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ABSTRACT

Fires are a frequent cause of death, both globally and in South Africa, and often, individuals are
burnt beyond the point of visual recognition. Teeth maintain their structure and can withstand high
temperatures; making them a possible source of DNA from burnt human remains. DNA profiling is
the current gold standard in forensic human identification, however, limited literature pertaining to
DNA profiling of burnt teeth exists. The aim of this study was thus to evaluate the success of
capillary electrophoresis in the forensic DNA profiling of teeth burnt at different temperatures,

using an optimised DNA extraction protocol.

Tooth samples from 25 donors (n = 100 [4 teeth per donor]) were subjected to three burning
conditions, one tooth was left unburnt to act as a control and three teeth were each burnt in a muffle
furnace at 100 °C, 200 °C, and 300 °C. The colour and weight of the teeth were recorded before and
after burning. DNA was extracted using an optimised demineralisation step. Extracted DNA was
quantified through real-time PCR and profiled using capillary electrophoresis with the Promega
PowerPlex® ESX 16 system.

Teeth burnt at 100 °C resulted in the most full profiles (96 % ; n = 24/25), followed by teeth burnt at
200 °C (84 %; n = 21/25), with 16 % partial profiles obtained (n = 4/25). Teeth burnt at 300 °C
resulted in a large number of failed profiles (88 % ; n = 22/25), and had a significant decrease in
profiling success (p = 0.001) and concentration (p = 0.001), and were significantly more degraded
(p = 0.001), compared to control samples and samples burnt at lower temperatures. These results
suggest that conventional DNA profiling methods and the DNA extraction method used herein are
suitable for obtaining full DNA profiles from teeth exposed to temperatures as high as 200 °C,
however, more sensitive methods such as targeted next generation sequencing (NGS) would be
recommended to obtain more insight into highly degraded and fragmented samples, such as those
burnt at 300 °C.
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CHAPTER 1

INTRODUCTION

1.1. BACKGROUND

Unidentified human remains can be found in nearly any medico-legal mortuary, both locally and
internationally [1]. The burden of such cases is particularly evident in developing countries such as
South Africa, where the incidences of unnatural deaths are extremely high, and the mortuaries
overburdened with high caseloads [2]. The identification of deceased individuals who are said to
have died due to other than natural causes is mandated by the Inquest Act 58 (Act No58 of 1959),
whereby a magistrate must make a finding as to the identity of the deceased, cause of death, date of
death, and whether someone should be held liable for the death. The investigation of an unnatural
death is done by the Forensic Pathology Service in conjunction with the South African Police
Service (SAPS).

DNA has long been proven to be the most accurate and validated method used for forensic human
identification, both in the deceased and in the living. The widely accepted gold standard sample
type for use in forensic DNA identification of deceased individuals is blood, but this is not always
available [3]. In cases of severe decomposition, skeletonisation or burns, forensic scientists need to
turn to other sources of DNA, such as bones and teeth [4-6]. Fire mortalities are a frequent
occurrence in South Africa and place an immense burden on the already overburdened medico-legal
mortuaries [7]. Cape Town has been identified as the city with the highest fire related fatalities in
South Africa, this is mainly attributed to the high volume of fire incidences that occur in the ever-
expanding informal settlements and veldfires (wildfires) of the fire prone fynbos shrublands [8-10].

In the case of fire related fatalities, many individuals are burnt beyond the point at which visual
identification is possible, which results in other avenues of identification, such as DNA profiling,
being used [4,11]. Many of these cases are never identified and as such the mortuaries are burdened
by many individuals who remain unidentified [2]. Furthermore, conventional methods of DNA
profiling do not function well with degraded DNA, often resulting in no or partial DNA profiles.
Next generation sequencing (NGS) has been proven to be valuable in instances of degraded DNA,
as smaller DNA segments (amplicons), which are less prone to degradation, are targeted [12]. In the
instances of severely burnt remains, teeth may provide sufficient amounts of DNA for subsequent

analysis as they are protected, isolated and can withstand relatively high temperatures [4].



The aim of this literature review is to assess the literature as it pertains to the use of burnt teeth in
forensic DNA applications, specifically in DNA profiling through conventional capillary
electrophoreses. The focus is first placed on fire related fatalities and describing these in a South
African context. This is followed by examining teeth as a source of DNA and an assessment of
DNA extracted from burnt bones and teeth. The focus then moves to DNA profiling, where the
general principles are explained, and its application to burnt teeth. At the end of the chapter the aim
and objectives of the research are formulated through a rationale.

1.2. FIRE RELATED FATALITIES

Fires are a common and frequent occurrence in South Africa that often result in deaths. Burns are
frequently severe enough that visual identification of deceased individuals is not possible [8,13].
Globally, burns present as the 4th most common injury requiring urgent medical treatment, and is
preceded by motor vehicle accidents, inter-personal violence, and falls [7]. Fatalities from burns
have a global rate of 4.6 per 100 000, this is however not reflected by low- and middle-income
countries (LMIC) such as South Africa where the fatal burn rate was estimated to be 6.1 per 100
000 in 2008 [14,15]. Risk factors identified for burn fatalities are majorly attributed to
socioeconomic status and is especially high in those who live in informal settlements [14]. Informal
settlements are identified, according to South Africa’s National Housing Code, by their illegality

and informality, vulnerability and poverty, and social stress [16].

A retrospective study (2011 — 2015) on burn fatalities in Pretoria, South Africa [17], indicated that
approximately 52.2 % of burn fatalities occur indoors, 15.8 % outdoors, and in 32 % of burn
fatalities the location was unknown. Of the 52.2 % of deaths that occurred indoors, 17.1 % occurred
in formal dwellings whereas 69 % occurred in informal settlements and 13.9 % remained unknown.
Overall, 3 % of cases admitted to the Pretoria Medicolegal Laboratories were burn fatalities, which
is less than results from Cape Town [17]. South Africa stands in stark contrast when compared to
the United States, where in the USA, 43 % of fire fatalities were a result of outdoor fires, and 38 %
of fatalities occurred in structures [18]. Cape Town has one of the highest medico-legal caseloads in
South Africa and has a burns mortality rate of 7.9 per 100 000, nearly double the global average
[8,19]. Studies conducted in South Africa, although scarce, indicate that alcohol may be a common
denominator in these fatalities [8]. The majority of fatal burns are accidental (69.8%), followed by
homicidal (7.9 %) and suicidal (3.8 %) with 18.5 % with undetermined cause. This distribution
reflects the general trend in the manner of deaths [17,19].



1.2.1 Veldfires (Bushfires)

South Africa along with other temperate regions are prone to experiencing veldfires, which result in
devastating impacts on the economy and environment of the affected region, and often have human
fatalities [20,21]. Factors that influence the severity of veldfires are extreme weather conditions
such as droughts and strong winds, the availability of fuel, and invasion of flammable alien plant
species [21]. It is important to note, veldfires are a natural phenomenon that is important for
maintaining biodiversity and protecting the ecology of the region (especially fynbos) [22]. Issues
and disastrous consequences arise when these fires occur too seldom or frequently, are mistimed, or
too severe, which leads to ecosystem degradation [22]. If fires occur too seldom, overgrowth adds
to fuel and hinder firefight capabilities which result in more severe veld fires, in contrast if fires
occur too often then soil quality is reduced and invasive plant species can invade which are also

prone to fire [21]. The general fire ecology of South Africa is represented in Figure 1.1 below.
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Figure 1.1: Map indicating the fire ecology of South Africa according to the CSIR report "National veldfire
risk assessment: analysis of exposure of social, economic and environmental assets to veldfire hazards in
South Africa".

The severity and frequency of veldfires in South Africa has become worse in the past few years
[21,22]. This has been attributed to population growth, changes in land use patterns, and the
expansion of the urban-rural interface, which ultimately increases the exposure risk of communities
to wildfires [21,22]. Although very little information exists on fatalities and injury caused by
wildfires, most of the evidence is anecdotal [22]. The California (USA) “Camp Fire” of 2018



resulted in the deaths of 85 individuals and was listed as one of the worst wildfire incidents to date
where approximately 150 000 acres of land burned down [23]. It highlighted the need for rapid
identification of the deceased and the importance of DNA. During the 2008 South African fire
season a total of 35 000 fires were reported and approximately 380 deaths were caused by these
wildfires [24]. The Knysna fire of 2017, burned over a period of four days across an area of 15 000
ha, and resulted in the deaths of seven people [21]. The most frequent causes for fire outbreaks have
been attributed to anthropogenic activities or natural phenomenon such as lightning [20,25]. Other
sources of ignition have been attributed to poor rural security which increase the likelihood of
arson, and depopulation which results in a lack of resources such as emergency responses or fire

management [22].

South Africa, as a whole, has a relatively high veldfire risk classification, with KZN having the
largest area of extreme veldfire risk, as well as most of the north-eastern aspect of the country. The
Western Cape has a patchwork of high and low veldfire risk, with Cape Town having a high risk
along with the south-eastern coastline [22]. The north-eastern region of South Africa consists of
mountainous grasslands and experience the most fires, this is followed by the Western Cape that has
a high abundance of mountainous grasslands and Cape fynbos, a local plant biome that is second in
terms of most frequent fauna to experience fires [24,26]. Figure 1.2 indicates the relative wildfire

risk classifications in South Africa.

The Cape fynbos is the most fire prone vegetation type in the Western Cape and is associated with
dry sandy nutrient-poor soil [27]. Fire is an important tool in germination and fynbos management
[10,28]. Fires occur throughout the year, but the more severe and larger fires are observed in the
warm and dry summer season [27,28]. The intensity of the fire is estimated to range between 500 —
20 000 kW/m, with flame hights reaching 7 meters [10,27]. Several factors exist that effect the rate
of spread, intensity, and height of flames. Major contributions come from the weather and fuel
moisture content, where greater wind speeds, temperature, and age of fauna aid in the rate of spread

and intensity [27].
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Figure 1.2: Map indicating the overall wildfire risk assessment for South Africa according to the CSIR
report "National veldfire risk assessment: analysis of exposure of social, economic and environmental assets

to veldfire hazards in South Africa".
1.2.2. Fires in informal settlements

As mentioned earlier, majority of fatalities due to fires occur in informal settlements.
Approximately one third of the South African population live in informal dwellings. In Cape Town
alone, it was estimated in 2006 that there are about 104 000 informal dwellings, and this number
grows drastically yearly [29]. In 2016 it was estimated that approximately 1 in 7 households in
South Africa live in informal settlements, with this number being higher in metropolitan areas [16].
It was estimated that in 2019, approximately 174 000 households live in informal settlements in the
City of Cape Town [30]. In conjunction to this, the populations in informal settlements have
increased significantly due to mass migration from rural areas to major cities in search of better
opportunities. To this end, the rate of informal settlement expansion is estimated to be 9 % per
annum [30,31]. Census data from 2011 was used in calculating these estimates. Risk factors that
have been attributed to the high incidence of fires in informal settlements include; densely
populated and over-crowded housing, no access to running water, illegal electricity connections, the

use of kerosene stoves, and open fires used for heat and cooking [17,32].



Informal settlements are rife with flammable materials and in many instances, deaths are caused by
smouldering fires in confined spaces as oxygen is removed and noxious gasses such as carbon
monoxide and cyanide are released [29]. In 2017, in the informal settlement of Imizamo Yethu
(Cape Town, South Africa), a fire broke out that took 14 hours to extinguish, leading to the
destruction of 2194 dwellings, 9700 individuals displaced and four fatalities [31]. In December of
2021, a fire in the Masiphumelele “Masi” (Cape Town, South Africa) informal settlement destroyed
approximately 1030 dwellings, leaving 4000 individuals displaced [33]. The largest factors
affecting the devastation and spread of the fire was the material used in the building of the
dwellings, inaccessible routes that hindered the movements of emergency personal, inadequate
water supply, and the strong winds and high temperatures typical in Cape Town (Nov-April) [31].
These factors are shared with almost all informal settlements in the area. It is estimated that there
are between 1200 and 1300 informal settlement fires every year in the Western Cape alone and an

estimate of 10 informal settlement fires per day across South Africa [34].

A brief overview of burning time and temperatures of fires in informal settlements indicates that a
typical informal house (shack) reaches its peak temperature after 10 minutes of burning, with roof
gas temperatures reaching 1000 °C at this point and then steadily declines. This is all dependent on
the type of fuel available. A repeat study using a timber shack replica indicated a roof temperature
of 900 °C with floor temperatures reaching a maximum of 650 °C at 10 minutes [8]. Temperatures
started to decrease after 15 minutes and by 20 minutes after ignition, temperatures were close to 400
°C. It is important to note that temperatures varied greatly according to ventilation as well as the

location of the fire within the shack [8].

The extent of burns is highly variable and depends on factors such as exposure time, temperature of
the fire, and an individual’s activity at or around the time of death. These may render it near
impossible for visual identification [17]. In the previously mentioned Pretoria study, visual
identification was only possible in 7.8 % of burn cases with the other 92.2 % of cases being charred
and requiring other forms of identification. Of the 92.2 %, only 29.3 % of the identities were
confirmed through the use of DNA techniques [17]. This suggests either a low DNA yield or that
severely degraded DNA was obtained in these cases due to extreme thermal stress. This motivates
for further research into optimisation of methods used to obtain DNA profiles from severely

degraded human remains.



1.3. TEETH AS A SOURCE OF DNA

The use of DNA for human identification is globally accepted as the most scientifically accurate
and valid method of identification [35]. It is frequently used in criminal settings to identify victims
and perpetrators, and in civil cases such as paternity testing. It is also frequently used in cases of

unidentified human remains and in identifying the missing [35].

In cases of skeletonised, decomposed or charred remains where conventional identification methods
such as forensic odontology fail due to the lack of ante mortem data, biological methods such as
DNA is required for identification [4,36]. In these instances, bone and teeth are considered as
potential sources of DNA as soft tissue is typically of little use [37]. Teeth have been suggested as a
sample type as they are relatively isolated and protected from decomposition and the environment,
and can withstand high temperatures [4,36,38—40]. Molars and premolars are the most frequently
prescribed in the literature for DNA profiling, as they are multi rooted and contain large pulp
chambers. In contrast, a recent study found that canines yielded the highest DNA concentrations,
with the premolars having the greatest profiling success [6]. Molars on the other hand had the
lowest profiling success [6]. This is attributed to molars being the most frequent tooth morphotype
to undergo restorative processes which reduces the amount of DNA available and introduces
polymerase chain reaction (PCR) inhibitors [6,41]. This, however, may not necessarily be the case
in burnt remains, as the anterior teeth are more likely to be incinerated and are less protected than
the posterior teeth due to heat contractions of the muscles that expose the anterior teeth. The molars
and premolars are protected by both soft tissue and the alveolar bone, making them more resistant
to heat related damage [11,42]. This suggests that the molars and premolars might be the only
viable option in some cases of burnt remains, but the anterior teeth can still potentially be of use.

Various studies have been conducted on which components of teeth contain DNA and should be
selected/ isolated for extraction. Initial findings suggested that dentine and tooth pulp were the only
components that yielded DNA [43], later studies found that cementum also provided a source for
DNA [41]. The amount of DNA obtained has been attributed to the level of degradation, PCR
inhibition, and/or the DNA extraction method used. In general, a demineralisation step is widely
accepted and included in the DNA extraction protocol for hard tissues as calcium and collagen act
as PCR inhibitors if coextracted [44,45].

1.3.1. Tooth colour

Dental colour has been proposed as a potential tool in estimating the DNA concentration of burnt

teeth, as studies have shown that a significant correlation exists between the colour of teeth and the



amount of DNA [46]. Several tools exist such as spectrophotometry and simpler visual tools like
the Munsell colour chart [47,48]. The Munsell colour chart separates colour by “hue”, “value” and
“chroma” and is presented as a code. For example, hue is denoted as “2.5Y”, value and chroma as
“8/1” and the colour associated therewith, the full colour code would therefore be “2.5Y 8/1

White”.

(Rubio et al. (2018) found that at a temperature of 100 °C teeth turned a yellow white colour and at
200 °C a yellowish brown with a drastic change to dark brown at 400 °C after being burnt for 60
minutes [49]. DNA concentrations associated to each burning temperature indicated a strong
correlation in the amount of extracted DNA. At 200 °C the average DNA concentration was
approximately 0.1 ng/pL and at 400 °C DNA concentrations were below 0.001 ng/pL [49]. Beach et
al. (2008) observed Munsell colour changes from a 5Y 8/3 (pale yellow) to 10YR 7/8 (yellow) for
root structures after being burnt at 204 °C for 60 minutes, whereas at 30 minutes of burning no
significant differences were observed [47]. They found that teeth burnt at 260 “C for 30 minutes had
a drastic change whereby the enamel turned a pale brown (10YR 8/2) and the root a dark reddish
brown (2.5YR 2.5/3). Further drastic changes were observed in the enamel of teeth burnt at 371 °C
for 30 minutes, whereby the enamel turned a dark greyish brown (10YR 3/2) with a glossy
appearance [47].

These colour changes occur due to dehydration of the dental tissue as well as the break down in
collagen. Teeth also undergo a change in weight as dehydration results in a loss in mass [46-48].
Thus, colour estimations of teeth may provide useful information as to the approximate burning

temperature as well as the potential amount of DNA that can be extracted.
1.4. DNA PROFILING
1.4.1. STRs and SNPs

DNA profiling makes use of variable polymorphic regions in the human genome called short
tandem repeats (STRs). These STRs consist of 2-6 base pair (bp) units of DNA that repeat itself
consecutively and the number of repeats differ between individuals [12]. Primers specific to each
STR marker are tagged with a fluorescent dye and amplified using primers that are complementary
to the 5’ and 3” ends of the STR [50,51]. There are 13 core CODIS (Combined DNA Index System)
STR loci/ genetic markers that form the essence of DNA profiling in the USA. These markers are
D8S1179, CSF1PO, D3S1358, D21S11, D5S818, D7S820, D13S317, D16S539, D18S51, FGA,
THO1, TPOX, and VWA. In addition to this, Amelogenin, the biological sex marker is also included
[50].



Single nucleotide variants (SNVSs) are sequence variations at a single nucleotide that occur
approximately every few hundred bases in the human genome, similarly, single nucleotide
polymorphisms (SNPs) are substitutions at a single nucleotide that occurs in approximately 1 % of a
population [12]. The use of SNPs in forensics is currently being used more often in forensic
investigations, and there is a plethora of research that has been conducted [12,52]. Currently SNPs
are being used in four major areas: individual identification (iSNPs), ancestry-inference (aiSNPS),
lineage-inference (liSNPs), and phenotypic-inference (piSNPs) [53]. SNPs have very low mutation
rates, nearly 100 thousand times lower than STRs, giving them more inheritance stability [12,52].
Other benefits include the fact that there are a multitude of SNPs that can be analysed, and smaller
segments are targeted making them more useful for degraded DNA samples [52,54]. The
discriminatory power of SNPs is however far lower than STRs and therefore more SNPs are

required (40-60 SNPs to reach the same discriminatory power of STR analysis) [12].
1.4.2. DNA amplification

STRs are amplified through a process known as the polymerase chain reaction (PCR), whereby
short complementary DNA strands (primers) for each STR loci are used to amplify the targeted
markers. The process starts by adding primers, buffer, dNTPs, and DNA polymerase to the
extracted DNA sample [55]. The DNA is denatured at high temperatures which splits the DNA
strands allowing for the primers to anneal to the targeted sequence. Once annealing of the primers
has occurred, DNA polymerase extends the primers by adding dNTPs to create complementary
strands. This process is repeated for several cycles (20-40 cycles), which intern increases the
amount of targeted DNA exponentially [55]. This has greatly contributed to the success of DNA
profiling methods as very low initial DNA concentrations are required [56].

For use in DNA profiling, several different commercial Kkits exist for the amplification of STR
markers [56]. Typically, the primers for each STR loci are fluorescently tagged, allowing for
detection of the amplified markers through capillary electrophoresis. These kits vary in the STR
markers targeted as well as the type (autosomal, X and Y chromosomal markers). Commercial kits

typically have a higher tolerance to inhibitors and an increased sensitivity [57].
1.4.3. Capillary electrophoresis

Capillary electrophoreses (CE) is a tool used to differentiate alleles at an STR locus by separating
amplified STR markers by size and fluorescence. Genetic analysers have replaced normal gel-based

techniques and have decreased the run times required when analysing multiple samples at the same



time [58]. An example of such is the Genetic Analyser 3500xI which has 24 capillaries with a 6-dye
detection system for typing a multitude of STR markers. CE systems make use of a polymer as a
matrix which is injected into the capillaries prior to sampling. The polymer acts as a sieve and
thereby separating the ssDNA fragments by size, while the voltage carries the fragments by their
negative charge. Smaller fragments pass through the polymer faster and therefore elute out first
[59].

Fluorescently tagged amplified markers fluoresce when hit by a laser as they pass through a
capillary, the fluoresced fragments are detected as peaks (RFU’s) and represented on an
electropherogram. STR alleles are thus generated from the fluorescent peaks and size information
and are reported as the DNA profile of an individual [60,61]. The use of CE in forensic
identification applications has been the gold standard for over two decades and is still currently
used as such [62].

Before the samples are processed an internal size standard is added to each sample and is detected
along with the STR markers. This ensures that STR alleles are sized correctly and uniformly across
each capillary [59]. An allelic ladder consisting of all known STR alleles in a human population (Kkit

specific) is run with each injection and is used to designate alleles at an STR loci [59].
1.4.4. Databases

DNA profiling results have long been used in police work and the creation of databases have further
enhanced the power of forensic DNA data. They have allowed for the matching of profiles from
different crime scenes and in identifying repeat offenders [63]. These have however raised public
concern globally in terms of what samples are kept, what safeguards are in place for human rights,

privacy, and whose profiles are stored and in what manner are they accessed/restricted [64].

In South Africa the Criminal Law (Forensic Procedures) Amendment Act (2013), known
colloquially as the “DNA Act”, has provided the provisions for DNA profiling, the collection and
retention of forensic DNA samples, and further introduced the creation and maintenance of the
National Forensic DNA Database (NFDD) [65]. The NFDD consists of five indices, each with its
own regulation on the retention and destruction/removal of samples and DNA profiles from the
database. The indices consist of an arrestee index, convicted criminals index, investigative index,
elimination index, and a missing persons index [66]. In addition to this, population specific allele
frequency databases exist and are required to calculate random match probabilities. Variation in
allele frequencies are observed between different population groups and frequencies are generated

from population studies [67,68].
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1.4.5. Random match probability

Random match probability refers to the statistical weight applied to DNA evidence presented in
court proceedings. It states the probability that a random individual’s DNA profile (other than the
profile in question), from a certain reference population group, will match the DNA profile in
question [69,70]. This requires allelic frequencies from the specific population group to be known
and therefore relies on available population data [71]. Such databases exist and contain the allelic

frequencies for each forensic marker within a population and racial subpopulation [71,72].

Probabilities are calculated under the assumptions that STR loci are independent, in Hardy-
Weinberg equilibrium, and that allele frequencies are known or in a database [73]. Similarly, the
power of DNA evidence can be represented as a likelihood ratio through Bayesian statistics. This
works with two hypothesis, one that the individual is the source of the DNA, and the other that the
DNA originated from someone else [71,74]. If the same assumptions are met, the likelihood ratio is
simply the reciprocal of the random match probability and is reported as the likelihood that the

DNA originates from an individual compared to a random unrelated individual [70,73,75].
1.4.6. DNA quality

Degradation of DNA samples can severely affect the success of DNA profiling. Degradation is
influenced by environmental factors such as temperature, UV radiation, humidity, inhibitors,
microorganisms, and the post-mortem interval (PMI) [76]. Teeth and bone samples have a slower
rate of degradation but have additional drawbacks such as the large volume of non-DNA
components, the low quantity of DNA and the labour intensive and time-consuming extraction
methods [76]. Often with mineral rich tissue, PCR inhibitors are also co-extracted and impact the
success rates of amplification [77]. The internal PCR control threshold/cut-off value (IPC Ct.) is a
useful tool in determining if inhibition is taking place. The IPC consists of an oligonucleotide that is
present in equal concentrations in all samples and negative controls. It is therefore expected that
IPC Ct. values will remain constant for all samples, unless PCR efficiency is affected by the
presence of inhibitors [78]. IPC Ct. values greater than 30 typically indicate that PCR inhibition is
taking place either due to the presence of inhibitors or an incorrect assay setup [78,79].

Degraded DNA can become chemically modified or highly fragmented, which reduces the number
of intact targets. This ultimately leads to the failure of amplification and mistyping of loci [77].
Thermal degradation occurs around 130 °C whereby the covalent bonds between DNA molecules
start to break and complete degradation occurs around 190 °C [80,81]. To quantify the amount or

severity of DNA degradation, the degradation index (DI) is used. It is calculated as the ratio of the
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small autosomal target (~80 bp) to the large autosomal target (~214 bp), with DI values less than
1.5 indicating no degradation, 1.5 - 4 indicating mild degradation, 4 — 10 indicating degradation,
and greater than 10 indicating severe degradation [82]. Typical complications of degraded DNA in
PCR consist of failure to amplify and preferential amplification in heterozygotes resulting in allele
dropout. Smaller amplicons have a higher chance of being amplified in degraded samples, thus
giving rise to newer Kits with repositioned primers that are as close to the repeat motif as possible,
these are referred to as mini-STRs [77,83]. The greatest genotyping success can therefore be found
in the use of SNPs, as these are more likely to be intact as amplicon lengths range between 45-80
bp, far shorter than most STRs [83].

1.4.7. DNA from burnt teeth

Several studies have investigated the effects of temperature on DNA vyield from hard tissues,
especially teeth as they are protected and are the hardest tissue in the body [84]. One such study
attempted to amplify a 317 bp fragment from the roots of teeth after incinerating the teeth at 600 °C,
800 °C, and 1000 °C for 10 minutes, 30 minutes and 60 minutes at each temperature. They found
that regardless of temperature or length of time, the fragment could not be amplified [85].
Similarly, another study found that no amplifiable DNA could be extracted from bones burnt at
temperatures higher than 250 °C, and at temperatures lower than 250 °C, DNA was severely
degraded after burning for 15 minutes [86]. Tsuchimochi et al. (2002) attempted to amplify Y-STRs
from dental pulp that had been heated. They found that DNA degradation was significant enough
that they could not amplify DNA extracted after 2 minutes of burning at 400 °C [87].

Emery et al., (2020) compared two DNA extraction methods by separating burnt bone and tooth
samples into five categories based on their colouration (I: <200 °C, II: 200-300 °C, III: 300-550 °C,
IV: 550-650 °C, V: >650 °C). They found that the average DNA concentration through qPCR for
categories I-111 ranged from 5.98 ng/pL — 0.62 ng/uL, categories IV and V had far lower means of
0.018 ng/uL and 0.0003 ng/uL [44]. An analysis of bones using the same burn categories found that
in category | the average DNA concentration was 71.5 ng/uL, and 21.7 ng/uL in category Il. In
category 111 DNA concentrations ranged between 0.01 ng/uL and 0.84 ng/uL, and categories IV and
V ranged from 0 - 0.17 ng/puL and 0 ng/uL — 0.03 ng/uL respectively [4]. Garriga et al. burned teeth
at 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, and 700 °C for 1 minute, 5 minutes, 10 minutes
and 15 minutes durations and extracted the DNA using the DNeasy Blood and Tissue Kit (Qiagen,
Hilden, Germany). They found that DNA concentrations ranged from 31.8 ng/pL to < 0.05 ng/uL,
with each burning duration the DNA concentrations declined and as the temperatures increased,

specifically above (300 °C), DNA concentrations progressively became worse [84].
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Table 1.1: Literature pertaining to DNA profiling/ amplification (PCR)/ quantification of burnt teeth/bone.

Sample Temp. Time

DNA conc.

Auth Y | i . . Profiling/ PCR Result
uthor ear Sample  Species Size Range (°C) (min) (ng/ul) rofiling/ PC esults
Lozano-Peral 2021 Teeth Human 40 100-400 60 0-35.87 Amp !:ISTR Full DNA profiles < 100 °C
Identifiler Plus
B . .

Emery 2020 Tz:fh’ Human 123 200- >650 - 0.0003-6.27 PowerPlex ESX 17 Full DNA profiles (Categories I-III, < 350 °C)
Yukseloglu 2019 ?Z:; Human 50 50-1000 10-60 0.02-13.48 Qubit Quantifiable DNA < 400 °C
Federchook 2019 Teeth Human 72 100-600 10-30 Not Stated gPCR Could not calculate DI > 200 °C

Mahat 2019  Teeth  Human 25 300 5-20 5117172 GlobalFiler Express 1 Profiles obtained only at 5 min (did not

consider DI and inhibitors)
Garriga 2016 Teeth Human 28 100-700 1-15 >0.005-0.0318 PCR Low levels of STR amplification at 300 °C
Full STR profiles at 100 °C (5 & 10min). Partial
Maciejewska 2015  Teeth  Human 56 100-1000 5-10 ; A;‘S;';T"i;i'r\" STR profiles at 300 °C (5 & 10 min). Unable to
detect and amplify STRs at and above 500 °C.
Devaraju 2014 Teeth Human 13 100-800 15-20 0-0.060 - No genomic DNA obtained at 400 °C
DaSilva 2012  Teeth  Human 45 600-1000  10-60  0.045-1.188 PCR Failure to amplify target fragment (378 bp) at all
temperatures
Fredericks 2012 Bone Bovine >39 50-1000 120-240 - PCR DNA stable <150 °C
5 Burn
Categories AmMpFISTR Full DNA profiles in I-11, variable
Schwark 2011~ Bones  Human 71 .o jescribed 0.01-114 Identifiler full/partial/failed in 111,
par. 1.4.7)
Rees& Cox 2010  Teeth  Porcine 88 150-600 15 0.147-19.52 PCR No amplification of 450 bp fragment > 525 *C
(teeth still embedded in jaw when burnt)
AlKhalidi 2009 Teeth  Human 30 100-1000  10-60 3.4-26.0 PCR Successful quantification of 312 bp fragment at
100 °C and 500 °C
Tsuchimochi 2002 Teeth Human 46 100-500 2 - PCR Successful amplification <300 °C
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The profiling success of burnt skeletal remains, such as bone and teeth, are relatively well
documented. Emery et al., (2020) managed to obtain full DNA profiles (14 - 15 STRs) in 95 % of
samples in burn categories I-11l. A marked decline in STR detection was noted at temperatures
exceeding 350 °C [44]. Similarly, Schwark et al., (2011) manage to generate full profiles for
category | samples and 85% full profiles for category Il. Category Ill had variable success ranging
from complete allele drop out in 34.8 % of samples to full profiles in 8.7 %. A maximum of 5 STR
loci were typed successfully in categories IV and V [4]. It has been noted to be extremely difficult
to use DNA from burnt hard tissues in conventional PCR and STR genotyping technologies [44].
This is typically associated with the high amounts of severely degraded DNA.

A case study conducted on partially skeletonised human remains found washed up in Cape Town
found that NGS/MPS was able to generate full DNA profiles even though the DNA was degraded,
compared to the partial profiles generated via capillary electrophoresis (CE) [88]. Similarly, NGS of
degraded DNA obtained from old skeletal remains proved to be valuable as it can target different
single nucleotide polymorphisms (SNPs) and STR markers of forensic significance [89]. One
downside to MPS-STR analysis is that the input DNA amounts are greater than what is needed in
conventional CE-STR methods (unless optimised) [57]. The application of NGS/MPS technology in
the analysis of burnt teeth could not be found. It is however hypothesised that highly incinerated
skeletal material may preserve ultra-short DNA fragments that can be analysed and genotyped
through NGS and SNP analysis.

There exists a lot of variability in studies conducted on burnt teeth, this is potentially attributed to
different extraction protocols and the use of different amplification/profiling Kits. There is a general
success in quantification and amplification of DNA obtained from teeth burnt at temperatures below

300 °C, above 300 °C amplification is rarely successful and seems to be sporadic (refer to table 1.1)
1.5. RATIONALE

Given all the available literature, it is clear that various protocols exist for the extraction of DNA
and subsequent analysis of teeth within the forensic context, with total demineralisation being the
preferred method [44]. An in-house method for DNA extraction from hard tissues exists and has
already been optimised. As it currently stands, there is no protocol for the use of burnt teeth in the
identification of burnt human remains. This is true for both the institution and Forensic Pathology
Services of the Western Cape and South Africa. Furthermore, conventional DNA profiling via
capillary electrophoresis is still the gold standard in South Africa and is the only technology applied
in the forensic context. The reviewed literature suggests that the forensic DNA profiling of burnt

teeth via CE is rife with obstacles and success may be kit specific. South Africa has a high number
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of burn fatalities and a high number of bodies that remain unidentified in its medico-legal
mortuaries. The optimisation of a CE method for the forensic DNA profiling of burnt teeth may
assist in the identification of charred remains and of those who remain unidentified due to the

failure of existing protocols when teeth are the only source of DNA available.

The above literature review suggests that the use of capillary electrophoresis in the profiling of
burnt human bones and teeth is generally met with very little success at low temperatures (< 300
°C). Temperatures are sometimes surmised based on appearance of bone/tooth, and when burnt at
specified temperatures, time ranges are quite broad. Currently a gap exists in the South African
context and literature pertaining to the forensic DNA profiling of burnt teeth is scarce or outdated. It
is worthwhile to investigate specific burning temperatures as the most frequent obstacle in
conventional profiling methods (CE) is degraded DNA, specifically in burnt remains. As such, this

study shall attempt to address this gap with the following aim and objectives.

1.5.1. Aim

The primary aim of this study is to optimise and evaluate the use of capillary electrophoresis in the
forensic DNA profiling of burnt teeth.

1.5.2. Objectives

1. Apply an optimised DNA extraction method for burnt teeth.

2. Evaluate the temperatures at which forensically usable DNA can be obtained from burnt
teeth.

3. Compare DNA profile generation success rates using capillary electrophoresis on DNA

extracted from burnt and unburnt teeth.
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CHAPTER 2

METHODS AND MATERIALS

2.1. STUDY DESIGN

This study forms part of the umbrella study “Optimisation and investigation of DNA recovery from
different biological sample types for use in forensic human identification” (HREC: 222/2019). It is

a prospective, quantitative, and cross-sectional study, and experimental by design.
2.2. SAMPLE COLLECTION

Tooth samples were available from wisdom tooth donors as part of the umbrella study. These
samples were collected from the respective dentists who conducted the wisdom tooth extractions.
Informed consent was obtained from their patients to use the extracted teeth in the research study
(HREC: 222/2019). A total of 100 teeth from 25 donors (4 teeth per donor) were utilised in this
study. Samples with obvious dental alterations such as fillings or implants were excluded due to the
high volume of inorganic material that inhibit DNA analysis. The teeth were evenly divided
between four groups. One group remained unburned while the three remaining were burned at

various temperatures as per table 2.1.
2.3. BURNING

The teeth were burnt using an electric muffle furnace (Labofurn, Kiln Contracts (Pty) Ltd, Cape
Town) placed inside a fume hood. The temperature of the furnace was set 40 °C below the intended
temperature as the furnace temperatures fluctuate 40 °C above the input temperature when burning
at 500 °C or lower. This was established by test burning prior to this study. The samples were
placed in a crucible with a heat resistant tile on top to act as a lid to prevent potential cross
contamination occurring in the furnace. The furnace was allowed to reach the set temperature first
before the samples were placed inside. Samples were burned for 10 minutes and then removed from
the furnace and allowed to cool naturally to room temperature.

The teeth were evenly divided between four groups. One group remained unburned, thus acting as a
reference control for the donor, while the three remaining teeth from each donor were burned at
various temperatures as per table 2.1. One tooth per donor (n = 25) was burned at 100 °C, one tooth
per donor (n = 25) was burned at 200 °C, and one tooth per donor (n = 25) at 300 °C. (N=100,

whereby one tooth from each donor (n=25) was subjected to each of the four conditions).
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Table 2.1: Number of teeth and the burning conditions they were subjected to.

Number of teeth Burning temperature (°C) Burning duration (min)
25 Unburnt -
25 100 10
25 200 10
25 300 10
Total: N = 100 - -

The teeth were scrubbed clean using 5 % commercial bleach, molecular biology grade water and 70
% ethanol to remove exogenous DNA and bacterial contaminants. All teeth were subjected to
mechanical enamel removal, whereby the enamel of the crown of the tooth was removed by sanding
down the surface using a Dremel drill with a new sanding attachment for each sample. This was
only done after teeth had been burned. Following burning, all samples were pulverised into a fine
powder, followed by DNA extraction, DNA quantification and DNA profiling. An assessment of
the quality and success rates of the DNA profiles after the initial burning temperature was

conducted to guide the temperature increase for the next batch of samples.

All burnt teeth were photographed, weighed on an electrical balance, and the colour was assessed
using a Munsell colour chart. These measurements were repeated both before and after burning.
Camera settings typically consisted of an aperture of f/1.88, shutter speed of 1/126, and exposure of
ISO 50. All photographs were taken at the same bench with the same lighting conditions for all
samples. Colour estimations were conducted using a Munsell colour chart which codes colour

according to hue, value, and chroma.
2.4. DNA EXTRACTION

All teeth were pulverised into a fine powder using grinding jars in a Tissuelyser 11 (Qiagen, Hilden,
Germany) according to an in-house optimised protocol for DNA extraction from hard tissue.
Briefly, the teeth were placed in decontaminated grinding jars and chilled in liquid nitrogen for one
minute, before being processed in a Tissuelyser 1l for one minute at a frequency of 30 Hz. The
samples were scraped out using a spatula into labelled 1.5 mL microcentrifuge tubes and stored at -
20 °C.

DNA was subsequently extracted using the QIAmp® Investigator DNA extraction kit (Qiagen,
Hilden, Germany) whereby 0.05 g of sample powder was incubated in a thermomixer at 56 °C (450
rpm) for 20 hours in 1.5 mL demineralisation buffer. The demineralisation buffer consisted of
EDTA (0.5 M, pH 8.0), buffer ATL, Proteinase K, SDS, and DTT (1 M) (Table 2.2). Samples were
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processed through silica-based spin columns according to the manufacturers protocol (Qiagen,
Hilden, Germany). Samples were eluted to a final volume of 30 pL and stored in a 4 °C fridge for
the duration of the active lab work component of the study.

Table 2.2: Demineralisation buffer reagents and volumes used for one reaction.

Reagent x1 sample
EDTA (0.5M, pH 8.0) 1210 pL
Buffer ATL 396 uL
Proteinase K 22 uL
SDS 0.0121 g

2.5. DNA QUANTIFICATION

Extracted DNA from the tooth samples were quantified on a 7500 real-time PCR thermal cycler
using the Quantifiler® Trio Kit according to the manufacturer’s protocol (Applied Biosystems, CA,
USA), with the exception that half-volume reactions were used (Table 2.3). The HID real-time PCR

software was used for viewing and analysis of the quantification data.

Table 2.3: Half volume reactions of the Quantifiler™ Trio kit

Component Half-volume reaction
Quantifiler™ Trio Primer Mix 4 uL
Quantifiler™ Trio PCR Reaction Mix 5puL
Total volume of master mix 9 uL

The DNA quantity and quality of all 100 teeth were assessed based off the gqPCR data obtained
from the Quantifiler Trio kit (Applied Biosystems, CA, USA) which contains targets for a long
autosomal target (214 bp), small autosomal target (80 bp), and Y chromosome target (75 bp) in
human DNA. Quantity was assessed by looking at the DNA concentration, in ng/pL, of all three
targets. Quality was assessed by looking at the degradation index which is calculated as the ratio of
the small autosomal target to the large autosomal target. The presence of PCR inhibitors was
determined by looking at the internal PCR control cut off value (IPC Ct.) where a Ct. value greater
than 30 indicated that inhibition was taking place [78,79].

2.6. DNA PROFILING

DNA concentrations of the small and large targets were averaged to create dilutions to a final

concentration of 0.5 ng/pL. The average was also used to inform DNA input volumes when the
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concentration was below 0.5 ng/uL, and in instances where the large autosomal target failed to

quantify only the small autosomal target was used.

DNA profiling was conducted using the PowerPlex® ESX 16 system (Promega, WI, USA) on the
Applied Biosystems Genetic Analyser 3500xI. Amplification took place on a T100 thermal cycler
(Bio-Rad), with the following PCR cycling conditions: 96 °C for 2 minutes; then 94 °C for 30
seconds, 59 °C for 2 minutes, 72 °C for 90 seconds, for 30 cycles; then 60 °C for 40 minutes, and
soak at 4 °C (max 1 hour).

Half volumes were used for all reactions as part of the optimisation of the DNA profiling process.
The following Table 2.4 shows the half volumes used for PCR amplification and HiDi Formamide
master mix. To make a final volume of 12 uL for CE, 1 pL of post PCR products were added to 11
pL HiDi Master mix in a 96 well reaction plate.

Table 2.4: Half volume reactions used for PCR amplification and HiDi master mix.

PCR Amplification Half Volume (ul)
5X Master Mix 2.5

10X Master Mix 1.25

DNA template Up t0 8.75

MilliQ Water Create full volume
Total 12.5

HiDi Master Mix

WEN ILS 500 0.5
HiDi Formamide 10.5
Total 11

The resultant electropherograms were analysed using GeneMapper IDX software and remotely on
GeneMarker. Profiles were classified as either a full profile, partial profile, or a failed profile
depending on the number of successfully typed STR loci. The following was used to classify each

profile:

e Full Profile = 12-15 STR loci
e Partial Profile=4—-11.5 STR loci.
e Failed Profile = 0-3.5 STR loci
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For teeth burnt at 300 °C, profiling was repeated using an inhouse optimisation step whereby 1 pL
of AmpSolution was added to the PCR master mix and the PCR cycles increased to 32. This was
done due to the very low concentrations of the extracted DNA. In addition to this the capillary
injection time was increased to 34 seconds, this was done to see if the quality of the profiles could
be improved as majority were failed profiles, with some obvious peaks below the analytical
threshold which resulted in uncalled alleles. For all profiles, an analytical threshold of 50 RFU’s
was used to call alleles and a stochastic threshold of 100 RFU’s for homozygote peaks.

2.7. STATISTICAL ANALYSIS

A Kruskal-Wallis test was conducted to determine if significant differences exist between the
temperature of burning and subsequent DNA quality and quantity. Quality was assessed by looking
at the DI which was calculated as the ratio of the small autosomal target to the large autosomal
target. Quantity was assessed according to the large and small autosomal target concentrations of
the samples, and in Y target concentrations in the male donors. An analysis of weight loss vs.
temperature was also conducted. A Chi-square test was conducted to determine if significant
differences exist in temperature vs. profiling success, tooth colour vs. temperature, and tooth colour
vs. profiling success. A p-value less than 0.05 was statistically significant. All significance values
were adjusted by the Bonferroni correction for multiple tests. Table 2.5 provides a summary of the

variables and statistical tests performed.

Table 2.5: Summary of variables and statistical tests conducted.

Statistical comparisons between:
Test

Variable 1 Variable 2

Temperature Quantity Kruskal-Wallis
Temperature DI Kruskal-Wallis
Temperature Weight loss Kruskal-Wallis
Temperature Profiling success Chi-square
Temperature Tooth colour Chi-square
Tooth colour Profiling success Chi-square

2.8. ETHICS

Ethical clearance was obtained for this research study from the University of Cape Town, Human
Research Ethics Committee (HREC REF: 204/2022, Appendix A). This research study also falls
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under the umbrella study entitled “Optimisation and investigation of DNA recovery from different

biological sample types for use in forensic human identification” (HREC REF: 222/2019).
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CHAPTER 3

RESULTS

3.1. WEIGHT

Each tooth was weighed prior to and after burning to assess the effect of burning temperature on the
weight loss observed in teeth. The average difference in weight between burned and unburned teeth
significantly increased with an increase in temperature for teeth burnt at 100 °C (& =0.0414 g), 200
°C (£ =0.0913 g), and 300 °C (& =0.2105 g). These differences exist between all three burning

temperatures (p < 0.001).
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Figure 3.1: Box and whisker plot of the difference in mass of samples burned at each temperature. "****"
mRxkn and "+ indicate significant differences at a p-value < 0.0001, < 0.001, and < 0.01 respectively.

3.2. COLOUR

To determine the effects of burning temperature on crown and root colour, a Munsell colour chart
was used for colour estimations. Furthermore, colour was also tested against profiling success to
determine if colour can be used as a tool to assess downstream profiling abilities. Colour was
determined for each tooth before and after burning. The crown and root colour of the unburned
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teeth remained the same hue (2.5Y), and the value and chroma ranged between 2.5Y 8/1 (white) to
2.5Y 8/4 (pale brown). Similarly, the root and crown colour of teeth burned at 100 °C and 200 °C
ranged from the same white to pale brown. Teeth burned at 300 °C show a drastic change where the
hue changes completely from 2.5Y to 10YR. Crown colour ranged from a white (10YR 8/1) to a
pale brown (10YR 8/4), two teeth were black (10YR 2/1) and dark yellowish brown (10YR 4/4).
The root colours were darker than the crown colours and ranged from a very pale brown (10YR 8/4)
to a very dark yellow brown (10YR 2/2). Figure 3.2 below provides an example of the colour

changes observed for unburned teeth, and teeth burnt at each temperature.

Significant associations between tooth colour and burning temperature (p < 0.001) as well as tooth
colour and profiling success (p < 0.001) were seen. Pairwise analysis indicated these differences
were only observable in the 300 °C group compared to other temperatures. No significant difference
in colour was seen in unburned teeth or teeth burned at 100 °C and 200 °C. Similarly, pairwise
analysis indicates that difference in profiling success and colour only exist in teeth burned at 300
°C. A table of tooth colour results as well as p-values can be found in Appendix B and C

respectively.

L350 4

C: 2.5Y 8/2 Pale brown
R: 2.5Y 8/2 Pale brown

Figure 3.2: Photographs of A) unburned tooth, and teeth burned at B) 100 °C, C) 200 °C, and D) 300 °C.
Included is the Munsell colour code for the crown “C” and root “R” of each tooth. Scale: 1 block = 1 cm.

C:2.5Y 8/1 White C:2.5Y 8/1 White C: 10YR 8/1 White

R: 2.5Y 8/2 Pale brown R: 2.5Y 8/2 Pale brown

R: 10YR 5/6 Yellowish brown

HE N

3.4. DNA Quantity

DNA quantity was assessed by looking at the effects of temperature on subsequent DNA
concentrations to determine the limits of DNA concentration on profiling success. The large
autosomal target concentrations remained similar for the unburnt teeth (& =1.8914 ng/uL) and teeth
burnt at 100 °C (¥ =2.1787 ng/pL), but a sharp decline was observed as the temperatures were
increased to 200 °C (& =0.6919 ng/pL) and 300 °C (& =0.0009 ng/uL). Similarly, the DNA
concentration of the short autosomal target was seen to be similar for the unburnt teeth (x =1.4174
ng/pL) and teeth burnt at 100 ‘C (x =1.4807 ng/pL), with a decline observed from 200 °C
(£ =0.5928 ng/uL) to 300 °C (« =0.0048 ng/uL). Out of the 25 donors, 11 were male, therefore the
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Y chromosome target analysis was only relevant to 11 of the 25 donors. Average Y chromosome
target DNA concentrations observed were x =1.6106 ng/pL, # =1.4001 ng/uL, £ =0.6176 ng/uL,
4 =0.0071 ng/pL for the unburnt teeth, and teeth burnt at 100 °C, 200 °C, and 300 °C respectively.
See Figure 3.3 below. A full table of results can be found in Appendix D along with the full table of

p-values in Appendix C.
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Figure 3.3: Bar graph indicating the average DNA concentration of the large autosomal target, small
autosomal target, and the Y chromosome target for each burn category.

3.4.1. Large autosomal target

A significant difference (p < 0.001) exists between the DNA concentration of the large autosomal
target and burning temperature (Figure 3.4). These differences exist specifically between 300 °C
and the other two burn temperatures and the unburned teeth (p < 0.001). Following Bonferroni
corrections, no significant difference was observed between the DNA concentration of the large
autosomal target and the categories of unburnt, 100 °C, and 200 °C (p > 0.05).
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Figure 3.4: Box and whisker plot showing the DNA concentration of the large autosomal target vs, burning
temperature. “****” indicates p < 0.0001; "ns" indicates no significant difference.

3.4.2. Small autosomal target

A significant difference (p < 0.001) exists between the DNA concentration of the small target and
the four burn categories (Figure 3.5). These differences exist specifically between 300 °C and the
other two burn temperatures, and the unburnt teeth (p < 0.001). After applying Bonferroni
corrections, no significant differences exist between the DNA concentration of the small autosomal

target and the categories of unburnt, 100 °C, and 200 °C (p > 0.05).
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Figure 3.5: Box and whisker plot showing the DNA concentration of the small autosomal target vs, burning
temperature. “****” indicates a significant difference (p < (0.0001);"ns" indicates no significant differences.

3.4.3. Y chromosome target

A significant difference (p < 0.001) exists between the DNA concentration of the Y chromosome

target and the four burn categories (Figure 3.6). These differences exist specifically between 300 °C

and the teeth burnt at 100 °C, 200 °C, and unburned teeth (p < 0.05). No significant differences exist

in the concentration of the Y chromosome target and the categories of unburnt, 100 °C, and 200 °C

(p > 0.05). Of the 25 donors, 11 are males and as such this statistical relationship is only applicable

to the 11 male donors.
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Figure 3.6: Box and whisker plot showing the DNA concentration of the Y chromosome target vs, burning
temperature. “**¥**” and “*” indicates a significant difference p < 0.0001 and p < 0.05; "ns" indicates no
significant differences.

3.5. DNA QUALITY

DNA quality was assessed based on the degradation index and IPC data obtained from the gPCR
results The DNA degradation index is less than 1.5 for both the unburned teeth (&c = 0.8538) and
teeth burnt at 100 "C (£ = 0.8041). The degradation index can be seen to increase slightly at 200 °C
(# = 1.0133) and then increases drastically at 300 °C (& = 9.6601). Table 3.1 below indicates
degradation by category.
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Table 3.1: Burning temperature and subsequent number of samples that fall within the four DNA
degradation categories based on DI.

Not degraded Mildly degraded Degraded Severely degraded
Unburned | 25/25 0/25 0/25 0/25
100 °C 24/24 0/24 0/24 0/24
200 °C 25/25 0/25 0/25 0/25
300 °C 5/15 1/15 2/15 6/15

Overall, there is a significant difference in the degradation index and burning temperature. (p <
0.001) Specifically the degradation index was significantly greater in the 300°C group compared to
unburned teeth and 100°C respectively (p < 0.05). No significant difference in DI was seen between
the 300 °C group and the 200 °C group (Figure 3.7). The significance values were adjusted by the
Bonferroni correction for multiple tests.
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Figure 3.7: Box and whisker plot showing the degradation index (DI) vs, burning temperature. “**”
indicates a significant difference (p < 0.01); "ns" indicates no significant differences.
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The IPC Ct. values obtained from the qPCR data indicates that minimal to no inhibition was
detected. The average IPC Ct. values for all four categories ranged between 28.3444 to 28.6760 for
the unburnt teeth and those burnt at 100 °C, and 27.835 and 27.5303 for the teeth burnt at 200 °C
and 300 °C respectively. One sample from the 100 °C group had a high IPC Ct. value of 37.088 but

still managed to undergo PCR and a full profile was obtained.
3.6. DNA PROFILING

Profiling success was categorised as full (12 - 15 STRs), partial (4 - 11.5 STRs), and failed (0 - 3.5
STRs), where half an STR marker consists of allele dropout of a sister allele. Full profiles were
obtained for 24 out of 25 (96 %) of the unburnt teeth, with one partial profile (11.5 STRs).
Similarly, for teeth burned at 100 °C 24 out of 25 (96 %) full profiles were obtained, with one
partial profile (4.5 STRs). Out of the 25 samples burnt at 200 °C, 21 (84 %) full profiles were
obtained and four (16 %) partial profiles. A drastic decrease in profiling success can be observed in
samples burnt at 300 “C where only two (8 %) full profiles were obtained, one (4 %) partial profile
and 22 (88 %) failed profiles. Minor improvements in peak heights were noted with the
optimisation steps for teeth burnt at 300 °C. This result was expected based on the qPCR data, see
table 3.2 for a summary. The table below summarises the average DNA concentrations of the large

and small autosomal targets, DI, and subsequent profiling success.

Table 3.2: Summary of the average DNA concentrations of the small and long autosomal targets, DI, and
profiling success.

Category L r;;%?e t S r_];a};?et o Profile sTJccess |
Full Partial Failed
Unburnt 1.8914 1.4174 0.8538 24/25 1/25 0/25
100 °C 2.1787 1.4807 0.8041 24/25 1/25 0/25
200 °C 0.6919 0.5928 1.0133 21/25 4/25 0/25
300 °C 0.0009 0.0061 9.6601 2125 1/25 22/25

Significant associations between burning temperature and profiling (p < 0.001) were seen. Pairwise

analysis indicates that these differences only exist between teeth burnt at 300 and profiling success

(p <0.05).
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3.7. ANOMALIES AND ARTIFACTS

Bleed-through, also known as pull-up, was observed in majority of DNA profiles. Specifically in
the yellow dye channel. Figure 3.8 below indicates the channel bleed-through of the orange dye
(internal lane standard) into the yellow channel of a negative control. (Note: the yellow channel is

represented as black for visualisation purposes).
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Figure 3.8: Electropherogram of the yellow channel showing bleed through of the internal lane standards.

Background noise levels appeared to increase in the yellow dye channel for majority of DNA
profiles. Stutter peaks as well as bleed-through/-pull up in the yellow channel further made it
challenging to interpret electropherograms, especially when peaks were below 500 RFU’s as can be

observed in the electropherogram segment below (Figure 3.9).
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Figure 3.9: Electropherogram segment (top panel) with high background noise levels, with the addition of
pull up and stutter peaks. Bottom panel (positive control) showing correctly called alleles at D2251045 with
no artifacts.

Allele dropout is associated with the loss of an allele at a locus, whereas locus dropout is the loss of
a whole STR marker. Allele and locus dropout was observed in all DNA profiles of teeth burnt at

300 °C, in one profile from the unburnt teeth, in two profiles of teeth burnt at 100 °C, and in six
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profiles of teeth burnt at 200 °C. Figure 3.10 below indicates allele dropout at the heterozygote

markers D21S11 and D18S51 where allele 30 and 14 have dropped out.
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Figure 3.10: Allele dropout observed at known heterozygote STR markers. Top panel shows the allele
dropout observed at 300 °C with the corresponding positive control (reference sample) panel below.

Allele drop-in is associated with the appearance of an allele that appears spontaneously and

incorrectly in an electropherogram. Allele drop-in was observed for three DNA profiles of teeth

burnt at 300 °C. No allele drop-in was observed at any of the other profiles. Figure 3.11 below

indicates allele drop-in of allele 5.3 at the THO1 STR marker in a DNA profile of a tooth burnt at

300 °C where allele 5.3 was the only allele called in the entire profile.
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Figure 3.11: Allele drop-in observed in a failed DNA profile of a tooth burnt at 300 °C.
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CHAPTER 4

DISCUSSION AND CONCLUSION

Fires remain one of the leading causes of injury, both globally and locally [8,9]. With fires in
informal settlements being the leading cause of fire related fatalities [7]. Identification of the
deceased relies heavily on orthodontic and DNA methods in the majority of burn fatalities due to
visual identification being impeded [2,4]. Orthodontic methods rely on the existence of antemortem
data, which is often not available, especially in impoverished households that cannot afford dental

care. Therefore, DNA becomes one of the most reliable sources for identification purposes [35].

This study aimed to evaluate and optimise the use of capillary electrophoresis in the forensic DNA
profiling of burnt teeth. This was achieved by applying an optimised DNA extraction method and
evaluating the temperature at which forensically usable DNA can be obtained from burnt teeth. In
addition to this, the DNA profiling success rates using CE on DNA obtained from unburnt and

burnt teeth was compared.

The data suggests that DNA profiling is successful up to burning temperatures of 200 °C with a
burning duration of 10 min. The quantity and quality of the DNA severely decreases at burning
temperatures of 300 °C. Munsell colour estimations of teeth burnt at 300 °C show significant
association with profiling success and can therefore be used as a helpful tool in selecting samples

for downstream analysis.
4.1. OPTIMISATION
4.1.1. DNA extraction

The quantity of DNA extracted from hard tissue is highly variable, but teeth in general provide
lower amounts of DNA compared to bone [90,91]. This may be attributed to the type of bone used
and the size of the segment. Several DNA extraction methods exist for the extraction of DNA from
hard tissue [92-96]. The DNA extraction method described in this study was already optimised and

used for hard tissues, however its application to burnt teeth is novel.

Based on the IPC data, the demineralisation step successfully limited the effects of inhibitors. It has
been shown in the literature that a demineralisation step for hard tissue DNA extraction methods
improves the quality of the DNA extracted by reducing the amount of co-extracted inhibitors as it
crosslinks mineral ions [44,92]. The HID software did not flag the IPC Ct. values for any of the

burnt teeth samples, indicating that these samples were not affected by PCR inhibition. This was
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further indicated by the actual IPC Ct. values, as IPC Ct. values for teeth burnt at all temperatures
were below 30 and similar to those of the negative controls (see Appendix D) [79]. The optimised
extraction protocol also allowed for the successful extraction of amplifiable DNA for all teeth burnt

up to 300 °C for ten minutes albeit at very low amounts at 300 °C.
4.1.2. Capillary Electrophoresis

In an attempt to improve the quality of STR profiles for tooth samples burnt at 300 °C, the number
of PCR cycles were increased to 32 as an increase in number of PCR cycles exponentially increases
the quantity of amplified DNA every cycle. This results in an increase in the fluorescent signal of
alleles (peak heights) which allows previously undetectable alleles to be called [97] The increase to
32 PCR cycles was selected as studies have shown that 32 PCR cycles is optimal for DNA
quantities less than 120 pg, PCR cycles greater than 33 did not further improve alleles called
[97,98]. Based on DNA concentrations of tooth samples burnt at 300 °C, it is expected that severe
allele and locus dropout would occur as demonstrated in a study by Hedell et al. (2015). They found
that at 32 PCR cycles and DNA concentrations of 0.008 ng/ul, allele dropout levelled off at 75%
[98].

Moreover, the injection time was increased to 34 sec for the first CE injection and the injection
voltage increased to 1.6 kV for the second injection in an attempt further improve STR profiles. A
minor improvement was observed in the number of alleles called in the first injection with an
injection time of 34 sec, but allele dropout was still present in most samples. Allele dropout occurs
when one allele is preferentially amplified in a heterozygote resulting in a false homozygote allele
as can be seen in Figure 3.10. No improvements were noted for the second injection with an
injection voltage of 1.6 kV, the baseline noise levels were however elevated. Using the altered assay
parameters, two full profiles and one partial profile were generated at 300 °C and had small
autosomal target concentrations greater than 0.01 ng/ul. One sample burnt at 300 °C had a
concentration of 0.0199 ng/ul but a DI greater than 15 (severely degraded), resulting in a failed
profile. It should therefore be noted that although the DNA concentration was greater than 0.01
ng/ul and sufficient to result in a full profile, the added information given through qPCR such as the
DI, allows for interpreting the results more comprehensively to decide whether samples should

undergo further downstream processing.

33



4.3. EVALUATING THE EFFECTS OF BURNING TEMPERATURE
4.3.1. Tooth morphology — Weight and colour

Thermal alterations of human skeletal elements are well documented, but it was found that a lack of
substantial studies exist for teeth [99]. It is well known that loss in sample weight is directly
proportional to increasing temperatures due to dehydration as well as duration of thermal exposure
[47,48]. Tooth colour is similarly affected by temperature [47,48,99,100]. This study found
significant differences (p < 0.05) in weight loss and burning temperature, with the greatest weight
loss observed at 300 °C. This indicates that teeth have undergone significant thermal stress and that
DNA may be too damaged for successful STR amplification. Unfortunately, tooth weight is highly
variable between people as interindividual differences play a role in tooth development, and in most
instances the weight of the tooth prior to death is unknown. Therefore, the weight of the tooth may
not be sufficient to use as a single method for assessing whether a sample should be subjected to
downstream analysis. It may however provide high-level insight into the extent of thermal stress

that was experienced.

A variety of tools exist for the colour estimation of teeth such as spectrophotometric methods and
the Munsell colour chart, as used in this study due to its ease of use. An acknowledged limitation of
the Munsell colour chart is that it relies on subjective interpretation of colour. However, this method
is less subjective than randomly assigning a colour based on one’s own knowledge. Future work
should consider the use of a spectrophotometer if available [48]. In this study it was found that teeth
burnt at 200 °C and 100 °C had very little change in colour after burning for 10 min, but at 300 °C
colour changed to a darker brown colour with a change in hue from a 2.5Y to a 10YR (i.e., from a
yellow hue to a red-yellow hue; Figure 3.1). The darker values were more prominent in the roots of
the teeth compared to the enamel (i.e., 10YR <5). A study found similar results whereby tooth
enamel colour changed to the darker red-yellow brown hues after being burnt at 260 °C, whereas at
lower temperatures remained a paler yellow (Hue: 5Y) [47]. Another study made use of
spectrophotometry and noted that teeth burnt at 200 °C for a duration of 30 min turned yellowish
white and teeth at 400 °C a dark brown [46,100]. Significant differences (p < 0.05) were found to
exist in tooth colour and profiling success especially at 300 °C. It is therefore suggested that teeth of
a hue 10YR, especially with root values less than 5, may result in insufficient amounts of DNA that

is severely degraded for current CE profiling methods.
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4.3.2. DNA quantity and quality

Elevated temperatures such as those caused by fires is a common issue, along with other
environmental factors, that result in the degradation of DNA and subsequent decrease in amount of
usable DNA [80,81] The literature reviewed has indicated that a significant correlation exists
between burning temperature and DNA quantity and quality, with DNA becoming thermally
unstable at 130 °C [80,81]. With regards to burnt bones and teeth, usable DNA can still be obtained
in most instances at burning temperatures below 250 °C due to them being relatively protected from
the environment [40,81,101,102].

The Quantifiler® Trio kit (Applied Biosystems, CA, USA) was used for the quantification of DNA
obtained from the burnt teeth as it is specific to human DNA and consists of three DNA targets of
forensic interest. This study found that the most drastic change in DNA concentration is seen
between teeth burnt at 200 °C and 300 °C, whereby DNA concentrations decrease significantly (p <
0.05) at 300 °C for all three DNA targets. A slight increase in DNA concentration was observed for
teeth burnt at 100 °C compared to the unburnt teeth with no significant differences noted (Figures
3.4, 3.5, and 3.6). These findings are consistent with those in the literature where severe thermal
degradation has been reported as DNA failed to amplify when temperatures exceeded 300 °C due to
severe DNA fragmentation [87]. The short autosomal target was quantified at all temperatures
indicating that shorter DNA fragments were retained at 300 °C and that amplification of shorter
fragments remain a possibility at this temperature. An interesting observation is noted at 100 °C
where the DNA concentrations of the large and small autosomal targets are increased compared to
the unburnt teeth (Figure 3.3), a similar observation is noted by Emery et al. (2020). This may
potentially be as a result of the breakdown of collagen resulting in an increased release of DNA
trapped withing the hard tissue.

The DI was used as a measure of the quality of the DNA. The level of DNA degradation present in
each tooth sample is reported as a degradation index (DI), which is calculated as the ratio of the
small autosomal target to the large autosomal target [82,92]. A DNA DI value less than 1.5
indicates that DNA is intact, whereas DI values between 1.5 — 4 indicates that DNA is slightly
degraded, DI values between 4 — 10 indicates degraded DNA, and greater than 10 indicates severe
DNA degradation [82]. As the temperature increases the degradation index increases due to longer
DNA targets fragmenting more rapidly than the smaller targets, resulting in DI’s greater than 1.5
[81]. Significant differences (p < 0.05) in DNA degradation were observed in this study (Figure
3.7), with the highest DI values being observed in teeth burnt at 300 “C (Appendix D). DI values
indicate that teeth burnt at 200 °C are not degraded whereas majority of teeth burnt at 300 °C ranged
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between severely degraded and degraded. For 10 samples burnt at 300 "C the DI could not be
calculated due to the long autosomal target concentrations being too low for detection. For these
samples the IPC Ct. values also indicated no inhibition was taking place and it can therefore be
assumed that failure to quantify is due to degradation. This poses a limitation regarding the
quantification method as the quality of the DNA cannot be assessed for DNA profiling. Failure to
quantify the large autosomal target is attributed to either complete degradation of the target DNA or
the presence of inhibitors [82].

4.3.3. DNA profiling

DNA profiling was successful for teeth burnt at 100 °C and slightly less so at 200 °C after being
burnt for 10 minutes. Most studies previously conducted found profiling to be successful after
burning at 100 °C, regardless of burn duration even after a duration of 60 minutes [44,81]. This is
potentially due to the fact that DNA starts to degrade at 130 °C [80,81]. At 200 °C a slight decrease
in profiling success was observed whereby only 21 full profiles were generated and four partial
profiles. This is mainly due to potential stochastic variation in these samples prior to burning as full
profiles were expected at this burning temperature and duration based on gPCR data. Allelic
dropout, as observed in Figure 3.10, is commonly associated with degraded DNA and teeth exposed
to thermal stress [81]. It can result in the loss of a single allele or of a complete locus. The slope of
the electropherogram has the characteristic ski-slope appearance associated with degraded DNA
(Figure 3.10), whereby the shorter STR markers have greater peak heights and a decrease in peak
heights of the larger STR markers is observed [81]. Allelic dropout observed in the profiles of teeth
burnt at temperatures lower than 300 °C, can be attributed to low DNA concentrations and
preferential amplification of a single allele in a heterozygote, whereas the complete locus dropout
observed in teeth burnt at 300 °C can be attributed to high levels of DNA degradation.

Allelic drop-in was observed in three DNA profiles of teeth burnt at 300 “C. Allelic drop-in is
characterised by low level STR alleles that appear in an electropherogram but are not derived from
any known donor and has been attributed to sporadic minute contamination events of a single DNA
molecule [103]. All profiles where allele drop-in was observed had undergone 32 PCR cycles which
in turn increases the likelihood that amplification of a single DNA molecule from outside sources
can occur. These minute DNA contaminants are said to even be carried on dust particles that may
have been introduced during sample preparation [103]. The increase in PCR cycles may also have
elevated the background noise levels observed in Figure 3.9. Furthermore, signal bleed-through/
pull-up was observed in several DNA profiles (Figure 3.8). This occurs when the signal intensity of

fluorescently tagged amplicons of one dye is strong enough to bleed into the other dye channels and
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appear as allelic peaks due to spectral overlap of the dye [104]. This did not affect the analysis of
the DNA profiles as it is typically easy to discern between a true peak and a peak caused due to

pull-up.

Although literature has stated that DNA molecules are fully degraded when exposed to
temperatures of 190 °C [80], teeth have proven to be resilient at 200 °C due to it being protected
from the environment and its ability to withstand high temperatures [4,38]. It has been noted in the
literature that the profile success rate at this temperature is highly dependent on the burning
duration, as demonstrated by Lozano-Peral et al. (2021) who observed far greater DNA degradation
and a severe decrease in number of STR alleles called after burning teeth for 60 minutes at 200 °C.
A burning temperature of 10 minutes was selected based off the experimental shack fires conducted
by Walls et al. (2017), as they show that shack fires do not tend to burn for long periods of time and
are dependent on the type of fuel available [8]. At 300 °C teeth burnt for 10 minutes showed a
severe decrease in profiling success, only two full profiles were obtained and one partial profile.
This is also in line with the literature where failure to amplify DNA at temperatures greater than
250 °C have been reported due to DNA degradation [80,81]. This suggests that the capabilities of
capillary electrophoresis are limited for hard tissues burnt at temperatures exceeding 300 °C, but
still remains a valuable tool when teeth are the only tissue type available for DNA identification of

a deceased individual.
4.4. LIMITATIONS

This study subjected individual teeth directly to each burning temperature in vitro. This is a
limitation as teeth in vivo are protected by facial soft tissues and the bones of the maxilla and
mandible, which creates additional resistance to fires. A study conducted using porcine teeth, still in
vivo, managed to extract quantifiable DNA after burning the head at 625 °C [46]. Furthermore, this
study made use of the PowerPlex® ESX 16 kit for DNA profiling but newer and more sensitive kits
are currently available. There is however room for further optimisation as only samples burnt at 300
°C were optimised in this study. As half reactions were used, it is also possible to improve the
results with full volumes as more sample can be added to the reaction, especially in the instances of
very low DNA concentrations, but with the downside of an increase in resources and costs.
Increasing the burning temperature and duration of the burning may give insight to the upper limits
of analysis especially if future research in next generation sequencing (NGS) is applied. NGS may
provide better results at higher temperatures, due to its ability to sequence smaller and highly
fragmented DNA segments and thereby overcome the challenges faced by CE platforms. This is

further supported by NGS being able to sequence mini-STRs (shorter STR amplicons), and a broad
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range of SNPs that can be used for identification to greater statistical power as conventional tools.
In turn, greater insight can be obtained into the identities of those who remain unidentified in

medicolegal mortuaries.
4.5. CONCLUSION

This study sought to evaluate and optimise the use of capillary electrophoresis in the forensic DNA
profiling of burnt teeth. The data indicates that DNA obtained from burnt teeth is severely degraded
at temperatures of 300 °C with a burning duration of 10 minutes. There is a drastic decrease in DNA
concentration and profiling success in teeth burnt at 300 °C. Obtaining sufficient amounts of good
quality DNA in burnt tooth samples remains a challenge due to the thermal degradation of DNA at
high temperatures. These results suggest that conventional DNA profiling methods and the DNA
extraction method used herein are suitable for obtaining full DNA profiles from teeth exposed to
temperatures as high as 200 °C. Further optimisation of the CE protocol is possible and may
improve upon the current results. Colour estimation of teeth prior to analysis may give an indication
as to whether sufficient DNA can be extracted and if downstream DNA profiling (CE) of teeth as a
sample choice should proceed, unless if teeth are deemed the only sample type available for
identification. The qPCR data of the small autosomal target indicates that small fragments of DNA
(80 bp) are retained in teeth burnt at 300 °C for 10 min. Therefore, it is recommended that more
sensitive methods such as targeted next generation sequencing (NGS) should be used to obtain more
insight into highly degraded and fragmented samples, such as those burnt at 300 °C or higher. This
in turn may assist in the identification of deceased individuals who remain unidentified due to

extreme thermal conditions such as fires.
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Appendix B — Table of results for tooth colour

Table B.1: Crown and root colour prior to and after burning at 100 °C, 200 °C and 300 °C.

sample ID Temp Crown Colour Root Colour
P O Before After Before After
HID_116 100 2.5Y 8/1 White 2.5Y 8/1 White 2.5Y 8/1 White 2.5Y 8/1 White
HID_117 100 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID 118 100 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_119 100 2.5Y 8/1 White 2.5Y 8/4 Pale Brown 2.5Y 8/1 White 2.5Y 8/4 Pale Brown
HID_120 100 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID 121 | 100 | 25Y7RHON 1 oy 8 pale Brown | 2OY /2 Light 2.5Y 8/2 Pale Brown
- Grey Grey
HID_122 100 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_123 100 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_124 100 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_125 100 2.5\ér5(5)/\,2\l:ale 2.5Y 8/4 Pale Brown 2.5Y 8/1 White 2.5Y 8/3 Pale Brown
HID 126 | 100 | 2°Y82Pale s oy aipateBrown | 2OY B2 Pale 2.5Y 8/3 Pale Brown
- Brown Brown
HID_127 100 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_128 100 2.5\ér5(5)/\,2\l:ale 2.5Y 8/6 Yellow 2.5Y 8/1 White 2.5Y 8/4 Pale Brown
HID_129 100 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_130 100 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/3 Pale Brown
HID_131 100 2.5Y 8/1 White 2.5Y 7/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_132 100 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_133 100 2.5\éri/\,2\l:ale 2.5Y 8/6 Yellow 2.5Y 8/1 White 2.5Y 8/4 Pale Brown
HID_134 100 2.5\ér6(3)/\,2\l:ale 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_135 100 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_136 100 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_137 100 2.5Y;§yL|ght 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID 138 | 100 | 2°Y 7M1 oy g3 pateBrown | 20 Y /2 Pale 2.5Y 8/2 Pale Brown
- Grey Brown
HID 139 | 100 | 2°Y82Pale | oy g pate Brown | 2°Y (/2 Light 2.5Y 8/2 Pale Brown
- Brown Grey
HID_140 100 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2'5YG7i§ynght 2.5Y 8/3 Pale Brown
HID 116 200 ZISErEc;)/va:ale 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID 117 | 200 | 2°Y8BPaC | oy g pate Brown | 2O &2 Pale 2.5Y 8/2 Pale Brown
- Brown Brown
HID_118 | 200 2‘5;%/\/3\, npa'e 2.5Y 8/4 Pale Brown | 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID 119 200 ZISErEc;)/va:ale 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_120 200 2'5;2/\/2\/:&'8 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID 121 200 2.5Y 8/2 Pale 2.5Y 8/3 Pale Brown 2.5Y 8/2 Pale 2 5Y 8/2 Pale Brown
- Brown Brown




HID_122 200 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_123 200 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_ 124 200 2'5;%/\,2\,:&1'6 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_125 200 2.5;ri/\,2\l:ale 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID 126 | 200 | 2°Y®2Pale | ) oy a3 pateBrown | 2OV 8/2Pale 2.5Y 8/3 Pale Brown
- Brown Brown
HID_127 200 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_128 200 2.5\I;ri/v2vnpale 2.5Y 8/4 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_129 200 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_130 200 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_ 131 200 2'5;?)/\/2\/:&1'6 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID 132 | 200 2'5;2/\,2\/ :a'e 2.5Y 8/3 Pale Brown | 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_133 200 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5Y 8/1 White 2.5Y 8/3 Pale Brown
HID_134 200 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_135 200 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_136 200 2.5Y 8/1 White 2.5Y 8/2 Pale Brown 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID 137 | 200 | 2°Y8R2Pale ) oy g pate Brown | 2O B2Pale 2.5Y 8/2 Pale Brown
- Brown Brown
HID_138 200 2.5Y 8/1 White 2.5Y 8/3 Pale Brown 2.5;ri/\12v:ale 2.5Y 8/2 Pale Brown
HID 139 200 2.5Y 8/2 Pale 2.5Y 8/3 Pale Brown 2.5Y 8/2 Pale 2.5Y 8/2 Pale Brown
- Brown Brown
HID 140 | 200 2'5Eri/\,2v :a'e 2.5Y 8/3 Pale Brown | 2.5Y 8/1 White 2.5Y 8/2 Pale Brown
HID_116 300 2.5\éri/\;4\/:ale 10YR 8/1 White 5Y 8/1 White 10YR 5/6 Yellowish Brown
HID 117 | 300 | 2OY®2Pale R Lightarey | 2O 8BPA 1 0vR 814 Very Pale Brown
Brown Brown
HID 118 300 2.5Y 7/4 Pale 10YR 6/1 Grey 2.5Y 8/3 Pale 10YR 4/4 Dark Yellowish
- Brown Brown Brown
HID 119 300 2.5Y 7/2 Light 10YR 7/1 Light Grey 2.5Y 8/2 Pale 10YR 3/4 Dark Yellowish
- Grey Brown Brown
2.5Y 8/3 Pale 10YR 8/2 Very Pale 2.5Y 8/3 Pale 10YR 4/6 Dark Yellowish
HID 120 300
- Brown Brown Brown Brown
HID 121 | 300 | 2°Y®4Pale | 10YR82VeryPale | o o1 \white | 10YR 6/6 Brownish Yellow
- Brown Brown
HID 122 300 2.5Y 8/2 Pale 10YR 2/1 Black 2.5Y 8/3 Pale 10YR 4/6 Dark Yellowish
- Brown Brown Brown
HID_ 123 300 2.5\érfci)/\12\/:ale 10YR 7/2 Light Grey 2.5Y 8/1 White 10YR 7/6 Yellow
HID 124 300 2.5Y 8/2 Pale 10YR 8/2 Very Pale 2.5Y 8/4 Pale 10YR 3/3 Dark Brown
- Brown Brown Brown
HID 125 | 300 | 2°Y8/2Pale 10YR 8/1 White 25Y 8/aPale |\ p 576 vellowish Brown
- Brown Brown
HID 126 300 2.5Y 8/2 Pale 10YR 8/2 Very Pale 2.5Y 8/2 Pale 10YR 5/6 Yellowish Brown
- Brown Brown Brown
HID_127 300 2.5Y 8/1 White 10YR 8/1 White 2.5Y 8/2 Pale 10YR 6/6 Brownish Yellow




Brown

HID 128 | 300 | 2°Y8/2Pale 10YR 8/1 White 25Y83Pale | 2 814 Very Pale Brown
Brown Brown
HID 120 | 300 | 2°Y8/2Pale 10YR 8/1 White 2.5Y 8/2Pale |\ p 814 Very Pale Brown
Brown Brown
HID 130 | 300 | 2°Y®2Pale | 10YR8R2VeryPale |, oy o)1 \white | 10YR 8/4 Very Pale Brown
Brown Brown
HID_131 300 2.5Y 8/3 Pale 10YR 8/2Very Pale 2.5Y 8/2 Pale 10YR 8/4 Very Pale Brown
Brown Brown Brown
HID_132 300 2.5Y 8/2 Pale 10YR 8/2 Very Pale 2.5Y 8/3 Pale 10YR 8/4 Very Pale Brown
Brown Brown Brown
HID 133 | 300 | 2°Y82Pale | 10YR82VeryPale | o\ 20 veliow | 10YR 8/ Very Pale Brown
Brown Brown
HID_134 300 2.5Y 8/3 Pale 10YR 2/1 Black 2.5Y 8/2 Pale 10YR 3/6 Dark Yellowish
Brown Brown Brown
HID_135 300 2.5Y 8/2 Pale 10YR 7/2 Light Grey 2.5Y 8/4 Pale 10YR 2/2 Dark Yellowish
Brown Brown Brown
HID 136 | 300 | 25Y8/1White | 10YR7/2LightGrey | 2o o/2Pale | 10YR2/2 Dark Yellowish
Brown Brown
HID 137 | 300 | 2°Y8BPAe | ovRmLightarey | 2°Y 82PaE T 0vR 5/6 Yellowish Brown
Brown Brown
2.5Y 8/3 Pale 10YR 4/4 Dark 2.5Y 8/3 Pale 10YR 3/4 Dark Yellowish
HID 138 300 .
- Brown Yellowish Brown Brown Brown
HID 139 | 300 | 2°Y82Pale | ovrm Lightarey | 2°T 8BPAR | 0vR 814 Very Pale Brown
- Brown Brown
HID 140 300 2.5Y 8/2 Pale 10YR 8/2 Very Pale 2.5Y 8/4 Pale 10YR 7/6 Yellow
- Brown Brown Brown




Appendix C — Table of p-values

Table C.1: Statistical results and p-values.

Test Variable 1 Variable 2 p-value (Adj. Sig)
100 vs 200 p <0.001
Kruskal Wallis | Difference in mass Temperature 100 vs 300 p <0.001
200 vs 300 p <0.001
Chi-Square Tooth colour Temperature Pearson p <0.001, p<0.05
Chi-Square Tooth colour Profile success Pearson p <0.001, p<0.05
Unburnt — 100 p =1.000
Unburnt — 200 p =0.229
. Unburnt — 300 p =0.000
Kruskal Wallis | Large Target Temperature 100 — 200 0=0233
100 — 300 p =0.000
200 — 300 p = 0.000
Unburnt — 100 p = 1.000
Unburnt — 200 p =0.277
. Unburnt — 300 p =0.000
Kruskal Wallis | Small Target Temperature 100 — 200 0= 0.222
100 — 300 p = 0.000
200 — 300 p =0.000
Unburnt — 100 p =1.000
Unburnt — 200 p =1.000
. Unburnt — 300 p = 0.000
Kruskal Wallis | Y Target Temperature 100 - 200 0 =0.781
100 — 300 p =0.000
200 — 300 p =0.013
Kruskal Wallis | Degradation Index Temperature Unburnt — 100 p =1.000
Unburnt — 200 p =0.332
Unburnt — 300 p = 0.007
100 — 200 p =0.078
100 — 300 p =0.001
200 —300 p =0.691
Chi-Square Profile success Temperature Pearson p <0.001, p<0.05




Appendix D — Table of gPCR results and DNA profiling

Table D.1: gPCR results and profiling success.

Sample ID Temperature | IPC Long Target | Small Target | Y Target DI Profile
) Ct. (ng/ul) (ng/ul) (ng/ul) Success
HID_116 Unburnt | 28.176 6.3960 4.1192 5.5938 0.6440 Full
HID_ 117 Unburnt 28.411 0.4772 0.4742 0.8618 0.9937 Full
HID_118 Unburnt 27.669 0.5003 0.3584 0.4288 0.7164 Full
HID_119 Unburnt 29.317 5.1762 3.1738 N/A 0.6131 Full
HID_120 Unburnt 28.402 1.4075 0.7828 N/A 0.5561 Full
HID_121 Unburnt 28.913 1.7439 0.8993 N/A 0.5157 Full
HID_122 Unburnt 28.254 1.1842 0.7701 1.3336 0.6503 Full
HID_123 Unburnt 28.477 4.0619 2.4746 2.7696 0.6092 Full
HID_ 124 Unburnt 27.693 2.7692 1.9908 2.3658 0.7189 Full
HID_125 Unburnt 27.614 0.1286 0.1488 N/A 1.1566 Full
HID_126 Unburnt 21.777 1.3597 1.4984 N/A 1.1020 Full
HID_127 Unburnt 27.636 0.2430 0.2948 N/A 1.2132 Full
HID_128 Unburnt | 28.692 1.2619 1.0608 0.9683 0.8406 Full
HID_129 Unburnt 28.184 0.4381 0.3315 0.3645 0.7567 Full
HID_130 Unburnt 28.691 2.9917 24472 2.4617 0.8180 Partial
HID_131 Unburnt 27.930 0.2261 0.3408 N/A 1.5070 Full
HID_ 132 Unburnt 27.803 0.2175 0.2327 N/A 1.0699 Full
HID_ 133 Unburnt 28.785 3.9544 3.3152 N/A 0.8383 Full
HID_ 134 Unburnt 29.206 2.3551 1.6877 N/A 0.7166 Full
HID_135 Unburnt 27.619 0.4621 0.4838 N/A 0.8856 Full
HID_136 Unburnt 27.861 0.4443 0.4587 0.3667 1.0325 Full
HID_137 Unburnt 29.185 2.6477 2.3448 N/A 0.8856 Full
HID_138 Unburnt 29.282 2.6695 2.3629 N/A 0.8852 Full
HID_139 Unburnt 29.210 3.9654 3.2189 N/A 0.8118 Full
HID_140 Unburnt 27.822 0.2041 0.1652 0.2016 0.8091 Full
HID_ 116 100°C 27.129 0.9297 1.1023 1.3709 1.1857 Full
HID_117 100°C 37.088 0.5237 0.8013 Full
HID_118 100°C 27.474 0.9059 0.8432 1.0737 0.9307 Full
HID_119 100°C 27.741 1.2509 1.1484 N/A 0.9181 Full
HID_120 100°C 28.503 1.3703 1.1525 N/A 0.8411 Full
HID_ 121 100°C 29.797 5.3952 3.7796 N/A 0.7005 Full
HID_ 122 100°C 27.984 1.4230 0.9478 1.0927 0.6661 Full




HID_123 100°C 29.310 4.4239 2.9323 3.8229 0.6628 Full
HID_124 100°C 27.577 0.4906 0.7146 1.0991 1.4565 Full
HID_125 100°C 27.592 0.2437 0.2314 N/A 0.9498 Full
HID_126 100°C 29.067 4.3352 3.9841 N/A 0.9190 Full
HID_127 100°C 27.703 0.2061 0.1657 N/A 0.8039 Full
HID_128 100°C 27.614 0.2850 0.2692 0.3675 0.9446 Full
HID_129 100°C 27.968 0.3185 0.2165 0.3188 0.6798 Full
HID_130 100°C 27.760 0.3654 0.4807 0.6657 1.3155 Full
HID_131 100°C 28.639 0.7196 0.3919 N/A 0.5446 Full
HID_132 100°C 28.423 0.5480 0.2506 N/A 0.4573 Partial
HID_133 100°C 27.810 1.1870 0.4871 N/A 0.4104 Full
HID_134 100°C 28.477 1.5489 1.2344 N/A 0.7970 Full
HID_135 100°C 28.565 3.2555 1.9392 N/A 0.5957 Full
HID_136 100°C 27.779 0.8294 0.8444 1.3457 1.0181 Full
HID_137 100°C 28.970 3.4007 2.2752 N/A 0.6690 Full
HID_138 100°C 29.325 4.0881 2.6427 N/A 0.6464 Full
HID_139 100°C 29.630 10.2252 5.5246 N/A 0.5403 Full
HID_140 100°C 28.976 4.5436 2.9346 3.4425 0.6459 Full
HID_116 200°C 26.734 1.1110 1.1600 1.4406 1.0441 Full
HID_117 200°C 27.822 0.0973 0.1414 0.2429 1.4525 Full
HID_118 200°C 27.346 0.3941 0.4185 0.5005 1.0619 Full
HID_119 200°C 27.404 0.1515 0.2076 N/A 1.3700 Full
HID_120 200°C 27.650 0.1452 0.1354 N/A 0.9330 Full
HID_121 200°C 27.554 0.1926 0.1956 N/A 1.0156 Full
HID_122 200°C 27.330 0.5527 0.6944 0.6406 1.2564 Partial
HID_123 200°C 27.857 0.8011 0.9236 0.7763 1.1529 Full
HID_124 200°C 27.706 0.0648 0.0798 0.1194 1.2320 Full
HID_125 200°C 27.566 0.1894 0.2701 N/A 1.4256 Full
HID_126 200°C 27.915 0.2623 0.2899 N/A 1.1050 Full
HID_127 200°C 28.606 1.2085 1.1042 N/A 0.9137 Full
HID_128 200°C 27.780 0.1376 0.1259 0.1818 0.9148 Full
HID_129 200°C 27.499 0.1246 0.1296 0.1775 1.0398 Full
HID_130 200°C 27.640 0.5585 0.6251 0.7551 1.1191 Partial
HID_131 200°C 27.729 0.3152 0.4065 N/A 1.2899 Partial
HID_132 200°C 27.763 0.0674 0.0853 N/A 1.2642 Full
HID_133 200°C 27.917 0.7164 0.4962 N/A 0.6926 Full
HID_134 200°C 27.934 0.2652 0.2209 N/A 0.8330 Partial




HID_135 200°C 28.750 1.2253 0.6492 N/A 0.5298 Full
HID_136 200°C 28.146 1.2000 0.7946 0.8185 0.6622 Full
HID_137 200°C 28.219 2.4125 1.6024 N/A 0.6642 Full
HID_138 200°C 27.794 0.8926 0.7357 N/A 0.8242 Full
HID_139 200°C 28.508 2.6495 2.2646 N/A 0.8547 Full
HID_140 200°C 28.716 1.5627 1.0643 1.1400 0.6811 Full
HID_116 300°C 27.695 0.0003 0.0003 0.0000 0.8554 Fail
HID_117 300°C 27.851 0.0001 0.0000 0.0000 Fail
HID_118 300°C 27.744 0.0002 0.0000 Fail
HID_119 300°C 27.583 0.0003 N/A Fail
HID_120 300°C 27.697 0.0002 0.0005 N/A 3.1407 Fail
HID_121 300°C 27.602 0.0001 N/A Fail
HID_122 300°C 27.613 0.0007 0.0002 0.0000 0.2659 Fail
HID_123 300°C 27.462 0.0002 0.0000 0.0000 Fail
HID_124 300°C 27.534 0.0002 0.0000 Fail
HID_125 300°C 27.593 0.0001 0.0000 N/A Fail
HID_126 300°C 27.519 0.0000 N/A Fail
HID_127 300°C 27.633 0.0003 0.0070 N/A 20.8761 Fail
HID_128 300°C 27.472 0.0013 0.0121 0.0222 9.4313 Partial
HID_129 300°C 27.366 0.0003 0.0046 0.0089 | 14.1547 Fail
HID_130 300°C 27.569 0.0012 0.0199 0.0357 | 15.9688 Fail
HID_131 300°C 27.440 0.0003 0.0091 N/A 29.4216 Fail
HID_132 300°C 27.278 0.0045 0.0210 N/A 4.6855 Full
HID_133 300°C 27.374 0.0038 0.0343 N/A 9.1143 Full
HID_134 300°C 27.340 0.0011 N/A Fail
HID_135 300°C 27.376 0.0002 0.0001 N/A 0.7174 Fail
HID_136 300°C 27.315 0.0000 0.0000 Fail
HID_137 300°C 27.607 0.0001 0.0001 N/A 1.0175 Fail
HID_138 300°C 27.537 0.0011 0.0004 N/A 0.3407 Fail
HID_139 300°C 27.493 0.0003 0.0040 N/A 15.9523 Fail
HID_140 300°C 27.565 0.0003 0.0056 0.0116 | 18.9593 Fail

NTC Unburned | 27.169

NTC Unburned | 27.673

NTC 100°C 27.558

NTC 100°C 27.278

NTC 200°C 28.096

NTC 200°C 27.502




NTC

300°C

27.554






