabs to be processed in 

this manner. Accordingly, this chapter proceeds to using direct PCR on latent DNA 

obtained from fingermarks, also referred to as ‘touch’ DNA. 
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This data chapter is split into four phases, each of which examines aspects relating 

to the direct PCR of ‘touch’ DNA swabs: 

 

 Buffer enhancement: 

The first phase of the study examines the presence of PCR facilitators in the PCR 

tube and their ability to improve the yield of DNA available for PCR. 

 

 Direct PCR of ‘touch’ DNA: 

The second phase of the study investigates the amount of DNA transferred to a 

substrate 15 minutes, 1 hour and 2 hours after hand washing. The presence of 

mixed profiles and secondary transfer is observed. Additional work explores the 

effect of depositing DNA immediately after hand washing.  

 

 Extracting DNA from fingermarks using the DNA IQ™ System: 

The third phase of the study investigates the difference between direct PCR and a 

standard DNA extraction on the profiling ability of ‘touch’ DNA swabs. 

 

 Application of case work: seizure of Methamphetamine in South 

Australia: 

The fourth, and final, phase of the study investigates the application of the direct 

PCR approach in a real case study (in collaboration with FSSA). 
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4.2 Aims of study 

1) To determine if PCR facilitators present in the PCR vessel improve the 

DNA profiling success. 

2) To determine if informative DNA profiles can be generated from touched 

substrates at T0 (0 minutes), T15 (15 minutes), T1hr (1 hour) and T2hr (2 

hour) post hand washing, and to investigate the profiling success of 

extracted DNA swabs in comparison to direct PCR swabs. 

3) To determine the success of optimised swabbing and direct PCR at 

amplifying ‘touch’ DNA 15 minutes after hand washing, by using two 

common STR-based DNA profiling kits. 

4) To apply the methodology to a real case study and highlight the potential 

benefits and limitations of the direct approach. 
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4.3 Introduction 

4.3.1 ‘Touch’ DNA 

In 1997, the first DNA profile was generated from a touched object using the LCN 

technique [1]. Further studies by van Hoofstat et al. (1999) [10], van Renterghem et 

al. (2000) [11] and Zamir et al. (2000) [12] corroborate the findings of van Oorschot 

et al. (1997) [1] with further success in generating DNA profiles from touched items. 

This new avenue of research opened up the potential to collect DNA from a wide 

range of exhibits, such as: personal effects, clothing, tools, vehicles, weapons, 

firearms, doors, glass, paper, plastic, cosmetics and many more, using increased 

PCR cycle numbers [1, 10, 13-18]. However, the application of increased PCR cycle 

number has its own challenges, most noticeably an increase of stochastic effects 

[19]. Interpretation becomes more complex when stochastic effects, such as peak 

height imbalance, ‘drop-in’, and ‘drop-out’ are evident. Mixtures as a result of 

secondary and tertiary DNA transfer add another level of complexity to the analysis 

of ‘touch’ DNA and need to be considered [20]. 

 

FSSA success rate for contact/‘touch’ DNA 

Forensic laboratories often need to deal with ‘touch’ DNA samples that come from a 

less-than-pristine environment [21] and/or have a limited quantity of DNA. FSSA 

report a low success rate in obtaining DNA profiles from a range of touched objects 

when using current methodology (see Figure 4.1). A summary of results concluded 

that many items submitted for contact DNA analysis yielded mixed DNA profiles and 

all sample types that were examined included DNA samples that yielded insufficient 

data for profile interpretation (see Figure 4.1). Firearms (under grip) when analysed 

for contact DNA resulted in the lowest success rate with 88% of samples submitted 

generating insufficient results using Chelex® 100, and 60% of samples yielding 

insufficient results with the DNA IQ™ System (see Figure 4.1). The highest profiling 

success, in terms of obtaining ‘up-loadable’ DNA profiles for the Australian DNA 

database (i.e. > 12 alleles, plus Amelogenin), was obtained from drug balloons using 

the DNA IQ™ System which generated ‘up-loadable’ profiles in 56% of cases (see 

Figure 4.1). Other casework laboratories report low success rates from swabbing 

case work exhibits. The Institute of Environmental Science and Research Limited 

(ESR) in New Zealand reported that only 5 % of ‘handled items’ generated a full 
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DNA profile and 69 % of samples gave no results at all using the AmpFlSTR SGM 

Plus™ PCR amplification kit (Applied Biosystems) [6]. Similarly, Raymond et al 

(2009) interpreted trace DNA results from 252 casework samples and stated that 44 

% of ‘touch’ DNA samples failing to generate DNA alleles [22]. Likewise, Castella et 

al (2008) examined 1739 ‘touch’ DNA samples from case work exhibits and noted a 

success rate of 26 % in terms of generating DNA profiles that were considered 

unloadable to the Swiss DNA database [18]. 

 

One reason that FSSA, and many other laboratories, do not use the direct PCR 

approach for analysing contact/’touch’ DNA swabs is the laboratory’s requirement to 

quantify samples prior to analysis. If accredited laboratories validate methods for 

processing ‘touch’ DNA swabs by direct PCR, there is the potential to implement 

these protocols into standard practice, and potentially improve the profiling results for 

sub-optimal samples. Direct PCR could be used on samples of high importance to 

increase the success rate of DNA profiling. 
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Figure 4.1. Image generated at FSSA by Oliva Handt and Nicol Sly. DNA profiling 
success for contact/‘touch’ DNA exhibits submitted to FSSA for analysis in 2013. 
 

Is quantification of ‘touch’ DNA necessary? 

Low-template DNA has been characterised as less than 100 picograms (pg) of 

genomic DNA in a sample [23], which equates to approximately 15 diploid copies of 

nuclear DNA. One study estimated the quantity of DNA recovered from touched 

substrates and reported the average amount of DNA recovered from fingermarks 

was less than 100 pg [24]. If individuals washed their hands prior to depositing a 

print the amount recovered was substantially lower than the detection threshold of 40 

pg [24]. 

 

A laboratory may choose to quantify their DNA extract prior to amplification and 

decide not to proceed with the sample if the total amount of DNA measured is below 

a set laboratory-specific threshold (e.g. 200 pg) [19, 25]. Quantification cut-off values 
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represent a resource-based decision. Aspects such as time, resources, sample type, 

and the likelihood of generating a result will help to determine whether to process a 

sample. A review published by van Oorschot et al. (2010) defined trace DNA 

evidence as “any sample that falls below recommended thresholds at any stage in 

the analysis, from sample detection through to profile interpretation, and cannot be 

defined by a precise picogram amount” [21]. This is an important consideration, as a 

good quality DNA profile can be generated from as little as 100 pg of DNA and a 

poor quality DNA profile obtained from a sample containing 500 pg of DNA [26]. In 

addition, Kamphausen et al. (2012) [27] found no correlation between the mass of 

starting template and the completeness of a DNA profile. 

 

A low quantification result should not be the sole determining factor in deciding 

whether a sample should undergo downstream analysis. For example, one study 

reported that a nine STR locus profile was obtained from a sample that did not meet 

the threshold for quantification using the Quantifiler Human DNA Quantification kit 

(Applied Biosystems, Foster City, CA, USA) [28], yet this sample may never have 

been analysed if the laboratory was strict with threshold limits. More sensitive 

quantification kits are now commercially available (e.g. Quantifiler® Trio DNA 

Quantification Kit, ABI) that have a lower limit of detection for trace DNA. However, 

quantification methods do not provide absolute measurements with real-time PCR 

assays [21]; an indication of concentration can be useful, however, it is not always a 

true reflection of sample quality. 

 

In addition to the initial mass of DNA present in the sample, other factors will 

influence how well a sample performs downstream, such as the presence of PCR 

inhibitors and/or fragmentation of the DNA template (i.e. degradation). The greater 

the quality and quantity of the initial DNA template the better the overall profiling 

result. 
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Improving amplification of low-level DNA 

Sub-optimal profiles are generated if less than adequate DNA template is present in 

the amplification vessel. Methods to improve profiling results include concentrating 

the DNA using spin columns [21, 29, 30]. However, a recent study reports a loss of 

DNA using filtration columns [31]. Methods exist to optimise PCR conditions and 

include altering the magnesium concentration, buffer pH, cycle numbers, annealing 

temperatures and time. However, all commercial STR typing kits produced for 

forensic DNA profiling are pre-optimised for targeting multiplex loci; it is therefore not 

recommended to alter these parameters. An alternative strategy to enhance 

amplification for direct PCR is the addition of PCR facilitators to overcome inhibitors. 

 

Dimethyl sulfoxide (DMSO) and Bovine Serum Albumin (BSA) have been shown to 

increase the quality of DNA profiles when a DNA extraction is used [32-36]. BSA is a 

well-known amplification facilitator which inactivates inhibitors through the binding 

efficiency of albumin [32]. DMSO has been shown to increase PCR yields [37, 38] by 

stabilizing nucleic acid complexes, improving strand separation to facilitate enzyme 

function, and improve primer annealing efficiency. By altering the PCR master mix to 

accommodate these additives there is the potential to improve primer binding and 

stabilize nucleic acids [39]. Analogous to DMSO, Betaine has been linked to its 

ability to destabilize regions of high G-C content in the DNA sequence in order to 

assist with strand separation [37, 40]. Other additives, such as Triton-X™, may 

prevent sample DNA from binding to the walls of reaction tubes and assist with 

lysing cells. These reagents may prove to be beneficial for processing direct PCR 

swabs that contain low-template DNA. 

 

It is misleading to assume that all ‘touch’ DNA samples contain low quantities of 

DNA. High amounts of DNA may be shed onto a touched item, depending on the 

characteristics of the individual, the item that was touched, and/or the nature of the 

contact [1, 17, 18, 41]. 
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Structure of skin cells 

The majority of surface skin cells are known as keratinocytes which are thought to be 

‘dead’ [42]. They become compressed in the granular layer of the epidermis and lose 

their nuclei (i.e. become anucleate) as they progress through layers of the skin 

towards the upper surface [42]. Apoptosis (i.e. cell death) is the mechanism behind 

which cells lose their nuclei and according to Kita et al. (2008) “DNA is degraded by 

several enzymes during keratinization (i.e. differentiation process)” [42]. Nakamura 

et al. (1999) reported that during this differentiation process “large organelles, 

including the nucleus, are eventually lost and the cells are filled with keratohyalin and 

keratin filaments” [43]. Quinones et al. (2012) assumed that despite the cells being 

anucleate, keratinocytes may still contain residual DNA [44]. 

 

A study by Balogh et al. (2003) indicates that ‘touch’ DNA consists of nucleated cells 

that have been transferred to the hands through touching other areas of the body, 

and also originates from sweat glands [45]. Similar to previous findings, Alessandrini 

et al. (2003) [46] state that “DNA in the keratinized cornified layer of epidermal cells 

may be derived from stripped nuclei and show evidence of apoptotic degradation”. 

Later in 2008, Toshiro Kita et al. (2008) [42] carried out morphological and 

immunohistochemical analysis on the skin to determine where the DNA on the 

surface of the skin originates. Their findings concluded that small amounts of 

degraded DNA fragments were detected and thought to have originated from the 

cornified layers of skin and that sweat may also consist of cell-free DNA [42].  

 

Balogh et al. (2003) [45] stated that “the differentiation process regulating the 

epidermal growth is accompanied by changes in cellular biochemistry involving the 

activation of catabolic enzymes”. Sen et al. (1992) described the endonuclease 

responsible as a “Ca2+/Mg2+ dependent enzyme that fragments the DNA into 200 bp 

fragments” [47, 48]. This may be one reason why mini STRs – that target smaller 

sized amplicons – have had good success at amplifying ‘touch’ DNA samples [49]. A 

more recent publication by Lacerenza et al. (2016) [50] performed DNA/RNA co-

analysis of the palmar surface of hands and fingers and found that tissues other than 

skin cells occasionally contributed (i.e. in 15% of cases) to the ‘touch’ DNA content. 
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In addition to the complex nature of ‘touch’ DNA, various factors play a part in 

determining whether cellular material deposited by touch will transfer to an object. 

 

4.3.2 Factors influencing DNA transfer 

Profiling success of ‘touch’ DNA is dependent on a number of variables, such as: 

 

Shedder status 

One study defines the ‘shedder’ status of an individual based on their ability to 

deposit fingermarks and generate a DNA profile 15 minutes after hand washing [51]. 

It was found that shedder type may not be relevant if a longer time had passed since 

hand washing (e.g. between 2-6 hours). Two hours after hand washing, the majority 

of individuals tested deposited enough DNA for a profile to be generated by LCN [51]. 

The Lowe et al. (2002) study [51] has been used to categorize individuals as 

‘shedders’ or ‘non-shedders’ and to provide information in court regarding DNA 

transfer [26]. This was the reason for choosing 15 minutes as an initial time period of 

research in this study. The research conducted by Lowe et al. (2002) [51] noted a 

measurable difference between individuals in their tendency to shed DNA. Additional 

research groups have shown that the amount of DNA transferred to an object by 

primary transfer is dependent on the donor [1, 3]. Goray et al. (2016) examined 10 

volunteers’ handprints at different times of the day, and on different days, to 

determine the degree of DNA variation observed [52]. Observations included 

considerable variation in the amount of DNA that people deposit at different times of 

the day depending individuals activities. However, it was also noted that some 

individuals consistently deposited more DNA that others, with non-self DNA being 

deposited alongside self-DNA in the majority of cases. A conflicting study failed to 

support ‘shedder’ status and the authors report that individuals deposit different 

amounts of DNA on different days and the success of profiling varies [53]. Phipps et 

al. (2006) [53] found that between 50 – 70% of volunteers in their study failed to 

generate a DNA profile after a 10 second touch on plastic. Additionally, work by 

Raymond et al. (2009) [22] report that 44% of ‘touch’ DNA samples failed to produce 

an informative profile. Further research conducted by Castella et al. (2008) [18] 

report 26% profiling success from ‘touch’ DNA exhibits, in terms of generating 

informative DNA profiles that are suitable for upload to the Swiss DNA database. 
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The difference in success rates are due to the individuals depositing DNA and also, 

in part, to the way that samples are processed and the inability to capture enough 

DNA for PCR. 

 

Physical nature of the surface 

It is believed that cellular material is more likely to adhere to ‘rough’ or porous 

surfaces (such as wood, concrete and grooved surfaces) more easily than smooth 

surfaces. In theory, rough objects that have cracks or grooves would be expected to 

collect and retain more skin cells compared to smoother surfaces. 

 

Type of contact 

The length of time that an object is handled by the donor may influence the number 

of cells that are transferred [54]. In addition, the force of pressure and friction may 

affect the amount of DNA transferred, as it does with transfer of body fluids. 

 

Hand washing 

Fingers have small quantities of oil and perspiration which are secreted from 

microscopic pores on the ridges of the finger tips. There may be less DNA 

transferred by an individual who washes their hands more frequently [51, 53], as 

more cells and DNA will be removed from the skin via washing. 

 

Personal habits 

Individuals who have an increased tendency to touch their hair and face often may 

increase the likelihood of transferring DNA onto objects via touch [50, 55]. Skin 

conditions have been linked to the quantity of DNA left behind at crime scenes [27]. 

People with atopic dermatitis or psoriasis conditions are found to contribute more 

DNA left by skin contact than individuals without these conditions [27]. 

 

Emotional response of the individual 

Perspiration may contribute to a portion of the cell-free DNA left behind by touch [44, 

56]. Quinones et al. (2011) [44] reported up to 11.5 ng of DNA in 1 mL of cell-free 

sweat. Wickenheiser et al. (2002) [55] report that additional cells are transferred to 

the surface of the skin as sweat passes through an individual’s pores. The authors 
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hypothesize that a person who tends to sweat more has the potential to transfer 

more DNA to an object through contact compared to an individual at rest state. 

Environmental conditions 

If DNA has been exposed to prolonged elements of heat, humidity, UV light and 

bacterial growth (i.e. typical of an outdoor environment) there may be no surviving 

endogenous DNA left to capture [57]. 

 

Potential for mixture 

Many everyday objects that are targeted for ‘touch’ DNA have been handled by 

multiple users (e.g. door handles), and the presence of a mixed DNA profile may 

cause an issue with profile interpretation [58]. A study by Daly et al. (2010) [59] 

report that out of 300 samples analysed for ‘touch’ DNA content approximately 10% 

exhibit mixed DNA profiles as a result of secondary transfer. 

 

Preservation of ‘touch’ DNA 

DNA may not survive long outside of its natural environment in the cell. If a long time 

has passed between depositing DNA and swabbing taking place there may be less 

surviving DNA to recover. Raymond et al. (2009) investigated the persistence of 

DNA that had been transferred onto objects by touch [41]. DNA was preserved for up 

to 2 weeks in most cases where DNA was exposed to an outdoor environment or 6 

weeks if samples were preserved indoors. The authors reported that a full DNA 

profile could be obtained from a drug balloon 55 days after the offense was 

committed and a full (but mixed) DNA profile from a laptop seized 62 days after the 

crime [41]. Persistence of DNA appears to be influenced by the amount of DNA 

initially transferred. A second study published by Linacre et al. (2010) [60] used 

direct PCR on fabric to yield ‘touch’ DNA after volunteers handled fibres briefly for 5 

seconds, and results demonstrate near complete (PowerPlex® 16 System) DNA 

profiles 36 days after transfer. It is clear from the literature that additional studies are 

required in order to investigate the persistence of ‘touch’ DNA on substrates which 

may assist future criminal investigations. 
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Secondary transfer 

A common question asked in court is, “Is it possible that my client’s DNA transferred 

onto the item via secondary transfer?” Currently it is not possible to determine the 

last person that handled an item, as there are many possible scenarios. 

 

Secondary transfer is a result of: 

1) Person to person to object transfer. For example, two people shake hands 

briefly, person 1 then picks up an object (e.g. weapon) and transfers DNA 

from person 2 onto the weapon. However, person 2 did not physically touch 

the object. For example, Samie et al. (2016) [20] conducted a study to 

examine the presence of mixed DNA profiles on a knife used in stabbing 

simulations and concluded that mixed DNA was present in 61 out of 64 cases, 

despite cleaning the weapon prior to handling. 

2) Person to object to person transfer. For example, one individual (person 1) 

transfers their DNA onto an object by handling it (e.g. weapon). A second 

individual then handles the same object and consequently picks up DNA from 

the first individual who handled the object initially. One study providing insight 

into the complexity of DNA transfer during a social setting highlight that simple 

everyday activities can lead to the innocent transfer of DNA without the 

individuals having direct contact [61]. 

3) Person to object to object transfer. For example, an individual may have 

used a bath towel (transferring their DNA to the towel). The towel is then used 

to wrap around a weapon, and the DNA from the individual in contact with the 

towel was then transferred to the weapon. Alternate scenarios of how DNA is 

transferred need to be considered. 

 

Studies exploring DNA transfer have raised more questions than they have 

answered [26], due to the complex nature of ‘touch’ DNA. A study conducted by 

Ladd et al. (1999) [62] carried out controlled experimental conditions in their 

laboratory to monitor the possibility of primary and secondary transfer. They 

concluded that secondary transfer was not observed. A closer look reveals that 

secondary transfer was observed, as low-level peaks (i.e. < 75 RFU) from a second 

individual had been detected (i.e. additional minor peaks). Following the increased 
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sensitivity of STR profiling kits, it is now more likely that mixtures and secondary 

transfer events will be detected. 

 

Lowe et al. (2002) [51] reported that secondary transfer was evident in a case when 

one individual held hands with another individual and then handled a plastic tube - 

transferring DNA from the second individual only. Goray et al. (2010) [63] performed 

a detailed study of secondary DNA transfer and found that porous surfaces permit 

more DNA to be transferred than non-porous surfaces. Transfer rates approximately 

doubled when increased pressure was placed on the surface, and transfer rates 

increased even more when friction was used [63]. Later, a second study by Goray et 

al. (2012) [64] discussed the likelihood of DNA transfer during the collection and 

handling of items relating to crime exhibits. The authors set up a ‘mock’ case to 

package and handle items at a crime scene in order to mimic a real case. Not 

surprisingly, their results showed that, for items packaged together, DNA transferred 

between items of evidence (e.g. cigarette butts and blood stains) and to the interior 

of the packaging itself, leading to inaccurate DNA profiling results. Similar findings 

were observed by Poy et al. (2006) [65]. 

 

Currently, it is not possible to determine how long ‘touch’ DNA persists on an object 

or to probabilistically determine the mode of transfer (i.e. primary, secondary or 

tertiary contact) as there are multiple factors to consider. However, further studies 

may indicate how long ‘touch’ DNA will survive under controlled laboratory 

conditions, and this may prove to be useful for interpreting casework results and 

assisting in court. 

 

The main aim for the current chapter is to investigate the application of direct PCR 

on the profiling ability of ‘touch’ DNA swabs, to observe DNA transfer, and to apply 

the methodology to a real case exhibit. 
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4.4 Buffer enhancement 

The effect of PCR buffer enhancers on PCR was investigated in an attempt to design 

a robust system that limits stochastic effects (see manuscript enclosed). 

 

In the following study, the well-known PCR facilitators DMSO, BSA and Triton™-X-

100 were shown to increase the amplification yield of STR-based DNA profiling 

results by increasing the RFU value of peak heights. Results were included in a 

manuscript and submitted to a journal and rejected: “R. Blackie, J. Templeton, D.A. 

Taylor, A. Linacre. PCR buffer enhancement of STR kits used for human 

identification. International Journal of Legal Medicine,” (see below). It is 

assumed from the results that the addition of PCR facilitators and extra AmpliTaq 

Gold® DNA polymerase will help to boost the PCR and overcome inhibitors that could 

otherwise be detrimental to the DNA and prevent amplification. For AmpFℓSTR® 

ProfilerPlus™ kit at 29 cycles, a combination of DMSO and BSA or an alternative 

combination of DMSO and Triton X-100™ led to an increase in the quantity of STR 

products. Similarly, for NGM SElect™ kit at 29 cycles, the addition of BSA enhanced 

the profiling results by increasing the quantity of STR products. A more in-depth 

study (with a larger sample size and assessment of different sample types) would be 

required in order to determine the effect of these buffers on the direct PCR 

approach, however, preliminary data is promising and are enclosed in the 

manuscript provided. 
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4.5 Direct PCR from fingermarks 

 

4.5.1 Materials and Methods 

Materials and methods that are not described in the published manuscripts for 

Chapter IV are detailed below. 

 

Contamination controls  

All contamination measures and controls are indicated in Chapter II. Latent DNA on 

handled or touched evidentiary items and collection devices (e.g. swabs) were 

processed and analyzed in a similar manner to samples processed in a low-template 

DNA/ancient DNA environment (see Chapter II). Strict procedures were followed to 

avoid the potential risk of contamination with contemporary human DNA or 

previously amplified PCR products. Extreme caution and care was adhered to at all 

stages. 

 

Sample controls 

Positive PCR controls consisted of 1 ng of control DNA (2800M, Promega) or control 

DNA supplied with the amplification kit in use. Negative controls were set up 

consisting of a PCR blank (i.e. no DNA); and a swab of a plastic slide (Rinzl plastic, 

ProSci Tech, QLD, AU) containing no DNA (to monitor slide and swab 

contamination). Amplification followed using the AmpFℓSTR® ProfilerPlus™ or NGM 

SElect kit™ guidelines. 

 

Sampling 

Ten individuals were selected to provide fingermarks (all five digits of their dominant 

hand) on sterile plastic microscope slides (Rinzl plastic, ProSci Tech, QLD, AU) 15 

minutes, 1 hour and 2 hours after hand washing, all marks were created on the same 

day. The donor was asked to wash and then dry their hands using fresh paper towel. 

A fingermark was created on the slide using the individual’s dominant hand at the 

designated time period (i.e. T15 mins = 15 minutes, T1hr = 1 hour, or T2hr = 2 hours 

post hand washing). The mark was created on the slide using medium pressure for 

15 seconds to ensure consistency between testing. Activities that the donor took part 

in between hand washing and touching slides were recorded during the study. 
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The slides were subjected to ‘targeted’ swabbing using pre-cut fibre clumps of DNA-

free nylon FLOQswabs™ (see Chapter II). Post-swabbing, the pre-cut ~ 2 mm2 fibre 

clump was added directly to a 0.2 mL PCR tube using sterile forceps. Double 

swabbing was performed using a second moistened DNA-free nylon FLOQswab™. 

Post swabbing, the pre-cut ~ 2 mm2 fibre clump was added directly to the same 0.2 

mL PCR tube using sterile forceps. The PCR tube consisted of 2 x 2 mm2 fibre 

clumps. Amplification was carried out using the AmpFℓSTR® ProfilerPlus™ kit with an 

additional 1 µL of DMSO (5%) (Expand Long Range DNTPACK; Roche, Vic, AU), 1 

µL of Molecular Biology Grade BSA (0.1 µg, New England Biolabs, NSW, AU) and 1 

µL AmpliTaq Gold® (5 units) (Life Technologies) included in the PCR set up. 

 

Direct PCR from fingermarks immediately after hand washing 

This study involved selecting two individuals from the same sampling set based on 

their ability to deposit enough DNA consistently to generate profiles. The donors 

were asked to wash their hands and dry them using fresh paper towel. The donor 

deposited fingermarks (all five digits of their dominant hand) onto sterile plastic 

microscope slides (Rinzl plastic, ProSci Tech, QLD, AU) immediately after hand 

washing. The process of applying fingermarks to slides was the same as detailed 

above. The slide was subjected to ‘targeted’ swabbing and swab fibres subjected to 

direct PCR using the conditions described above. 

 

Extracting DNA from fingermarks using the DNA IQ™ System 

Two individuals were selected for this study based on their ability to deposit enough 

DNA consistently to generate profiles. The donors were asked to wash their hands 

and dry them using paper towel. The donor deposited fingermarks (all five digits of 

their dominant hand) onto sterile plastic microscope slides (Rinzl plastic, ProSci 

Tech, QLD, AU) 15 minutes after hand washing. The process of applying 

fingermarks to slides was the same as detailed above. The slide was subjected to 

‘double’ swabbing (see Chapter II) using DNA-free nylon FLOQswabs™. The whole 

swabs were extracted following the DNA IQ™ System (Promega Corporation, AU) 

manufacturer’s recommendations. Amplification was carried out using the 

AmpFℓSTR® ProfilerPlus™ kit (using the conditions described above).  
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Capillary Electrophoresis and Data Analysis - See Chapter II 

For the data analysis steps, a ‘full’ DNA profile was defined when all the expected 

alleles, in all loci, were observed. Full DNA profiles did not show ‘allele drop-out’ in 

any loci. 
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4.5.2 Results 

 

Direct PCR from fingermarks, 15 minutes, 1 hour and 2 hours post hand 

washing 

Single amplification results generated from fingermarks using direct PCR are 

reported below (see Tables 4.1 – 4.10). Ten volunteers deposited fingermarks onto 

plastic substrates 15 minutes, 1 hour and 2 hours post hand washing. Swabs were 

rubbed on the surface that made contact with the fingermark deposit, and the swab 

fibres were processed by direct PCR using AmpFℓSTR® ProfilerPlus™ kit at 29 

cycles. 

 

Success rate is measured by the number of donor alleles detected (out of 20 alleles 

for AmpFℓSTR® ProfilerPlus™ kit) and the quality of the profiles. Columns highlighted 

in blue indicate the number of samples that would be considered ‘up-loadable’ to the 

Australian DNA database (i.e. > 12 alleles, plus Amelogenin). 
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DNA profiling results for volunteers – direct PCR 

 

Volunteer 1 – Donor DNA profiling results 

Table 4.1 STR-based DNA results obtained for volunteer 1, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 
Profiling 
success 

Activity during 2 hour time period for volunteer 1: 
Typing at keyboard and reading 

Time 
(post 
hand 

washing): 

Finger used for 
depositing DNA: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database (i.e. > 12 

alleles): 

15 
minutes 

THUMB 20 100% Yes 

INDEX 20 100% Yes 

MIDDLE 20 100% Yes 

RING 20 100% Yes 

PINKY 20 100% Yes 

1 hour THUMB 20 100% Yes 

INDEX 20 100% Yes 

MIDDLE 20 100% Yes 

RING 20 100% Yes 

PINKY 20 100% Yes 

2 hour THUMB 20 100% Yes 

INDEX 20 100% Yes 

MIDDLE 20 100% Yes 

RING 20 100% Yes 

PINKY 20 100% Yes 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. All fingers depositing a fingermark in this study 
generated a full DNA profile using the direct PCR approach 15 minutes, 1 hour and 2 
hour post hand washing. All profiles highlighted in blue are considered ‘up-
loadable’ to the Australian DNA Database (i.e. > 12 alleles, plus Amelogenin). 
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Volunteer 2 – Donor DNA profiling results 

Table 4.2 STR-based DNA results obtained for volunteer 2, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 

 
Profiling 
success 

 
Activity during 2 hour time period for volunteer 2: 

Watching TV 

Time 
(post hand 
washing): 

Finger used for 
DNA deposition: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database (i.e. > 12 

alleles): 

15 minutes THUMB 20 100% Yes 

INDEX 3 15% No 

MIDDLE 0 0% No 

RING 20 100% 

 
Yes 

PINKY 20 100% 

 
Yes 

1 hour THUMB 20 100% 

 
Yes 

INDEX 6 30% No 

MIDDLE 20 100% 

 
Yes 

RING 20 100% 

 
Yes 

PINKY 5 25% No 

2 hour THUMB 20 100% Yes 

INDEX 0 0% No 

MIDDLE 20 100% 

 
Yes 

RING 20 100% 

 
Yes 

PINKY 7 35% No 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. Nine fingers out of 15 depositing a fingermark in 
this study generated a full DNA profile using the direct PCR approach. Nine profiles 
(60%) highlighted in blue are considered ‘up-loadable’ to the Australian DNA 
Database (i.e. > 12 alleles, plus Amelogenin). 
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Volunteer 3 – Donor DNA profiling results 

Table 4.3 STR-based DNA results obtained for volunteer 3, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 

 
Profiling 
success 

 
Activity during 2 hour time period for volunteer 3: 

Watching TV 

Time 
(post hand 
washing): 

Finger used for 
DNA deposition: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database (i.e. > 12 

alleles): 

15 minutes THUMB 20 100% Yes 

INDEX 12 60% Yes 

MIDDLE 19 95% Yes 

RING 18 90% Yes 

PINKY 11 55% No 

1 hour THUMB 0 0% 

 
No 

INDEX 0 0% 

 
No 

MIDDLE 0 0% 

 
No 

RING 6 30% 

 
No 

PINKY 6 30% 

 
No 

2 hour THUMB 6 30% 

 
No 

INDEX 0 0% 

 
No 

MIDDLE 6 30% 

 
No 

RING 15 75% 

 
Yes 

PINKY 20 100% 

 
Yes 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. Two fingers out of 15 depositing a fingermark in 
this study generated a full DNA profile using the direct PCR approach. Six profiles 
(40%) highlighted in blue are considered ‘up-loadable’ to the Australian DNA 
Database (i.e. > 12 alleles, plus Amelogenin). 
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Volunteer 4 – Donor DNA profiling results 

Table 4.4 STR-based DNA results obtained for volunteer 4, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 

Profiling 
success 

Activity during 2 hour time period for volunteer 4: 
Writing and reading 

Time 
(post hand 
washing): 

Finger used for 
DNA deposition: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database (i.e. > 12 

alleles): 

15 minutes THUMB 12 60% Yes 

INDEX 20 100% 

 
Yes 

MIDDLE 20 100% 

 
Yes 

RING 0 0% No 

PINKY 0 0% No 

1 hour THUMB 5 25% No 

INDEX 15 75% Yes 

MIDDLE 2 10% No 

RING 16 80% Yes 

PINKY 2 10% No 

2 hour THUMB 19 95% Yes 

INDEX 20 100% Yes 

MIDDLE 4 20% No 

RING 2 10% No 

PINKY 9 45% No 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. Three fingers out of 15 depositing a fingermark 
in this study generated a full DNA profile using the direct PCR approach. Seven 
profiles (46%) highlighted in blue are considered ‘up-loadable’ to the 
Australian DNA Database (i.e. > 12 alleles, plus Amelogenin). 
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Volunteer 5 – Donor DNA profiling results 

Table 4.5 STR-based DNA results obtained for volunteer 5, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 

Profiling 
success 

Activity during 2 hour time period for volunteer 5: 
Eating and drinking 

Time 
(post hand 
washing): 

Finger used for 
DNA deposition: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database (i.e. > 12 

alleles): 

15 minutes THUMB 17 85% Yes 

INDEX 15 75% Yes 

MIDDLE 8 40% No 

RING 1 5% No 

PINKY 6 30% No 

1 hour THUMB 12 60% Yes 

INDEX 4 20% No 

MIDDLE 0 0% No 

RING 17 85% Yes 

PINKY 2 10% No 

2 hour THUMB 13 65% Yes 

INDEX 2 10% No 

MIDDLE 4 20% No 

RING 18 90% Yes 

PINKY 19 95% Yes 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. There were no full DNA profiles generated in 
this study. Seven profiles (46%) highlighted in blue are considered ‘up-loadable’ 
to the Australian DNA Database (i.e. > 12 alleles, plus Amelogenin). 
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Volunteer 6 – Donor DNA profiling results 

Table 4.6 STR-based DNA results obtained for volunteer 6, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 

Profiling 
success 

 
Activity during 2 hour time period for volunteer 6: 

Typing on keyboard and reading 

Time 
(post hand 
washing): 

Finger used for 
DNA deposition: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database (i.e. > 12 

alleles): 

15 minutes THUMB 20 100% Yes 

INDEX 10 50% No 

MIDDLE 17 85% Yes 

RING 6 30% No 

PINKY 20 100% 

 
Yes 

1 hour THUMB 17 85% 

 
Yes 

INDEX 10 50% No 

MIDDLE 1 5% No 

RING 19 95% Yes 

PINKY 4 20% No 

2 hour THUMB 18 90% Yes 

INDEX 2 10% No 

MIDDLE 1 5% No 

RING 4 20% No 

PINKY 1 5% No 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. Two fingers out of 15 depositing a fingermark in 
this study generated a full DNA profile using the direct PCR approach. Six profiles 
(40%) highlighted in blue are considered ‘up-loadable’ to the Australian DNA 
Database (i.e. > 12 alleles, plus Amelogenin). 
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Volunteer 7 – Donor DNA profiling results 

Table 4.7 STR-based DNA results obtained for volunteer 7, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 

Profiling 
success 

Activity during 2 hour time period for volunteer 7: 
Typing on computer and touching mobile phone 

Time 
(post hand 
washing): 

Finger used for 
DNA deposition: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database (i.e. > 12 

alleles): 

15 minutes THUMB 19 95% Yes 

INDEX 20 100% Yes 

MIDDLE 20 100% Yes 

RING 13 65% Yes 

PINKY 4 20% No 

1 hour THUMB 20 100% Yes 

INDEX 20 100% Yes 

MIDDLE 8 40% No 

RING 18 90% Yes 

PINKY 19 95% Yes 

2 hour THUMB 20 100% Yes 

INDEX 19 95% Yes 

MIDDLE 2 10% No 

RING 20 100% Yes 

PINKY 11 55% No 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. Six fingers out of 15 depositing a fingermark in 
this study generated a full DNA profile using the direct PCR approach.  Eleven 
profiles (73%) highlighted in blue are considered ‘up-loadable’ to the 
Australian DNA Database (i.e. > 12 alleles, plus Amelogenin). 
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Volunteer 8 – Donor DNA profiling results 

Table 4.8 STR-based DNA results obtained for volunteer 8, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 

Profiling 
success 

Activity during 2 hour time period for volunteer 8: 
Typing on keyboard and touching mobile phone 

Time 
(post hand 
washing): 

Finger used for 
DNA deposition: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database (i.e. > 12 

alleles): 

15 minutes THUMB 7 35% No 

INDEX 9 45% No 

MIDDLE 8 40% No 

RING 2 10% No 

PINKY 10 50% No 

1 hour THUMB 20 100% Yes 

INDEX 20 100% Yes 

MIDDLE 20 100% Yes 

RING 14 70% Yes 

PINKY 12 60% Yes 

2 hour THUMB 20 100% Yes 

INDEX 19 95% Yes 

MIDDLE 20 100% Yes 

RING 20 100% Yes 

PINKY 
* CAUTION - 
MIXED! 14 75% Yes 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. Six fingers out of 15 depositing a fingermark in 
this study generated a full DNA profile - that matched the donor - using the direct 
PCR approach. *One mixed DNA profile was obtained where the major contributor 
did not match the donor (alleles matched their partner’s DNA) and was a result of 
secondary transfer from a mobile phone. Ten profiles (66%) highlighted in blue 
are considered ‘up-loadable’ to the Australian DNA Database (i.e. > 12 alleles, 
plus Amelogenin). 
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Volunteer 9 – Donor DNA profiling results 

Table 4.9 STR-based DNA results obtained for volunteer 9, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 

Profiling 
success 

Activity during 2 hour time period for volunteer 9: 
Exercise and reading 

Time 
(post hand 
washing): 

Finger used for 
DNA deposition: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database  

(i.e. > 12 alleles): 

15 minutes THUMB 20 100% Yes 

INDEX 20 100% Yes 

MIDDLE 20 100% Yes 

RING 19 94% Yes 

PINKY 20 100% Yes 

1 hour THUMB 19 100% Yes 

INDEX 20 100% Yes 

MIDDLE 18 94% Yes 

RING 20 100% Yes 

PINKY 20 100% Yes 

2 hour THUMB 20 100% Yes 

INDEX 18 94% Yes 

MIDDLE 20 100% Yes 

RING 17 94% Yes 

PINKY 17 88% Yes 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. Ten fingers out of 15 depositing a fingermark in 
this study generated a full DNA profile using the direct PCR approach. Fifteen 
profiles (100%) highlighted in blue are considered ‘up-loadable’ to the 
Australian DNA Database (i.e. > 12 alleles, plus Amelogenin). 
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Volunteer 10 – Donor DNA profiling results 

Table 4.10 STR-based DNA results obtained for volunteer 10, showing success rate 
using AmpFℓSTR® ProfilerPlus™ kit (of a possible 20 STR alleles, 10 total loci). 
Profiles obtained using direct PCR after the donor’s fingermarks (all five digits) were 
deposited on a substrate 15 minutes, 1 hour and 2 hours post hand washing. The 
activity of the donor was recorded during this time period. 

Profiling 
success 

Activity during 2 hour time period for volunteer 10: 
Typing on keyboard, answering communal phone used by others, and reading 

Time 
(post hand 
washing): 

Finger used for 
DNA deposition: 

Number of donor 
alleles detected 

(out of 20): 

% donor 
alleles 

detected: 

Profile up-loadable to 
database (i.e. > 12 

alleles): 

15 
minutes 

THUMB 17 85% Yes 

INDEX 5 25% No 

MIDDLE 17 85% Yes 

RING 16 80% Yes 

PINKY 3 15% No 

1 hour THUMB 9 45% No 

INDEX 1 5% No 

MIDDLE 15 75% Yes 

RING 6 30% No 

PINKY 18 90% Yes 

2 hour THUMB 19 95% Yes 

INDEX 12 60% No 

MIDDLE 20 100% Yes 

RING 19 95% Yes 

PINKY 16 80% Yes 

A maximum of 20 alleles (column 3) indicates a full DNA profile. Numbers less than 
20 indicate a partial or failed profile. One finger out of 15 depositing a fingermark in 
this study generated a full DNA profile using the direct PCR approach. Ten profiles 
(66%) highlighted in blue are considered ‘up-loadable’ to the Australian DNA 
Database (i.e. > 12 alleles, plus Amelogenin). 
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Summary of profiling results for ten volunteers depositing fingermarks onto 

plastic substrates 

 

Table 4.11 Summary of STR-based DNA profiling success for 10 volunteers. Results 
obtained by direct PCR after the donor’s fingermarks (all five digits) were deposited 
onto a plastic substrate 15 minutes, 1 hour and 2 hours post hand washing. Results 
in the table are a summary of those provided in tables 4.1 – 4.10. 

 

Overall DNA profiling success for fingermarks generated by direct PCR 

 

 

Donor 

depositing 

DNA: 

 

Thumb 

profiling 

success 

(%): 

 

 

Index 

finger 

profiling 

success 

(%): 

 

Middle 

finger 

profiling 

success 

(%): 

 

Ring 

finger 

profiling 

success 

(%): 

 

Pinky 

finger 

profiling 

success  

(%): 

 

Profiles 

considered 

‘up-loadable’ 

to the 

Australian 

DNA database 

(out of 15): 

 

Failed DNA 

profiles out of 

15 

 (i.e. no alleles 

detected): 

 

Volunteer 

1 

100 100 100 100 100 15 

(100%) 

0 

(0%) 

Volunteer 

2 

100 15 66 100 53 9 

(60%) 

2 

(13%) 

Volunteer 

3 

43 20 42 65 62 6 

(40%) 

4 

(26%) 

Volunteer 

4 

60 92 43 30 18 7 

(46%) 

2 

(13%) 

Volunteer 

5 

70 35 20 60 45 7 

(46%) 

1 

(6%) 

Volunteer 

6 

92 37 32 48 42 6 

(40%) 

0 

(0%) 

Volunteer 

7 

98 98 50 85 57 11 

(73%) 

0 

(0%) 

Volunteer 

8 

78 80 80 60 62 10 

(66%) 

0 

(0%) 

Volunteer 

9 

98 97 97 93 95 15 

(100%) 

0 

(0%) 

Volunteer 

10 

75 30 87 68 62 10 

(66%) 

0 

(0%) 

Average: 81 60 61 71 59 Total 
(out of 150): 

96 
(64%) 

Total 
(out of 150): 

9 
(6%) 

Results for the number of profiles considered ‘up-loadable’ to the Australian DNA 
database (i.e. > 12 alleles, plus Amelogenin), full DNA profiles and failed DNA 
profiles, for the AmpFℓSTR® ProfilerPlus™ kit directly amplified samples. Overall 
profiling success ranged from 40% (see volunteer 3 and 6) to 100% (see volunteer 
1). 
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4.5.2.2 Direct PCR profiling success – comparison between fingermarks 

depositing DNA 

 

Figure 4.2 Box-and-whisker plot showing the relative distribution of DNA data 
generated from all five fingers depositing DNA. The average percentage profiling 
success is a result of testing 5 females and 5 males across three time periods after 
hand washing: 15 minutes, 1 hour and 2 hours, and subjecting swab fibres to direct 
PCR using the AmpFℓSTR® ProfilerPlus™ kit at 29 cycles. 
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4.5.2.3 Comparison of data obtained from fingermarks at three different time 

periods post hand washing: 15 minutes, 1 hour and 2 hour 

 

Figure 4.3 Showing the average DNA profiling success obtained from 5 males and 5 
females fingermarks (from all five digits). Results were generated by using direct 
PCR and the AmpFℓSTR® ProfilerPlus™ kit at 29 cycles. For females, there is a 
moderate increase in profile success when a longer time passed since hand 
washing. In contrast, males exhibit a decrease in profiling success when a longer 
time passed since hand washing. 
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4.5.2.4 Direct PCR DNA profiles 

DNA profile obtained from a fingermark deposit, using swab fibres and direct PCR with the AmpFℓSTR® ProfilerPlus™ kit 

at 29 cycles. 

Figure 4.4 Example of a DNA profile obtained to illustrate heterozygote imbalance that was observed. DNA was recovered from a 
touched substrate (i.e. plastic slide) 15 minutes after the individual had washed their hands and deposited a thumb print. A partial 
DNA profile was obtained (i.e. 16 out of 20 possible alleles) with the AmpFℓSTR® ProfilerPlus™ kit; allele drop-out is reported at loci 
D7S820. Heterozygote imbalance was noted at most loci observed in this profile, particulary loci vWA. This profile would be 
considered ‘up-loadable’ to the Australian DNA database. 
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DNA profile obtained from a fingermark deposit, using swab fibres and direct PCR with the AmpFℓSTR® ProfilerPlus™ kit 

at 29 cycles. 

Figure 4.5 Example of a DNA profile recovered from a touched substrate (i.e. plastic slide) 2 hours after an individual had washed 
their hands and deposited a fingermark. A full DNA profile was obtained (i.e. 20 out of 20 possible alleles) with the AmpFℓSTR® 

ProfilerPlus™ kit; pull-up (possibly) and high stutter was observed at loci D8S1179.  
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DNA profile obtained from a fingermark deposit, using swab fibres and direct PCR with the AmpFℓSTR® ProfilerPlus™ kit 

at 29 cycles. 

 

Figure 4.6. Example of a complex STR DNA profile produced as a result of secondary DNA transfer. DNA was recovered from a 
touched substrate (i.e. plastic slide) 2 hours after the individual had washed their hands and deposited a fingermark (i.e. pinky 
finger). A mixed DNA profile was observed, with minor alleles matching the donor of the print and major alleles matching the donor’s 
partner - who had not been in contact with the substrate at all, or in contact with the donor for > 3 hours. Secondary transfer (i.e. 
person 1 to object to person 2 to object) was observed. 

Partner’s alleles (12 alleles)  

Donor’s alleles (14 alleles) 
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4.5.3 Discussion 

 

Donor profiling success 

A trend was apparent with some individuals consistently depositing more DNA than 

others (see Table 4.1 and Table 4.9). These results are consistent with other 

published findings by Lowe et al. (2002) [51] who found differences between 

individuals in their tendency to leave behind DNA when touching an object, and 

hence coined the term ‘shedder’, as previously discussed. 

 

From the data results of the AmpFℓSTR® ProfilerPlus™ kit there was a slightly higher 

profiling success for females compared to males for fingermark deposits (see Figure 

4.3). However, a larger sample size would be required to examine this finding in 

more detail and to investigate statistical significance. Investigating the difference in 

recovered DNA levels between fingers used to deposit DNA led to the observation 

that wide inter- and intra-individual differences were observed (see Figure 4.2). One 

apparent observation was that the thumb sheds more DNA than the pinky finger as 

suggested by the average profiling success generated from 10 donors (see Figure 

4.2); this result is not surprising given the larger and rougher surface area of the 

thumb and the higher use of this digit compared to others. There was no apparent 

difference in DNA results obtained from swabbing fingermarks that had been created 

by different fingers (i.e. there was no impact on results). 

 

In the summary data described (see Table 4.11), 96 out of 150 profiles (64%) were 

considered ‘up-loadable’ to the Australian DNA database. Individuals were asked to 

record their activity during the entire study prior to depositing fingermarks. However, 

due to the small sample set (i.e. ten volunteers) it is difficult to determine if profiling 

success is activity-dependent. From observation it appeared that those individuals 

that undertook keyboard work or handled personal items were more inclined to leave 

behind amplifiable DNA (see Tables 4.1, 4.7. 4.8 and 4.10). For the volunteers that 

state that they were typing on their keyboards during the study, only one individual 

(out of 10) produced a lower success rate (6 out of 15 profiles were ‘up-loadable’) 

(see Table 4.6) compared to the other donors that took part in the same activity and 

achieved greater profiling success. Overall, it can be assumed from these results and 
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previous research that a higher yield of amplifiable DNA from fingermarks can be 

attributed to the phenomenon known as ‘loading’ the fingers with DNA [55], as 

discussed previously. 

 

Donor 9 generated 15 profiles (out of 15) that were all considered ‘up-loadable’ to the 

Australian DNA database (see Table 4.9). This individual was the only volunteer that 

took part in intense exercise directly before fingermarks were deposited, and this 

activity may contribute to the high success rate obtained; cell-free DNA originating 

from sweat is thought to be a vital component of the ‘touch’ DNA sample [44, 56], as 

discussed previously. 

 

Time of DNA deposition 

It has been assumed previously that a long time period is needed between hand 

washing and depositing DNA in order to generate a profile from a touched item [26]. 

For example, Lowe et al. (2002) [51] report that if a longer time has passed since 

hand washing (i.e. 2 – 6 hours) shedder type may not be relevant. Results in this 

chapter contradict some of these findings published by Lowe et al. (2002) [51]. This 

difference could be due to the way in which samples were processed in their study 

(i.e. extracted) compared to this study (i.e. direct PCR). Full DNA profiles in this 

chapter were obtained in as little as 15 minutes post hand washing (see Tables 4.1 

and 4.9). Donor 1 (see Table 4.1) deposited enough fingermark DNA to yield 

interpretable profiles for all fingers tested and all time periods. Overall, for females 

there was a slight increase in profiling success when a longer time passed since 

handwashing, from 68% (at 15 minutes post hand washing) to 74% (at 2 hours post 

hand washing) (see Figure 4.3). On the contrary, there was a slight decrease in 

profiling success for males when a longer time passed since hand washing, from 

70% success (at 15 minutes post hand washing) to 64% (at 2 hours post hand 

washing) (see Figure 4.3). 

 

Two individuals (out of ten) appeared to yield more amplifiable ‘touch’ DNA when a 

longer time elapsed between hand washing (i.e. 2 hours) and depositing fingermarks 

(see Table 4.8 and Table 4.10). On the contrary, donor 3 generated four (out of five) 

‘up-loadable’ DNA profiles 15 minutes after hand washing (see Table 4.3), with 
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success decreasing when a longer time had passed since hand washing (i.e. 1 and 2 

hours later). Samples analysed immediately after hand washing (T=0) failed to 

generate any DNA alleles. It can hypothesized that DNA builds up on the surface of 

the skin at some point within the first 15 minutes after hand washing, and a 

contributing factor could be ‘loading’ the fingers with DNA from other parts of the 

body (e.g. hair and face), and/or touching personal items that comprise of donors 

DNA. It can be assumed from these results that the profiling ability of the individual’s 

fingermark deposit is more dependent on the donor’s activities prior to depositing 

DNA. However, it was also noted in preliminary testing that certain individuals were 

consistent at generating good quality DNA profiles recovered from fingermark traces; 

although the term ‘shedder’ has not been used to classify these individuals. Further 

testing could involve swabbing fingermarks created by individuals post hand washing 

with a larger number of time intervals assessed (e.g. every 5 minutes, between 0 min 

and 1 hour) to understand the loss of DNA associated with donor activities. 

 

DNA transfer 

There was one case of tertiary DNA transfer observed in the data set (i.e. person to 

object to person to object transfer) (see Figure 4.6) where the major peaks (i.e. 12 

alleles) obtained from swabbing the plastic substrate matched the alleles of the 

donor’s partner, and the minor peaks (i.e. 14 alleles) obtained matched the individual 

who left the mark (see Table 4.8). The major profile may appear misleading and 

suggest that the last person who touched the substrate was the donor’s partner. 

Characterizing the factors that contribute to the transfer and persistence of ‘touch’ 

DNA is complex, and further research would be required before commenting on 

these issues. Results agree with those of Djuric et al. (2008) [66] in which secondary 

DNA transfer was observed. It is well-known that DNA could be deposited by 

“accidental” transfer or from a separate contamination event. Additional research 

conducted by Lowe et al. (2002) [51] have shown that secondary transfer – where 

the major alleles do not match the donor - is observed under controlled laboratory 

conditions. Many other research papers have been published in the area of “non-self” 

DNA and secondary/tertiary DNA transfer events [52, 61-63, 65, 67-70]. 

Considerable caution must be taken by DNA analysts to address the issues of DNA 

transfer and persistence. One high profile case that is a perfect example of 
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misinterpretation of the DNA evidence is the high profile case against Amanda Knox 

and Raffaele Sollecito [71]. 
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High profile case example – DNA transfer in the case of Amanda Knox 

One high profile case that received intense media scrutiny and a clear lack of 

knowledge in the area of DNA transfer was the murder of Meredith Kercher, and the 

implications of the miscarriage of justice of Amanda Knox and Raffaele Sollecito. 

Amanda Knox was an American exchange student accused of murdering her room-

mate in Italy in 2007. Amanda Knox’s DNA was not found in the murder room, and 

she was separately implicated in the murder by a knife found in a different location 

from the crime scene and traces of her DNA linked to the bathroom in the flat that 

she shared with the victim. In the first court hearing there was no indication of 

possible innocent DNA transfer. In addition, an extensive review published by Peter 

Gill in 2016 [71] to the forensic community highlights the misinterpretation of the low-

level DNA evidence in the case and the use of improper contamination controls. For 

example, gloves used to collect evidence at the crime scene were stored with other 

items of evidence that would contribute to cross-contamination. It was heard during 

court proceedings that the distribution of DNA alleles could infer activity level 

proposition; the presence of DNA on the knife indicated that it had been used in an 

upward stabbing motion, rather than a cutting motion (e.g. to cut food). It is not 

possible to infer how, when or why DNA transfer occurs based on the STR profile 

obtained. This case is a perfect example of how important correct interpretation of 

low-level DNA evidence is and the importance of contamination controls. Other 

published data examining the transfer of DNA from examination gloves to case work 

exhibits emphasize the huge potential for cross-contamination and the risk of DNA 

transfer compromising investigations [65]. 

 

Artefacts of direct PCR 

Stochastic effects, associated with the PCR amplification of low-template DNA, were 

occasionally observed in the data set in this chapter. Examples of profiles illustrate 

an incidence where the peak heights of alleles were imbalanced (see Figure 4.4), 

high stutter was observed (see Figure 4.5), ‘pull-up’ (possibly) (see Figure 4.5) and 

‘drop-out’ was apparent (see Figure 4.4). A more in depth examination of stochastic 

effects observed in data generated after using direct PCR are detailed in the 

proceeding Chapter V. 
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Direct PCR from fingermarks immediately after hand washing 

All samples that were deposited by individuals immediately after hand washing failed 

to yield informative DNA profiles by the direct PCR approach. It is assumed that DNA 

needs to accumulate on the surface of the skin in order to generate a DNA profile, 

and cellular material or cell-free DNA is potentially washed away immediately after 

hand washing. From these results it is estimated that 15 minutes is needed post 

hand washing in order for DNA to accumulate on the surface of the skin. However, 

one published DNA transfer study contradicts this hypothesis [72] stating that cellular 

material survived the hand washing process. Despite cells being transferred 

immediately after hand washing, no DNA was detected. Surprisingly, the authors 

observed a higher level of cellular transfer from individuals who had previously 

washed their hands compared to individuals who had not washed their hands. The 

authors postulate that the physical act of hand washing would loosen corneocytes 

[72] and these cells would then transfer more easily through contact. A possible 

variable would be how hands are dried (e.g. if hands are dried with the same towel or 

a fresh towel) and detergents used in the hand washing process. Consistent with 

Locard’s principle, while ‘touch’ DNA samples may not always transfer DNA in 

sufficient amounts for nuclear detection to generate a probative STR-based DNA 

profile, there is the possibility to examine other markers (i.e. mtDNA) [45, 73] that 

could provide genetic information on the sample. 

 

Extracting DNA from fingermarks using the DNA IQ™ System 

DNA loss by extraction has been emphasized in previous research [5] and data 

results from Chapter III corroborate earlier findings that report a loss of extracted 

DNA. All extracted DNA swabs (i.e. DNA IQ™ System) utilised in this chapter failed 

to generate a DNA profile following the standard protocol, however, positive control 

DNA generated a full concordant DNA profile. It can be proposed that individuals who 

donated fingermark samples did not deposit enough DNA for detection at the time of 

sampling. However, this notion seems implausible given that the individuals chosen 

for the extraction study were found to consistently generate DNA profiles when direct 

PCR was employed. It is not unreasonable to assume that DNA has been washed 

away during the extraction steps and multiple tube changes and binding of low-level 

DNA to plastic ware may contribute to a further loss. Future work to optimise DNA 
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extraction protocols could involve concentrating the DNA extract before PCR to 

maximise the amount of DNA template available to PCR, however this work would 

require additional steps, more tube changes, and further validation to be carried out. 

 

Loss of DNA by extraction 

Previously it was believed that DNA transferred by ‘touch’ to an object was primarily 

based on the quantity of cells that people shed [51]. Recent studies have shown that 

these sample types also comprise of ‘cell-free’ DNA [44, 56, 74] and this valuable 

portion should also be taken into consideration when processing the samples. A 

recent study stresses the importance of cell-free DNA present in the supernatant of 

extracted material [72]. It was discovered that the majority of nuclear DNA (i.e. ~ 84 – 

100%) [72] recovered from ‘touch’ DNA samples was extracellular. The authors 

stipulate that direct PCR methodology is essential to avoid loss of extracellular DNA. 

Furthermore, a recent survey of case work samples reported the presence of 

extracellular DNA in 70% of samples comprising of ‘touch’ DNA content [74]. These 

findings are compatible with medical research studies revealing a lack of genomic 

DNA in the upper epidermal skin layer (i.e. stratum corneum) that is comprised of 

corneocytes [75]. In other published work, the loss of ‘touch’ DNA is attributed to the 

extraction methodology employed and the use of filtration columns [31]. Addressing 

these issues has significant implications for optimising ‘touch’ DNA methodology and 

the future success of ‘touch’ DNA swabs. 

 

Future work 

Further studies examining DNA deposition could look at time points immediately after 

hand washing and within 15 minutes of hand washing; as data in this chapter indicate 

that DNA accumulates on the surface of the skin within this short time frame. The 

difference in shedder status between fingers could also be explored further. For 

example, one study examining the anatomical location of the skin surface observed a 

difference in the amount of DNA deposited between the palm and digits [76]; the 

quantity of DNA shed from the palmar surface was significantly less than from two 

fingers. 
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Direct PCR of ‘touch’ DNA – an in-depth study investigating the use of 2 

common STR profiling kits: NGM SElect™ kit and AmpFℓSTR® ProfilerPlus™ 

kit. 

 

Results for the third phase of this study were to expand on the preliminary results 

observed in tables 4.1 – 4.11. A detailed study was carried out on a larger sample set 

(n = 34) at only one chosen time period (i.e. 15 minutes post hand washing). Results 

are published in the manuscript: “Templeton, J.E. and Linacre, A., 2014. DNA 

profiles from fingermarks. BioTechniques, 57(5), p.259” [77] (see manuscript 

enclosed). 
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4.6 Application of case work: seizure of Methamphetamine in South Australia. 

In March 2013 South Australia Police uncovered several containers buried under 

ground in a secluded suburb of Adelaide, the case was later known as ‘Operation 

Divulge’. The operation was brought to light when police officers noticed two men 

acting suspiciously at a roadside in South Australia when they were digging up 

containers pictured below (see Figure 4.7). Over 7 kg of methamphetamine was 

discovered in these pots and valued at more than AU $20 million. 

 

FSSA received the containers and masking tape (pictured below) that was used to 

seal the tops of the containers, and were asked to obtain DNA profiles and/or 

fingerprints from the evidence. Standard protocols of extracting swabs used to collect 

DNA were unsuccessful. The samples were thought to be buried under ground for 

several months and the DNA was potentially degraded and subjected to 

environmental PCR inhibitors such as humic substances in soil, bacteria, humidity 

and varying temperatures. Standard fingerprint powders were used by South 

Australia Police to dust for prints. The samples that were submitted for DNA profiling 

were saturated in black fingerprint powders as a result of dusting, and resulted in the 

majority of swabs pre-tarnished with black fingerprint powder. Samples taken by 

FSSA for DNA profiling failed to generate any DNA profiles using standard 

technology. 

Figure 4.7 Containers discovered in March 2013, during operation divulge, that had 
been buried under ground and found to contain 7.33 kg of pure methamphetamine. 

 

The Forensic Biology research group at Flinders University were contacted to assist 

with the case, due to the recent success that Flinders University achieved with 
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obtaining DNA profiles from touched items using the direct PCR approach. Jennifer 

Templeton, Renée Blackie and Professor Adrian Linacre were called to the DNA 

laboratory, Flinders University to examine over 100 exhibits relating to operation 

divulge and 24 items were selected for sampling and direct PCR. Drug containers 

and masking tape were collected (see Figures: 4.8 – 4.10) – some of which held 

fibres and single hairs. 

 

Hairs and fibres were processed by direct PCR (using the amplification conditions 

listed below), but failed to yield any DNA results. The optimum swabbing technique – 

fundamental to this thesis (see Chapter II) - was used to process the containers and 

masking tape (see Figures: 4.8-4.10) thought to contain trace DNA. DNA-free nylon 

FLOQswabs™ pre-moistened with 2 µL Triton™-X-100 (Sigma-Aldrich) at 0.1% 

concentration were used. Post-swabbing, the pre-cut ~ 2 mm2 fibre clump was added 

directly to a 0.2 mL PCR tube using sterile forceps. Double swabbing was performed 

using a second moistened DNA-free nylon FLOQswab™. Post swabbing, the pre-cut 

~ 2 mm2 fibre clump was added directly to the same 0.2 mL PCR tube using sterile 

forceps. The PCR tube consisted of 2 x 2 mm2 fibre clumps. Amplification was carried 

out using the NGM SElect kit™ (Life Technologies, Victoria, AU) at standard 25 µL 

PCR volume, with additional AmpliTaq Gold® DNA polymerase (1 µL, containing 5 

units) added to help overcome PCR inhibitors. Cycling conditions consisted of 29 

PCR cycles using a GeneAmp® 9600 thermal cycler (Life Technologies). PCR 

products were analysed on the ABI 3130xl Genetic Analyser (Life Technologies) and 

GeneMapper® v3.2. software. 

 

All 24 samples analysed resulted in DNA alleles and 17 of these samples produced 

10 or more alleles. Sampling success ranged from 4 – 42 alleles per sample. 

Mixtures (i.e. DNA originating from more than one individual) were observed in 58% 

of samples analysed. Data files were sent to FSSA for interpretation and further 

analysis. Despite the success of obtaining DNA profiles, heterozygote imbalance was 

observed (see Figure 4.11) and this could be due to the non-removal of PCR 

inhibitors when the direct PCR approach was used, or the presence of a mixed DNA 

profile causing imbalance. Another negative aspect of direct PCR is that samples are 

completely consumed so there is only one chance of achieving a result from precious 
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sample material and this limitation may prevent many laboratories from exploring the 

potential of direct PCR. 

 

Figure 4.8 Case exhibit MG523.B, grey duct tape found wrapped around a drug 
seizure. 
 

 

Figure 4.9 Case exhibit MG523.B, grey duct tape highlighting the area of cutting 
where the fingerprint was identified by eye. The tape was later subjected to direct 
PCR. 
 

 

Figure 4.10 Case exhibit MG523.B, grey duct tape at higher magnification to 
illustrate potential smudged fingermark, ridges of fingermark were observed and drug 
debris was present. 
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Application of case work: seizure of Methamphetamine in South Australia 

DNA Profiles obtained from case work 

Figure 4.11 NGM SElect™ kit DNA profile obtained from tape, labelled PCR tube t52B. Case exhibit: MG523.B. Masking tape 
cutting seen in Fig 4.8, 4.9 and 4.10. was used for direct PCR at 29 cycles. A mixed DNA profile was obtained, with a major profile 
observed.  
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Application of case work: seizure of Methamphetamine in South Australia 

DNA Profiles obtained from case work 

 

Figure 4.12 NGM SElect™ kit DNA profile obtained from tape, PCR tube label j52B, and case exhibit: MG523.B. Direct PCR at 29 
cycles was used to obtain the profile.  
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Application of case work: seizure of Methamphetamine in South Australia 

DNA Profile obtained from case work 

 

Figure 4.13 NGM SElect™ kit DNA profile obtained from case exhibit: MG523.B tape, PCR tube label: k52B. Direct PCR at 29 
cycles was used to obtain the profile.  
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Application of case work: seizure of Methamphetamine in South Australia 

DNA Profile obtained from case work 

Figure 4.14. NGM SElect™ kit DNA profile obtained from case exhibit: MG523.B tape, PCR tube label: 152B. Direct PCR at 29 
cycles was used to obtain the profile.  
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Application of case work: seizure of Methamphetamine in South Australia 

DNA Profile obtained from case work 

Figure 4.15. NGM SElect™ kit DNA profile obtained from case exhibit: MG523.B tape, PCR tube label: r52B. Direct PCR at 29 
cycles was used to obtain the profile. 



248 

 

4.7 Conclusion 

The results discussed in this chapter help to clarify the biological context for ‘touch’ 

DNA samples when direct PCR is used. The goal of this work was to determine if 

direct PCR is capable of generating STR-based DNA profiles from swab fibres that 

were used to recover fingermark residue. To accomplish this, individuals deposited 

fingermarks onto plastic substrates immediately (T0 min), 15 minutes (T15 min), 1 

hour (T1 hr) and 2 hours (T2 hr) post hand washing, and nylon swabs were used to 

recover DNA and fibres utilised for direct PCR. It is believed from these results that 

an individual’s inherent or circumstantial susceptibility to deposit DNA from 

fingermarks is partly reliant on the donor’s activities (e.g. what they are doing with 

their hands) and emotional state (e.g. exercising or at rest) prior to handling the item. 

Wide inter- and intra-individual differences in profiling success were observed in the 

data set. Overall, the observations from this study suggest that ‘touch’ DNA samples 

may need to be processed differently to other forensically relevant biological 

material. There should be a fundamental shift in the way that forensic laboratories 

process ‘touch’ DNA samples in order to utilise the cell-free DNA portion of the 

sample which is generally discarded during a routine extraction. The extracellular 

component of ‘touch’ DNA that is washed away may provide an added value to the 

STR profile. Direct PCR is one viable option to explore with the presence of PCR 

facilitators to boost the amplification yield. Developing other methods to maximise 

the quantity of DNA recovered from contact surfaces would help steer police 

investigations in a more informative direction. Further work is needed to expand the 

forensic communities understanding of ‘touch’ DNA regarding its persistence, 

mechanism of transfer, and the effect of environmental inhibitors. 
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Appendices - Chapter IV 

Appendix A – Poster: Genetic profiling from challenging samples: direct PCR 
of touch DNA. 
Presented at “The International Society for Forensic Genetics” conference, 
Melbourne, Australia, 2013. 
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Appendix B – Three minute (3M) thesis competition static slide. 

One static slide presented to the school of Biology, Flinders University, 2014.

 
 

Generating informative DNA profiles from ‘touch/contact’ swabs has been reported 

as less than 10 % in terms of profiles considered ‘uploadable’ to the DNA database. 

Therefore, success rates in this thesis relate to samples being considered 

‘uploadable’ to the Australian DNA database.  
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Appendix C – Oral presentation. 

Templeton, J.E., Handt, O., Taylor, D., and Linacre, A. “The American Academy of 
Forensic Sciences” conference, Orlando, Florida, America. February 2015. 
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5.1 Preface 

The recovery of ‘touch’ DNA is highly variable and dependent on many factors. 

Two main parameters that affect the robustness of ‘touch’ DNA profiling are the 

quantity of DNA template [1, 2], and quality of DNA recovered [3] (i.e. damaged or 

degraded). Many variables will influence these parameters such as: 

 the characteristics of the donor that deposits the DNA (e.g. condition of skin); 

 the environmental conditions of the fingermark deposit (e.g. 

wet/humid/dry/hot); 

 presence of PCR inhibitors (e.g. fingerprint powders or other chemical 

enhancers, soil, microbes); 

 nature of the substrate that was touched (e.g. porous/non-porous, rough/ 

smooth); 

 pressure/friction used during the transfer of DNA to the item; 

 time between fingermark deposition and collecting DNA (i.e. DNA will degrade 

over time); and 

 method of DNA recovery used and analysis. 

 

Research into the ‘shedder’ status of individuals has been investigated to varying 

degrees [4-7] and discussed previously. Further studies have explored the transfer 

and persistence of ‘touch’ DNA [8-10]. This data chapter focuses mainly on the effect 

of crime scene inhibitors (e.g. samples tarnished with fingerprint powders) and 

environmental inhibitors (e.g. UV light, bacteria and soil) on the resulting DNA 

profiles obtained by direct PCR. The ability to type autosomal DNA from a previously 

enhanced fingerprint or any ‘touch’ DNA deposit that has been subjected to harsh 

conditions could provide new avenues for forensic investigations.  

 

This data chapter is split into 3 phases, each of which examines aspects relating to 

the use of direct PCR on challenging substrates: 

1) The first phase of the study explores the effect of fingerprint powders on the 

direct PCR approach. Preliminary data show the ability of direct PCR to 

generate DNA profiles in the presence of fingerprint powders. Results are 

extended into a full length manuscript (submitted to FSI:G in October 2016) 
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where 160 powdered fingerprint samples are processed using the direct  PCR 

approach. 

2) The second phase of the study examines a mock case scenario and the 

potential for using direct PCR on fingermarks deposited on various forensic 

exhibits (e.g. tape, plastic, cartridge cases; brass, nickel and aluminium, glass 

and wood). Results were extended into a peer reviewed publication in the 

journal Forensic Science International: Genetics Supplement Series. One 

case study examines the profiling ability of fingermarks left exposed to the 

environment for up to 8 days. Additional supplements were added to the PCR 

(i.e Prep-n-Go™ buffer (ABI) and AmpliTaq Gold® DNA polymerase (ABI)) to 

boost amplification yield. 

3) The third phase of the study explores the use of optimised swabbing and 

direct PCR on a suite of forensic substrates under controlled laboratory 

conditions, and the use of PCR purification columns (i.e. MinElute® PCR 

purification, Qiagen) was investigated. The appendix provides additional data 

on preliminary experiments, including the use of a pre-soak buffer lysis 

method for specific substrate types, such as cartridge cases and tape 

cuttings. 
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5.2 Aims of study: 

1. To determine the effect of fingerprint powders on the direct PCR approach; 

2. To explore the success and limitations of direct PCR; substrates containing 

‘touch’ DNA were exposed to varying degrees of out-door environmental 

factors for a set period of time. Various surface types and materials were 

examined; 

3. To investigate the success of direct PCR using swab fibres that retrieved 

DNA from a suite of forensic related substrates and; 

4. The final aim investigates the quantity and quality of DNA profiles obtained 

by post-PCR purification. Further work explores the potential for cartridge 

cases and tape cuttings to be processed by a pre-soak lysis method prior to 

amplification. 

 

5.3 Introduction 

 

A ‘touch’ DNA sample may undergo structural and chemical modifications which can 

lead to damage and degradation [3], hampering the chances of obtaining a good 

quality DNA profile. 

 

5.3.1 Environmental effect on DNA 

In natural conditions - protected within the cell - DNA is a hydrated macromolecule 

with between 8-10 tightly bound water molecules per nucleotide residue [11]. 

Outside of its natural environment, DNA is subjected to environmental conditions that 

may adversely affect the rate of DNA degradation [11]. A dry environment is thought 

to reduce the rate of degradation, in contrast to a humid environment which can 

promote the growth of bacteria [12] and facilitate hydrolytic enzymes. More 

specifically, fingermarks deposited on objects outdoors may be exposed to harsh 

environmental surroundings (e.g. humidity, soil, micro-organisms and UV exposure 

from the sun) that can lead to further DNA degradation. It is for these reasons that 

forensic laboratories choose to store swabs containing trace DNA in a cold, dry, dark 

environment in order to preserve the DNA content. 
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Damaged/degraded DNA 

Cells deposited by fingermarks, frequently found at crime scenes, develop an 

apoptotic phenomenon due to endogenous endonucleases [12] that may cause DNA 

fragmentation [3]. Cells are known to undergo one of two programmed cell death 

patterns (i.e. apoptosis or necrosis) depending on the biochemical events that lead 

to characteristic cell changes and DNA degradation. Hydrolysis (i.e. addition of 

water) and oxidation (i.e. loss of an electron) processes can further modify the DNA 

by degradation at a much slower rate. Jennings et al. (1975) [12] characterised 

apoptosis as “energy dependent programmed cell death accompanied by 

condensation of cytoplasm, loss of plasma membrane, segmentation of the nucleus, 

and extensive degradation of chromosomal DNA into oligomers around 180 bp in 

length”. The second cell death pattern that can affect DNA degradation is necrosis. 

According to Alaeddini et al. (2010) [13] necrosis is characterised by “increased cell 

volume, swelling of cytoplasmic organelles, chromatin condensation, and a random 

pattern of DNA degradation”. 

 

In extreme cases of DNA degradation, there may be no surviving endogenous DNA 

above 100 bp in length [14]. More common in ancient DNA studies, miscoding 

lesions are known to prevent the DNA polymerase from extending the growing DNA 

chain [15]. It is important to be aware of the extent of DNA degradation and the 

inability to recover DNA that is severely damaged and degraded. A sample may 

undergo preferential or complete amplification failure as a result of DNA degradation 

or low-template DNA. Consequently, this would lead to difficulties with analysis as 

the primers that are used to target loci may not consistently find and hybridise to the 

entire set of DNA molecules that are available [15]. 

 

5.3.2 Interpretation issues 

Preferential amplification is due to unequal sampling of alleles at heterozygote loci, 

and can result in the failure to detect one or both alleles (as discussed in Chapter I). 

Random sampling means that different DNA alleles may be detected after re-

amplification of the same DNA extract [2]. Generally shorter amplicons are 

preferentially amplified over longer amplicons [16]. A study by Briggs et al. (2009) 

[17] demonstrates that complete amplification failure can be a result of PCR 
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inhibition, low-template DNA, or degradation of DNA template below target amplicon 

sizes (i.e. 100 – 400 bp). The LCN method of increased PCR cycle number is a 

highly sensitive application to detect low-level DNA (as discussed in Chapter I). 

However, most laboratories choose not to use the LCN process given the challenges 

faced in court when presenting evidence with this approach. An extensive review on 

detecting incidental DNA with LCN methodology was published and reports on the 

benefits and limitations of this approach [18]. Allele ‘drop-in’ is a major concern when 

interpreting profiles as extra peaks in the profile may appear to be true but are 

actually a result of contamination. The extraction step is said to be where the sample 

is more prone to contamination that at any other stage in the sample handling 

process [19]. Eliminating the extraction stage will therefore minimise tube transfers 

and the chance of introducing extraneous DNA into the reaction. 

 

The recent approach to understanding why DNA samples fail to yield informative 

results has focussed on examining DNA degradation [13]. Other studies have 

focussed on understanding tissue preservation [20] and DNA repair mechanisms 

[21]. However, one area of research that has been explored to a lesser extent is the 

co-existence of PCR inhibitors in a sample and the effect they may have on the 

resulting DNA profile. 

 

5.3.3 PCR inhibitors 

DNA samples often contain impurities which can inhibit PCR. Co-existing impurities 

may also prevent sufficient cell lysis during an extraction [22, 23]. Most fingerprint 

enhancement methods will not interfere with the ability to perform DNA profiling [24-

29]. However, some reagents and powders used to enhance fingerprints have been 

shown to have a negative effect on the subsequent profiling ability of the print [26, 

30]. In particular, magnetic-based powders that are thought to interfere with the 

binding of the DNA-bead-complex extraction methodology have failed to yield 

measureable DNA results [31]. 

 

Inhibitors may interfere with and compromise all aspects of the PCR including DNA 

template, primers, Mg2+  concentrations and the polymerase enzyme [32]. Research 

has focussed on the effect inhibitors have on the polymerase enzyme. Inhibitors may 
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chelate with Mg2+ that is required by the Taq polymerase to function. The inhibitor 

may act as a blocking agent of the active site to prevent the enzyme from extending 

the growing chain. In addition, proteases, phenol, and detergents are known to 

degrade or denature the polymerase enzyme [32-34]. A study by Al-Soud et al. 

(1998) [35] reported that AmpliTaq Gold® DNA polymerase – routinely used in 

forensic amplifications - was sensitive to Ca2+ and concentrations above 3 mM in the 

PCR were found to have an adverse effect. It was found that increased Mg2+ 

concentration would compensate for the reduced activity [35]. Young et al. (1993) 

reported that inhibitors may also contain “oligomeric compounds with free phenolic 

groups that oxidise to form Quinones that bind to and inactivate the DNA 

polymerase” [36]. The result is a decrease in Vmax (i.e. maximum velocity that the 

enzyme can reach). 

 

Quantitative PCR can be used to detect PCR inhibitors by using control DNA of a 

known concentration and calculating PCR efficiency [37]. A study by Opel et al. 

(2010) [38] used quantitative PCR (qPCR) to determine how primer sequences, 

amplicon lengths and melting temperatures affect DNA in the presence of inhibitors, 

and found that primers with a high melting temperature are less affected by 

inhibition. Designing a robust PCR buffer system to inactivate as many different 

types of inhibitors as possible would be a major advantage for the analysis of 

compromised samples. 

 

5.3.4 Improving the quality of DNA profiles 

Trouble-shooting strategies should be implemented to minimise PCR inhibition. New 

versions of STR profiling kits have enhanced buffers to boost amplification. Some 

laboratories already choose to include extra components in the reaction mix such as 

BSA [39] or DMSO [40], to overcome PCR inhibitors. A study by Bourke et al. (1999) 

[41] used 0.4 mM NaOH treatment to neutralize inhibitors of Taq DNA polymerase, 

and then passed the sample through microcon®-100 columns (Millipore) to separate 

the DNA from smaller sized inhibitors; however, this carries an increased risk of 

contamination. A later study by Kemp et al. (2006) [42] supported the use of 

microcon® columns for DNA purification and reported an increase in success rate 

when using microcon®-30 size columns for fragmented DNA template. Primorac et 
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al. (2004) [42] attempted to use the NaOH method to purify DNA recovered from 

skeletal remains found in mass graves, and reported a significant loss of DNA using 

spin columns. The authors advised that size separation using microcons is not 

advised when a sample contains limited DNA. On the other hand, MinElute® 

(Qiagen) purification columns removes negative ions (e.g. Cl-) from the sample and 

prevents DNA competing with these negative ions for capillary electrophoresis 

injection, resulting in the maximum amount of DNA injected [43]. Furthermore, 

performing post-PCR purification will enable a sample to be concentrated by eluting 

in a smaller final volume. One study reported a fourfold increase in peak height of 

alleles when amplicons were purified using the MinElute® (Qiagen) purification 

columns [44]. 

 

Silica-based extraction methods and silica membrane columns are effective methods 

of reducing inhibitors [45]; however, they endure a loss of valuable DNA. Diluting the 

DNA extract is another method to overcome inhibition for samples with large DNA 

mass [46]. The dilution method is effective for processing mitochondrial DNA 

samples containing higher copy numbers (cf. to only two copies for autosomal 

nuclear DNA). However, due to the limited quantity of DNA available in a degraded 

sample, the method is not well suited for analysing low-template DNA [47]. 

 

Other prevention measures used to reduce PCR inhibition include adding extra 

AmpliTaq Gold® DNA polymerase to the reaction [9, 48]. If the enzyme is the target 

of the inhibitor then adding extra AmpliTaq Gold® DNA polymerase to the reaction 

will help compensate for the reduced enzyme activity [10]. However, adding too 

much AmpliTaq Gold® DNA polymerase may have a negative effect by increasing 

the likelihood of amplifying non-specific products [11]. Different enzymes exhibit 

different properties in their ability to tolerate inhibitors [6]. Inhibitor tolerant DNA 

polymerases [35, 49, 50] would be ideally suited to a direct PCR approach. A new 

reagent for processing buccal swabs using direct PCR has recently come to the 

market to help overcome inhibitors, known as Prep-n-Go™ Buffer (ABI), and can be 

trialled on other substrate types. 
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5.3.5 Substrates 

In addition to the presence of PCR inhibitors, the impact of substrates has a 

profound effect on the quality of the resulting DNA profile [24]. 
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Casework results 

Figure 5.1. DNA profiling success rates for ‘touch’ DNA items submitted to FSSA in 
2013, bar chart constructed at FSSA by Oliva Handt and Nicol Sly. A small number 
of DNA profiling results are considered ‘up-loadable’ to the Australian National 
Criminal Investigation DNA Database (NCIDD). 
 

From the FSSA casework results it can be seen that one category of sample type 

(i.e. brick) consistently failed to yield STR DNA alleles (see Figure 5.1). All other 

categories (i.e. plastic, scales, scissors, screwdrivers, face masks, tape, wrappers 

and rubber bands) produced mixed DNA profiles (i.e. more than one contributor 

present); which is expected for the complex nature of ‘touch’ DNA items. Success 

rates ranged from 5% (for wrappers generating ‘up-loadable’ profiles) to 19% (for 

face masks producing ‘up-loadable’ profiles), (see Figure 5.1). Samples are 

considered ‘up-loadable’ when ≥ 12 alleles are assigned above the laboratory-
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specific threshold limits. The results from this study are likely to be due to the 

differing amounts of DNA deposited onto the items rather than any inhibitory feature 

of the substrate. Results highlight the need for increased sensitivity low-template 

DNA analysis, in conjunction with software programs like TrueAllele® [51] and 

STRmix™ [52, 53] for mixture analysis. 

 

Other research investigating the effect of substrate on the resulting DNA profile (i.e. 

number of detectable loci) recorded a higher yield of DNA from glass, followed by 

plastic and paper [54]. Metal substrates did not yield enough DNA to generate 

interpretable profiles. This could be due to the Cu, Zn and Ni-ions causing DNA 

degradation [55], or the binding of metals to DNA that inhibit amplification [56]. 

Similarly, other research reports that more DNA is recovered from glass substrates 

compared to metal [57]. The value of detecting latent prints and ‘touch’ DNA on the 

surface of ammunition is well recognised. FSSA reported that 100% of ammunition 

samples submitted for contact DNA analysis failed to yield measurable results 

following a standard DNA extraction (see Figure 5.2). 
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Casework results 

Figure 5.2. DNA profiling success for ‘touch’ DNA items submitted to FSSA in 2013. 
Image generated at FSSA by Oliva Handt and Nicol Sly. 
 

The main goal of the research in this chapter is to profile DNA using direct PCR from 

powdered fingerprints thought to be potential PCR inhibitors. Supplementary data is 

included that explores the limitations of direct PCR when analysing a suite of 

forensic related material and varying environmental stresses. Further work highlights 

the benefits of adding PCR facilitators to the amplification vessel (i.e. Prep-n-Go™ 
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Buffer (ABI) and AmpliTaq Gold® DNA polymerase), and measures the effect of 

post-PCR purification on the quality of DNA profiles. 

 

5.4 Materials and methods – for preliminary work 

Additional preliminary studies to the published data are detailed below. 

All contamination measures and controls are indicated in Chapter II. Latent DNA on 

handled or touched evidentiary items and collection devices (e.g. swabs) were 

processed and analyzed in a similar manner to samples processed in a low-

template/ancient DNA environment. Extreme caution and care was adhered to at all 

stages. 

 

Controls 

Positive PCR controls consisted of 1 ng of control DNA (2800M, Promega) or control 

DNA supplied with the amplification kit in use. Negative controls included a PCR 

blank (i.e. no DNA); and a swab of a slide containing no DNA (to monitor slide and 

swab contamination). Amplification followed using the AmpFℓSTR® ProfilerPlus™ or 

NGM SElect kit™ guidelines. 

 

Capillary Electrophoresis and Data Analysis - See Chapter II 

For the data analysis steps, a ‘full’ DNA profile was defined when all the expected 

alleles, in all loci, were observed. Full DNA profiles did not show ‘allele drop-out’ in 

any loci. 
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5.4.1 Effect of fingerprint powders on direct PCR 

5.4.1.1 Materials and Methods 

 

Fingerprint powders 

The swab head of a sterile DNA-free nylon FLOQswab™ (Copan Industries, Italy) 

was immersed in one of the following 8 fingerprint powders (similar in amount to a 

fingerprint powdered swab): 

 

 Black (HiFi Volcano silk black, Sirchie, NC, USA); 

 White powder (Hadonite powder, ACE chemical company, SA, AU); 

 Silver powder (Aluminium powder uncoated, Merck, Vic, AU); 

 Magnetic black (Supranano black magnetic, ARRO SupraNano Ltd, UK); 

 Supranano magnetic red fluorescent (Supranano red fluorescent, ARRO 

SupraNano Ltd, UK); 

 Supranano red (Supranano red, ARRO SupraNano Ltd, UK); 

 Supranano green fluorescent (Supranano green fluorescent, ARRO 

SupraNano Ltd, UK); and 

 Supranano green magnetic fluorescent (Supranano green magnetic 

fluorescent, ARRO SupraNano Ltd, UK). 

 

Figure 5.3 Showing fingerprint powders trialled for direct PCR (black, silver, white, 
fluorescent and magnetic powders), and swab fibres tarnished in powder prior to 
direct PCR. 
 

After immersing each swab in one specific fingerprint powder, the tip of the swab 

was cut (i.e. 2 mm2 fibre clump) using a sterile scalpel blade and added directly to a 

0.2 mL PCR tube using sterile forceps. Control DNA (i.e. 1ng, 2800M Promega) was 

added to the PCR tube and amplification was carried out using the NGM SElect kit™ 

or AmpFℓSTR® ProfilerPlus™ kit guidelines.  
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5.4.1.2 Results and Discussion 

As previously established in earlier data chapters, direct PCR is a proven effective 

method for processing ‘touch’ DNA swabs. The earlier work reported in this thesis 

demonstrates a significant improvement in DNA profiling results when direct PCR 

was employed over the traditional extraction methodology. In this study, fingerprint 

powders were added to the PCR tube in order to determine the inhibitory effect of 

powders on the resulting DNA profile. All eight powders tested permitted the 

interpretation of STR amplicons and did not affect the ability to generate full DNA 

profiles when control DNA was used as template for amplification. A comparison of 

reportable loci reports a full DNA profile obtained (i.e. 34 alleles out of 34 alleles) for 

all powders trialled (see SI Table 5.1 – 5.9) using the AmpFℓSTR® NGM SElect™ 

PCR kit. Additionally, peak heights of alleles in DNA profiles generated from 

fingerprint powdered samples were similar in height to control DNA samples without 

powders present. The average RFU values of peak heights ranged from 1366 RFU 

for magnetic red powder (see SI Table 5.5) to 3127 RFU for red powder (see SI 

Table 5.6). All RFU values of peak heights were well above the detection threshold 

limit of 50 RFU. 

 

Data indicate no detrimental inhibition as a result of fingerprint powders being 

present in the PCR tube. Peak height ratios are an important consideration when 

analysing STR-based DNA profiles. Heterozygote loci must be well balanced. Hence 

all data was calculated for peak height ratios. The average heterozygote peak 

balance (i.e. lower peak height divided by higher peak height) was 88% for 

powdered samples. The average heterozygote peak balance for the control DNA 

sample (i.e. no powder present) was 89%. 

 

This promising result led to a more in-depth study being carried out on fingermark 

samples (n=160) to mimic real life scenarios and to investigate the possible 

interference of powders on direct PCR amplification (see Manuscript accepted in 

FSI:G, May 2017: Typing DNA profiles from previously enhanced fingerprints 

using direct PCR). In the manuscript enclosed DNA profiling was carried out on 

previously enhanced fingerprints (i.e. fingermarks dusted immediately before 

sampling). DNA was left behind on plastic substrates 15 minutes after individuals 
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had washed their hands. To establish the ability to perform both techniques 

simultaneously and highlight eventual problems, fingermarks were dusted with four 

commonly used dactyloscopic powders (i.e. black, silver aluminium, white and 

magnetic black) and swabbed immediately prior to direct PCR; fingermarks were 

exposed to powders for a short time prior to swabbing (i.e. 10 – 15 minutes)). 
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Further discussion of manuscript 

 

Results were generated from 160 previously enhanced fingermarks created by 10 

individuals, without the need to increase PCR cycle numbers beyond manufacturer’s 

guidelines. Resulting DNA profiles were cross examined against buccal swab 

reference profiles obtained from the donors and evaluated for the matching number 

of STR alleles. Out of 160 samples tested by direct PCR, 98 samples (i.e. 61%) were 

considered informative profiles (i.e. ‘up-loadable’ to the Australian National Criminal 

Investigation DNA Database (NCIDD)). Mixtures were evident in 31% of samples 

(i.e. 49 out of 160 samples), single source profiles were observed in 61% of cases 

(i.e. 98 out of 160 samples) and only 8% of the profiles completely failed to yield 

DNA alleles (i.e. 13 out of 160 samples). No unusual levels of stochastic effects were 

observed and the average heterozygote peak balance for the fingerprint dusted 

samples using direct PCR was 76%. 

 

The interference of fingerprint powders on the ability to generate a DNA profile from 

fingerprints has been investigated previously when DNA extraction was employed 

[58]; 14 out of 48 samples were successfully profiled (i.e. 30%) after powder 

enhancement, and for scotch tape-archived prints, 9 out of 48 samples (i.e. 18%) 

generated meaningful profiles [58]. In comparison, the data in this chapter report a 

higher success rate with 61% of direct PCR samples generating informative profiles 

(i.e. ≥ 12 alleles, plus Amelogenin). Further work, following on from this thesis, could 

involve a comparison between extracted DNA swabs and direct PCR swabs post 

fingerprint enhancement. Traditional practice would involve extraction and 

quantification of swabs that are saturated in fingerprint powders. 

 

Additional studies highlight a variation in DNA profiling results after fingerprint 

development techniques [24-29]. Future work could measure the effect of other 

fingerprint enhancement techniques on the direct PCR approach (e.g. superglue 

fuming and ninhydrin). One research group examined the recovery of DNA obtained 

from latex gloves, grip areas of tools, drinking glasses, and clothes, and concluded 

that DNA yield varied between 33%-100% of donor DNA and the success rate was 

highly dependent on the chemicals used for enhancement [59]. The authors 
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observed that if DNA typing was performed < 7 days post-fingerprint enhancement 

there was a higher rate of DNA recovery [59]. Moreover, fluorescent powders were 

reported to have no apparent effect on the quality of DNA profiles [29], and the 

authors claim that variation in results seen would be due to the physical act of 

dusting cells away from the surface as opposed to the inhibitory effect of powders. A 

loss of cells is possible when using fingerprint brushes as they are potentially wiped 

away during the process. 

 

One study examining fingerprints left behind on corpses showed that magnetic-

based powdered fingerprints were superior to black powdered fingerprints for 

classical fingerprinting techniques [60]. There was a low DNA recovery rate for 

powdered prints overall, however, black powdered prints were more successful than 

magnetic-based fingerprint powders; 2.2% of black powdered prints generated 

meaningful profiles compared to 1.8% of magnetic-based powders [60]. Other 

research indicates problems with DNA recovery and low success rates in obtaining 

meaningful profiles after fingerprint powder enhancement or from sprayed 

fingerprints [61]. Data from this chapter highlight that direct PCR is a viable option for 

future processing of fingerprints as the technique vastly improves sensitivity; 

circumvents the need for an extraction; generates results in a timely manner; and 

compared to other published studies has an extremely good success rate at 

obtaining good quality DNA profiles. 
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Example of DNA profile obtained by direct PCR, using AmpFℓSTR® ProfilerPlus™ kit, from a previously enhanced 

fingermark dusted with silver fingerprint powder 

Silver powder DNA profile – direct PCR 

Figure 5.4 DNA profile obtained from a previously enhanced fingermark deposited 15 minutes after the donor washed their hands. 
A full DNA profile was obtained (i.e. 20 out of 20 possible alleles) with the AmpFℓSTR® ProfilerPlus™ kit and all DNA alleles 
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matched the reference profile of the donor. This profile would be considered ‘up-loadable’ to the Australian National Criminal DNA 
Database (NCIDD). 

Example of DNA profile obtained by direct PCR, using AmpFℓSTR® ProfilerPlus™ kit, from a previously enhanced 

fingermark dusted with white fingerprint powder 

White powder DNA profile – direct PCR

 

Figure 5.5 DNA profile obtained from a previously enhanced fingermark deposited 15 minutes after the donor washed their hands. 
A full DNA profile was obtained (i.e. 20 out of 20 possible alleles) with the AmpFℓSTR® ProfilerPlus™ kit, and all DNA alleles 
matched the reference profile of the donor. This profile would be considered ‘up-loadable’ to NCIDD. 
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Example of DNA profile obtained by direct PCR, using AmpFℓSTR® ProfilerPlus™ kit, from a previously enhanced 

fingermark dusted with black fingerprint powder 

Black powder DNA profile – direct PCR 

 

Figure 5.6 DNA profile obtained from a previously enhanced fingermark deposited 15 minutes after the donor washed their hands. 
A full DNA profile was obtained (i.e. 20 out of 20 possible alleles) with the AmpFℓSTR® ProfilerPlus™ kit, and all DNA alleles 
matched the reference profile of the donor. This profile would be considered ‘up-loadable’ to NCIDD. 
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5.4.2 Substrates and surfaces 

 

5.4.2.1 Materials and Methods 

Preliminary studies to supplement manuscript data 

 

Substrates 

The ‘targeted’ swabbing method (detailed in Chapter II) was used in conjunction with 

direct PCR to test the effectiveness of the technique on a range of touched 

substrates (see below). 

 

Individuals were asked to wash their hands and briefly (15 seconds) touch an item 15 

minutes after hand washing. Previous results from Chapter IV indicate that DNA can 

accumulate on the skin within 15 minutes after hand washing [62]. Each substrate 

was swabbed and swab fibres utilised for direct PCR using either: AmpFℓSTR® NGM 

SElect™ PCR kit or AmpFℓSTR® ProfilerPlus™ kit (Life Technologies). For 

ProfilerPlus™, half reaction volume was used with 1 µL AmpliTaq Gold® DNA 

polymerase (5 units) (Life Technologies), and additional 1 µL of DMSO (5%) (Expand 

Long Range DNTPACK; Roche, Vic, AU), and 1 µL of Molecular Biology Grade BSA 

(0.1 µg, New England Biolabs, NSW, AU) in the PCR set up. For AmpFℓSTR® NGM 

SElect™, manufacturer’s recommendations were followed and extra AmpliTaq Gold® 

DNA polymerase 360 (Life Technologies) (1 μL, 5 units) was added to boost 

amplification. All PCR products were analyzed on a 3130xl Genetic Analyzer (Life 

Technologies) following kit recommendations for the kit-specific size standard and 

ladder. Each test was carried out in triplicate. 

 

For the mock case study, AmpFℓSTR® NGM SElect™ kit was used with extra 

AmpliTaq Gold® DNA polymerase 360 (Life Technologies) (1 μL, 5 units) and Prep-

n-Go™ Buffer (ABI) (1 μL). The remainder of the reaction was made up to 25 µL with 

TE buffer (i.e. 10 mM Tris, 0.1 mM EDTA, pH 8.0). 
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Images of substrates examined 

 

Samples analysed by direct PCR for the mock case study 

Figure 5.7 Ammunition: nickel (38 Special, Winchester “Super X” centre fire 
ammunition, nickel plated case), aluminium (38 Special, CCI “Blazer” centre fire 
ammunition) and brass (Winchester, Australia) cartridge cases. 

Figure 5.8 Cartridge cases: nickel, aluminium and brass casings (same as above) 
left exposed to external environmental inhibitors. 
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Samples analysed by direct PCR for the mock case study 

Figure 5.9 Samples analysed for the mock case study: knifes; tape; and cartridge 
cases, left exposed to external environmental inhibitors. 
 

5.4.2.2 Results and Discussion 

Direct PCR from swab fibres was used to generate full and partial DNA profiles from 

a range of touched substrates (see substrates highlighted in Figures 5.7, 5.8 and 5.9) 

using standard amplification conditions and the AmpFℓSTR® NGM SElect™ PCR 

amplification kit (Life Technologies, AU) or AmpFℓSTR® ProfilerPlus™ PCR profiling 

kit. Results were replicated (X 3) for each individual depositing DNA (n=4), and for 

each substrate tested (i.e. wood, plastic, glass, nickel, brass and aluminium), and 

data published in the manuscript enclosed: “Templeton, Jennifer EL, et al. DNA 

profiles from fingermarks: A mock case study. Forensic Science International: 

Genetics Supplement Series 5 (2015): e154-e155”. 
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Gun swabbing 

On the 24th October 2013, I visited Thebarton Police Academy to swab three guns 

that had been used by a police officer to fire ammunition. All guns had been cleaned 

prior to handling with gun oil (i.e. mineral oil), as part of standard practice. All guns 

were handled for as long as required to load and shoot bullets (i.e. ~ 30 – 45 

seconds). ‘Whole’ swabbing was used (see Chapter II) with nylon flocked swabs and 

4 µL Triton-X™ (0.1%) to swab the surface of the guns immediately after firing, and 

swabs stored at 4 °C prior to direct PCR. Two swabs were taken from each gun and 

fibres subjected to direct PCR. 

Guns swabbed: DNA profile obtained (loci): 

i) 22 Long Rifle semi-automatic 

handgun 

 

 

Partial profile from shoulder of rifle 

(5 loci); mixed 

 

Partial profile from handle  

(3 loci); mixed 

ii) 38 Special revolver 

 

 

Partial profile obtained from hand-

rod (14 loci); mixed - see figure 

5.10 below 

 

Partial profile obtained from 

trigger (5 loci); mixed 

iii) 12 Guage pump action shotgun 

 

 

Partial profile obtained from 

trigger 

(5 loci); mixed 

 

No result from handle 

Table 5.1 Guns swabbed at Thebarton Police Academy on 24th October 2013, post-
handling and firing. 
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Gun swabbing profiling results 

Example of DNA profile obtained from swabbing the hand-rod of a revolver post-handling and firing 

 

Figure 5.10 Showing a poor quality STR-based DNA profile obtained from swabbing the ejector rod of a revolver and subjecting the 
swab fibres to direct PCR. Ideally this sample would be re-run as peak morphology is not correct, most likely a size standard or run 
issue. A mixed DNA profile was generating by AmpFℓSTR® NGM SElect™ PCR. Additional alleles (i.e. allele ‘drop-in’) were 
detected, indicating a mixed DNA profile (i.e. more than one contributor). There are two off-ladder peaks at D10S1248 and alleles 
that have fallen off ladder at marker FGA.  



303 

 

DNA profiling results for other substrate types 

Example of DNA profile obtained from fingermark residue deposited on masking tape 

 

Figure 5.11 STR-based DNA profile obtained using direct PCR from handled masking tape. A full DNA profile was obtained (i.e. 34 
out of 34 possible alleles) with the AmpFℓSTR® NGM SElect™ PCR amplification kit, and all DNA alleles matched the reference 
profile of the donor. This profile would be considered ‘up-loadable’ to NCIDD. A small peak is observed at loci D22S1045; possibly 
over-stutter, as D22S1045 has a higher rate for stutter being a tri-nucleotide.  
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DNA profiling results for other substrate types 

Example of DNA profile obtained from fingermark residue deposited on a nickel cartridge case 

 

 

Figure 5.12 STR-based DNA profile obtained from a nickel cartridge case post-handling. A full DNA profile was obtained (i.e. 34 out 
of 34 possible alleles) with the AmpFℓSTR® NGM SElect™ PCR amplification kit, and all DNA alleles matched the reference profile 
of the donor. This profile would be considered ‘up-loadable’ to NCIDD.  
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DNA profiling results for other substrate types 

Example of DNA profile obtained from fingermark residue deposited on an aluminium cartridge case 

 

Figure 5.13 STR-based DNA profile obtained from an aluminium cartridge case post-handling. A full DNA profile was obtained (i.e. 
34 out of 34 possible alleles) with the AmpFℓSTR® NGM SElect™ PCR amplification kit, and all DNA alleles matched the reference 
profile of the donor. This profile would be considered ‘up-loadable’ to NCIDD. 
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DNA profiling results for other substrate types 

Example of DNA profile obtained from fingermark residue deposited on a brass cartridge case 

 

Figure 5.14 STR-based DNA profile obtained from a brass cartridge case. A partial DNA profile was obtained (i.e. 12 out of 20 
possible alleles) with the AmpFℓSTR® ProfilerPlus™ PCR amplification kit, and all DNA alleles matched the reference profile of the 
donor. This profile would be considered ‘up-loadable’ to NCIDD.  
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DNA profiling results for other substrate types 

Example of DNA profile obtained from fingermark residue deposited on plastic ziplock bag 

 

 

Figure 5.15 STR-based DNA profile obtained by direct PCR from swabbing a handled plastic ziplock bag. A full DNA profile was 
obtained (i.e. 20 out of 20 possible alleles) with the AmpFℓSTR® ProfilerPlus™ PCR amplification kit, and all DNA alleles matched 
the reference profile of the donor. This profile would be considered ‘up-loadable’ to NCIDD. An additional allele at marker vWA was 
observed that was not attributed to stutter.  
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DNA profiling results for other substrate types 

Environmental exposure 

Example of DNA profile generated from a hand print 8 days after print deposition 

 

Figure 5.16 STR-based DNA profile obtained by direct PCR from a glass handprint exposed to the environment for 8 days prior to 
swabbing. A full DNA profile was obtained with the AmpFℓSTR® NGM SElect™ PCR amplification kit where DNA alleles matched 
the reference profile of the donor (i.e. 34 out of 34 possible alleles). This profile would be considered ‘up-loadable’ to NCIDD. 
Additional alleles (i.e. ‘drop-in’) were also detected and mixture analysis is required when more than two alleles per loci are 
detected.  
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DNA profiling results for other substrate types 

Example of DNA profile generated from a handled nickel cartridge case 8 days after print deposition 

 

Figure 5.17 STR-based DNA profile obtained by direct PCR from a swabbed nickel cartridge case that was subjected to the 
environment for 8 days. A partial DNA profile was obtained with the AmpFℓSTR® NGM SElect™ PCR amplification kit (i.e. 15 
alleles out of 34) where DNA alleles matched the reference profile of the donor. This profile would be considered ‘up-loadable’ to 
NCIDD. Heterozygote imbalance is observed - a sign of PCR inhibition (alleles highlighted in red).  
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DNA profiling results for other substrate types 

Example of DNA profile generated from an aluminium cartridge case 8 days after print deposition 

 

 

Figure 5.18 STR-based DNA profile obtained by direct PCR from a handled aluminium cartridge case that was subjected to the 
environment for 8 days prior to swabbing. A partial DNA profile was obtained (i.e. 21 out of 34 possible alleles) with the AmpFℓSTR® 
NGM SElect™ PCR amplification kit, where DNA alleles matched the reference profile of the donor. This profile would be 
considered ‘up-loadable’ to NCIDD. Peaks were observed that were under the detection threshold and heterozygote imbalance 
observed at the Amelogenin marker.  
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DNA profiling results for other substrate types 

Example of DNA profile generated from a wooden knife handle 8 days after print deposition 

 

Figure 5.19 STR-based mixed DNA profile obtained by direct PCR after swabbing a wooden knife handle that was subjected to the 
environment for 8 days after it had been handled. Major alleles were identified as the donor (i.e. 28 DNA alleles that matched with 
the reference profile) and minor alleles indicated a second contributor. The profile was generating using the AmpFℓSTR® NGM 
SElect™ PCR amplification kit. This profile would be considered ‘up-loadable’ to NCIDD and deconvoluted with a mixture analysis 
software program [53]. ‘Drop-in’ was observed at loci: D10S1248, D22S1045, D19S433 and D2S441. 
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DNA profiling results for other substrate types 

Example of DNA profile generated from a metal door handle 24 hour after print deposition 

(no additional AmpliTaq Gold® DNA polymerase was used in the PCR) 

 

 

Figure 5.20 Poor quality STR-based DNA profile obtained from swabbing a previously used door handle and subjecting swab fibres 
to direct amplification with the AmpFℓSTR® NGM SElect™ PCR kit. A mixed DNA profile was observed, as expected. Stochastic 
effects were observed, such as, allele ‘drop-out’, heterozygote imbalance, and increased baseline noise. 
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5.4.3 MinElute® PCR purification 

 

5.4.3.1 Materials and methods  

 

The ‘targeted’ swabbing method (detailed in Chapter II) was used in conjunction with 

direct PCR. Individuals were asked to wash their hands and briefly (15 seconds) 

deposit a fingermark onto a sterile plastic microscope slide (Rinzl plastic, ProSci 

Tech, QLD, AU) 15 minutes or 30 minutes post hand washing. Fingermarks were 

dusted with fingermark powders prior to swabbing and the AmpFℓSTR® NGM 

SElect™ PCR amplification kit (Life Technologies, AU) was used for direct PCR, 

following manufacturer’s recommendations and extra AmpliTaq Gold® DNA 

polymerase 360 (Life Technologies) (1 μL, 5 units) was added to boost PCR. All 

PCR products were analyzed on a 3130xl Genetic Analyzer (Life Technologies) (see 

Chapter II). 

 

The remaining PCR product was subjected to PCR purification using MinElute® PCR 

purification columns (Qiagen), following manufacturer’s recommendations and DNA 

eluted in a final 10 μL volume. STR products were analyzed on a 3130xl Genetic 

Analyzer (Life Technologies) in the same conditions described above, with 2 μL of 

post-purification PCR product run on the CE machine. 
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5.4.3.2 Results and Discussion 

Alternative methods to the LCN process have been explored previously to increase 

sensitivity and detection, and include post-PCR purification and increased AmpliTaq 

Gold® DNA polymerase [44, 63]. Data in this chapter compare post-PCR purification 

DNA profiling results for 7 fingerprint samples previously dusted with various 

fingerprint powders prior to direct PCR. The MinElute® purification method generated 

the highest yield of PCR product for all powdered fingermarks tested (see SI Table 

5.10 – 5.16). However post-PCR purification also produced the highest incidence of 

disconcordant (i.e. dropped in) alleles (see SI Table 5.11 – 5.16). 
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5.5 Chapter V Results and Discussion 

 

Direct PCR 

The main benefit of direct PCR is its increase in sensitivity, but this approach may 

lead to the detection of additional alleles. The second part of this data chapter 

focussed on examining handled substrates that had not been cleaned prior to 

handling in order to mimic real scenarios and to gain a real understanding of how 

well samples perform under direct PCR conditions. Published literature observing 

DNA transfer report that only small amounts of DNA will be transferred immediately 

after hand washing [46, 64], and in a high percentage of experiments the amount of 

DNA detected was under the laboratory-specific detection threshold of 40 pg [46]. 

The reality is that loss of DNA by extraction can be detrimental to ‘touch’ DNA 

samples that contain limited DNA to begin with. However, results from this data 

chapter highlight the ability to generate meaningful DNA profiles (see figures 5.10 – 

5.20) using direct PCR from a range of touched substrates after only a short time has 

passed since hand washing (i.e. 15 minutes); indicating a highly sensitive technique. 

Regardless, a multitude of factors will contribute to the overall success of DNA 

profiling. 

 

One criticism of direct PCR is the inability to quantify DNA prior to PCR, preventing 

the optimised amount of DNA being added to the PCR matrix. The shortcoming of 

not having a quantification value is of limited practical consequence; sub-optimal 

‘touch’ DNA samples with limited DNA are unlikely to require dilution prior to PCR. 

Samples of this nature are unlikely to overload the PCR or electrophoresis 

instruments with too much DNA, and peak heights on the electropherogram can be 

compared to calibration curves to extrapolate back to starting DNA amounts. Profiles 

that exhibit saturation can be diluted post capillary electrophoresis and re-run to 

obtain a higher quality profile if needed. 

 

Interpreting results 

Discordant genotypes were observed in this study where the major contributor did 

not match the profile of the donor (see substrates in Table 5.1); mixed DNA profiles 

were observed from the gun swabbing events (i.e. more than 2 alleles at loci 
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detected). The profile example shown (see Figure 5.10) was obtained from the hand-

rod area of a revolver where previous handlers DNA would easily adhere and 

become trapped. Additional data in this chapter report the observation of a mixed 

DNA profile, with at least 3 contributors, from a door handle that was not cleaned 

prior to swabbing (see Figure 5.20). Other explanations for the presence of a second 

or third persons DNA relate to secondary or tertiary transfer events. Secondary and 

tertiary DNA transfer has been reported in other studies of this nature and the 

observation of mixed profiles ranged from 10% to 85% [10, 45, 65-68]. Interpreting 

mixed DNA samples from fingermarks is a challenge, particularly if the DNA is 

present in trace amounts [69, 70]. Mixed or sub-optimal DNA profiles would benefit 

from using continuous software programs such as STRmix™ [53] or TrueAllele® [51, 

71] to assign alleles that are borderline for detection and help deconvolute mixtures 

where more than 2 alleles are detected per loci. These experts systems will calculate 

Bayesian likelihood ratios when comparisons with reference samples are carried out 

[72], and this is extremely important for evidence evaluation. 

 

Additional AmpliTaq Gold® DNA polymerase was added to help overcome PCR 

inhibition. In one sample that did not have additional AmpliTaq Gold® DNA 

polymerase added stochastic effects could be observed (i.e. heterozygote 

imbalance/imbalanced loci, increased baseline noise, and split peaks) (see profile 

example, Figure 5.20). Other samples displayed split peaks (see Figure 5.10) 

possibly as a result of PCR inhibition as the profiles did not appear overloaded with 

DNA. If profiles exhibit split peaks as a result of saturation (i.e. too much DNA), the 

quality of the profile could be enhanced by re-running the sample on the CE machine 

with diluted PCR product to prevent overloading the capillary with amplified product, 

or altering the CE injection parameters [73, 74]. 

 

Time between DNA deposition and recovery 

It is still not known how long DNA lasts outside of its protected environment in the 

cell. In previous research studies, DNA has been recovered from fingerprint samples 

under various conditions [54, 65]. The persistence of DNA on objects at crime scenes 

has been investigated, and the amount and quality of DNA has been shown to 

deteriorate over time [75]. Work carried out to recover DNA using cotton swabs 



317 

 

report 50% reduction in DNA yield 24 hour after print deposition [76]. Proper storage 

conditions are imperative. In one study, items taken to the laboratory for ‘touch’ DNA 

analysis were protected by in-house storage and found to generate DNA profiles 40 

days after fingermarks were found [54]. The number of database eligible profiles 

decreased over time; periods exceeding 10 days significantly reduced the DNA yield 

[54]. Ideally swabs would be taken from evidence as soon as possible and processed 

at the time; however, operational laboratory constraints prevent this from happening. 

 

It has been hypothesized that environmental conditions have more of an effect on 

DNA preservation than time since DNA deposition [77]. 

 

Environmental factors 

Results from the mock case study in this chapter investigate the potential for direct 

PCR to amplify DNA recovered from a range of touched objects after exposure to 

environmental stresses. 

 

Profiling success rates (%) of substrates in mock case study

 

One case involved subjecting the items (n=6; glass, masking tape, nickel, aluminium, 

brass and wood) to the environment for 8 days (see profile examples given in Figures 

5.16 – 5.19); DNA was exposed to prolonged rain and UV prior to swabbing and 

direct PCR. Leaving substrates open to the environment for this period of time 

appeared to affect the overall success rate for obtaining DNA. For example, 

informative profiling results were generated for 7 out of 15 sample types tested (i.e. 

46 %) - a lower success rate compared to samples left for only 24 hours (i.e. 93 % 

success) (see manuscript enclosed: “Templeton, Jennifer EL, et al. DNA profiles 

from fingermarks: A mock case study. Forensic Science International: Genetics 

Supplement Series 5 (2015): e154-e155)”. The reduced success rate observed 

from leaving samples for longer is not surprising, as it is well-known that samples 

exposed to a harsh outdoor environment (e.g. UV light, humidity, heat, water and 

bacterial growth) are less likely to have surviving endogenous DNA compared to 
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samples protected within an indoor environment [20, 78]. Moisture accelerates the 

growth of bacteria and will drastically reduce the ability to retrieve DNA [20]. As 

demonstrated in other published work, fingerprints that had been submerged in water 

failed to generate DNA profiles [64]. Results from the mock case study also support 

the theory that substrate type contributes substantially to the amount of DNA that can 

be recovered [10, 79-81]. For example, the items chosen to study the substrates 

nickel, aluminium and brass were cartridge cases. This factor may have an influence 

on the DNA success rates due to the smooth surface nature and small area available 

for testing. Other surface materials made of nickel, aluminium and brass may 

generate different results. 

 

Substrates 

Glass demonstrated the highest number of detectable loci recorded (i.e. 87% of 

profiles were considered ‘up-loadable’ to the NCIDD, followed by masking tape 

(73%), nickel (60%), wood and aluminium (53%) and brass (0%). In other preliminary 

work for handled substrates, brass cartridge casings produced a low success rate 

with 3 out 16 samples producing partial DNA profiles and the rest failing to produce 

any DNA alleles. Two profiles obtained from brass casings contained < 12 alleles, 

and one profile was considered informative (i.e. 12 alleles, plus Amelogenin) (see 

Figure 5.14). It was observed that the brass cartridge casings were smooth with no 

pits or grooves for DNA to trap or for skin cells to adhere; objects of a rough nature 

tend to collect and preserve more DNA as there are more grooves for DNA/skin cells 

to adhere. On close microscopic examination, aluminium and nickel cartridge cases 

appeared more textured (i.e. pitted surface) in comparison to brass casings. This 

could be one reason for the lower success rates seen with brass casings. 

 

It is well-known that cartridge cases in general are difficult surface types to obtain 

DNA from [82-87]. In particular, it is thought that the chance of obtaining a DNA 

profile is reduced post-firing [24]. It is also known that metal ions present in brass (i.e. 

copper and zinc) may inhibit PCR [56, 85]. This could be due in part to the anions in 

sweat residue being found to corrode the surface of the cartridge casing where the 

fingermark deposit is present [86]. One study in particular noted that the high 

temperatures that casings are exposed to during firing will accelerate the corrosion 
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process, increasing the amount of free metal ions, which is a product of corrosion 

[85]. 

 

One study examining surface texture report a higher yield of DNA retrieved from 

porous substrates such as wood and fabric compared with glass [10]. Other research 

investigating the nature of different substrates (i.e. aluminium foils, polythene bags, 

glass, adhesive tapes and glass) agree that DNA recovery is largely dependent on 

substrate type [88]. Sub-optimal samples (e.g. fired and unfired cartridge cases) may 

benefit from protocol enhancement methods (e.g. newer STR profiling kits with more 

sensitive buffers, or PCR purification using MinElute® columns to concentrate DNA) 

in order to generate meaningful DNA results. 

 

5.6 Conclusion 

The experimental data in this chapter highlight the ability to obtain substantial results 

from fingermarks - both latent and prints that have been enhanced with common 

fingerprint powders. The data support the hypothesis that direct PCR can be used on 

a variety of substrates and surface types. Success can be attributed to the nature of 

the substrate where DNA was deposited, time of deposition, and the way that swabs 

are processed and handled (i.e. direct PCR with additional AmpliTaq Gold® DNA 

polymerase), with care to avoid issues with contamination. Data continue to support 

the theory that cell-free DNA on the surface of skin is a major contributing factor to 

the PCR matrix. Performing direct PCR on swab fibres tarnished in fingerprint 

powder indicates a real positive outcome for future analysis; 61% of samples 

produced meaningful profiles after a short time from hand washing. Post PCR 

purification increased yield of PCR product (see Appendix – data, SI Table 5.10 – 

5.16) which could prove extremely valuable for challenging sample types (e.g. brass 

or sub-optimal samples that yield few alleles). The only substrate examined in this 

study that underperformed was the brass cartridge casing, this is most likely due to 

the small surface area of the casing, the smooth nature of the surface, and potential 

inhibitors that are present (e.g. zinc and copper). 

 

Projecting forward, future work to target mtDNA and SNPs (ancestral informative and 

phenotypic) from cartridge cases - that fail to yield nuclear STRs - would benefit the 
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forensic community. A pre-soak method should be explored further (see Appendix D 

– data, SI Figures 5.22 – 5.25) where cartridge cases are placed into a 5 mL tube 

and lysed with Triton-X™ prior to PCR.  

 

For direct PCR, further studies with a larger sample size should be conducted to 

examine the perseverance of DNA over time. Additional experiments should explore 

DNA survival in various outdoor conditions and trial other metals and surfaces that 

bare different chemical reactivity. Furthermore, direct PCR applications would benefit 

from research into enzyme properties, such as thermostability, processivity, fidelity, 

specificity and their resistance to inhibitors. The addition of Prep-n-Go™ buffer (ABI) 

may contribute to a higher yield of DNA when contaminants are present; however, 

further work is required in order to compare DNA data in the presence and absence 

of this buffer. 

 

The overall simplicity of the direct PCR technique should enable fast validation and 

implementation into routine casework. Operational laboratories may change their 

policy for accepting exhibits if DNA can be routinely obtained from bullet cartridges, 

steering wheels, triggers, incendiary devices and knife handles that currently have 

little success.  
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Appendices - Chapter V 

Appendix A - Supplementary Information – preliminary results 

Effect of fingerprint powders on direct PCR  

 
STR-based DNA profiling results - preliminary work to supplement manuscript data 

 

Effect of white fingerprint powder on the direct PCR approach 

 

SI Table 5.1 STR-based DNA profiling results for fingerprint powder inhibition test, 
using control DNA at 1 ng as template for amplification in the presence of white 
fingerprint powder. Swab fibres (~ 2 mm2) were also present in the PCR tube to 
measure the inhibitory effect. 

GENOTYPE PROFILE 

 
Sample ID: WHITE_POWDER_1ng_DNA 

Date of run: 27-1-2015 

Sample run name:  
JT_POWDER_INHIBITION TEST_270115 

Genetic loci Allele  RFU Allele  RFU 

D10 13 2496 15 2336 

VWA 16 1400 19 2144 

D16 9 1878 13 1866 

D2S1 22 1669 25 1732 

Amelogenin X 2790 Y 2468 

D8 14 3144 15 3231 

D21 29 2460 31.2 2779 

D18 16 2098 18 2367 

D22 16 3998  16  3998  

D19 13 2739 14 2886 

THO1 6 2206 9.3 1971 

FGA 20 1778 23 2685 

D2S4 10 831 14 1017 

D3 17 1066 18 949 

D1 12 1037 13 1070 

D12 18 803 23 735 

SE33 15 1065 16 1082 

Full DNA profile generated (i.e. 34 alleles out of 34 alleles), for AmpFℓSTR® NGM 
SElect™ PCR amplification kit.Average relative fluorescent unit of peak heights is 
1963 RFU.  
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Effect of silver fingerprint powder on the direct PCR approach 

 

SI Table 5.2 STR-based DNA profiling results for fingerprint powder inhibition test, 
using control DNA at 1 ng as template for amplification in the presence of silver 
aluminium powder. Swab fibres (~ 2 mm2) were also present in the PCR tube to 
measure the inhibitory effect. 

GENOTYPE PROFILE 

 
Sample ID: SILVER_ALUMINIUM _POWDER_1ng_DNA 

Date of run: 27-1-2015 

Sample run name: 
JT_POWDER_INHIBITION TEST_270115  

Genetic loci Allele  RFU Allele  RFU 

D10 13 2729 15 2867 

VWA 16 2172 19 2176 

D16 9 3049 13 2884 

D2S1 22 1908 25 2129 

Amelogenin X 4150 Y 2717 

D8 14 3147 15 3791 

D21 29 4038 31.2 2982 

D18 16 3377 18 3596 

D22 16 6298 16 6298  

D19 13 3752 14 2501 

THO1 6 4271 9.3 3248 

FGA 20 2230 23 2254 

D2S4 10 1173 14 1485 

D3 17 1733 18 1356 

D1 12 1467 13 1239 

D12 18 1061 23 783 

SE33 15 1347 16 1139 

Full DNA profile generated (i.e. 34 alleles out of 34 alleles), for AmpFℓSTR® NGM 
SElect™ PCR amplification kit. 

Average relative fluorescent unit of peak heights is 2577 RFU. 
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Effect of black fingerprint powder on the direct PCR approach 

 

SI Table 5.3 STR-based DNA profiling results for fingerprint powder inhibition test, 
using control DNA at 1 ng as template for amplification in the presence of black 
powder. Swab fibres (~ 2 mm2) were also present in the PCR tube to measure the 
inhibitory effect. 

GENOTYPE PROFILE 

 
Sample ID: BLACK_POWDER_1ng_DNA 

Date of run: 27-1-2015  

Sample run name: 
JT_POWDER_INHIBITION TEST_270115  

Genetic loci Allele  RFU Allele  RFU 

D10 13 1909 15 1887 

VWA 16 2481 19 2109 

D16 9 2269 13 2466 

D2S1 22 1748 25 1735 

Amelogenin X 2834 Y 2848 

D8 14 3058 15 2331 

D21 29 2319 31.2 2194 

D18 16 2227 18 2047 

D22 16 5021  16  5021  

D19 13 2429 14 1661 

THO1 6 2812 9.3 3010 

FGA 20 2044 23 1675 

D2S4 10 978 14 830 

D3 17 889 18 888 

D1 12 1035 13 632 

D12 18 640 23 590 

SE33 15 701 16 627 

Full DNA profile generated (i.e. 34 alleles out of 34 alleles), for AmpFℓSTR® NGM 
SElect™ PCR amplification kit.  
 
Average relative fluorescent unit of peak heights is 1906 RFU. 
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Effect of black magnetic fingerprint powder on the direct PCR approach 

 

SI Table 5.4 STR-based DNA profiling results for fingerprint powder inhibition test, 
using control DNA at 1 ng as template for amplification in the presence of black 
magnetic powder. Swab fibres (~ 2 mm2) were also present in the PCR tube to 
measure the inhibitory effect. 

GENOTYPE PROFILE 

 
Sample ID: MAGNETIC_BLACK_POWDER_1ng_DNA 

Date of run: 27-1-2015  

Sample run name: 
JT_POWDER_INHIBITION TEST_270115 

Genetic loci Allele  RFU Allele  RFU 

D10 13 2303 15 2116 

VWA 16 2290 19 2314 

D16 9 2078 13 2330 

D2S1 22 1797 25 1604 

Amelogenin X 2284 Y 2472 

D8 14 3217 15 3083 

D21 29 2241 31.2 2329 

D18 16 2222 18 2050 

D22 16 5520 16 5520  

D19 13 2293 14 2197 

THO1 6 2969 9.3 2427 

FGA 20 1675 23 1382 

D2S4 10 1200 14 1209 

D3 17 854 18 898 

D1 12 883 13 875 

D12 18 728 23 725 

SE33 15 764 16 876 

Full DNA profile generated (i.e. 34 alleles out of 34 alleles), for AmpFℓSTR® NGM 
SElect™ PCR amplification kit.  

Average relative fluorescent unit of peak heights is 1945 RFU. 
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Effect of magnetic red fingerprint powder on the direct PCR approach 

 

SI Table 5.5 STR-based DNA profiling results for fingerprint powder inhibition test, 
using control DNA at 1 ng as template for amplification in the presence of red 
magnetic powder. Swab fibres (~ 2 mm2) were also present in the PCR tube to 
measure the inhibitory effect. 

GENOTYPE PROFILE 

 
Sample ID: MAGNETIC_RED _POWDER_1ng_DNA 

Date of run: 27-1-2015  

Sample run name: 
JT_POWDER_INHIBITION TEST_270115  

Genetic loci Allele  RFU Allele  RFU 

D10 13 1758 15 1350 

VWA 16 1802 19 1231 

D16 9 1330 13 1397 

D2S1 22 1091 25 940 

Amelogenin X 2268 Y 2313 

D8 14 2284 15 2385 

D21 29 1457 31.2 1589 

D18 16 1595 18 1353 

D22 16 3245  16   3245 

D19 13 1813 14 1485 

THO1 6 1932 9.3 1758 

FGA 20 1130 23 1347 

D2S4 10 795 14 682 

D3 17 742 18 541 

D1 12 804 13 717 

D12 18 540 23 606 

SE33 15 430 16 390 

Full DNA profile generated (i.e. 34 alleles out of 34 alleles), for AmpFℓSTR® NGM 
SElect™ PCR amplification kit.  
 
Average relative fluorescent unit of peak heights is 1366 RFU. 
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Effect of red fingerprint powder on the direct PCR approach 

 

SI Table 5.6 STR-based DNA profiling results for fingerprint powder inhibition test, 
using control DNA at 1 ng as template for amplification in the presence of red 
powder. Swab fibres (~ 2 mm2) were also present in the PCR tube to measure the 
inhibitory effect. 

GENOTYPE PROFILE 

 
Sample ID: RED_POWDER_1ng_DNA 

Date of run: 27-1-2015  

Sample run name: 
JT_POWDER_INHIBITION TEST_270115  

Genetic loci Allele  RFU Allele  RFU 

D10 13 2619 15 2858 

VWA 16 3280 19 2763 

D16 9 3376 13 2782 

D2S1 22 2220 25 2573 

Amelogenin X 5815 Y 4870 

D8 14 5609 15 5031 

D21 29 4452 31.2 4291 

D18 16 3367 18 3764 

D22 16 5893  16  5893  

D19 13 3600 14 3410 

THO1 6 5002 9.3 5377 

FGA 20 1981 23 2174 

D2S4 10 1679 14 2078 

D3 17 1824 18 1792 

D1 12 1743 13 1947 

D12 18 1469 23 1163 

SE33 15 1283 16 1112 

Full DNA profile generated (i.e. 34 alleles out of 34 alleles), for AmpFℓSTR® NGM 
SElect™ PCR amplification kit.  
 
Average relative fluorescent unit of peak heights is 3127 RFU. 
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Effect of green fingerprint powder on the direct PCR approach 

 

SI Table 5.7 STR-based DNA profiling results for fingerprint powder inhibition test, 
using control DNA at 1 ng as template for amplification in the presence of green 
powder. Swab fibres (~ 2 mm2) were also present in the PCR tube to measure the 
inhibitory effect. 

GENOTYPE PROFILE 

 
Sample ID: GREEN_POWDER_1ng_DNA 

Date of run: 27-1-2015  

Sample run name: 
JT_POWDER_INHIBITION TEST_270115  

Genetic loci Allele  RFU Allele  RFU 

D10 13 2402 15 1999 

VWA 16 2699 19 2140 

D16 9 2719 13 2220 

D2S1 22 1994 25 2067 

Amelogenin X 4553 Y 2773 

D8 14 3977 15 3406 

D21 29 3348 31.2 2850 

D18 16 3574 18 3165 

D22 16 6547  16  6547  

D19 13 4312 14 3773 

THO1 6 5250 9.3 4330 

FGA 20 2612 23 2575 

D2S4 10 1322 14 1592 

D3 17 1285 18 1626 

D1 12 1470 13 1413 

D12 18 1178 23 966 

SE33 15 934 16 884 

Full DNA profile generated (i.e. 34 alleles out of 34 alleles), for AmpFℓSTR® NGM 
SElect™ PCR amplification kit.  
 
Average relative fluorescent unit of peak heights is 2665 RFU. 
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Effect of magnetic green fingerprint powder on the direct PCR approach 

 

SI Table 5.8 STR-based DNA profiling results for fingerprint powder inhibition test, 
using control DNA at 1 ng as template for amplification in the presence of green 
magnetic powder. Swab fibres (~ 2 mm2) were also present in the PCR tube to 
measure the inhibitory effect. 

GENOTYPE PROFILE 

 
Sample ID: MAGNETIC_GREEN _POWDER_1ng_DNA 

Date of run: 27-1-2015 

Sample run name: 
JT_POWDER_INHIBITION TEST_270115  

Genetic loci Allele  RFU Allele  RFU 

D10 13 2479 15 2198 

VWA 16 2673 19 1704 

D16 9 2332 13 2319 

D2S1 22 2436 25 1470 

Amelogenin X 3010 Y 2883 

D8 14 3310 15 3009 

D21 29 3245 31.2 2975 

D18 16 2334 18 2505 

D22 16 4890  16  4890  

D19 13 2685 14 2051 

THO1 6 3254 9.3 3111 

FGA 20 1977 23 2142 

D2S4 10 889 14 982 

D3 17 1154 18 936 

D1 12 1097 13 1089 

D12 18 742 23 909 

SE33 15 673 16 821 

Full DNA profile generated (i.e. 34 alleles out of 34 alleles), for AmpFℓSTR® NGM 
SElect™ PCR amplification kit.  
 
Average relative fluorescent unit of peak heights is 2129 RFU. 
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Positive control DNA results 

 

SI Table 5.9 Control STR-based DNA profiling results from 1 ng of control DNA. 
Swab fibres (~ 2 mm2) were also present in the PCR tube to measure the inhibitory 
effect. 

GENOTYPE PROFILE 

 
Sample ID: POSITIVE CONTROL (NO POWDER) 

Date of run: 27-1-2015  

Sample run name: 
JT_POWDER_INHIBITION TEST_270115  

Genetic loci Allele  RFU Allele  RFU 

D10 13 2437 15 2419 

VWA 16 3766 19 2273 

D16 9 3305 13 3112 

D2S1 22 3131 25 2201 

Amelogenin X 3623 Y 3293 

D8 14 4632 15 4193 

D21 29 3486 31.2 3269 

D18 16 2947 18 4405 

D22 16 6914  16  6914  

D19 13 3801 14 3332 

THO1 6 3884 9.3 3526 

FGA 20 2813 23 2910 

D2S4 10 1405 14 1820 

D3 17 1465 18 1188 

D1 12 1420 13 1374 

D12 18 1176 23 1163 

SE33 15 1587 16 1234 

Full DNA profile generated (i.e. 34 alleles out of 34 alleles), for AmpFℓSTR® NGM 
SElect™ PCR amplification kit.  

Average relative fluorescent unit of peak heights is 2833 RFU. 
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Appendix B - Supplementary Information 

MinElute® PCR purification test results 
 

SI Table 5.10 STR-based DNA profiling results for MinElute® PCR purification 
tests. Fingermarks were deposited and dusted with fingerprint powder prior to 
swabbing and direct PCR. Swab fibres (~ 2 mm2) were present in the PCR tube. 
PCR product was analysed pre- and post-MinElute® PCR purification to assess the 
difference in RFU value of peak heights and the quality of associated profiles. 
GENOTYPE PROFILE GENOTYPE PROFILE 

Sample ID: JT_Powders_18/11/14 Sample ID: JT_Powders_18/11/14 
 

Date of run: 18/11/14 Date of run: 18/11/14 

Sample run name: Thumb_15 
min_BLACK_powder 
PRE-MINELUTE PURIFICATION 

Sample run name: Thumb_15 
min_BLACK_powder 
POST-MINELUTE PURIFICATION 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles  
(RFU) 

Genetic loci Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles 
(RFU) 

D10 F 16 (55) - D10 14 (66) 16 (288)  

VWA F F - VWA F F  

D16 F F - D16 F F  

D2S1 F F - D2S1 F F  

Ameloge
nin 

F F - Amelogenin X (107) F  

D8 F 13 (54) - D8 10 (109) 13 (164)  

D21 F F - D21 29 (109) F  

D18 F F - D18 13 (166) F  

D22 15 (79) F - D22 15 (349) 15  

D19 15 (50) F - D19 15 (211) 15  

THO1 F F - THO1 F 9.3 
(124) 

 

FGA F F - FGA 20 (109) 21 (126)  

D2S4 F F - D2S4 F F  

D3 F F - D3 15 (82) F  

D1 F F - D1 13 (65) F  

D12 F F - D12 F F  

SE33 F F - SE33 F F  

N.B. Relative fluorescent units highlighted in brackets in blue indicate the highest 
RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 5.11 STR-based DNA profiling results for MinElute® PCR purification 
tests. Fingermarks were deposited and dusted with fingerprint powder, prior to 
swabbing and direct PCR. Swab fibres (~ 2 mm2) were present in the PCR tube. 
PCR product was analysed pre- and post-MinElute® PCR purification to assess the 
difference in RFU value of peak heights and the quality of associated profiles. 
GENOTYPE PROFILE GENOTYPE PROFILE 

 

Sample ID: JT_Powders_18/11/14 Sample ID: JT_Powders_18/11/14 
 

Date of run: 18/11/14 Date of run: 18/11/14 

Sample run name: Index_15 
min_White_powder 
 
PRE-MINELUTE PURIFICATION 
 

Sample run name: Index_15 
min_White_powder 
 
POST-MINELUTE PURIFICATION 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles  
(RFU) 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles 
(RFU) 

D10 14 (91) 16 (134)  D10 14 (804) 16 (1187)  

VWA F 17 (56)  VWA 16 (142) 17 (519) 18 (198) 

D16 F 13 (96)  D16 12 (422) 13 (889)  

D2S1 25 (72) F  D2S1 25 (700) F  

Amel X (194) X  Amel X (1477) X  

D8 10 (143) 13 (152)  D8 10 (1192) 13 (1182) 9 (388),  
12 (346),  
14 (309) 

D21 29 (84) 31 (105) 25 (51) D21 29 (667) 31 (864) 23.2 
(339), 
25 (362) 

D18 F 14 (77)  D18 13 (224) 14 (642)  

D22 15 (301) 15  D22 15 (2602) 15  

D19 15 (442) 15  D19 15 (3713) 15  

THO1 7 (66) F  THO1 7 (517) 9.3 (142) 12 (93) 

FGA 20 (90) 21 (96)  FGA 20 (682) 21 (775)  

D2S4 F F  D2S4 11 (384) F  

D3 F F  D3 15 (353) 16 (182)  

D1 F F  D1 13 (400) 16.3 
(271) 

 

D12 F F  D12 17 (210) 22 (328)  

SE33 F F  SE33 16 (164) F  

N.B. Relative fluorescent units highlighted in brackets in blue indicate the highest 
RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 5.12 STR-based DNA profiling results for MinElute® PCR purification 
tests. Fingermarks were deposited and dusted with fingerprint powder, prior to 
swabbing and direct PCR. Swab fibres (~ 2 mm2) were present in the PCR tube. 
PCR product was analysed pre- and post-MinElute® PCR purification to assess the 
difference in RFU value of peak heights and the quality of associated profiles. 
GENOTYPE PROFILE GENOTYPE PROFILE 

 

Sample ID: JT_Powders_18/11/14 Sample ID: JT_Powders_18/11/14 
 

Date of run: 18/11/14 Date of run: 18/11/14 

Sample run name: Middle_15min_SILVER 
 
PRE-MINELUTE PURIFICATION 
 

Sample run name: Middle_15min_SILVER 
 
POST-MINELUTE PURIFICATION 
 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles  
(RFU) 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles 
(RFU) 

D10 14 (134) 16 (162) - D10 14 (782) 16 (939) - 

VWA 16 (142) 17 (114) - VWA 16 (808) 17 (662) - 

D16 12 (51) F - D16 12 (314) 13 (167) - 

D2S1 F F - D2S1 25 (42) F - 

Amel X (537) X - Amel X (2543) X Y (126) 

D8 10 (141) 13 (140) - D8 10 (700) 13 (714) - 

D21 F F - D21 29 (123) 31 (80) - 

D18 13 (174) 14 (191) - D18 13 (929) 14 (1021) - 

D22 15 (342) 15 - D22 15 (1766) 15 - 

D19 15 (61) F - D19 15 (399) 15 - 

THO1 F F - THO1 9.3 (106) F - 

FGA F 21 (125) - FGA 20 (209) 21 (599) - 

D2S4 11 (119) F - D2S4 F F - 

D3 15 (66) 16 (67) - D3 15 (265) 16 (251) 13 (74) 

D1 13 (77) 16.3 (80) - D1 13 (305) 16.3 
(312) 

- 

D12 17 (78) F - D12 17 (320) F - 

SE33 16 (72) F - SE33 16 (364) F 20 (63), 
27.2 (113) 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the highest 
RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 5.13 STR-based DNA profiling results for MinElute® PCR purification 
tests. Fingermarks were deposited and dusted with fingerprint powder, prior to 
swabbing and direct PCR. Swab fibres (~ 2 mm2) were present in the PCR tube. 
PCR product was analysed pre- and post-MinElute® PCR purification to assess the 
difference in RFU value of peak heights and the quality of associated profiles. 
GENOTYPE PROFILE GENOTYPE PROFILE 

 

Sample ID: JT_Powders_18/11/14 Sample ID: JT_Powders_18/11/14 
 

Date of run: 18/11/14 Date of run: 18/11/14 

Sample run name: Thumb_30min_black 
 
PRE-MINELUTE PURIFICATION 
 

Sample run name: Thumb_30min_black 
 
POST-MINELUTE PURIFICATION 
 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles  
(RFU) 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles 
(RFU) 

D10 14 (204) 16 (107)  D10 14 
(1059) 

16 (572)  

VWA 16 (101) 17 (98)  VWA 16 (507) 17 (492)  

D16 12 (58) F  D16 12 (295) F  

D2S1 25 (87) F  D2S1 25 (479) 25  

Amel X (418) X  Amel X (1867) X  

D8 10 (251) 13 (148)  D8 10 
(1193) 

13 (669)  

D21 29 (79) F  D21 29 (409) 31 (197)  

D18 13 (88) 14 (57)  D18 13 (446) 14 (274)  

D22 15 (256) 15  D22 15 
(1383) 

15 16 (232) 

D19 15 (181) 15  D19 15 (924) 15  

THO1 F 9.3 (71)  THO1 7 (144) 9.3 (328)  

FGA 20 (191) 21 (74)  FGA 20 (920) 21 (334)  

D2S4 11 (126) F  D2S4 11 (204) F  

D3 15 (69) 16 (51)  D3 15 (237) 16 (167)  

D1 F F  D1 13 (178) F  

D12 F F  D12 17 (171) 22 (81)  

SE33 F F  SE33 16 (78) 27.2 (81)  

N.B. Relative fluorescent units highlighted in brackets in blue indicate the highest 
RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 5.14 STR-based DNA profiling results for MinElute® PCR purification 
tests. Fingermarks were deposited and dusted with fingerprint powder, prior to 
swabbing and direct PCR. Swab fibres (~ 2 mm2) were present in the PCR tube. 
PCR product was analysed pre- and post-MinElute® PCR purification to assess the 
difference in RFU value of peak heights and the quality of associated profiles. 
GENOTYPE PROFILE GENOTYPE PROFILE 

 

Sample ID: JT_Powders_18/11/14 Sample ID: JT_Powders_18/11/14 
 

Date of run: 18/11/14 Date of run: 18/11/14 

Sample run name: Index_30min_white 
 
PRE-MINELUTE PURIFICATION 
 

Sample run name: Index_30min_white 
 
POST-MINELUTE PURIFICATION 
 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles  
(RFU) 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles 
(RFU) 

D10 14 (314) 16 (281) 13 (118) D10 14 (1431) 16 (1269)  

VWA 16 (374) 17 (533)  VWA 16 (1688) 17 (2398)  

D16 12 (368) 13 (349)  D16 12 (1857) 13 (1781) 14 (268) 

D2S1 25 (211) 25  D2S1 25 (1151) 25  

Amelog
enin 

X (1351) X  Ameloge
nin 

X (5662) X  

D8 10 (523) 13 (267)  D8 10 (2266) 13 (1170)  

D21 29 (492) 31 (385) 30 (80), 
33 (81) 

D21 29 (2205) 31 (1778) 30 (368), 
32.2(183), 
33 (373) 

D18 13 (289) 14 (343)  D18 13 (1438) 14 (1692) 17 (213) 

D22 15 (881) 15  D22 15 (3841) 15  

D19 15 (963) 15  D19 15 (3677) 15  

THO1 7 (299) 9.3 (262)  THO1 7 (1227) 9.3 
(1149) 

 

FGA 20 (324) 21 (388)  FGA 20 (1263) 21 (1491)  

D2S4 11 (274) 11.3 (149)  D2S4 11 (662) F  

D3 15 (204) 16 (173)  D3 15 (679) 16 (642)  

D1 13 (173) 16.3 (118)  D1 13 (541) 16.3 
(363) 

 

D12 17 (165) 22 (110)  D12 17 (527) 22 (356)  

SE33 16 (65) 27.2 (82)  SE33 16 (301) 27.2 
(349) 

 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the highest 
RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 5.15 STR-based DNA profiling results for MinElute® PCR purification 
tests. Fingermarks were deposited and dusted with fingerprint powder, prior to 
swabbing and direct PCR. Swab fibres (~ 2 mm2) were present in the PCR tube. 
PCR product was analysed pre- and post-MinElute® PCR purification to assess the 
difference in RFU value of peak heights and the quality of associated profiles.  
GENOTYPE PROFILE GENOTYPE PROFILE 

 

Sample ID: JT_Powders_18/11/14 Sample ID: JT_Powders_18/11/14 
 

Date of run: 18/11/14 Date of run: 18/11/14 

Sample run name: Middle_30min_silver 
 
PRE-MINELUTE PURIFICATION 
 

Sample run name: Middle_30min_silver 
 
POST-MINELUTE PURIFICATION 
 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles  
(RFU) 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles 
(RFU) 

D10 14 (188) 16 (99)  D10 14 (1823) 16 (1000) 17 (389) 

VWA F F  VWA 16 (189) 17 (453) 14 (67), 
19 (106) 

D16 12 (57) F  D16 12 (646) 13 (208)  

D2S1 F F  D2S1 25 (439) F 24 (109) 

Amel X (345) X  Amel X (2463) X  

D8 10 (119) 13 (237)  D8 10 (860) 13 (1786)  

D21 F F  D21 29 (147) 31 (224) 30 (53) 

D18 13 (85) F  D18 13 (750) 14 (363) 23 (138) 

D22 15 (209) 15 16 (51) D22 15 (1679) 15 16 (354) 

D19 15 (86) F  D19 15 (772) 15 14.2 (258) 

THO1 F F  THO1 7 (342) 9.3 (93) 4 (209), 
8 (246) 

FGA 20 (52) 21 (89)  FGA 20 (359) 21 (756)  

D2S4 11 (73) 11.3 (57) 10 (60) D2S4 11 (327) F  

D3 15 (103) 16 (67)  D3 15 (556) 16 (315)  

D1 F 16.3 (55)  D1 13 (242) 16.3 
(297) 

 

D12 F F  D12 17 (116) 22 (124)  

SE33 F F  SE33 16 (164) 27.2 
(101) 

 

N.B. Relative fluorescent units highlighted in brackets in blue indicate the highest 
RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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SI Table 5.16 STR-based DNA profiling results for MinElute® PCR purification 
tests. Fingermarks were deposited and dusted with fingerprint powder, prior to 
swabbing and direct PCR. Swab fibres (~ 2 mm2) were present in the PCR tube. 
PCR product was analysed pre and post-MinElute® PCR purification to assess the 
difference in RFU value of peak heights and the quality of associated profiles.  
GENOTYPE PROFILE GENOTYPE PROFILE 

 

Sample ID: JT_Powders_18/11/14 Sample ID: JT_Powders_18/11/14 
 

Date of run: 18/11/14 Date of run: 18/11/14 

Sample run name: 
Ring_30min_MagneticBlack 
 
PRE-MINELUTE PURIFICATION 
 

Sample run name: 
Ring_30min_MagneticBlack 
 
POST-MINELUTE PURIFICATION 
 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additional 
alleles  
(RFU) 

Genetic 
loci 

Allele  
(RFU) 

Allele  
(RFU) 

Additiona
l alleles 
(RFU) 

D10 F F  D10 14 (123) 16 (154)  

VWA F F  VWA 16 (112) 17 (50) 19 (53) 

D16 F F  D16 F F  

D2S1 F F  D2S1 F F  

Amel X (94) F  Amel X (334) X  

D8 10 (86) 13 (61)  D8 10 (370) 13 (225)  

D21 F F  D21 29 (165) 31 (132)  

D18 F F  D18 F F  

D22 15 (98) F  D22 15 (370) F  

D19 F F  D19 15 (96) F  

THO1 F F  THO1 7 (146) F  

FGA F F  FGA 20 (79) F  

D2S4 F F  D2S4 11 (96) F  

D3 F F  D3 F F  

D1 F F  D1 F F  

D12 F F  D12 F F  

SE33 F F  SE33 F F  

N.B. Relative fluorescent units highlighted in brackets in blue indicate the highest 
RFU values for all samples tested. Allele drop-out is denoted by ‘F’. 
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Appendix C - Supplementary Information 

 

In order for a new forensic DNA test to be accepted in an accredited laboratory a 

series of validation tests are required in order to assess: 

1) Reliability  -  a measure of consistency to ensure accuracy and results reflect 

the sample being tested; 

2) Robustness - quality assurance methodology to measure precision. A method 

is considered robust when there is high success from a large number of 

samples, and only a few samples need to be repeated due to limitations in the 

method (e.g. low success rates from degraded/low-level DNA). 

3) Reproducibility - to determine if the same, or very similar, results would be 

obtained each time the sample is tested.  

 

For the peer-reviewed publications included in this thesis the reliability, robustness 

and reproducibility of the direct PCR approach was assessed. The direct PCR 

methodology proved to be reliable at consistently generating DNA profiles from glass, 

plastic, and metal substrates as demonstrated in the publication in Chapter III: 

““Direct PCR improves the recovery of DNA from various substrates”. Reliability was 

measured by repeated sampling of the same individuals and the use of donor’s 

reference profiles to ensure concordant genotypes were obtained and limited 

stochastic effects. The limit of sensitivity of the direct PCR approach was assessed to 

measure the robustness of the technique. A series of dilution experiments can define 

the limitations and sensitivity of a test and determine the optimum quantity of DNA 

that is required to generate a profile. From the data, the lowest mass of DNA 

deposited that yielded an informative DNA profile using direct PCR was 0.1 ng for 

plastic, 0.2 ng for glass, and 0.5 ng for brass substrates. From data chapters IV and 

V, reproducibility was assessed by repeated sampling of the same individuals to 

measure overall success rates with the direct PCR approach. Variables consisted of: 

a) time since hand washing; b) substrates used to deposit DNA; c) environmental 

exposure and; d) fingers used to deposit DNA. 
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Proficiency testing is a requirement for all ISO17025 accredited laboratories and in 

order to test the reliability of the optimised protocol designed in Chapter II, a form of 

proficiency testing was carried out where a second DNA analyst was asked to follow 

a standard operating procedure (see Chapter II) that had previously generated data 

for published studies. The laboratory analyst used optimised swabbing to recover 

DNA from a hand print deposited on ‘unclean’ glass and from a fingermark deposit on 

a ‘clean’ plastic substrate. One criticism with direct PCR is that the entire sample, in 

most cases, will be used up in one reaction in an attempt to generate a DNA profile. 

In response to this, an additional experiment was set up to recover DNA from 

fingermark residue (that had previously been swabbed using a wet swab) to explore 

the potential to generate additional alleles. By applying a second wet swab to the 

same targeted area the fibres from the second swabbing event were utilized for direct 

PCR. 

 

Sampling 

One individual was asked to wash their hands and briefly (15 seconds) create a 

handprint on a glass window and to deposit a thumb print on a sterile plastic 

microscope slide (Rinzl plastic, ProSci Tech, QLD, AU) 15 minutes post hand 

washing. 

 

Samples examined: 

Sample 1) Glass window handprint ‘dirty’ - 5 digits swabbed; 

Sample 2) Plastic ‘clean’ substrate – thumb print swabbed and; 

Sample 3) Second wet swab from sample 2 – thumb print repeat swabbing. 

 

Post-swabbing, the AmpFℓSTR® NGM SElect™ PCR amplification kit (Life 

Technologies, AU) was used for direct PCR following manufacturer’s 

recommendations. All PCR products were analyzed on a 3130xl Genetic Analyzer 

(Life Technologies). 
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Results 

Sample 1: DNA profile obtained by direct PCR from a glass hand print 

 

SI Figure 5.21 STR-based DNA profile obtained by direct PCR from swabbing a hand-print on glass. A partial (near complete) DNA 
profile - that matched the donor - was obtained (i.e. 33 out of 34 possible alleles) with the AmpFℓSTR® NGM SElect™ PCR 
amplification kit, where DNA alleles matched the reference profile of the donor. An additional allele was observed at loci D22S1045. 
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No additional AmpliTaq Gold® DNA polymerase was added to the PCR and this may 

be the reason for observing some degree of heterozygote imbalance; an indication of 

PCR inhibition (see SI Figure 5.21). The analyst was capable of following an SOP 

(detailed in Chapter II) in order to generate a meaningful DNA profile using the direct 

PCR approach and standard amplification conditions that were recommended by the 

STR kit manufacturer. 

 

Sample 2 Result: The number of alleles generated from the first swabbing event = 

12 alleles, plus the Amelogenin marker. The profile was considered informative (i.e. 

‘up-loadable’ to NCIDD). 

 

Sample 3 Result: Number of alleles generated from the second swabbing event = 

11 alleles, plus the Amelogenin marker. Profile not considered informative (i.e. fewer 

than 12 alleles generated). While there is an artificial threshold of 12 alleles being 

used to consider a profile ‘up-loadable’, it is worth noting a difference of only one 

allele in the profiles obtained from sample 2 and sample 3. 

 

Combining the DNA profiling results from both swabbing events allowed a 

compilation of a composite profile that is more informative (i.e. 15 alleles, plus 

Amelogenin) (see SI Table 5.17). The method of double or triple swabbing may 

provide additional alleles that could be used in a similar manner. Further investigative 

work is required to measure the reliability of this method. Additionally, recording the 

same allele twice - from at least two separate amplification events – minimises the 

risk of profiling spurious alleles (i.e. ‘drop-in’) via contamination.  

  



349 

 

SI Table 5.17 STR-based DNA profiling results for composite profile building from 
two swabbing events using direct PCR. A fingermark was deposited on a plastic 
substrate and subjected to ‘targeted’ swabbing (twice) in order to generate two 
profiles from two separate direct PCR applications. 

GENOTYPE PROFILE 
 

Sample ID: COMPOSITE PROFILE 
  

  

Combined result from Sample 2 and Sample 3 (swab events)   

Genetic loci Allele  RFU Allele  RFU Additional alleles RFU 

D10 14 224 F  F     

VWA 16 64 19 50     

D16  F  F  F F      

D2S1 F  F  20 51     

Amelogenin X 198 F  F     

D8 14 99 16 124     

D21 30 133  F  F     

D18 14 51 F  F     

D22 15 133 16 253     

D19 12 56 F  F     

THO1 6 89  F F      

FGA 21 110  F F      

D2S4 11 56 14 53     

D3  F  F  F  F     

D1  F F  F  F      

D12  F  F  F  F     

SE33  F  F F  F      

N.B. Alleles highlighted in yellow are additional alleles obtained from the second wet 
swab that were combined with alleles from the first swabbing event in order to 
generate a composite profile. Four alleles dropped out from the second swabbing 
event that were obtained from the first swabbing event. Allele ‘drop-out’ is denoted by 
‘F’.  
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Appendix D - Supplementary Information 

Pre-soak lysis method for masking tape and cartridge cases 

 

AIM: A non-direct method is explored for use on larger substrates. 

Samples were placed in a buffer containing only Triton-X™ to lyse the cells, and the 

buffer was then added directly to PCR. This was a non-direct PCR approach to see 

how well Triton-X™ performed at extracting DNA without additional reagents, swabs, 

or purification wash steps involved. 

 

Soaking method 

Masking tape (Scotch general purpose brown tape, 48 mm x 75 M, OrderMax, AU) 

and cartridge cases: nickel (38 Special, Winchester “Super X” centre fire ammunition, 

nickel plated case); aluminium (38 Special, CCI “Blazer” centre fire ammunition, 

aluminium case); and brass (Winchester, Australia), were handled by an individual 

for 15 seconds, 15 minutes after the individual had washed their hands. 

 

Masking tape 

The masking tape was handled by the donor for 15 seconds and placed adhesive 

side down on a plastic ziplock bag for storage. For DNA recovery, a section of tape 

was cut (i.e. 2 cm2 portion) and added to a 1.5 mL sterile ‘DNA-free’ Eppendorf tube 

using sterile forceps and 150 μL of lysis buffer (Triton-X™, 0.1%) pre-heated to 50 ° 

C, to lyse cells. The sample was left for 1 hour at 50 °C prior to aliquoting 10 μL into 

the PCR (in place of DNA extract). Replicates for this study are described in the 

mock case study where 15 tape samples were examined for DNA post handling, see 

mock case manuscript: “Templeton, Jennifer EL, et al. DNA profiles from 

fingermarks: A mock case study. Forensic Science International: Genetics 

Supplement Series 5 (2015): e154-e155”. 
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Cartridge cases 

Nickel, brass and aluminium cartridge cases (detailed above) were handled briefly 

(15 seconds) by a donor and the cartridge cases were transferred by sterile forceps 

to a 5 mL sterile DNA-free Eppendorf containing 200 μL of Triton-X™, 0.1%, pre-

heated to 50 °C, to lyse cells. Samples were placed on a heat block for 1 hour at  

50 °C, and vortexed every 10 minutes prior to aliquoting 10 μL into the PCR (in place 

of DNA extract). 

 

Amplification conditions  

PCR was carried out using the AmpFℓSTR® NGM SElect™ PCR amplification kit (Life 

Technologies, AU), following manufacturer’s recommendations. All sampling was 

carried out in triplicate. 



352 

 

Results - Pre-soak lysis method for masking tape and cartridge cases 

AIM: A non-direct method is explored for use on larger substrates. 

Example of DNA profile obtained from a fingermark - masking tape 

 

         

 

SI Figure 5.22 STR-based DNA profile obtained by a pre-soak method where masking tape was placed into Triton-X™ buffer and 
buffer added directly to PCR. A full DNA profile was obtained (i.e. 34 out of 34 possible alleles) with the AmpFℓSTR® NGM SElect™ 
PCR amplification kit, where DNA alleles matched the reference profile of the donor. This profile would be considered ‘up-loadable’ 
to NCIDD. 

1.5 mL tube with masking tape and 150 μL of lysis buffer (Triton-X™)  

 

%) 
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Further results for tape soaking in lysis buffer are included in the mock case study 

(see manuscript); 11 out 15 masking tape profiles were considered ‘up-loadable’ to 

NCIDD (i.e. 73% success rate). 
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Example of DNA profile obtained from a fingermark - Aluminium cartridge case 

 

 

SI Figure 5.23 STR-based DNA profile obtained by a pre-soak method where the aluminium cartridge case was placed into Triton-
X™ buffer, and buffer added directly to PCR. A full DNA profile was obtained (i.e. 34 out of 34 possible alleles, including 
Amelogenin) with the AmpFℓSTR® NGM SElect™ PCR amplification kit, where DNA alleles matched the reference profile of the 
donor. This profile would be considered ‘up-loadable’ to NCIDD. On zooming in further, ‘pull-up’ could be observed. 
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Example of DNA profile obtained from a fingermark - Nickel cartridge case 

 

 

SI Figure 5.24 STR-based DNA profile obtained by a pre-soak method where the nickel cartridge case was placed into Triton-X™ 
buffer and buffer added directly to PCR. A partial DNA profile was obtained (i.e. 30 out of 34 possible alleles, including Amelogenin) 
with the AmpFℓSTR® NGM SElect™ PCR amplification kit, where DNA alleles matched the reference profile of the donor. This 
profile would be considered ‘up-loadable’ to NCIDD.  
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Example of DNA profile obtained from a fingermark - brass cartridge case 

 

 

SI Figure 5.25 STR-based DNA profile obtained by a pre-soak method where the brass cartridge case was placed into Triton-X™ 
buffer and buffer added directly to PCR. A partial DNA profile was obtained (i.e. 8 out of 34 possible alleles, including Amelogenin) 
with the AmpFℓSTR® NGM SElect™ PCR amplification kit, where DNA alleles matched the reference profile of the donor. 
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SI Table 5.18 STR-based DNA profiling results for handled cartridge cases 
processed by the pre-soak method and AmpFℓSTR® NGM SElect™ amplification kit 
at standard PCR cycles. 

Cartridge casing: STR alleles obtained that 
match donor: 

Additional minor alleles 
obtained: 

Sample1_Nickel 30 alleles 
 

- 

Sample2_Nickel 
 

6 alleles - 

Sample3_Nickel 
 

34 alleles - 

Sample1_Aluminium 
 

34 alleles - 

Sample2_Aluminium 
 

27 alleles 4 alleles 

Sample3_Aluminium 
 

34 alleles - 

Sample1_Brass 
 

0 alleles - 

Sample2_Brass 
 

1 allele - 

Sample3_Brass 
 

8 allele - 

Table showing alleles generated that match the donor of the fingermark created on 
the cartridge case. One mixed DNA profile was observed (i.e. more than 2 alleles 
detected at loci) for sample 2 - aluminium cartridge casing; four additional minor 
alleles were recorded indicating a second contributor. Results highlighted in blue are 
profiles considered ‘up-loadable’ to NCIDD (i.e. 5 out of 9 profiles). 
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Appendix E - Poster: Direct PCR: Successes and Limitations. 

Presented at “The Australian and New Zealand Forensic Science Society”, ANZFSS 
conference, Auckland, NZ. 2016. 
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Chapter VI        

Concluding remarks and 

further applications 
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6.1 Preface 

 This final chapter begins with a summary of the data presented in this thesis. 

Each data chapter comprises a detailed results and discussion section relating to 

specific research questions. The aim of this present chapter is to bring together all 

the results and emphasise how the findings from each chapter come together as a 

whole and contribute to the overall aims of the thesis. Significance of the research is 

highlighted. Equally, limitations, concerns, and potential restrictions that forensic 

laboratories may face when trying to implement direct PCR are expressed. Future 

perspectives for direct PCR, and collaborative projects undertaken at Flinders 

University that complement the data herein, are discussed. Lastly, a novel swab 

device used to collect DNA at crime scenes is described and future research studies 

for testing the swab with multiple genetic markers and new sequencing platforms are 

considered. 

 

The future application of massive parallel sequencing (MPS) and the analysis of 

multiple discriminatory markers for identifying the source of origin of fingermark 

traces are discussed. As DNA profiling moves forward at an exciting rapid pace there 

are new directions for future research. The ability to sequence the entire human 

genome in a single day provides scope for investigating new and existing genetic 

markers in trace material by new means of analysis. 

 

Additional manuscripts to which I have contributed during this candidature are 

included in the appendix and relate to other areas of low-level (i.e. ancient) DNA 

typing. The publications are included to highlight additional work that has been 

carried out with alternative methods of analysis (i.e. DNA-capture using 

hybridisation/enrichment and MPS), and the potential to sequence DNA that is 

severely damaged, degraded and in low quantity from samples that are thousands of 

years old. 

 

6.2 Relevance and significance of research project 

The relevance and value of ‘touch’ DNA to the forensic community has become more 

evident as time goes on. The ability to generate DNA profiles from fingermarks has 

been with us since approximately 1994 and impacted greatly on the criminal justice 
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system; data was not reported in the literature until 1997. At present, sites of 

significance or legal importance may require multiple swabs to be taken from areas 

where DNA is potentially present. DNA samples have to be taken at a crime scene 

as soon as possible, from possible murder weapons, other items of forensic interest, 

points of entry and exit, or areas with a high likelihood of returning a usable DNA 

profile. Hence, data chapters in this thesis focus on this type of trace material as 

evidence and the ability to retrieve DNA using swab fibres for the purpose of direct 

PCR. New means to collect and process ‘touch’ DNA samples have led to vast 

improvements in the ability to profile samples of this nature. By circumventing the 

extraction process more DNA is retained for amplification, there are no tube changes 

and wash steps; and therefore less opportunity for contamination. 

 

More recently, direct PCR has become a worldwide technique in many applications 

of forensic science [1-10] enabling fast and effective identification. In particular, the 

successful use of direct PCR has been highlighted in areas specific to wildlife crime 

[11, 12] and recovery of mtDNA from explosive devices [13]. Wildlife trade is 

estimated at a devastating $54 billion (USD) [14]; seized material often consists of 

hairs, bones, ivory, tissues and horns [12]. Many cases of illegal wildlife trade go 

undetected as there is a lack of funding in this area of research. More recently, a 

rapid direct PCR assay has been developed to aid the identification of animal 

species [11, 12] and enables a more cost effective investigation due to its increased 

sensitivity and reduced time and cost of processing samples. 

 

In this thesis, the suitability of swab fibres for direct PCR was assessed through 

several experiments. Ultimately the work herein offers a solution to current 

methodology which deals with loss of DNA from swab material when a standard 

extraction is performed. Specifically, this thesis comprises of three data chapters that 

investigate the ability to profile DNA using the direct PCR approach. It is clear from 

the results (see Chapters III, IV and V) that direct PCR has the potential to be an 

alternative method for processing swabs. Results demonstrate that direct PCR 

enabled significant improvement in DNA yield from swabs used on brass, plastic and 

glass substrates, over conventional extraction. FSSA have since validated the 

method of direct PCR for processing biological material (i.e. FTA cards used for 
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reference material and individual hairs). Validation studies at FSSA involved 

replicate testing of over 200 reference samples to ensure the technique was reliable, 

robust, reproducible, and fit for purpose. FSSA have emphasized that direct PCR is 

at times the only way to generate an informative DNA profile from evidence. 

 

6.3 Summary of thesis chapters 

Chapter I – Introduction 

The introductory chapter (Chapter I) includes a published review introducing the  

broad application of forensic DNA technology and covers key events and 

progression in the field from both a historical view and current practice [15]. 

1) Review paper: Linacre, A. and Templeton, J.E.L., 2014. Forensic DNA 

profiling: state of the art. Res Rep Forensic Med Sci, 4, pp.25-36. 

Genetic markers used in both criminal and civil investigations are discussed, such as 

STRs, X and Y chromosomes, along with mitochondrial DNA. The review paper 

progresses to more advanced methodology such as next-generation DNA 

sequencing, and highlights the enormous capacity in the generation of sequence 

data. The bottleneck may lie in the development of adequate software and 

bioinformatics tools to handle the large amounts of data that can be generated. 

 

Chapter II – Materials and Methods 

The methods section of the thesis describes an alternative approach to processing 

swabs that were used to retrieve DNA from various substrates. Emphasis was 

placed on contamination controls in order to prevent cross-over contamination and 

laboratory associated allele 'drop-in'. Preventative measures - similar to ancient DNA 

practice - were in place to minimise extraneous DNA contamination. Standard 

operating procedures have been drafted to assist with future validation. 

 

Chapter III – Improving the collection of ‘touch’ DNA 

In search for means to improve the recovery of DNA from touched substrates, a 

nylon flocked swab was used in conjunction with a detergent-based swab medium, 

and saturated fibres were utilised for direct PCR. The most effective method of 

swabbing for direct PCR was examined, and data generated using conventional 

extraction was compared to data obtained using direct PCR from swab material. 
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Previous studies report that detergents are more effective swabbing reagents [16] 

and Triton-X™ and SDS [17] have been shown to work well under laboratory 

conditions. The first data chapter (i.e. Chapter III) is divided into 3 manuscripts: 

1) Templeton, J., Ottens, R., Paradiso, V., Handt, O., Taylor, D. and Linacre, A., 

2013. Genetic profiling from challenging samples: direct PCR of touch DNA. 

Forensic Science International: Genetics Supplement Series, 4(1), 

pp.e224-e225. 

2) Templeton, J.E., Taylor, D., Handt, O., Skuza, P. and Linacre, A., 2015. 

Direct PCR Improves the Recovery of DNA from Various Substrates. Journal 

of forensic sciences, 60(6), pp.1558-1562. 

3) Ottens, R., Templeton, J., Paradiso, V., Taylor, D., Abarno, D. and Linacre, 

A., 2013. Application of direct PCR in forensic casework. Forensic Science 

International: Genetics Supplement Series, 4(1), pp.e47-e48. 

Manuscript 1 - a short supplementary series - compared the efficacy of three swab 

types (i.e. cotton, nylon and foam) for direct PCR processing. Nylon flocked swabs 

moistened with Triton-X™ generated the highest yield of PCR product and an 

optimised protocol was initiated for future experimental work. 

Manuscript 2 - a technical note - compared results from the direct PCR approach to 

a standard extraction when DNA was deposited on various substrates (i.e. brass, 

glass and plastic) and swabbed. As expected, direct PCR produced a higher yield of 

DNA for all substrates tested. Brass generated the lowest yield of PCR product and 

is thought to be a difficult surface type to obtain DNA from. Encouragingly, swab 

fibres present in the reaction vessel did not prevent the amplification of DNA and full 

profiles could be obtained using direct PCR. 

Manuscript 3 - a short supplementary series - highlights the benefits of direct PCR 

by analysing trace and 'touch' DNA on a range of substrates and explores the loss of 

DNA due to extraction. It was observed that by following a standard routine 

extraction protocol loss of DNA can be up to 80%. 

 

Chapter IV – DNA profiles from fingermarks 

The capacity to use direct PCR on fingermark deposits left behind on plastic 

substrates was explored in Chapter IV. The addition of PCR facilitators for the 

purpose of direct PCR was explored and the time of DNA deposition after hand 



364 

 

washing was investigated (i.e. immediately, 15 minutes, 1 hour and 2 hours post 

hand washing). A comparison of profiling results obtained by direct PCR swabs and 

extracted DNA swabs were carried out. The ability to profile DNA using direct PCR 

from two common STR profiling kits was determined. Results were split into a full 

length manuscript, a second manuscript (under review), and a real case study: 

1) Templeton, J.E. and Linacre, A., 2014. DNA profiles from fingermarks. 

BioTechniques, 57(5), p.259 – 266. 

2) Blackie, J. Templeton, D.A. Taylor, A. Linacre. PCR buffer enhancement of 

STR kits used for human identification. (In preparation). 

Case work: 

Case 1) Application of case work: Seizure of Methamphetamine in South 

 Australia. 

Volunteers were asked to deposit fingermarks onto substrates at different time 

intervals post hand washing. Fingermark residue was swabbed using optimised 

methodology and fibres were utilised for direct PCR. The most important finding was 

that direct PCR could generate informative DNA profiles after a short time had 

passed since hand washing (i.e. 15 minutes). Further application of direct PCR in a 

real case study highlights the potential for swabs to be processed in operational 

high-throughput laboratories, and the benefits and limitations of this approach. Such 

observations led to work carried out in Chapter V. 

 

Chapter V – Direct PCR of ‘touch’ DNA: Effect of PCR inhibitors and 

environmental exposure 

The final data chapter is divided into two manuscripts: 

1) Templeton, J.E. and Linacre, A. Direct PCR DNA profiling of dactyloscopic 

powdered fingermarks. Forensic Science International: Genetics, 

DOI: http://dx.doi.org/10.1016/j.fsigen.2017.05.006 

2) Templeton, J.E., Taylor, D., Handt, O. and Linacre, A., 2015. DNA profiles 

from fingermarks: A mock case study. Forensic Science International: 

Genetics Supplement Series, 5, pp.e154-e155. 

To refine our understanding of 'touch' DNA and explore the limitations of direct PCR, 

the effect of common fingerprint powders on direct PCR was investigated. 

Fingerprint powders present in the direct PCR vessel do not appear to influence the 

http://dx.doi.org/10.1016/j.fsigen.2017.05.006


365 

 

ability to generate a DNA profile. Surprisingly, the presence of black magnetic 

fingerprint powder still permitted the amplification of DNA and these powders are 

known to fail during routine extractions when magnetic-based racks are used. Post-

PCR purification (i.e. MinElute® purification columns) generated a higher yield of 

PCR product and this finding was in agreement with other relevant literature [18]. 

The method of concentrating DNA amplicons and removing negative ions may be of 

value to challenging sample types (e.g. brass casings or sub-optimal samples) when 

DNA alleles are borderline for detection. Further work investigated the use of direct 

PCR on a suite of forensic related substrates. Glass recorded the highest number of 

detectable loci: 87% of direct PCR swabs from glass were considered ‘up-loadable’ 

to the NCIDD, followed by masking tape (73%), swabs from nickel (60%), wood and 

aluminium (53%) and brass (0%). A final experiment was carried out to evaluate the 

likelihood of being able to obtain DNA by direct PCR from touched substrates left 

exposed to outdoor conditions overnight (i.e. wind, UV light, rain), and in one case 

for 8 days. 

 

The spectrum of sample types and variables to explore with direct PCR methodology 

are beyond the capabilities of one research candidature. Further work would be 

required with a large sample set to more accurately determine how long DNA 

survives under harsh conditions. The variety of environmental conditions that 'touch' 

DNA samples are exposed to may affect the quality and quantity of surviving DNA 

[19-21]. Future work could aim to explore DNA transfer, time of DNA deposition, and 

persistence/preservation of DNA. A large amount of work is currently being 

undertaken by other research groups in these areas, in particular the occurrence of 

“non-self” DNA and the potential of secondary/tertiary DNA transfer in reference to 

fingermark traces [22-33]. 

 

6.4 Limitations, concerns, and restrictions of direct PCR 

One criticism of direct PCR is that the entire sample, in most cases, is completely 

consumed. For direct PCR of swab material, it has been found that a second 

separate swabbing event from the same targeted area is capable of generating DNA 

alleles by direct PCR, and this result is promising for future validation studies (see 

Appendix in Chapter V). On occasions, multiple swabs are taken from areas of 



366 

 

evidence and this will allow fibres from one swabbing event to be carefully removed 

for direct PCR in addition to a second or third swab to be retained as backup. 

Another area of concern is how to preserve swabs that have been moistened with a 

swab lysis media (i.e. Triton-X™ buffer). It can be assumed that without air-drying 

DNA degradation would occur at a faster rate as moisture would promote the growth 

of bacteria. Cells would no longer remain intact in the presence of a lysis reagent 

and it is thought that swabs would need to be air-dried prior to storage or processed 

immediately. Fox et al. [34] reflects upon swab moistening agents and the effects of 

lysis buffer on DNA preservation. In this study, swabs used to collect blood stains 

were moistened with lysis buffer (20 %) in place of sterile water, with no adverse 

effect on DNA profiling results. Further DNA preserving agents, similar to those 

found in Whatman FTA® paper (e.g. EDTA, SDS and Tris solution) should be 

considered for stabilizing DNA and further work in this area is required to measure 

the effect of these additives on direct PCR profiling. 

 

Direct PCR provides a trade-off between eliminating the extraction methodology to 

prevent loss of sample DNA and not being able to quantify a sample prior to PCR. 

The inability to quantify DNA is a limiting factor for many forensic DNA laboratories; 

STR profiling kits recommend optimum DNA template of 0.5-2 ng prior to PCR. 

Importantly, fingermark samples are unlikely to contain so much DNA as to overload 

PCR or electrophoresis instruments, and peak heights on the electropherogram can 

be compared to calibration curves to extrapolate back to starting DNA amounts. 

Many laboratories, however, use quantification to indicate whether a sample should 

be processed further and this is one limitation that direct PCR faces. In spite of this, 

quantification should not be the sole determining factor in deciding whether to 

proceed with a sample. 

 

It can be mis-leading to regard quantification as the only way to predetermine the 

characteristics of a DNA profile; the ability to obtain a good quality DNA profile is 

dependent on both quality and quantity of template. For example, a degraded DNA 

sample may exhibit high amounts of DNA and generate only a sub-optimal profile 

due to damaged or degraded template. It is important to note the quantitation value 

obtained indicates the amount of DNA only and is not a measure of the quality of the 
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DNA. Despite this, quantification is a still a requirement for many DNA testing 

laboratories. 

 

One other limitation with the direct PCR approach is the non-removal of PCR 

inhibitors. It would be interesting to measure the effect of different contaminants on 

the ability to process direct PCR swabs by mixing biological materials together (e.g. 

blood, saliva, and fingermark residue) and evaluate the success. 

 

6.5 Future perspectives 

6.5.1 Targeted approach for detecting fingermark deposits 

To complement the work in this thesis, candidature currently undertaken by Alicia 

Haines at Flinders University explores the use of intercalating fluorescent binding 

dyes as a source of latent DNA fingermark detection. A Polilight® has been used to 

observe specific areas where DNA may have been deposited by fingermarks [35-37]. 

Fluorescence indicates an area with potential DNA that can be swabbed and later 

profiled for DNA typing. At present, no other studies have examined the use of 

intercalating dyes that do not pose a risk to the resulting DNA profile. Current 

practice involves swabbing large areas of substrates and the use of multiple swabs 

with no real indication of where DNA can be found. By using a targeted approach of 

dye-fluorescence to detect DNA there is an increased likelihood of targeting the 

correct area rather than the blind swabbing approach. The optimum concentration of 

DNA-binding dyes enable the ridge detail within the fingermark to be studied and the 

dyes examined do not interfere with the ability to amplify STR markers. The method 

was further developed to be suitable as a screening tool for hair analysis to ascertain 

if sufficient DNA is present for STR profiling [38]. In the future it would be beneficial 

to use the optimum protocol developed by Alicia Haines to screen for cellular 

material, in conjunction with direct PCR, to improve the overall success rate of 

obtaining DNA from previously touched substrates. 

 

6.5.2 Other applications for direct PCR 

The application of direct PCR has been tailored to suit other forensic related material 

with profound success. Candidature carried out by Renée Blackie at Flinders 

University highlights the broad application of direct PCR to the forensic community. 
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Renée Blackie and co-authors have reported on successful STR DNA profiling from 

single human hairs [39, 40], dog hairs [41], fibres from worn clothing [42], and 

fingernail clippings [43], using direct PCR. By eliminating the extraction step and 

proceeding to direct PCR the authors report 100% success with anagen hairs, and 

further success with a 5 year-old hair generating a full DNA profile [39]. For fingernail 

clippings (i.e. 4 mm2 sample), direct PCR resulted in 95% of the samples yielding a 

profile containing 5 or more STR loci [43], considered ‘up-loadable’ to the Australian 

National Criminal Investigation DNA Database (NCIDD). Higher quality DNA profiles 

(i.e. less heterozygote imbalance and limited stochastic effects) were observed from 

samples subjected to direct PCR compared to extracted samples. The authors 

recommend a dilution of PCR product for fingernail clippings prior to electrophoresis 

to prevent overloaded DNA profiles from being observed [43]. Further research 

conducted on worn clothing fibres and the use of direct PCR highlights the potential 

for tape-lift samples to be processed directly without the need to extract DNA [42]. 

Samples produced DNA profiles of 15 or more alleles. Performing an extraction of 

fibres taken from the same garment resulted in the failure to produce DNA alleles. 

Work undertaken to process canine hair samples by direct PCR resulted in a 

significantly higher success rate for guard hairs compared to undercoat hairs [41]. 

The researchers recommended guard hairs only for direct PCR processing. 

 

In all the aforementioned studies, the authors used standard DNA profiling kits with 

no increase in PCR cycles in order to minimise stochastic effects. By following 

manufacturer's recommendations with standard STR profiling kits the direct PCR 

approach would enable a much faster implementation into operational laboratories 

upon validation. This is an important consideration for case work laboratories (see 

case example given below). 
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Case example – Reed & Reed vs R 

One landmark case based substantially on DNA evidence surrounding the use of 

the LCN process was Reed & Reed vs R [44]. 

Terrence and David Reed where found guilty of the murder of Peter Hoe on the 

12th October 2006 with key evidence linking a knife and a broken plastic handle 

found at the scene to the DNA profiles of the accused. Testing was carried out at 

the Forensic Science Service (FSS) in the UK where DNA samples were pre-

assessed by quantitative PCR (qPCR) prior to standard STR typing or the LCN 

method (for low-template DNA). When the LCN technique was first implemented in 

the FSS in 1999 a prior quantification step was not necessarily carried out; as it 

was then a difficult task to accurately measure low-levels of DNA. In the case of 

Reed & Reed vs R, senior scientists choose not to quantify swabs taken from 

plastic sections of the knife and instead preceded with LCN, based on the 

assumption that swabs contained low-level DNA.  

Interpretation of results 

A key scientist from the FSS proposed that direct transfer was the most likely 

explanation for the presence of the accused’s DNA on the knife handle and that 

“the DNA was transferred at the time the handles broke”. This was adding activity 

level to source when using LCN. This was highly contentious and led to an appeal. 

There were also concerns regarding the validation of science and methodology 

used to generate the DNA profiles using LCN. Three judges at the Royal Court of 

Justiciary rejected the appeal and found that the DNA evidence was reliable and 

that the scientist should provide to the court the most likely scenarios to account for 

the presence of the DNA profile(s) [44]. 

Given that quantification was not a prerequisite to testing in this case, direct PCR 

could have been implemented in order to maximise the amount of template DNA 

available to the PCR without the need to increase the PCR cycle number beyond 

manufacturer’s recommendations. 
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6.5.3 Inventing a ‘touch’ DNA swab for direct PCR 

It is my opinion that direct PCR would not replace standard methods of recovery 

(e.g. swabbing large blood stained areas at crime scenes); instead, swabbing of 

small intricate surface areas where DNA is likely to adhere to but standard protocols 

have difficulty with recovery (e.g. keypads and grooves/triggers/handles of 

weapons). A swab designed for the purpose of direct PCR would be used on case 

exhibits that generally yield sub-optimal DNA (e.g. cartridge casings used as 

ammunition). 

 

The cost of collecting and processing DNA samples which return a poor success rate 

presents a significant opportunity for improvement. In response to this need, a single 

use field device is currently being designed as a result of work accomplished in this 

thesis. The use of a novel swab co-designed by Jennifer Templeton, Adrian Linacre 

and Flinders Partners will be tested on a range of substrates on which 'touch' DNA 

will be deposited. The swab includes a pre-attached 0.2 mL PCR tube to the tip of 

the swab to enable ejection/release of swab fibres into the PCR vessel without 

further manipulation. Direct PCR processing of nylon flocked fibres is required to 

facilitate the efficient, reliable, and rapid recovery process. Alteration of the fibres - 

both how they are arranged and chemical composition - has the potential to collect 

even more DNA. By implementing the direct PCR approach and alleviating the ‘DNA 

extraction bottleneck’ created in the laboratory there would be a more effective 

forensic investigation. 

 

Device features for the novel swab device (taken from the patent description) are 

detailed below: 

 simple for a forensic technician to use in ’field conditions’, while wearing 

appropriate personal protective equipment (PPE) and in particular, while 

wearing sterile gloves; 

 compatible with existing collection practices and standards; 

 easy to label and record sample information; 

 maintains reliable precision grip and maintains control with the swabs and 

PCR tubes used; 

 provides good visibility to the surfaces being sampled; 
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 allows the micro-swab to contact the surface being sampled at the optimum 

fibre angle of attack, with an appropriate sampling force; 

 simple to reliably eject a micro-swab into a 0.2 mL PCR tube; 

 simple to handle and reliably manipulate micro-swabs and PCR tubes;  

 provides good access to internal sampling surfaces (for example, the inside 

surface of a toilet roll or the rear surface of a door handle); 

 minimises the risk of contact with unintended surfaces; and  

 minimises the risk of cross contamination. 

 

These requirements for the swab device have now been addressed and a 

provisional patent has been submitted “Nucleic acid collection device and method, 

2016” [45]. An important area of research that will be investigated will involve testing 

the field device on weapons, cartridge cases (both fired and non-fired), components 

of timing devices, drug seizures and other items of significance to a forensic 

investigation. 

 

6.5.3.1 Explosive devices 

Terrorism crime usually involves explosive devices that consist of postal or pipe 

bombs composed of plastic, paper, cables, adhesive tapes and electrical 

components [46]. Current studies attribute the low success rates of DNA recovery 

from explosive devices and cartridge cases to the high temperatures that are 

reached during the firing process, causing subsequent DNA damage [13, 46-49]. On 

the contrary, one extensive study published data on the use of a thermal imaging 

camera to measure the exact temperatures reached due firing and the temperatures 

recorded were not high enough to affect DNA degradation [50]. Authors concluded 

that DNA survival is more dependent on the surface roughness pattern [50], also 

noted by Xu et al. (2010) [51]. In addition, metal inhibitors present in cartridge cases, 

pipe bomb fragments, or primer components of gunshot residue may affect the ability 

to successfully recover DNA. 

 

Future work will involve collection of DNA from a range of forensically informative 

substrates, and transition of fibre collection device will go from laboratory-based to 

an operationally validated process. Using the collected DNA, a full suite of DNA 
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markers will be targeted that include all the standard STR loci (autosomal and 

lineage markers), mitochondrial DNA sequence data, together with ancestry and 

phenotypic markers. The platform used will be capillary-based electrophoresis 

separation and will transition into MPS platforms. These ideas are listed in a grant 

application to progress the work further. 

 

6.5.3.2 Future application of MPS 

SNP typing allows an increasing number of polymorphic loci to be examined in a 

single assay (i.e. 30 – 50 SNPs) [52-54], providing the opportunity to obtain more 

information from a single sample. The IrisPlex [55] and HIrisPlex panels [56] that 

explore hair and eye colour, along with the SNPforID 52-plex ([52, 53, 57, 58] panel 

all expand on the number and type of polymorphisms that can be examined.  

 

Other new exciting areas of research explore skin-associated lifestyle chemistries 

found on personal belongings that provide an additional form of trace evidence. One 

interesting study published by Bouslimani et al. (2016) [59] examined fingermark 

deposits specifically to shed light on the lifestyle and human habits of the person 

leaving behind the fingermark. Scientists obtained molecular signatures that 

provided insights into the dietary and medical status of the individual, type of 

hygiene/beauty products used, and even the places the person has been prior to 

depositing a fingermark. In spite of this modernistic approach for examining trace 

material, DNA profiling and classical fingerprinting remain the two main methods for 

identification of fingermark traces.  
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Massive parallel sequencing is the driving force behind ancient DNA research as 

other PCR-based sequencing methods are not effective at analysing DNA that is 

severely damaged, degraded and limited in quantity [60, 61]. Current Next-

generation platforms recommend input DNA amounts similar to CE-based methods 

[62-64]. Increase in sensitivity means that opportunities exist for sampling trace 

material of limited DNA. An interesting approach - following on from the work 

described in this thesis - would be to attempt MPS from fingerprint DNA swabs and 

examine the bacterial composition, SNP markers for ancestry and phenotype, and 

STR markers used for identity, all in one assay. 

 

Multiple different polymorphism types (i.e. phenotype, ancestry, identity SNPs) can 

be examined simultaneously in one assay using the capabilities of MPS. Multiple 

samples can now be run together through the use of barcoding (i.e. individualizing) 

to increase high-throughput capacity. The sequence depth and coverage generated 

by MPS exceeds CE-based detection and is at times the only way to sequence 

ancient DNA samples that are highly damaged and degraded (i.e. < 100 base pairs 

in length) [61]. A natural progression in forensic science is to follow ancient DNA 

research and its ability to target multiple existing loci in a single tube using MPS 

capabilities and to explore new SNPs that may arise. One interesting area to explore 

further is the application of MPS using detergent-saturated swab fibres as a template 

for creating DNA libraries; as currently it is not known if direct PCR using library 

primers would be an effective means of generating sufficient template DNA for MPS. 

 

6.6 Concluding remarks 

The forensic community as a whole strives to improve methods in order to gain more 

information from valuable samples that will assist forensic investigations. Direct PCR 

does so with ease, and not only by improving the yield of DNA that can be recovered 

from fingermark residue, but also by speeding up the way that samples are 

processed, minimizing the risk of contamination, and reducing cost; all major benefits 

to high-throughput laboratories. Encouragingly, the presence of multiple swab fibres 

in the PCR tube does not affect the ability to generate an informative DNA profile. In 

fact, the yield of DNA increases significantly when direct PCR is employed over the 

conventional extraction methodology. It is expected that a routine extraction will 
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greatly hinder a sub-optimal DNA sample from generating a useable profile. Direct 

PCR takes advantage of the cell-free DNA component on the surface of skin that is 

normally discarded in a routine extraction. This finding is fundamental to forensic 

DNA research as the field is most entirely built on the need to extract DNA from 

biological material. Optimising the amount of template DNA available for subsequent 

enzymatic manipulation will enable greater success for DNA profiling. 

 

In this thesis, it has been shown that direct PCR offers tremendous value for 

amplifying DNA directly from fingermark traces that are either latent, or enhanced 

with powders, without the need to extract or purify the sample. This is not to claim 

that for other sample types other extraction methods may not generate higher quality 

profiles (e.g. fingermarks contaminated with body fluids or PCR inhibitors). Exploring 

new buffers and swab fibre compositions that complement direct PCR will pave the 

way for future analysis of ‘touch’ DNA samples. An important finding was that DNA 

could be recovered and typed from fingermarks in as little as 15 minutes post hand 

washing. 

 

To summarise, operational laboratories may benefit from adopting the direct 

approach, especially when trace material is limited. Omitting the multi-step process 

enables a more efficient, simple, and cost effective work flow. Direct PCR is a low-

technology, rapid and robust method that can be easily incorporated into forensic 

laboratories and should be considered as an alternative method for future use. 
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Appendices - Chapter VI 

 

Additional manuscripts 

Below are a list of manuscripts that were published within the course of this PhD 

candidature that focus on the application of massive parallel sequencing technology 

using DNA recovered from human and animal remains. DNA was considered 

chemically damaged, degraded, and present in low quantities, and these techniques 

could be applied to other forensic applications. 

 

Manuscript (2013): 

1) Templeton, J.E., Brotherton, P.M., Llamas, B., Soubrier, J., Haak, W., 

Cooper, A. and Austin, J.J., 2013. DNA capture and next-generation 

sequencing can recover whole mitochondrial genomes from highly degraded 

samples for human identification. Investigative genetics, 4(1), p.1. 

Summary of manuscript: 

Mitochondrial DNA (mtDNA) typing can be a useful tool to aid human identification 

when nuclear DNA is too damaged, degraded or low-template. Standard mtDNA 

typing (i.e. sequencing HVSI and HVSII control regions) disregards 70% of the 

variation that exists in the mtDNA genome. The method described in this manuscript 

first ‘immortalises’ the valuable DNA extract by creating DNA libraries, followed by in-

solution based DNA hydridisation to target and enrich mtDNA where a large fraction 

of the DNA is damaged and degraded (i.e. < 100 bp in length). Enriched DNA was 

then characterised by Next Generation Sequencing (NGS) and high-resolution data 

was used to aid the identification of a World War II soldier and other ancient human 

post-mortem remains. 

 

Manuscript (2013): 

2) Brotherton, P., Haak, W., Templeton, J., Brandt, G., Soubrier, J., Adler, C.J., 

Richards, S.M., Der Sarkissian, C., Ganslmeier, R., Friederich, S. and Dresely, 

V., 2013. Neolithic mitochondrial haplogroup H genomes and the genetic 

origins of Europeans. Nature communications, 4, p.1764. 
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Summary of manuscript: 

To throw light on the genetic origins of present day Europeans, ancient DNA was 

recovered from 39 ancient skeletal remains across a number of archaeological 

cultures (~ 7,500-4,000 years old) at a single site in Germany. Whole mitochondrial 

genome sequence data from haplogroup H individuals (a haplogroup virtually absent 

in Mesolithic hunter-gatherers, but now carried by up to 45% of Europeans) was used 

to reconstruct human evolutionary history and reveal dramatic migratory events; 

including the genetic origins of Germany’s earliest farmers in Neolithic Turkey and 

the Near East. This was the first ancient population study published where a large 

sample size had been used for next generation sequencing (i.e. 39 ancient bones 

and teeth). 

 

Manuscript (2014): 

3) Der Sarkissian, C., Brotherton, P., Balanovsky, O., Templeton, J.E., Llamas, 

B., Soubrier, J., Moiseyev, V., Khartanovich, V., Cooper, A., Haak, W. and 

Genographic Consortium, 2014. Mitochondrial genome sequencing in 

Mesolithic North East Europe Unearths a new sub-clade within the broadly 

distributed human haplogroup C1. PLoS One, 9(2), p.e87612. 

Summary of manuscript: 

Whole mitochondrial genomes were retrieved from ancient remains and sequenced 

by next generation DNA to establish phylogenetic relationships that could not be 

defined using control region sequence data. High-resolution data characterized a 

new distinct clade of the Mesolithic C1 haplogroup; coined “C1f”. 

 

Manuscript (2015): 

4) Llamas, B., Brotherton, P., Mitchell, K.J., Templeton, J.E., Thomson, V.A., 

Metcalf, J.L., Armstrong, K.N., Kasper, M., Richards, S.M., Camens, A.B. and 

Lee, M.S., 2015. Late Pleistocene Australian marsupial DNA clarifies the 

affinities of extinct megafaunal kangaroos and wallabies. Molecular biology 

and evolution, 32(3), pp.574-584. 

Summary of manuscript: 

Hybridization DNA-capture methodology - developed at the Australian Centre for 

Ancient DNA by Paul Brotherton and Jennifer Templeton - was used to recover 
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mtDNA sequence data and reconstruct the evolutionary history of the Sthenurine 

kangaroos. Partial mitochondrial genomes were retrieved from two extinct 

macropods (46-50 ka and 40-45 ka); the oldest known Australian fossil to generate 

DNA data. 

Manuscript (2015): 

5) Santos, C., Fondevila, M., Ballard, D., Banemann, R., Bento, AM., Børsting, 

C., Branicki, W., Brisighelli, F., Burrington, M., Capal, T., Chaitanya, L., Daniel, 

R., Decroyer, V., England, R., Gettings, KB., Gross, TE., Haas, C., Harteveld, 

J., Hoff-Olsen, P., Hoffmann, A., Kayser, M., Kohler, P., Linacre, A., Mayr-

Eduardoff, M., McGovern, C., Morling, N., O'Donnell, G., Parson, W., Pascali, 

VL., Porto, MJ., Roseth, A., Schneider, PM., Sijen, T., Stenzl, V., Court, 

DS., Templeton, JE., Turanska, M., Vallone, PM., van Oorschot, 

RA., Zatkalikova, L., Carracedo, Á., Phillips, C.; EUROFORGEN-NoE 

Consortium. 2015. Forensic ancestry analysis with two capillary 

electrophoresis ancestry informative marker (AIM) panels: Results of a 

collaborative EDNAP exercise. Forensic Science International: 

Genetics, 19, pp.56-67. 

Summary of manuscript: 

A collaborative inter-laboratory exercise took place where participants from 19 

laboratories assessed a panel of 34 ancestry markers and 46 INDELs using PCR-

based SNP methodology and CE detection, with the capability of detecting mixtures. 
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