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Abstract 

 
Deceased humans that are recovered from marine environments contribute to the burden of unidentified 

bodies, both globally and in South Africa. Compromised conditions of these bodies make identification 

difficult. In these instances, DNA analysis becomes an invaluable tool for identification. Nonetheless, 

there is a notable gap in existing literature regarding the use of DNA from teeth for identifying human 

remains recovered from marine environments. 

 

This study therefore aimed to evaluate forensic DNA profiling success on human teeth samples (n = 90) 

that were submerged in two different marine locations along Cape Town’s coastline. Thirty adult 

volunteers each donated three wisdom teeth, where each tooth per individual was subjected to a different 

condition for 20 days: one was submerged in False Bay, one was submerged in Table Bay and the 

remaining tooth was kept as an unsubmerged, matched control in the laboratory. DNA was extracted 

and quantified using quantitative polymerase chain reaction before undergoing DNA profiling. 

 

No significant difference was observed in the likelihood ratio between DNA recovered from samples 

submerged in Table Bay (median: 1.031 × 1013; range: 4.221 to 5.633 × 1031) compared to False Bay 

(median: 3.501 × 1015 range: 1.557 × 103 to 2.578 × 1035). As expected, matched control samples yielded 

significantly higher DNA concentrations than submerged samples and showed significantly higher 

Likelihood ratios (median: 3.094 × 1028; range: 11.11 to 1.614 × 1033) than submerged samples (p < 

0.001). Three DNA profiles from False Bay samples showed no allele detection and therefore were 

uninformative. Further, allele drop-ins were observed in three DNA profiles from False Bay samples 

but none in Table Bay samples. These were hypothesised to be due to the presence of marine microbial 

DNA and could potentially confound DNA interpretations. Overall, the results suggested that the 

protocol used was suitable for DNA profiling of teeth samples recovered from Table Bay and further 

research is required to obtain insight into aquatic conditions affecting samples submerged in False Bay. 
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Chapter 1: Introduction 

 
1.1 Background 

 
Determining the identity of deceased individuals is a crucial component of medico-legal investigations 

and is important for many social, legal, and cultural reasons (Krysztofiak,2016; Suwalowska et al., 

2023). Medico-legal death investigations in South Africa are regulated by the Inquest Act, No. 58 of 

1959 to determine the identity of the deceased, the cause of death and the circumstances surrounding 

death. 

Some of the most challenging bodies to identify in Cape Town forensic mortuaries are those that are 

recovered from the ocean or have been washed ashore by wave action (Finaughty et al., 2019). Washed 

up cases may be due to either natural or unnatural causes, but this depends on the circumstances 

surrounding death, which will be discussed in the literature review that follows. Along South African 

coastlines, particularly False Bay and Table Bay where washed-up cases are mostly recovered, 

identification is challenging due to bodies often being in advanced stages of decomposition (Reid, 

Martin & Heathfield, 2020). While visual recognition, fingerprinting, forensic odontology and forensic 

anthropology may be helpful in some cases to establish identity, forensic DNA profiling is sometimes 

the only method available due to the incomplete and decomposed state of the body (Reid, Martin & 

Heathfield, 2023). 

Hard tissues such as bone and teeth are often the sample type of choice in cases of severe decomposition 

due the slower rate they decompose, their availability and their ability to preserve DNA when exposed 

to harsh environmental conditions (Thomas & Weedn, 1997; Higgins & Austin, 2013). Although there 

have been vast improvements made in human identification methods that use hard tissues as a source 

of DNA, there is paucity of literature pertaining to successful identification of bodies washed up from 

the sea using teeth as a source of DNA. Additionally, most research to date has been done on cases 

from the Mediterranean Sea, which has a considerably warmer temperature (16.6°C–22.1°C) compared 

to Table Bay (15.2°C–18.95°C) and False Bay (14.4°C–19.2°C) (Sea temperature information, n.d.; 

World sea temperature, 2024a, 2024b). 

The studies conducted in the Mediterranean Sea included investigation into aquatic decomposition and 

the factors such as temperature on the rate of decomposition (Ellingham, Perich & Tidball-Binz,2017); 

the recovery, identification process and taphonomic findings on victims of the Kater Radez I shipwreck 

(Introna & Campobasso, 2013); and a taphonomic study which included the records of water 

temperature conditions at victim’s recovery site (Donno et al., 2014). Due to the influence of 

temperature on decomposition rates, there is a need for research to be conducted in South African oceans 

to understand DNA recovery from hard tissues in our context specifically. To situate this research in 
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context, factors pertaining to forensic taphonomy in the marine environment, including temperature and 

salinity, need to be understood and thus will be discussed later in this chapter. 

Additionally, this chapter will present a literature review that describes the importance of identification 

with evidence of cases in a migration phenomenon. This will be followed by the global crisis of 

unidentified bodies and how washed cases contribute to this burden. Further, the theoretical background 

of forensic DNA profiling will be provided, followed by the anatomy of the teeth, the impact of marine 

environmental factors on DNA preservation and an overview of the studies that used teeth in a South 

African marine environment. The chapter will end with the rationale, aim, and objectives of this study. 

 

 

 

1.2 Importance of human identification 

 
Identification can be defined as the allocation of a name to an individual, whether living or dead (Blau 

et al., 2021). In medico-legal death investigations, identification is an essential aspect both in legal and 

social contexts (Inquest Act, No. 58 of 1959; Krysztofiak, 2016). The necessity to identify the deceased 

does not only fulfil the obligations of the law or the achievement of justice, but it also acknowledges 

the rights of an individual to not lose his or her identity even after death (Hoover, 1971; Ellingham, 

Perich & Tidball-Binz,2017; Blau et al., 2021). Additionally, identification is important for 

humanitarian reasons because it acknowledges the rights of the family and informs them about the fate 

of their loved one (Blau et al., 2021). 

 

Identification of the deceased is also required to complete the death certificate. This document holds 

the key to the discharge of legal claims of property, estate, life insurance, deceased pensions, and other 

final matters by the spouse or surviving relative (Saukko & Knight, 2015). This is especially important 

in the context of migration, as described by Franceschetti et al., (2023), where DNA analysis was used 

to confirm familial linkage and paternal lineage in five different cases. However, in the sixth case, 

identification was not possible due to the low DNA yield from the human remains of the alleged father, 

thereby impacting the reunification of the family with their loved one (Franceschetti et al., 2024). This 

last case highlights the challenge in the identification process especially of highly degraded remains. 

As such there is a need for improvement of the DNA methods used in these cases to facilitate effective 

family reunification. 

 

 

 

1.3 The burden of unidentified bodies 

 
1.3.1 Unidentified bodies 
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The burden of identified bodies is both a global and national crisis, with South African mortuaries 

reporting on averages of 9.2% in Cape Town, 8.1% in Johannesburg, and 7% - 10% in Pretoria of 

unidentified cases per annum (Evert, 2011; Reid, Martin & Heathfield, 2020; Keyes, Mahon & Gilbert 

2022). In most cases, identification is made by visual recognition by the next-of kin or a family member, 

especially in cases of non-decomposed or non-skeletonised human remains (Reid, Martin, & Heathfield, 

2023). However, sometimes this may not be possible due to the condition of the body, which may be in 

advanced stages of decomposition, dismembered or burnt beyond recognition. 

Additionally, if visual recognition is not possible, then fingerprinting analysis is performed. However, 

this analysis may be limited by the lack of ante-mortem data for reference comparison or not available 

due to the burnt or decomposition of the body, dismembered, skeletonisation or incomplete bodies 

(Dahal et al.,2023). Furthermore, visual recognition and fingerprinting may not be possible in cases 

where the bodies are found in mass disasters such as explosions, tsunamis, and plane crashes (Thakar 

et al., 2019; Reid, Martin & Heathfield, 2020; Heathfield et al., 2021; Kumar, Aparna & Sharma, 2021). 

Alternative methods such as DNA analysis may then be utilised. However, although alternative methods 

are available, efforts to use them to identify unidentified human remains are under-utilised (Reid, Martin 

& Heathfield, 2020). 

Migration has been identified as one of the factors that leads to an increase in the burden of unidentified 

human remains. South Africa is a hotspot for migrations, and some migrants are undocumented (Keyes, 

Mahon & Gilbert 2022). As migrants arrive, they may be unemployed, and may be vulnerable to ending 

up homeless or going missing. In some instances, they may not be reported missing immediately and 

deceased bodies recovered after a longer period of time may be decomposed or skeletonised (Baliso, 

Finaughty, & Gibbon, 2019). Identification of undocumented migrants, irrespective of the stage of 

decomposition, places a strain on the mortuary services as the bodies are often unidentified and 

unclaimed (Keyes, Mahon & Gilbert 2022). 

1.3.2 Washed up bodies 

 
Decedents who wash up from the ocean are a burden both internationally and locally. These deaths have 

been attributed to a range of causes, including boating and ferry disasters, suicide, the disposal of 

murdered victims, work-related incidents, shark attack (although rare), recreational accidents and 

accidental drowning (Heaton et al., 2010; Leggio, Tarzia & Introna, 2021). Interestingly, the majority 

of these cases are statistically published internationally, while local publication in South Africa is scarce. 

Nonetheless, these cases contribute to the burden of unidentified bodies due to several reasons which 

include: 1) limited resources to identify unknown deceased bodies 2) difficulties in obtaining 

antemortem data from relatives due to problems in contacting and reaching them (Cattaneo et al., 2023), 
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3) difficulty in visual or fingerprint identification due to aquatic decomposition as described elsewhere 

(Stuart & Ueland, 2017; Martlin, Anderson & Bell, 2023). 

Evidently, in a review by Reid, Martins and Heathfield (2020), of the 2 476 cases of unidentified human 

remains at Salt River Mortuary in Cape Town, 14.1 % of the bodies were not physically identifiable by 

the next of kin. Among the 14.1% of bodies that were visually unrecognisable, 12.8% were recovered 

from aquatic environments such as lakes, oceans, and rivers (Reid, Martin & Heathfield, 2020). 

Aquatic decomposition is affected by various factors such as temperature, water flow, water depth, flora 

and fauna, and water chemistry (Stuart & Ueland, 2017; Zhang et al., 2022). Literature has shown that 

cooler temperatures reduced bacterial activity by salinity and inhibited insect activity, and overall 

slowed down the rate of aquatic decomposition (Simmons, Adlam & Moffatt, 2010; Ellingham, Perich 

& Tidball-Binz, 2017; Franceschetti et al., 2022). However, these factors varied depending on the type 

of aquatic environment. Hence, it is essential to understand the effect of the water and its components 

on DNA preservation. 

Bodies that wash up from sea differ from bodies recovered from land due to exposure to different 

environmental factors. Further, bodies that have been in the marine environment for longer period of 

time become susceptible to greater extends of decomposition and animal scavenging. This may result 

in the bodies recovered being incomplete and/or skeletonised (Introna & Campobasso, 2013). 

Consequently, longer post-mortem submersion interval (PMSI), along with other factors, may have an 

impact on the DNA quantity and quality recovered from human bodies. Studies showed that DNA 

quantity, DNA degradation and DNA purity decreased as the immersion time increased (Vemuri et al., 

2012; Graham & Adamowicz, 2015; Cartozzo et al., 2018, Iroanya & Onuoha, 2022). However, other 

studies have shown that identification using DNA profiling is still possible even after extensive PMSI 

(Finaughty et al., 2020). 

 

 

 

1.4 Forensic DNA Profiling 

 
Forensic DNA profiling is a process that targets specific regions of DNA, mainly short tandem repeats 

(STRs) that are spread throughout the twenty-two pairs of autosomal chromosomes (Goodwin, Linacre 

& Hadi, 2010). These regions have a high degree of variability among different individuals in terms of 

the number of times that a core repeat unit occurs at each locus, giving STRs a high discriminatory 

power. The basic process of how DNA profiling is shown in Figure 1.1. 
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Figure 1.1: Basic flow process of DNA profiling (Adapted from Butler, 2009; Goodwin, Linacre & Hadi, 2010) 

The generated DNA profile is compared to the DNA profile(s) generated from known individuals. In 

casework scenarios, a match may be found against a reference sample, thereby identifying the origin of 

the unknown DNA profile. However, for unidentified bodies, the reference samples are typically 

provided by family members and thus kinship analyses are computed. Population genetics principles 

are applied, based on the population’s established allele frequency database, to determine the probability 

that an individual selected at random from a population could be related to the unidentified deceased 

individual (Butler, 2009; Goodwin, Linacre & Hadi, 2010). 

 

It is important to note that although the DNA profiling has been highly successful using certain sample 

types such as blood, saliva and nails (Schlenker et al., 2016; Finaughty et al., 2020; Reid & Heathfield, 

2020), these sample types are often unobtainable in cases where bodies are in advanced stages of 

decomposition (Higgins & Austin, 2013). Unfortunately, there is a lack of data pertaining to DNA 

recovery from hard tissues such as teeth, especially sampled from human remains recovered from 

marine environments. 

 

 

1.5 Teeth as a source of DNA 

 
Teeth have been well-researched as a source of DNA from bodies found in terrestrial environments due 

to their resistance to environmental factors and long post-mortem intervals (Ohira et al., 2009; Pagan et 

al., 2012; Higgins & Austin, 2013; Johnston and Stephenson, 2016; Correa et al., 2020; Heathfield et 

al., 2021; Kumar and Sharma, 2021; Chávez-Briones et al., 2023). To understand how DNA is preserved 

in teeth and how they withstand harsh conditions, a basic understanding of the tooth structure and its 

components is required. Structurally, teeth are the hardest organs in the body and are made up of the 

enamel, which is the outer layer that is highly mineralised. The enamel protects the cells inside the tooth 

from the external environment such as high temperature, microbial action, and humidity (Higgins & 

Austin, 2013). The roots are encased within the alveolar bone, which provides a protective barrier that 

promotes further DNA preservation (Higgins & Austin, 2013). The tooth also consists of a pulp chamber 

(which comprises DNA-rich blood vessels and nerves), dentine, and cementum as illustrated in Figure 

1.2. 
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Figure 1.2: The basic composition of a tooth (Higgins & Austin, 2013). 

 

 

 

1.6 Impact of marine environmental factors on DNA preservation in teeth 

 
There is limited literature on the effect of marine environmental factors such as temperature, salinity, 

and microorganism activity on preservation of DNA from human remains in a marine context. The 

studies that have been carried out have primarily focused on the taphonomy and marine environmental 

factors that influence marine decomposition (Ellingham, Perich & Tidball-Binz,2017; Stuart & Ueland, 

2017). 

In an experimental study conducted by de Oliveira Musse et al. (2009) involving immersion of human 

teeth samples in freshwater and saltwater, DNA was recovered in about 37.5% of the samples, with 

more from freshwater than saltwater. The authors noted that the exposure of the tooth to water interfered 

directly with the preservation of DNA. However, the mechanism by which the water affected DNA 

remains unclear. In addition, greater DNA degradation was observed in DNA from teeth that were 

submerged in salt water (70%) as compared to freshwater (55%). The authors suggested this may have 

been due to the differing chemical composition of the aquatic environments (de Oliveira Musse et al., 

2009). Contrarily, in another study, low levels of DNA degradation were observed in samples that were 

submerged in saltwater tank (salinity range: 24 700 to 39 400 ppm) to mimic seawater than in samples 

submerged in freshwater tank (salinity range: 144 to 787 ppm) (Hughes-Stamm, 2012). These results 

indicated that salt may be a good preservative of DNA by stabilising the double helix structure of DNA 

by preventing depurination which causes damage to DNA (Marguet & Forterre, 1998). Overall, the 

results from these two studies are contradicting each other in terms of DNA degradation in saltwater, 

this may be due to the use of agarose gel analysis in Oliveira Musse et al. (2009) study, which is a 
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qualitative measure for DNA degradation as compared to a quantitative measure (qPCR) used in 

Hughes-Stamm (2012) study. 

DNA is destabilised in more acidic and alkaline environments and is less susceptible to damage in 

neutral environments (Latham & Miller, 2019). In marine context, where the pH of the ocean or 

seawater or freshwater is neutral (Marion et al., 2011; Collins et al., 2018), DNA degradation may not 

be due to pH but other factors. Evidently in the study by Hughes-Stamm (2012), pH in both saltwater 

tank (pH range: 6.7 to 7) and freshwater tank (pH range: 6.8 to 7.2) were relatively stable and could not 

have impacted DNA degradation as DNA would be stable within those ranges. 

Temperature has affected DNA stability through a variety of physical and biochemical mechanisms and 

this in turn makes DNA susceptible to fragmentation, especially for long autosomal targets (Khorwal et 

al., 2024). Studies that reported the effect of water temperature on DNA degradation have focused on 

environmental DNA (Tsuji et al., 2017; Saito & Doi, 2020). In those studies, the rate of DNA 

degradation was slower in colder temperature as enzymatic activity by microorganism and extracellular 

nucleases was slowed down. As such, colder temperature can be hypothesised to preserve DNA better 

than warmer temperature. To date, only one study by Finaughty et al., 2019 reported that more DNA 

was recovered from porcine teeth during the colder temperatures (in winter season) as compared to other 

seasons. 

Furthermore, DNA recovery was successful from human teeth immersed in saltwater tanks and 

freshwater tanks (Hughes-Stamm, 2012). However, when experimental studies involving the 

submersion of teeth in an authentic marine environment were carried out, substantially less DNA was 

recovered compared to the tank environments (Drake, 2014; Finaughty et al., 2019). The contradicting 

results between the natural marine environment and the artificial marine environment (i.e. tanks) has 

been hypothesised to be due the presence of oceanic microbes – a mechanism known to degrade DNA 

(Finaughty et al., 2019). Hence, the findings of studies utilising artificial marine environments cannot 

be directly applied to a natural marine environment. 

 

 

 

1.7 Studies with the use of teeth in South African marine environment 

 
To understand the unique challenges involving DNA identification of decedents of the marine context 

in Cape Town, a study was started at the University of Cape Town (UCT) in 2015. This project began 

with the assessment of DNA recovery from teeth obtained from pigs that were submerged in Table Bay 

and False Bay for a decomposition study (Finaughty et al., 2019). Overall, poor DNA recovery was 

observed from the pig teeth, which was insufficient for DNA profiling. DNA recovery was better when 

the seawater temperature fluctuated less, and when salinity was higher, supporting the protective effects 
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of colder temperature and salt. Non-specific amplification was also observed in some of the samples, 

which was found to belong to marine bacterial species. Thus, the authors hypothesised that microbial 

activity may have negatively influenced DNA preservation (Finaughty et al., 2019). This study 

prompted a series of optimisation studies to improve the DNA extraction workflow on teeth (Heathfield 

et al., 2021; Geldenhuys, 2023; Malan, 2023). 

These studies were all carried out on human teeth, and subsequently, the protocol was tested on a small 

number of teeth submerged in the ocean for 20 days. Teeth samples (6 teeth and matched controls) were 

submerged in Table Bay as well as False Bay oceans in Cape Town, reflecting the sites where most 

washed-up cases are recovered (Malan, 2023) Malan’s pilot study provided the opportunity to optimise 

the deployment of teeth in the ocean and provided insight into DNA recovery. However, due to the pilot 

nature of this experiment, the sample size used was small. There is therefore a need to assess the DNA 

workflow on a larger sample size and build on the results from the pilot study. 

 

 

1.8 Rationale 

 
As discussed in the literature review, the burden of unidentified bodies is both a global and local crisis 

(Reid, Martin & Heathfield, 2023; Suwalowska et al., 2023). Among these cases, decedents recovered 

from the ocean are prominent (Malan, 2023). There is therefore a need to improve the method for 

identifying these human remains. Teeth may be a valuable sample type for identification in these cases, 

as they have been reported as valuable sources of DNA due to their resilience against environmental 

factors. While the use of teeth for identification has been well studied in terrestrial environments, 

research in a marine context is limited. 

To date, there is a notable gap in the existing literature on the use of teeth for identifying human remains 

in an authentic marine context. Most studies involving hard tissue as a sample type for DNA analysis 

were in the form of case reports or have used bones (Steinlecher et al., 2006; Byard, Both & Simpson, 

2008; Kumar, Chauhan & Sharma, 2019; Finaughty et al., 2020). This is because teeth may not be 

present due to the skeletal remains being found incomplete or due to teeth being used for odontology. 

Due to known factors that affect DNA degradation in a marine environment, including temperature, 

salinity, and microorganisms, it is important to carry out prospective studies involving human samples 

in an authentic marine environment. Additionally, it is important that studies are done locally as the 

environmental conditions vary substantially between oceans. Thus, there is a need for a study using 

human teeth submerged in the South African ocean to understand these identified factors and their 

impact on DNA recovery for use in human identification. 



17  

As described above, our research group has an ongoing study investigating and optimising DNA 

recovery from human teeth that have been submerged in the ocean. Additional research is required to 

build on the internally optimised protocols from previous studies using a larger sample size. The 

findings of such research will contribute to the development of standard operating procedures for 

forensic mortuaries and laboratories (e.g. the Observatory Forensic Pathology Institute in Cape Town, 

South Africa) particularly for the identification of washed-up cases. 

 

 

1.9 Aim and objectives 

 
Aim 

The aim of this study was to evaluate the forensic DNA profiling success on human teeth samples that 

have been submerged in two different marine locations along Cape Town’s coastline. 

Objectives 

 

1. Extract DNA from teeth submerged in two different marine locations (False Bay and Table 

Bay), as well as from matched control teeth. 

2. To determine the quality and quantity of DNA using quantitative polymerase chain reaction. 

3. To evaluate and compare the forensic DNA profiling success of DNA recovered from the teeth 

from the different oceans and controls. 
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Chapter 2: Methodology 

 
2.1 Study design and approvals 

 
This was a prospective, quantitative and experimental study. The quantitative approach included 

measuring DNA quality (degradation index and PCR inhibition), DNA recovery (concentration) and 

DNA profiling success (likelihood ratios) from teeth that were subjected to the internally optimised 

DNA protocol. The experimental approach involved exposure of the teeth samples to three different 

environmental conditions: room temperature (in the laboratory), Table Bay and False Bay oceans. 

Ethical approval was obtained for this research project (HREC REF: 093/2024, Appendix A1) from the 

Faculty of Health Sciences Human Research Ethics Committee (HREC) at the University of Cape 

Town. Permits (RES 2023-67) for the deployment of the teeth and for the transportation of human 

specimens (TRA-4-50-0882-4) were obtained (Appendix A2 and Appendix A3). 

 

 

2.2 Recruitment and teeth samples 

 
During 2023, a total of 90 wisdom teeth were collected as part of the umbrella study (HREC: 222/2019) 

from 30 adult volunteers (3 teeth per individual) who underwent elective wisdom tooth removal surgery 

at Kingsbury Hospital in Cape Town, South Africa. The participants’ demographic information and 

sample metadata were not included/considered for statistical analysis (Appendix A, Table A1). Written 

informed consent was obtained from the participants (Appendix A4). There were no added risks to 

participants, as the teeth were obtained as a form of donation from patients who underwent surgical 

tooth removal for medical reasons. There was no compensation or direct benefits for participants. The 

teeth were stored at -20 °C in an access- controlled freezer at UCT until deployment into the ocean. 

Each sample was deidentified by allocating a unique participation number to maintain confidentiality. 

 

 

2.3 Tooth preparation and deployments 

 
One tooth from each participant was assigned for deployment in False Bay, another tooth for 

deployment in Table Bay, and the remaining tooth as a control (matched control). Prior to deployment, 

the tips of the roots of all teeth were coated with paraffin wax to simulate teeth embedded in the jawbone 

and to provide a protective effect that would minimise external contaminants from the ocean 

environment. For the teeth deployed in marine environments, each tooth was placed into a 50 mL 

centrifuge tube containing a total of 22 punch-like holes, each approximately 6 mm in diameter. The set 

of tubes were then placed into mesh bags (Figure 2.1). All the tubes had the same number of holes. 

During deployment into the ocean from 16 January 2024 to 5 February 2024 (20 days), the mesh bags 
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were secured to a metal grid on the ocean bed floor. The samples were out of sight from the public and 

boat traffic. The water temperature was measured daily using the Star-Oddi Starmon mini temperature 

logger. The average temperature for False Bay was 14.32 ± 2.92 °C, which was significantly warmer 

than the average temperature for Table Bay (11.68 ± 1.74 °C) (p<0.0001) (Appendix B, Table B2). After 

20 days of deployment, the teeth were retrieved by trained divers and stored at -20 °C until further 

analysis. 

 

Figure 2.1: Illustrates a mesh bag containing individual centrifuge tubes, each containing a single tooth. (Photo 

by Pieter Truter). 

 

2.4 DNA extraction 

 
After submergence, the tooth's surface was cleaned mechanically using a toothbrush as well as 

chemically using 3.5% bleach, molecular-grade water, followed by 70% ethanol (Finaughty et al., 

2019). The outer enamel layer was then removed using a rotary sanding tool (Dremel, Mount Prospect, 

USA). The teeth were individually placed into pre-cooled grinding jars with liquid nitrogen and ground 

into a fine powder using a TissueLyser II (Qiagen, Hilden, Germany) for 1 minute at an oscillation 

frequency of 30 Hz. Approximately 1 ml of Milli-Q water was used as a DNA extraction blank. 

 

The powdered teeth samples were transferred to microcentrifuge tubes using a spatula. Thereafter, 0.05 

g of tooth powder and 50 µl of the blank (milli-Q water) samples were subjected to demineralisation 

following an in-house standard operating procedure, which has previously been optimised. The 

demineralisation buffer was made up of 0.5 M ethylenediaminetetraacetic acid (EDTA, pH 8.0), buffer 
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ATL, proteinase K, 1 M dithiothreitol (DTT), and sodium dodecyl sulphate (SDS). A total volume of 

1.5 mL of demineralisation buffer was added to the sample and incubated for 20 hours in a Thermomixer 

C (Eppendorf, Hamburg, Germany) set at 56 °C with a 450 rpm shaking speed. The process was 

performed to remove the large amount of calcium, which is a PCR inhibitor (Higgins & Austin, 2013). 

The remaining tooth powder from each sample was stored at -20 °C. 

 

The QIAmp® DNA Investigator Kit (Qiagen, Hilden, Germany) was used to purify DNA from the 

lysate (i.e. demineralised tooth powder) following the manufacturer’s protocol (Qiagen, 2020). DNA 

was eluted with a final volume of 30 µL of Buffer ATE. The extracted DNA was stored in the 4°C fridge 

for the duration of the laboratory experiments. 

 

 

 

2.5 DNA quantification by qPCR 

 
qPCR was used to assess the quality and quantity of DNA prior to downstream DNA profiling. This 

entailed the use of the Quantifiler™ Trio DNA Quantification Kit (Thermo Fisher Scientific, Waltham, 

USA), following the manufacturer’s protocol (Thermo Fisher Scientific, 2018), with the exception that 

half-volume reactions were used, as internally optimised. qPCR amplification was performed on the 

Applied Biosystems 7500 Real-Time PCR System (Thermo Fisher Scientific, USA), and HID Real- 

Time PCR Analysis software (version 1.3) was used to determine DNA concentrations of the large 

autosomal target (214 bp), small autosomal target (80 bp) and Y-target (75 bp). DNA concentration was 

calculated by averaging the DNA concentration obtained from the small and large autosomal targets. 

The HID Real-Time PCR Analysis software uses the ratio of DNA concentrations of the small and large 

autosomal targets to determine the degradation index. The degradation index was categorised as 

previously described by Vernarecci et al., (2015) (Table 2.1). Additionally, the presence of PCR 

inhibition was also assessed, by evaluating if the cycle threshold (CT) of the internal PCR control (IPC) 

was greater than 30 (Seo et al., 2010). 

 
Table 2.1: Illustrates the degradation index categories (Vernarecci et al., 2015) 

 

Degradation index categories Cutt offs 

Non-degraded 0-1.5 

Mildly degraded 1.5–4 

Degraded 4–10 

Severely degraded >10 
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2.6 Forensic DNA profiling 

 
DNA profiling was performed using the GlobalFiler™ PCR Amplification Kit (Thermo Fischer 

Scientific, Waltham, USA) following the manufacturer’s protocol (Thermo Fisher Scientific, 2022) 

except with half-volume reactions as previously optimised. The average concentrations of the large 

autosomal target and small autosomal target obtained with qPCR were used to make dilutions of the 

extracted DNA to 0.5 ng/µL, where necessary. For samples where average concentrations were less than 

0.5 ng/µL , the volume of extracted DNA added was adjusted to achieve a total of 0.5 ng for the PCR 

reaction, where possible. Where concentrations were too low to achieve a final input amount of 0.5 ng, 

the maximum volume (7.5 µL) of extracted DNA was added to the reaction. PCR amplification was 

then performed using a T100 thermal cycler (BioRad, Hercules, California) according to the PCR 

cycling conditions in the manufacturer’s protocol (Thermo Fisher Scientific, 2022) 

 

Following PCR amplification, 0.5 µL of allelic ladder, and 0.5 µL of HiDi™ Formamide were added to 

wells on the 96 well plate that were designated for the allelic ladder. In the remaining wells, 10 µL of a 

master mix containing DNA size standard (600 Liz™) and HiDi™ Formamide was added. This was 

then followed by addition of 1 µL of each PCR product to make a final volume of 11 µL. 

 

The plate was sealed with a rubber septa and denatured on a Hybex incubator (SciGene, Sunnyvale, 

CA, USA) 95 °C for 3 minutes. After denaturation, the plate was immediately snap-frozen using an iso- 

freeze block for 3 minutes. This was followed by capillary electrophoresis using the Applied Biosystems 

3500xL Genetic Analyzer (Thermo Fisher Scientific, Massachusetts). A POP-4TM polymer was used, 

with run conditions of 13kV/1550 sec and injection settings of 1.2kV/15 sec. The data were then 

analysed using GeneMapper ID-X Software v1.6 (Applied Biosystems, Foster City, USA) with 

analytical threshold of 50 relative fluorescence unit (RFU) and a stochastic threshold of 100 RFU. 

Default stutter ratios were used. 

 

 

2.6.1 Assessment of DNA profiles 

 
All the DNA profiles were manually evaluated to identify presence of artefacts or anomalies. As such 

artefacts such as stutter peaks (small peaks that are one repeat unit smaller than the true allele), allele 

drop out (loss of a single allele of heterozygous pair), locus drop out (loss of both alleles at a locus) and 

allele drop in (appearance of an extraneous allele within a marker) were observed. Further anomalies 

such as pull-up or bleed-through which occur as a result of spectral overlap, were also noted. Off ladder 

(OL) peaks are peaks that falls outside of the virtual bin set, and after exclusion of artefacts, allele names 

were manually calculated using the data points of the OL peak 
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and the adjacent bins. To determine concordance, three DNA profiles from sample of the same 

individual that were exposed to different environments were compared to each other. 

 

2.6.2 Likelihood ratio calculation 

 
The DNA profiling success was determined by calculation of the likelihood ratios of each DNA profile. 

To this end, genotype frequencies were determined using the Hardy-Weinberg equation (Equation 1) 

and using the South African population allele frequency data published by Ristow et al., (2016). 

Thereafter the likelihood ratio was determined using Equation 2. The error rate was calculated using 

Equation 3. 

 

Equation 1: Hardy-Weinberg equation 

p2 + 2pq +q2 = 1 

Equation 2: Likelihood ratio equation 

Likelihood ratio = 
1 

Ge𝚗otype 𝐹req𝖚e𝚗𝔀y 

Equation 3: Error rate equation 

Error rate = 
1 

Likelihood ratio 
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2.7 Quality measures 

 
For quality control measures, a fresh wisdom tooth that was stored in the freezer (-20 °C) and not 

exposed to any of the abovementioned environmental conditions was used as positive tooth control to 

ensure that the protocol was working efficiently. In all the DNA extraction batches, blank samples were 

included to check for the presence or absence of exogenous materials (contaminant) during DNA 

extraction. These positive and negative controls were included throughout the workflow and were 

assessed using qPCR and DNA profiling as described above. Additionally, no template controls and 

positive controls were included in qPCR and DNA profiling batches, which all performed as expected. 

The detailed quality metrics for the qPCR experiments are presented in the results chapter. 

 

Since qPCR and DNA profiling were done after all the DNA extractions were completed, the Qubit 

dsDNA High Sensitivity (HS) assay kit (Thermo Fisher Scientific, USA) was used to assess DNA 

extraction blanks using after each batch to verify no contamination prior to DNA extraction of the next 

batch (Appendix B, Table B3). This was done for the first 15 DNA extraction batches, whereas for the 

last two batches, DNA extraction blanks underwent assessment using qPCR and DNA profiling only. 

 

Calibration of the QubitTM 4 fluorometer (Thermo Fisher Scientific, USA) was performed using the 

standards provided with the kit. Master mix was prepared according to the manufacturer’s protocol and 

added to samples or standards according to Table 2.2 (Thermo Fisher Scientific, 2022). The 

concentration of each DNA extraction blank was measured in duplicate. 

 
Table 2.2: Illustrates the preparation of standard assays and blank samples preparation. 

 

 Standards assay tubes Extraction blank samples tubes 

Volume of the master mix 190 µL 198 µL 

Volume of blank samples - 2 µL 

Volume of standards 10 µL - 

To note, "- "represents that no sample was added 

 

No DNA was detected in any of the DNA extraction blanks using QubitTM fluorometry. Three of the 

DNA extraction blank samples showed very low concentrations using qPCR, but the concentrations 

were below the validated limit of detection of the assay (less than 0.005 ng/µL) and the resultant DNA 

profiles of these DNA extraction blanks showed no allele amplification. Therefore, DNA samples 

extracted within these batches were deemed suitable for this study. However, possible DNA 

contamination was observed in one DNA extraction blank, and thus the samples (n=6) that were 

extracted in this batch were excluded from all analyses. These samples represented the three teeth from 

two donors, thus making the sample size for this study 28 donors (with 28 x 3 = 84 teeth samples). 
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Additionally, the DNA profile data for a further two donors were excluded from the DNA profile 

analyses specifically, due to discordance and lack of confidence in allele calling, thus making any 

resultant likelihood ratio unreliable. Thus, the statistics described below and the results that follow in 

the next chapter are based on these reduced sample sizes, where quality can be assured. 

 

 

 

2.8 Statistical analysis 

 
Statistical analysis and data visualisation were performed using IBM SPSS Statistics version 30.0.0.0 

(172), Microsoft® Excel® and GraphPad Prism version 10.3.1.509. In all the tests performed, p < 0.05 

with confidence interval of 95% was set as the level of statistical significance. Shapiro Wilk test was 

performed to determine the distributions of the ocean temperatures, DNA concentration, DNA 

degradation and likelihood ratios. The data were not normally distributed and consequently, non- 

parametric tests were used. 

 

Mann Whitney test was used to determine the significant difference between temperatures of False Bay 

and Table Bay environments. Kruskal Wallis test was performed to compare the significant difference 

between the three environments in terms of DNA concentration, DNA degradation and likelihood ratios. 

This was followed by Bonferreroni correction application for multiple comparison. Descriptive 

statistics was also used, and the data were represented as mean ± standard deviation or range with 

median (unless stated otherwise). 
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Chapter 3: Results 

 
This chapter presents the findings of the study, which aimed to evaluate the success of DNA profiling 

from samples submerged in Table Bay and False Bay versus matched controls kept at room temperature 

for the same duration. Internally optimised protocols were used to assess the quality, quantity, and 

profiling success of the extracted DNA. This was done to evaluate the laboratory’s current protocol in 

terms of its ability to generate DNA profiles, and to inform any further adjustment that may need to be 

made to the overall DNA workflow. The results are structured according to each objective of the study. 

For noting upfront, detailed DNA data for each sample (in the form of tables and figures) are available 

in Appendix B (Tables B1 to B8, Figure B1 and B2). 

 

3.1 DNA quantity and quality assessment for qPCR 

 
3.1.1 Quality assurance for qPCR 

 
For all qPCR batches, quality parameters were met, including the slope metrics of the standard curves 

(Appendix B, Figure B1 and Table B4), negative controls (NTC) showing no DNA contamination and 

the IPC successfully amplifying for all reactions. This indicated that the method yielded reliable results. 

The positive tooth control had a DNA concentration of 5.255 ng/µl and it was not degraded, which was 

in line with what is usually seen in our laboratory. The results pertaining to the positive controls sample 

are shown in Figure 3.1 and Figure 3.2 for context. 

 

3.1.2 DNA quantity 

 
The mean DNA concentration was 0.00530 ± 0.01086 ng/µL for samples submerged in Table Bay, 

which was lower compared to those submerged from False Bay (0.01099 ± 0.02902 ng/µL), although 

this was not significantly different (p > 0.05) (Figure 3.1). Significantly higher DNA concentrations 

were observed in DNA samples obtained from the unsubmerged matched control (0.3704 ± 1.257 

ng/µL), as compared to those from Table Bay (p < 0.001) and False Bay (p <0.001) (Figure 3.1). 

 

No DNA was detected in a total of three samples, one from each environment (unsubmerged match 

control, submerged from Table Bay and False Bay), while their corresponding samples that were placed 

in the other environments showed DNA concentrations that were less than 0.5 ng/µL (n=2) and less than 

0.005 ng/µL (n= 4). Each of the samples with no DNA detected were from different participants.
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Figure 3.1: A Box and whisker plot of the DNA concentrations (average of the small autosomal and large 

autosomal targets) of the different environments. Three samples that showed no DNA amplification on qPCR 

were not depicted in the graph. The significant difference is represented by (***) with p < 0.001; and ns 

representing not significant (p > 0.05). 

 

 

3.1.3 DNA quality (DNA degradation and PCR inhibition) 

 
The DNA degradation of teeth samples is portrayed categorically in Figure 3.2 where most samples 

from all environments were considered ‘non degraded’, with the minority of samples falling in the 
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‘severely degraded’ category. Two DNA samples from Table Bay were so severely degraded that the 

large autosomal target did not amplify. Whilst a DNA degradation index could not be determined for 

these samples, they were represented in the ‘severely degraded’ category. In a further seven DNA 

samples (False Bay: n=2, Table Bay: n=4, and unsubmerged matched control: n=1), DNA 

concentrations of all targets were low – whilst a numerical degradation index could not be calculated, 

these samples were represented in the non-degraded category (Figure 3.2A). 

 

Severely degraded DNA was not consistently observed within the same set of teeth from an individual 

across environments. For example, in instances where DNA from teeth submerged in Table Bay were 

severely degraded, the corresponding samples in the other environments yielded DNA that was mildly 

degraded and non-degraded (Appendix B, Table B1, row: 31, 65 and 99). 

 

Based on the numerical data, the mean DNA degradation indexes were 0.8960 ± 0.8699 for samples 

submerged in Table Bay, 2.145 ± 4.313 for those submerged in False Bay and 3.115 ± 4.271 for 

unsubmerged matched controls (Appendix B, Table B1). A significance difference in the DNA 

degradation index between samples submerged from Table Bay and the unsubmerged matched control 

was observed (p < 0.01). No significance difference was observed in the DNA degradation index 

between the unsubmerged matched control and samples submerged in False Bay, as well as between 

samples submerged in Table Bay and False Bay (p > 0.05) (Figure 3.2B). 

In terms of PCR inhibition, all samples had IPC CT values below 30, indicating that no PCR inhibitors 

were detected by the assay that could have affected the amplification efficiency (Appendix B, Table B1 

and Figure B2). 
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Figure 3.2: Illustrates the quality of extracted DNA from samples exposed to three different types of environments. 

A- represents a graph depicting the degradation index categories for samples of different environments as 

according to Vernarecci et al., (2015). The nine samples were depicted in this graph, with seven samples 

represented in the non- degraded category and the remaining two samples were represented in the severely 

degraded category. B-the degradation index for each environment. Nine samples without degradation index were 

not depicted on the graph as some were severely degraded and others showed no amplification of the small 

autosomal target or both autosomal targets. P value < 0.05 was regarded as significant difference and p- values 

represented by asterisk (**) has a p<0.01, and (ns) indicates not significant. The dotted lines indicate the 

degradation index categories according to Vernarecci et al., (2015). 
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3.2 DNA profiling 

 
3.2.1 Quality assurance for DNA profiles 

 
In all the DNA profiling experiments, DNA extraction blanks and negative controls showed no 

contamination as no alleles were detected in the resultant electropherograms. Full DNA profiles for the 

GlobalFiler positive control DNA 007 were observed, which were concordant with the genotypes 

provided in the manufacturer’s manual (Thermo Fisher Scientific, 2019). Additionally, as expected, all 

alleles in the positive tooth control were detected, which generated a likelihood ratio of 4.207 ×1027 

with maximum possible error rate of 2.377 ×10-28. The results of this sample are given in Appendix B, 

Table B1 and are portrayed in Figure 3.6 later in this chapter, for context. 

 

 

 

3.2.2 Assessment of DNA profiles 

 
After accounting for pull-up, there were three OL peaks: two were novel and one was allele drop in 

(Appendix B, Table B5). Stutters peaks were observed frequently but did not interfere with 

interpretation of the electropherograms. The presence of artefacts in electropherograms were 

inconsistent within an individual, wherein different artefacts were observed in the DNA profiles 

obtained from the unsubmerged matched control, sample submerged in False Bay and sample 

submerged in Table Bay for the same individual. The difference in artefact was largely due to allele and 

locus dropout observed in DNA profiles from samples submerged in False Bay and Table Bay, 

compared to the unsubmerged matched control (Table 3.1) (Figure 3.3) (Appendix B, Table B6). 

 
Table 3.1: Illustrates the number of samples with allele drop out, per each of the three different environments. 

 

Number of allele drop 

out instances 

observed across the 

24 loci 

Number of samples with allele drop out (per environment) 

Matched control False Bay Table Bay 

1 5 1 4 

2 2 1 3 

3 4 0 1 

4 1 5 4 

5 2 4 4 

6 2 3 2 

7 0 2 4 

8 1 0 2 

9 0 0 0 

10 0 2 1 

11 0 2 0 
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Figure 3.3: Purple channel electropherogram of DNA profiles from (A) unsubmerged matched control, (B) a 

sample submerged in False bay and (C) a sample submerged in Table bay, showing allele drop out of the 

following alleles: (a) allele 14 for marker D10S1248; (b) allele 15.3 and (e) allele 12 for marker D1S656; (c) 

allele 18 and (d) allele 25 for marker D2S1338 in channels B and C. Locus drop out at markers D10S1248 

represented by letter (g) and D12S391 represented by letter (f) were also observed in channel B and C, while 

panel A shows correctly called alleles for D10S1248 and D1S1656. 

 

 

 

Allele drop-in was observed in several DNA profiles from False Bay, none from Table Bay and none 

from matched control samples. Two examples are depicted in Figure 3.4: In the first sample, the marker 

TPOX is shown: alleles 8 and 12 are observed for the control and Table Bay samples, whereas the DNA 

profile from False Bay showed drop-in of allele 11 alongside allele 8 and 12. In the second example, 

D19S433 is shown, where the genotype should be 12, 13. However, the sample from False Bay shows 

allele drop in of 14.2, giving a genotype of 8, 14.2. The other instances of allele drop-in are detailed in 

Appendix B, Table B7. 
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Matched control False Bay Table Bay 

 

 

 

 

 

 

Sample 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 2 

 

 

 

 

 

 

 

Figure 3.4: Allele drop-in of allele 11 and allele 14.2 observed in the TPOX and D19S433 markers for the DNA 

extracted from the teeth submerged in False Bay. 

 

 

 

The ski-slope effect was observed in nine matched control samples and given the qPCR data, was an 

indication of DNA degradation in the samples (Figure 3.5 A). Interestingly, a reverse ski-slope with the 

large loci being preferentially amplified over smaller loci was observed in two matched control samples, 

four Table Bay samples and one False Bay sample (Figure 3.5 B). 
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Figure 3.5: Channel A represent an electropherogram obtained from the DNA profile of a matched control 

sample showing the ski-slope effect, preferential amplification of the small loci and lower amplification of 

larger loci. Channel B shows a reverse ski-slope effect. 

 

 

 

3.2.3 Failed DNA profiles 

 
Three DNA profiles from samples submerged in False Bay showed no amplification and their 

corresponding DNA profiles from unsubmerged matched controls and one sample submerged in Table 

Bay showed better amplification, while two remaining samples submerged in Table Bay showed very 

few loci amplification (see Table 3.2). 

Table 3.2: Three failed DNA profiles from samples submerged in False Bay and their corresponding samples 

indicating observation of amplified loci. 
 

Sample ID Matched control False Bay Table Bay 

 Total 
number 
of 
amplifi
ed loci 

Concentration 
(ng/µL) 

Total 
number 
of 
amplified 
loci 

Concentration 
(ng/µL) 

Total 
number of 
amplified 
loci 

Concentration 
(ng/µL) 

HID_181 22/24 6.016551 0/24 0.001279 22/24 0.005943 

HID_190_ 24/24 0.068828 0/24 0.006958 7/24 0.000672 

HID_195_ 22/24 0.067823 0/24 0.000426 7/24 0.001260 
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3.2.4 Likelihood ratio inferred from DNA profiles 

 
The likelihood ratios from DNA profiles generated from teeth subjected to each environment are 

tabulated in Table 3.3 and graphically portrayed in Figure 3.6. The likelihood ratios were higher from 

DNA profiles generated from unsubmerged matched control samples as compared to those generated 

from teeth submerged in False Bay and Table Bay. False Bay showed slightly higher likelihood ratios 

than Table Bay and no significant difference was observed in the likelihood ratio between the three 

environments (p > 0.05). 

 

 
Table 3.3: Descriptive statistics for likelihood ratios as well as their associated error rates calculated using DNA 

profiles generated from teeth samples submerged in three different environments. Likelihood ratios could not be 

calculated for three DNA profiles from teeth submerged in False Bay due to no alleles being amplified. 

 

 Unsubmerged matched control 

samples (n=24) 

False Bay (n=21) Table Bay (n=24) 

 Likelihood 

ratio 

Likelihood ratio 

error rates 

Likelihood ratio Likelihood ratio 

error rates 

Likelihood 

ratio 

Likelihood 

ratio error rates 

Median  3.094 ×1028 6.116 ×10-29 3.501 ×1015 2.855 ×10-16 1.031 ×1013 1.312 ×10-11 

Standard 

deviation 

 3.282 ×1032  
 

Not applicable 5.626 ×1034 Not applicable 1.146 ×1031 Not applicable 

Range 11.11 - 1.614 

×1033 

6.198 × 10-34 -

8.999 × 10-02 

1.557 ×103 - 

2.578 ×1035 

3.878 ×10-36 - 

6.424 × 10-04 

4.221 -  

5.633 ×1031 

1.775 ×10-32 -

2.369 × 10-01 



34  

 
 

 

Figure 3.6: Illustrates the likelihood ratio of samples from different environments. The y-axis is represented as a 

log scale. P value < 0.05 was regarded as significant difference and (ns) indicates not significant. Two set of 

samples that had discordance were not included in the likelihood ratio calculation. The red dotted line 

represents the positive tooth control. 
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Chapter 4: Discussion and Conclusion 

 
The aim of this study was to evaluate the forensic DNA profiling success on human teeth samples that 

have been submerged in two different marine locations in South Africa. This aim was achieved by 

following three objectives. This chapter will be structured in terms of each objective, where the results 

pertaining to each objective will be discussed in the context of the body of literature. Technical aspects 

relating to each objective will also be discussed. 

 

 

 

4.1 Objective 1: Extract DNA from teeth submerged in two different marine 

locations (False Bay and Table Bay), as well as from teeth kept as controls 

This objective was successfully achieved, whereby the teeth samples that were submerged and kept as 

controls underwent DNA extraction using the previously optimised DNA extraction method. The 

QIAmp® DNA Investigator Kit was used, which utilised a silica-based membrane for solid-phase 

extraction. This method has shown to yield varying DNA concentrations from hard tissues (Lee et al., 

2010; Kaneko et al., 2015). 

 

In the DNA extraction workflow, a rotary tool was used to sand the tooth surface to remove the highly 

mineralised enamel, which contains calcium, a known PCR inhibitor. However, this process may 

generate heat, which may contribute to DNA degradation within the sample. This was mitigated as far 

as possible by using pre-cooled grinding jars and the addition of liquid nitrogen. However, the presence 

of severely degraded DNA in six samples (Figure 3.2) suggests that mechanical sanding could have 

accelerated the pre-existing degradation. While environmental conditions are a primary factor in DNA 

degradation as discussed later (section 4.4), the potential impact of heat generated during sample 

preparation should not be overlooked and caution during sample preparation should be taken. 

 

Decontamination and demineralisation processes were necessary in the DNA extraction workflow to 

avoid exogenous contaminants and the high calcium content from teeth, which may be present in the 

samples and affect DNA amplification in PCR (Higgins & Austin, 2013; Cafiero et al., 2019). All the 

experimental samples and controls showed no PCR inhibition (see Appendix B, Table B; Figure B2), 

indicating the successful removal of inhibitors and external contaminants. This aligns with existing 

literature, where the incorporation of demineralisation process has shown to successfully remove 

inhibitors, thus leading to improved amplification and DNA yield (Loreille et al., 2007; Higgins et al., 

2015; Hasap et al., 2020; Finaughty et al., 2023). 
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Notably, literature has reported constant modification of this process in terms of the buffer composition, 

incubation time and temperature and the volume of EDTA (Loreille et al., 2007; Mckinnon and Higgins., 

2021; Nasrollahzadehsabet et al.,2021). This highlights how well established the process is and its 

necessity for removing as much contamination and inhibitors as possible, especially for hard tissues. 

Consequently, this will aid in the downstream analysis. Furthermore, demineralisation has also been 

associated with improved STR profile success according to the meta-analysis by Finaughty et al., 

(2023), emphasising its importance in forensic workflows. 

 

4.2 Objective 2: To determine the quality and quantity of DNA using 

quantitative polymerase chain reaction 

Determining the DNA concentration is an important step prior to DNA profiling of hard tissues, because 

different regions of a tooth or bone sample can yield varying concentrations of DNA (Finaughty et al., 

2023). It is also important to know how much DNA is available for use, and in case repetition of analysis 

is required. Since DNA profiling is highly sensitive, precise quantification is necessary to prevent issues 

arising from excessive or insufficient DNA input. The mean DNA concentrations from teeth submerged 

in Table Bay and False Bay were 0.00530 ng/µL and 0.01099 ng/µL respectively. Most samples from 

both sites had concentrations above 0.001 ng/µL (Appendix B, Table B1). This represents an 

improvement over the findings from the initial pilot project by Longden-Thurgood (2018), where 

porcine teeth were submerged at two different locations in False Bay, across various deployment days. 

 

As expected, the mean DNA concentrations of samples in this study (Figure 3.1) were lower than those 

reported in studies where controlled tank environments were used (Hughes-Stamm, 2012). They were 

also lower than the concentrations reported in studies where Nanodrop spectrophotometry was used to 

quantify DNA (Vemuri et al., 2012, Iroanya & Onuoha, 2022) – this may be because Nanodrop 

spectrophotometry quantifies all nucleic acid as opposed to human-specific DNA only. Additionally, 

the differences in the method of DNA extraction could also explain the amount of DNA recovered. A 

summary table of DNA concentrations found in other studies is provided in Appendix C, Table C1. 

 

The mean DNA concentration of the submerged teeth were also lower than that of the unsubmerged 

matched controls (0.370 ng/µL). This suggests the effect of seawater had a negative influence on the 

DNA concentrations recovered from teeth. Additionally, three samples from each environment showed 

no detectable DNA (despite having IPC CT values below 30). This may be due to a myriad of factors, 

such as the concentration of DNA in the sample being lower than the limit of detection of the 

quantification method used, inter-individual variation of DNA from donors or the non-homogenous 

nature of ground tooth powder (Heathfield et al., 2021, Finaughty et al., 2023). 
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Furthermore, assessing DNA integrity was crucial prior to DNA profiling, as the quality of the extracted 

DNA may influence the most subsequent DNA profiling approach, based on the degree of degradation 

or presence or absence of PCR inhibition (Houston et al.,2024). In this study, variation in the levels of 

DNA degradation was observed across all the three environments (Figure 3.2), with the majority of 

samples classified as non-degraded (degradation index < 1.5) and the minority of samples as severely 

degraded (degradation index > 10), as categorised by Vernarecci et al., (2015). Mildly degraded DNA 

samples of teeth samples exposed to the three environments were also observed which aligned with 

degradation levels reported by Hughes-Stamm (2012), where samples submerged in saltwater had 

degradation ratios ranging from 1.5 to 2, while those submerged in freshwater ranged from 2 and 3.5. 

 

Previous studies have reported that damaged or exposed teeth roots accelerated the level of degradation 

(Leskovar & Pajnic, 2023). In this study, this variable was mitigated by adding paraffin wax to the 

exposed roots to simulate the natural protection that would have ordinarily have been provided by the 

gum and jaw of the individual. The variation in DNA degradation observed among some samples 

submerged in Table Bay were notable. For example, certain teeth exhibited severe degradation while 

their counterparts submerged in False Bay or unsubmerged matched controls remained mildly degraded 

or non-degraded. This suggests that particular environmental factors may have played a role in DNA 

degradation, compared to donor-specific biological factors. These environmental factors will be 

discussed in more detail in section 4.4. 

 

 

 

4.3 Objective 3: To evaluate and compare the forensic DNA profiling success 

of DNA recovered from the teeth exposed to different oceans and controls 

The DNA profiles obtained in this study exhibited various artefacts and anomalies including allele drop 

out, locus drop out, stutter peaks and allele drop-in (Section 3.2.2). As expected, DNA profiles from 

samples with low concentrations showed stochastic variation in peak height, with allele drop out and 

locus drop out being prominent artefacts. Similarly, DNA profiles generated from degraded DNA 

samples showed features such as ski-slope effects, also including allele drop out and locus drop out. 

Allele drop out was observed in more DNA profiles from samples submerged in False Bay and Table 

Bay as compared to unsubmerged matched control (Table 3.1). This observation suggests poorer quality 

DNA profiles from the teeth that were submerged in the ocean compared to unsubmerged matched 

controls, which is consistent with previous findings (Corrêa et al., 2017; Lozano-Peral et al., 2021). 

 

DNA degradation and low template DNA have been reported as one of the factors which contributes to 

failure in DNA profiles (Hughes-Stamm, 2012). In this study, three failed (i.e. completely blank) 
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profiles were observed in samples submerged from False Bay (Table 3.3). These samples had various 

degradation indices but all had low concentrations of DNA (Appendix B, Table B1). However, other 

samples with low concentrations yielded DNA profiles with informative likelihood ratios. This 

inconsistency is in agreement with previous reports that DNA concentrations and degradation indices 

generated from qPCR are not accurate indicators of DNA profiling success (Finaughty et al., 2023). 

 

An unexpected finding was allele drop in, which was observed in samples that were submerged in False 

Bay. Allele drop in was noted upon comparison of DNA profiles from False Bay to those from the same 

donor that were subjected to the other two environments. Some studies have attributed allele drop in 

being due to minute dust particles introduced during sample preparation for profiling which result in 

spurious amplification (Gill et al., 2000; Buckleton & Gill, 2004). However, we hypothesise that allele 

drop in observed in this study was due to non-specific amplification from aquatic microbes. The 

hypothesis is drawn from two studies: Chierto et al., (2024) also found non-specific PCR product in the 

DNA profiles of bone and teeth samples from buried bodies. They subjected the DNA samples to next 

generation sequencing and analysis of taxa, which indicated that the samples contained DNA from 

humans as well as microorganisms. They attributed the allele drop in to the non-specific binding of STR 

primers to the DNA of the microorganisms that were present in the samples. The second study was the 

original pilot study in our research group on submerged porcine teeth, where non-specific amplification 

was also observed, and Sanger sequencing showed alignment to an aquatic microbial species (Finaughty 

et al., 2019). Thus, further research could use next generation sequencing to investigate this hypothesis 

and understand the underlying cause of the allele drop in. 

 

The likelihood ratio is one of the approaches used in forensic science for evaluation of DNA evidence 

given two competing hypotheses (Butler, 2009; Goodwin, Linacre & Hadi, 2010). The likelihood ratio 

was chosen to portray DNA profiling success in this study as it facilitates comparison of DNA profiling 

results between studies that have used kits with a different number of loci (Mameli, Piras & Delogu, 

2014; Finaughty et al., 2018; Olivieri et al., 2018). For example, a ‘partial’ DNA profile comprising 10 

out of 15 genotyped STRs may be more statistically informative than a ‘full’ profile of 9 out of 9 

genotyped STRs. Additionally, the definitions of full, partial, or failed DNA profiles varies between 

studies. A likelihood ratio is also easily compared with random match probabilities (RMP), which are 

often reported in case studies. 

 

A wide range of likelihood ratios within each environment was observed (Table 3.3), with likelihood 

ratio values of samples submerged in False Bay and Table Bay being lower than those of unsubmerged 

matched controls. Slightly higher likelihood ratio values were obtained from samples submerged in 

False Bay than those in Table Bay, however, this was not statistically significant. The likelihood ratios 

obtained in this study were comparable to those reported in two case reports involving DNA analysis 
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of bone samples recovered from the ocean: In the first case, bone samples were recovered from a beach 

in Table Bay, Cape Town, which yielded a likelihood ratio of 3.88 × 1012 (Finaughty and Reid et al., 

2020). The mean likelihood ratio obtained for teeth samples submerged in Table Bay in this study was 

1.031 ×1013, a factor of 10 higher than the likelihood ratio obtained in the case report. In the second 

case report, human bone samples were recovered from the sea near the northeast coast of Sardinia and 

yielded an likelihood ratio of 18.3 × 1016 (Mameli, Piras & Delogu, 2014), which was slightly higher 

than the mean likelihood ratios obtained in this study (False Bay: mean likelihood ratio = 3.501 ×1015; 

Table Bay: mean likelihood ratio = 1.031 ×1013). 

4.4 Environmental factors 

 
When assessing the results holistically, there were no statistically significant differences in DNA 

concentrations, degradation or DNA profile likelihood ratios between the teeth submerged in Table Bay 

and False Bay. Despite the DNA concentration being slightly lower from teeth submerged in Table Bay, 

the degradation indices were slightly higher compared to teeth submerged in False Bay. While DNA 

profiles from teeth submerged in Table Bay exhibited allele drop out, at least some genotypes could be 

established from every sample, resulting in likelihood ratios ranging from 4.221 - 5.633 ×1031. 

Contrastingly, three teeth submerged in False Bay yielded blank DNA profiles, and the others yielded 

DNA profiles with likelihood ratios ranging from 1.557 ×103 - 2.578 ×1035. 

 

Perhaps the single factor that was completely different between the DNA profiles from the two oceans 

was the presence of allele drop in seen in four DNA profiles from False Bay only, which has implications 

in human identification in casework. Understanding the effect of aquatic environmental factors on DNA 

preservation and DNA profiling success is challenging, especially given the limited literature 

surrounding this. Nonetheless, environmental factors may not affect DNA preservation in isolation, but 

may interact with one another in affecting DNA preservation. Environmental factors and tooth integrity 

are discussed below and may possibly explain the results obtained in this study. 

 

Significant differences in the water temperature was observed between Table Bay and False Bay with 

mean temperatures of 11.64°C ± 1.457°C and 14.37°C ± 2.699°C, respectively (Appendix B, Table B2). 

These temperatures were lower than the mean water temperatures of 16.78°C and 17.12°C for the two 

sites of False Bay in the equivalent summer period as reported in Longden-Thurgood (2018) in the 

original pilot study. Longden-Thurgood (2018) reported that DNA recovery was negatively affected 

during the summer deployment and the DNA quantities (of < 100 pg). Most samples from the summer 

deployment failed to amplify, but those recovered from the winter months (with colder seawater 

temperatures) showed some amplification success (Longden-Thurgood, 2018; Finaughty et al., 2019). 
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This study shows an improvement over the original study, where DNA recovery from majority of the 

teeth samples submerged from the two ocean environments yielded DNA that was sufficient for 

successful DNA amplification (Appendix B, Table B1). Additionally, the majority of DNA samples 

submerged in False Bay and Table Bay environments remained intact. Given the cooler seawater 

temperatures in this study (despite the summer deployment), it again suggests that the cooler 

temperatures may have positively affected DNA recovery and DNA profiling success. Meanwhile the 

few samples which did not yield DNA profiles with high likelihood ratios may have been affected by 

different environmental factors. 

 

As discussed in chapter 1 section 1.6, it is unlikely that pH could have influenced DNA preservation as 

the pH typically ranges around neutral in both the ocean study sites. Whilst dissolved oxygen (DO) 

decreases with increasing ocean depth, which may slow the rate of decomposition (and possibly DNA 

degradation) (Latham & Miller, 2019), this factor was not varied in this study. 

 

Salinity has been shown to protect DNA from degradation by disrupting the enzymatic activity of 

microorganisms, as reported in Hughes-Stamm (2012), and as discussed in chapter 1. Furthermore, a 

recent study by Birne et al., (2024) demonstrated that DNA in bone samples stored in salt was preserved 

well and high quality STR profiles were also obtained. This salinity present in the seawater could have 

thus contributed to the overall preservation of DNA in the current study. 

 

Microbial activity is one of the primary contributors to DNA degradation in both terrestrial and oceanic 

environments, although the effect of these activities in a marine environment is not well understood 

(Finaughty et al., 2019). The mechanism by which it induces degradation includes the release of 

nucleases that break down the DNA molecule leading to rapid fragmentation. The activity of 

microorganisms has been reported to be influenced by other factors such as temperature, salinity and 

oxygen (O2) (Latham & Miller, 2019). Given the significantly colder seawater temperatures in Table 

Bay compared to False Bay, the temperature in Table Bay may have reduced microbial activity and 

thereby slowed down DNA degradation and prevented the presence of allele drop in. 

 

 

 

4.5 Limitations and recommendations 

 
In this study, DNA profiling was performed once for most of the samples across all the environments, 

and this is a limitation, as artefacts and anomalies were observed in some of the DNA profiles. This 

included allele drop out, locus dropout and allele drop in, which made interpretation challenging. This 

was complicated by these samples being low in concentration. In this instance a consensus approach 

should be applied, which involves generating a composite profile by combining data from three DNA 
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profile replicates of the same sample in each environment, which may alleviate challenges with profile 

interpretation. Additionally, buccal swabs should be collected from the donors in the future to serve as 

a reference sample. 

 

Low DNA concentrations were observed in some samples submerged in Table Bay and False Bay, with 

only a few successfully amplified loci. This could be improved by exploring the use of a different DNA 

profiling kit, such as the Promega PowerPlex systems which allows for the addition of 5X 

AmpSolution® (Promega Corporation, WI, USA) to improve amplification efficiency. The use of next 

generation sequencing could also be considered in future work. The observation of allele drop in 

certainly warrants further exploration, such as undertaking shotgun sequencing to identify other species 

that may be present. This would help researchers understand the cause of the allele drop in and to 

possibly adapt primer design to avoid non-specific amplification. 

 

 

 

4.6 Conclusion 

 
This study aimed to evaluate forensic DNA profiling success from teeth submerged in different ocean 

locations in South Africa. The results herein showed that the DNA workflow was successfully applied 

to teeth samples submerged in the ocean and to those what were kept as controls. DNA concentrations 

and degradation indices were obtained from the majority of the samples, and DNA profiles were 

obtained from all but three teeth samples from False Bay. These results were an improvement from the 

few similar published studies, including the research group’s former studies. This suggests that the 

optimisation of the workflow was effective and after validation, it can be applied to relevant forensic 

casework where bodies wash up from the ocean and where teeth are available. 

 

Overall, the study showed the complexity one may encounter when identifying human remains that may 

be recovered from the sea, especially with using teeth as a source of DNA. Additionally, the consistent 

pattern of no significant difference between samples submerged in False Bay and those in Table Bay 

across all the investigated parameters (such as DNA concentration, DNA degradation and likelihood 

ratios), suggests that, despite being distinct oceanic environments, both environments had a slightly 

similar impact on DNA preservation. This further implies that the utilised protocol would be effective 

and could be reliable when used for forensic casework involving human bodies recovered from either 

of the two oceans. 
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Table A1: The information for all the teeth samples. 
 

HID Sample Sex (F/M) Age (yrs) Tooth Collection 
Tooth pathology 

Tooth types 
Roots exposed Caveties/crevicese Pulp visible 

F17 HID_F17    N N N  

203 Control M 21 2019 N N N Mandible 

203 False Bay M 21 2019 N N N Maxilla 

203 Table Bay M 21 2019 Y N N Mandible 

179 Control M 39 2022 N N N Mandible 

179 False Bay M 39 2022 N N N Maxilla 

179 Table Bay M 39 2022 N N N Maxilla 

190 Control M 19 2019 Y N N Maxilla 

190 False Bay M 19 2019 Y N N Mandible 

190 Table Bay M 19 2019 N N N Maxilla 

191 Control F 19 2019 Y N Y Mandible 

191 False Bay F 19 2019 N N N Maxilla 

191 Table Bay F 19 2019 Y N N Mandible 

184 Control F 19 2022 Y N Y Maxilla 

184 False Bay F 19 2022 Y N N Mandible 

184 Table Bay F 19 2022 N N N Maxilla 

192 Control M 20 2019 N N N Maxilla 

192 False Bay M 20 2019 N N N Maxilla 

192 Table Bay M 20 2019 N N N Mandible 

193 Control F 19 2019 Y N Y Mandible 

193 False Bay F 19 2019 N N N Maxilla 

193 Table Bay F 19 2019 Y N Y Mandible 

200 Control F 20 2019 Y N N Mandible 
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HID Sample Sex (F/M) Age (yrs) Tooth Collection 
Tooth pathology 

Tooth types 
Roots exposed Caveties/crevicese Pulp visible 

200 False Bay F 20 2019 Y N N Maxilla 

200 Table Bay F 20 2019 Y N N Mandible 

181 Control F 25 2022 N N N Mandible 

181 False Bay F 25 2022 N N N Maxilla 

181 Table Bay F 25 2022 N N N Maxilla 

183 Control F 35 2019 N N N Mandible 

183 False Bay F 35 2019 N Y Y Mandible 

183 Table Bay F 35 2019 N N N Maxilla 

176 Control ?  2022 N N N Maxilla 

176 False Bay ?  2022 Y N N Mandible 

176 Table Bay ?  2022 N N N Maxilla 

185 Control F 22 2022 N N N Mandible 

185 False Bay F 22 2022 N N N Mandible 

185 Table Bay F 22 2022 N N N Maxilla 

178 Control F 20 2022 Y N Y Maxilla 

178 False Bay F 20 2022 Y N Y Mandible 

178 Table Bay F 20 2022 Y N Y Mandible 

187 Control F 23 2022 N N N Maxilla 

187 False Bay F 23 2022 N N N Mandible 

187 Table Bay F 23 2022 N N N Maxilla 

182 Control M 22 2019 Y Y Y Mandible 

182 False Bay M 22 2019 N N N Maxilla 

182 Table Bay M 22 2019 N N N Maxilla 

188 Control F 23 2022 N N N Maxilla 

188 False Bay F 23 2022 N N N Mandible 
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HID Sample Sex (F/M) Age (yrs) Tooth Collection 
Tooth pathology 

Tooth types 
Roots exposed Caveties/crevicese Pulp visible 

188 Table Bay F 23 2022 N N N Mandible 

189 Control F 19 2022 N N N Mandible 

189 False Bay F 19 2022 N N N Mandible 

189 Table Bay F 19 2022 N N N Maxilla 

194 Control F 30 2019 Y N Y Maxilla 

194 False Bay F 30 2019 Y N N Mandible 

194 Table Bay F 30 2019 Y N N Maxilla 

196 Control F 20 2019 Y N Y Mandible 

196 False Bay F 20 2019 Y Y Y Maxilla 

196 Table Bay F 20 2019 Y N N Mandible 

204 Control M 25 2019 N N N Mandible 

204 False Bay M 25 2019 N N N Mandible 

204 Table Bay M 25 2019 N N N Maxilla 

177 Control F 32 2022 Y N N Maxilla 

177 False Bay F 32 2022 N N N Mandible 

177 Table Bay F 32 2022 N Y N Maxilla 

180 Control F 30 2022 N N N Mandible 

180 False Bay F 30 2022 N Y N Maxilla 

180 Table Bay F 30 2022 N Y N Mandible 

201 Control M 19 2019 N N N Mandible 

201 False Bay M 19 2019 N N N Mandible 

201 Table Bay M 19 2019 Y Y Y Maxilla 

197 Control F 21 2022 N N N Maxilla 

197 False Bay F 21 2022 N N N Maxilla 

197 Table Bay F 21 2022 N N N Mandible 
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HID Sample Sex (F/M) Age (yrs) Tooth Collection 
Tooth pathology 

Tooth types 
Roots exposed Caveties/crevicese Pulp visible 

198 Control F 20 2019 N N N Mandible 

198 False Bay F 20 2019 N N N Maxilla 

198 Table Bay F 20 2019 N N N Maxilla 

199 Control M 21 2019 Y N N Mandible 

199 False Bay M 21 2019 N N N Mandible 

199 Table Bay M 21 2019 N N N Maxilla 

202 Control F 30 2022 N N N Mandible 

202 False Bay F 30 2022 N N N Maxilla 

202 Table Bay F 30 2022 N N N Mandible 

175 Control M 18 2022 N N N Maxilla 

175 False Bay M 18 2022 Y N N Mandible 

175 Table Bay M 18 2022 N N N Maxilla 

195 Control F 19 2022 Y N Y Mandible 

195 False Bay F 19 2022 Y N Y Maxilla 

195 Table Bay F 19 2022 N N N Maxilla 

186 Control M 26 2019 N Y Y Mandible 

186 False Bay M 26 2019 N N N Mandible 

186 Table Bay M 26 2019 N N N Maxilla 
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Appendix B 

 
Table B1: shows the qPCR results (DNA quantity and quality) and DNA profiling results. 
 

  

HID 

 

Sample Name 

T.Large 

Autosoma 

l 

T-Small 

Autosom 

al 

 

T.Y 

Average 

concentratio 

n (ng/µL) 

IPC 

CT 

 

DI 
Sex 

(F/M) 

Profiles 

 Likelihood 

ratio 
 
Error rates 

 A. Positive control 

1 F17 Blank_F17     27.64     

2 F17 HID_F17 5.867 4.643  5.255 29.36 0.7914  4.207E+27 2.377E-28 

 B. Blank samples (GB= Griding batch; EB= extraction batch) n= 14 

3 203 
Blank_GB1_EB 

1 

    
27.72 

    

4 
190-191 
(179) 

Blank_GB5_EB 
2 

    
27.82 

    

5 200 
Blank_GB7_EB 

3 

    
27.87 

    

6 181-183 
Blank_GB8_EB 

3 

    
27.58 

    

7 
192-193 
(184) 

Blank_GB6_EB 

4 
0.000617 

 0.00060 
3 

 
27.84 

    

8 176-185 
Blank_GB9_EB 

5 

  0.00061 
2 

 
27.65 

    

9 177-180-201 Blank_EB9     27.50     

10 Blank (186) Blank_EB11     28.22     

11 178-187 
Blank_GB10_E 

B6 

0.0002929 
9 

   
27.97 

    

12 189-194 
Blank_GB12_E 
B7 

    
28.44 

    

13 196-204 
Blank_GB13_E 

B7 

    
27.97 
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14 197-198 
Blank_GB14_E 

B8 

    
27.67 

    

15 199-202 
Blank_GB15_E 
B8 

    
27.78 

    

16 
Blank (175- 
195) 

Blank_EB10 
    

28.10 
    

17    Mean 27.87     

18    Median 27.83     

19    Standard deviation 0.26     

20    Standard error 0.07     

21    Minimum 27.50     

22    Maximum 28.44     

 C. Matched control n = 28 

 
 

HID 

 

Sample Name 

T.Large 

Autosoma 

l 

T-Small 

Autosom 

al 

 

T.Y 

Average 

concentratio 

n (ng/µL) 

 

IPC 

CT 

 

DI 

 

Sex 

(F/M) 

Profiles 

 Likelihood 

ratio Error rate 

23 175 HID_175_C 0.005383 0.0128 
0.01814 

1 
0.009104 27.73 2.383 M 

1.2985E+26 7.701E-27 

24 176 HID_176_C 0.005662 0.0027  0.004188 28.15 0.479 ? ##  

25 177 HID_177_C 0.003740 0.0034  0.003567 27.46 0.907 F 2.801E+12 3.570E-13 

26 178 HID_178_C 0.013342 0.0395  0.026431 28.17 2.962 F 1.116E+31 8.964E-32 

27 179 HID_179_C 0.095692 0.0481  0.071895 28.41 0.503 M 2.842E+31 3.519E-32 

28 180 HID_180_C 0.170929 0.1222 
0.17870 

6 
0.146558 27.74 0.715 F 

9.271E+31 1.079E-32 

29 181 HID_181_C 6.358552 5.6745  6.016551 28.79 0.892 F 2.056E+31 4.864E-32 

30 183 HID_183_C 0.000508 0.0059  0.003180 27.79 11.520 F 2.942E+02 3.399E-03 

31 184 HID_184_C 0.004209 0.0091  0.006671 27.84 2.170 F 2.163E+22 4.624E-23 

32 185 HID_185_C 0.001361 0.0011  0.001240 27.85 0.822 F 1.120E+04 8.928E-05 

33 186 HID_186_C 0.001942 0.0206 
0.04414 

4 
0.011284 27.67 10.621 M ## 

 

34 187 HID_187_C 0.054354 0.0969  0.075614 28.07 1.782 F 1.952E+32 5.123E-33 
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35 189 HID_189_C 0.038599 0.0478  0.043219 27.60 1.239 F 1.614E+33 6.198E-34 

36 190 HID_190_C 0.043642 0.0940 0.16355 0.068828 27.56 2.154 M 2.735E+29 3.657E-30 

37 191 HID_191_C 0 0  0.000000 28.12 0.000 F 1.111E+01 8.999E-02 

38 192 HID_192_C 0.023704 0.0080 0.01572 0.015856 28.34 0.338 M 5.220E+28 1.916E-29 

39 193 HID_193_C 0.001670 0.0062  0.003919 27.80 3.693 F 2.764E+16 3.618E-17 

40 194 HID_194_C 0.004111 0.0242  0.014159 27.72 5.888 F 6.077E+25 1.645E-26 

41 195 HID_195_C 0.034849 0.1008  0.067823 29.57 2.892 F 1.504E+30 6.647E-31 

42 196 HID_196_C 0.108307 0.1348  0.121542 27.72 1.244 F **  

43 197 HID_197_C 0.040692 0.0479  0.044278 28.06 1.176 F 2.334E+30 4.285E-31 

44 198 HID_198_C 0.035422 0.0454  0.040405 27.77 1.281 F 4.840E+31 2.066E-32 

45 199 HID_199_C 0.254351 0.2767 
0.27866 

4 
0.265533 28.25 1.088 M 

** 
 

46 200 HID_200_C 0.000983 0.0051  0.003039 27.63 5.182 F 1.408E+03 7.100E-04 

47 201 HID_201_C 0.050456 0.0617 
0.13692 

3 
0.056073 27.76 1.223 M 

9.507E+31 1.052E-32 

48 202 HID_202_C 0.004637 0.0140  0.009341 28.01 3.029 F 3.489E+26 2.866E-27 

49 203 HID_203_C 0.309671 6.0765 
0.42377 

1 
3.193105 27.89 19.623 M 

9.693E+27 1.032E-28 

50 204 HID_204_C 0.040105 0.0575 
0.09849 

2 
0.048807 27.75 1.434 M 

4.723E+27 2.117E-28 

51    Mean 0.370436 27.97 3.116  8.788E+31  

52    Median 0.033418 27.82 1.358  3.094E+28  

53 
   Standard deviation 

1.257453 0.43 4.272 
 3.28204E+3 

2 
 

54    Standard error 0.237636 0.08 0.807  8.772E+31  

55 
   Minimum 

0.000000 27.46 0.000 
 11.1129445 

6 
 

56    Maximum 6.016551 29.57 19.623  1.614E+33  

 ** represent samples that were excluded from DNA profiling section entirely; ## represent DNA profiles that showed discordance 
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 D. False Bay n =28 

  

HID 

 

Sample Name 

T.Large 

Autosoma 

l 

T-Small 

Autosom 

al 

 

T.Y 

Average 

concentratio 

n (ng/µL) 

IPC 

CT 

 

DI 
Sex 

(F/M) 

Profiles 

 Likelihood 

ratio 
 
Error rate 

57 175 HID_175_F 0.004975 0.0062846 
0.00137 

5 
0.005630 27.50 1.2634 M 

5.652E+24 1.769E-25 

58 176 HID_176_F 0.003410 0.00069 
0.00115 

6 
0.002050 28.29 0.2023 ? ## 

 

59 177 HID_177_F 0.011035 0.003262  0.007149 28.00 0.2956 F 4.270E+27 2.342E-28 

60 178 HID_178_F 0.000122 0.0026889 
 

0.001405 27.61 
22.113 

3 
F 

2.542E+08 3.935E-09 

61 179 HID_179_F 0.003747 0.006594  0.005171 27.60 1.7598 M 2.425E+28 4.123E-29 

62 180 HID_180_F 0.002176 0.001071 
0.00232 

4 
0.001624 27.79 0.4922 F 

2.843E+05 3.517E-06 

63 181 HID_181_F 0.000261 0.002296  0.001279 27.58 8.7969 F   

64 183 HID_183_F 0.002922 0.001667  0.002295 27.56 0.5705 F 1.557E+03 6.424E-04 

65 184 HID_184_F 0.001394 0.000808  0.001101 28.18 0.5796 F 2.657E+15 3.764E-16 

66 185 HID_185_F 0 0  0.000000 27.88 0.0000 F 8.947E+06 1.118E-07 

67 186 HID_186_F 0.000886 0.001352 
0.00016 

2 
0.001119 27.54 1.5260 M ## 

 

68 187 HID_187_F 0.006883 0.0059042  0.006394 27.85 0.8578 F 5.812E+30 1.721E-31 

69 189 HID_189_F 0.000201 0.0005737  0.000387 27.90 2.8528 F 3.502E+15 2.855E-16 

70 190 HID_190_F 0.007549 0.006367  0.006958 27.84 0.8434 M   

71 191 HID_191_F 0.076067 0.136267  0.106167 27.86 1.7914 F 2.578E+35 3.878E-36 

72 192 HID_192_F 0.150093 0.089909 
0.13478 

3 
0.120001 27.57 0.5990 M 

5.220E+28 1.916E-29 

73 193 HID_193_F 0.002461 0.001368  0.001915 27.45 0.5559 F 3.015E+06 3.317E-07 

74 194 HID_194_F 0.000863 0.0020217  0.001442 27.91 2.3435 F 2.488E+09 4.019E-10 

75 195 HID_195_F 0.000296 0.000555  0.000426 27.84 1.8735 F   

76 196 HID_196_F 0.000577 0.0003748  0.000476 28.01 0.6500 F **  

77 197 HID_197_F 0.000638 0  0.000638 28.19 0.0000 F 2.612E+05 3.828E-06 

78 198 HID_198_F 0.000492 0.0026463  0.001569 27.69 5.3793 F 5.137E+08 1.947E-09 
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79 199 HID_199_F 0.007062 0.005971 
0.00822 

3 
0.006517 27.85 0.8455 M 

** 
 

80 200 HID_200_F 0.004137 0.006377  0.005257 27.58 1.5415 F 1.363E+14 7.335E-15 

81 201 HID_201_F 0.008802 0.00342 
0.01167 

4 
0.006111 27.94 0.3885 M 

4.429E+31 2.258E-32 

82 202 HID_202_F 0.001813 0.0013147  0.001564 27.93 0.7252 F 2.919E+22 3.426E-23 

83 203 HID_203_F 0.003195 0.002933 
0.00276 

8 
0.003064 27.50 0.9180 M 

9.232E+16 1.083E-17 

84 204 HID_204_F 0.016283 0.0045509 
0.01292 

3 
0.010417 27.93 0.2795 M 

5.920E+27 1.689E-28 

85 
   

Mean 0.011004 27.80 2.1444 
 1.22805E+3 

4 
 

86    Median 0.001982 27.84 0.8445  3.502E+15  

87 
   

Standard deviation 0.029018 0.23 4.3127 
 1.50374E+3 

4 
 

88    Standard error 0.005484 0.04 0.8150  1.063E+34  

89    Minimum 0.000000 27.45 0.0000  1.557E+03  

90 
   

Maximum 0.120001 28.29 
22.113 

3 
 2.57841E+3 

5 
 

 ** represent samples that were excluded from DNA profiling section entirely; ## represent DNA profiles that showed discordance 

 E. Table Bay n= 28 

  

HID 

 

Sample Name 

T.Large 

Autosoma 

l 

T-Small 

Autosom 

al 

 

T.Y 

Average 

concentratio 

n (ng/µL) 

IPC 

CT 

 

DI 
Sex 

(F/M) 

Profiles 

 Likelihood 

ratio 
 
Error rate 

91 175 HID_175_T 0.0045784 0.006214 
0.00305 

4 
0.005396 27.68 1.3573 M 

3.818E+10 2.619E-11 

92 176 HID_176_T 0.0007700 0.001089  0.000930 27.66 1.4143 ? ##  

93 177 HID_177_T 0.0070120 0.008599  0.007806 27.62 1.2263 F 2.086E+24 4.793E-25 

94 178 HID_178_T 0.0004364 0.000655  0.000546 27.99 1.5014 F 1.640E+10 6.097E-11 

95 179 HID_179_T 0.0028470 0.002971  0.002909 27.66 1.0436 M 2.364E+22 4.231E-23 

96 180 HID_180_T 0.0044560 0.001992 
0.00348 

3 
0.003224 27.66 0.4470 F 

1.774E+07 5.637E-08 
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97 181 HID_181_T 0.0079320 0.003954  0.005943 27.91 0.4985 F 3.848E+30 2.599E-31 

98 183 HID_183_T 0.0012650 0.001959  0.001612 27.90 1.5486 F 5.536E+06 1.807E-07 

99 184 HID_184_T 
0 

0.000542 
0.00121 

1 
0.000542 27.55 0.0000 F 

2.385E+01 4.193E-02 

100 185 HID_185_T 0.0005860 
 0.00045 

7 
0.000586 27.86 0.0000 F 

1.239E+06 8.068E-07 

101 186 HID_186_T 0.0150420 0.009468 
0.01674 

7 
0.012255 27.69 0.6294 M ## 

 

102 187 HID_187_T 0.0013226 0.002038  0.001680 27.54 1.5407 F 2.057E+13 4.861E-14 

103 189 HID_189_T 0.0039959 0.001339  0.002667 27.76 0.3350 F 1.552E+30 6.442E-31 

104 190 HID_190_T 0.0009150 0.000429  0.000672 27.83 0.4689 M 3.777E+07 2.648E-08 

105 191 HID_191_T 0.0002550 0.000975  0.000615 28.21 3.8235 F 3.866E+07 2.586E-08 

106 192 HID_192_T 0.0097980 0.001845 
0.00398 

9 
0.005822 28.31 0.1883 M 

3.713E+25 2.693E-26 

107 193 HID_193_T 0.0002540 0  0.000254 27.77 0.0000 F 4.222E+00 2.369E-01 

108 194 HID_194_T 0.0011716 0.001519  0.001345 27.83 1.2963 F 4.907E+18 2.038E-19 

109 195 HID_195_T 0.0012603 0  0.001260 27.98 0.0000 F 6.288E+08 1.590E-09 

110 196 HID_196_T 0 0  0.000000 27.97 0.0000 F **  

111 197 HID_197_T 0.0847556 0.028992  0.056874 28.06 0.3421 F 2.334E+30 4.285E-31 

112 198 HID_198_T 0.0001209 0.000249  0.000185 28.16 2.0583 F 2.384E+07 4.194E-08 

113 199 HID_199_T 0.0009964 0.001815 
0.00091 

6 
0.001406 27.44 1.8214 M 

** 
 

114 200 HID_200_T 0 0.000723  0.000723 27.81 0.0000 F 8.600E+07 1.163E-08 

115 201 HID_201_T 0.0100180 0.018220 
0.00854 

9 
0.014119 27.50 1.8187 M 

5.224E+30 1.914E-31 

116 202 HID_202_T 0.0039395 0.002300  0.003120 27.82 0.5838 F 6.237E+26 1.603E-27 

117 203 HID_203_T 0.0156250 0.008866 
0.01189 

2 
0.012246 27.75 0.5674 M 

5.633E+31 1.775E-32 

118 204 HID_204_T 0.0067636 0.003933 
0.00745 

8 
0.005349 28.10 0.5816 M 

3.250E+27 3.077E-28 

119    Mean 0.005360 27.82 0.8962  2.887E+30  

120    Median 0.001646 27.81 0.5827  1.031E+13  
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121    Standard deviation 0.010831 0.22 0.8706  1.146E+31  

122    Standard error 0.002047 0.04 0.1645  3.064E+30  

123    Minimum 0.000000 27.44 0.0000  4.2216  

124    Maximum 0.056874 28.31 3.8235  5.633E+31  

 ** represent samples that were excluded from DNA profiling section entirely; ## DNA profiles that showed discordance 
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Table B2: Shows the average water temperature between False Bay and Table Bay. 
 

Days Time (False Bay) 
False Bay temperature 

(°C) 

Time (Table 

Bay) 

Table Bay 

temperature (°C) 

1 11:00 to 23:00 15.91 14:00 to 23:00 10.59 

2 00:00 to 23:00 18.77 00:00 to 23:00 9.8 

3 00:00 to 23:00 18.47 00:00 to 23:00 9.81 

4 00:00 to 23:00 14.69 00:00 to 23:00 10.39 

5 00:00 to 23:00 10.68 00:00 to 23:00 10.76 

6 00:00 to 23:00 11.42 00:00 to 23:00 11.03 

7 00:00 to 23:00 18.86 00:00 to 23:00 10.38 

8 00:00 to 23:00 17.66 00:00 to 23:00 10.31 

9 00:00 to 23:00 14.39 00:00 to 23:00 11.34 

10 00:00 to 23:00 12.45 00:00 to 23:00 10.8 

11 00:00 to 23:00 11.4 00:00 to 23:00 10.94 

12 00:00 to 23:00 12.04 00:00 to 23:00 11.4 

13 00:00 to 23:00 11.01 00:00 to 23:00 12.02 

14 00:00 to 23:00 11.44 00:00 to 23:00 13.64 

15 00:00 to 23:00 11.35 00:00 to 23:00 14.19 

16 00:00 to 23:00 14.32 00:00 to 23:00 14.82 

17 00:00 to 23:00 16.11 00:00 to 23:00 13.09 

18 00:00 to 23:00 15.93 00:00 to 23:00 13.23 

19 00:00 to 23:00 15.18 00:00 to 23:00 12.97 

20 00:00 to 23:00 14.74 00:00 to 23:00 11.5 

21 00:00 to 09:00 15.09 00:00 to 11:00 11.43 

Mean 14.38  11.64 

Median 14.69  11.34 

Standard deviation 2.699  1.457 

Minimum temperature (°C) 10.68  9.8 

Maximum temperature (°C) 18.86  14.82 
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Table B3: Qubit quantification results of all the blanks 
 

 HID Sample Name Reading 1 Reading 2 Reading 3 

1 F17 Blank_F17 - - - 

2 203 Blank_GB1_EB1 - - - 

3 190-191 (179) Blank_GB5_EB2 - - - 

4 186-200 Blank_GB7_EB3 - - - 

5 181-183-186 Blank_GB8_EB3 - - - 

6 192-193 (184) Blank_GB6_EB4 - - - 

7 176-185-186 Blank_GB9_EB5 - - - 

8 Demin 177-180-201 Blank_Demin_EB9 - - - 

9 177-180-201 Blank_EB9 - - - 

10 175-178-187 Blank_GB10_EB6 - - - 

11 175-182-188 Blank_GB11_EB6 - - - 

12 175-189-194 Blank_GB12_EB7 - - - 

13 195-196-204 Blank_GB13_EB7 - - - 

14 195-197-198 Blank_GB14_EB8 - - - 

15 195-199-202 Blank_GB15_EB8 - - - 

16 Blank (175,195) Blank_EB10 *   

17 Blank(186) Blank_EB11 *   

- represent out of range (too low); * the samples did not undergo qubit quantification. 

 

 

 

 

Figure B1: Standard curve showing serially diluted DNA standards concentrations plotted against Ct values. 
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Table B4: Illustrates a summary of the qPCR quality parameters. 
 

 Large autosomal target Small autosomal target Y-target 

Experiment 

run 

Slope R2 Efficiency 

(%) 

Slope R2 Efficiency 

(%) 

Slope R2 Efficiency 

(%) 

Run 1 -3.557 1 91.031 -3.437 0.989 95.42% -3.484 0.997 93.661 

Run 2 -3.594 0.877 89.779 -3.36 0.82 98.439 -3.581 0.904 90.204 

Run 3 -3.478 1 93.856 -3.418 0.995 96.145 -3.468 0.999 94.249 
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Figure B2: Scatter plots representing the IPC Ct cycles between different environments. The red dotted line 

represents the cutoff Ct value of approximately 30 cycles for the IPC. 
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Table B5: List of off-ladders observed on DNA profiles from samples exposed to different environments. 
 

Sampl 

e ID 

Loci Allele Matched 

control 

False 

Bay 

Table 

Bay 

Artefact 

175 D10S1248 10 1   True peak 

176 TPOX 8.8 1   Novel peak 

D12S391 19.3 1   True peak 

178 D8S1179 6 1   Pull up 

8 1   Pull up 

D2S441 11.2 1   Pull up 

13.3 1   Pull up 

D19S433 14.2 1   Pull up 

D22S1045 9.3 1   Pull up 

D10S1248 16.2 1   Pull up 

Yindel 1.1 1   Pull up 

179 D21S11 25 1   Pull up 

THO1 3 1   Pull up 

D22S1045 19.2 1   Pull up 

D2S1338 11.2 1   Pull up 

181 D1S1656 10.3 1   Pull up 

D12S391 15.3 1   Pull up 

186 D16S539 5.1 1   Novel peak 

187 D8S1179 7 1   Pull up 

8 1   Pull up 

191 D5S818 17.2  1  Pull up 

197 D8S1179 8.3 1   Pull up 

D5S818 15.1 1   Pull up 

D13S317 15.1 1   Pull up 

SE33 8 1   Pull up 

198 D8S1179 9 1   Pull up 

D22S1045 13.3 1   Pull up 

Amelogen OL 1   Pull up 

200 D2S441 11  1  True peak 

D10S1248 12  1  Allele drop in 

201 D5S818 8.2 1   Pull up 

17.3  1  Pull up 

202 D2S441 OL  1  Pull up 

OL   1 Pull up 

8   1 Pull up 

9.2   1 Pull up 

10.2   1 Pull up 

204 D8S1179 7 1   Pull up 

8 1   Pull up 
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Table B6: Allele drop out and locus drop-out observations from DNA profiles of samples exposed to different 

environments. 
 

 Allele drop out 

observations across 24 

loci 

Locus drop out 

observations across 24 

loci 

Sample ID 
Matched 

control 

False 

Bay 

Table 

Bay 

Matched 

control 

False 

Bay 

Table 

Bay 

175 4/24 11/24 2/24 5/24 5/24 16/24 

177 6/24 6/24 7/24 14/24 4/24 5/24 

176 8/24 10/24 1/24 4/24 8/24 22/24 

178 0/24 5/24 7/24 2/24 16/24 15/24 

179 0/24 8/24 6/24 2/24 3/24 6/24 

180 2/24 4/24 4/24 0/24 19/24 16/24 

181 0/24 0/24 4/24 2/24 24/24 2/24 

183 1/24 7/24 4/24 21/24 15/24 15/24 

184 5/24 6/24 1/24 7/24 13/24 22/24 

185 3/24 2/24 5/24 20/24 18/24 17/24 

186 5/24 11/24 1/24 7/24 16/24 1/24 

187 0/24 5/24 8/24 2/24 2/24 13/24 

189 0/24 7/24 10/24 2/24 12/24 3/24 

190 1/24 0/24 4/24 0/24 24/24 17/24 

191 1/24 0/24 5/24 23/24 2/24 18/24 

192 1/24 1/24 8/24 1/24 1/24 2/24 

193 2/24 5/24 1/24 11/24 17/24 23/24 

194 3/24 4/24 5/24 3/24 17/24 11/24 

195 0/24 0/24 7/24 2/24 24/24 17/24 

197 0/24 4/24 0/24 2/24 18/24 2/24 

198 0/24 5/24 5/24 2/24 16/24 16/24 

200 3/24 4/24 3/24 20/24 10/24 18/24 

201 0/24 4/24 6/24 0/24 0/24 1/24 

202 3/24 6/24 7/24 3/24 7/24 3/24 

203 6/24 10/24 2/24 5/24 9/24 1/24 

204 1/24 0/24 2/24 0/24 0/24 0/24 

Total number of samples with 

artefact observation 
17 21 25 22 24 25 

 

Table B7: Allele drop-in observed in three DNA profiles of samples submerged in False Bay. Bold alleles in 

brackets represent allele drop in. 
 

Sample 

ID 
 
Locus 

Genotype 

Matched control False Bay Table Bay 

HID_176 D2S441 10, ? 10, 14 (11) 10, ? 

HID_200 D10S1248 locus drop out 13, 16 (12) 13, ? 

HID_201 TPOX 8, 12 8, 12 (11) 8, 12 

SE33 19, 29.2 19, 29.2 (28.2) 19, 29.2 
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Table B8: Illustrates loci that showed discordance in two set of samples. Bold allele represents the discordant allele, “?” represents allele drop out and “*” represents locus 

drop out. Replicated samples are represented by “i ” and “ii”. 
 

 
Loci 

 
Samples ID 

D13S317 D13S317 D18S51 D18S51 D19S433 D19S433 vWA vWA TH01 TH01 D7S820 D7S820 

Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 

HID_176_C 11 14   14 15 ? 19   ? 10 

HID_176_F_i 11 ?   * 18 ?   9 ? 

HID_176_F_ii 11 12   13 ? 17 ?   ? 14 

HID_176_T * 
  * *   * 

HID_186_C 8 11 ? 14 12 13   6 9.3   

HID_186_F_i ? 12 * ? 14.2   *   

HID_186_F_ii ? 12 10.2 ? 12 14.2   ? 7   

 
HID_186_T 

 
8 

11 12 14 12 13 
  

6 9.3 
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Appendix C 

 
Table C1: List of studies showing DNA concentrations from teeth samples that were submerged and recovered in 

different environments. 

 

No. Author and 

year of 
publication 

Type of 

quantification 

Sample type DNA 

concentration 

(units) 

Type of 

environment 

1 Kumar, 

Chauhan & 

Sharma, 2019. 

qPCR Human teeth 1.22 ng/µLto 

2.45 ng/µL 

River bed 

2 Hughes- 

Stamm, 2012 

qPCR Human teeth 0.10 ng and 

0.09 ng 

 
0.48 ng and 
0.64 ng 

Saltwater 

tank 

 
Freshwater 

tank 

3 Vemuri et al., 

2012 

Nanodrop 

Spectrophotometer 
Human teeth 23 ug/ml to 

34 µg/ml 
Sea water 

4 Iroanya & 

Onuoha, 2022 

Nanodrop 

spectrophotometer 

Human teeth 152.83 ng/µL 

and 255.4 

ng/µL 

 

40 ng/µLand 

203.17 ng/µL 

 
2.2 ng/µL and 
51 ng/µL 

Lagoon 

water 

 




