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ABSTRACT 

 

The application of physical anthropology in a forensic context (forensic anthropology) involves 

the analyses of skeletal material through metric (measurement) and non-metric (visual) 

examination, with the goal of contributing to the identification of deceased individuals and 

establishing the context of their death. However, the use of forensic anthropology to establish 

identity is not always feasible, due to the circumstances of death and/or exposure to 

environmental conditions, such as explosive force, severe fragmentation and other damaging 

taphonomic conditions (e.g. scavenging and high temperatures). This results in the inability to 

apply (or the reduced accuracy of) anthropological techniques. Therefore, DNA profiling 

becomes the only available and reliable method for establishing positive identity.  

The present study analyses the morphological alteration and DNA degradation (quality and 

quantity) of porcine dentition subjected to thermal trauma at different temperatures and times. 

This addresses three aims: cataloguing of morphological alterations to the jaw and dental 

structures at various time and temperature increments; determine the effect of temperature and 

time on DNA quality/quantity; and to determine the most effective DNA extraction method. 

Dentition was subjected to various thermal conditions via muffle furnace, with temperatures 

from 500 to 900℃ (in 100℃ increments) for 10 to 30 minutes (in 5-minute increments). This 

temperature range was selected due to its common occurrence in cases of house fire 

investigations, which typically reach 600 to 1000℃ (depending on type and amount of 

accelerant present). Morphological alterations were analysed and documented; surface 

cracking, crown/root separation, and enamel shattering of the 2nd molar was visually analysed, 

while mandible weight (in grams) before and after burning was quantified. The subsequent 

dentition (2nd molar) underwent DNA analysis. DNA extraction was performed three times for 

each dental sample collected using phenol chloroform isoamyl alcohol, Chelex 100 and the 

DNeasy blood and tissue kit. Quantification was examined via nanodrop spectrophotometry 

(to review quantity and purity) and agarose gel electrophoresis (quality). Polymerase chain 

reaction was used to analyse amplification ability and DNA degradation rate for each sample, 

using primer pairs for the actin-beta (ACTB) gene, amelogenin (AMELX) gene on the X 

chromosome and a section of the melanocortin-4 receptor (MC4R), with amplicon sizes of 146, 

171/181 and 767 base pairs respectively.  
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An increase in thermal conditions produced an increase in the presence and severity of 

morphological alterations. Jaw shrinkage increased between specimens burned at 500 and 

600℃, however this plateaued for specimens burned at 700℃, remaining between 54 and 57% 

for specimens over all other thermal conditions. Increased temperature during thermal exposure 

decreased DNA quantity and purity. However, the influence of duration was limited; overall, 

and Chelex 100 samples found decreased DNA yield; duration had a greater impact on purity. 

Phenol chloroform was the best performing DNA extraction method, consistently producing 

the highest DNA yield and stable purity, regardless of variations in the thermal environment. 

Chelex 100 was the worst performer, failing to extract DNA from specimens burned at 500℃ 

for 20 minutes onwards. The DNeasy blood and tissue kit did not produce substantial DNA 

quantities but did produce consistent DNA yields (between 3 and 25ng/𝜇𝑙) for specimens across 

all thermal conditions, accompanied by consistent sample purity (on par with the phenol 

chloroform method). After exposure to 500℃ for 15 minutes, PCR amplification of extracted 

nuclear DNA was unsuccessful. While several inconclusive results were recorded beyond this 

thermal environment, ascertaining consistent and conclusive results for specimens were limited 

to below 500℃ for 20 minutes. Even though decreased amplification ability was found early 

on, the presence of DNA degradation with increased thermal trauma was clearly demonstrated, 

most pronounced regarding duration. Increasing burn-time from 10, 15 and 20 minutes (for 

500℃) established a decrease in amplification of all three amplicons from extracted DNA. The 

overall objective of this project was to improve and expand upon the existing body of research 

and address gaps, such as a lack of specific knowledge on different temperature and time 

thresholds, the analysis of commonly encountered burning temperatures in forensic 

investigations, and the comparison of commonly used DNA extraction methods. This study 

provides further information to aid investigators in establishing, through visual observation, 

the likelihood of DNA recovery, thereby allowing the determination as to how worthwhile it is 

to perform (and invest) in subsequent time consuming and expensive molecular analyses. 
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CHAPTER ONE: 

INTRODUCTION 

 

1.1 Introduction 

The application of physical anthropology in a forensic context (forensic anthropology) involves 

the analyses of skeletal material through metric (measurement) and non-metric (visual) 

examination, with the goal of contributing to the identification of deceased individuals and 

establishing the context of their death (Imaizumi et al. 2014). The roles forensic anthropologists 

undertake are expansive; search and retrieval of skeletal specimens, species identification, 

estimation of the minimum number of individuals (MNI) in cases of commingled remains, 

assisting towards establishing individual identity through estimation of a biological profile 

(age-at-death, sex, ancestry and stature), in addition to providing context around the 

individual’s death through analyses of trauma, post-mortem interval and taphonomic change 

(Cattaneo 2007). Forensic anthropology is not limited to analysing the skeleton of the deceased. 

Nowadays, forensic anthropologists are called upon to establish the sex and/or identity of living 

individuals, particularly in juveniles, such as in immigration cases where (typically) there are 

no identification documents available (Cattaneo 2007).  

The use of forensic anthropology to establish identity is not always feasible, due to the 

circumstances of death and/or exposure to environmental conditions, such as explosive force, 

severe fragmentation and other damaging taphonomic conditions (e.g. scavenging and high 

temperatures) (Thompson 2004), which result in the inability to apply (or the reduced accuracy 

of) anthropological techniques (Imaizumi et al. 2014). Therefore, Deoxyribonucleic acid 

(DNA) profiling becomes the only available and reliable method for establishing positive 

identity (Bennett et al. 2015). 

 

1.2 Post-mortem taphonomy 

There is an abundance of research on decomposition stages of soft tissues, however once they 

decompose, bone is exposed to the environment and similarly begins to break down 

(Cunningham & Ross 2011). This progression of decomposition (taphonomy) and the rate it 

occurs depends on both the macro- and micro-environment to which the remains are exposed, 
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such as buried/surface, positioning, climate, soil content/pH, amount/type of flora, and 

presence of fungi/bacteria in the surrounding environment or the remains themselves 

(Cunningham & Ross 2011). Taphonomic change in bone is defined from the first appearance 

of surface cracking, through to a total loss of shape and integrity (Cunningham & Ross 2011).  

In a forensic context, a particularly common taphonomic condition is thermal trauma. The 

dentition is relatively resistant to challenging environmental conditions such as humidity, heat, 

high temperature and the microbial environment (Hughes-Stamm et al. 2016), leading to their 

frequent survival when exposed to thermal trauma (Danesino et al. 2002). This is not solely 

due to their composition, but also the protection given by the peri-oral musculature, lips and 

tongue (Gaitan et al. 2015), which cause delayed and varied temperature increase in the oral 

cavity (Danesino et al. 2002). This effect decreases as the thermal trauma continues and the 

materials that initially produced a delayed response become damaged and destroyed (Danesino 

et al. 2002). The common morphological appearance of dentition exposed to thermal trauma 

includes surface cracking, separation of the root and crown, enamel shattering and colour 

change (Landini et al. 2014).  

 

1.3 Dental DNA in forensic investigations 

DNA is a compound that comprises the complete individual genetic blueprint (Norazmi & 

Panneerchelvam 2003). It is located in all cells of the body, with the exception of the red blood 

cells (Norazmi & Panneerchelvam 2003). DNA is extracted from biological tissues so that 

DNA profiles can be produced for comparative purposes and sample contributor(s) can be 

identified (Norazmi & Panneerchelvam 2003). The aim of DNA extraction methods is to 

remove all inhibitive/irrelevant substances and leave behind a purified DNA sample so an intact 

profile is produced (Brevnov et al. 2012). Inhibitive substances originate from both internal 

and external sources and require removal as they cause Polymerase Chain Reaction (PCR) 

inhibition, resulting in a poor/absent DNA profile (Gebuhr et al. 2005). These substances 

originate either from the cell nucleus, where DNA is surrounded by other cellular components 

acting to protect the DNA molecule from damage by outside sources (Brevnov et al. 2009) or 

introduced to the sample via contamination and/or environmental factors (Jakubowska et al. 

2012). 

Depending on the circumstances of death and/or the taphonomic environment, hard tissue may 

be the only available source of DNA (Jakubowska et al. 2012). Teeth are recognised as a 
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valuable source of DNA as they are protected by epithelial, connective, muscular and bone 

tissues of the surrounding skin, muscle, tongue and jaw, with the dental pulp further protected 

by the harder tooth tissues of enamel, dentin, and cementum, making them an excellent source 

of DNA (Berketa 2014; Gaytmenn & Sweet 2003). DNA degradation due to environmental 

conditions are of serious detriment when attempting to extract DNA from any biological source 

(Jakubowska et al. 2012). This issue is exacerbated by the fact that the quantity of DNA 

available in human remains is often already limited and thus recovering usable DNA is 

important (Liu & Shewale 2013). The focus when processing tooth samples is to maximise the 

amount of DNA extracted and minimise the co-extraction of any PCR inhibitors present (as 

discussed above), particularly in cases involving degraded DNA (Liu & Shewale 2013).  

 

1.4 DNA degradation 

DNA degradation is the progressive fragmentation of DNA nucleotide sequences through the 

breaking of hydrogen bonds and the sugar-phosphate backbone (Ashton et al. 2011), brought 

on through bacterial, biochemical and/or oxidative methods (Butler et al. 2003). Commonly 

encountered in natural/mass disaster and cold case (long term) missing persons, this likewise 

regularly occurs in routine casework due to environmental exposure and/or the introduction of 

inhibitive substances (Ashton et al. 2011). DNA degradation also occurs naturally due to the 

limited stability of DNA and absence of the body’s internal repair systems (Allentoft et al. 

2012). The degradation rate varies according to the amount and type of environmental 

exposure; for example, light, humidity, temperature and bacteria/fungi (Bender et al. 2003). 

Degradation results in issues with interpreting the results, due to common production of 

preferential amplification and/or allele/locus drop out (Junge et al. 2011). 

When compared with DNA found in the soft tissues, the dentition has greater resistance to heat 

degradation due to protection by the tooth itself (Austin & Higgins 2013; Hu et al. 2004). This 

resistance is believed to be due to the mineral component providing a physical barrier to 

microbes and contaminants, in addition to binding with hydroxyapatite and/or collagen to form 

a complex that protects against degenerative enzymes (Ali et al. 2015; Austin & Higgins 2013). 

However, this does not mean that this structure is immune to destruction (Bennett et al. 2015); 

it acts to protect DNA, however at extreme temperatures the organic components (such as 

DNA) can still be oxidised, but at a slower rate than other tissues (Austin & Higgins 2013; 

Bennett et al. 2015). DNA from dentition is, therefore, commonly of poor quality/quantity, 
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resulting in the decreased likelihood of a complete DNA profile (Bennett et al. 2015). To 

provide analysts with an increased chance of achieving the latter, the template base pair size is 

decreased, as the smaller the PCR target, the more likely the target sequence will be intact and 

detected (Ashton et al. 2011).  

 

1.5 Project aims 

The present project proposes to investigate the effect of thermal trauma on the dentition relative 

to physical morphology and DNA quality/quantity. Individual porcine jaws will be subjected 

to thermal trauma in a furnace at temperatures 500 to 900℃, at 100-degree increments, over 

periods of 10 to 30 minutes. The reasoning for this temperature range is the common occurrence 

of identifications required for victims of house fire investigations; generally ranging between 

600 to 1000℃, depending on the type and amount of accelerants present (Ellingham et al. 

2015). The investigation of these temperatures in this project provides greater relevance to 

professional practice, compared to lower temperatures, which while still important, are not 

readily encountered in routine forensic casework. The times have been selected due to a lack 

of research into the effect(s) that small time changes can have on DNA degradation, with 

research typically using time increments of about 15 to 30 minutes apart. A control porcine jaw 

will be used to facilitate the comparison and identification of changes in the burnt carcasses 

from its initial (baseline) properties. One molar from each side of the jaw will be analysed 

visually (morphoscopic) and thereafter using molecular techniques (e.g. extraction, 

quantification and amplification). The molecular analyses will test three DNA extraction 

methods: phenol chloroform; Chelex 100 and as described in the DNeasy blood and tissue kit, 

all of which are commonly used in current forensic casework. The use of multiple extraction 

methods facilitates comparisons between techniques to determine the most effective method 

for circumstances involving thermal trauma.  

The overall objective of this project is to improve and expand the existing body of research, 

and address obvious gaps, such as a lack of specific knowledge on different temperature and 

time thresholds, the analysis of commonly encountered burning temperatures in forensic 

investigations, and the comparison of multiple commonly used DNA extraction methods. To 

achieve this, the aims of this project are to catalogue morphological alterations of the jaw and 

dental structures at various time and temperature increments, determine the effect of 
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temperature and time on DNA quality/quantity, and to determine the most effective DNA 

extraction method. The specific aims are as follows:  

 

i) Macroscopic alterations in dental tissues at various temperature and time 

increments 

The temperature and time at which the dentition is subjected to heat are reflected in the 

progressive sequence of resultant morphological alterations (Thompson 2004). Such alterations 

manifest through surface cracking, separation of the crown and root, enamel shattering and 

bone shrinkage (Landini et al. 2014). Karkhanis (2009) analysed morphological changes in 

incinerated deciduous teeth through a wide range of temperatures (100 to 1100℃ in 100-degree 

increments), however she did not consider the effect of time variation, as all specimens were 

burned for 30 minutes. Focusing on the effect of time is important, as short durations of heat 

have been demonstrated to result in high yields of DNA, however a longer duration results in 

a much lower yield (Imaizumi et al. 2014). It is important to ascertain (and visually identify) 

the time at which degradation has progressed to such a point that there is no possibility for a 

usable DNA profile, enabling investigators to determine how worthwhile it is to perform (and 

invest) in subsequent time consuming and expensive molecular analyses. 

This project first aims to catalogue the morphological changes that occur in relation to 

temperature and time. This will aid investigators to identify burning conditions, and in 

combination with other research aims (see below), will provide information concerning the 

most effective DNA extraction method for those conditions to which the skeletal remains were 

subjected. 

 

ii) Effect of temperature and time on DNA quality/quantity 

Applying heat to the dentition results in DNA degradation through hydrolysis and oxidation 

(Austin & Higgins 2013). Thereby, necessitating the identification of the burning conditions 

that the remains were exposed (Imaizumi et al. 2014). While previous research has 

predominantly focused on the relationship between temperature and morphological alteration, 

and indeed establishing the relationship with slight variation due to different methods of burn 

phase/time/temperature categorisation, the same cannot be said for DNA analyses (Cunha et 

al. 2011). The magnitude of DNA degradation, and its dependence on both temperature and 
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duration, has not been consistently demonstrated in previous research, particularly in respect 

to potential forensic applications. Garriga et al. (2016) analysed erupted 3rd molars subjected 

to heat over various temperatures (100 to 600℃ in 100-degree increments) and durations (one, 

five, 10 and 15 minutes) to analyse both morphological alteration and DNA amplification 

capabilities. However, most of these temperatures are not forensically significant, and the 

durations selected have been commonly used in previous research, therefore not furthering 

knowledge on the influence of time. Subsequent results therefore lack the forensic benefits of 

visually identifying burning conditions and the ability to extract DNA from a degraded sample 

in a way that will assist forensic practice. This project therefore aims to improve upon this 

existing knowledge by determining what impact thermal trauma has in relation to time (10 to 

30 minutes) and temperature (500-900℃ at 100-degree increments) on the degradation of DNA 

quality/quantity.  

 

iii) Determine the most effective DNA extraction method for burned bone 

There are multiple DNA extraction methods, all of which are based on different principles in 

relation to PCR inhibitors, the type of biological sample and DNA degradation capabilities 

(Brevnov et al. 2012). It is, therefore, important to be aware of sample condition so that the 

most appropriate method is applied that provides the greatest likelihood of generating a 

complete/analysable DNA profile (Brevnov et al. 2012). With respect to burned dentition, there 

has been little comparison of methodological DNA extraction capability, and when 

comparisons have occurred, novel or altered techniques are commonly compared with the 

traditional phenol-chloroform method (Hu et al. 2004). This project aims to identify the most 

effective method of DNA extraction by comparing three DNA extraction methods regularly 

used in Australian forensic casework: traditional phenol chloroform; Chelex 100; and silica-

based. This will provide analysts with information to assist in performing molecular analyses 

utilising a method that has the greatest potential success in relation to the thermal trauma 

sustained. 

 

1.6 Expected outcomes 

The combined analysis of temperature and duration via morphological and molecular analyses 

is expected to assist forensic practice in multiple areas. Particularly in providing information 
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on the influence of forensically relevant times on both morphology and molecular analyses 

(which has received little focus), which is aimed to result in the ability to visually identify the 

thermal environment. This will enable visual identification of the likelihood of DNA recovery 

for each burning condition and identify the point at which DNA degradation is so advanced 

that there is no usable DNA profile. This will thereby provide forensic practitioners the ability 

to determine how worthwhile it is to perform (and invest) in subsequent time consuming and 

expensive molecular analyses. 

When previous research has undertaken DNA extraction comparison of dentition subjected to 

thermal trauma, it was to manipulate already established methods, or test an experimental 

technique against a standard. However, those methods are not commonly adopted as part of 

standard forensic practice. This project will demonstrate, which established DNA extraction 

methods have the greatest potential to produce a DNA profile in cases of thermal trauma, 

thereby assisting forensic practitioners to apply those method(s) in their casework.  

Previous research has also generally extracted teeth from the surrounding bone prior to the 

application of thermal trauma, resulting in the direct application of heat over the entire tooth 

surface. This research expects to provide improved data by considering the thermal resistance 

of the surrounding tissues, by keeping the teeth within the jaw. This will not duplicate the 

amount of protection teeth usually received, but will produce results with greater relevance to 

forensic practice. 

 

1.7 Potential limitations of the current project 

There are limitations that need to be considered in the context of the present research project; 

sample size, temperature increments, and lack of mitochondrial DNA (mtDNA) analysis. Due 

to budget constraints resulting from the number of control repeats and extraction methods used, 

only 66 teeth are analysed. A larger number of samples would have been advantageous in 

enabling greater comparison of DNA quality/quantity between teeth, to identify those that are 

better preserved during burning conditions relevant to forensic practice.  However, the 2nd 

molar was selected due to having greater preservation capabilities in cases of thermal trauma 

and therefore being consistently used for identification in forensic casework (Keough et al. 

2015).  
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Only five temperatures were applied with temperature increments of 100℃; this is due purely 

to budget constraints. The project by necessity focuses on the most forensically applicable 

temperatures and investigates temperature ranges 500 to 900℃, in increments of 100℃. While 

this is not a significant limitation, the use of a larger range of temperatures (up to 1100℃) and 

smaller temperature increments would have facilitated greater specificity as to the temperature 

point(s) that when reached, prohibit successful DNA analysis. 

The analysis of mtDNA was not possible in this project; mtDNA is commonly utilised when 

nuclear DNA is degraded to the point that an analysable DNA profile is not available. As such, 

it would have been beneficial to compare both nuclear and mtDNA, to quantify the 

performance of mtDNA at and beyond the time point(s) when nuclear DNA becomes degraded 

to the point where it cannot be used. However, time and subsequent constraints (see above) 

made such analyses impractical. Consequently, nuclear DNA was chosen as the sole focus, due 

to its high discrimination power resulting in the ability to distinguish between individuals, 

including relatives.  
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CHAPTER TWO: 

DENTAL MORPHOLOGY 

 

2.1 Introduction 

The objective of this chapter is to discuss the morphology of the human dentition and the 

circumstances in which it can be modified or altered. The structure of the human dentition is 

discussed, including a comparison of porcine to human dentition, as the former is analysed in 

the present project. A review of post-mortem taphonomy follows, with a specific focus on the 

environmental influences that alter the rate of diagenesis in relation to thermal trauma (both in 

bone and the dentition). Finally, previous published research on the influence of thermal trauma 

on dental morphology is reviewed to identify potential gaps in existing knowledge that could 

be addressed by the present thesis.  

 

2.2 Structure of the human dentition 

The human dentition consists of four classes of teeth; incisor, canine, pre-molar and molar. The 

deciduous dentition is positioned in the jaw as two incisors, one canine, no premolars and two 

molars for each quadrant of the mandible and maxilla (denoted as 2.1.2) for a total of 20 teeth 

(Scheid & Weiss 2012). The permanent dentition comprises two incisors, one canine, two 

premolars and three molars in each quadrant of the mandible and maxilla (denoted as 2.1.2.3) 

for a total of 32 teeth (Scheid & Weiss 2012). While each tooth type is individually shaped 

(heterodont) in relation to its functional requirements, all teeth possess the exact same internal 

structure (Busch et al. 2001).  

 

2.2.1 Tooth structure 

i) Enamel 

The enamel is the protective coating of the tooth crown (Figure 2.1) (Scheid & Weiss 2012). It 

is actually a greyish-white colour, but it appears slightly yellow because the enamel layer is 

translucent and the dentin deep to the enamel is yellow (Chiego 2014). Enamel is 

approximately 96% inorganic minerals and the remaining 4% is water and organic matter 
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(Chiego 2014). The inorganic portion takes the form of hydroxyapatite, a crystalline calcium 

phosphate found in bone and two other dental tissues (dentin and cementum – see below) 

(Chiego 2014). The organic component is a protein (enamelin) that is similar to the keratin in 

the skin (Chiego 2014). Due to a very high mineral content, enamel is the hardest substance in 

the human body, and because of this it is relatively brittle and vulnerable to demineralisation 

(Ten Cate 1994). The function of the enamel is to shape and contour the tooth crown and to 

provide protection to the part of the tooth exposed to the external environment (Chiego 2014). 

 

 

Figure 2.1: Internal structure of a human tooth (Austin & Higgins 2013). 

 

ii) Cementum 

Cementum is the mineralised connective tissue similar to bone that constitutes the thin external 

coating of the tooth root surface (Figure 2.1) (Ten Cate 1994). It is separated from the enamel 

by the cemento-enamel junction (or the neck of the tooth) that provides a boundary between 

the two surfaces (Ash & Nelson 2003). Cementum is yellow, albeit slightly lighter in colour 

than the dentin; it can be differentiated from enamel due to its non-reflectance (absence of 

shine) (Chiego 2014). Cementum has a slightly lower mineral content compared to dentin or 

bone (Chiego 2014), but a hardness similar to the latter (Scheid & Weiss 2012), with about 

50% inorganic mineralisation of hydroxyapatite, while the remainder is an organic matrix of 

mainly collagen (Ten Cate 1994). There are two functions of cementum: to seal the surface of 

the root dentin and ends of the open dental tubule to protect against the external environment; 
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and to act as an attachment point for the periodontal ligament fibres that help anchor the tooth 

in its socket (Chiego 2014). 

 

iii) Dentin 

Dentin is a hard tissue deep to both enamel and cementum and comprising a large proportion 

of the inside of the tooth and also covering the pulp cavity (Figure 2.1) (Scheid & Weiss 2012). 

Dentin is separated from, and forms boundaries with, the enamel and cementum, resulting in 

dento-enamel and cemento-dentinal junctions, respectively (Scheid & Weiss 2012). Dentin is 

70% inorganic hydroxyapatite crystals, 20% organic collagen fibres (with small amounts of 

other proteins) and 10% water (Ten Cate 1994). Dentin is resilient yet slightly elastic, enabling 

teeth to tolerate the force produced by mastication without fracturing the overlying enamel, 

thus compensating for the enamel’s brittleness (Ten Cate 1994). There are three dentin 

classifications (primary, secondary and tertiary) based on the phase of development and 

histological characteristics (Chiego 2014). The body of the tooth contains primary dentin; the 

secondary dentin forms only after tooth eruption and is present as a narrow band bordering the 

pulp; and the tertiary dentin is produced in response to trauma (Chiego 2014).  

 

iv) Pulp 

The pulp is located in the centre of the tooth between the crown and root within the pulp cavity 

(Figure 2.1) (Scheid & Weiss 2012). The only soft tissue of the four dental tissues (Ten Cate 

1994), it is a delicate, soft and gelatinous specialised connective tissue, containing thin walled 

blood vessels, nerves and nerve endings that are secured within the dentin layer (Scheid & 

Weiss 2012). The amount of pulp in a tooth depends on the tooth type (molars have 

approximately four times more pulp content than incisors) (Chiego 2014), the age of the tooth 

and its history of trauma (Ash & Nelson 2003). The pulp cavity is completely encased by the 

dentin except at a hole(s) near the tip of the root(s) (or apex) called an apical foramen (Figure 

2.1) (Scheid & Weiss 2012), where the pulp chamber opens into the surrounding tissue 

(periodontium) (Chiego 2014). There are four functions of the pulp; formative, nutritive, 

sensory and reparative (Ash & Nelson 2003). The primary function of pulp is the formation of 

dentin via odontoblasts, which in turn surrounds and protects the pulp tissue (Ten Cate 1994). 

It also provides nutrition and moisture to the surrounding mineralised tissue, sensation through 
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signalling alteration(s) in environmental conditions or the infliction of injury, and healing 

through the formation of tertiary dentin in response to trauma (Chiego 2014).  

 

2.2.2 Porcine dentition 

The deciduous teeth of Sus scrofa consist of three incisors, one canine and three premolars for 

each quadrant of the mandible and maxilla (denoted as 3.1.3) for 28 teeth in total (Getty 1975). 

The permanent dentition consists of three incisors, one canine, four premolars and three molars 

for each quadrant of the mandible and maxilla (denoted as 3.1.4.3), resulting in a total of 44 

teeth (Getty 1975).  The incisors consist of a labial (towards the lips) crown surface with an 

extensive enamel covering, and a lingual side (towards the tongue) only containing enamel on 

the margins; the areas where enamel is absent are covered by cementum (Getty 1975). The 

canines (Figure 2.2) have a similar structure to the incisors, with a labial surface covered with 

enamel, and a lingual surface covered with cementum (Getty 1975). The pre-molars and molars 

have enamel covering the crown and cementum on the roots, the same internal structure present 

in human dentition (Figure 2.1) (Getty 1975). Throughout the porcine dentition, the location 

and structure of the dentin and pulp tissues are the same (or similar) to that in humans (Getty 

1975). 

 

Figure 2.2: Cross-section of lower canine tooth of Sus scrofa – ‘c’ is the pulp cavity (Getty 1975). 

 

The teeth of domestic pigs are more similar to human teeth than other mammals in relation to 

their size, shape, composition, morphology and development (Arana-Chavez et al. 2006). 

However, as demonstrated by Herring et al. (2001), the main difference in tooth structure 

between humans and pigs is the enamel layer. Herring et al. (2001) reported that pig teeth are 

more complex in shape than human teeth (due to a greater number of cusps and irregularities) 

and also have less resistance to fracturing under compressive forces (potentially due to Sus 

scrofa having a thinner enamel layer). The latter enamel thinning is because while there is a 
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similar composition and amount of mineralisation (organic versus inorganic matter) in the 

enamel layer between porcine and human teeth (Arana-Chavez et al. 2006), there is a consistent 

reduction in the enamel covering over the crown of sus scrofa dentition compared to the human 

dentition (Hughes & White 2009). This demonstrates that humans have thicker enamel and a 

more complex enamel rod decussation pattern, which results in human teeth having greater 

stiffness and resistance to fracturing, but less elasticity (discussed later) (Hughes & White 

2009).  

 

2.3 Forensic taphonomy 

Taphonomy is an informative method used to understand the continuous changes (in 

animal/plant biology and the surrounding environment) that remains undergo, relative to the 

rate of decomposition, burial and/or fossilisation (Boddington et al. 1987). This is not just in 

relation to archaeological remains; the analysis of death, decomposition and burial in a modern 

context is also part of taphonomy, as it allows the alteration of bone to be studied (Boddington 

et al. 1987). The bone is analysed in relation to physical changes during the period from the 

time of death until recovery (Pokines & Symes 2013).  

In a forensic context the analysis of human remains involves the estimation of the post-mortem 

interval, identification of natural versus human induced trauma, reconstruction of peri-mortem 

and post-mortem events, and the identification of factors that result in differential bone 

preservation (Buikstra & Komar 2008). Taphonomic change to skeletal remains is analysed 

and documented to account for the source of the alteration, due to its potential to cause incorrect 

identification of peri-mortem trauma (especially if occurring shortly after death), 

misidentification of the deceased due to incorrect documentation, as well as 

obscuring/providing the circumstances around the death (Pokines & Symes 2013). There are 

many factors that may influence the rate of taphonomic change; macro- and micro-environment 

to which the remains are exposed, buried/surface, positioning, climate, soil content/pH, 

amount/type of flora, and presence of fungi/bacteria in the surrounding environment or the 

remains themselves (Cunningham & Ross 2011). These are discussed below.  
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2.3.1 Environment and bone preservation 

Physical, chemical and biological factors influence the rate of decay of the human skeleton 

(Boddington et al. 1987) through the mechanisms of selective transport and/or differential 

preservation of bones, with the potential to produce an incomplete/damaged skeleton (Buikstra 

& Komar 2008). Selective transport and dispersal of bones are the result of extrinsic (external) 

factors, whereas differential preservation of skeletal elements are influenced by intrinsic 

(internal) factors (Buikstra & Komar 2008). While the factors that influence bone preservation 

are separated into intrinsic and extrinsic categories, both act independently and dependently on 

each other (Boddington et al. 1987) to exert an influence on the long-term survival of bone 

(Manifold 2013).  

 

a) Intrinsic factors 

Intrinsic (or internal) factors that affect bone preservation are those that derive from the 

condition of the bone itself (Boddington et al. 1987) and its natural resistance to degradation 

(Manifold 2013). Therefore, intrinsic factors tend to be individual specific (Boddington et al. 

1987). There are four intrinsic factors of bone preservation; bone morphology, age of the 

individual, presence/type of trauma and disease.  

 

i) Bone morphology 

Internal changes of bone that occur are a result of the action of the bone’s organic and inorganic 

components (Boddington et al. 1987). Organic components undergo slow break down via 

hydrolysis, while inorganic components undergo rearrangement of the crystalline matrix 

(Boddington et al. 1987). The bone’s protein-mineral bond thus becomes weaker, leading to 

dissolution (Boddington et al. 1987). The action of substitution, infiltration and absorption of 

ions can further undermine the protein-mineral bond (Boddington et al. 1987). The gradual 

weakening of the bone’s protein-mineral bond will increase its potential for degradation 

(Manifold 2013). Furthermore, variation in bone shape, size, porosity and density can impact 

on the rate and degree of both chemical breakdown of bone and the influence of extrinsic 

factors on bone during decomposition (Boddington et al. 1987).  
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Bone shape/size impacts how susceptible the bone is to decomposition and the possibility of 

its collection during excavation (Boddington et al. 1987). Thin/fragile and complex bones (such 

as the eye orbit or scapular body) are more susceptible to destruction than more robust bones 

like the femur (Buikstra & Komar 2008), with the rate of bone decay inversely proportional to 

bone size (Manifold 2012). Smaller/thinner bones have an inherent vulnerability to damage 

due to a smaller internal and external surface area of exposure to the surrounding environment, 

resulting in more rapid breakdown (Manifold 2012).  

Porosity is an important factor in the diagenetic change of bone, with increased porosity 

occurring before death due to health and/or age-related factors (discussed below), natural 

variation of porosity between different bones, and/or post-mortem changes due to mineral 

dissolution (Manifold 2013). The rate of dissolution depends on the porosity of skeletal tissue, 

as the greater the porosity the more rapid the degradation relative to less porous bone tissue 

(Manifold 2013). Bone density (proportion between compact and cancellous bone) varies 

throughout the skeleton (Boddington et al. 1987) and is considered one of the most significant 

intrinsic preservation factors (Manifold 2012). The bones most vulnerable to destruction are 

believed to be those with a high proportion of cancellous bone (sternum, vertebrae, ribs, and 

epiphyses) (Manifold 2012), while those with a high proportion of cortical bone (skull, 

mandible, and long bones) appear less affected by variation in bone preservation (Manifold 

2013).  

 

ii) Age of the individual 

The most prominent intrinsic factor of bone preservation is age of the individual (Manifold 

2013), with a biphasic relationship between age and the degree of bone preservation (Micozzi 

1991). While bone density is the main influence of this relationship, bone size and age-related 

health factors are also involved (Boddington et al. 1987).  

The bones of children possess a faster rate of decomposition than adults (Micozzi 1991). This 

is due to the overall smaller size and lower density of children’s bones (Micozzi 1991), 

particularly those of infants, whose bones are softer, high in interstitial water and organic 

content, low on inorganic content and to a large extent, are unfused (Manifold 2013). This leads 

to greater susceptibility to and faster rates of decomposition compared to adults, and poor 

protection against both chemical and mechanical degradation (Manifold 2013). The latter tends 

to occur via surrounding external environmental factors like animal scavenging and the 
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differential pressure placed on bones when buried (Boddington et al. 1987). The bones of adults 

have a higher rate of survival until later life (Buikstra & Komar 2008), with aging resulting in 

decreased bone density (Micozzi 1991), either due to age related health factors (such as 

osteoporosis - discussed below) or a natural reduction in porosity (Boddington et al. 1987).  

 

iii) Trauma 

The infliction of trauma (ante-, peri- or post-mortem) in bone (particularly penetrating 

trauma) can result in the loss of skeletal elements and/or its accelerated destruction (Buikstra 

& Komar 2008). This is due to a combination of the increased ease of access for micro-

organisms (Buikstra & Komar 2008), and interaction with animal scavengers that tend to 

explore areas of trauma first, and thereafter altering, destroying or removing the bone 

(Moraitis & Spiliopoulou 2006).  

Trauma inflicted prior to death influences the differential preservation of bone due to a 

reduction in bone density and strength compared to sites of no injury (Micozzi 1991). This 

occurs (particularly) at sites of early response to bone injury, whereby woven/fibrous bone is 

formed at the injury site, that is mechanically weaker than the surrounding lamellar bone 

(bone consisting of layers of collagen fibres arranged in concentric rings around the haversian 

canals) (Micozzi 1991). While commonly occurring in fractures this may also occur during 

cases of pathological change where rapid bone growth is stimulated (e.g. bone tumours) 

(Micozzi 1991). Post-mortem environmental taphonomic factors can have a significant effect 

on bone decomposition, particularly on the amount/rate of loss of moisture, fibrous content, 

brittleness and dryness (Cardoso & Coelho 2013). This can change the bone’s response to 

mechanical loading and/or interference and is associated with post-mortem bone trauma 

(Cardoso & Coelho 2013). This influence on bone condition may also alter the ability to 

analyse (when the bone is recovered) the timing of bone trauma in regard to how specific 

fracture properties (fresh or dry) are exhibited (Cardoso & Coelho 2013).  

 

iv) Pathology 

Pathology is an important factor in differential skeletal preservation (Boddington et al. 1987). 

Infection and/or disease can accelerate the rate of bone destruction (Boddington et al. 1987) 

due to the action of micro-organisms and the impact that bone breakdown during life has on 
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bone preservation at death (Manifold 2013). Poor bone mineralisation in life (such as 

metabolic diseases, osteoporosis, arthritis and acquired infection) and/or an increase in bone 

surface porosity can lead to the bone seeming to ‘dissolve’ in the post-mortem environment 

(Manifold 2013). Such pathology in skeletal remains can result in difficulty in recovering 

some (or all) of the remains and the misinterpretation of its condition; e.g. whether the cause 

is poor preservation or pathology (Manifold 2013). However, certain pathological conditions 

may also lead to differential survival of bone due to an increase in bone density (Micozzi 

1991). Some conditions may increase the absolute amount of tissue in bone (whilst 

decreasing the cortical/trabecular ratio), or increase the amount of calcification (of 

surrounding soft tissue/muscle) in/around the bone, resulting in that tissue acting as bone and 

thus providing greater protection to degradation (Micozzi 1991).  

 

b) Extrinsic factors 

Extrinsic factors that affect the rate of bone preservation are those from the surrounding 

external environment (Boddington et al. 1987). This makes taphonomic analysis evaluations 

regionally/environmentally specific (Buikstra & Komar 2008). There are five extrinsic factors; 

subaerial weathering, burial, animal scavenging, water transport and thermal trauma.  

 

i) Subaerial weathering 

Subaerial weathering is the response of bone to the above ground external environment, 

characterised by the loss of organic content and moisture, cracking, delamination, flaking and 

the bleaching of the bone’s surface layers, which all work together to slowly reduce the overall 

size and integrity of the bone(s) (Pokines & Symes 2013). The degree of bone weathering that 

occurs depends on the climate and weather conditions that influence the presence of flora, 

temperature, rain and/or sunlight (Pokines & Symes 2013). 

The effect of temperature on bone preservation differs according to the latitude, season and 

amount of surface exposure (Boddington et al. 1987). Seasonal temperature variations have a 

distinct effect on the rate of bone preservation (Boddington et al. 1987), by influencing the rate 

that post-mortem chemical activity and hydrolysis occurs within the bone (Ortner & Von Endt 

1984). The higher the temperature the faster the rate of bone destruction, with it being noted 

that the rate that chemical reactions within bone occur doubles for each 10℃ rise in temperature 



18 
 

(e.g. Ortner & Von Endt 1984), however it halves for every 10℃ drop in temperature (Haglund 

1991). While cold temperatures inhibit the action of hydrolysis and chemical activity (Ortner 

& Von Endt 1984), chemical reactions in bone exposed to freezing temperatures may slow to 

become virtually insignificant (Haglund 1991) thus leading to greater bone preservation 

(Boddington et al. 1987).  Colder temperatures also contribute to the inhibition of other 

extrinsic factors acting on the bone, predominantly animal scavenging, as some locations affect 

the amount of access to the remains (as in the case of ground freezing) as well as burrowing 

and scavenging animals having lower activity levels and/or hibernating during the colder 

weather/seasons (Boddington et al. 1987).  

Weathering in general seems to be slower in those environments where bones are kept moist 

and well covered by surrounding flora and other forms of cover (Pokines & Symes 2013). 

However, freeze-thaw cycles and associated moisture in the bones can cause alternating 

shrinking and swelling of the material, enhancing crack formation (Pokines & Symes 2013). 

Periodic wetting and drying of bone also results in fracturing of the remains due to expansion 

and contraction (Iscan & Steyn 2013). This demonstrates that the less equable the immediate 

environment (regarding temperature and moisture fluctuations) of the bone, the faster the 

remains tend to weather (Fox & Lyman 1989). The greatest subaerial environmental impact on 

bone is from sunlight, with the progressive cracking, splitting, warping, exfoliation and/or 

shrinkage of the bone surface causing comprehensive damage (Denys 2002). Extended 

weathering has the potential to result in complete bone disintegration due to continued and 

progressive flaking of the exposed surface(s) (Pokines & Symes 2013). The resultant loss of 

surface features limits the biological information, which can be obtained about the specimen(s) 

regarding what bone(s) it is, the species, development and presence of peri-mortem trauma 

(Pokines & Symes 2013). 

Subaerial weathering has the potential to make bone more susceptible to other extrinsic factors; 

some animals prefer to scavenge dry and weathered bone opposed to fresh (Iscan & Steyn 

2013; Pokines & Symes 2013). The breakdown of the bone surface also makes it susceptible 

to rounding and wear when subsequently exposed to water transport, resulting in more rapid 

loss of surface layers (Pokines & Symes 2013). Subaerial weathering is a taphonomic change 

that is capable of mimicking the same alterations found in other extrinsic factors, such as 

thermal trauma (Pokines & Symes 2013).  
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ii) Burial 

When bone is exposed to the below ground environment (buried), there are five combined 

factors that affect preservation (both short and long-term): microbial activity; soil type/pH; 

temperature; and burial depth (Manifold 2012; Pokines & Symes 2013). The majority of soil 

micro-organisms (bacteria and fungi) are present in most soil types, even though their absolute 

numbers may be very small (Child 1995). The overall number of micro-organisms present are 

dependent on the soil type and environmental conditions (Child 1995), with microbial activity 

increasing exponentially with increasing temperature until proteins within the micro-organism 

denature, resulting in micro-organism destruction (Child 1995). However, the duration from 

which the bone is deposited and microbial activity begins varies (Ermini et al. 2002). Microbial 

activity has a destructive effect on the organic contents of bone and its histological structure 

(Manifold 2013), through such action as tunnelling, resulting in damage to the Haversian 

systems and deterioration of the bone’s structural integrity (Ermini et al. 2002). This may 

therefore have downstream effects on future analyses (e.g. DNA profiling) (Ermini et al. 2002).  

The most important factor in a burial is the soil type/pH (Pokines & Symes 2013). Soil 

comprises mineral and organic matter, air and water, with the ratios of each varying between 

soil types (Manifold 2013). Bone preservation is impaired when exposed to soil that is acidic 

(pH lower than 6), light, aerated and well-drained; soil pH leads to damage of the inorganic 

bone minerals (hydroxyapatite) while soil type increases the rate of biological activity in the 

surrounding environment, which can destroy the organic matter (Manifold 2012; Pokines & 

Symes 2013). These conditions lead to poor bone preservation with the chemical environment 

(soil acidity) mainly affecting the macroscopic appearance and destroys the bones inorganic 

material (Manifold 2013); corrosive damage to the bone microstructure via leaching the 

inorganic mineral content out and into the surrounding external environment, leads to exposure 

of the remaining bone’s organic components to direct injury (e.g. extensive bone flaking) from 

environmental factors (Pokines & Symes 2013). It is generally accepted that soils with a 

neutral/alkaline pH and/or dense clay soils favour bone preservation (Manifold 2012; Manifold 

2013).  

The reduced rate of decomposition of a buried corpse, which in general is at a rate eight times 

slower than that of above ground, is attributed to two factors; limitation of animal scavenging 

and the soil environment (Haglund & Sorg 2002). The degree of animal access is directly 

related to the burial depth and soil compactness (Haglund & Sorg 2002). Burial of a corpse 
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either limits or totally prevents access to the body by carrion insects and animal activity, thus 

breakdown of the tissues is primarily the result of chemical reactions occurring within the body 

(autolysis and bacterial putrefaction) (Haglund & Sorg 2002). Burials of less than a half a metre 

in depth are susceptible to animal scavenging and insect activity due to greater ease of 

access/migration through the soil than burials with a depth of one metre or more (Haglund & 

Sorg 2002). Soil dwelling insects and bacteria are most productive due to the enriched upper 

soil, and therefore contribute to the more rapid decomposition process (Haglund & Sorg 2002). 

At shallow depths, a buried body is subjected to temperatures that approximate those above 

ground (Haglund & Sorg 2002). Thermal stabilisation in soil generally occurs at depths greater 

than half a metre, with no significant temperature fluctuations other than seasonal changes 

(Haglund & Sorg 2002). Deep burials of one metre or greater, via relative consistency of cool 

temperatures and inhibition of animal scavenging, provide an extremely reduced rate of 

decomposition (Haglund & Sorg 2002).  

 

iii) Animal scavenging 

Animal scavenging refers to the activity of carnivores, rodents and insects on skeletal remains 

and it is commonly present in remains located on the ground’s surface and in shallow graves 

(Boddington et al. 1987). This action can result in two types of animal interference; direct and 

indirect attacks (Manifold 2012). Direct attacks result in damage and destruction of the bone 

tissue, while indirect attacks result in disturbance of the remains via bone scattering and/or 

removal (Manifold 2012).  

Carnivore and rodent scavenging can result in, and is able to be identified through, the presence 

of punctures, pitting, scoring, furrows, fracture lines, splintering, depressed fractures and/or 

significant bone end destruction (Haglund et al. 1988), particularly in bone from the limbs and 

thoracic area (Pokines & Symes 2013). When scavenged by carnivores, bones can also undergo 

consumption and subsequent gastric corrosion, often on bone fragments that have been 

removed via gnawing, or whole small bones (such as carpals) (Pokines & Symes 2013). These 

bones demonstrate a ‘sculpted’ appearance on the cortical bone surfaces, thinning and small 

holes throughout the surface (Pokines & Symes 2013), mimicking the affect of acidic soil 

corrosion (Pokines & Symes 2013). Insect activity affects bone preservation by both altering 

the bone morphology and disturbing it; once the remains reach the skeletal stage, this activity 

is generally reserved to carrion insects such as beetles (Boddington et al. 1987). The degree of 
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influence insect activity has on the remains is dependent on the burial conditions, and 

environmental factors such as season, temperature, latitude and altitude (Manifold 2012). Apart 

from burrowing and disturbing smaller bones and teeth from its original location, insects can 

be destructive via surface damage to the bone, causing pseudo-pathology, which may appear 

as bone lesions (Boddington et al. 1987).  

Animal scavenging and/or insect activity and the resultant bone tissue damage (as discussed 

above) creates pseudo-pathology and/or pseudo-trauma (Haglund & Sorg 2002), resulting in 

misidentification of the source of the injury (human induced blunt or projectile trauma; 

pathology; taphonomy) (Boddington et al. 1987). Disturbance of the skeletal remains, whether 

entirely consumed or transported far enough away from the initial location that it could not be 

located, the result of this activity is that the bone is not available for analysis, therefore the only 

information available is the disarticulation/dispersal status of the remains (Pokines & Symes 

2013).  

 

iv) Water transport 

The transportation of skeletal remains via water is in relation to movement through any body 

of water such as a stream, river, lake, sea or ocean (Haglund & Sorg 2002).  The degree of 

damage sustained to skeletal elements depends on the water environment, as well as the type 

of bone(s) (Iscan & Steyn 2013). The temperature, depth, salinity, oxygenation, current, 

animal/microbial habitation and features of the shore/bottom differ greatly depending on the 

water source (Haglund & Sorg 2002). The principal action that water itself has on bone 

preservation is to leach the organic components out of the bone and into the surrounding 

external environment (Boddington et al. 1987). Articulating bones are often absent, with 

usually the skull, mandible, hands and feet the first to be separated from the rest of the remains, 

followed by the lower limbs and remainders of the arms (Haglund & Sorg 2002). Round cranial 

segments commonly travel long distances, while flat elements are more likely to remain near 

their original deposition location (Haglund & Sorg 2002).  

Damage in the form of abrasion, pitting, scratching, gouging, denting, chipping, grooves, 

notches, post-mortem fracturing and acid etching, as well as discolouration of protruding 

skeletal anatomical landmarks when making contact with surrounding items at the 

bottom/shore of a body of water, are common (Pokines & Symes 2013). The bone surface 

generally becomes thinner, leading to the formation of small openings that enlarge with 
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continued abrasion (Pokines & Symes 2013). Other identifiers include algae staining, presence 

of hardened silt and crusting of bone surfaces (Pokines & Symes 2013). This taphonomic 

change can result in obscuring of trauma (abrasion; algae; silt; crusting), as well as the complete 

absence of skeletal elements and/or missing anatomical landmarks (Haglund & Sorg 2002).  

 

v) Thermal trauma 

The application of an external heat source to skin (or other tissues) resulting in tissue 

destruction (thermal trauma) is a taphonomic condition found in human remains, particularly 

in incidences of house/car fires, blast trauma or as a result of intentional human interference 

(Ellingham et al. 2015). The damage sustained during this taphonomic change depends on 

multiple inter-related factors that include body positioning, tissue shielding, fleshed versus 

skeletonised, as well as burning temperature, duration and distance from the heat source 

(Keough et al. 2015). These (and other) factors combine to produce various morphological 

alterations, including colour changes, warping and fracturing specific to the conditions (Cunha 

et al. 2011; Denys 2002). 

 

2.3.2 Thermal trauma on the skeleton 

Bone subjected to thermal trauma passes through several progressive phases that all encompass 

the term ‘burnt bone’ (Ellingham et al. 2015). ‘Charred bone’ is due to direct contact with the 

heat source, resulting in a blackened appearance due to carbonisation; the destruction of the 

bone’s organic components carbon and collagen (Ellingham et al. 2015). ‘Calcined’ or 

‘incinerated’ bone is thermally altered to such an extent that all organic material and moisture 

has been lost, resulting in a white appearance of the bone’s surface (Ellingham et al. 2015). 

Progression through these phases of burning is facilitated by four stages of heat-related change: 

dehydration; decomposition; inversion; and fusion (Thompson 2005). The first stage is 

dehydration. Here the hydroxyl-bonds break and water is lost (Thompson 2005). The 

decomposition stage involves the organic components of the bone being removed by pyrolysis 

(Thompson 2005). The third stage, inversion, is identified by the loss of the carbonates 

(Thompson 2005). The final stage, fusion is characterised by the melting and coalescence of 

the bone’s crystal matrix (Thompson 2005).  
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Thermal trauma in skeletal remains is characterised by morphological alterations such as colour 

changes, exfoliation, shrinkage, warping, and heat-related cracking/fracturing/fragmentation 

specific to the conditions (e.g. burning temperature, duration, condition of the individual) 

(Cunha et al. 2011; Denys 2002). Colour change occurs due to the ratio between organic and 

inorganic components of bone (Ellingham et al. 2015). Fresh bone normally exhibits a light 

ivory colour, turning brown to black as a result of carbonisation (Ellingham et al. 2015). As 

thermal trauma continues, combustion via pyrolysis of organic compounds results in a grey 

shading of the bone, which gives way to the bone becoming white, signalling calcination, which 

is a complete loss of all organic compounds and fusion of the bone minerals (Ellingham et al. 

2015). The temperature this occurs at can differ considerably, but the colour changes remain 

consistent (Ellingham et al. 2015). This loss of organic content also causes shrinkage and a loss 

of bone mass (Thompson 2004). The cause of heat induced warping is not completely clear, 

with several theories as to its cause (Thompson 2005). Since it is more apparent in fleshed 

compared to unfleshed bone, this has resulted in one deduction that the heat-induced 

contraction of the muscle fibres pulls and twists the bone away from its natural shape 

(Thompson 2005). However, heat induced air expansion within the medullary cavity causing 

dimensional change via increased diaphysis and epiphysis size, and contraction of the 

periosteum within the bone cortex have also been hypothesised (Thompson 2005). Cracks 

along the cortical surface occurs from the cortex losing so much moisture that the surface 

shrinks greater than the underlying bone, creating tension between the two layers that also 

produces flaking of the entire top layer (Foster et al. 1984).  

When fleshed remains are exposed to heat, flexing/contracting of the upper/lower limbs, torso 

and/or neck occurs through the antagonistic muscles pulling and causing the body to go into 

the pugilistic posture (Keough et al. 2013). This results in differential tissue shielding to bone 

(Keough et al. 2013). As decomposition progresses, muscular contraction and tissue shielding 

no longer occur due to the decline of soft tissue, so fleshed and decomposed remains 

demonstrate different patterns and outcomes of burning (Keough et al. 2013).  

Time and temperature have an important role in the extent of tissue damage produced during 

thermal trauma (Pope 2007). However, it is difficult to use just the extent of damage present to 

determine the temperature and time of thermal trauma to bone (Pope 2007). The duration and 

intensity of a fire are dependent variables, but are able to produce similar results of colour 

change and heat-induced fractures (Pope 2007). The same physical changes of thermal trauma 

can be found in remains that have undergone a slow, low intensity smouldering fire over a long 
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duration, relative to a hot, fast, accelerant-fed fire (Pope 2007). Other research has suggested 

that morphological changes (such as colour) correlate to a certain temperature range of 

exposure (Foster et al. 1984), not taking into account the fact that such morphological changes 

relate to the extent of organic breakdown (pyrolysis) in the bone (Pope 2007).  

It has been shown that specific thermal characteristics exist in fleshed, wet and dry bone, with 

burn fracture characteristics similar between fleshed and wet/green bone, but different between 

wet and dry bone (Keough et al. 2013). When fleshed remains burn, bone destruction ranging 

from no damage to charred/calcined can be present (Keough et al. 2013). Heat-induced 

fractures occur on the cortical surface where there is a greater application/exposure to heat, and 

it tends to not travel through the entire bone, except in cases of extreme cremation (Keough et 

al. 2013). Curved transverse fractures and thumbnail lines are associated with the presence of 

flesh before burning (Keough et al. 2013), and there is a greater demonstration of warping, 

irregular longitudinal splitting and transverse fractures (Thompson 2015). Longitudinal and 

transverse fractures are commonly found along shafts of bone that is fleshed, semi-fleshed and 

green/wet bone (Keough et al. 2013). Dry bone burns uniformly, due to the lack of soft tissue 

and organic saturation (Keough et al. 2013), displaying longitudinal splitting (generally 

following the stress lines of the bone), minimal morphological warping, less variation in 

fracture patterns and sharp, clear-cut yet superficial cracking/checking on the bone surface 

(Thompson 2015). The latter tends to signify the exposure of a large bone surface to a uniform 

amount of heat (Keough et al. 2013).  

It is generally assumed that dentition goes through similar thermal alterations as bone (Schmidt 

& Symes 2015). However, while similar, variations in the composition (organic content) and 

structure (rods instead of osteons), particularly of the external dental tissues, results in some 

differences in their reactions to thermal trauma (Schmidt & Symes 2015).  

 

i) Thermal trauma on dentition 

Teeth are resistant to challenging environmental conditions like humidity, heat, high 

temperature and the microbial environment (Hughes-Stamm et al. 2016), leading to their 

frequent survival when exposed to thermal trauma (Danesino et al. 2002). This is not solely 

due to their composition, but also the protection given by the peri-oral musculature, lips and 

tongue (Gaitan et al. 2015), which cause delayed and varied temperature increase in the oral 

cavity (Danesino et al. 2002). This effect decreases as the thermal trauma continues and the 
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materials that initially produced a delayed response become damaged and destroyed as well 

(Danesino et al. 2002). This damage commonly results in the lips and cheeks tightening and 

becoming hard, causing the anterior teeth to be more prone to damage by thermal trauma than 

the posterior teeth, which are provided with greater protection by the tongue and buccal 

musculature (Gaitan et al. 2015).  

Common morphology found in dentition exposed to thermal trauma is surface cracking, 

separation of the root and crown, enamel shattering and colour change (Landini et al. 2014). 

Heat-induced cracks can be explained by dehydration and loss of the organic matrix in the 

dentin; increasing its fragility, intertubular tensile stress and/or spontaneous evaporation of 

water (Landini et al. 2014). Methodology such as dental radiographs have exhibited that the 

increase in the number of cracks is relative to the increase in temperature (Danesino et al. 

2006). The tooth crown and root has a tendency to separate, and the enamel to shatter at 

elevated temperatures (Landini et al. 2014). This is referred to as ‘popping off’ due to the 

distinct sound commonly heard when this occurs (Landini et al. 2014). The temperature(s) 

required for this occurrence varies between separate experiments (Landini et al. 2014). While 

friability of the crown has been documented at 450℃ when heated for 30 to 60 minutes 

(Berytrand et al. 1998), gradual heating has resulted in shattering not occurring until 800℃ 

(Danesino et al. 2002). This has been explained as due to gradual heating of teeth causing the 

humidity content to evaporate, causing minimal damage, however the application of intense 

heat can cause the organic components within teeth to evaporate instead, consequently leading 

to the crown and root separation and enamel shattering (Fereira et al. 2008). The crown and 

root separation has also been explained by different thermal properties and shrinkage rates 

between the dentin and enamel, resulting in heat-induced stress along the dentine-enamel 

junction resulting in the separation (Landini et al. 2014). The progression and cause of colour 

change in dentition has been determined to be similar as that found in bone, with colour change 

starting off black and/or brown, progressing to bluish and grey, and finally white (Foster et al. 

1984). However, there is some variation due to enamel containing a much lower organic 

content than bone, with colour changes in bone attributed to the loss of collagen (Schmidt & 

Symes 2015). 
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2.4 Thermal trauma on the skeleton: previous research 

2.4.1 Analysis of burned bones and teeth (via animal proxy) on colour, morphology and 

shrinkage 

Foster et al. (1984) quantified the effect of thermal trauma on bones and teeth in relation to 

colour, microscopic morphology, crystal structure and shrinkage. The aim was to enable 

identification of the temperatures to which skeletal remains were subjected and to extrapolate 

the original dimensions of the bone. An animal model (sheep and goats) was used, with 60 

mandibles and 60 tali from both species, with an additional two mandibles and three tali bones 

as control samples. Specimens were exposed to 185, 285, 360, 440, 525, 645, 675, 745, 800, 

870, and 940°C for four hours, followed by four hours of cooling. The reasoning provided as 

to why these unusual temperature increments were chosen were that they corresponded to the 

settings available on the furnace. Colour changes were documented using the Munsell Soil 

Colour Chart. Shrinkage was documented by taking four measurements (three of the talus and 

one of the mandible) before and after burning. The talus, measurements included: maximum 

length of the lateral aspect; maximum length of the medial aspect; and minimum longitudinal 

circumference at the midline. The mandibular measurement analysed the minimum corpus 

circumference as measured in the diastema. The shrinkage of the teeth specifically was not 

analysed due to the expectation that they would crack and fragment (rather than shrink).  

It was found that both bone and teeth followed a similar progression of colour change, with all 

colour components demonstrating progressive modification with heating and the first 

appearance of low/neutral values around 400℃. Between 20 and 285℃ the specimens were 

commonly neutral white, pale yellow and yellow. The common colours of reddish brown, very 

dark grey-brown, neutral dark grey and reddish-yellow occurred between 285℃ and 525℃. 

From 525 to 645℃ the specimens were neutral black, with medium blue and some reddish 

yellow appearing. Neutral white was the predominant colour between 645℃ and 940℃, with 

light blue-grey and light grey also present. Specimens exposed to temperatures exceeding 

940℃ were neutral white with some medium grey and reddish yellow. In quantifying shrinkage 

it was demonstrated that the mean percentage value at each temperature lacked consistency, 

however overall it was demonstrated that there was a gradual increase in the rate of shrinkage 

as temperature increased, with a maximum recorded value of 15% at 940℃.  

Overall, this research established that colour is a useful tool to determine a temperature range 

that the specimen(s) were exposed to and that shrinkage is a function of the maximum 
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temperature. It was deduced that the original size of the bones could be estimated (within 

reason) through the condition of colour and microscopic morphology. However, due to 

discrepancies between this and previous research in regard to results at certain temperatures, 

there needs to be caution in applying this data.  

 

2.4.2 Effect of thermal trauma on the colour and morphology of human permanent 

dentition 

The purpose of this study by Chauhan (2011) was to quantify morphological and histological 

changes in teeth subjected to thermal trauma; the aim was to correlate the morphological and 

histological changes with temperature. The specimens analysed were freshly extracted human 

permanent teeth grouped according to the individual’s age; under 30 years; between 30 and 40 

years; above 40 years. Each group contained 18 anterior, 18 posterior and six restored teeth 

(silver amalgam). The specimens were subjected to temperatures of 300, 350, 400, 450, 500 or 

600℃ for 15 minutes, followed by gradual cooling (not disclosed how) to room temperature. 

There was no reasoning for the use of these selected temperatures and times provided. Visual 

analysis of morphological changes was performed to evaluate changes in colour, texture and 

morphology. 

It was found that at 300℃ the root changed from a cream to a brownish black colour, and the 

enamel separated from the underlying dentin during decalcification. At 350℃ there was an 

enhancement of cracks along the surface of the teeth. During decalcification the enamel came 

out in 2 to 3 large bits. There was splitting of the teeth along the long axis at 400℃, in addition 

to the previous morphological changes noted. During decalcification, the enamel separated into 

several fragments. At 450 and 500℃ the only morphological changes present were those 

consistent with the lower temperatures. During decalcification, specimens exposed to 450℃ 

had the enamel separate into several small fragments, while those at 500℃ had several small 

bits separate while the rest of the tissue was fragmented. At 600℃ the teeth were very fragile 

and broke during handling. The disintegration of the sample during decalcification only left 

behind the enamel. A noticeable absence was any comparison between the three age groups in 

relation to whether age had an impact on the observed morphology. This research found overall 

a progression of disintegration and colour change. This thus represents a more in-depth look 

compared to previous research, at not just colour but also the morphology of teeth. This 
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research provided the basis for subsequent research to improve upon this through the 

application of a less subjective methodology (as discussed below).  

Prakash et al. (2014) analysed morphological and microscopic alterations in teeth exposed to 

thermal trauma to determine whether the alterations correlated to temperature. A total of 54 

recently extracted and otherwise healthy human permanent teeth were examined; those 

collected were categorised according to the age of the individuals (under 30 years; between 30 

and 45 years; above 45 years), with each group containing 18 teeth; six anterior, six premolars 

and six molars. The temperature conditions the specimens were subjected to was 100, 300 and 

600℃, undergoing gradual heating to the specified temperature, held for 15 minutes, and 

gradually cooled to room temperature. There was no reasoning for the use of these selected 

temperatures and times, or an explanation of the method for sample cooling, provided. The 

methods for analysis involved the visual examination of colour change, texture and 

morphology. Microscopic analyses were performed via sectioning at 4𝜇𝑚 thickness and 

staining with hematoxylin and eosin.  

Their results demonstrated that with increasing temperature, the teeth became progressively 

fragile and difficult to handle. At 600℃ the teeth from all three groups were charred and 

completely disintegrated (Figure 2.3). This resulted in an inability to process and section those 

teeth. At temperatures of 100 and 300℃ a clear trend was evident during the decalcification 

process, with individuals under 30 years observed as decalcifying at a greater rate than of those 

from the group of 30 to 45 years, however the decalcification rates were not quantified. At 

100℃ there was no significant change in morphology across all groups. At 300℃ there were 

significant changes in morphology, through the production of colour changes in the root from 

cream to brownish black (Figure 2.4) as well as the separation of the enamel during 

decalcification.  
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Figure 2.3: Comparison between each tooth (from each age group) exposed to 600℃ for 15 

minutes (Prakash et al. 2014). 

 

Figure 2.4: Comparison between each tooth (from each age group) exposed to 300℃ for 15 

minutes (Prakash et al. 2014). 

 

The study represents an advance on previous research through the analysis of the effect of tooth 

age and a more in-depth analysis of morphological changes. Overall this study deduced that 

there was an increase in the severity of morphological changes as temperature increased, and 

that stability of tooth samples at temperatures consistent with that found in house fires provides 

avenues for forensic analysis in cases of victim identification.  

The aim of a study by Gaitan et al. (2015) was to correlate colour changes produced during the 

application of thermal trauma to teeth. A total of 80 healthy erupted permanent teeth (from 48 

females, 32 males between 19 to 87 years of age) were collected following clinical extraction. 

The teeth were exposed to 100, 200, 400, 600, 800, 1000 or 1200℃ for 60 minutes each; 10 

teeth were not burned as part of the control group. Macroscopic analysis involved observational 

documentation of the depth and size of crazing and fissure patterns in the crown surface and 

determining at what temperature the enamel separated from the coronal dentin. Colour changes 
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were analysed by spectrophotometry on the outer surface of the enamel, however as this is not 

relevant to the current project, this portion of the journal article is not discussed.  

It was found that at 100℃ there were vertical fissures in all the crown surfaces and horizontal 

fissures in 60% of the samples. At 200℃ all the samples had horizontal and vertical fissures; 

craze lines were observed on the crown surface and the enamel had chipped off the cervical 

margin in 40% of the samples. The enamel of all samples exposed to 400℃ had separated 

completely from the underlying dentin in the cervical area. Deep fissures and fine cracks were 

present in 90% of the samples. The enamel and dentin separated in 70% of the samples and a 

chequered network of fine cracks were observed in 60% of the samples at 600℃. The 

fragmentation of the coronal portion of the teeth (60%) and crown-root separation (20%) was 

observed. At 800℃ similar structural changes were observed although a chequered pattern was 

exhibited in all of the crowns. At 1000-1200℃ structural changes were also similar, however 

fragmentation of the crowns was present in 70% of the samples.  

The overall conclusion of this research was that colourimetry analysis of incinerated teeth could 

be used to estimate the temperature of exposure with high accuracy, with lightness the most 

useful variable. This research provides a great advancement in colour analysis of burned 

specimens over previous research through the use of robust methodology providing objective 

analysis of the specimens enabling statistical comparison, compared to subjective visual 

observation.  

 

2.4.3 Quantification and amplification of extracted DNA from adult human dentition, 

coupled with morphological alteration documentation 

Garriga et al. (2016) analysed macroscopic changes and efficiency of DNA profiling in burned 

teeth in relation to temperature and time. A total of 30 healthy third molars extracted from 

individuals aged 20 to 70 years were collected from dental clinics. These specimens were 

placed into seven groups with four teeth per group; each group was exposed to 100, 200, 300, 

400, 500, 600 or 700℃. One tooth in each group was exposed to the temperature condition for 

one, five, 10 or 15 minutes. Two non-burnt teeth were used as controls. Both the control and 

burned teeth were mechanically ground and underwent DNA extraction and quantification. 

DNA methodology and its subsequent results are discussed in Chapter Three. Morphological 
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analysis in regards to colour change(s) as well as root and crown fracturing were recorded for 

each of the 28 teeth as shown in Figure 2.5. 

It was found that the colour of these teeth specimens progressed from brown, black, grey/blue 

to chalky white. Calcination in the root was observed from five minutes at 400℃, while 

calcination in the crown was observed from 10 minutes at 500℃. Calcination of crown and 

root inner layers (pulp chamber, dentin, root canal) showed a lower degree of alteration, 

hypothesised as due to the protection afforded by the outer layers. The colour changes found 

in this study correspond to those found in bone. Fracturing was observed from 10 minutes at 

300℃ in the crown, and 10 minutes at 400℃ in the root. Crown fragmentation and separation 

from the root was observed at 15 minutes at 300℃. Fractures seen in the root surface were 

transverse fractures and root separation was observed at 15 minutes at 700℃. 

 

 

Figure 2.5: Visual comparison of the colour changes dentition progresses through during 

exposure to thermal trauma (100 to 700℃) for one to 15 minutes (Garriga et al. 2016).  
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The findings of this study are consistent with reports from other dental research, with colour 

changes consistent to that shown in bone. However, there was slight variation as to what 

temperatures these morphological changes occur at, due to variation in fleshed/not fleshed 

remains, the type of furnace used and the fact that this research analysed the duration of burning 

as well, allowing for greater specificity. Through enabling the comparison of not just 

temperature, but also the duration of burning, and performing an in-depth look at 

morphological change, this research provides a strong basis for burned bone analysis.  



33 
 

CHAPTER THREE: 

MOLECULAR ANALYSES OF FORENSIC MATERIAL 

 

3.1 Introduction 

The objective of this chapter is to discuss the use of molecular analyses in forensic science and 

the circumstances that can cause its implementation to be impeded. The structure and function 

of DNA is discussed with specific consideration of nuclear DNA (which is used in the current 

research project). A review of DNA analysis follows, including discussion of the methods used 

(extraction; quantification; amplification), their purpose and how the products of these assays 

are utilised to inform forensic analyses. This chapter includes a description of DNA 

degradation with a specific focus on the environmental conditions that affect DNA stability; 

particularly in the context of the molecular analyses of dental specimens and the ability of teeth 

to be a DNA source. Previous published research on the influence of thermal trauma on dental 

DNA degradation rates and amplification ability is reviewed to identify potential gaps in 

existing knowledge that the present study attempts to address. Finally, the chapter concludes 

with a discussion of the real-world forensic applications of molecular analyses, both for DNA 

generally and for the specific use of dental DNA.  

 

3.2 Structure and function of DNA 

Present within every cell containing a nucleus, DNA provides the complete set of instructions 

for making and providing functionality to an organism (Butler 2010). Several of these critical 

functions such as the ability to replicate itself for information transfer during cell division and 

the storage of genetic information regarding protein synthesis (Butler 2005), is the result of the 

unique structure of the DNA molecule. 

 

3.2.1 Structure of DNA 

DNA is a molecule containing a three-dimensional double-stranded complementary helical 

structure (Alberts et al. 2002; Primorac & Schanfield 2014). Deoxyribose sugars and phosphate 

groups make up the two strands, while these are connected via nucleotide bases (as shown in 

Figure 3.1) (Sinden 1994). There are four nucleotide bases, guanine (G), adenine (A), cytosine 
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(C) and thymine (T) (Butler 2010). These bases are located along each DNA strand with two 

bases pairing together throughout the length of the DNA; the rules of base-pairing cause 

adenine to only hybridise with thymine and cytosine to only hybridise with guanine (Butler 

2010). This is the result of the chemical structure of each nucleotide base causing a bulkier 

two-ring base (called a purine) to be paired with a single-ring base (called a pyrimidine) 

(Alberts et al. 2002); adenine and guanine are purines and thymine and cytosine are pyrimidines 

(Primorac & Schanfield 2014). The purine and pyrimidine form a complementary structure 

held together by hydrogen bonding (Primorac & Schanfield 2014), causing the bases to be 

located on the inside of the double helix and the sugar-phosphate strands to be on the outside 

(known as base stacking) (Alberts et al. 2002). This base stacking provides the DNA molecule 

with considerable stability (Sinden 1994). There are two hydrogen bonds holding together the 

A-T base pair, and three hydrogen bonds between the G-C bases (Butler 2010). Therefore, G-

C bonding is stronger than that between the A-T bases (Butler 2010). The result of this unique 

pairing and the resultant chemical forces is that the two DNA strands form a twisted ladder 

shape (or double helix) (Butler 2010).  

 

 

Figure 3.1: Nucleotide base pairing and sugar-phosphate backbone structure of a DNA double 

helix (Saferstein 2011). 
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Complementary base-pairing enables the base pairs to be packed in the energetically most 

favourable arrangement in the interior of the double helix (Alberts et al. 2002). Each base pair 

has a similar width, holding the sugar-phosphate backbones an equal distance apart along the 

DNA molecule (Alberts et al. 2002) and the two sugar-phosphate backbones wind around each 

other in a helical pattern, with one complete turn every 10 base pairs (Alberts et al. 2002). 

Furthermore, the members of each base pair can fit together within the double helix only if the 

two strands of the helix are antiparallel, that is, if the polarity of one strand is orientated 

opposite to that of the other strand (Alberts et al. 2002). The consequence of these base-pairing 

requirements is that each strand of a DNA molecule contains a sequence of nucleotides that is 

exactly complementary (opposite) to the nucleotide sequence of its partner strand (Alberts et 

al. 2002).  

 

3.2.2 Function of DNA 

There are two primary functions of DNA, to make copies of itself so that during cell division 

the new cell can carry the same information as the original cell; and to store the genetic 

information on how to synthesise proteins (Butler 2005). During cell division, the cell must 

accurately copy its genetic material so that it can be passed onto the subsequent cells produced 

(Alberts et al. 2002). This is extremely important as the biological information carried within 

genes must be accurately copied so that it can be transmitted to the new cells to ensure that 

they (and future cells) are able to carry out the function(s) that they are required to do (Alberts 

et al. 2002). This is possible as each DNA strand contains a nucleotide sequence 

complementary to the nucleotide sequence of its partner strand, enabling the high fidelity of 

DNA polymerase and each strand to act as a template for the production of a new strand 

(Alberts et al. 2002).  

The important function of DNA is to store an individual’s genetic information with the data 

needed to synthesise approximately 100,000 proteins (Guckian et al. 2000; Alberts et al. 2002). 

Central to these abilities is the double-helical structure of DNA providing an effective method 

to store and transfer the encoded information (Guckian et al. 2000) through the order (or 

sequence) of the nucleotides along each strand (Alberts et al. 2002).  

 

 



36 
 

3.2.3 Genetic variation 

Between 0.3-0.5% of DNA varies between individuals (Butler 2010; Primorac & Schanfield 

2014). Coupled with recombination that occurs in gamete cells during meiosis, this diversity 

renders the genetic material unique for each individual (except for identical twins) (Primorac 

& Schanfield 2014). Genetic diversity is the result of differences between each person’s 

genome or DNA (Garcia-Bertrand et al. 2016). Referred to as mutations, these alterations occur 

throughout the genome at different rates due to variable selection pressure intensity (Garcia-

Bertrand et al. 2016). Mistakes can be made by the DNA polymerase enzyme when reading 

the DNA strands during DNA replication, introducing incorrect nucleotide(s) into the strand 

(Garcia-Bertrand et al. 2016). However, these mistakes are minimised by the polymerase 

proofreading and mismatch repair systems, which work to identify and correct these errors 

(Bebenek & Ziuzia-Graczyk 2018). Other mutations can occur during meiotic or mitotic 

replication (Bader & Jamieson 2016).   

Naturally occurring mutations are typically found within genes that can tolerate mutations, with 

repeated occurrence within a population having the potential to become polymorphisms 

(Primorac & Schanfield 2014). This is predominantly found throughout those areas of the 

genome that do not encode for proteins (non-coding regions) (Butler 2005). As non-coding 

regions appear to have less responsibility when it comes to the messenger characteristics of 

DNA, they have not been exposed to the same evolutionary selection pressures as the coding 

regions (Bader & Jamieson 2016). Albeit the functional capacity of non-coding DNA has to 

date been difficult to completely capture (Bader & Jamieson 2016). This typically allows 

mutations to occur without affecting the genetic capability of an individual, however non-

coding changes are capable of having a significant impact (Bader & Jamieson 2016). Over 

time, this has led to a high degree of polymorphism in non-coding regions of human DNA, as 

mutations have been allowed to continue relatively unimpeded (Bader & Jamieson 2016).  

As mentioned above, aside from polymorphic loci, DNA has additional variability introduced 

through processes of assortment and recombination, which occur during the meiotic division 

of cells during gametogenesis (Bader & Jamieson 2016). Both processes shuffle genetic 

material and essentially randomise the distribution of the alleles into gametes (Bader & 

Jamieson 2016). This results in over 70 trillion different possible combinations; each one 

representing half the genetic material from the father and half from the mother (Butler 2010). 
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In this way, human genetic material is shuffled with each generation, producing genetic 

diversity (Butler 2010).  

 

3.3 Nuclear DNA 

DNA located within the nucleus of a cell (known as nuclear DNA) comprises 99.75% of the 

total DNA present within an individual; nuclear DNA is comprised of information that 

contributes to cell replication and protein synthesis (Butler 2010). Nuclear DNA is stored 

within structures known as chromosomes that are dense packets of coiled and condensed DNA 

surrounded by protection proteins (histones) (Butler 2010). Normal human cells contain 46 

different chromosomes grouped into pairs (referred to as a diploid state) to produce 23 

chromosomal pairs (Butler 2010).  Twenty-two of those are autosomal chromosomes, with one 

pair of sex-determining chromosomes (Butler 2010). At each location along each chromosome 

there are two alleles, one inherited from the mother and the other from the father, the result of 

Mendelian inheritance and generational recombination (mentioned above) (Butler 2010). There 

are three main individual variations (polymorphisms) used for identification purposes (both 

generally and for forensic DNA purposes) located within nuclear DNA: STRs, SNPs and 

insertions and deletions (indels).   

  

i) Short tandem repeats 

STRs are nucleotide motifs of two to six base pairs long (Butler et al. 2003) (Figure 3.2) that 

are repeated numerous times along the length of a locus (Primorac & Schanfield 2014). A 

sequence of two nucleotide repeats next to each other repetitively are known as a dinucleotide 

(Butler 2010). Trinucleotides are made up of a three-nucleotide repeat, tetranucleotides have 

four, pentanucleotides have five, and hexanucleotides have six repeats (Butler 2010). Alleles 

of STR loci are differentiated by this number of copies of the repeat sequence within each 

locus, and sometimes additional SNPs (Norazmi & Panneerchelvam 2003). While spread 

throughout the entire genome, (Norazmi & Panneerchelvam 2003) STRs are found in non-

coding DNA (Ashton et al. 2011). For autosomal STRs, the source of variation is due to 

independent chromosomal assortment, genetic recombination and mutation (Gill & Jobling 

2004).  
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Figure 3.2: Representation of short tandem repeats – nucleotide motifs of four bases long, with 

two and three repeats (Butler 2010). 

 

Currently STR markers are the main focus of forensic biological sample analysis and 

identification of deceased individuals (Funes-Huacca et al. 2011). There are several 

characteristics that enable STR loci to be highly favoured over other loci or forms of variation, 

for use within forensic science. Those selected for use within this discipline demonstrate such 

desirable traits as high rates of heterozygosity (which reflects high polymorphism), abundance, 

clearly defined repeat sequences and allelic variants, codominant alleles at each locus as well 

as being able to undergo reliable amplification (Ashton et al. 2011; Norazmi & 

Panneerchelvam 2003; Primorac & Schanfield 2014). The real value in using STR markers is 

the simplicity and efficiency of the process and the ability to simultaneously test a large number 

of markers via multiplexing, enabling a high degree of individualisation in identifying 

biological evidence (Primorac & Schanfield 2014). There are thousands of STR markers 

available for use in forensic analysis, with several tetra- and pentanucleotide sequences found 

to have practical applications (Primorac & Schanfield 2014). Tetranucleotide STR loci are the 

most frequently used within commercially available multiplex kits (Primorac & Schanfield 

2014).  

Stutter peaks (an allele peak one repeat unit smaller than the true allele peak(s)), are a normal 

occurrence during the PCR amplification of STRs, as a result of stand slippage during extension 

of new DNA strands during PCR amplification (Goodwin et al. 2010). There are variations in 

the rate of STR stutters, with (for example) tetranucleotide repeats averaging a 5-10% stutter 

peak height (however can reach up to 15%), and pentanucleotide sequences average between 

1-3% (Carracedo et al. 2017). This variation depends on how the repeat units are structured, 

with simple core repeats tending to have a higher stutter rate than compound and complex 

repeats (Goodwin et al. 2010), as the result of the longest uninterrupted sequence of repeat 

units (Bright et al. 2012). However, the main issue that can be found with STR analysis (and 
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most other DNA analyses) is its use in cases of highly degraded samples due to the increased 

difficulty in DNA typing (as discussed below) (Gill & Jobling 2004). 

 

ii) Single nucleotide polymorphisms 

SNPs are the variation between individuals of one nucleotide at a single point of the genome; 

the result of one nucleotide base pair substituted with another base pair (Figure 3.3) (Costa 

Francez et al. 2012; Butler 2010; Rapley & Whitehouse 2007). The vast majority of SNPs in 

humans have only two alleles because the mutation rate at a particular base pair position in the 

genome is extremely low (on average one mutation per 100 million generations) and it is highly 

unlikely that two point mutations would happen at the same position (Rapley & Whitehouse 

2007). The source of variation in autosomal SNPs is due to independent chromosomal 

assortment, genetic recombination and mutation, however the latter has a low rate of 

occurrence (Gill & Jobling 2004).  

 

Figure 3.3: Representation of single nucleotide polymorphisms – substitution of one base pair 

at a single point of the genome (Liu & Shewale 2013). Transitions are changes within the same 

nucleotide base type (purines or pyrimidine) and transversions are between types. 

 

SNPs are abundant in the human genome, with millions of SNPs existing per individual, thus 

SNPs have the potential to be used to differentiate between individuals (Butler 2010). The 

density of SNPs varies up to ten-fold throughout the genome due to variations in selection 

pressure, local recombination and mutation rates (Rapley & Whitehouse 2007). SNPs have 

been considered for use as genetic markers in cases of forensic DNA analysis for multiple 

reasons (Butler 2012). Sample processing and data analysis is capable of greater automation, 

as unlike other genetic markers, SNPs do not require separation based on size (Butler 2012). 

There are no associated stutter artefacts associated with each allele, which should simplify data 
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interpretation (Butler 2012). Finally, SNPs have the potential to have the greatest impact upon 

forensic applications through the potential for individual identification, estimate ancestry and 

lineage, and prediction of certain traits of an individual’s physical appearance (Fang et al. 

2012). The latter has been one of the biggest focal points, with the ability to predict an 

individual’s externally visible characteristics (EVCs) (Branicki et al. 2014) through analysis of 

SNPs that contribute to individual differences of pigmentation (skin, hair and eye colour) 

having undergone the most in-depth research so far (Bulbul et al. 2018). Eye colour is currently 

the best understood (with the greatest accuracy rates) among all pigmentation related EVCs 

(Bulbul et al. 2018). However, further research is currently analysing SNPs associated with the 

presence of freckles, hair morphology, male baldness patterns and body height (Branicki et al. 

2014; Bulbul et al. 2018).  

As mentioned above, the majority of SNPs are bi-allelic, meaning that they have two alleles 

and therefore three possible genotypes at any one locus (Gill & Jobling 2004). This results in 

mixture interpretation presenting a challenge as it may be difficult to identify whether the 

sample contains the profile of a true heterozygote, or a mixture containing two homozygotes 

or a heterozygote and a homozygote (Gill & Jobling 2004; Butler 2012). Another challenge to 

using SNPs in forensic DNA typing applications was the inability to robustly multiplex enough 

SNP markers from small quantities of DNA (Butler 2012), however, recently this has begun to 

improve and evolve. Because a single bi-allelic SNP by itself yields less information and 

possesses a much lower discrimination power than that from a multi-allelic STR marker, it is 

necessary to analyse a much greater number of SNPs to obtain a reasonable power of 

discrimination to define a unique profile (Gill & Jobling 2004; Butler 2012).  

 

iii) Insertions and deletions 

Indels of one or more consecutive nucleotides (Figure 3.4) are mainly present in two forms; 

short indels with an average allele size of one to five base pairs, or longer alleles extending to 

approximately 25 base pairs (or more), however the latter is rarer (Liu & Shewale 2013). Short 

indels make up less than 5% of known polymorphisms in the human genome (Liu & Shewale 

2013). There are many mechanisms that can cause the formation of Indels, such as DNA 

recombination, expansion of repetitive DNA sequences, and insertion-sequence mediated 

events (Cutiño-Jiméneza et al. 2010).  
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Figure 3.4: Representation of indels – single base insertion and deletion (left) and multiple 

bases (right) (Liu & Shewale 2013). 

 

Indels contain several characteristics that make this polymorphism interesting for use as a 

genetic marker (Costa Francez et al. 2012). Resulting from a single mutation event, indels are 

spread throughout the human genome (both the autosomal and sex chromosomes) with 

seemingly the same density (although there are hotspots) (Costa-Francez et al. 2012). Many 

indels exhibit significant variation in allele frequencies among geographically separated 

population groups, resulting in their ability to be used as ancestral informative markers (AIMs) 

(Costa-Francez et al. 2012). Furthermore, small indels have the ability to be easily used in short 

amplicons, comparable to those of other polymorphisms like SNPs, because indel alleles 

consist of sequence segments that are rarely longer than four to five nucleotides (Liu & Shewale 

2013). As they generate amplicons at the lowest end of the size range, indels offer typing 

success from highly degraded target DNA comparable to most SNPs (Liu & Shewale 2013). 

Therefore, indels have the potential to improve the rate of successful amplification in cases of 

highly degraded DNA samples, as well as enabling multiplexing and automation (Costa-

Francez et al. 2012). 

 

3.4 DNA analysis 

The basis behind DNA profiling is that the genome of each individual is unique (except in the 

case of identical twins) and as such, by specifically targeting areas of the genome known to 

contain genetic variation(s), this can be used to differentiate between individuals. There are 

four stages in undertaking DNA profiling: extraction; quantification; amplification; and 

analysis. 
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3.4.1 DNA extraction 

Biological samples collected for DNA analysis can contain a number of substances other than 

DNA, therefore this must be separated from other cellular material before analysis (Butler 

2010). Therefore, DNA extraction methods have been developed so that DNA is separated 

from proteins, membranes and cellular material contained in the cell from which it is recovered 

and purified (Elkins 2014). Many DNA extraction methods available have the common 

elements of lysis (breaking open) of the cells, separating the DNA from other cell components, 

and isolation of DNA (Elkins 2014). Currently, the validated methods for DNA extraction most 

widely used in forensic laboratories can be classified into three categories based on the 

procedures used for purification: organic (phenol chloroform) extraction; solid-phase DNA 

extraction methods (silica-based); and ion chelating resins (Chelex) (Houck 2015). These 

methods are shown in Figure 3.5 and considered further below.  

 

 

Figure 3.5: Comparison between protocols of organic, Chelex and solid-phase DNA extraction 

(Houck 2015). Organic extraction requires multiple tube transfers and sample purification steps 

to produce a final high-yield DNA sample. Solid-phase extraction still requires sample 

purification via sample washing however does not require transfer of the DNA sample to 

multiple tubes, reducing the possibility of contamination. Chelex requires neither tube transfers 

nor purification, with fewer steps than the other methods.  
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3.4.1.1 Organic extraction  

The organic or phenol chloroform method was one of the earliest developed methods for DNA 

isolation (Bader & Jamieson 2016). A simple Tris/HCl buffer containing proteinase K and a 

detergent (such as sodium dodecyl sulfate) is first added to the sample (Bader & Jamieson 

2016). Sodium dodecyl sulfate (SDS) breaks down the lipid membrane to enable release of the 

cell’s contents (including DNA), while proteinase K is an enzyme that performs proteolysis to 

digest contaminating proteins (Houck 2015). The solution then has a phenol chloroform 

isoamyl alcohol solution (typically a 25:24:1 combination) added to it and mixed via 

centrifugation to separate the solution into two phases (or layers); the organic phase traps the 

proteins, and the aqueous phase traps the DNA (Houck 2015). This separation between the two 

phases is the result of phenol (which is not miscible with water) denaturing and isolating the 

proteins in the organic (bottom) phase, while DNA remains within the aqueous (upper) phase 

due to its water solubility (Liu & Shewale 2013). The DNA that remains in the aqueous phase 

is pipetted out and concentrated by ethanol precipitation or membrane filtration (Liu & Shewale 

2013).  

The DNA recovered is double-stranded high molecular-weight DNA, free of proteins and PCR 

inhibitors (Houck 2015), which can be used for a wide range of applications (Bader & Jamieson 

2016). However, the procedure does require multiple tube transfers, increasing the risk of 

contamination (Houck 2015), the use of hazardous chemicals, and although it yields very pure 

DNA overall, it has a lower extraction efficiency than solid-phase techniques due to the 

multiple phases and buffers required (Liu & Shewale 2013).  

 

3.4.1.2 Chelex 100 

A rapid method for DNA extraction that has become popular in the forensic science community 

is the use of chelating resins, such as Chelex 100 (Houck 2015). The popularity of this method 

is due to the reduction in costs, the simplified extraction technique, reduced safety risks and 

lower risk of contamination (Liu & Shewale 2013). The Chelex 100 method was traditionally 

used to extract DNA from forensic samples such as bloodstains, tissue and hair (Liu & Shewale 

2013). However, this is no longer the case, with many laboratories now using commercial kits 

and/or automated technology (with better DNA recovery) to process samples, resulting in 

Chelex 100 no longer being utilised for forensic casework (Kobilinsky & Levine 2011).  
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Chelex 100 is a resin of styrene divinylbenzene copolymers containing paired iminodiacetate 

ions (Bader & Jamieson 2016). These ions have a high affinity for polyvalent (multiple charge) 

metal ions such as Magnesium and Calcium (Bader & Jamieson 2016), thus they bind to these 

ions, deactivating (or chelating) these unwanted nuclease enzymes that can digest DNA, 

protecting the DNA molecules from cleavage (Houck 2015) and minimising the amount of 

degradation (Bader & Jamieson 2016). The technique involves breaking open the cells via 

osmotic shock in an alkaline solution containing the Chelex 100 resin, at 100℃ for about eight 

minutes (Liu & Shewale 2013). The alkalinity of the solution and the high temperature both 

work together to cause the cell membranes to burst, releasing the DNA into solution (Bader & 

Jamieson 2016). The resin is then removed via centrifugation, where the DNA remains in 

solution and the Chelex resin is pelleted, allowing for separation of the two components (Houck 

2015). While Chelex 100 is suitable for a wide range of sample types, additional thorough 

cleaning and concentration steps are often required for contaminated and/or minute samples 

(under 10ng/µl) so that further sample analysis (e.g. PCR) is able to be performed (Bader & 

Jamieson 2016).  

The result is denatured single-stranded DNA that can only be analysed with PCR amplification 

(Houck 2015). DNA purity is not as good as that obtained with the organic or silica-based 

methods (Houck 2015). This can be an issue due to the impact on future analysis with Chelex 

inhibitory to the PCR reaction, and long-term storage of samples containing Chelex beads 

resulting in deterioration of the DNA quality (Bader & Jamieson 2016).  

 

3.4.1.3 Solid-phase DNA extraction 

Generally, all solid-phase DNA extraction techniques are based on the principal that DNA has 

a different affinity to specific chemical groups located on the surface of a solid support under 

different conditions (Liu & Shewale 2013). The most commonly used form of this is the silica 

method, which can be performed in two different formats: silica columns and silica-coated 

paramagnetic beads (Houck 2015). In the first case, after DNA is bound to the column, 

impurities are washed away, and the DNA is then eluted out of the column (Houck 2015). In 

the magnetic bead procedure, washing steps and DNA elution are facilitated by applying a 

magnetic force (Houck 2015). Magnetic-bead-based purification is currently one of the 

procedures best suited for DNA isolation in the forensic field as it enables rapid DNA 
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purification with efficient removal of PCR inhibitors and is suitable for high-throughput 

extraction using automation (Houck 2015).  

The process of DNA separation can be divided into three major steps; bind, wash and release 

(Liu & Shewale 2013). Typically, cells are first lysed with proteinase K to release the DNA, 

and then a binding buffer containing a chaotropic salt is added to prepare DNA for absorption 

to silica at a pH lower than 7.5 (Houck 2015). During binding, under specific conditions DNA 

is attracted from a crude lysate to the solid (silica) phase and stays bound during wash steps 

while remaining contaminants (such as proteins, cellular material, and compounds from 

substrates which inhibit PCR) that have lower affinity for the solid surface are removed (Liu 

& Shewale 2013). DNA release is performed via varying conditions that lead to reducing DNA 

affinity for the solid-phase, and thus is eluted into the surrounding buffer (Liu & Shewale 

2013). DNA can be eluted under alkaline conditions and/or low salt concentrations (Houck 

2015). The capacity of DNA to bind to silica is proportional to the surface area and it becomes 

saturated with certain quantities of DNA (Liu & Shewale 2013). This property is explored as a 

method of obtaining a constant concentration from samples that contain large DNA quantities 

(Liu & Shewale 2013). However, low recovery of DNA due to the presence of silica-binding 

impurities or compounds in the lysate is possible (Liu & Shewale 2013).  

 

3.4.2 DNA quantification 

DNA quantification is a process by which the amount of DNA present within a biological 

sample is determined (Bader & Jamieson 2016). This is an important step to perform, as the 

quantity and quality of the DNA sample can influence the production and interpretation of a 

DNA profile in future analyses (Bader & Jamieson 2016). Knowledge of DNA concentration 

allows for adjustments to be made before the amplification process by either diluting samples 

with excessive concentrations of DNA or if the concentration is too low, concentrating the 

sample or repeating the DNA extraction process if possible (Bader & Jamieson 2016). A 

number of DNA quantification methods have been developed (Butler 2012); based on the 

ability of DNA to absorb a light source or fluoresce in the presence of various mediums and/or 

during PCR (Butler 2012). These methods include UV absorbance, yield gels, slot blot 

PicoGreen Microtiter Plate Assay, AluQuant Human Quantification System, end-point PCR 

and real-time PCR (Butler 2012).  
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3.4.3 DNA amplification 

PCR is a biochemical process in which certain genes/regions of DNA can be specifically 

targeted (Bader & Jamieson 2016) and replicated repeatedly in order to produce billions of 

copies of the particular sequence(s) for analysis (Butler 2010). This product can then be used 

for detection and interpretation of a DNA profile (Bader & Jamieson 2016). The generic PCR 

method follows a three-step process; denaturation, annealing and extension, as demonstrated 

in Figure 3.6 (Bader & Jamieson 2016).  

 

Figure 3.6: The PCR amplification process of denaturation, annealing and extension (Butler 

2012). Double-stranded DNA it heated up to cause denaturation (separation) into two 

individual strands. The temperature is altered again (as below) so that the primers correctly 

attach to the right area(s) of the DNA strand. Extra nucleotides then attach along the DNA 

strand, extending the DNA. This is done to each DNA strand present in the sample, causing 

exponential growth.  

 

The mixture is initially heated to 94℃, causing separation of the double DNA helix into two 

single strands, thus denaturing the DNA (Bader & Jamieson 2016). The temperature is then 

dropped to between 50 and 60℃ (this annealing temperature is variable due to primer/sequence 

content) (Bader & Jamieson 2016). This allows primers (short DNA sequences that flank the 

targeted DNA template - Butler 2010) to bind (or anneal) to specific areas of the single-stranded 

template DNA (Bader & Jamieson 2016). Finally, the temperature is increased to the optimal 
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temperature for an enzyme called a polymerase (e.g. 72℃ for Taq polymerase) (Butler 2010), 

to migrate along the DNA strand (starting from the bound primers) towards the other end of 

the DNA target, making new copies of the DNA region to become once again double-stranded 

(Bader & Jamieson 2016). Theoretically this process doubles the amount of the DNA target 

every cycle (Bader & Jamieson 2016), with the typical 32 cycles (although this value also 

varies depending on the specific target and starting material) producing approximately one 

billion copies (Butler 2010). This PCR product then is of a sufficient quantity to be analysed 

by methods such as gel electrophoresis or capillary electrophoresis (Butler 2010).  

Although PCR can be extremely effective with pure nucleic acids, its usefulness can be limited 

(in part) by the presence of PCR-inhibitory substances that originate either from the samples 

or the sample preparation, including the DNA extraction procedures (Bustin & Nolan 2013), 

reducing or even preventing DNA amplification (Bustin & Nolan 2013). This is as inhibitive 

substances interfere with the cell breakdown required to perform DNA extraction, degrade 

nucleic acids and/or impede polymerase activity, thereby stopping enzymatic amplification of 

the DNA target (Butler 2010). The presence of inhibition can be demonstrated by a loss of 

alleles from the larger sized STR loci or even complete amplification failure of all loci (Butler 

2010). These inhibitors can be present in forensically relevant DNA samples depending on its 

location/surface type and the sample type itself (Butler 2010). Many biological samples have 

been reported to block DNA amplification, however the biochemical and physical mechanisms 

and identities of many inhibitors are still unknown (Bustin & Nolan 2013). Hematin 

(breakdown product of haemoglobin in blood), soil, calcium, leather and even a chemical 

component present in blue jeans have been found to interfere with some aspect of DNA 

template amplification (Kobilinsky 2004). Some inhibitory substances can be removed by 

using particular extraction procedures (Kobilinsky 2004). There are certain PCR reagents that 

show some resistance to inhibitors, although this does not always work (Bustin & Nolan 2013).  

PCR DNA amplification technology is well suited to analysing forensic DNA samples as it is 

sensitive, rapid, and not limited by DNA quality as are older approaches such as Restriction 

Fragment Length Polymorphism (RFLP) (Butler 2010). The ability of PCR to exponentially 

increase the copy number of very small target areas of DNA is advantageous in forensic 

analyses, as many samples are highly degraded (Bader & Jamieson 2016) and often limited in 

both quantity and quality, therefore without the replication ability of low DNA quantities, many 

forensic samples would not be able to be analysed (Butler 2010).  
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3.4.4 DNA-containing samples: bones and teeth 

The ability to extract DNA from various sample types differs greatly, due to both the properties 

of the sample type itself and variation in extraction technique (Mitchell et al. 2011). Typically, 

the greatest issue is the DNA quantity of the sample (Butler 2010), particularly in cases of hair 

(depending on presence/absence of root sheath cells) (Hellmann et al. 2001) and bodily fluids 

that have brief contact with epithelial cells (e.g. urine) (Ladd & Lee 2001). While methods for 

DNA extraction typically involve tissue break down to release DNA from the cells, followed 

by separation of DNA from any proteins and/or debris present (Butler 2010), processing of 

bone and/or tooth samples provides challenges in both areas (Liu & Shewale 2013).  

Bone samples are relatively difficult to process (particularly relating to DNA extraction) due 

to the restricted access that digestion reagents have to their target cells, caused by the formation 

of complexes between DNA and hydroxyapatite (Liu & Shewale 2013). This complex produces 

areas of extensive mineralisation within a calcified matrix that acts as a physical barrier to the 

extraction reagents, preventing DNA from being released (Budowle et al. 1991; Coble et al. 

2007). This issue is exacerbated by the fact that the quantity of DNA available in human 

remains is often already limited and hence recovery of as much DNA as possible is important 

(Liu & Shewale 2013). The focus when processing bone/tooth samples is to maximise the 

amount of DNA extracted and minimise the co-extraction of any PCR inhibitors present (as 

discussed above), particularly in cases involving degraded DNA (Liu & Shewale 2013).  

Several methods have been developed for DNA extraction from teeth and bones (Houck 2015), 

however there are several consistent steps between all protocols (Houck 2015).  To enhance 

the amount of extracted DNA, it is necessary to remove calcium ions from the sample through 

decalcification before starting DNA extraction (Budowle et al. 1991). This involves incubation 

of powdered bone or tooth samples in an ethyl diamine tetra-acetic acid (EDTA) containing 

extraction buffer (Coble et al. 2007). EDTA demineralises the bone and inactivates DNases by 

chelating ions such as magnesium and calcium (its effectiveness to an extent is dependent on 

concentration and volume of the solution used) (Coble et al. 2007). Typically a 0.5M EDTA 

buffer is used for bone samples (Houck 2015). This protocol is performed in order to produce 

full physical dissolution of the sample and maximal DNA recovery (Houck 2015). Following 

this, the bone/tooth sample(s) undergo digestion, with the supernatant containing the released 

DNA and any remaining undigested bone/tooth powder discarded (Coble et al. 2007). The 
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supernatant can then undergo organic extraction or silica solid-phase methodology (Houck 

2015).  

 

3.5 Environmental influences on DNA degradation 

DNA is a stable molecule due to the behaviour of hydrogen bonding, base stacking (as 

discussed above) and layering of the DNA molecule with water that provides a ‘shell of 

hydration’ (Sinden 1994). However, this stability can be disrupted by overcoming all of the 

chemical forces and breaking of the hydrogen bonds and the sugar-phosphate backbone, 

producing progressive fragmentation of the DNA molecule(s), and thus causing DNA 

degradation (Ashton et al. 2011). DNA degradation can be caused by bacterial, biochemical 

and/or oxidative methods (Butler et al. 2003). The major portion of degradation occurs via 

autolysis a few hours to days after placement of the DNA sample (Burger et al. 1999). Long-

term chemical reactions that degrade DNA are oxidation and hydrolysis (Bonnal et al. 2010). 

The effects of those chemical alterations include unstable DNA structure, shortened DNA 

fragments, alteration of the DNA structure, and/or the complete loss of nucleotide bases 

(Bonnal et al. 2010). The downstream effects of degradation are an increased difficulty for data 

interpretation due to the common presence of preferential amplification, allele and/or locus 

drop-out in degraded samples (Junge et al. 2011).  

The primary focus for forensic identification is the use of STRs, which can be used to 

successfully amplify even small traces of DNA (as low as 0.1ng) (Junge et al. 2011). However, 

the ability to analyse highly degraded samples can still be problematic due to the availability 

of already minute amounts of DNA from forensically relevant biological samples (Ashton et 

al. 2011), as well as the presence of PCR inhibitors, both resulting in the production of a partial 

genetic profile with allele and/or complete locus drop-out (Butler et al. 2003). Degraded DNA 

is often encountered in natural/mass disaster and cold case (long-term) missing persons and 

during routine forensic casework due to exposure to external environment/inhibitive substances 

(Ashton et al. 2011).  

Some publications indicate that environmental conditions have a greater influence on DNA 

preservation than time, and that there is no general correlation between the age of a sample and 

DNA preservation (Burger et al. 1999). The most prominent environmental factors that 

influence DNA preservation are temperature, humidity and pH (Burger et al. 1999), all of 

which are further considered below.  
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3.5.1 Humidity 

Humidity increases the rate of DNA degradation through increasing the rate of microbial 

activity (water availability is crucial for microbes to perform their biochemical processes), with 

the presence of exoenzymes and the hydrolytic reactions of microbes resulting in degradation 

(Gomes et al. 2016). The impact of humidity can vary depending on the sample type, with 

liquid samples (e.g. blood) containing greater susceptibility to mould formation, in turn 

decreasing the success rate of DNA amplification (Gomes et al. 2016). Conversely, dehydration 

of a sample has shown reduced occurrence of enzymatic reactions, inactivating the endogenic 

enzymes responsible for degradation (Gomes et al. 2016). Overall, exposure to a humid 

environment results in a slight reduction in the quantity of DNA present, however there is a 

dramatic decline in DNA quality, with the hydrolytic damage not leading to a complete loss of 

DNA, but instead modifications to the DNA structure, thus causing inconsistent DNA analysis 

profiles (Burger et al. 1999).  

 

3.5.2 pH level 

Ionisation of a DNA sample results in alteration to the hydrogen bonds donor/receptor 

properties with the nucleotide bases, interrupting the normal adenine-thymine and guanine-

cytosine bonds by causing the double strand to come apart (Sinden 1994). This typically occurs 

when exposed to a pH lower than two (acidic) and greater than 12 (basic) (Sinden 1994). In 

addition, the layer of molecules surrounding the DNA strand becomes disrupted at high or low 

pH, destabilising the base stacking (Sinden 1994). Acidic conditions cause depyramidation and 

depurination (the loss of bases by breakdown of the glycosidic bond) thus degrading the DNA 

sample (Sinden 1994). The ideal pH conditions for DNA is a neutral or slightly alkaline pH (in 

the DNA sample itself or the surrounding external environment, such as soil) meet the 

requirements for increased DNA preservation (Burger et al. 1999).  

 

3.5.3 Temperature 

The main impact on DNA is when there is an increase in temperature. A temperature increase 

destabilises the double helix, causing the double strands to separate (Sinden 1994). This is 

because heat both disrupts the hydrogen bonding and destroys the layer of water molecules 

surrounding the DNA strands, leading to a loss of chemical forces holding the two strands 
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together (Sinden 1994). Furthermore, experimentally it has been found that there is a linear 

relationship between the melting temperature of DNA and the calculated stacking energies, 

suggesting that the thermal stability of DNA is also the result of base stacking, not only 

hydrogen bonding (Sinden 1994). In contrast, a decrease in temperature results in a decrease 

in the rate of DNA degradation, with the loss of DNA integrity halted at minus 20℃ (Butler 

2010) due to a cessation of enzyme and microbial activity enabling preservation of the nucleic 

acids, even for extended periods (Bonnal et al. 2010).  

 

3.5.4 DNA degradation in bone 

When compared with DNA found in soft tissue, bone is generally an excellent source of DNA 

(Abbas et al. 2011) as this tissue has greater resistance to degradation due to the protection 

provided by the bone itself (Hu et al. 2004). This is believed to be due to DNA binding with 

hydroxyapatite and collagen, forming a complex and therefore protecting the DNA against both 

natural and environmentally derived degenerative enzymes (Ali et al. 2015). However, DNA 

is not completely immune to degradation and/or destruction in the bone, as extreme conditions 

can cause, particularly the organic components of bone (such as DNA) to be altered, causing 

poor quality/quantity of DNA extracted and decreased likelihood of a complete DNA profile 

(Bennett et al. 2015). To provide analysts with an increased chance of achieving a complete 

DNA profile, the template size to be analysed is decreased, as the smaller the target, the more 

likely the target sequence will be intact and able to be detected (Ashton et al. 2011). 

 

3.5.5 DNA degradation in dental tissue 

DNA is more likely to be preserved in tooth samples as the mineral component provides a 

physical barrier to microbes and contaminants, as well as increased absorption of DNA to 

hydroxyapatite (also a component of teeth) (Austin & Higgins 2013). Furthermore, the 

mineralised structure of the tooth is resistant to the voluntary, accidental and/or natural post-

mortem degradation that can occur when the sample becomes deteriorated, decomposed and/or 

burned (De Leo et al. 2000). The tooth therefore maintains its integrity, making it an ideal 

source for DNA analysis (De Leo et al. 2000). 

DNA degradation during post-mortem decomposition begins with the release of endogenous 

(internal) intracellular enzymes (lipases, nucleases and proteases), and is continued by 
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exogenous (external) enzymes being introduced by micro-organisms, and environmental 

invertebrates invading the specimen (Austin & Higgins 2013). The limited porosity of teeth 

and their protected location, however, restricts the activities of external organisms on cells in 

the teeth (Austin & Higgins 2013). The activity of the internal enzymes and the processes of 

spontaneous hydrolysis and oxidation still do occur, but these occur at a slower rate (Austin & 

Higgins 2013).  

 

3.6 Molecular analyses of teeth 

Teeth are recognised as a valuable source of DNA as they are protected by epithelial, 

connective, muscular and bone tissues of the surrounding skin, muscle, tongue and jaw, with 

the dental pulp further protected by the harder tooth tissues of enamel, dentin, and cementum, 

making them an excellent source of DNA (Berketa 2014; Gaytmenn & Sweet 2003). Un-

erupted teeth may provide the highest yield due to the lack of extra protection erupted teeth 

have, particularly in such cases as thermal trauma (Berketa 2014). The total DNA content found 

within teeth can vary considerably, both between individuals and teeth located within the same 

person (Austin & Higgins 2013). This difference can be influenced by four factors; tissue type, 

tooth type (incisor/canine/pre-molar/molar), chronological age of the individual and health of 

the tooth (degree of decay/presence of trauma) (Austin & Higgins 2013; Girish et al. 2010).  

 

3.6.1 Tissue type 

Enamel is a highly mineralised substance (predominantly with hydroxyapatite) resulting in this 

tissue containing little to no DNA (Austin & Higgins 2013). The tissue laying deep to the 

enamel (dentine) is a preferred target, as it is protected by the enamel and cementum and lines 

the pulp cavity, with the long tubules/odontoblastic processes/blood vessels from the pulp 

extending into the dentine layer, providing a DNA source that would otherwise not be present 

within this mineralised tissue (Adler et al. 2011; Austin & Higgins 2013). Because the dental 

enamel and dentin are typically acellular tissues, the more appropriate DNA source is the pulp, 

a connective tissue with large quantities of highly nucleated cells such as odontoblast, 

fibroblast, undifferentiated mesenchymal, macrophage and lymphocyte cells, as well as the 

cementum, also containing nucleated cells and mineralised cementoblasts and cementocytes 

near the dentine boundary (Adler et al. 2011; De Leo et al. 2000). Cellular cementum is located 
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at the most apical portion of the root surface, and as a result of this anatomic location are least 

exposed to external sources that may cause DNA damage, especially oxidation and bacterial 

degradation (De Leo et al. 2000). Even though pulp has been determined as the ideal DNA 

source, pulp cells become non-viable within one to four weeks after death (Duffy et al. 1991). 

But even after complete destruction of the pulp, DNA can still be present in the other tissues, 

as teeth exposed to extended post-mortem periods and who have undergone root canal therapy 

(and hence have no pulp) have demonstrated (Austin et al. 2011). 

DNA content also varies within the tooth areas sampled (Adler et al. 2011). It has been shown 

that the root body has the highest DNA yield, followed by the crown body, the root tip and 

finally the crown tip (Gaytmenn & Sweet 2003). Furthermore, it has been indicated that there 

is a broad variation in DNA yield from the different tooth regions between individuals, 

suggesting that the number of cells within teeth that contain DNA (as a whole and between the 

different tooth regions) differs (Gaytmenn & Sweet 2003). This variation is not just found in 

different tooth areas generally, but also in-between the different areas of each tissue type. For 

example, within the dentine there is a three to four-fold increase in the amount of odontoblastic 

tubules in the body of the root (65,000 – 45,000/mm2) compared with the apical tip (15,000 – 

20,000/mm2), while in cementum it is the reverse (Adler et al. 2011). Although studies 

performed in teeth have demonstrated a large range in the DNA quantity obtained (as above), 

the cause(s) for this variation have not yet been explored (Austin et al. 2011).  

 

3.6.2 Tooth type 

The largest amount of DNA able to be retrieved is in teeth with the largest pulp volume and/or 

multi-rooted teeth (Austin & Higgins 2013). The latter is most likely due to the larger pulp 

volume in multi-rooted teeth and the increased root surface area providing more cementum 

(Austin & Higgins 2013). As a result, molars and pre-molars have a greater DNA yield than 

incisors and canines, as they contain both multiple roots and larger pulp cavities (the latter 

increases as each tooth becomes more distally positioned) (De Las Heras et al. 2009). Adult 

teeth have a pulp chamber volume of approximately 0.020cc, on average the highest volume is 

reached in the third molars with 0.023cc for maxillary molars and 0.031cc for the mandibular 

(De Leo et al. 2000). When selecting an exact tooth to analyse, tooth retention within the socket 

also needs to be considered (Austin & Higgins 2013). Multi-rooted teeth are less likely to be 

lost than anterior teeth during post-mortem breakdown (Austin & Higgins 2013), as in the case 
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of forensically significant human remains demonstrating that exposure to post-mortem 

environments more commonly result in the loss of single-rooted teeth than multi-rooted teeth 

(Austin et al. 2011). Teeth retained within the sockets are highly advantageous sources of DNA 

analysis as the protection afforded by surrounding alveolar bone results in a lower risk of 

contamination (De Leo et al. 2000).  

 

3.6.3 Chronological age 

As age increases the main influence on dental DNA is the volume change of each tissue type. 

Particularly in the case of pulp (the ideal DNA source), there is a decrease in volume due to 

the continuous (yet normal) increased deposition of dentin (Austin & Higgins 2013). Pulp not 

only decreases in volume over time, but it becomes more fibrous (Austin & Higgins 2013). 

While there is a build-up of dentin with age (Austin & Higgins 2013), it becomes progressively 

translucent, particularly within the root (Mornstad et al. 1999). Dentin translucence is an age-

dependent process that starts a few years after complete tooth formation, proceeding in an 

occlusal direction until the complete root is translucent at around 80 years of age (Mornstad et 

al. 1999). The odontoblastic processes also undergo age-dependent regression via occlusion 

with mineralised calcium phosphate crystals and retraction and/or disintegration, starting from 

the apical end of the dental root (Mornstad et al. 1999). Occlusion is particularly an issue, as it 

is these odontoblastic processes that are the main DNA source within the dentin layer (Adler 

et al. 2011; Austin & Higgins 2013). The amount of cementum increases with age, although it 

has been noted that the amount of viable cementocytes (as discussed above) become limited to 

a depth of approximately 60nm, as a result of their reliance on the periodontal ligament for 

nutrients obtained via diffusion, and becoming impeded by the thickened cementum (Austin & 

Higgins 2013). Other changes affect not just DNA content, but also DNA preservation; 

mineralisation of enamel increases overtime (although it can also be lost through natural 

erosion) and dentin decreases in porosity due to tubule occlusion (Austin & Higgins 2013). 

Hence, advancing age leads to a decrease in DNA yield of each tissue type and alters the 

distribution of DNA throughout the tooth (Austin & Higgins 2013).  
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3.6.4 Dental disease 

Dental caries (a microbial disease) causes localised dissolution and destruction of the tooth’s 

calcified tissues, making it easier for bacteria to enter the pulp either directly or via empty 

dentinal tubules, resulting in cell destruction (Austin & Higgins 2013). Furthermore, in 

response to the presence of caries, the pulp retracts and tertiary dentin is deposited, potentially 

causing complete loss of pulp, or in extreme cases, the whole tooth (Austin & Higgins 2013). 

Cellular cementum is only affected if directly exposed to the oral cavity, which occurs during 

advanced periodontal disease (Austin & Higgins 2013). As cementum receives its blood supply 

from the periodontium rather than the pulp, it becomes especially important as a DNA source 

in compromised teeth (Austin & Higgins 2013). Dental diseases not only reduce the amount of 

DNA available, but also increase the risk of contamination due to increased exposure of 

particularly the internal tissues to the external environment (Austin & Higgins 2013). 

Furthermore, caries, periodontal disease and treatment of such diseases impact the viability of 

the cells within the dental tissues, and as such could affect the amount of nuclear DNA present 

(Austin et al. 2011).  

 

3.7 DNA degradation in thermal trauma: previous research 

3.7.1 DNA amplification from burned juvenile deciduous teeth 

Adams et al. (2004) investigated the effect of thermal trauma on the ability to extract and 

amplify DNA from deciduous teeth. This was conducted with the aim of exposing deciduous 

teeth to a temperature range of 100 to 500℃ to analyse whether PCR was able to amplify 

certain regions of the amelogenin (sex-determining) regions. A total of 84 human deciduous 

molar teeth (52 males and 32 females) were collected from a dental school. Furthermore, two 

mandibular deciduous teeth from an actual male house fire victim were collected for 

examination. Experimental testing was conducted on 64 teeth, which were equilibrated to room 

temperature prior to heat exposure in a dental ceramic furnace. There were 20 teeth used as 

control specimens, and thus were not heated. Incineration temperatures ranged from 100 to 

500℃ (100, 150, 190, 200, 210, 250, 300, 350, 400, 450 and 500℃) for 15 minutes each. The 

furnace was pre-heated, and throughout the burning period the temperature was monitored 

using a thermocouple thermometer. In addition, the pulp chamber temperatures of additional 

2nd molars (not used for DNA extraction) were measured. For these teeth the occlusal surface 

was penetrated with a dental burr and a thermocouple inserted into the pulp chamber. To collect 
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pulp samples for DNA analysis, each tooth was individually cracked in a vice, the pulp cavity 

exposed, and the pulp removed with sterile fine-forceps. DNA extraction was performed using 

the QIAmp DNA mini kit and DNA quantification was performed using the Gene Quant II 

RNA/DNA Calculator to measure the optical density (OD) at 260 to 280nm. DNA 

amplification used primers to amplify the regions SUL I, SUL II, AW75, AW76, Amel-FP, 

Amel-XRP and Amel-YRP. Following amplification, the PCR products were visualised using 

agarose gel electrophoresis with ethidium bromide staining. Fragment analysis by laser-

induced fluorescent detection of PCR products was obtained using the FAM-6 labelled primer 

and analysed with a Genetic Analyser.  

Their results showed that the majority of the DNA samples contained low purity, as the 

majority of samples produced a low OD 260 to 280nm ratio. Despite this, PCR analysis was 

possible with the 20 control samples as all samples yielded the expected amplicon size for each 

of the primer pairs used; 202bp product with primers AW57/AW76 (specific for the target 

human B-actin gene sequence); Amel FP and Amel-XRP/YRP primers produced a single 

330bp band in female DNA and two bands (236/330bp) in male DNA; SUL I/SUL II primer 

pair had the expected single 106bp band in females and two bands (106 and 112bp) in males.  

The 330bp product generated from the four female teeth was faint, but still allowed sex 

identification. All 64 burnt DNA samples underwent PCR amplification using the SUL I/SUL 

II primer combination (only this primer pair). Samples heated up to 200℃ produced the SUL 

I/SUL II amplicons. At higher incineration temperatures, sex identification via gel 

electrophoresis was unsuccessful for all samples. However, the DNA extracted from the male 

forensic tooth sample yielded PCR products that confirmed male sex. Improved sensitivity of 

PCR product detection was demonstrated when the PCR products using the FAM-6 labelled 

SUL I/SUL II primer were analysed by laser-induced fluorescent detection, showing that all 

samples heated up to 350℃ produced identifiable PCR products. At 400℃ one sample was 

PCR positive for male DNA, while no DNA product was detected at the higher temperatures. 

This study demonstrated the potential of using DNA from deciduous teeth as a means of 

identifying biological sex of child fire victims, with successful identification of sex from 

deciduous teeth exposed to temperatures of 200℃ or below using the standard ethidium 

bromide gel that visualises amplicons under ultraviolet (UV) light excitation. Greater 

sensitivity was reported to have been found when using fragment analysis by laser-induced 

fluorescence, allowing unambiguous sex identification from some teeth heated to 400℃. 

However, there was inconsistency between the number of samples used for each temperature, 
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with the majority of temperatures only having two replicates, thereby failing to demonstrate 

reproducibility of the results. While other temperatures used between four to 14 samples. 

Furthermore, the burned specimens underwent PCR analysis using only one out of the three 

primer pairs used on the control samples. This therefore did not analyse the potential impact 

on amplicon size by degradation. This research therefore leaves open the opportunity for 

further research into the use of PCR analysis on incinerated deciduous teeth, to address the 

above issues as well as whether it is possible to apply STRs capable of specific identification 

and individual fingerprinting to DNA analysis of degraded samples.   

 

3.7.2 Amplification of extracted DNA from thermally altered adult human dentition 

Inoue et al. (2002) analysed the effect of temperature on the ability to extract DNA and perform 

sex identification via PCR on dental pulp samples. A total of 46 human teeth removed for 

clinical reasons (e.g. impaction, difficult dentition, pericoronitis) were burned in a dental 

furnace at 100, 200, 300, 400 or 500℃ for two minutes. The teeth were then crushed with a 

hammer to open up the tooth and allow the manual collection of the dental pulp with forceps. 

It was noted that at 500℃ some of the samples contained no dental pulp due to the start of 

carbonisation. It is not mentioned whether another dental tissue was used or if these samples 

were excluded from analysis. For each tooth 50 mg of the powdered pulp underwent DNA 

extraction via the 5% Chelex 100 DNA extraction technique. PCR was performed analysing 

five STRs on the Y chromosome (DYZ3, DYS19, DYS389, DYS390 and DYS393). The 

amplicon sizes targeted ranged between 119 and 250bp.  

The results demonstrated that samples in the control group, and those exposed to both 100 and 

200℃, successfully amplified all five targets. The 300℃ samples demonstrated successful 

amplification of four targets, with the exception being DYS389; this product was amplified in 

five out of seven samples. At 400℃ there was less amplification ability, with only two samples 

having region DYZ3 amplified, and only one sample producing amplification of the DYS389 

target region. It is not mentioned whether the two target regions amplified were from the same 

or a different sample. Thermal trauma at 500℃ resulted in no amplification of any regions in 

any of the six samples.  

This research demonstrates that amplification of Y chromosomal regions is possible in burned 

teeth up to 400℃, with the greatest resistance to thermal trauma demonstrated by the target 

regions of DYZ3 and DYS389, which could still be amplified in several samples at this 
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temperature. There are some areas for improvement, specifically the lack of analysis into the 

efficiency of the DNA extraction technique via quantification, the use of more individual 

specific autosomal chromosomes and the use of forensically significant temperatures, however 

this provided a platform for further improvement and advancement of this body of knowledge. 

Almeida-e-Silva et al. (2012) analysed the integrity of DNA recovered following exposure to 

thermal trauma, aiming to evaluate the ability to recover genomic DNA from the dental root 

and its possible application to human identification. A total of 45 healthy maxillary and 

mandibular human third molars were collected from a dental clinic. The teeth were placed into 

a porcelain furnace and exposed to 600, 800 or 1000℃ for 10, 30 or 60 minutes, with five 

replicates for each burning condition. DNA extraction was performed using the QIAmp DNA 

Micro kit from Qiagen, and PCR amplification analysed exon 2 of the TGIF2 gene, expected 

to produce a 378bp DNA fragment. PCR products were visualised with 1% agarose gel 

electrophoresis stained with ethidium bromide and illuminated with ultraviolet light. DNA 

quantification was conducted before PCR amplification was undertaken, however the method 

used for this was not disclosed.  

It was found that DNA quantity following extraction in the five control samples ranged 

between 0.45 to 0.82ng/µl. For the burned samples the quantity initially dropped at 600℃ for 

10 minutes, containing 0.19 to 0.3ng/µl. However, it increased with time during this 

temperature increment; samples exposed for 30 minutes contained 0.25 to 1.19ng/µl and 600℃ 

for 60 minutes produced 0.22 to 0.81ng/µl. DNA yield declined at 800℃, with 10 minute 

exposure producing 0.1 to 0.42ng/µl and 60 minutes containing 0.08 to 0.29ng/µl. Exposure to 

1000℃ demonstrated that DNA was still present within the sample, with the 10 minute samples 

containing 0.04 to 0.37ng/µl, 30 minute samples having 0.04 to 0.08ng/µl and the 60 minute 

samples producing 0.06 to 0.09ng/µl. PCR amplification showed that it was possible to amplify 

the target fragment in all of the control teeth, however no burned samples were able to have 

the target area amplified (the latter is demonstrated in Figure 3.7).   
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A            B 

   

Figure 3.7: Amplification results for burned tooth samples, including negative (NC) and 

positive (PC) controls (Almeida-e-Silva et al 2012).  The letters A and B next to each image 

were used to identify each row. In image A, row A are from specimens exposed to 600℃ for 

10 and 30 minutes, while row B were samples at 600℃ for 60 minutes and 800℃ for 10 

minutes. In image B, row A are specimens that underwent thermal trauma at 1000℃ for 10, 30 

and 60 minutes, while specimens in row B were exposed to 800℃ for 30 and 60 minutes, as 

well as 1000℃ for 60 minutes.  

 

Overall, it was shown that by using a commercial DNA extraction kit and PCR amplification 

of the TGIF2 gene, it was possible to recover quantifiable genomic DNA in the roots of burned 

teeth, however further analysis via PCR was not possible, regardless of temperature or time. 

This study was an advancement on previous research due to the use of forensically significant 

temperatures and analysis on the effect of time on dentition (not commonly done) and provides 

a platform for future research to further analyse the effects of duration and whether smaller 

PCR products (less than 378bp) likely for STR assays are amplifiable in teeth exposed to 

thermal trauma. 

Garriga et al. (2016) aimed to quantify morphological changes and efficiency of DNA profiling 

in burned teeth. The aims of this research were to analyse the macroscopic changes and the 

efficiency of DNA extraction, evaluating the ability of complete identification at different 

temperatures and times. A total of 28 healthy erupted human third molars, 20 to 70 years of 

age, were collected from dental clinics. These specimens were separated into seven groups, 

with four teeth per group. Each group was exposed to one of the temperature conditions; 100, 

200, 300, 400, 500, 600 or 700℃. One tooth from each group was exposed to the chosen 

temperature for one, five, 10 or 15 minutes. Two non-burnt teeth were used as controls. 

Morphological analysis in regard to colour change(s) as well as root and crown fracturing are 
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discussed in Chapter Two. Both the control and burned teeth were mechanically ground and 

subjected to DNA extraction and quantification. The DNeasy Blood and Tissue Kit (Qiagen) 

was used for DNA extraction and a Qubit Fluorometer was used for DNA quantification. For 

PCR amplification, real-time PCR was used to analyse nine STR loci; D7S820, D13S317, 

D5S818, CSFO, TPOX, TH01, vWA, D16S539 and FES/FPS. The amplicon sizes, primer 

sequences and any references for the STRs selected were not disclosed within the journal 

article, except to refer to their sizes as small.  

It was demonstrated that it was possible to extract DNA from almost all samples, with the 

quantification results from the first burning condition (100℃ for one and two minutes) 

exhibiting similar quantities as the control teeth. Specimens exposed to 400℃ for 10 and 15 

minutes, 500℃ for 15 minutes, 600℃ for 5 and 15 minutes and 700℃ for 5, 10 and 15 minutes 

produced DNA values lower than the fluorometers detection limit of 0.05𝜇g/ml. All other 

samples had quantities below 1𝜇g/ml. STR amplification demonstrated that in the first two 

burning conditions (100 and 200℃ for 1 and 5 minutes) amplification was similar to the 

controls, sometimes better (for example the FES/FPS loci) (Figure 3.8). However, most 

samples exhibited poor STR amplification from 300℃ onwards. Statistical analysis of the 

results using U-Mann-Whitney was performed. This demonstrated that in the first temperatures 

significant differences were not found between the control and treated teeth (p > 0.05) at the 

FES/FPS and vWA loci. For the TH01 and TPOX loci significant differences were found in 

the first temperatures (particularly 100 and 200℃) due to increased amplification ability. 

However, from 300℃ onwards significant differences were found in all loci in relation to the 

control (p<0.05), and was more obvious in the highest temperatures.  
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Figure 3.8: Relative amplification of the FES/FPS, VWA, TH01 and TPOX STR loci for each 

temperature and time increment (Garriga et al. 2016). Typically, the first two burning 

conditions demonstrated similar amplification ability to the control replicates. This was 

followed by all other specimens showing a rapid decrease in amplification ability. The 

exception to this is a few samples amplified with FES/FPS and vWA loci. Little to no 

amplification was possible (typically) after 300℃. 

 

The key findings of this study indicate that after exposure to high temperature, it is possible to 

amplify DNA, however an entire STR profile is difficult to obtain. This may in part be 

influenced by an issue with the amplicon sizes used, however this possibility was not 

addressed. This research provides a rare quantitative study for the achievement of obtaining a 

DNA profile from burnt teeth. Through enabling the comparison of not just temperature, but 

also the duration of burning, and performing an in-depth analysis of morphological change, 

this research provides a strong basis for burned bone analysis.  
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3.7.3 Quantification and amplification of extracted DNA from adult human dentition, 

using both fleshed and unfleshed specimens 

Rees and Cox (2010) investigated the degree of DNA degradation that occurs during thermal 

trauma by examining the effect of increasing temperature on nuclear DNA degradation and 

amplification in pulp. Furthermore, additional analysis was conducted to examine the 

relationship between furnace and first molar pulp cavity temperatures, to assess enamel 

insulation, and the influence of soft/hard tissues on dental protection by comparing the DNA 

amplification of fleshed porcine heads with defleshed specimens. A total of 88 permanent 

molars were collected from six-month-old domestic pig specimens, with all four first molars 

from each pig used. Each tooth (placed separately in a crucible) was placed into a pre-heated 

chamber furnace at 150, 225, 300, 375, 450, 525 or 600℃ for 15 minutes, with five mandibular 

and five maxillary teeth heated at each temperature. A sample of 10 teeth (five maxillary and 

five mandibular) was used as controls. Temperatures reached within the pulp cavity were also 

tested. To record this, dental burrs (carbide and diamond) were used to create a hole in the teeth 

down to the level of the pulp cavity, with wire attached to a type K thermocouple device held 

in place with bonding cement inserted. Four jaw segments (two mandibular; two maxillary) 

were heated at 150, 300, 450, 600, 750 or 900℃ for 15 minutes. The temperatures were 

recorded at one-minute intervals for the entire heating duration. Furthermore, four whole 

fleshed pig heads were obtained for incineration on a fire started using charcoal, kindling and 

thin wood blocks within a metal container containing vents for air circulation. Each head was 

burned individually, with three heads burned for 15 minutes and one burned for one hour. Fire 

temperatures were recorded at regular intervals with a thermocouple probe in close proximity 

to the molars. The temperatures recorded fluctuated between 450 and 850℃. After cooling, 

segments of bone encompassing the first molar were removed. For all samples the whole tooth 

was collected via pliers or forceps and cracked open with a hammer, where the pulp tissue was 

manually collected with forceps. DNA extraction was performed using the QIAmp DNA mini 

kit following the tooth protocol, while DNA quantification was performed using the Picogreen 

double-stranded DNA quantification technique. PCR amplification used a three-primer pair 

multiplex with expected amplicon sizes of 101, 200 and 283bp long, and a less sensitive four 

primer pair multiplex was used to strengthen the visibility of a 450bp band. The PCR products 

were visualised on an agarose gel with ethidium bromide staining.  

It was shown that the total recovery of DNA extracted from each of the 10 control samples had 

an average quantity of 19.52𝜇𝑔 (standard deviation (SD) of 3.84𝜇𝑔). While the application of 
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thermal trauma decreased DNA quantity, with 150℃ producing 15.15𝜇𝑔 (lowered SD of 

2.17𝜇𝑔) and 225℃ recording 12.84𝜇𝑔 (SD of 1.87𝜇𝑔). The quantification results for samples 

exposed to 300℃ are not available. An anomaly was found in those exposed to 375℃, with an 

increase in the quantity of DNA found, averaging 16.03𝜇𝑔 (SD of 2.83𝜇𝑔). There was a sudden 

drop in the DNA quantity found from 450℃ onwards. With 450℃ having 9.99𝜇𝑔 (but a SD 

increase to 7.95𝜇𝑔). The 525℃ samples had an average of just 0.147𝜇𝑔 of DNA (SD of 

0.296𝜇𝑔). Regarding samples that underwent incineration via an outdoor fire, on average the 

three samples exposed to 625℃ for 15 minutes had 16.76𝜇𝑔 of DNA (SD of 4.04𝜇𝑔), while 

the one sample subjected to 625℃ for 60 minutes had 20.1𝜇𝑔. There is no statistical rigour 

applied to this study, with no statistical analysis of any data collected.  

When examining the difference in the mean DNA yield obtained from mandibular and 

maxillary pulps, it was found that the control samples and samples incinerated at 150, 225 

(individual molars) and 625℃ (outdoor incineration of fleshed heads) containing DNA yields 

greater in the mandibular pulp than the maxillary. However, this was reversed in segment 

molars incinerated at temperatures of 375℃ and above, with maxillary pulp found to contain 

more DNA, as demonstrated in Figure 3.9. This was hypothesised as the result of the less dense 

mandibular enamel causing greater heating of the pulp, and thus pulp desiccation. The samples 

heated at 375℃ produced DNA yields exceeding all other temperatures samples, except the 

control and field incineration samples. Above 375℃ there was an inverted correlation between 

overall DNA yields and increasing temperatures, due to increased pulp desiccation and 

difficulty in retrieving tissue from the increasingly fragile specimens. Total DNA recovery 

from field incineration samples burned for one hour exceeded all other temperature sets.  
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Figure 3.9: Bar chart comparing DNA yields obtained from maxillary and mandibular pulp of 

all specimens studied (including whole pig heads - 625℃ specimens) (Cox & Rees 2010). 

Where not stated, the burning time was 15 minutes. DNA samples for the 600℃ specimens 

were not able to be collected. Except for a clear difference in the 450℃ specimens, there is 

only slight variation between mandibular and maxillary specimens. There is a sudden drop-off 

in DNA yield between the 450 and 525℃ samples.  

 

Each sample exposed to temperatures of 150, 300, 375, 450℃ and the field incineration of 

625℃ generated the PCR product of 450bp using the four-primer pair multiplex. No PCR 

products were amplifiable from the 525℃ samples using the four-primer pair multiplex. 

However, all three product sizes were successfully amplified for four of the maxilla samples 

using the three-primer pair multiplex, showing that DNA was not completely degraded 

following exposure to this temperature. Amplification failure in the mandibular samples was 

considered the result of insufficient DNA extraction, with the average amount of DNA 

extracted from mandibular pulp (6.5ng) significantly lower than that extracted from maxillary 

pulp (290ng). The total amplification failure experienced in these samples when using the four-

primer pair multiplex was attributed to insufficient optimisation of the PCR for the combination 

of these primer pairs, with time restrictions not allowing re-optimisation, however their ability 

to work in other samples disputes this conclusion. If the replicate dentition at each thermal 

temperature were from the same porcine specimen (unclear if this occurred), most likely a 

primer binding mutation on the 450bp primer set resulted in the amplification failure, as the 

three-primer pair multiplex successfully generated PCR products for these samples. 

This study demonstrated that DNA from dental pulp remains usable for PCR identification 

following incineration of embedded and defleshed jaw segments at 525℃ for 15 minutes and 
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fleshed heads at 625℃, even after one hour. This provides a strong advancement in burnt teeth 

research through comparison of mandibular and maxillary teeth to assist in identifying the most 

suitable molar teeth for analysis and demonstration that the alveolar process and soft tissue of 

the head provide substantial insulation to the pulp chamber. Furthermore, it also highlighted 

the inconsistency of results that can be found in the molecular analysis of burned teeth. 

However, the present project will further advance the discipline by incorporating statistical 

rigour to all collected data, comparing multiple DNA extraction methods, analysing the 

influence of time, and the use of larger target region sizes, all of which will provide greater 

data on the progression of DNA degradation.  

 

3.8 Forensic applications 

Generally, DNA analysis is applied in a forensic context with the aim of identifying a 

contributor(s) to a DNA source(s) (Gunn 2006). This is achieved by comparing two or more 

DNA profiles (from crime scene/reference samples) to determine if they could originate from 

the same individual (Burgoyne et al. 1990). During a forensically significant case (e.g. 

homicide, sexual assault, missing persons, victim identification, burglary, paternity testing) a 

DNA sample can be acquired from a multitude of sources including, but not limited to, blood, 

semen, hair, nails, soft tissue, bones/teeth and epithelial cells (saliva, urine and touch DNA 

etc.) (Bader & Jamieson 2016; Bourke et al. 1998; Burgoyne et al. 1990; Goodwin et al. 2007; 

Gunn 2006).  

The use of the dentition for identification purposes typically relies on comparative dental 

identification (ante-mortem records) or dental profiling via chemical, odontological and/or 

anthropological analyses (Austin & Higgins 2013; Pretty & Sweet 2001). However, the use of 

such techniques is not always feasible, due to the circumstances of death and/or environmental 

conditions (e.g. advanced decomposition, missing persons, disaster victim identification and/or 

explosive/thermal trauma) damaging and/or destroying skeletal elements needed for analysis 

(Bader & Jamieson 2016; Buckleton et al. 2005). This can result in the inability to apply, or 

the reduced accuracy of, these techniques (Imaizumi et al. 2014). Therefore, the only available 

dental analysis becomes DNA (Austin & Higgins 2013). The resilience of this tissue to dental 

and DNA decay (not found in other tissues) makes the dentition an ideal DNA source (Austin 

& Higgins 2013; Bader & Jamieson 2016; Pretty & Sweet 2001). The DNA extracted from 
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teeth is thus of a higher quality than could be obtained from other available DNA sources, 

including bone (Austin & Higgins 2013).  

The advantage of the current project is that it improves on and addresses gaps that are still 

present within this body of research by utilising multiple molecular extraction techniques, 

observing the combined effect of temperature and time and applying statistical rigour to the 

data collected. Furthermore, the use of varied target region sizes (unlike previous research 

which typically used similar sizes) in the current project will provide greater data on the 

progression of DNA degradation. Much of this has been absent or slightly addressed in 

previous research. Overall, the results of this study will enable investigators to establish, 

through visual observation, the likelihood of DNA recovery, thereby allowing the 

determination as to how worthwhile it is to perform (and invest) in subsequent time consuming 

and expensive molecular analyses.  
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CHAPTER FOUR: 

MATERIALS AND METHODS 

 

4.1 Introduction 

The present study analyses the influence exposure to thermal trauma has on the rate of 

morphological change and DNA degradation in the dentition. The purpose of this chapter is to 

detail the material analysed, including protocols for specimen preparation. The methods used 

to produce thermal trauma, document the morphological alterations, and DNA collection 

protocols are also discussed. The techniques implemented for molecular analyses are also 

detailed; DNA extraction, quantification and amplification, accompanied with statistical 

analysis. Finally, the protocols used to optimise the DNA amplification conditions for the 

selected primers are also described.  

 

4.2 Contamination precautions 

Throughout the completion of all laboratory work (anthropological and molecular), disposable 

gloves and dedicated laboratory coats were worn at all times. Within the Forensic 

Anthropology laboratory, standard practice is for gloves to be changed in-between the handling 

and analysis of each sample. While in the Molecular Biology laboratory gloves were changed 

between each method of analysis and laboratory area used, the use of hazardous 

chemicals/reagents, or if there was (actual or suspected) contact with biological matter, 

reagents or unsterilized equipment. A solution of 70% ethanol was used to sterilise all bench 

and work surfaces, while a 5% bleach solution (5% household bleach, 95% water) was used to 

sterilise all laboratory instruments. 

DNA analyses were performed in the Molecular Biology lab (PC2 certification) of the 

Anatomy building at the University of Western Australia. All laboratory glassware and 

Eppendorf tubes were sterilised via autoclaving. Double distilled (MilliQ) water was used in 

all extraction reagents and used in PCR. Disposable sterilised pipette tips were used, with each 

tip disposed and replaced in between each sample to avoid carry-over contamination. Samples 

awaiting DNA extraction, DNA extraction samples, PCR reagents and post-PCR DNA 

templates were stored within separate cardboard freezer boxes to avoid cross-contamination. 
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For PCR, two separate fume hoods were used for PCR set-up; one dedicated for master mix 

preparation (no template DNA permitted), and the other for the addition of DNA template to 

prepared PCR tubes, each of which has their own designated equipment. This was done to 

prevent contamination of PCR reagents with template DNA during set-up. Furthermore, UV 

light (15-minutes of exposure each day) in the PCR fume hoods was used to sterilise the 

instruments and/or reagents (ddH2O) used. 

 

4.3 Materials 

4.3.1 Porcine specimens 

This study used adult mandibles obtained from the domestic pig (Sus scrofa domesticus) as an 

alternative to human bone. The heads of 34 adult pigs were used. The mandible from each head 

was dissected and macerated (see section 4.3.2), with each jaw separated into its left and right 

sides (with a cutting instrument). Each half of the jaw was used for a particular thermal 

condition and replicate. The 2nd mandibular molar of each jaw side was used in both the 

morphological and molecular analyses, with the same dental specimen for a particular thermal 

condition and replicate used for each of the three DNA extraction methods. The specimens 

were obtained from Linley Valley Abattoir in Wooroloo, Western Australia. The use of porcine 

tissue in this study was approved by the Animal Ethics Committee of UWA (see Appendix 

One). 

 

4.3.2 Sample preparation 

Each whole pig head was thawed using hot water (starting at 50℃ and increasing up to 87℃) 

over two and a half hours. The mandible was dissected out with as much soft tissue as possible 

removed. The mandible was again placed in hot water (from 45 to 70℃) for one hour and 

macerated to remove the remaining soft tissue. This exposed the bone and the periosteum was 

then removed; only small amounts of soft tissue was left around the teeth to ensure that they 

remained within the tooth sockets in the alveolus. All anatomical waste (soft tissue) and clinical 

waste (gloves, scalpel blades) was placed in biohazard bins for incineration and disposal. After 

cleaning with water, each mandible was air-dried at room temperature overnight under a fume 

hood in preparation for burning the following day (described below). Once dry, the jaw was 

sectioned in the midline using a Dremel saw, cutting down the middle of the incisive part of 
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the symphysis between the central incisors until there was complete separation. Each half-jaw 

was then photographed on a contrasting black background to visually demonstrate its initial 

appearance, as demonstrated in Figures 4.1 and 4.2 (below), with the lateral/medial jaw sides 

and the 2nd molar buccal/lingual sides documented. The weight of each half-jaw was measured, 

and the bone and teeth were checked for the presence of pre-existing damage. Each individual 

specimen was placed onto a ceramic plate and then put into an electric muffle furnace 

manufactured by LABEC (model CEMLM) and pre-heated at the required temperature. Each 

half-jaw was consistently positioned within the furnace with the lateral surface facing upwards 

and the posterior surface closest to the furnace door. The half-jaw was burned for the allotted 

time. During burning, the minimum and maximum furnace temperatures were documented 

(and the average calculated). The half-jaw was then removed from the furnace (remaining on 

the ceramic insert), placed onto a metal cooling rack and left to cool for approximately 60 

minutes.  

 

A            B 

   

Figure 4.1: Medial (A) and lateral (B) photographs of a control specimen (Replicate 1) to 

demonstrate the pre-burn photographs taken of all jaw specimens. Note ruler included in all 

photographs. 
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A            B 

   

Figure 4.2: Lingual (A) and buccal (B) photographs of the 2nd molars of a control specimen 

(Replicate 1) to demonstrate the pre-burn photographs taken of all specimens. Note the 

inclusion of sample type, date and operator in all photographs. 

 

4.4 Post-mortem alterations 

Thermal trauma was simulated using an experimental design in controlled laboratory 

conditions to replicate this taphonomic alteration; this was designed to facilitate assessment of 

thermal trauma on the morphological alteration and DNA integrity of molar dentition.  These 

experiments were designed to quantify the effect of temperatures (commonly present during 

house fires) on the dentition while considering the significant factors of time and degree of 

exposure. One half of a porcine jaw (intact) was used for each experimental temperature and 

time repetition.  

 

4.4.1 Temperature conditions 

The current project involved the analysis of post-mortem alterations caused by exposure to five 

different temperatures (500, 600, 700, 800 and 900℃) for five durations (10, 15, 20, 25 and 30 

minutes). Each temperature group underwent each duration of exposure, with every 

environmental condition replicated three times to quantify and demonstrate the reproducibility 

of results obtained. 

 

4.4.2 Control samples 

Three control (not burned) repetitions were used. These specimens were dissected and 

macerated (as discussed above) at different times. These bones were photographed to visually 
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document the physical appearance of the half-jaw and the 2nd molar. After photography, a DNA 

sample from the 2nd molar of each control sample was collected (following the protocol 

discussed below). The purpose of the control group was to act as a baseline for comparison 

with the test groups as to the effect of taphonomic alteration.  

 

4.4.3 Morphological analysis 

There were four morphological alterations analysed, three of the tooth itself and one of the 

half-jaws. Surface cracking, crown and root separation, and enamel shattering of the 2nd molar 

was visually analysed, while the mandible weight (in grams) before and after burning was 

quantified. The surface cracking is documented as either longitudinal, transverse, contour and 

sporadic as defined in Hughes & White (2009) (shown below in Figure 4.3).  

 

Figure 4.3: Visual examples of the four crack types analysed; Longitudinal (A), transverse 

(B), contour (C) and sporadic (D) (Hughes & White 2009).  
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Longitudinal cracking runs vertically along the dentition. Transverse cracking are cracks that 

run horizontally along the dental surface. Contour cracks are those that run along the curvature 

of the dentition, while sporadic cracking occurs randomly with no identifiable pattern and does 

not follow the other three crack types. The characteristics of each morphological change 

analysed was documented as shown below in Table 4.1. 

 

Table 4.1: Classification and nomenclature of morphological alterations to the dentition and 

mandible.  

Morphological feature Present? Alteration recorded 

Surface cracking Yes / No Location 

Crown / Root / Cemento-Enamel Junction 

Mesial / Middle / Distal 

Lingual / Buccal / Occlusal / Inter Proximal 

 

Type 

Longitudinal / Transverse / Contour / Sporadic 

 

Crown and root separation Yes / No Degree of separation 

No separation 

Partial 

Half 

Almost complete 

Complete 

Enamel shattering Yes / No Degree of shattering 

No shattering 

Partial 

Complete 

 

Shrinkage of the jaw Yes / No Calculation 

[(original weight – final weight) / original 

weight] x 100 = shrinkage % 
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4.4.4 Sample collection 

Following burning, each jaw specimen was held in a clamp on a cutting board, and a Dremel 

was used to cut a window around the alveolus just inferior to the cemento-enamel junction of 

the 2nd molar to release the tooth from within the mandible. If the tooth was loose in the dental 

alveoli, then tweezers were used to gently pull the tooth (with roots) out (as much as possible). 

The tooth was then placed into a sterilized (using 70% ethanol) ziploc bag. With a hammer and 

board, the tooth was crushed into small fragments and transferred to a mortar and pestle where 

the fragments were finely ground. Using a dental tool, the fine particles were scooped into a 

2ml Eppendorf tube (labelled with temperature, duration and repetition number) and stored in 

a -20℃ freezer.  

 

4.5 DNA extraction 

4.5.1 Sampling  

The Phenol Chloroform and Chelex 100 DNA extraction methods used 50mg of each DNA 

sample. The DNeasy blood and tissue kit (animal tissue protocol) used 25mg. This discrepancy 

is the result of the three DNA extraction techniques requiring different amounts of starting 

materials for optimal performance. DNeasy blood and tissue kit recommends no more than 

25mg be used, as per the instruction manual. As such, the optimal DNA amount for use with 

the DNeasy kit for this sample type was initially tested with 10mg, 17.5mg and 25mg. An 

optimal DNA yield is obtained using 25mg of tooth sample, as this sample amount provided 

the highest yields and consistently optimal DNA quality (across all three test replicates - data 

not shown). Amounts over 25mg were not tested due to the recommendation of the manual, 

and observations during initial testing which found an accumulation of ground dental tissue 

(that was not able to be successfully removed during decalcification/digestion) covering the 

filters of the DNeasy spin columns, with the amount of deposits increasing with additional 

starting material. This had the potential to influence DNA yield if the volume of starting 

material was further increased.  

While previous literature (Burger et al. 1999; Coble et al. 2007; Inoue et al. 2002; Malaver & 

Yunis 2003; Ambati et al. 2014; Adler et al. 2011; Malaver et al. 2012; Ali et al. 2015) 

demonstrated that when analysing bone/tooth samples, Phenol chloroform and Chelex 100 

techniques use typically 50mg (or greater) of starting material. It was decided to use various 
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amounts of starting material, as the DNeasy blood and tissue kit extracts DNA using a different 

technique (binding to silica columns) than the other two methods (interaction within a chemical 

solution). This, along with differences between optimal ranges in starting materials resulted in 

the decision to use different amounts of ground dental tissue. This would then enable each 

method to extract the optimal DNA yield from each sample. However, normalisation of the 

quantities produced for each extraction method was performed (Chapter Five) so that 

comparisons between each technique at the same amount of starting material (per mg) could 

be evaluated. 

 

Common reagents for the three extraction methods:  

• absolute ethanol (cold) 

• 0.5M EDTA pH 8.0 (stock solution) 

• Proteinase K (10 and 20mg/ml) 

 

4.5.2 Phenol chloroform isoamyl alcohol (25:24:1) method 

Reagents: 

• 70% absolute ethanol (cold) 

- 7 parts absolute ethanol (9.8ml) 

- 3 parts ddH2O (4.2ml) 

• Extraction buffer (stock solution) pH 8.0 

- 0.01M Tris-HCL (0.24228g) 

- 0.1M NaCl (1.1688g) 

- 0.05M EDTA pH 8.0 (20ml) 

- 0.5% SDS (1ml) 

- ddH20 (179ml) 

• 2M NaOAc pH 4.9 

- 2 parts (33.32ml) 3M NaAc 

- 1-part (16.66ml) H2O 

• Phenol: Chloroform: Isoamyl Alcohol (25:24:1), pH 8.0 (Sigma-Aldrich, St. Louis, 

USA) 

• 1x TE Buffer 
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- 1M Tris-HCl pH 8.0 (5ml) 

- 0.5M EDTA pH 8.0 (1ml) 

- ddH2O (494ml) 

 

Initially, the tooth powder was collected and stored in a 2ml Eppendorf tube. To a new 1.5ml 

Eppendorf tube, 50mg of tooth powder was transferred, with the tooth powder weight obtained 

using a Mettler AE 260 Delta Range Analytical Balance Scale (accuracy of ± 0.0001g). To the 

tube, 1000𝜇𝑙 EDTA was added to the sample and left to decalcify overnight at room 

temperature in a dark room. After decalcification, the sample was centrifuged at 2,000rpm for 

three minutes, with the supernatant and pellet carefully separated (the supernatant was 

discarded). The pelleted powder was stored in a cool room at 4℃ until further processing.  

The pellet had 700 𝜇𝑙 extraction buffer and 20 𝜇𝑙 Proteinase K added to it; the sample was 

thoroughly vortexed and incubated overnight at 56℃ on a heat block. The sample was then 

removed from the heat source, vortexed and transferred to a new 2ml Eppendorf tube with the 

undigested tissue discarded. A 700 𝜇𝑙 solution of phenol chloroform isoamyl alcohol was 

added to the sample, which was then vortexed and centrifuged at 13,000rpm for three minutes. 

The upper aqueous layer was transferred to a new 2ml Eppendorf tube while the remaining 

bottom layer was discarded. The addition of phenol chloroform and the aqueous layer transfer 

was repeated once more.  

Cold absolute ethanol (800 𝜇𝑙) and sodium acetate (150 𝜇𝑙) was added to the sample, with the 

tube inverted several times to mix together, and then stored overnight at -20℃. The sample was 

centrifuged at 13,000rpm for 10 minutes to pellet the DNA. The supernatant was pipetted out 

carefully (avoiding contact with the pellet) and discarded. The pellet was washed with 500 𝜇𝑙 

of cold 70% ethanol, the tube was inverted several times to mix, and placed inside a centrifuge 

again at 13,000rpm for 10 minutes. The resultant supernatant was discarded, and the pellet air 

dried at room temperature for 15 minutes. The DNA pellet was resuspended in 50 𝜇𝑙 of TE 

Buffer.  

 

4.5.3 Chelex 100 method 

Reagents: 

• 70% absolute ethanol (cold) 
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- 7 parts absolute ethanol (9.8ml) 

- 3 parts ddH2O (4.2ml) 

• 5% solution of Chelex 100 sodium form, pH 10.8 (Sigma-Aldrich) 

• Extraction buffer (stock solution) pH 8.0 

- 0.01M Tris-HCL (0.24228g) 

- 0.1M NaCl (1.1688g) 

- 0.05M EDTA pH 8.0 (20ml) 

- 0.5% SDS (1ml) 

- ddH20 (179ml) 

• 2M NaOAc pH 4.9 

- 2 parts (33.32ml) 3M NaAc 

- 1-part (16.66ml) H2O 

• 1x TE Buffer 

- 1M Tris-HCl pH 8.0 (5ml) 

- 0.5M EDTA pH 8.0 (1ml) 

- ddH2O (494ml) 

 

The tooth powder was initially collected and stored in a 2ml Eppendorf tube. To a new 1.5ml 

Eppendorf tube, 50mg of tooth powder was transferred, with the weight of the tooth powder 

obtained using analytical balance. To this tube, 1000𝜇𝑙 EDTA was added and the sample was 

left to decalcify overnight at room temperature in a dark room. After decalcification the sample 

was centrifuged at 2,000rpm for three minutes, with the supernatant and pelleted powder 

carefully separated (supernatant is discarded). The remaining pelleted powder was stored in a 

cool room at 4℃ until further processing. 

To the pellet, 700 𝜇𝑙 of extraction buffer and 20 𝜇𝑙 Proteinase K was added; the sample was 

vortexed thoroughly and incubated overnight at 56℃ in a heat block. The sample was then 

removed from the heat source, vortexed thoroughly and transferred to a new 1.5ml Eppendorf 

tube. Any undigested tissue was discarded. A 5% Chelex solution (200 𝜇𝑙) was added to the 

supernatant, vortexed thoroughly and centrifuged at 13,000rpm for three minutes. The sample 

was then placed into a heat block and boiled at 100℃ for eight minutes. When removed from 

the heat source, the sample was centrifuged again at 13,000rpm for three minutes. The 
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supernatant was pipetted into a new sterilised 2ml Eppendorf tube, while the pellet containing 

the Chelex beads was discarded. 

Cold absolute ethanol (800 𝜇𝑙) and sodium acetate (150 𝜇𝑙) was added to the sample; the tube 

was then inverted several times to mix the sample and stored overnight at -20℃. The sample 

was then centrifuged at 13,000rpm for 10 minutes, with the supernatant pipetted out carefully 

(to not disturb the pellet) and discarded. The pellet was washed with the addition of 500 𝜇𝑙 of 

70% cold ethanol, inverted several times to mix, and again centrifuged at 13,000rpm for 10 

minutes. The supernatant was carefully removed and discarded, and the pellet air dried at room 

temperature for 15 minutes. To resuspend the DNA pellet, 50 𝜇𝑙 TE Buffer was added.  

 

4.5.4 DNeasy blood and tissue kit (animal tissue) method 

Reagents: 

• DNeasy Blood and Tissue Kit (Spin-column) (QIAGEN) 

 

Initially, the tooth powder was collected and stored in a 2ml Eppendorf tube. To a new 1.5ml 

Eppendorf tube, 25mg of tooth powder was transferred, with the weight of the tooth powder 

obtained using an analytical balance. To this, 1000 𝜇𝑙 of EDTA was added and the sample left 

at room temperature overnight in a dark room to decalcify. After decalcification the sample 

was centrifuged at 2,000rpm for three minutes, with the supernatant and pelleted powder 

carefully separated (the supernatant is discarded). The pelleted powder was stored in a cool 

room at 4℃ until further processing.  

A solution of 180 𝜇𝑙 ATL Buffer and 20 𝜇𝑙 Proteinase K was added to the tooth powder, mixed 

thoroughly via pulse-vortexing, and then incubated overnight on a heat block at 56℃. The 

sample was taken off the heat block and pulse-vortexed for 15 seconds, with the supernatant 

transferred to a new 1.5ml Eppendorf tube. Any undigested tissue was discarded. Following 

this, 200 𝜇𝑙 AL Buffer was added, and the mixture was thoroughly vortexed immediately 

thereafter. Absolute ethanol (200 𝜇𝑙) was next added, and the mixture was thoroughly vortexed 

immediately. The entire mixture was pipetted into a DNeasy mini spin column placed within a 

2ml collection tube, and centrifuged at 8,000rpm for one minute. The flow through and 

collection tube was discarded and the DNeasy spin column was placed into a new 2ml 

collection tube. To the spin column 500 𝜇𝑙 of AW1 Buffer was added and centrifuged for one 
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minute at 8,000rpm. The resultant flow-through and collection tube was discarded. The 

DNeasy spin column was placed within a new 2ml collection tube, 500 𝜇𝑙 of AW2 Buffer 

added and the sample centrifuged at 13,000rpm for three minutes to dry the membrane. The 

resultant flow-through and collection tube was discarded once again. The DNeasy column was 

placed into a new 2ml microcentrifuge tube and 200 𝜇𝑙 of AE Buffer was added directly onto 

the membrane. This was incubated for one minute at room temperature and centrifuged for one 

minute at 8,000rpm to elute the DNA from the membrane. The addition of AE buffer, room 

temperature incubation and centrifuging are repeated once more (using the same Eppendorf 

tube) to elute a higher concentration of DNA from the sample. 

 

4.5.5 DNeasy blood and tissue kit (animal blood) method 

Reagents: 

• DNeasy Blood and Tissue Kit (Spin-column) (QIAGEN) 

 

The procedure for DNA extraction from blood was performed following the instructions in the 

DNeasy blood and tissue kit handbook, as per the animal blood (spin-column) protocol for 

nonnucleated blood. This blood sample was prepared for use in PCR optimisation (as detailed 

below) and as a positive control sample during PCR of the experimental samples. 

A solution of 100 µl of anticoagulated blood and 20 µl of proteinase K was pipetted into a 1.5 

ml microcentrifuge tube, with 100 µl of Phosphate-Buffered Saline (PBS) added, adjusting the 

overall volume to 220 µl. To this, 200 µl of Buffer AL was added immediately and then 

thoroughly mixed via vortexing and incubated at 56°C for 10 minutes. Absolute ethanol 

(200µl) was then added to the sample and thoroughly vortexed. From this step onwards, the 

protocol is the same as that for the DNeasy blood and tissue kit (animal tissue) method (above). 

 

4.6 DNA quality 

4.6.1 Nanodrop spectrophotometer 

The Nanodrop Spectrophotometer 1000 (Thermo Fisher Scientific, Waltham, USA) with 

software version 3.8.1 was used to analyse the DNA quantity and quality of each DNA sample, 
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as per the instruction manual. The Nanodrop was initialised using double distilled (MilliQ) 

water (ddH2O). The nanodrop was blanked using the reagent(s) (from the same bottle) used to 

resuspend the DNA. Chelex 100 and phenol chloroform extraction samples used TE Buffer, 

while the DNeasy samples used AE Buffer.  

 

4.6.1.1 Confirmation of nanodrop spectrophotometry detection threshold 

The nanodrop manual states that the detection limit is approximately 2ng/µL for both single 

and double-stranded DNA, with a standard deviation of 2ng/µL for single-stranded DNA 

(double-stranded DNA data not provided). Both single and double-stranded DNA were tested 

(performed once for each dilution) using a DNA sample that contained 100ng/µL and creating 

a 10-fold dilution series of 10, 100, 1,000 and 10,000x. Both single and double-stranded DNA 

were analysed during these tests as these two DNA types are produced following the three 

extraction methods; double-stranded DNA is produced following both the phenol chloroform 

and DNeasy blood and tissue kit extractions, while Chelex 100 produces single-stranded DNA. 

These dilutions were run on the nanodrop and the output shown in Figures 4.4 and 4.5.  

 

 

Figure 4.4: Nanodrop detection limit of double-stranded DNA (using phenol chloroform). 

Each dilution performed once. Green line demonstrates the documented detection limit of 

2ng/µL. Orange line shows actual DNA concentrations recorded for each dilution, while the 

yellow line specifies the expected DNA concentrations.  
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Figure 4.5: Nanodrop detection limit of single-stranded DNA (using Chelex 100). Each 

dilution performed once. Green line demonstrates the documented detection limit of 2ng/µL. 

Brown line indicates the SD limit of 4ng/µL. Orange line shows the actual DNA concentrations 

recorded for each dilution, while the yellow line specifies the expected DNA concentrations. 

 

The results of the nanodrop detection test for the double-stranded DNA demonstrated that the 

detection limit achieved higher accuracy than that documented in the manual, remaining 

accurate until approximately 0.5ng/µL. While for single-stranded DNA, lower accuracy was 

achieved, with the actual concentration deviating from the expected concentration by 1ng/𝜇l. 

However, even though there is a slight deviation in the accuracy of single-stranded DNA, the 

single-stranded DNA follows the correct trajectory (and thus demonstrating higher precision) 

than the double-stranded DNA. This is because although the single-stranded (Chelex 100) lines 

do not follow the exact line of the expected yield, they do follow the same trajectory (parallel) 

until they separate at 1000x dilution. The double-stranded (phenol chloroform) followed the 

expected yield, although separating earlier than the single-stranded DNA, diverting after 100x 

dilution. For both methods this data confirmed the 2ng/𝜇l detection limit of the Nanodrop 

spectrophotometer 1000 V3.8 manual (Thermo Scientific), with both single and double-

stranded DNA achieving accuracy up to (and slightly beyond) this limit. Therefore, this study 

used this detection limit, with a DNA yield below this labelled as below the detection limit.  
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4.6.2 Agarose gel electrophoresis 

Reagents: 

• 1x TAE Buffer 

• 2% agarose gel 

• SYBR Safe  

• Blue/orange loading buffer (Promega, Madison, USA) 

• 100bp Ladder DNA marker (100-2000bp) (Promega) 

• DNA sample(s) 

 

Three drops of SYBR safe was added per 50ml 2% agarose gel and then mixed together (as per 

laboratory protocol). The gel/SYBR safe mixture was poured into the electrophoresis tray and 

the well comb was placed into the grooves of the electrophoresis tray (middle and/or top of the 

tray) and the gel was left to set for approximately 30 minutes. Once the gel set, the comb was 

gently removed and the gel was transferred into an electrophoresis container and covered with 

1X TAE Buffer until appropriately submerged. Each gel lane was prepared with 5𝜇𝑙 of the 

DNA sample mixed with 2 𝜇𝑙 of blue/orange loading dye, before being loaded into the well. 

This was also done for the DNA Ladder (placed into the first well). The voltage and current 

were put onto the appropriate settings for either the small/medium (90 volts and current of 200) 

or large gels (100 volts and current of 250) with the electrophoresis left to run for 35 minutes. 

Once complete, the gel was removed from the container and the product visualised using the 

Chemidoc MP Imaging System (Bio-rad Laboratories, Hercules, USA). 

 

4.7 DNA amplification 

4.7.1 PCR primers 

Three PCR primer pairs were selected to target different sized regions of the genome as an 

indirect indicator of DNA degradation. That is, larger amplicons are likely to be more 

susceptible to DNA degradation than smaller amplicons. Two of the primer pairs target 

chromosomes 1 and 3 of the autosomal DNA, while the third primer pair targets a region of the 

sex chromosomes. Of the primer pairs targeting the autosomal chromosomes, one targeted a 

region of the actin-beta (ACTB) gene to amplify a 146bp fragment, while the other targeted a 

767bp DNA region of the Melanocortin-4 receptor (MC4R). The third primer pair amplified a 
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specific region found within the amelogenin gene on the X chromosome (AMELX) to produce 

a 181 and/or 171bp amplicon. The primer sequences are listed in Table 4.2. 

 

Table 4.2: The forward and reverse primer sequences and amplicon sizes for each of the three 

primer pairs. 

Target region Primer sequence (5’ to 3’) Amplicon size Reference 

 

ACTB F: TGC GGC ATC CAC GAA ACT AC 

R: AGG GCC GTG ATC TCC TTC TG 

146bp Li et al. 

(2011) 

MC4R F: TGG CCA TAG CCA AGA ACA AG 

R: CAG GGG ATA GCA ACA GAT GA 

767bp Kim et al. 

(2000) 

AMELX F: GTT TAA GCC CTG ATG GGT CA 

R: CCG GGA TAG AAC TCT GGT CA 

181 and/or 

171bp 

Fontanesi 

et al. 

(2008) 

 

 

4.7.2 DNA amplification protocol optimisation 

Initially, each PCR reagent was thawed out, put on ice (to remain at a temperature low enough 

to prevent activation) and mixed prior to addition to the master mix. Four master mixes were 

prepared, each with a 10x reaction as detailed in Table 4.3 (below). To optimise the PCR, 

different magnesium concentrations (Mg2+) were tested ranging from 1.0mM to 2.5mM of 

magnesium chloride (MgCl2) as indicated in Table 4.3.  

 

 

 

 

 

 

 



83 
 

Table 4.3: 1X master mix preparation for optimisation of Magnesium concentration for 10 

samples. 

Reagents 1.0mM MgCl2 1.5mM MgCl2 2.0mM MgCl2 2.5mM MgCl2 

10mM dNTPs 5 𝜇𝑙 5 𝜇𝑙 5 𝜇𝑙 5 𝜇𝑙 

1mg/ml BSA 10 𝜇𝑙 10 𝜇𝑙 10 𝜇𝑙 10 𝜇𝑙 

10X PCR 

Buffer II 

25 𝜇𝑙 25 𝜇𝑙 25 𝜇𝑙 25 𝜇𝑙 

AmpliTaq 

Gold 

Polymerase 

1.25 𝜇𝑙 1.25 𝜇𝑙 1.25 𝜇𝑙 1.25 𝜇𝑙 

25mM MgCl2 10 𝜇𝑙 15 𝜇𝑙 20 𝜇𝑙 25 𝜇𝑙 

Forward 

Primer 

10 𝜇𝑙 10 𝜇𝑙 10 𝜇𝑙 10 𝜇𝑙 

Reverse 

Primer 

10 𝜇𝑙 10 𝜇𝑙 10 𝜇𝑙 10 𝜇𝑙 

ddH2O 158.75 𝜇𝑙 153.75 𝜇𝑙 148.75 𝜇𝑙 143.75 𝜇𝑙 

 

To each PCR reaction tube, 23 𝜇𝑙 of the master mix was added. The negative control was 

prepared by adding 2 𝜇𝑙 of ddH2O instead of a DNA sample. To each PCR reaction tube 2 𝜇𝑙 

of DNA template (extracted from pig blood) was added. The final volume of solution in each 

PCR reaction tube was 25 𝜇𝑙. Each sample was subjected to incubation in a thermal cycler 

following the conditions in Tables 4.4 and 4.5 (below). In addition to varying Mg2+ 

concentration, the process of PCR optimisation also included variation in annealing 

temperatures as indicated in Table 4.4.  

 

Table 4.4: PCR conditions for the AMELX, ACTB and MC4R primer pairs. 

PCR phase Temperature (℃) Time (secs) Number of cycles 

Initial incubation 95 600 1 

Denaturation 94 60 35 

Annealing 

(AMELX, MC4R) 

54 / 56 / 58 60 35 

Annealing (ACTB) 58 / 60 / 62 60 35 
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Extension 72 60 35 

Final extension 72 600 1 

 

Following incubation in a thermal cycler, the PCR products were visualised using a 2% agarose 

gel electrophoresis (detailed above).  

 

4.7.3 Optimised PCR conditions 

Initially, each PCR reagent was thawed out, put on ice (to remain at a temperature low enough 

to prevent activation) and mixed prior to addition to the master mix. A master mix was prepared 

with (per reaction): 

• 0.5𝜇𝑙 10mM dNTP 

• 1𝜇𝑙 1mg/ml BSA (Fisher Biotec, Wembley, Australia) 

• 2.5𝜇𝑙 10X PCR Buffer II (Life Technologies Australia, Mulgrave, Australia) 

• 0.125𝜇𝑙 AmpliTaq Gold polymerase (Life Technologies Australia) 

• 2𝜇𝑙 25Mm MgCl2 (2.0mM) (Life Technologies Australia) 

• 1𝜇𝑙 forward primer (10uM) (GeneWorks, Thebarton, Australia) 

• 1𝜇𝑙 reverse primer (10uM) (GeneWorks) 

 

The solution volume was made up to 23 𝜇𝑙 per reaction, with the addition of ddH2O. To each 

PCR reaction tube 23𝜇𝑙 of the master mix was added. Positive controls were prepared with 2 𝜇𝑙 

of pig blood DNA added to the positive control tube, and 2 𝜇𝑙 of ddH2O was added to the 

negative control. To each PCR reaction tube 2 𝜇𝑙 of DNA template was added. Where possible, 

20ng total DNA was used for each PCR sample, so that there was consistency in the amount 

of DNA template used between each sample and this quantity was found to be optimal during 

initial testing. Therefore, depending on the DNA yield, the amount of DNA template was 

altered to account for this. This was factored in when preparing the master mix by altering the 

amount of ddH2O used, and thus the amount of master mix pipetted into the PCR reaction 

tube(s). The final volume of solution of all PCR reaction tubes was made up to 25 𝜇𝑙. This 

preparation was subjected to incubation in a thermal cycler following the conditions listed in 

Table 4.5.  
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Table 4.5: PCR conditions for the AMELX, ACTB and MC4R primers. 

PCR phase Temperature (℃) Time (secs) Number of cycles 

Initial incubation 95 600 1 

Denaturation 94 60 35 

Annealing 

(AMELX, MC4R) 

56 60 35 

Annealing (ACTB) 60 60 35 

Extension 72 60 35 

Final extension 72 600 1 

 

Following incubation in a thermal cycler, the resultant products were visualised on a 2% 

agarose gel electrophoresis (detailed above).  

 

4.8 Statistical analyses  

To analyse bone shrinkage, the pre- and post-burn data was compared against two factors; 

temperature and time. DNA quantity and quality were assessed, with the nanodrop data 

compared against three factors; temperature, time and DNA extraction method. 

 

4.8.1 Assumptions and preliminary testing 

Initially, before selecting the statistical analysis method for each data set, the data was assessed 

relative to whether it met the assumptions for parametric testing. This included performing 

normality and homogeneity of variance tests to determine data distribution and variation. 

Neither the jaw weights (before and after burning) nor DNA nanodrop data met the criteria for 

the assumptions of a parametric test (Pallant 2010). After the data failed to meet the criteria for 

parametric testing, it was attempted to correct this by using log transformation (deemed the 

best transformation type for the data). However, there were quite a few zero values. As such, 

transformation was not successful in correcting the distribution. The Wilcoxon signed rank test 

and Kruskal-Wallis test with post-hoc analysis via Bonferroni correction (non-parametric 

methods) were used instead for analysis (Pallant 2010). Shrinkage percentage (weight loss) did 

meet the assumptions of a parametric test, therefore analysis using a two-way ANOVA was 

performed (Pallant 2010).  
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4.8.2 Wilcoxon signed rank test 

The Wilcoxon signed rank test is a non-parametric test (alternative to the repeated measures t-

test) for use on data sets containing repeated measures (two measurements on different 

occasions or under different circumstances) by converting the scores to ranks and comparing 

the ranks between the first and second measurement (Pallant 2010). In the present study the 

Wilcoxon signed rank test is used to assess if there are statistically significant differences 

between initial and final weights taken before and after thermal trauma, and DNA quantities 

obtained between the left and right jaw sides. The results of the Wilcoxon signed rank test are 

expressed as a Z value (for calculation of effect size), and a significance level presented as 

Assymp. Sig (2-tailed) (Pallant 2010). A p-value equal to or less than 0.05 was used as a 

threshold to identify statistical significance between the two measurements.  

 

4.8.3 Kruskal-Wallis Test 

The Kruskal-Wallis test is a between groups non-parametric analysis (alternative to the one-

way between-groups analysis of variance) that converts data scores to ranks, with the mean 

rank for each group (three or more) compared (Pallant 2010). This method can be used on data 

containing continuous variables (Pallant 2010). In the present study the Kruskal-Wallis test 

was used to assess if there were statistically significant differences between temperature and 

time for the percentage of jaw shrinkage and to analyse the molecular data of quantity and 

purity for the three DNA extraction methods (phenol chloroform; Chelex 100; DNeasy kit) 

individually, as well as the temperature, time and extraction method for the DNA quantity and 

purity overall. Furthermore, after combining each independent variable (temperature, time and 

DNA extraction method) into one variable, the interaction between each was examined, to 

determine whether they were influencing the results of the other. The results of the Kruskal-

Wallis test were expressed as a chi-square value, degrees of freedom and significance level 

(Pallant 2010). A p-value equal to or less than 0.05 was used as a threshold to identify a 

statistically significant result across the groups for the continuous variable. Following this 

statistical analysis, post-hoc analysis was performed via the Bonferroni correction 

(multiplication of p-values by the number of comparisons) to identify between which data sets 

the statistical variation occurred (Pallant 2010). The use of the adjusted significance is required 

to take into account the potential increase in type one-error rates produced when running 

multiple individual posthoc analyses (Pallant 2010).  
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4.8.4 Two-way ANOVA 

The two-way ANOVA is a parametric test used to analyse the individual and combined 

influence of two independent variables on one dependent variable (Pallant 2010). In the present 

study the two-way ANOVA is used to assess the shrinkage percentage (by weight loss) for 

statistical significance individually for each independent variable (temperature and duration) 

and to examine whether there is an interaction between the two independent variables. An 

interaction effect is whether the results of one independent variable in relation to the dependent 

variable, being influenced by the data of the second independent variable. The results of the 

two-way ANOVA are expressed as a significance level presented as Sig. (Pallant 2010). A p-

value equal to or less than 0.05 was used as a threshold to identify statistical significance.  

 

4.8.5 Correlation 

Correlation analysis is used to analyse the linear relationship between the variables in regards 

to its strength and direction (Pallant 2010). In the present study correlation analysis is used to 

assess the relationship between the difference in temperature against the difference in DNA 

quantity as part of an examination into the potential influence of bilateral variation on the DNA 

quantity extracted from the experimental specimens. This method produces a Pearson 

correlation coefficient (r value) which ranges between minus one and plus one. The plus or 

minus symbol indicates the direction of the correlation while the numerical value demonstrates 

the strength of the relationship. 
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CHAPTER FIVE: 

RESULTS 

 

5.1 Introduction 

This chapter details the results of the morphological and molecular analyses performed to 

address the three aims of the project: i) catalogue the morphological alterations of the 2nd molar 

and jaw at various temperature and time increments; ii) to analyse the effect of temperature and 

time on the quality/quantity of extracted DNA; and iii) to determine the most effective DNA 

extraction method for burned dentition. This chapter first presents the results of the 

morphological alterations examined (surface cracking, crown/root separation, enamel 

shattering and jaw shrinkage). DNA quantification data from both the nanodrop 

spectrophotometry and agarose gel electrophoresis is detailed, with statistical analysis of the 

nanodrop data included. This methodology will aid in addressing the second aim by enabling 

analysis of the impact increased temperatures and times have on DNA quantity and purity, as 

well as comparing between each DNA extraction method to determine what method/s produce 

the highest DNA yield and purity (third aim). These two aims are further addressed by 

assessing the success of PCR amplification of different sized amplicons. This assessment 

reviews whether the previously obtained DNA quantity and quality are indicative as to the 

ability of such DNA to be used for downstream applications (e.g. DNA profiling).  Lastly, an 

analysis of potential confounding issues is also included. 

 

5.2 Morphological alteration of the 2nd mandibular molar and jaw 

Initially, the 2nd molars (control and experimental) demonstrated no surface cracking, 

separation of the crown and root, any breakage of the enamel or any other damage. There was 

slight adherence of soft tissue around the base of some teeth that anchored them in their sockets. 

The average weight of the half-jaws was 139.9 grams (SD of 17.5) attributable to natural 

variation in the size of the porcine specimens. The three control repeats consistently 

demonstrated these morphological characteristics, with no sign of pre-existing damage or other 

alteration, as demonstrated in Figures 5.1 and 5.2.  
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A            B 

   

Figure 5.1: Medial (A) and lateral (B) view of a control specimen (Replicate 2) demonstrating 

the original condition of the jaw. 

 

A            B 

   

Figure 5.2: Lingual (A) and buccal (B) view of the 2nd molar in a control specimen (Replicate 

2) demonstrating the original condition of the dentition. 

 

5.2.1 Thermal trauma at 500˚C 

The type and location of surface cracking found at each duration at 500℃ is documented in 

Table 5.1; definitions of attributes (longitudinal, transverse, contour and sporadic cracking) are 

provided in Chapter Four.  
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Table 5.1: Evidence of surface cracking on the 500℃ bone samples.  

Time 

(minutes) 

Crack form Replicate #1 Replicate #2 Replicate #3 

10 Longitudinal NP NP NP 

 Transverse NP NP NP 

 Contour NP NP NP 

 Sporadic NP NP NP 

     

15 Longitudinal Mesial lingual NP Distal buccal & 

lingual 

 Transverse NP NP NP 

 Contour NP NP NP 

 Sporadic NP NP NP 

     

20 Longitudinal Distal lingual 

 

Distal buccal & 

occlusal surfaces / 

mesial, middle & distal 

lingual 

Distal lingual & 

buccal 

 Transverse NP occlusal surface NP 

 Contour NP NP NP 

 Sporadic Distal cemento-

enamel junction 

NP Distal lingual 

 

     

25 Longitudinal Distal buccal 

 

Distal lingual 

 

Middle & distal 

buccal / mesial & 

distal lingual 

 Transverse NP NP NP 

 Contour NP Middle lingual NP 

 Sporadic Mesial lingual / Distal 

inter-proximal & 

buccal 

Mesial lingual 

 

Lingual cemento-

enamel junction 

     

30 Longitudinal Mesial & distal 

buccal / Mesial & 

middle lingual 

Middle lingual Mesial & distal buccal 

 Transverse NP NP Distal lingual 

 Contour NP NP NP 

 Sporadic Distal lingual Middle buccal / mesial 

& distal lingual 

Distal lingual 

NP = Not present 
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After exposure to 500℃ for 10 minutes, there was no visible cracking, crown and/or root 

separation or enamel shattering of the 2nd molar (Figure 5.3). The only morphological alteration 

present was jaw shrinkage (recorded via weight loss), measured between 31 to 35.7%. This 

was also found after exposure to 500℃ for 15 minutes, with the only morphological alteration 

of jaw shrinkage reported between 44.9 and 49.3%. 

 

A            B 

   

Figure 5.3: Buccal (A) and lingual (B) view of a 2nd molar exposed to 500℃ for 10 minutes 

(Replicate 1). 

 

At 20 minutes, partial crown and root separation was present in one specimen (first replicate, 

as demonstrated in Figure 5.4), while no enamel shattering occurred in the dentition, however, 

a jaw shrinkage of 50.0 to 53.4% was documented for each replicate. At 25 minutes, partial 

crown and root separation occurred (only on the third replicate), while partial enamel shattering 

occurred on the first replicate. Jaw shrinkage of 46.3 to 54.0% occurred. At 30 minutes partial 

crown and root separation, without any enamel shattering, occurred across all three replicates, 

with jaw shrinkage of 48.4 to 53.0% recorded.  
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A            B 

   

Figure 5.4: Buccal (A) and lingual (B) view of a 2nd molar exposed to 500℃ for 20 minutes 

(Replicate 1). 

 

5.2.2 Thermal trauma at 600 ˚C 

The type and location of surface cracking found at each time point at 600℃ is documented in 

Table 5.2. 

 

Table 5.2: Evidence of surface cracking on the 600˚C samples. 

Time 

(minutes) 

Crack form Replicate #1 Replicate #2 Replicate #3 

20 Longitudinal Mesial lingual 

 

Distal buccal & 

lingual + mesial 

lingual 

Distal buccal & lingual 

 Transverse Lingual 

cementoenamel 

junction 

NP Distal lingual 

 Contour NP NP NP 

 Sporadic Middle buccal NP NP 

     

25 Longitudinal Mesial & distal 

lingual 

Distal buccal, lingual 

& inter-proximal + 

middle lingual 

Distal buccal & lingual 

 Transverse NP NP NP 

 Contour NP NP NP 

 Sporadic NP NP NP 

     

30 Longitudinal Distal lingual & 

buccal + mesial 

Distal buccal & 

lingual 

NP 
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buccal & 

interproximal 

 

 Transverse NP NP NP 

 Contour Mesial lingual + 

distal 

interproximal 

Mesial buccal + distal 

lingual & inter-

proximal 

Distal buccal 

 Sporadic NP NP Mesial buccal & lingual 

+ distal interproximal 

NP = Not present 

 

All specimens exposed to 600˚C for 10 and 15 minutes had flames still present on the 

specimens after the elected time had been reached. For health and safety compliance, those 

specimens remained in the furnace until completely extinguished, and thus reached one of the 

longer burning durations (e.g. specimens intended to be exposed to 600℃ for 10 minutes 

instead continued for 20 minutes, while 15 minutes was increased to 25 minutes). Therefore, 

there is no data available for these shorter burning times.  

At 600℃ for 20 minutes there was no crown and root separation evident for two specimens 

(first and third replicates), however there was complete separation in the second replicate, as 

shown in Figure 5.5 (A and B). No enamel shattering was observed in any of the 2nd molars 

and jaw shrinkage between 49.4 and 50.4% was demonstrated. At 25 minutes the first replicate 

had partial crown and root separation, however no enamel shattering was observed. The second 

replicate had no crown and root separation present, however partial enamel shattering had 

occurred. The third replicate contained half-complete crown/root separation, accompanied with 

partial enamel shattering. Jaw shrinkage between 51.0 and 60.0% was documented. At 30 

minutes, the first specimen had partial crown/root separation, third had half completed 

separation (Figure 5.6; B) and both had partial enamel shattering (the enamel shattering on 

specimen three is demonstrated in Figure 5.6; A). The second specimen had no crown and root 

separation or enamel shattering present. Jaw shrinkage ranged from 54.4 to 57.2%.  
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A            B 

   

Figure 5.5: Lingual (A) and buccal (B) view of a 2nd molar exposed to 600℃ for 20 minutes 

(Replicate 2). 

 

A            B 

   

Figure 5.6: Lingual (A) and buccal (B) view of a 2nd molar exposed to 600℃ for 30 minutes 

(Replicate 3). 

 

5.2.3 Thermal trauma at 700 ˚C 

The type and location of surface cracking found in each specimen subjected to 700℃ at each 

time duration is documented in Table 5.3. 
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Table 5.3: Evidence of surface cracking on the 700˚C samples.  

Time 

(minutes) 

Crack form Replicate #1 Replicate #2 Replicate #3 

20 Longitudinal Distal buccal / 

across lingual 

Mesial & distal 

buccal / distal 

lingual 

Distal buccal & 

lingual 

 Transverse Across lingual NP NP 

 Contour NP NP Mesial & middle 

buccal / middle 

lingual 

 Sporadic Mesial buccal 

 

NP NP 

     

25 Longitudinal Mesial & distal 

buccal / fragmented 

(L) 

Distal buccal & 

lingual 

 

Mesial buccal / 

middle & distal 

lingual 

 Transverse fragmented (L) NP NP 

 Contour fragmented (L) Mesial lingual Middle lingual 

 Sporadic fragmented (L) NP Mesial lingual 

 

     

30 Longitudinal Mesial & distal 

buccal 

NP fragmented (L) 

 Transverse NP NP fragmented (L) 

 Contour NP NP fragmented (L) 

 Sporadic NP Mesial buccal / distal 

lingual 

Mesial & middle 

buccal / fragmented 

(L) 

NP = Not present; (L) = Lingual side 

 

During the application of thermal trauma, specimens exposed to 700˚C for 10 and 15 minutes 

had flames still present across the bone surface (as previously noted). Therefore, these shorter 

burning durations have no data available. After exposure to 700℃ for 20 minutes there was no 

crown/root separation present in the first replicate, almost complete separation in the second 

and partial in the third, while partial enamel shattering was found in the first two replicates but 

none in the third. Jaw shrinkage between 51.1 to 51.3% was documented, with one of the jaws 

unavailable to be used for this measurement as the initial (pre-burn) weight was not 

documented. At 25 minutes there was complete crown/root separation in the first replicate and 

partial in the other two. Partial enamel shattering was present in all specimens. Jaw shrinkage 
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rates between 52.7 and 57.7% was observed. At 30 minutes partial crown/root separation 

occurred in the first two replicates, while complete separation was documented in the third. 

Partial enamel shattering was found in all three specimens; jaw shrinkage was between 54.7 

and 58.1%. 

 

5.2.4 Thermal trauma at 800 ˚C 

The type and location of surface cracking at each duration at 800℃ is documented in Table 

5.4. 

 

Table 5.4: Evidence of surface cracking on the 800˚C samples. 

Time 

(minutes) 

Crack form Replicate #1 Replicate #2 Replicate #3 

10 Longitudinal Mesial buccal Mesial, middle & 

distal buccal / mesial 

lingual 

Mesial buccal & 

lingual / distal lingual 

 Transverse NP NP NP 

 Contour NP NP NP 

 Sporadic Mesial & distal 

lingual 

NP NP 

     

15 Longitudinal Mesial, middle & 

distal buccal 

Mesial lingual 

 

Mesial & distal buccal 

& lingual / middle 

lingual / distal 

interproximal 

 Transverse NP NP NP 

 Contour NP Distal buccal NP 

 Sporadic Mesial 

interproximal 

Middle buccal 

 

Distal buccal 

     

20 Longitudinal Middle lingual fragmented Mesial & distal buccal 

/ mesial lingual 

 Transverse NP fragmented NP 

 Contour NP fragmented NP 

 Sporadic Middle & distal 

buccal / distal 

lingual 

fragmented Mesial interproximal / 

middle lingual 
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25 Longitudinal Mesial & distal 

lingual 

Middle & distal 

buccal / mesial & 

distal lingual 

Distal buccal & 

lingual 

 Transverse NP NP NP 

 Contour NP NP NP 

 Sporadic Mesial buccal / 

middle lingual / 

distal 

cementoenamel 

junction 

NP Mesial lingual 

     

30 Longitudinal NP Middle lingual Distal interproximal & 

lingual 

 Transverse NP NP NP 

 Contour NP NP NP 

 Sporadic Across all distal & 

lingual surfaces 

Mesial buccal Mesial lingual 

NP = Not present 

 

Exposure to 800℃ for 10 minutes resulted in complete separation of the crown and root in the 

first two replicates, and partial separation in the third. Partial enamel shattering was 

documented in all three specimens. Jaw shrinkage ranged from 45.5 to 57.7%. At 15 minutes 

the first replicate had complete separation of the crown and root, but no enamel shattering. The 

other two replicates had both partial crown/root separation and enamel shattering. Jaw 

shrinkage between 53.0 and 56.0% was documented. At 20 minutes there was almost complete 

crown/root separation and partial enamel shattering in both the first and third replicates, while 

the second replicate demonstrated complete separation and almost complete shattering. Jaw 

shrinkage ranged from 54.8 to 56.9%. At 25 minutes there was complete crown/root separation 

and partial enamel shattering in the first two replicates, while the third contained almost 

complete separation and half-completed shattering. Jaw shrinkage of 51.3 to 57.4% occurred. 

At 30 minutes there was half-completed crown/root separation, but no enamel shattering in the 

first replicate, whereas the other two had complete separation and partial shattering. Jaw 

shrinkage ranged from 51.5 to 56.1%.  
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5.2.5 Thermal trauma at 900 ˚C 

The type and location of surface cracking found on specimens exposed to 900℃ at each 

duration is documented in Table 5.5. 

 

Table 5.5: Evidence of surface cracking on the 900˚C samples. 

Time 

(minutes) 

Crack form Replicate #1 Replicate #2 Replicate #3 

10 Longitudinal fragmented Middle buccal / 

middle & distal 

lingual 

Mesial, middle & distal 

lingual / mesial buccal 

 Transverse fragmented NP NP 

 Contour fragmented NP NP 

 Sporadic fragmented NP Middle buccal 

     

15 Longitudinal NP NP fragmented (L) 

 Transverse NP NP fragmented (L) 

 Contour NP NP fragmented (L) 

 Sporadic Across lingual / 

mesial & distal 

buccal 

Mesial buccal Mesial & distal buccal / 

fragmented (L) 

     

20 Longitudinal fragmented (L) NP Distal lingual / 

FRAGMENTED 

 Transverse fragmented (L) NP fragmented 

 Contour fragmented (L) NP fragmented 

 Sporadic Mesial buccal / 

fragmented (L) 

 

Mesial & middle 

buccal / 

mesial & distal 

lingual 

fragmented 

     

25 Longitudinal Mesial & middle 

buccal / distal 

lingual 

Distal lingual fragmented 

 Transverse NP NP fragmented 

 Contour NP Middle lingual fragmented 

 Sporadic Middle lingual Mesial & distal 

buccal 

 

fragmented 
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30 Longitudinal Middle buccal / 

distal interproximal 

& lingual 

fragmented 

 

Mesial buccal & 

interproximal / Distal 

lingual & interproximal 

 Transverse NP fragmented NP 

 Contour NP fragmented NP 

 Sporadic NP fragmented Distal buccal / mesial 

lingual 

NP = Not present; (L) = lingual side 

 

Thermal trauma at 900℃ for 10 minutes resulted in complete crown/root separation in the first 

two replicates, and half-completed in the third; while complete enamel shattering was present 

in the first replicate (Figure 5.7; A and B) and partial shattering in the other two. Jaw shrinkage 

of 51.4 to 55.8% was documented.  

 

A            B 

   

Figure 5.7: Buccal (A) and lingual (B) view of a 2nd molar exposed to 900℃ for 10 minutes 

(Replicate 1). 

 

At 15 minutes there was partial crown/root separation in the first and third replicate, while the 

second had almost complete separation. Partial enamel shattering was found in the first two 

replicates and almost complete shattering in the third. Jaw shrinkage was between 57.4 to 

59.4%. At 20 minutes the first replicate demonstrated complete crown/root separation, 

accompanied with almost complete enamel shattering. While the other two specimens had half-

complete separation and partial shattering. Jaw shrinkage between 50.9 and 58.4% was 

documented. At 25 minutes complete crown/root separation was present in all three specimens. 

Partial enamel shattering was present in the first two replicates, while the third had complete 
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shattering. Jaw shrinkage ranged from 52.3 to 58.6%.  At 30 minutes complete crown/root 

separation was identified in all three specimens. Partial enamel shattering occurred in the first 

and third replicates, while almost complete shattering was found on the second (Figure 5.8; A 

and B). Jaw shrinkage ranged from 54.2 to 56.4%. 

 

A            B 

   

Figure 5.8: Buccal (A) and lingual (B) view of a 2nd molar exposed to 900℃ for 30 minutes 

(Replicate 2). 

 

5.2.6 Summary of morphological alterations 

The results of morphological analysis of the 2nd molars and jaws are summarised in Table 5.6. 

 

Table 5.6: Summary of all documented morphological alterations.  

Time 

(minutes) 

Morphology Crack from 500℃ 600℃ 700℃ 800℃ 900℃ 

10 Cracking Longitudinal 0/3 N/A N/A 3/3 2/3 

  Transverse 0/3 N/A N/A 0/3 0/3 

  Contour 0/3 N/A N/A 0/3 0/3 

  Sporadic 0/3 N/A N/A 1/3 1/3 

 Crown/root 

separation 

 0/3 N/A N/A 3/3 3/3 

 Enamel 

shattering 

 0/3 N/A N/A 2/3 3/3 
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 Mean 

shrinkage (%) 

 33.87 N/A N/A 52.33 53.62 

        

15 Cracking Longitudinal 2/3 N/A N/A 3/3 0/3 

  Transverse 0/3 N/A N/A 0/3 0/3 

  Contour 0/3 N/A N/A 1/3 0/3 

  Sporadic 0/3 N/A N/A 3/3 3/3 

 Crown/root 

separation 

 0/3 N/A N/A 3/3 3/3 

 Enamel 

shattering 

 0/3 N/A N/A 3/3 3/3 

 Mean 

Shrinkage (%) 

 47.11 N/A N/A 53.56 58.22 

        

20 Cracking Longitudinal 3/3 3/3 3/3 2/3 1/3 

  Transverse 1/3 2/3 1/3 0/3 0/3 

  Contour 0/3 0/3 1/3 0/3 0/3 

  Sporadic 2/3 1/3 1/3 2/3 2/3 

 Crown/root 

separation 

 1/3 1/3 2/3 3/3 3/3 

 Enamel 

shattering 

 0/3 0/3 2/3 3/3 3/3 

 Mean 

shrinkage (%) 

 52.1 50.08 51.25 56.19 54.78 

        

25 Cracking Longitudinal 3/3 3/3 3/3 3/3 2/3 

  Transverse 0/3 0/3 0/3 0/3 0/3 

  Contour 1/3 0/3 2/3 0/3 1/3 

  Sporadic 3/3 0/3 1/3 2/3 2/3 

 Crown/root 

separation 

 1/3 2/3 3/3 3/3 3/3 

 Enamel 

shattering 

 1/3 2/3 3/3 3/3 3/3 
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 Mean 

shrinkage (%) 

 49.99 54.35 55.61 54.65 54.51 

        

30 Cracking Longitudinal 3/3 2/3 1/3 2/3 2/3 

  Transverse 1/3 0/3 0/3 0/3 0/3 

  Contour 0/3 3/3 0/3 0/3 0/3 

  Sporadic 3/3 1/3 2/3 3/3 1/3 

 Crown/root 

separation 

 3/3 2/3 3/3 3/3 3/3 

 Enamel 

shattering 

 0/3 2/3 3/3 2/3 3/3 

 Mean 

shrinkage (%) 

 51.43 56 56.1 53.16 55.18 

Blue = No morphological alteration found; yellow = alteration found on one replicate / shrinkage between 30 

and <40%; orange = alteration found on two replicates / shrinkage between 40 and <50%; red = alteration found 

on all three replicates / shrinkage between 50 and <60%. Ratio refers to number of replicates that show specific 

feature. N/A = not applicable. 

 

Longitudinal cracking was consistently present at all temperatures, from 500℃ for 15 minutes 

onwards. Transverse cracking was documented in one sample exposed to 500℃ for 30 minutes, 

two specimens exposed to 600℃ and one from 500 and 700℃ for 20 minutes. Contour cracking 

first appeared at 20 minutes in one specimen burned at 700℃. This increased to four samples 

at 25 minutes; one at 500℃, two at 700℃ and one at 900℃. A decrease in the appearance of 

contour cracking occurred after 600℃ for 30 minutes. Sporadic cracking first appeared at 500℃ 

for 20 minutes. From this temperature/time onwards, sporadic cracking occurred with 

increasing frequency, until consistently present on all specimens at 900℃. However, the 

prevalence of sporadic cracking did decline to only one specimen at 900℃ for 30 minutes. 

Crown/root separation was first documented in one specimen at 500℃ for 20 minutes; from 

this temperature/time onwards, this alteration was present (with increasing frequency) between 

500 and 700℃ and consistently visualised from specimens at 800 and 900℃. Enamel shattering 

was first documented at 500℃ for 25 minutes (one specimen). This alteration was then absent 

until 600℃ for 25 minutes, whereby from this point onwards enamel shattering occurred with 

increasing frequency until 800℃ for 15 minutes onwards, in which all specimens demonstrated 
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some level of enamel shattering. Shrinkage increased from 46 to 53% between 500 and 600℃. 

Shrinkage plateaued to 53 - 55% at the higher temperatures.  

 

5.2.7 Higher temperatures and longer durations do not produce higher jaw shrinkage 

When comparing between the dependent variables of initial and final jaw weight for each 

temperature and duration, there was a significant difference overall (when applying the non-

parametric Wilcoxon signed rank test to examine paired differences; p < 0.001). However, 

when analysing the shrinkage percentage as the dependent variable, the parametric two-way 

ANOVA showed no significant correlation (p > 0.05) (Table 5.7). 

 

Table 5.7:  Jaw shrinkage by temperature and time (including the interaction effect)  

Independent Variable p value 

Temperature 1.000NS 

Time 1.000NS 

Temperature x Time 1.000NS 

Two-way ANOVA used. P<0.05 considered significant; NS = not significant 

 

As well as analysing mandible shrinkage in relation to temperature and duration separately, the 

interaction effect of the two (whether the influence of one independent variable determines the 

results of the other) was also analysed via two-way ANOVA (Table 5.7). Statistical analysis 

found that significance was not achieved (p > 0.05), demonstrating that there was no interaction 

between temperature and duration. 

 

5.3 DNA analysis of experimental samples via quantification and PCR amplification 

5.3.1 DNA quantification and qualification 

5.3.1.1 Highest DNA yields and quality are achieved when using phenol chloroform 

extraction 

The results for the nanodrop spectrophotometer in relation to DNA quantity and quality of the 

experimental samples are shown in Figures 5.9 to 5.11. Analysis of the results from the Phenol 
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Chloroform extraction demonstrates that the DNA purity between each replicate was similar, 

with a few exceptions. DNA purity dropped at 500℃ between 15 and 20 minutes, and then 

plateaued to between 1 and 1.5(260/280nm). The DNA yield of the three control samples was 

between 91 and 238ng/𝜇l. Apart from 10 and 15 minutes at 500℃, no burning condition 

demonstrated these DNA yields. After this temperature/time, a clear drop in values is 

demonstrated, as all other samples gave an average DNA yield (including standard deviation) 

below 50 ng/𝜇l. The exception to this is 800℃ for 15 minutes, which averaged a yield of 56.5 

ng/𝜇l with a maximum yield of 75.47 ng/𝜇l. Specimens at 500℃ for 30 minutes and 800℃ for 

20 and 25 minutes, while containing an average yield below 50ng/𝜇l, the maximum yield 

exceeded this, with 69.17, 74.66 and 63.13 ng/𝜇l respectively. 

The Chelex 100 DNA extraction method produced DNA quantities for the control samples with 

a mean value of 49.04 ng/𝜇𝑙 (SD 34.62). The mean purity was 1.89 (SD 0.26). For those 

specimens exposed to thermal trauma, only the DNA data collected from 500℃ for the 10 and 

15-minute groups were available. All other temperatures had a DNA quantity lower than the 

detection limit (addressed in Methods). At 10 minutes, the mean DNA yield was 82.56ng/𝜇𝑙 

(SD 62.48), while the purity at this temperature had a mean value of 1.62(260/280nm) (SD 0.03). 

At 15 minutes, the mean DNA yield was 47.56 ng/𝜇𝑙 (SD 39.84), while purity had a mean of 

1.42(260/280nm) (SD 0.16). 

The DNeasy kit produced DNA quantities for the three control samples ranging from 3.18 to 

18.85ng/𝜇l. This was not unique to the control samples, with these quantities reached or 

exceeded multiple times throughout the burning conditions. DNA quantity noticeably 

increased from the control samples until 500℃ for 25 minutes, reaching 20.55 ng/𝜇l. DNA 

yield plateaued at 500℃ for 30 minutes and then dropped to below 15 ng/𝜇l, where the 

remaining thermal conditions consistently produced yields below this, with a few exceptions 

(Figure 5.11). The DNA purity dropped slightly between the control samples at 500℃ for 20 

minutes, however it remained between 1 and 1.65.  
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Figure 5.9: Mean and SD nanodrop results for the phenol chloroform extraction method. 

Quantity is on the left axis; purity is on the right axis. 

 

 

Figure 5.10: Mean and SD nanodrop results for the Chelex 100 extraction method. Quantity 

is on the left axis; purity is on the right axis. 

0

0.5

1

1.5

2

0

50

100

150

200

250

300

C
o
n
tr

o
l

5
0
0
/1

0

5
0

0
/1

5

5
0
0
/2

0

5
0
0
/2

5

5
0

0
/3

0

6
0
0
/2

0

6
0
0
/2

5

6
0
0
/3

0

7
0
0
/2

0

7
0
0
/2

5

7
0
0
/3

0

8
0
0
/1

0

8
0
0
/1

5

8
0
0
/2

0

8
0
0
/2

5

8
0
0
/3

0

9
0
0
/1

0

9
0

0
/1

5

9
0
0
/2

0

9
0
0
/2

5

9
0

0
/3

0

D
N

A
 P

u
ri

ty
 (

2
6
0
/2

8
0
n

m
)

D
N

A
 Q

u
an

ti
ty

 (
n

g
/µ

L
)

Temperature (˚C) / Time (minutes)

Quantity Purity

0

0.5

1

1.5

2

2.5

0

50

100

150

200

250

C
o
n

tr
o
l

5
0
0
/1

0

5
0
0
/1

5

5
0
0
/2

0

5
0
0
/2

5

5
0
0
/3

0

6
0
0
/2

0

6
0
0
/2

5

6
0
0
/3

0

7
0
0
/2

0

7
0
0
/2

5

7
0
0
/3

0

8
0
0
/1

0

8
0
0
/1

5

8
0
0
/2

0

8
0
0
/2

5

8
0
0
/3

0

9
0
0
/1

0

9
0
0
/1

5

9
0
0
/2

0

9
0
0
/2

5

9
0
0
/3

0

D
N

A
 P

u
ri

ty
 (

2
6

0
/2

8
0

n
m

)

D
N

A
 Q

u
an

ti
ty

 (
n

g
/µ

L
)

Temperature (°C) / Time (minutes)

Chelex Quantity Chelex Purity



106 
 

 

Figure 5.11: Mean and SD nanodrop results for the DNeasy blood and tissue kit extraction 

method. Quantity is on the left axis; purity is on the right axis. 

 

It needs to be considered that the amount of starting material for the Phenol chloroform and 

Chelex 100 (50mg) varies to the DNeasy blood and tissue kit (25mg) due to technical issues, 

as a result of variations in function and extraction potential. The different elution volumes (a 

discrepancy of 8x) was due to the specifications of each protocol. While the amount eluted 

during the DNeasy blood and tissue kit could have been altered to 25µl per elution (in line with 

the other two methods) since this is a silica kit that has been optimised for use on animal tissue, 

and this research is focused on reviewing the efficacy of each method via use of its 

standard/common protocol, it was decided not to modify the elution volume. In order to 

compare methods this discrepancy in starting material was addressed via normalisation and 

was performed (Figure 5.12) by dividing the quantity of DNA (ng/𝜇l) by the starting weight 

(either 50 or 25mg) to obtain the ng/𝜇l of DNA for each 1mg of starting material used. The 

phenol chloroform method consistently produced the highest DNA yield, while Chelex 100 

was the second-best performer for the first three experimental conditions (after which the 

nanodrop results are below the detection limit). The DNeasy blood and tissue kit demonstrated 

an overall low DNA yield (in relation to the other two extraction methods).  
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Figure 5.12: Mean and SD for the Phenol chloroform, Chelex 100 and DNeasy blood and 

tissue kit extraction methods after normalisation of the nanodrop data.  

 

Overall, when comparing the nanodrop spectrophotometry results for each extraction method 

used, phenol chloroform consistently produced the highest DNA yield. However, the DNeasy 

extraction method consistently produced the greatest DNA purity. Chelex 100 demonstrated 

the lowest extraction capability, with a steady decline in DNA yield from the control samples 

through to 500℃ (10 and 15 minutes), followed by yields lower than the detection limit for the 

remaining thermal conditions.  

 

5.3.1.2 Formal analysis of the effect of temperature and time on extracted DNA quality 

and quantity 

Statistical analysis of DNA quantity between each of the five temperatures used (Table 5.8) 

demonstrated that statistical significance was found between these temperatures for each of the 

three extraction methods, and overall. 
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Table 5.8: Phenol Chloroform, Chelex 100, DNeasy blood and tissue kit, and overall DNA 

quantity between each temperature group. 

 P value 

Phenol Chloroform 0.005** 

Chelex 100 <0.001*** 

DNeasy kit 0.001** 

Overall <0.001*** 

Kruskal-Wallis test used. P<0.05 considered significant; *P<0.05; **P<0.01; ***P<0.001 

 

To test temperature points that were significantly different for DNA quantity, posthoc testing 

was performed for each temperature combination. For phenol chloroform a significant 

difference occurred between the control samples and 600/700/800/900℃, and between 500℃ 

and 700/800℃. However, following correction (Table 5.9), significance was only found 

between the control group and 700℃, and the 500 and 700℃ specimens. Initial posthoc testing 

of the Chelex samples found a greater significance between the temperature combinations than 

the phenol chloroform samples, with significance obtained between the control samples and 

500/600/700/800/900℃, as well as between the 500℃ specimens and 600/700/800/900℃. 

Following correction, a significant difference remained for the control and 600/700/800/900℃, 

and the 500℃ and 800/900℃ groups. A trend of significance was identifiable however, 

between 500℃ and 600/700℃ (both p = 0.086). The DNeasy blood and tissue kit initially 

achieved significance between the 500℃ and 600/700/800/900℃ specimens. A trend was 

present between the control specimens and 500℃ (p = 0.059). However, following correction, 

the significance between the 500℃ and 800/900℃ temperatures remained, while the trend 

between control and 500℃ specimens was lost. Overall (regardless of extraction method), 

initial posthoc testing produced significance between the control groups and 

600/700/800/900℃ groups, and between 500℃ and 600/700/800/900℃ specimens. Once 

correction was applied, statistical significance remained for the control groups and 

700/800/900℃, and between the 500℃ and 700/800/900℃ specimens. A trend of significance 

was identifiable however, between the control/500℃ specimens, and 600℃ (p = 0.065 and 

0.088 respectively).  
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Table 5.9: Posthoc testing for Phenol Chloroform, Chelex 100, DNeasy blood and tissue kit, 

and overall DNA quantity between temperature conditions. 

 P/C Chelex DNeasy Overall 

Temperature 

data points 

p value Adj. p 

value 

p value Adj. p 

value 

p value Adj. p 

value 

p value Adj. p 

value 

0 vs 500 0.124NS 1.000NS 0.009** 0.131NS 0.059NS 0.889NS 0.242NS 1.000NS 

0 vs 600 0.020* 0.300NS <0.001*** <0.001*** 0.958NS 1.000NS 0.004** 0.065NS 

0 vs 700 0.001** 0.011* <0.001*** <0.001*** 0.835NS 1.000NS 0.001** 0.016* 

0 vs 800 0.007** 0.107NS <0.001*** <0.001*** 0.899NS 1.000NS 0.002** 0.027* 

0 vs 900 0.013* 0.193NS <0.001*** <0.001*** 0.505NS 1.000NS 0.001** 0.021* 

500 vs 600 0.170NS 1.000NS 0.006** 0.086NS 0.006** 0.090NS 0.006** 0.088NS 

500 vs 700 0.002** 0.035* 0.006** 0.086NS 0.012* 0.186NS 0.001** 0.009** 

500 vs 800 0.046* 0.687NS 0.001** 0.021* 0.002** 0.035* 0.001** 0.011* 

500 vs 900 0.100NS 1.000NS 0.001** 0.021* <0.001*** <0.001*** <0.001*** 0.007** 

600 vs 700 0.134NS 1.000NS 1.000NS 1.000NS 0.825NS 1.000NS 0.550NS 1.000NS 

600 vs 800 0.721NS 1.000NS 1.000NS 1.000NS 0.915NS 1.000NS 0.861NS 1.000NS 

600 vs 900 0.958NS 1.000NS 1.000NS 1.000NS 0.279NS 1.000NS 0.780NS 1.000NS 

700 vs 800 0.188NS 1.000NS 1.000NS 1.000NS 0.889NS 1.000NS 0.621NS 1.000NS 

700 vs 900 0.105NS 1.000NS 1.000NS 1.000NS 0.183NS 1.000NS 0.697NS 1.000NS 

800 vs 900 0.725NS 1.000NS 1.000NS 1.000NS 0.169NS 1.000NS 0.904NS 1.000NS 

Kruskal-Wallis test used. Correction applied for multiple comparisons via the Bonferroni correction. P<0.05 

considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001 

 

Statistical analysis of the purity data between each temperature condition (Table 5.10) 

demonstrated that the phenol chloroform, Chelex 100 DNA extraction methods and overall 

data, achieved a significant difference. A significant difference was not found overall for the 

DNeasy blood and tissue kit (p = 0.119) 

 

 

 

 



110 
 

Table 5.10: Phenol Chloroform, Chelex 100, DNeasy blood and tissue kit, and overall DNA 

purity between each temperature condition. 

 P value 

Phenol Chloroform <0.001*** 

 

Chelex 100 <0.001*** 

DNeasy kit 0.119NS 

Overall <0.001*** 

Kruskal-Wallis test used. P<0.05 considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001 

 

Posthoc testing (Table 5.11) found that there was significance achieved (p<0.05) for the phenol 

chloroform samples between the control specimens and 700/800/900℃, as well as 500℃ and 

700/800/900℃. However, trends were found between the control and 600℃ specimens (p = 

0.056), and 600 and 700℃ (p = 0.087). Application of the Bonferroni correction did not alter 

the drop-off point of significance but did result in loss of the trends. Chelex samples achieved 

significance initially between both the control/500℃ groups and all other temperature 

increments. Following correction for multiple comparisons the only temperatures that lost 

significance were between the 500℃ and 600/700℃ specimens. Overall (regardless of 

extraction method) significance was found (before and after correction) to demonstrate the 

same significance drop-off points as in the Chelex samples; significance initially between both 

the control/500℃ groups and all other temperature increments, however application of the 

Bonferroni correction resulted in a loss of significance between the 500℃ and 600℃ 

specimens. The overall data did also demonstrate a trend between 500 and 700℃ (p = 0.073).   

 

Table 5.11: Phenol Chloroform, Chelex 100 and overall DNA purity between each of the 

temperature combinations. 

 P/C Chelex Overall 

Temperature 

data points 

p value Adj. p 

value 

p value Adj. p 

value 

p value Adj. p 

value 

0 vs 500 0.241NS 1.000NS 0.001** 0.019* 0.001** 0.018* 

0 vs 600 0.056NS 0.840NS <0.001*** <0.001*** <0.001*** <0.001*** 

0 vs 700 0.002** 0.027* <0.001*** <0.001*** <0.001*** <0.001*** 



111 
 

0 vs 800 0.002** 0.029* <0.001*** <0.001*** <0.001*** <0.001*** 

0 vs 900 0.002** 0.027* <0.001*** <0.001*** <0.001*** <0.001*** 

500 vs 600 0.207NS 1.000NS 0.009** 0.136NS 0.024* 0.365NS 

500 vs 700 0.001** 0.022* 0.009** 0.136NS 0.005** 0.073NS 

500 vs 800 0.001** 0.013* 0.003** 0.039* 0.002** 0.023* 

500 vs 900 0.001** 0.011* 0.003** 0.039* 0.001** 0.012* 

600 vs 700 0.087NS 1.000NS 1.000NS 1.000NS 0.615NS 1.000NS 

600 vs 800 0.104NS 1.000NS 1.000NS 1.000NS 0.619NS 1.000NS 

600 vs 900 0.097NS 1.000NS 1.000NS 1.000NS 0.509NS 1.000NS 

700 vs 800 0.772NS 1.000NS 1.000NS 1.000NS 0.947NS 1.000NS 

700 vs 900 0.797NS 1.000NS 1.000NS 1.000NS 0.923NS 1.000NS 

800 vs 900 0.970NS 1.000NS 1.000NS 1.000NS 0.851NS 1.000NS 

Kruskal-Wallis test used. Correction applied for multiple comparisons via the Bonferroni correction. P<0.05 

considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001. 

 

Statistical analysis of the DNA quantities between each of the five time increments (Table 

5.12), showed that statistical significance was achieved for the Chelex 100 DNA extraction 

method and overall data (p<0.05). Statistical significance was not found for the different 

quantities obtained by the DNeasy blood and tissue kit (p = 0.787), however a trend was found 

between each of the duration increments for the phenol chloroform samples (p = 0.053).  

 

Table 5.12: Phenol Chloroform, Chelex 100, DNeasy blood and tissue kit, and overall DNA 

quantity between each duration increment.  

 P value 

Phenol Chloroform 0.053NS 

Chelex 100 <0.001*** 

DNeasy kit 0.787NS 

Overall 0.019* 

Kruskal-Wallis test used. P<0.05 considered significant; NS = no significant; *P<0.05; **P<0.01; ***P<0.001 

 

Posthoc testing (Table 5.13) demonstrated significance (p<0.05) for the Chelex extraction 

samples between the control groups and all other time increments, and between both 10/15 
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minutes and the 20/25/30-minute increments. Following correction, differences in significance 

remained between the control groups and 20/25/30 minutes. Overall (regardless of extraction 

method), statistical significance was found between the control groups and 10/20/25/30-minute 

increments, however following correction significance remained only between the control 

groups and 20/30 minutes. A trend was found in the overall 15 versus 20-minute group, with a 

p value of 0.052. After correction however, this became not significant.  

 

Table 5.13: Posthoc testing for Chelex 100 and overall DNA quantity between each of the 

temperature conditions.  

 Chelex Overall 

Temperature 

data points 

p value Adj. p 

value 

p value Adj. p 

value 

0 vs 10 0.006** 0.089NS 0.034* 0.509NS 

0 vs 15 0.005** 0.075NS 0.080NS 1.000NS 

0 vs 20 <0.001*** <0.001*** 0.002** 0.025* 

0 vs 25 <0.001*** <0.001*** 0.005** 0.078NS 

0 vs 30 <0.001*** <0.001*** 0.003** 0.044* 

10 vs 15 0.934NS 1.000NS 0.598NS 1.000NS 

10 vs 20 0.019* 0.284NS 0.175NS 1.000NS 

10 vs 25 0.019* 0.284NS 0.401NS 1.000NS 

10 vs 30 0.019* 0.284NS 0.267NS 1.000NS 

15 vs 20 0.024* 0.362NS 0.052NS 0.775NS 

15 vs 25 0.024* 0.362NS 0.153NS 1.000NS 

15 vs 30 0.024* 0.362NS 0.089NS 1.000NS 

20 vs 25 1.000NS 1.000NS 0.551NS 1.000NS 

20 vs 30 1.000NS 1.000NS 0.775NS 1.000NS 

25 vs 30 1.000NS 1.000NS 0.756NS 1.000NS 

Kruskal-Wallis test used. Correction applied to account for multiple comparisons via the Bonferroni correction.  

P<0.05 considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001 

 

Statistical analysis of DNA purity between each of the duration increments (Table 5.14) 

demonstrated that the Chelex 100, DNeasy kit DNA extraction methods, and overall data found 



113 
 

statistical significance (p<0.05). Statistical significance was not achieved between each of the 

duration increments for the phenol chloroform method (p = 0.108). 

 

Table 5.14: Phenol Chloroform, Chelex 100, DNeasy blood and tissue kit, and overall DNA 

purity for each time increment.  

 P value 

Phenol Chloroform 0.108NS 

Chelex 100 <0.001*** 

DNeasy kit 0.005** 

Overall <0.001*** 

Kruskal-Wallis test used. P<0.05 considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001 

 

Posthoc testing (Table 5.15) found that the Chelex samples achieved significance (p<0.05) 

between the control groups and all other time increments, and between both 10/15 minutes and 

the 20/25/30-minute increments. Following correction, significance only occurred between the 

control groups and all other time increments (10, 15, 20, 25 and 30 minutes). The DNeasy 

blood and tissue kit achieved significance between the control groups and 15/20/25/30-minute 

time increments, and between the 10 and 20/25 minutes. Following correction, a statistically 

significant difference was achieved between the control groups and 20/25 minutes. Initial 

significance documented a trend between the 20 and 30-minute intervals (0.068), however 

upon application of the Bonferroni correction this became not significant. Overall (regardless 

of extraction method), statistical significance was found (p<0.05) between the control groups 

and all other time increments, and between the 10 and 20/25-minute increments. There was 

also a trend present, between the 15 and 20-minute intervals (p = 0.084). Following correction, 

statistically significant differences were still found between the control groups and all other 

time increments (10/15/20/25/30 minutes).  
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Table 5.15: Posthoc testing for Chelex 100, DNeasy blood and tissue kit, and overall DNA 

purity between each combination of durations. 

 Chelex DNeasy Overall 

Temperature 

data points 

P value Adj. p 

value 

P 

value 

Adj. p 

value 

P value Adj. p 

value 

0 vs 10 0.001** 0.015* 0.152NS 1.000NS 0.001** 0.010* 

0 vs 15 0.001** 0.010* 0.010* 0.145NS <0.001*** 0.002** 

0 vs 20 <0.001*** <0.001*** 0.001** 0.02* <0.001*** <0.01*** 

0 vs 25 <0.001*** <0.001*** 0.002** 0.037* <0.001*** <0.001*** 

0 vs 30 <0.001*** <0.001*** 0.031* 0.466NS <0.001*** <0.001*** 

10 vs 15 0.869NS 1.000NS 0.102NS 1.000NS 0.589NS 1.000NS 

10 vs 20 0.023* 0.351NS 0.011* 0.161NS 0.020* 0.297NS 

10 vs 25 0.023* 0.351NS 0.023* 0.344NS 0.034* 0.515NS 

10 vs 30 0.023* 0.351NS 0.333NS 1.000NS 0.115NS 1.000NS 

15 vs 20 0.037* 0.559NS 0.469NS 1.000NS 0.084NS 1.000NS 

15 vs 25 0.037* 0.559NS 0.654NS 1.000NS 0.130NS 1.000NS 

15 vs 30 0.037* 0.559NS 0.391NS 1.000NS 0.331NS 1.000NS 

20 vs 25 1.000NS 1.000NS 0.750NS 1.000NS 0.805NS 1.000NS 

20 vs 30 1.000NS 1.000NS 0.068NS 1.000NS 0.383NS 1.000NS 

25 vs 30 1.000NS 1.000NS 0.132NS 1.000NS 0.532NS 1.000NS 

Kruskal-Wallis test used. Correction applied to account for the multiple comparisons via the Bonferroni 

correction. P<0.05 considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001 

 

Statistical analysis of the difference between the DNA quantity and purity data obtained for 

each of the three extraction methods (Table 5.16) demonstrated that for both DNA quantity and 

purity a statistically significant difference between the extraction methods (p<0.05) was 

achieved. 

 

Table 5.16: Overall DNA quantity and purity between the three extraction methods used. 

 P value 

Quantity <0.001*** 

Purity <0.001*** 

Kruskal-Wallis test used. P<0.05 considered significant; *P<0.05; **P<0.01; ***P<0.001 
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Posthoc testing (Table 5.17) found statistical significance (p<0.05) for the DNA quantity data 

obtained for each extraction method combination, both before and after correction. The purity 

values demonstrated statistical significance for each extraction method combination, however 

following correction there was a loss of significance between the phenol chloroform and 

DNeasy blood and tissue kit extraction methods (p = 0.073), however this could be considered 

a trend.  

 

Table 5.17: Posthoc testing of overall DNA quantity and purity between each combination of 

the three extraction methods (1 = phenol chloroform; 2 = Chelex 100; 3 = DNeasy kit). 

 Quantity Purity 

Extraction 

method 

P value Adj. p 

value 

P value Adj. p 

value 

1 vs 2 <0.001*** <0.001*** <0.001*** <0.001*** 

1 vs 3 <0.001*** <0.001*** 0.024* 0.073NS 

2 vs 3 <0.001*** <0.001*** <0.001*** <0.001*** 

Kruskal-Wallis test used. Correction applied to account for multiple comparisons via the Bonferroni correction. 

P<0.05 considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001 

 

To analyse the potential for interaction effects (see Chapter Four) between temperature and 

duration, a Kruskal-Wallis test was performed whereby both temperature and duration were 

incorporated into one variable. Overall, it was found that statistical significance was achieved 

for all temperature and time combinations (for each individual extraction method and overall; 

Figure 5.18). Therefore, further analysis of each temperature and time combination was 

performed, to identify at which temperature/duration combinations this statistical significance 

occurred. 
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Table 5.18: Interaction analysis (between temperature and duration) for phenol chloroform, 

Chelex 100, DNeasy blood and tissue kit and overall (regardless of extraction method) for 

DNA quantity and purity 

 Quantity Purity 

DNA extraction 

method 

P value P value 

 

Phenol 

chloroform 

0.018* 0.002** 

Chelex 100 P<0.001*** P<0.001*** 

DNeasy kit 0.007** 0.05* 

Overall P<0.001*** P<0.001*** 

Kruskal-Wallis test used. Correction applied to account for multiple comparisons via the Bonferroni correction. 

P<0.05 considered significant; *P<0.05; **P<0.01; ***P<0.001 

 

Initial analysis of DNA quantity overall (Table 5.19) achieved statistical significance (p<0.05) 

between the control specimens and 600℃/700℃/800℃/900℃ temperatures, the controls and 

10min/20min/25min/30min durations, 15 minutes and 700/900℃, and 500℃ and 20/25/30-

minute specimens. A trend was documented between the 15-minute specimens and the 

controls/800℃. After correction, no statistical significance was present for any variable 

combinations. However, there was a trend between 20 minutes and 500℃ (p = 0.056).  

Analysis of each extraction method found that phenol chloroform achieved statistical 

significance (initially) between the control specimens and 600/700/800/900℃ temperatures, as 

well as the controls and 10/20/25/30-minute samples. Statistical significance was also 

identified between 10/20 minutes and 500℃, and 15 minutes and 700℃. A trend was 

identifiable between 15 minutes and 800℃ (p = 0.089), and 25 minutes and 700℃ (p = 0.077). 

Following correction however, statistical significance only remained between the control 

specimens and 700℃. The Chelex 100 method initially achieved statistical significance 

between the controls and all temperatures (500/600/700/800/900℃) and durations used 

(10/15/20/25/30 minutes). There was also statistical significance between 10/15 minutes and 

600/700/800/900℃, and 20/25/30-minute specimens and 500℃. Following correction, 

statistical significance remained between the controls and 600/700/800/900℃, and 20/25/30 

minutes and the control/500℃ samples. The DNeasy blood and tissue kit initially achieved 

statistical significance between 10/25 minutes and 900℃, and 15/20/25/30 minutes and 500℃. 
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A trend was identified between the control specimens and 500℃ (p = 0.056). However, 

following correction, statistical significance did not remain between any temperature/duration 

combination. 

 

Table 5.19: Interaction effect for each DNA extraction method between temperature and time 

for DNA quantity 

 P/C Chelex DNeasy Overall 

Variable 1 vs 

Variable 2 

p value Adj. p 

value 

p value p value Adj. p 

value 

Adj. p 

value 

p value Adj. p 

value 

control vs 

500℃ 

0.123NS 1.000NS 0.005** 0.257NS 0.056NS 1.000NS 0.242NS 1.000NS 

control vs 

600℃ 

0.020* 1.000NS P<0.001*** P<0.001*** 0.966NS 1.000NS 0.004** 0.388NS 

control vs 

700℃ 

0.001** 0.035* P<0.001*** P<0.001*** 0.836NS 1.000NS 0.001** 0.093NS 

control vs 

800℃ 

0.007** 0.381NS P<0.001*** P<0.001*** 0.900NS 1.000NS 0.002** 0.16NS 

control vs 

900℃ 

0.013* 0.700NS P<0.001*** P<0.001*** 0.499NS 1.000NS 0.001** 0.125NS 

10min vs 

control 

0.006** 0.338NS 0.003** 0.165NS 0.332NS 1.000NS 0.033* 1.000NS 

10min vs 

500℃ 

0.043* 1.000NS 0.654NS 1.000NS 0.184NS 1.000NS 0.107NS 1.000NS 

10min vs 

600℃ 

0.562NS 1.000NS 0.025* 1.000NS 0.190NS 1.000NS 0.301NS 1.000NS 

10min vs 

700℃ 

0.338NS 1.000NS 0.025* 1.000NS 0.281NS 1.000NS 0.102NS 1.000NS 

10min vs 

800℃ 

0.778NS 1.000NS 0.012* 0.669NS 0.179NS 1.000NS 0.184NS 1.000NS 

10min vs 

900℃ 

0.552NS 1.000NS 0.012* 0.669NS 0.011* 0.599NS 0.151NS 1.000NS 
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15min vs 

control 

0.137NS 1.000NS 0.002** 0.137NS 0.753NS 1.000NS 0.08NS 1.000NS 

15min vs 

500℃ 

0.969NS 1.000NS 0.591NS 1.000NS 0.018* 0.993NS 0.312NS 1.000NS 

15min vs 

600℃ 

0.233NS 1.000NS 0.031* 1.000NS 0.701NS 1.000NS 0.117NS 1.000NS 

15min vs 

700℃ 

0.006** 0.348NS 0.031* 1.000NS 0.880NS 1.000NS 0.03* 1.000NS 

15min vs 

800℃ 

0.089NS 1.000NS 0.016* 0.856NS 0.757NS 1.000NS 0.054NS 1.000NS 

15min vs 

900℃ 

0.166NS 1.000NS 0.016* 0.856NS 0.131NS 1.000NS 0.042* 1.000NS 

20min vs 

control 

0.005** 0.285NS P<0.001*** P<0.001*** 0.925NS 1.000NS 0.002** 0.15NS 

20min vs 

500℃ 

0.030* 1.000NS 0.001** 0.035* 0.002** 0.093NS 0.001** 0.056NS 

20min vs 

600℃ 

0.610NS 1.000NS 1.000NS 1.000NS 0.940NS 1.000NS 0.84NS 1.000NS 

20min vs 

700℃ 

0.226NS 1.000NS 1.000NS 1.000NS 0.852NS 1.000NS 0.638NS 1.000NS 

20min vs 

800℃ 

0.868NS 1.000NS 1.000NS 1.000NS 0.957NS 1.000NS 0.974NS 1.000NS 

20min vs 

900℃ 

0.598NS 1.000NS 1.000NS 1.000NS 0.182NS 1.000NS 0.928NS 1.000NS 

25min vs 

control 

0.015* 0.845NS P<0.001*** P<0.001*** 0.645NS 1.000NS 0.005** 0.464NS 

25min vs 

500℃ 

0.126NS 1.000NS 0.001** 0.035* 0.012* 0.672NS 0.005** 0.429NS 

25min vs 

600℃ 

0.962NS 1.000NS 1.000NS 1.000NS 0.532NS 1.000NS 0.751NS 1.000NS 

25min vs 

700℃ 

0.077NS 1.000NS 1.000NS 1.000NS 0.716NS 1.000NS 0.322NS 1.000NS 
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25min vs 

800℃ 

0.632NS 1.000NS 1.000NS 1.000NS 0.561NS 1.000NS 0.57NS 1.000NS 

25min vs 

900℃ 

0.907NS 1.000NS 1.000NS 1.000NS 0.049* 1.000NS 0.489NS 1.000NS 

30min vs 

control 

0.013* 0.734NS P<0.001*** P<0.001*** 0.882NS 1.000NS 0.003** 0.261NS 

30min vs 

500℃ 

0.106NS 1.000NS 0.001** 0.035* 0.002** 0.127NS 0.002** 0.154NS 

30min vs 

600℃ 

0.978NS 1.000NS 1.000NS 1.000NS 0.877NS 1.000NS 0.963NS 1.000NS 

30min vs 

700℃ 

0.091NS 1.000NS 1.000NS 1.000NS 0.916NS 1.000NS 0.473NS 1.000NS 

30min vs 

800℃ 

0.696NS 1.000NS 1.000NS 1.000NS 0.969NS 1.000NS 0.799NS 1.000NS 

30min vs 

900℃ 

0.977NS 1.000NS 1.000NS 1.000NS 0.154NS 1.000NS 0.706NS 1.000NS 

Kruskal-Wallis test used. Correction applied to account for multiple comparisons via the Bonferroni correction. 

P<0.05 considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001 

 

DNA purity overall (Table 5.20) achieved statistical significance between the control 

specimens and all temperatures and durations, 10 minutes and 700/800/900℃, and 500℃ and 

20/25/30 minutes. There was a trend identifiable between the 15-minute and 900℃ samples (p 

= 0.074). After correction, significance only remained between the control specimens and 

600/700/800/900℃, and the control and 15/20/25/30-minute samples. A trend was documented 

between the control and 10-minute samples, as well as 500℃ and 20 minutes. 

Analysis of each individual method found that phenol chloroform initially achieved statistical 

significance between the control specimens and 700/800/900℃, and 10/20/25/30 minutes and 

the controls/500℃. Trends were identified between the controls and 600℃ (p = 0.057), 15 

minutes and the control specimens (p = 0.053), and 15 minutes and 700℃ (p = 0.087). 

Following correction however, there was no statistical significance between any 

temperature/duration combination. The Chelex 100 method achieved initial statistical 

significance between the control specimens and all temperatures (500/600/700/800/900℃) and 

durations (10/15/20/25/30 minutes) used. This was also identified between 10/15 minutes and 
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600/700/800/900℃, and 20/25/30 minutes and 500℃. Following correction, significance was 

not achieved between any temperature/duration combination. The DNeasy kit found that 

statistical significance was achieved between the control samples and all temperatures used 

(500/600/700/800/900℃) and the durations of 15/20/25/30 minutes. Significance was also 

identified between 10 minutes and 900℃. Following correction, statistical significance was not 

identifiable between and temperature/duration combination. However, a trend was documented 

between the 20-minute and control specimens (p = 0.067). 

 

Table 5.20: Interaction effect for each DNA extraction method between temperature and 

time for DNA purity 

 P/C Chelex DNeasy Overall 

Variable 1  

vs  

Variable 2 

p value Adj. p 

value 

p value p value Adj. p 

value 

Adj. p 

value 

p value Adj. p 

value 

control vs 

500℃ 

0.246NS 1.000NS 0.001** 0.032* 0.022* 1.000NS 0.001** 0.115NS 

control vs 

600℃ 

0.057NS 1.000NS P<0.001*** P<0.001*** 0.011* 0.586NS P<0.001*** 0.001** 

control vs 

700℃ 

0.002** 0.091NS P<0.001*** P<0.001*** 0.010* 0.542NS P<0.001*** P<0.001*** 

control vs 

800℃ 

0.002** 0.100NS P<0.001*** P<0.001*** 0.010* 0.530NS P<0.001*** P<0.001*** 

control vs 

900℃ 

0.002** 0.092NS P<0.001*** P<0.001*** 0.004** 0.238NS P<0.001*** P<0.001*** 

10min vs 

control 

0.005** 0.274NS P<0.001*** 0.025* 0.155NS 1.000NS 0.001** 0.058NS 

10min vs 

500℃ 

0.007** 0.383NS 0.706NS 1.000NS 0.235NS 1.000NS 0.574NS 1.000NS 

10min vs 

600℃ 

0.200NS 1.000NS 0.026* 1.000NS 0.109NS 1.000NS 0.125NS 1.000NS 

10min vs 

700℃ 

0.632NS 1.000NS 0.026* 1.000NS 0.101NS 1.000NS 0.041* 1.000NS 
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10min vs 

800℃ 

0.812NS 1.000NS 0.013* 0.693NS 0.102NS 1.000NS 0.026* 1.000NS 

10min vs 

900℃ 

0.785NS 1.000NS 0.013* 0.693NS 0.042* 1.000NS 0.017* 1.000NS 

15min vs 

control 

0.053NS 1.000NS P<0.001*** 0.015* 0.009** 0.515NS P<0.001*** 0.013* 

15min vs 

500℃ 

0.186NS 1.000NS 0.562NS 1.000NS 0.500NS 1.000NS 0.242NS 1.000NS 

15min vs 

600℃ 

0.960NS 1.000NS 0.040* 1.000NS 0.950NS 1.000NS 0.321NS 1.000NS 

15min vs 

700℃ 

0.087NS 1.000NS 0.040* 1.000NS 0.980NS 1.000NS 0.133NS 1.000NS 

15min vs 

800℃ 

0.107NS 1.000NS 0.022* 1.000NS 0.821NS 1.000NS 0.106NS 1.000NS 

15min vs 

900℃ 

0.099NS 1.000NS 0.022* 1.000NS 0.863NS 1.000NS 0.074NS 1.000NS 

20min vs 

control 

0.006** 0.348NS P<0.001*** P<0.001*** 0.001** 0.067NS P<0.001*** P<0.001*** 

20min vs 

500℃ 

0.007** 0.362NS 0.001** 0.050* 0.102NS 1.000NS 0.001** 0.068NS 

20min vs 

600℃ 

0.277NS 1.000NS 1.000NS 1.000NS 0.416NS 1.000NS 0.521NS 1.000NS 

20min vs 

700℃ 

0.378NS 1.000NS 1.000NS 1.000NS 0.440NS 1.000NS 0.945NS 1.000NS 

20min vs 

800℃ 

0.500NS 1.000NS 1.000NS 1.000NS 0.263NS 1.000NS 0.876NS 1.000NS 

20min vs 

900℃ 

0.476NS 1.000NS 1.000NS 1.000NS 0.509NS 1.000NS 0.969NS 1.000NS 

25min vs 

control 

0.014* 0.748NS P<0.001*** P<0.001*** 0.002** 0.125NS P<0.001*** P<0.001*** 

25min vs 

500℃ 

0.024* 1.000NS 0.001** 0.050* 0.187NS 1.000NS 0.002** 0.162NS 
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25min vs 

600℃ 

0.488NS 1.000NS 1.000NS 1.000NS 0.590NS 1.000NS 0.669NS 1.000NS 

25min vs 

700℃ 

0.202NS 1.000NS 1.000NS 1.000NS 0.619NS 1.000NS 0.885NS 1.000NS 

25min vs 

800℃ 

0.259NS 1.000NS 1.000NS 1.000NS 0.423NS 1.000NS 0.928NS 1.000NS 

25min vs 

900℃ 

0.243NS 1.000NS 1.000NS 1.000NS 0.732NS 1.000NS 0.775NS 1.000NS 

30min vs 

control 

0.016* 0.861NS P<0.001*** P<0.001*** 0.031* 1.000NS P<0.001*** P<0.001*** 

30min vs 

500℃ 

0.030* 1.000NS 0.001** 0.050* 0.811NS 1.000NS 0.013** 1.000NS 

30min vs 

600℃ 

0.538NS 1.000NS 1.000NS 1.000NS 0.417NS 1.000NS 0.899NS 1.000NS 

30min vs 

700℃ 

0.177NS 1.000NS 1.000NS 1.000NS 0.393NS 1.000NS 0.484NS 1.000NS 

30min vs 

800℃ 

0.224NS 1.000NS 1.000NS 1.000NS 0.449NS 1.000NS 0.465NS 1.000NS 

30min vs 

900℃ 

0.209NS 1.000NS 1.000NS 1.000NS 0.224NS 1.000NS 0.354NS 1.000NS 

Kruskal-Wallis test used. Correction applied to account for multiple comparisons via the Bonferroni correction. 

P<0.05 considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001 

 

Furthermore, potential interaction effects were also examined between the extraction methods 

and temperature and time (Table 5.21). It was initially observed that the DNA quantity 

extracted via phenol chloroform achieved statistical significance between the 

600/700/800/900℃ temperatures, as well as all durations (10, 15, 20, 25 and 30 minutes). After 

correction, significance was no longer attained between phenol chloroform and the 10/15-

minute specimens. All other comparisons retained significance. The specimen purity achieved 

statistical significance between phenol chloroform and the controls, the 700/800/900℃ 

temperatures, and 20/25-minute durations. While a trend was identified between phenol 

chloroform and 30-minutes (p = 0.073). After correction, significance only remained between 

phenol chloroform and the control specimens. When analysing the interaction between the 
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Chelex 100 extraction method and temperature and time in relation to quantity, it was found 

that there was statistical significance between Chelex 100 and all temperatures and durations. 

Following correction, statistical significance was no longer recorded with the 700℃ sample, 

while a trend was identified between Chelex 100 and 600℃ (p= 0.087). The purity of Chelex 

specimens attained statistical significance for all temperatures and durations used. However, 

after correction, statistical significance was no longer recorded between Chelex and 700/900℃, 

and a trend was identified between the Chelex and 20-minute specimens. Interaction analysis 

between the DNeasy blood and tissue kit and temperature and time found that quantity achieved 

statistical significance between the DNeasy kit and the control/500℃ samples. There was a 

trend identifiable between the DNeasy kit and 700℃. After correction, significance did not 

remain between any comparison. The DNeasy blood and tissue kit purity attained statistical 

significance when analysed with all temperatures used (except 500℃), and all durations (except 

for 10 minutes). However, following correction significance remained for all comparisons 

except the DNeasy kit and 15-minute specimens. While a trend was recorded at 600℃ (p = 

0.061).  

Overall, this interaction analysis finds that there is an interaction effect between temperature 

and time (for both quantity and purity), predominantly between the earlier temperatures and 

later durations, and between the earlier durations and later times. Examination of the 

comparisons between extraction methods and temperature and time, demonstrate that there is 

an interaction (for both quantity and purity) between extraction method and temperature, and 

extraction method and duration. Consistently across the majority of temperature and times, the 

only exception was the quantity of the DNeasy blood and tissue kit, whereby significance was 

only attained between the two earliest temperatures. After this, no significance was recorded.  

 

Table 5.21: Interaction effect of the DNA extraction method on temperature and time for DNA 

quantity and quality 

 DNA Quantity DNA Purity 

Variable 1 vs Variable 2 p value Adj. p 

value 

p value Adj. p 

value 

Phenol chloroform vs control 0.706NS 1.000NS P<0.001*** 0.013** 

Phenol chloroform vs 500℃ 0.13NS 1.000NS 0.362NS 1.000NS 

Phenol chloroform vs 600℃ P<0.001*** 0.002** 0.098NS 1.000NS 
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Phenol chloroform vs 700℃ P<0.001*** P<0.001*** 0.023* 1.000NS 

Phenol chloroform vs 800℃ P<0.001*** P<0.001*** 0.01* 0.866NS 

Phenol chloroform vs 900℃ P<0.001*** P<0.001*** 0.005** 0.456NS 

Phenol chloroform vs 10min 0.003** 0.247NS 0.863NS 1.000NS 

Phenol chloroform vs 15min 0.018* 1.000NS 0.636NS 1.000NS 

Phenol chloroform vs 20 min P<0.001*** P<0.001*** 0.006** 0.521NS 

Phenol chloroform vs 25min P<0.001*** P<0.001*** 0.013* 1.000NS 

Phenol chloroform vs 30min P<0.001*** P<0.001*** 0.073NS 1.000NS 

Chelex vs control P<0.001*** P<0.001*** P<0.001*** P<0.001*** 

Chelex vs 500℃ P<0.001*** P<0.001*** P<0.001*** P<0.001*** 

Chelex vs 600℃ 0.001** 0.087NS 0.001** 0.047* 

Chelex vs 700℃ 0.01* 0.884NS 0.004** 0.381NS 

Chelex vs 800℃ P<0.001*** 0.021* 

 

0.001** 0.048* 

Chelex vs 900℃ P<0.001*** 0.035* 

 

0.001** 0.103NS 

Chelex vs 10min P<0.001*** 0.001** P<0.001*** P<0.001*** 

Chelex vs 15min P<0.001*** P<0.001*** P<0.001*** P<0.001*** 

Chelex vs 20min P<0.001*** 0.024* 0.001** 0.089NS 

Chelex vs 25min P<0.001*** 0.002** P<0.001*** 0.033* 

Chelex vs 30min P<0.001*** 0.007** P<0.001*** 0.002** 

DNeasy vs control 0.017* 1.000NS 0.007** 0.655NS 

DNeasy vs 500℃ 0.03* 1.000NS 0.251NS 1.000NS 

DNeasy vs 600℃ 0.265NS 1.000NS 0.001** 0.061NS 

DNeasy vs 700℃ 0.067NS 1.000NS P<0.001*** 0.006** 

DNeasy vs 800℃ 0.124NS 1.000NS P<0.001*** P<0.001*** 

DNeasy vs 900℃ 0.095NS 1.000NS P<0.001*** P<0.001*** 

DNeasy vs 10min 0.907NS 1.000NS 0.116NS 1.000NS 

DNeasy vs 15min 0.45NS 1.000NS 0.027* 1.000NS 

DNeasy vs 20min 0.116NS 1.000NS P<0.001*** P<0.001*** 

DNeasy vs 25min 0.359NS 1.000NS P<0.001*** P<0.001*** 

DNeasy vs 30min 0.208NS 1.000NS P<0.001*** 0.01* 

Kruskal-Wallis test used. Correction applied to account for multiple comparisons via the Bonferroni correction. 

P<0.05 considered significant; NS = not significant; *P<0.05; **P<0.01; ***P<0.001 
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5.3.2 DNA quality analysis of experimental samples demonstrates that the highest and 

most consistent DNA quality is achieved via phenol chloroform extraction 

When run on an agarose gel (Figure 5.13), the phenol chloroform samples contained control 

replicates with slight degradation present, a faint high molecular weight (MW) band (greater 

than 2000bp) followed by DNA smearing down to the low MW end, ending in one solid and 

clear DNA band. This was consistently present throughout all replicates. 500℃ for 10 minutes 

demonstrated greater DNA degradation than that of the control samples, a similar degradation 

pattern as found in the control samples, however with deterioration of the low MW DNA band. 

This was consistently produced throughout all replicates. At 500℃ for 15 minutes the first and 

third replicates had no DNA visualised. The second however has low molecular weight, with 

the DNA band quite faint and blurry. No DNA was visualised in the samples from 500℃ for 

20 minutes and beyond. 
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A         B 

   

          C 

  

Figure 5.13: Agarose gel electrophoresis of the Phenol chloroform (A), Chelex 100 (B) and 

DNeasy (C) extractions from the control, 500℃ for 10 and 15 minutes (including all three 

replicates for each condition). M = 100bp DNA ladder marker.  

 

In the Chelex DNA samples it was found that the control samples had degradation present, 

with no high MW band (greater than 2000bp) present and DNA smearing extending down to 

the low MW end and ending with one solid and clear DNA band present. The resultant band 

was fainter than that produced by the phenol chloroform DNA samples. However, there was 

no consistency between each of the Chelex replicates. The first replicate had almost no band 

able to be visualised. The second (while faint) was still able to be defined. The third replicate 

had the least degradation present out of the control samples, with a clearer band able to be seen 

at the high MW end. At 500℃ for 10 minutes the samples demonstrated advanced DNA 

degradation. The only detail visible on the agarose gel was a low MW band (no smearing 
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between bands or high MW band). The first and second replicates had faint bands, while the 

third replicate band clearer, yet still faint. 500℃ for 15 minutes had no DNA bands present for 

the first and third replicates. The second had a very faint but still identifiable band present, with 

smearing from the top of the gel, extending down, as well as severe blurring towards the low 

MW end. All other samples had no DNA visualised on the gel. DNA quantity of samples from 

500℃ for 20 minutes was below the detection limit of the nanodrop spectrophotometer, so 

these samples were not expected to produce a result on the agarose gel. However, one sample 

from each thermal environment was run (first replicate) to confirm this. 

For the DNeasy blood and tissue kit DNA samples the control samples had no bands (high or 

low MW) able to be visualised. The only characteristic able to be visualised was a long smear 

(albeit faint). This was consistent throughout all replicates. 500℃ for 10 minutes had severe 

DNA degradation, with only faint smears towards the low MW side distinguishable. This was 

consistent throughout all replicates. No DNA was able to be visualised from 500℃ for 15 

minutes onwards. 

 

5.3.3 DNA amplification optimisation and application to experimental samples 

5.3.3.1 PCR Optimisation demonstrates that 2.0mM MgCl2 and 56/60℃ annealing 

temperature is ideal 

To ensure optimal performance of each PCR primer pair during the analysis of the experimental 

samples, initial testing at various PCR conditions was performed. These conditions were 

selected due to data information provided by the manufacturer’s (Geneworks Pty Ltd.) 

oligonucleotide data sheet and the journal articles that the primer pairs were selected from.   

 

ACTB primer 

When used at 58℃, the 1.0mM MgCl2 concentration produced a light yet solid DNA band 

(Figure 5.14). There were clearly defined amplification bands when MgCl2 concentration was 

increased to 1.5mM, with a solid band produced. This amplification result was also found when 

2.0 and 2.5mM was used. At 60℃ 1.0mM of MgCl2 produced a light and faint (yet still 

discernible) band. An increase of magnesium to 1.5, 2.0 and 2.5mM all produced a clear and 

solid DNA band at 146bp. At 62℃, there was no discernible difference between all four 
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magnesium concentrations (1.0, 1.5, 2.0 and 2.5mM), with each sample producing a clear and 

solid band.  

 

AMELX primer 

When used at 54℃, 1.0mM of MgCl2 produced a poorly visible and faint band. Increasing 

magnesium concentration to 1.5 and 2.0mM produced the best results for this temperature 

increment, with clear and solid bands. The sample containing 2.5mM of MgCl2 had similar 

results to the 1.5 and 2.0mM samples, however the band was noticeably lighter. At 56℃, a 

magnesium concentration of 1.0mM produced an extremely faint, almost indiscernible band. 

Increasing the concentration to 1.5, 2.0 and 2.5mM all produced improved results, a solid and 

clear band at the correct base pair size. At 58℃, the magnesium concentrations of 1.0, 1.5, 2.0 

and 2.5mM all had the same results as when at 56℃.  

 

MC4R primer 

When used at 54℃, a 1.0mM MgCl2 concentration resulted in no DNA band present. However, 

an increase to 1.5, 2.0 and 2.5mM all produced solid and clear DNA bands between the 

expected marker bands of 700 and 800bp. The results were found to be the same for each of 

the other two temperature increments (56 and 58℃).  
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       A        B 

  

    C 

  

Figure 5.14: Agarose gel electrophoresis results for optimisation of the ACTB (A), AMELX 

(B) and MC4R (C) primer pairs. M = 100bp DNA ladder marker.  

 

Overall, PCR optimisation found that there was consistently poor amplification when 1.0mM 

MgCl2 was used for all primer pairs. Comparable results were found for both the 1.5mM and 

2.0mM concentration, with all amplicons present at each annealing temperature used. This was 

similar to the 2.5mM MgCl2 concentration results, however inconclusive results were found 

with the 54℃ annealing temperature. In this study, the term ‘inconclusive result’ refers to an 

electrophoresis band so faint it is unclear if this confirms the presence of DNA, indicates a low 

DNA concentration or is the result of interference. When considering the PCR optimisations 

results to select the annealing temperature and MgCl2, it was taken into account the protocol 

used in the journal articles and the results of the neighbouring PCR conditions, due to the 

potential for pipetting error and variation in the PCR temperature conditions. Therefore, for the 
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ACTB and AMELX primer pairs, an annealing temperature of 56℃ with a MgCl2 of 2.0mM 

was selected. An annealing temperature of 60℃ with a 2.0mM MgCl2 concentration was 

chosen for the MC4R primer pair. The results of the PCR optimisation have been summarised 

in Table 5.22. 

 

Table 5.22: Summary of PCR optimisation results. The ACTB and AMELX primer pairs used 

54, 56 and 58℃, while the MC4R primer pair used 58, 60 and 62 ℃. 

 54℃ 56℃ 58℃ 60℃ 62℃ 

1.0mM Inc. / - - / - Inc. / Inc. / - Inc. + 

1.5mM + / + + / + + / + / + + + 

2.0mM + / + + / + + / + / + + + 

2.5mM + / Inc. + / + + / + / + + + 

A (+) sign indicates successful amplification, (-) indicates no amplification and ‘Inc. indicates an inconclusive 

result. Recording of results for each PCR condition are in order of smallest to largest amplicon size. 

 

5.3.3.2 Amplification ability of burned dental specimens over different temperature and 

time increments indicates no successful amplification after 500℃ for 15 minutes 

The control samples and those exposed to 500℃ for 10 minutes successfully amplified all three 

primer pairs target areas for the phenol chloroform extractions, as shown in Figure 5.15. At 

500℃ for 15 minutes, only one sample (#2) amplified all three targets, while the first sample 

demonstrated inconclusive results for the smallest (146bp) target region and no amplification 

of the AMELX primer pair, so subsequent PCR analysis of the MC4R primer pair did not occur. 

During PCR analysis, samples that successfully amplified both the ACTB and AMELX primer 

pairs underwent further examination with the MC4R primer pair. Those that did not amplify, 

did not undergo further PCR analysis.  

All specimens exposed to thermal conditions exceeding this time and temperature had 

unsuccessful DNA amplification, as demonstrated in Figures 5.16 to 5.18. There were three 

exceptions to this; 500℃ for 30 minutes, 600℃ for 25 minutes and 800℃ for 15 minutes. At 

500℃ for 30 minutes, the first sample had inconclusive results for the smallest target region 

and no amplification of AMELX primer pair, so subsequent PCR analysis of the MC4R primer 

pair was not performed. The second sample had successful amplification of the smallest DNA 

fragment, while the other two target regions had inconclusive results (as shown in Figures 5.16 
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and 5.24). The third sample had no DNA amplification. At 600℃ for 25 minutes, the first 

sample had successful amplification of the smallest primer pair and no amplification of 

AMELX primer pair, so subsequent PCR analysis of the MC4R primer pair was not conducted. 

The other two samples demonstrated no amplification. At 800℃ for 15 minutes, the second 

sample had inconclusive amplification of the smallest target region yet no amplification of 

AMELX primer pair, so subsequent PCR analysis of the MC4R primer pair did not occur. The 

other two samples had no amplification.  

 

A        B 

  

   C 

 

Figure 5.15: PCR amplification of phenol chloroform samples exposed to no burning and 

500℃ for 10 and 15 minutes using the ACTB primer (A), AMELX primer (B), and MC4R 

primer (C). M = 100bp DNA ladder marker; (+) = positive control; (-) = negative control. 
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A        B 

  

Figure 5.16: PCR amplification of phenol chloroform samples exposed to 500℃ for 20, 25 

and 30 minutes using the ACTB primer (A), and AMELX primer (B). M = 100bp DNA ladder 

marker; (+) = positive control; (-) = negative control. 

 

 A            B 

  

Figure 5.17: PCR amplification of phenol chloroform samples exposed to 600℃ for 10, 25 

and 30 minutes and 700℃ for 10, 25 and 30 minutes using the ACTB primer (A), and AMELX 

primer (B). M = 100bp DNA ladder marker; (+) = positive control; (-) = negative control.  
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A            B 

  

Figure 5.18: PCR amplification of phenol chloroform samples exposed to 800℃ for 10 to 30 

minutes using the ACTB and AMELX primers (top row AMELX; bottom row ACTB) (A), 

and 900℃ for 10 to 30 minutes using the ACTB and AMELX primers (top row AMELX; 

bottom row ACTB) (B). M = 100bp DNA ladder marker; (+) = positive control; (-) = negative 

control. Note: Negative controls for the 21µl PCR master mix are absent in image B. 

 

For the Chelex 100 samples, all control samples and samples exposed to 500℃ for 10 minutes 

had successful amplification of all three target regions. The only exception to this was 500℃ 

for 10 minutes #2, in which the AMELX primer pair produced inconclusive results (Figure 

5.19). At 500℃ for 15 minutes only one sample (#2) amplified all three DNA primers. The 

other two repeats had no DNA amplification. Following this temperature, there was a clear 

absence of DNA present within each sample (as demonstrated above). To establish this, 

representative samples (first replicate for each burning condition) beyond 500℃ for 20 minutes 

were examined via PCR for both the ACTB and AMELX primer pairs. There was no successful 

DNA amplification in the samples exposed to a thermal environment that exceeded this time 

and temperature. Specimens that successfully amplified the ACTB and AMELX primers 

underwent PCR analysis via the MC4R primer (results shown in Figure 5.24). All three control 

specimens, the burning samples at 500℃ for 10 minutes and the second replicate at 500℃ for 

15 minutes successfully amplified the MC4R amplicon.  
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      A                     B 

  

Figure 5.19: PCR amplification of Chelex samples exposed to no burning and 500℃ for 10 

and 15 minutes (all), followed by representation samples of all other burning conditions, using 

the ACTB primer (A) and AMELX primer (B). M = 100bp DNA ladder marker; (+) = positive 

control; (-) = negative control.  

 

All DNeasy control samples and those exposed to 500℃ for 10 minutes successfully amplified 

all three primer pairs (Figures 5.20 and 5.24). The second control sample and first of the 500℃ 

for 10 minutes samples both had inconclusive results for the AMELX (180bp) primer, while 

the other two primers (146 and 767bp) were successfully amplified. At 500℃ for 15 minutes, 

only one sample (#2) had amplification of all three DNA primer pairs, while the first sample 

had inconclusive results for the smallest target region and no amplification of the other two 

primer pairs. There was no successful DNA amplification from any samples exposed to 

conditions that exceeded this time and temperature, as demonstrated in Figures 5.20 to 5.24. 

The only exception was 700℃ for 20 minutes, with the third sample demonstrating 

inconclusive amplification of the AMELX primer. However, this result was not confirmed, 

with unsuccessful amplification of the smaller ACTB primer.  
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      A                     B 

  

Figure 5.20: PCR amplification of the DNeasy extractions exposed to no burning and 500℃ 

for 10 to 30 minutes, using the ACTB primer (A) and the AMELX primer (B). M = 100bp 

DNA ladder marker; (+) = positive control; (-) = negative control. 

 

 

A                     B 

  

Figure 5.21: PCR amplification of the DNeasy extractions exposed to 600℃ for 10, 25 and 30 

minutes and 700℃ for 10, 25 and 30 minutes using the ACTB primer (A), and AMELX primer 

(B). M = 100bp DNA ladder marker; (+) = positive control; (-) = negative control.  
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A                     B 

  

Figure 5.22: PCR amplification of the DNeasy extractions exposed to 800℃ for 10 to 30 

minutes, using the ACTB primer (A) and the AMELX primer (B). M = 100bp DNA ladder 

marker; (+) = positive control; (-) = negative control. 

 

 

A                     B 

  

Figure 5.23: PCR amplification of the DNeasy extractions exposed to 900℃ for 10 to 30 

minutes, using the ACTB primer (A) and the AMELX primer (B). M = 100bp DNA ladder 

marker; (+) = positive control; (-) = negative control. Note: The positive control for the 20µl 

master mix is absent from image A. This master mix was used for PCR of the first replicate at 

900℃ for 15 minutes. 
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Figure 5.24: PCR amplification using the MC4R (767bp) primer on samples across all three 

extraction methods, with phenol chloroform at 500ºC for 30 minutes, the Chelex controls and 

500ºC for 10/15 minutes, and the DNeasy blood and tissue kit controls, 500ºC for 10/15 

minutes and 700ºC for 10 minutes. M = 100bp DNA ladder marker; (+) = positive control;       

(-) = negative control.  

 

Overall, PCR of the experimental samples demonstrated that until 500℃ for 15 minutes, DNA 

amplification is possible from burned bone. Beyond this thermal condition, amplification of 

even the smallest amplicon size (146bp) was unsuccessful, as can be visualised in Table 5.23.  
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Table 5.23: Summary of PCR results.  

  Phenol Chloroform Chelex 100 DNeasy kit 

Temp 

(℃) 

Time 

(min) 

ACTB AMELX MC4R ACTB AMELX MC4R ACTB AMELX MC4R 

0 0 + + + + + + + +/Inc./+ + 

500 10 + + + + +Inc./+ + + Inc./+/+ + 

500 15 Inc./+/- -/+/- -/+/-  -/+/- -/+/- -/+/- Inc./+/- -/+/- -/+/- 

500 20 - - - - - - - - - 

500 25 - - - - - - - - - 

500 30 Inc./+/- -/Inc./- -/Inc./- - - - - - - 

600 10 N/A N/A N/A N/A N/A N/A N/A N/A N/A 

600 15 N/A N/A N/A N/A N/A N/A N/A N/A N/A 

600 20 - - - - - - - - - 

600 25 +/-/- - - - - - - - - 

600 30 - - - - - - - - - 

700 10 N/A N/A N/A N/A N/A N/A N/A N/A N/A 

700 15 N/A N/A N/A N/A N/A N/A N/A N/A N/A 

700 20 - - - - - - - -/-/Inc. - 

700 25 - - - - - - - - - 

700 30 - - - - - - - - - 

800 10 - - - - - - - - - 

800 15 -/Inc./- - - - - - - - - 

800 20 - - - - - - - - - 

800 25 - - - - - - - - - 

800 30 - - - - - - - - - 

900 10 - - - - - - - - - 

900 15 - - - - - - - - - 

900 20 - - - - - - - - - 

900 25 - - - - - - - - - 

900 30 - - - - - - - - - 

A (+) sign indicates successful amplification, (-) indicates no amplification and ‘Inc.’ indicates an inconclusive 

result. (+) only is for all three replicates. (-) only is for all three replicates. If a difference between amplicon 

success found, then presence/absence are provided in order of replicate number. N/A indicates no data available. 
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5.3.4 Potential confounder of bilateral DNA variation found to not influence the quantity 

of DNA extracted 

The DNA quality and quantity obtained from a source has the potential to be influenced by 

factors in relation to skeletal anatomy and accordingly the bilateral variation between the left 

and right anatomical sides is a possible confounder.  

To evaluate the potential influence of bilateral variation in DNA yield in the 2nd molar, 

nanodrop quantity data was analysed to determine if there was any identifiable bias according 

to the side of the jaw. Data collected from the phenol chloroform and DNeasy DNA extractions 

was used, as data from the Chelex 100 method was not available due to insufficient nanodrop 

data (see below). When applying thermal trauma each jaw side was randomly assigned its 

burning temperature and time. However, it was ensured that for each burning condition, the 

three repetitions consisted of at least one left and one right side.  

Nanodrop data was first graphed according to jaw side (Figure 5.25). For the phenol chloroform 

data, the left anatomical side showed a trend for higher values than the right side (p = 0.082). 

For the DNeasy kit data, there was no significant difference between the left and right 

anatomical sides (p = 0.477; Wilcoxon signed rank test).   

 

 

Figure 5.25: DNA yield for the left and right side of each mandible when extracted via phenol 

chloroform (blue) and DNeasy (orange). The mean is indicated by X, median is the line in the 

box, and the whiskers at either end demonstrate the maximum (top whisker) and minimum 

(bottom whisker) values. 
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The results were also examined in relation to the temperature difference 

(100/200/300/400/500℃) between the left and right side of each mandible, analysing the 

changes in quantity in jaws at each temperature variation (Figures 5.26 and 5.27). There were 

18 jaws with a 100℃ difference between each side (e.g. right side burned at 600℃ and left side 

burned at 700℃). There were two jaws with a temperature difference of 200℃, six jaws had a 

temperature difference of 300℃, four jaws had a temperature difference of 400℃ and two jaws 

had a temperature difference of 500℃. 

 

Figure 5.26: Difference in temperature exposure of each jaw side plotted against the resultant 

difference in DNA yield extracted via phenol chloroform, with the dotted line indicating that 

(overall) there is a decline in yield with an increased change in temperature. 

 

 

Figure 5.27: Difference in temperature exposure of each jaw side plotted against the resultant 

difference in DNA yield extracted via DNeasy kit, with the dotted line indicating that (overall) 

there is an increase in yield with an increased change in temperature. 
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The phenol chloroform data (Figure 5.19) contained three samples that presented no change 

in DNA yield (same DNA yield for both jaw sides) across the temperatures examined. All 

three occurred when the temperature difference between anatomical sides were 100℃. 

Although there was a decrease in the DNA variation between the two anatomical sides for 

increasing temperature differences (as demonstrated by the ‘line of best fit’), the r2 value of 

0.021 was low as was the correlation coefficient (-0.145). In the DNeasy blood and tissue kit 

samples (Figure 5.20) as temperature increased so did the DNA variation between the two 

anatomical sides but again the  r2 (0.071) and correlation (0.265) values were low. Overall, it 

would have been expected that a greater temperature difference would have produced an 

increased change in DNA yield. However, the low sample numbers at the greater temperature 

discrepancies restricted this analysis.  
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CHAPTER SIX: 

DISCUSSION AND CONCLUSION 

 

6.1 Introduction 

The purpose of this chapter is to discuss the results of the current project in relation to the three 

research aims: cataloguing of morphological alterations to the jaw and dental structures at 

various time and temperature increments; quantifying the effect of temperature and duration 

on DNA quality/quantity; and to determine the most effective DNA extraction method for 

burned bone. Furthermore, this chapter assesses the overall forensic significance of the study, 

considers potential limitations and provides recommendations for future research directions. 

Finally, the overall conclusions of this research project are detailed.  

 

6.2 Forensic significance of the present research 

The overall objective of this project was to improve and expand the existing body of research 

on the use of dentition for forensic purposes. The project addresses obvious gaps in the 

literature, such as the lack of specific knowledge on the impact of different temperature and 

time thresholds on bone for commonly encountered burning temperatures in forensic 

investigations, and the comparison of commonly used DNA extraction methods. To achieve 

this, the aims of this project were: i) to catalogue morphological alterations of the jaw and 

dental structures at various time and temperature increments; ii) determine the effect of 

temperature and time on DNA quality/quantity; and iii) to determine the most effective DNA 

extraction method for such material. The outcomes from this project enables investigators to 

establish, through visual observation, the likelihood of DNA recovery, thereby allowing the 

determination as to how worthwhile it is to perform (and invest) in subsequent time consuming 

and expensive molecular analyses. The forensic benefit of this research is that it addresses gaps 

in this body of research combining influence of temperature and time on morphology and 

molecular analyses of burned bone and the importance of maintenance of the dentition within 

the mandible to provide protection from environmental exposure.  
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6.3 Morphological alteration of the 2nd mandibular molar and jaw 

6.3.1 Thermal trauma at forensically relevant temperatures (500 - 900℃) 

As dental DNA was the primary focus of the current study, a general analysis of morphological 

alterations was conducted. This was deemed necessary as the morphology of bone/dentition 

has the potential to visually demonstrate the presence/degree of DNA degradation and as such 

can provide valuable information without requiring more invasive methods. Therefore, 

morphological alterations were documented to provide context regarding the physical 

appearance of each mandible, with the potential to aid in identifying burning conditions, and 

(in collaboration with the molecular analyses) provide information concerning the most 

effective DNA extraction method for the DNA sample from the skeletal remains and the likely 

success of such extractions. 

Overall, the higher the temperature applied to the dentition, the greater the damage reported. 

This was expected because increased heat exposure increases the dehydration of collagen and 

elasticity of bone, dramatically altering the bone’s structural integrity, causing shrinkage, 

distortion, and deformation (Bennett et al. 1999). The rate of deformation also increases upon 

application of sudden and intense heat to the hard tissues, with greater destruction of the organic 

components of the dentition (leading to greater and more rapid external damage e.g. enamel 

shattering, crown and root separation) than produced during gradual heat exposure (Fereira et 

al. 2008). Plateaued jaw shrinkage is believed to be due to loss of all potential organic 

components. Similar trends in shrinkage were also found by Imaizumi et al. (2014), who 

analysed the effect of thermal trauma on bovine metacarpals (measured using electric scale; 

bone sliced into 1.5cm sections with internal structures exposed to the external environment, 

as in the current project). Bone weight decreased drastically between 100 and 500°C. Following 

this, it plateaued at approximately 60% of the before-burn weight, with no significant variation 

evidenced when exposed to temperatures exceeding 500℃ (analysis of 100 to 1000℃ in 100℃ 

increments). It was hypothesised that the weight loss was attributable to the loss of water and 

organic material during thermal trauma. There is not a large body of research on which to 

compare the shrinkage data in the current project, as presently it is more common to document 

shrinkage via bone measurements than by weight.  

Foster et al. (1984) analysed the influence of temperature (185 to 940°C) on bone shrinkage 

(by measurement) of the mandible and talus (bone located within the ankle). That study 

produced different results to the present research, with the rate of shrinkage increasing until 
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285°C, after which shrinkage plateaued for the next four temperature increments (until 645°C). 

Thereafter a rapid increase in shrinkage was documented. The differing data between Foster et 

al. (1984) and the current research is most likely contributable to the former’s shrinkage results 

being significantly lower, not exceeding 20% shrinkage, even though Foster et al. (1984) used 

a consistent (and longer) duration of four hours for each temperature increment. Similar bone 

shrinkage between the Foster et al. (1984) study and the current study was expected, especially 

in regard to similar temperatures. Potentially this could be explained as the current project did 

not utilise whole mandibles (instead splitting them in half), producing a more rapid onset of 

weight loss than would otherwise have been documented (use of half-jaws is discussed in 

Chapter Four). The potential discrepancy in rate of weight loss (current study) and external 

bone shrinkage (Foster et al. 1984) between the two studies creates difficulty in comparing 

them due to variation in the data points used. However, Imaizumi et al. (2014) and Foster et al. 

(1984) both demonstrate that shrinkage (via both weight loss and measurements) can lead to a 

plateau. 

While previous research has explored the effect of thermal trauma on morphological alterations 

in the dentition, there are typically (some) discrepancies between the results of each project 

due to a number of reasons. While the present project used porcine dentition that remained 

encased within the mandible, providing the dentition with (while limited) some protection from 

the thermal environment, previous research has submitted dentition to complete environmental 

exposure (Inoue et al. 2002; Adams et al. 2004; Ambati et al. 2014; Garriga et al. 2016). Thus, 

morphological alterations documented by previous projects are likely accelerated in their 

severity. Morphological alteration is also further influenced due to the samples selected. For 

example, previous research has (on occasion) used extracted human teeth (Inoue et al. 2002; 

Adams et al. 2004; Almeida-e-Silva et al. 2012; Ambati et al. 2014; Garriga et al. 2016) and in 

these instances, the dentition used is not always healthy and intact, instead removed due to poor 

health (e.g. cavities) (Inoue et al. 2002; Ambati et al. 2014).  

When human tissue cannot be used, porcine dentition (and porcine tissue in general) is an 

appropriate substitution, as domestic pigs have been identified as a close animal representation 

with humans, through similarities between bone regeneration, anatomy, morphology, 

remodelling, mineral density, lamellar bone structure and femoral cross-section diameter (Chen 

et al. 2015). However, there will still be some variation between species and such an allowance 

needs to be taken into consideration when applying the results of porcine studies to human 

tissue. For example, human dentition contains thicker enamel and a more complex enamel rod 
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decussation pattern (Hughes & White 2009) and the resultant greater stiffness and resistance 

to fracturing may impact upon the rates of morphological alteration between human and 

porcine dentition. Porcine dentition is more likely to exhibit morphological changes such as 

cracking and crown/root separation at earlier thermal conditions than would be found in human 

specimens. Previous research has also used various porcine tooth classes (e.g. incisors, canines, 

pre-molars, molars) for analysis. This can result in difficulty in applying these results to the 

current research due to each tooth type demonstrating variations in structure (particularly the 

incisors and canines in relation to porcine pre-molars and molars) (Getty 1975). Therefore, 

research using incisors and canines from domestic pigs is difficult to compare with data 

obtained from porcine pre-molars and molars, as well as its application to humans. Lastly, the 

specific morphological alterations analysed, and the methods used to document them 

commonly vary between projects. While cracking is a commonly used factor, the use of other 

characteristics (colour analysis, crown/root separation, enamel shattering, shrinkage) varies. 

The detail also varies, with typically only vague descriptions provided. Therefore, due to these 

reasons, there is a lack of research in which the current project can be adequately compared. 

There are, however, several research projects in which similar morphological alterations were 

analysed. Gaitan et al. (2015) found that at 200℃ the enamel fractured and separated, at 400℃ 

there was the appearance of fine cracking in the majority (90%) of specimens, and at 600℃, 

crown and root separation was first documented. Fragmentation of the coronal portion of the 

teeth (60%) and crown-root separation (20%) was observed. However, beyond this temperature 

(800 to 1200℃) the development of morphological alteration stagnated, and instead continued 

to produce similar morphology data except for increased enamel shattering. Garriga et al. 

(2016) documented the occurrence of fracturing from 300℃ (for 10 minutes) in the crown, and 

at 400℃ (for 10 minutes) in the root. Enamel shattering and crown/root separation was first 

visualised at 300℃ (for 15 minutes). While Chauhan (2011) found that at 600℃, the dental 

cracking and overall thermal damage to the dentition was so severe that the dentition broke 

during handling. Consistently, the latter research collectively exhibits earlier onset of cracking, 

enamel shattering and crown/root separation than demonstrated in the present research project. 

This is most likely due to some protection of the dental structures in the present study by the 

mandible, while the previously mentioned projects applied thermal trauma to the entire dental 

surface. 
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6.3.2 Thermal trauma exposure for 10 - 30-minute intervals 

An increase in duration of the thermal trauma was found to increase the severity of crack 

formation, enamel shattering, crown and root separation and shrinkage (see Chapter Five, 

section 5.2.6). The first signs of thermal alteration were documented at 500℃ for 15 minutes 

and progressed in severity. However, there was noticeably some alteration in the appearance 

of certain crack types with change in duration. While longitudinal and sporadic cracking first 

appeared at 500℃ for 15 and 20 minutes (respectively), the occurrence of transverse and 

contour cracking was only at specific temperatures and times. Transverse cracking was only 

documented at 20 minutes at 500 and 700℃, and 30 minutes at 500 and 600℃. While contour 

cracking only appeared in eight specimens across the temperatures between 20 to 30 minute, 

this does not exclude these crack types occurring at other times, as for some specimens it was 

not possible to deduce this feature due to the crack severity, the influence of other morphology 

(e.g. enamel shattering), or complete breakage of the dentition (see Chapter Five, sections 5.2.3 

to 5.2.5).  

It should be noted that there was also a time lapse between removing the jaws from the furnace 

and being able to analyse morphology, so that the specimens could be safely handled. The act 

of cooling may have caused further morphological alteration to the jaws as previously 

described by Waterhouse (2013), who documented (after four hours of burning) that over a 

period of 24, 56 and 128 hours, pig limbs undergo continual and progressive additional 

fragmentation. There were significant alterations even after 24 hours post-burn, compared to 

immediate bone recovery (control specimens).  While the current research did not leave the 

specimens to cool for as long a duration (only 30 minutes to one hour until the bone was cool 

enough to handle, see Chapter Four, section 4.4.1), slight variations in fragmentation may have 

still been possible due to rapid cooling, from between 500 to 900℃, down to room temperature.  

Crown/root separation was first documented in one specimen at 500℃ for 20 minutes; from 

this thermal condition onwards, this feature was present (with increasing frequency) until 

consistently visualised at 800 and 900℃. Enamel shattering was first documented at 500℃ for 

25 minutes (one specimen). This alteration was then absent until 600℃ for 25 minutes, whereby 

from this point onwards enamel shattering occurred with increasing frequency until 800℃ for 

15 minutes onwards, in which all specimens demonstrated some level of enamel shattering. 

This was statistically supported, with a significant difference in shrinkage between the controls 

and 15 to 30-minute exposure specimens. Previous research has not typically used duration 
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(time) as a variable in their study, therefore there is limited research by which to compare. 

However, Garriga et al. (2016) found that (when using increments of one, five, 10 or 15 

minutes) fracturing was first observable from 10 minutes at 300℃ in the crown and 10 minutes 

at 400℃ in the root, with the latter demonstrating transverse fracturing. The type(s) of 

fracturing found in the crown were not disclosed. Fragmentation of the crown and crown/root 

separation was first observed at 15 minutes at 300℃. With separation of the roots documented 

at 15 minutes at 700℃. However, any trends of morphological alteration were not disclosed.  

It is important to consider that the morphology data varied among research projects due to 

various influences on the morphological alterations of bone, such as the variations in 

methodology. While some have followed the same protocol as the current research project (heat 

up the furnace; insert dentition; remove to cool at room temperature) others have incorporated 

inserting the dentition and heating the furnace with teeth inside, with duration measured from 

the point when the correct temperature is reached (Danesino et al. 2006; Thompson 2005). As 

also previously discussed, the influence of the degree of dental exposure, use of human/porcine 

specimens, teeth type and variation in morphological analysis can all contribute to the presence 

and severity of morphological alterations. 

 

6.3.3 Mandible shrinkage and the interaction effect of temperature and time 

In this study it was visually determined that the initial thermal environments resulted in 

shrinkage of between 31 and 35%. Beyond this, shrinkage continued to increase with both 

increased temperature and duration. This continued until weight loss plateaued towards the end 

of the 700℃ group, remaining at between 54 and 57% shrinkage for the remaining thermal 

environments. This observation was not statistically supported however, with no significance 

achieved for temperature or duration. Shrinkage was further analysed to determine whether the 

two independent factors temperature and duration had an interaction effect. An interaction 

effect was not present. 

The lack of influence of temperature and duration (while unexpected) does not affect the ability 

to review the influence that each independent variable contributes to the rate of jaw shrinkage. 

Temperature has been previously reviewed in past research such as Imaizumi et al. (2014) and 

Foster et al. (1984) (discussed above). However, duration is not readily reviewed, much less 

the impact of both variables and their influence on each other. Therefore, this study offers new 

information as to the relationship between temperature and duration, the combined effect of 
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the two (and the individual influence of each) highlighting the need to utilise various durations 

(not just temperature) during thermal trauma research. As no interaction between the two is 

documented in this research project, and by extension will be absent during forensic casework, 

when relating controlled research to a real-life scenario, it would be mindful that the 

absence/presence of duration, while not influential on the outcome of temperature (in relation 

to jaw shrinkage) can provide further detail on changes to morphology over time in forensic 

casework. 

 

6.4 DNA analysis of experimental samples via quantification and PCR amplification  

6.4.1 DNA yield and purity declines with increased temperature and duration; the highest 

DNA yields achieved via phenol chloroform extraction 

Nanodrop spectrophotometry was performed on each sample following DNA extraction to 

determine DNA quantity and purity. This analysis assessed the effect of temperature, time and 

extraction method used on DNA quantity and purity, addressing aims two and three as 

discussed above. 

 

6.4.1.1 Increased exposure temperature decreases DNA quantity and purity 

Increased temperature during thermal exposure was found to decrease the quantity and purity 

of extracted DNA from tested samples. Increased temperature was expected to consistently 

reduce purity, as increased thermal trauma would be expected to increase the rate of 

degradation. Beyond 500℃, phenol chloroform, Chelex 100 and overall the purity decreased 

initially then stabilised, regardless of temperature. While phenol chloroform did produce 

somewhat of an initial decline, there remained a consistently high purity. However, when 

Chelex 100 samples (while initially of good purity) reached 500℃ for 20 minutes, no DNA 

was successfully extracted and therefore no DNA purity was recorded. This continued for all 

specimens after (and including) this temperature/time. Control specimens consisted of a higher 

purity average of 2.04(OD 260/280nm). 

The exception to this decline in DNA purity with increased temperature exposure was the 

DNeasy blood and tissue kit, where purity averaged between 1.1-1.5(OD 260/20nm) across most 

thermal environments (except for the controls, one specimen each at 500℃ for 10/15 minutes, 
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600℃ for 25 minutes, 800℃ for 20 minutes, 900℃ for 25 minutes, as well as two samples at 

900℃ for 30 minutes, which recorded purity between 1.62 to 2.4(OD 260/20nm)). The reasoning 

behind the lack of temperature influence on purity for this extraction method may be attributed 

to the DNeasy blood and tissue kit having been specifically designed to produce highly purified 

DNA samples from a multitude of sample sources (even of low yield thus may be more 

conducive to extract DNA from challenging conditions) as the silica membranes and repeated 

washing cycles offer selective DNA binding and greater opportunity to remove contaminants 

and inhibitors (proteins, debris, calcium etc.) than other methods. Absorbance scores reported 

in the QIAGEN DNeasy blood and tissue kit product manual range between 1.7 and 

1.9(260/280nm). However, there is a lack of thermal trauma research utilising DNA absorbance 

purity scores, therefore there are no comparisons to be made between the current study and 

previous research. When DNA quality is analysed it is typically via agarose gel electrophoresis 

(discussed below).  

Increased temperature was found to decrease DNA quantity in samples extracted via phenol 

chloroform and Chelex 100. This is further demonstrated when the data is analysed regardless 

of extraction method used. Samples extracted via the DNeasy blood and tissue kit demonstrated 

no significant alteration in DNA yield with increased temperature. The results of phenol 

chloroform and Chelex 100 were expected, as an increase in temperature would be expected to 

produce greater DNA degradation and loss of DNA quantity due to greater dehydration (Ferris 

& Johnson 2002). These results concur with a large portion of previous research, which has 

found (overall) a decrease in DNA with increased temperature. However, each research project 

has produced wide variation as to the extraction capabilities. Garriga et al. (2016) found that 

when grinding thermally altered human third molars, it was possible to extract DNA from even 

the highest temperature (700℃) analysed. However, a decrease in this success was 

documented, with increased temperature; half the 400℃ specimens, a quarter of the 500℃ 

specimens, half the 600℃ specimens and three quarters of the 700℃ specimens had DNA 

quantities lower than the detection limit (of 0.05ng/µL). The first thermal condition of 100℃ 

(half of the samples) produced a DNA yield similar (or a little lower) than the control specimens 

(31.8 to 60ng/µL). All other samples recorded yields below 1ng/µL. The current research has 

found similar data to this, with some samples exposed to the initial thermal conditions (500℃) 

producing DNA yields of equal (or greater) quantity than that obtained from the controls. After 

this, DNA yield rapidly declines and does not fluctuate greatly, regardless of temperature. 

However, the current project does consistently produce greater yields (both the controls and 
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thermally altered specimens) with most (discussed below) not producing quantities less than 

3ng/µL. This is further supported with the study by Federchook et al. (2017), who analysed 

burned human third molars at 100 to 600℃ for 10, 20 and 30 minutes, whereby there was a 

dramatic decline in DNA yield (from between 1ng/mg, 0.1ng/mg, and 0.00001ng/mg of 

starting material) after exposure to temperatures over 200℃. Samples exposed to 300 to 600℃ 

all demonstrated similar DNA quantities. From 300℃ onwards, not all specimens successfully 

produced extracted DNA. While the DNA yields obtained in this project were significantly 

lower than what has been documented in the current study, there is a similar trend observable, 

with the current research demonstrating a dramatic decrease in quantity from the first thermal 

condition (500℃) to the next (600℃). However, following this rapid decline, the higher 

temperatures yielded comparable quantities. 

In another study, Almeida de Silva et al. (2012) was successful in extracting DNA from the 

dental root of human third molars exposed to all thermal conditions analysed. DNA quantities 

of the five control samples ranged between 0.45 to 0.82ng/µL. However, this DNA yield was 

not exclusive to the control samples, with 600℃ specimens successfully extracting up to 

1.19ng/µL, and 800℃ achieving similar to the lower control quantities (up to 0.42ng/µL).  This 

research supports the findings of the current research project, that while DNA quantity 

decreases with increased temperatures, DNA can still be successfully extracted, even at 

temperatures of 900 to 1000℃. The DNA quantities obtained by Almeida de Silva et al. (2012) 

are much lower than that obtained by the present study. While the current project consistently 

(with some exceptions) produced greater DNA yields (between three and 200 ng/µL). This 

discrepancy may potentially be due to the source of tooth used for analysis; root is commonly 

identified as one of the ideal DNA sources as it has the greatest protection from the external 

environment (De Leo et al. 2000) in combination with a high DNA yield (Gaytmenn & Sweet 

2003), however the current study utilises the whole tooth, and as such, offers a higher potential 

for maximal DNA extraction due to using all nucleated cells present (pulp; cementum; to some 

extent dentine) (Adler et al. 2011; Austin & Higgins 2013; De Leo et al. 2000).  

As these previous studies demonstrate, this taphonomic alteration produces a wide variation of 

DNA quantity. This can be attributed to multiple potential influences. Thermal trauma itself is 

an unpredictable taphonomic alteration, which when analysed in a laboratory setting, can 

produce data variation depending on the variables analysed and controlled. These variables 

include the method of heat application (furnace, oven, open fire etc.), the absence/presence of 

flesh on the specimens, the variable of time and the presence/absence of accelerants. This is 
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also heavily dependent on what dentition is used for DNA analysis. With each dental type 

(incisor, canine, pre-molar, molar), while maintaining the same structure, can have variation in 

the amount of certain dental tissue types (Chiego 2014). This can therefore influence the 

potential to extract optimal DNA, particularly in relation to the amount of pulp and condition 

of the root, two areas which have been found to be optimal sources for DNA extraction, with 

the ability to obtain greater DNA yields than other areas (De Leo et al. 2000; Gaytmenn & 

Sweet 2003). While pulp is the best dental tissue for DNA, this study was unable to use this as 

even at the lowest thermal conditions, the pulp was found to be highly desiccated. Therefore, 

due to the highly fragile and extensively damaged dentition it was decided it would be best to 

utilise the entire tooth. Another factor to consider is the natural variation in the amount of 

starting DNA, which can be found both between specimens and between species. While this 

study used porcine bones (the preferred substitute to human tissue) other studies (and forensic 

casework) involves the analysis of human tissue. Therefore, it needs to be considered, whether 

the slight variation between porcine and human dentition (as discussed in Chapter Two) as well 

as the variation between species may produce some variation in the potential DNA yield. 

Furthermore, it needs to be taken into consideration that in a normal fire situation, human 

remains are not exposed to one consistent temperature for the entire exposure time. Instead, the 

temperature regularly fluctuates. However, the current project uses one consistent temperature 

for each specimen. This will influence the applicability of the current project results (and those 

conducted previously) to forensic casework. The data obtained can still be used as a guide as 

to the influence these temperatures and/or times can have on burned bone/dentition. However, 

the weight to which these studies are given during application to real-life scenarios need to be 

kept in proportion. 

 

6.4.1.2 Increased duration of exposure to thermal alteration decreases DNA quantity and 

purity 

Increased duration of thermal trauma decreased the DNA quantity in samples extracted via 

Chelex 100 (exclusively for specimens at 500℃; other temperatures produced no DNA). This 

was further shown when the overall data (regardless of extraction method) was analysed. 

Samples extracted via phenol chloroform and the DNeasy blood and tissue kit demonstrated 

no significant alteration in DNA yield with increasing duration of exposure. Time had a greater 

influence on DNA purity than quantity, with declining purity in samples extracted via Chelex 
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(until 500℃ for 20 minutes, from which point no DNA was extracted), DNeasy blood and 

tissue kit and overall (regardless of extraction method). However, purity was not influenced by 

duration when DNA was extracted via phenol chloroform.  

The deduction that duration does not influence DNA quantity has been encountered in previous 

research, with Federchook et al. (2017) analysing thermally altered human third molars (100 

to 600℃ for 10, 20 and 30-minute increments), to determine that duration did not affect DNA 

quantity (per ng of tooth), with quantification demonstrating similar quantities for each 

duration. The exception to this trend, was at 200℃ for 30 minutes, where a 10x decrease in 

DNA yield was recorded, compared to the 10 and 20-minute durations for the same 

temperature. However, it is important to note that this study had several specimens fail to 

extract DNA, although researchers did not detail what temperatures and times this occurred. 

Almeida de Silva (2012) found that while some temperatures had significant declines in yield 

(such as 800℃ where it decreased by a third; not statistically analysed), there were also rapid 

yield increases with increased duration (at 600℃). Initially at 10 minutes, 0.19 to 0.3ng/µL of 

DNA was extracted. While 30 minutes produced 0.25 to 1.19ng/µL. Following this, the DNA 

yield plateaued, with a duration of 60 minutes producing 0.22 to 0.81ng/µL. An increase in 

DNA quantity with an increase in duration was also found in several time increments for the 

present study (e.g. 600 and 700℃). However, when statistically analysed, this variation was 

not significant (but worth noting). This effect is most likely attributable to the natural variation 

of DNA between the different specimens used for each thermal condition.  

Overall, this study found that duration did not influence DNA yield. This was not expected. It 

is possible that the time increments used were not expansive enough to enable identifiable 

changes in DNA yield over time, with a greater range (one hour plus) potentially enabling a 

greater DNA yield variation to be identified. However, this highlights that duration does not 

have a substantial influence on DNA quantity extracted from dental specimens exposed to 

thermal trauma. Instead this indicates that DNA degradation due to thermal trauma is primarily 

influenced by temperature.  

 

6.4.1.3 Phenol chloroform produces the highest DNA quantity and stable purity when 

exposed to a thermal environment 

The DNA quantities achieved for each of the three extraction methods demonstrated differing 

extraction capabilities. While the Chelex 100 method varied widely in purity (ranging from 
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2.19(260/280nm) to no DNA present), phenol chloroform and the DNeasy blood and tissue kit both 

recorded similar purities. The temperature of thermal exposure decreased the DNA quantity 

when samples were extracted via phenol chloroform and Chelex 100. This decline was further 

shown when the data was analysed regardless of extraction method used. Samples extracted 

via the DNeasy blood and tissue kit demonstrated no significant alteration in DNA yield with 

increased temperature. Duration of exposure to thermal trauma decreased the DNA quantity in 

samples extracted via Chelex 100, and when the data was analysed regardless of the extraction 

method. Samples extracted via phenol chloroform and the DNeasy blood and tissue kit 

demonstrated no significant alteration in DNA yield.  

These results were (somewhat) expected, with phenol chloroform consistently confirmed as 

the optimal method for extracting DNA from bone, even during instances of severe taphonomic 

alteration. The dramatic decline in yield of the Chelex 100 samples were relatively unexpected, 

with a more gradual decline followed by eventual extraction failure anticipated. This is 

potentially the result of Chelex 100’s consistently poor performance with degraded 

(environmentally exposed) specimens due to its poor DNA clean-up capabilities, thus not 

effectively removing residual proteins/debris for further downstream processing, combined 

with exposure to such thermal environments. In addition, the Chelex 100 method is not an 

optimal extraction method for hard or soft tissue samples, with ideal usage for liquid samples 

(blood, saliva etc.). While the phenol chloroform and Chelex 100 results were (somewhat) 

expected, the DNeasy blood and tissue kit results were not, with a greater range in yields 

(particularly between temperatures) anticipated. The reasoning for these results can be 

explained in the capabilities of the method itself. The DNeasy blood and tissue kit has a 

saturation point of the membrane which caps the yield extracted (regardless of the tissue used) 

and has a lower recovery rate than other methods (about 30%), while (for example) phenol 

chloroform can extract most of the DNA present. This would significantly reduce the DNA 

variation obtained, even across various temperatures and times, and will continuously perform 

poorly in comparison to other non-silica methods.  However, due to this, it would be anticipated 

that at a certain point, DNA would not be successfully extracted (such as found in the Chelex 

100 samples). This did not occur, with DNA extracted even in the most advanced thermal 

conditions. While, due to the DNA yield capping, the DNeasy blood and tissue kit could not 

be expected to have as great a variation as found in the other extraction methods, it was still 

projected to demonstrate some difference between the quantity and quality achieved between 



154 
 

the earlier temperature conditions (control and 500℃ specimens), against the higher 

temperatures.  

Overall, phenol chloroform was the best performing DNA extraction method, consistently 

producing the highest DNA yield and stable purity, regardless of variations in the thermal 

environment. Chelex 100 was the worst performer, with failure to extract any DNA from 500℃ 

for 20 minutes onwards. While the DNeasy blood and tissue kit did not produce substantial 

DNA quantities, it did produce consistent DNA yields (between 3 and 25ng/µL) across all 

thermal conditions, accompanied by consistent sample purity (on par with the phenol 

chloroform method).  

 

6.4.1.4 Interaction between temperature and duration significantly influences DNA yield 

and purity 

To address the second aim of this study (the effect of temperature and time on DNA quantity 

and quality) the results obtained (above) were analysed to determine whether there was an 

interaction between temperature and duration, which may influence the outcome. This was 

performed, as while important to assess the influence of these variables individually, it is 

essential to evaluate the outcome that (together) they may have.  

An interaction effect was documented for both quantity and purity overall between temperature 

and duration. This was further statistically supported in relation to all three DNA extraction 

methods; phenol chloroform, Chelex 100 and DNeasy blood and tissue kit samples (quantity 

and quality). Posthoc analysis found that phenol chloroform and the overall data DNA 

quantities and purities both followed a similar pattern of significance; p values below 0.05 

found particularly in the control specimens (both temperature and duration), with significance 

also documented in 500℃ samples from durations of 20 to 30 minutes. While quantity achieved 

no significance following correction for both groups, DNA purity of the overall samples 

sustained significance after correction; no phenol chloroform specimens achieved significance 

following correction. Chelex 100 demonstrated wide-spread significance across most 

temperatures and durations. This was expected, as it is reflective of the DNA quantities 

obtained, with a sudden decline during the early durations of 500℃, from between 70 to 

100ng/𝜇l, to no extractable DNA. The DNeasy blood and tissue kit recorded the least 

significance between temperature and duration, with significance mostly achieved in the 

control specimens. This result was expected, due to the DNA extraction method itself limiting 
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the amount of DNA extracted from the samples, and as such the DNA quantities obtained from 

the experimental samples ranging between three and 25µL.  

When the three independent variables (temperature, duration and extraction method) were 

compared, it was found that statistical significance was achieved (both quantity and quality). 

Phenol chloroform quantity found that (with the exception of the earliest temperatures and 

durations) statistical significance was achieved across all other temperatures and durations, 

with most maintaining significance after correction. This declined for purity, with statistical 

significance occurring between the later temperatures and durations, but only the controls 

remained significant after correction. Chelex 100 achieved significance across all combinations 

with temperature and duration (both quantity and purity). Only a few were no longer significant 

after correction. The DNeasy blood and tissue kit had only the controls and 500℃ achieve a p 

value below 0.05, however the number of variable combinations with significant value further 

declined after correction. Purity had a higher rate of significance, with only the two earliest 

temperatures and earliest duration not achieving significance. Overall, significance between 

extraction method and temperature or duration were similar to the comparisons between 

temperature and duration for each extraction method. The main variance is the higher rate of 

statistical significance found in the DNeasy blood and tissue kit purity when compared to 

temperature or duration. This may be explained as the DNeasy blood and tissue kit maintains 

similar purity scores across all conditions (discussed previously) while both temperature and 

duration demonstrated wide variation, due to the thermal conditions and influence of the 

extraction methods.  

Overall, interaction analysis found an interaction effect between temperature and time (both 

quantity and purity), predominantly between the control specimens and earlier temperatures 

and later durations. Comparisons between extraction method and temperature or duration 

demonstrate interaction (quantity and purity) between extraction method and temperature, and 

extraction method and duration. The presence of interaction further solidifies the necessity for 

research projects within this field to more readily analyse these independent variables 

(especially duration and the extraction method), which while improving (particularly regarding 

the use of duration), can still be enhanced. This will offer continual improvement upon, 

expansion, and increase in the accuracy and applicability (within forensic casework) of this 

body of research. It is important to note that throughout the interaction analysis, after applying 

the Bonferroni correction, adjusted p values commonly lost statistical significance which were 

present in the initial p values.  This correction factor accounts for how many comparisons were 
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performed and will substantially alter the rates of significance but is necessary due to the use 

of the Kruskal-Wallis method (and other non-parametric tests), which do not consist of post-

hoc test(s). As such, the initial and adjusted p value can be used together as a guideline for the 

presence of trends in significance, however a margin of error needs to be considered.  

 

6.4.2 Quality analysis of experimental samples demonstrates that the best performing, 

and most consistent DNA quality is achieved via phenol chloroform extraction 

When run on an agarose gel, all DNA samples (irrespective of extraction method) demonstrated 

similar degradation pattern. Phenol chloroform produced the best visualisation of DNA with 

greater clarity and solidity of the DNA bands until 500℃ for 20 minutes, from which no DNA 

was visualised. Chelex 100 produced fainter and higher degradation banding patterns than 

phenol chloroform, however this also produced DNA bands until 500℃ for 20 minutes 

onwards. The DNeasy blood and tissue kit produced the poorest DNA visualisation, with faint 

and inconsistent smearing found, no visualisable from 500℃ for 15 minutes onwards. Agarose 

gel electrophoresis is not commonly performed on samples to check quality, with an absence 

of this method in previous research. Typically, quantity is checked and upon sufficient quantity 

for PCR analysis, further quantification is not performed.  

Multiple bands are present throughout all samples. These are potentially due to the act of 

grinding the samples with a hammer, and mortar and pestle. While previous literature was 

reviewed prior to commencement of the current project to determine the common practices for 

collecting DNA in burned specimens, previous research either did not perform agarose gel 

electrophoresis/quality checks, or did not include the results of these, therefore this potential 

influence was not identified prior. If low quality was due to the act of grinding the dentition 

via hammer and mortar and pestle, the banding patterns would be expected to be random, 

inconsistent among samples and with greater band dispersion. The second potential cause is 

apoptosis; programmed cellular death is a naturally occurring process that aids in regulating 

cell turn-over to remove unneeded or damaged cells in living organisms (Goldberg et al. 1996). 

The reason this is suspected as the cause is the uniformity and band size present. Fragment 

sizes are in multiples of 180 to 200 base pairs (detectable by electrophoresis), a key 

characteristic of apoptosis (Brown et al. 1993). However, it is unclear why this process would 

have occurred so consistently throughout all samples.  
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6.4.3 PCR Amplification of experimental specimens 

PCR amplification was performed on each sample following DNA extraction and 

quantification, to determine whether thermally altered 2nd molars could produce sufficient 

amplification for potential use in individual identification. This analysis is an extension of the 

second project aim (quantifying the effect of temperature and time on the DNA quantity and 

quality) by determining whether the quantification results are representative of the ability to 

use these samples for downstream purposes (e.g. DNA profile). This also further contributed 

to aim three of the study, as to the best extraction method, by enabling comparison of each 

method on amplification success. These specimens were analysed in relation to the effect of 

temperature, time and extraction method used.  

 

6.4.3.1 DNA successfully amplified from samples exposed to 500℃ 

DNA was successfully amplified from the control specimens, and less than half of the 500℃ 

specimens. Amplification of all other temperature ranges were consistently unsuccessful, 

regardless of the amplicon size used. Previous studies have consistently had difficulty in 

successfully amplifying nuclear DNA at (or above) 500℃. Garriga et al. (2016) demonstrated 

successful STR amplification in the first two burning conditions (100 and 200℃ for one and 

five minutes) with amplification similar to the controls, sometimes better. However, most 

samples exhibited poor STR amplification from 300℃ onwards. Statistical analysis of the 

results using U-Mann-Whitney showed that in the first temperatures significant differences 

were not found between the control and experimental teeth (p > 0.05) at the FES/FPS and vWA 

loci. For the TH01 and TPOX loci, significant differences were found in the 100 and 200℃ 

specimens due to increased amplification ability. However, from 300℃ significant differences 

were found in all loci in relation to the control specimens. While Almeida de Silva et al. (2012) 

demonstrated that PCR amplification could amplify the target fragment in all control 

specimens, but no 600, 800 or 1000℃ samples successfully amplified the target amplicon 

(378bp). This data corresponds with the current study’s findings, that from 600℃ (inclusive) 

onwards, nuclear DNA is difficult to successfully amplify. However, Almeida de Silva et al. 

(2012) did use an amplicon size of twice the size as the current study. Smaller amplicons may 

have enabled a greater chance of success. This would have offered clarification on potential 

amplification success at these conditions. Cox and Rees (2010) found that pulp tissue from 

thermally altered molars encased in the jaw bone produced the expected amplicon sizes of 101 
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to 450bp (four-primer multiplex), until (and including) 450℃ (all burned for 15 minutes), as 

well as the firepit burning of four fleshed whole pig heads at 625℃ (three burned for 15 

minutes; one burned for one hour). All specimens burnt at 525℃ failed to amplify the four-

primer multiplex, however, application of the three-primer multiplex resulted in amplification 

in four maxillary samples. This is consistent with the current study, with amplification still 

possible at 500℃ (and with similar sized amplicons) however amplification for both studies 

was limited at this temperature, signalling that 500℃ is a potential threshold for nuclear DNA 

amplification. Cox and Rees (2010) also investigated the effect of fleshed versus unfleshed 

specimens and highlighted the influence of soft tissue in delaying thermal alteration on DNA, 

even after burning for one hour. This signals the variable DNA degradation between commonly 

performed research and forensic casework, as well as the protection that fleshed specimens 

provide to pulp (which Cox and Rees were able to consistently use); the most preferred dental 

tissue for DNA analysis. Pulp was not used for the current study, as the direct heat exposure 

dehydrated the tissue, even at the earliest thermal conditions. Overall, the results achieved in 

this research project are consistent with previous research, with the inability to amplify DNA 

beyond 500℃. 

The combination of minimal morphological alteration and retainment of the dentition within 

the alveolar processes aided to protect the internal dental structures from thermal exposure, 

thus enabling sufficient DNA amplification. Particularly within the root, known to be a good 

source of DNA when the pulp is unavailable (Austin & Higgins 2013), as in this study. The 

external dental surfaces (visually) began carbonisation, which may have reduced/destroyed 

DNA within the external dental tissues (already of typically low DNA content). It is unfortunate 

that the 600 and 700℃ samples were unavailable, as this could have provided information on 

whether these temperatures produce amplifiable DNA, in conjunction with other factors 

(duration).  

 

6.4.3.2 DNA successfully amplified in several specimens exposed to durations of 10 and 

15 minutes 

Amplification was successful in the control specimens and several thermally altered bones at 

10 and 15 minutes. After which, amplification (of all primer pairs) was unsuccessful. There 

have been few research projects analysing the impact of duration on amplification in cases of 

thermal trauma. However, Garriga et al. (2016) demonstrated that STR amplification at 100 
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and 200℃ for one and five minutes was successful, with similar (or better) results to the 

controls. After which, a trend of reduced amplification with increasing time was identifiable. 

There were some exceptions to this, with increased duration producing increased amplification 

at 500 and 600℃ (statistical analysis was not performed).  

The sudden amplification failure, even with the smallest amplicon size, is potentially due to 

the same influence(s) that resulted in poor DNA quality for the agarose gel electrophoresis; 

preparation of dentition for collection by grounding the samples or the occurrence of apoptosis 

(as discussed previously). Either can produce shearing/shortening of DNA strands, and thus 

incomplete or absent primer pair target sequences. This is also possibly due to reaching a 

thermal threshold, where the DNA within all of the specimens beyond this point has been 

completely destroyed, and DNA analysis no longer possible. This threshold at 500℃ is in line 

with other previous research, as discussed above (in section 6.4.3.1). It is unfortunate that the 

600 and 700℃ specimens are unavailable; these time points may have provided information on 

the progression of DNA degradation with increased temperature, and whether the amplification 

trend for 500℃ continued, or if degradation increased (with particularly the largest amplicon 

size). Therefore, this leaves the influence of 10 and 15-minute thermal trauma exposure 

unclear.  

 

6.4.3.3 Phenol chloroform is the optimal DNA extraction method for successful DNA 

amplification after thermal trauma 

Phenol chloroform extractions produced the highest performing and most consistent 

amplification (across all three amplicons). Chelex 100 extraction demonstrated the second-best 

amplification ability; still possible up to (and including) 500℃ for 15 minutes (same as phenol 

chloroform), however there were several inconclusive results. DNeasy blood and tissue kit 

demonstrated the greatest difficulty in amplification, with inconclusive results (even with the 

control specimens) with high frequency, further reflective of the results obtained via agarose 

gel electrophoresis. Even with these amplification variations, all extraction methods had an 

absence of amplification at 500℃ for 20 minutes and beyond. This is supported by research 

conducted by Goodwin et al. (2013), which compared four silica-based extraction methods 

(ChargeSwitch; gDNA Plant Kit; DNA IQ system kit; DNeasy Blood and Tissue Kit; PrepFiler 

BTA Forensic DNA Extraction Kit) and phenol chloroform on unburned bone (femur and rib) 

of fresh pigs. It found that DNA could be successfully extracted from bone using all tested 
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extraction methods, with phenol chloroform yielding a greater DNA quantity (approximately 

double) than each silica-based method. However, all samples were successfully amplified 

(regardless of extraction method) with amplicons between 70 and 384bp.  

It is a common theme among DNA extraction comparison studies to use fresh specimens. After 

thorough review of the literature, there is a severe lack of extraction comparisons for thermally 

altered hard tissue. However, this is an important avenue to review; the introduction of 

taphonomic alteration can result in changes to the efficiency and applicability of each 

extraction method. Other taphonomic alterations, however, have been reviewed in DNA 

extraction comparison studies, with Jakubowska et al. (2012) evaluating the efficiency of 

phenol chloroform, bone crystal aggregate and total demineralisation techniques on human 

bone samples from relatively fresh bones (placed into long-term storage) and older bone 

specimens excavated from soil/sandy environments after burial for eight to 62 years. Total 

demineralisation was ideal for extracting most samples used (until the longest burial time, 

whereby this was one of the poorest performers). Bone crystal aggregate extraction, while 

typically (except for in high degradation) poor at DNA extraction, was found during Quantifiler 

Human templates amplification, to demonstrate the highest inhibitor removal efficiency. Both 

total demineralisation and bone crystal aggregate extraction produced good quality DNA for 

STR typing. However, while phenol chloroform produced better yields than the aggregate 

method in unburied and short-time buried specimens (still lower than demineralisation), long-

term burials produced the poorest yields.  

The difficulty in amplifying DNA extracted via the DNeasy blood and tissue kit, may be most 

attributable to the relatively low quantity of DNA extracted per microlitre (in relation to the 

other extraction methods), not being of sufficient quantity to achieve optimal amplification. 

Phenol chloroform results were expected, as this method has provided continually optimal 

results throughout the previous literature, due to it obtaining consistently high yields and 

quality, and an effective method for use when DNA degradation has occurred. The Chelex 100 

extractions were not expected to outperform the DNeasy kit, given that this method is not 

optimal for extracting DNA from hard tissues (preferably liquid samples), regardless of 

whether the specimen is fresh or degraded. It may however be explained due to the high DNA 

quantities obtained from specimens up until exposure to 500℃  for 20 minutes, in conjunction 

with Chelex 100 being an optimal extraction method for PCR amplification. Inoue et al. (2002) 

found that when using Chelex 100 on burned (and powdered pulp of) teeth exposed to 100, 

200, 300, 400 and 500℃ for 2 minutes, all samples could be amplified up to 300℃, with just 
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one locus (DYS389) having amplification difficulty in two samples. Only two to three samples 

able to amplify one locus at 400℃, and at 500℃, no amplification was possible.  

 

6.4.3.4 Temperature, duration and DNA extraction method influences the amplification 

of target amplicons 

Overall, this study found that after exposure to 500℃ for 15 minutes, PCR amplification of 

nuclear DNA was unsuccessful. While there were several inconclusive results found beyond 

this thermal environment, the ability to ascertain consistent and conclusive results were limited 

to below 500℃ for 20 minutes. Even though decreased amplification was found early on, the 

presence of DNA degradation with increased thermal trauma is clearly demonstrated, most 

pronounced with duration. Increasing duration to 10, 15 and 20 minutes established that there 

was decreased amplification of all three amplicons used.  

The ACTB primer pair (146bp; smallest amplicon) produced the best performing amplification 

of all three amplicons, regardless of variation in temperature or duration. The performance of 

this 146bp amplicon size is important to note, as current STR kits used for forensic applications 

utilise amplicon sizes similar to this. Therefore, this is indicative of how forensic kits may 

function in such instances. The AMELX primer pair (171/180bp) demonstrated the most 

inconsistent results, with regular variation in amplification success. This occurred in all thermal 

conditions, including control specimens. Potentially attributable to apoptosis within each 

sample, and the resultant DNA fragmentation (coupled with the thermal trauma) could have 

caused amplification difficulty, even at sizes less than 200bp (such as the AMELX primer pair). 

However, this difficulty is only within samples extracted via Chelex 100 and the DNeasy blood 

and tissue kit. If apoptosis were the cause, it would be expected to be dispersed across all 

samples regardless of the extraction method and effect the smallest amplicon size (146bp) as 

this is not much smaller than the AMELX amplicon. Therefore, this variation is likely the result 

of variation in the extraction methods ability to produce high quality DNA. The third (and 

largest) amplicon size (767bp) was successfully amplified in almost all the same samples as 

that found by the other two amplicons. Amplification (while not as consistent as the ACTB 

primer pair) still performed well, with clear success for most amplifications. Yet this also found 

that once it reached 500℃ for 20 minutes, amplification was unsuccessful. Overall, the 

amplicons used in the current study demonstrated that amplicon sizes less than 200bp (in line 

with current STR kits), demonstrate optimal efficiency for samples after thermal alteration. A 
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study conducted by Inoue et al. (2002) supports this, with the control specimens and those 

exposed to thermal temperatures of 100, 200 and 300℃ amplifying all (or almost all) target 

regions. However, at 400℃ a dramatic decline in amplification success was documented, with 

only three successful amplifications recorded. Beyond this, no amplification was successful. 

It is noticeable how quickly the rate of degradation progresses. Particularly regarding the rapid 

decline between 500℃ 10-minute and 15-minute specimens. All 10-minute samples produced 

successful amplification of each amplicon. While 15 minutes produced two samples (replicates 

one and three) whereby all three amplicons failed to amplify the target region. A slower rate of 

degradation was anticipated, with the MC4R (767bp) primer pair failing to amplify initially, 

followed by a gradual decrease in amplification ability for the two smaller primer pairs. The 

sudden and complete cessation of amplification however may be one of the downstream effects 

of the potential DNA apoptosis documented during agarose gel electrophoresis (discussed 

above).  

Or it may simply be that the use of thermal alteration has resulted in a rapid decline in DNA 

quality. This is a likely cause, as at the 500℃  for 20 minutes increment there is unsuccessful 

amplification, the same thermal condition where thermal alterations begin to appear on the 

dental surface. Therefore, this morphological alteration may have enabled enough exposure of 

the external and internal dental surfaces to thermal trauma to increase the DNA degradation 

sufficiently to hinder amplification. This correlation between amplification failure and dental 

cracking, not only may aid in identifying the thermal environment the specimens were exposed 

(temperature and time, discussed above) but also provide forensically significance, by enabling 

investigators to establish through visual observation (no cracking or breakage to the dental 

surfaces), whether it is worthwhile to invest in time consuming and expensive molecular 

analyses, given that once morphological alterations (not including colour changes) begin to 

appear, DNA amplification (and thereby a DNA profile) is likely to be unsuccessful.  

The clarity and consistency (but not overall amplification success) was somewhat influenced 

by the DNA extraction method used. With increased thermal trauma, there was clear 

demonstration of a decrease in amplification overall, as well as for each of the three amplicons 

used, influenced by the combination of temperature and duration. However, even though each 

extraction method used the same tooth for each thermal condition, each extraction method 

further influenced successful amplification via clarity and consistency (as discussed above). 

The only method that had little to no influence of the clarity and consistency of amplification 
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was phenol chloroform, with consistent results throughout the amplified samples. The 

influence of temperature, duration and DNA extraction method has not been previously 

analysed in conjunction with one another. While the use of both temperature and time has 

increased recently (Almeida de Silva et al. 2012; Garriga et al. 2016), the use of various 

extraction methods on thermally altered bones/dentition is still an area that needs to be 

developed. Therefore, this current study offers preliminary information into the interaction and 

influence these three variables can have on the taphonomic alteration of thermal trauma.  

This study’s DNA analysis produced information consistent with the morphological alteration, 

with no to little morphological alteration for the control and first several 500℃ samples, and 

the control, 10-minute and several 15-minute specimens (depending on primer pair used). 

While variation in the before and after burning weights are identifiable, there is no cracking, 

enamel shattering or crown/root separation that may enable the internal tooth structure to be 

exposed to the external environment. This may have provided greater protection for the DNA, 

reducing degradation and enabling PCR amplification. This indication will be a useful tool for 

forensic practitioners; initial thermal dental alteration may indicate temperature exposure up to 

(and including) 500℃, for 15 minutes (or less) with the presence of thermal alterations 

involving exposure of the internal dental tissues to the external environment contributing to  

the deterioration or inability to effectively produce a DNA profile(s).  

Overall, this study found that for the greatest likelihood of successful amplification, DNA 

extraction via phenol chloroform, accompanied by amplicon sizes smaller than 200bp are 

optimal for amplification of thermally altered specimens. However, even these conditions are 

limited in their success, with amplification deemed difficult or virtually impossible after direct 

exposure to 500℃ for 20 minutes or beyond, as indicated with the presence of morphological 

alterations such as cracking, enamel shattering and crown/root separation.  

 

6.5 Bilateral DNA variation found to not influence the quantity of DNA extracted 

There was no significant difference in the DNA quantities found between the left and right 

anatomical mandible sides. This result follows the expectation that there should be no 

noticeable variation between the left and right anatomical sides, although slight natural 

variation in DNA quantity is expected. Substantial review of previous literature within this 

body of research has shown that research on this area is unfortunately absent. The focus has 
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predominantly been on the comparison of DNA yield between different skeletal elements, with 

the assumption made that there is no bilateral variation for the same skeletal elements.   

 

6.6 Potential limitations of the present research 

The potential limitations of the current project are addressed below. This is necessary to review 

the validity of the current study’s results, inform researchers and forensic practitioners looking 

to apply these results (whether to their own study or forensic casework), and provide guidance 

to researchers within this discipline on avenues for improvement and further research. Firstly, 

human tissue was unable to be used for this research project instead substituted with porcine 

bone. This substitution is appropriate, as pigs are a close animal representation, with 

similarities between bone regeneration, anatomy, morphology, remodelling, mineral density, 

lamellar bone structure and femoral cross-section diameter (Chen et al. 2015). For this study, 

porcine mandibles and the enclosed dentition were used instead of human jaws. While the use 

of porcine bone as a substitute is regularly performed within forensic science, the use of an 

alternate species should be noted as a potential limitation, with the potential for variation when 

applying this data to humans.  

Due to the potential health and safety risk, time and budget constraints, the temperatures and 

durations used were limited to between 500 and 900℃ (in increments of 100℃) for 10 to 30 

minutes (5-minute intervals). The project (by necessity) focused on the most forensically 

applicable (house fire) temperatures, and short durations (due to time constraints). While this 

is not a significant limitation, the use of a larger range of temperatures (up to 1100℃), shorter 

temperature increments and longer durations would have facilitated greater specificity as to the 

temperature and time point(s) that when reached, prohibit successful DNA analysis. 

This research project utilised the analysis of nuclear DNA, selected due to nuclear DNA’s 

ability to differentiate between individuals. MtDNA was unable to be analysed due to budget 

constraints. However, this would have also been valuable data to have obtained, beneficial to 

compare both nuclear and mtDNA, to quantify the performance of mtDNA at and beyond the 

time point(s) when nuclear DNA becomes degraded to the point where it cannot be used.  

The samples were in such a state of thermal damage that it was determined that the best course 

of action for preparation of the samples for DNA analysis was to finely ground (increasing the 

surface area of exposure to the DNA extraction chemicals).  However, this method (being 
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destructive) is not ideal for use on forensic samples as it inhibits or may negatively impact upon 

further forensic analysis in other disciplines (e.g. forensic anthropology, odontology etc.). It 

was also found to impact on the analysis of DNA quality. Therefore, improved methodology 

is needed for DNA analysis of severely damaged dentition.  

Due to the health and safety risk posed by specimens exposed to the thermal conditions of 600 

and 700℃ for 10 and 15 minutes (flames still present on bone surface), specimens at these 

conditions were unavailable for analysis. When you consider the results found in this project 

(particularly for PCR amplification) this would have been very interesting and valuable 

information to obtain (for comparison with the 500℃ samples), to see whether a slight increase 

in temperature at the same durations produced similar/greater degradation or failed 

amplification. Therefore, this leaves a question mark as to the threshold whereby DNA is no 

longer amplifiable.  

Fleshed specimens were unable to be used for this experiment, due to the highly flammable 

nature of flesh. Therefore, this health and safety risk resulted in fleshed specimens not being 

used for this project. This was somewhat mitigated by using dentition still imbedded within the 

mandible so that some dental protection (particularly the root) by the surrounding bone. This 

varies from other research (Inoue et al. 2002; Adams et al. 2004; Almeida de Silva et al. 2012; 

Garriga et al. 2016) which used extracted teeth, and thus all dental surfaces underwent direct 

thermal exposure. However, it would be beneficial for future research to address this limitation 

and find ways to manage such health and safety issues.  

 

6.7 Recommendations for future research 

The present study demonstrates that increased temperature and durations of thermal 

environments result in dental DNA degradation, which can produce downstream effects on the 

ability to produce an analysable DNA profile. This was further compounded by the extraction 

method implemented. This project was a preliminary investigation into the influence of thermal 

trauma on morphology and DNA analyses. Therefore, there are further research avenues to be 

taken within this discipline to further the body of knowledge. 

From the results of this research, the technique/s used to prepare the samples for DNA analysis 

requires further investigation to further develop method(s) to be employed so that highly 
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degraded and damaged dentition can be processed without requiring such a highly destructive 

method (grounding of the samples) as used within this research project.  

The use of fleshed specimens would be highly beneficial as a future research avenue, to 

determine the influence that complete dental encapsulation with the surrounding soft tissues 

has on DNA degradation during thermal trauma, further assisting in forensic casework. This 

would also help to determine the limitations and adjustments required for the data obtained 

from previous research.  

The use and comparison of mtDNA against nuclear DNA analysis would be an excellent source 

of information to enable identification of the nuclear DNA cut off (which, due to location and 

structure, is less resistant to degradation) and analyse the efficiency and resilience of mtDNA 

beyond this point. It would also enable the comparison of amplification capabilities between 

nuclear and mtDNA at each temperature and time point to analyse method efficiency. It is 

expected that this would show that mtDNA is more resilient to thermal trauma and degrades at 

a slower rate, with nuclear DNA becoming unusable for analysis at 500 to 600℃ while mtDNA 

is expected to potentially be usable at house fire temperatures (800 to 900℃).  

This project used primer pairs ranging between 146 and 767bp to document the increase in 

degradation rate over various thermal conditions. The incorporation of additional primer pairs 

that better resemble the product lengths of human genetic markers would be beneficial, in better 

replicating the PCR products used in forensic casework. In forensic analysis the PCR products 

used range between 100 to 500bp for STRs and less than 100bp in length for SNPs. Future 

research using PCR products of these lengths would aid in determining the efficacy of 

forensically applicable amplicon sizes in the analyses of thermally altered dentition. 

Further research into thermal trauma by using longer durations and higher temperatures would 

aid in expanding the current body of knowledge, assisting in reviewing other commonly 

occurring thermal environments subject to forensic analysis (e.g. car fires; explosions etc.) that 

produce higher thermal temperatures (1000℃ or greater) and analysing thermal conditions that 

occur over longer periods of time than analysed in this research project (e.g. rural fires, house 

fires, bush fires etc.). Although, considering the results of the current project, this would be 

best undertaken on fleshed specimens.  
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6.8 Conclusions 

The current study looked to address three aims: cataloguing the morphological alterations in 

skeletal elements at various temperature and time increments; determining the effect of 

temperature and duration on DNA quality and quantity and; to determine the most effective 

DNA extraction method for burned bone. The morphological alterations of all specimens were 

successfully catalogued, with clear demonstration that an increase in temperature and duration 

results in an increase in crack formation, enamel shattering, crown and root separation and 

shrinkage (via weight loss). Temperature was found to decrease both quantity and purity, while 

duration was found to have a greater influence on purity (than quantity), with quantity mostly 

depending on the extraction method used. Purity was found to be impacted by duration in 

almost all specimens (apart from those extracted via phenol chloroform). All three extraction 

methods demonstrated wide variation in extraction ability. Phenol chloroform demonstrated 

the highest yields and consistent purity regardless of temperature and time, however the 

DNeasy blood and tissue kit did still produce consistent results. While Chelex 100 performed 

well initially, it was no longer successful in extracting DNA from 500℃ for 20 minutes 

onwards. Temperature and duration were further found to demonstrate an interaction effect. 

The downstream application of these specimens in PCR amplification demonstrated that 

regardless of the extraction method used, amplification is no longer possible (no matter the 

amplicon size) from a thermal environment of 500℃ for 20 minutes and beyond. Phenol 

chloroform produced the highest performing and most consistent amplification across all three 

amplicons. Chelex 100 extraction demonstrated that amplification was still possible up to the 

same point as phenol chloroform samples, however with less conclusiveness. The DNeasy 

blood and tissue kit had the greatest difficulty in successful amplification, frequently producing 

inconclusive results (even in control samples), all reflective of the poor results obtained via 

agarose gel electrophoresis.  

Overall, this study found that to obtain the highest yield, purity and amplification ability, 

phenol chloroform is the optimal DNA extraction method for thermally altered specimens. 

However, even this has its limits, with amplification becoming impossible after exposure to 

500℃ for 20 minutes or longer. After which, DNA profiling is not possible. Furthermore, it is 

possible to visually identify at what point amplification is no longer feasible. The overall 

objective of this project was to improve and expand the existing body of research, and address 

obvious gaps, such as a lack of specific knowledge on different temperature and time 

thresholds, the analysis of commonly encountered burning temperatures in forensic 
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investigations, and compare commonly used DNA extraction methods. This study has 

addressed each of these points, providing further information to aid investigators in 

establishing, through visual observation, the likelihood of DNA recovery, thereby allowing the 

determination as to how worthwhile it is to perform (and invest) in subsequent time consuming 

and expensive molecular analyses.  
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APPENDIX ONE – ETHICS APPROVAL FOR USE OF ANIMAL 
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