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Abstract 
 
South Africa faces grave challenges with high crime rates and associated unidentified bodies 

each year. DNA profiling using capillary electrophoresis (CE) is typically utilised for human 

identification purposes but is limiting when applied to degraded post-mortem samples. The 

ForenSeqTM DNA Signature Prep kit was the first massively parallel sequencing (MPS) 

workflow validated on the MiSeq FGxTM system, addressing several challenges identified in 

CE-based methods. With forensic laboratories in developing regions showing proclivity 

towards a seemingly impossible adoption of MPS, sequence-based studies in Africa are sorely 

needed to leverage emerging advancements for forensic human identification.  

 

This study proposed a four-phased approach for laboratories to facilitate the implementation 

of MPS for forensic human identification, and included: optimisation, population data 

generation, internal validation and demonstration. An optimisation study was carried out to 

ensure high first-time success rates of analysing reference samples (crude buccal swab lysates) 

with the ForenSeqTM DNA Signature Prep kit. This entailed systematic adjustments to a direct 

PCR approach and the development of a lysate purification method. This optimised approach 

was subsequently used to conduct a population study comprising 463 consenting South African 

volunteers, wherein the first sequence-based allele frequency data pertaining to autosomal short 

tandem repeat (A-STR) markers were generated for South African populations. Rich variation 

was observed, where 80 novel allele sequences were recorded. An increase of 86% was 

observed in length- to sequence-based allele counts across several A-STR markers, with 

additional variation recorded in flanking regions. Furthermore, a concordance rate exceeding 

99% was achieved. The novel findings and abundance of variation observed in the South 

African population surpasses that which has been previously characterised on a global scale, 
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warranting further research into characterising sequence data for other forensically relevant 

markers.  

 

The final facet of this study involved the internal validation of the optimised MPS workflow, 

from sample preparation to sequencing. The workflow was deemed fit for purpose and reported 

the first performance parameters for post-mortem crude buccal swab lysates.  The validated 

workflow was then applied to a forensic cold case to generate investigative leads from a 

severely decomposed body, demonstrating the comprehensive capability of the workflow. The 

synthesis of results obtained in this study have led to key recommendations for under-resourced 

laboratories to maximise resources for large-scale studies.  
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List of abbreviations 
Abbreviation, unit or symbol Full name 
  

~ approximately 
% percentage 
< less than 
> more than 
± plus, or minus 
3' three prime 
5' five prime 
℃ degrees Celsius 
μL micro litre 
μM micro molar 
A adenine 
AEC animal ethics committee 
ai ancestry informative  
A-STR autosomal STR 
AT analytical threshold 
BLAST basic local alignment search tool 
C cytosine 
CA California 
CE capillary electrophoresis 
CI confidence interval 
CT cycle threshold 
CEPH centre for the study of human polymorphism  
CODIS combined deoxyribonucleic acid index system 
DI degradation index 
DNA deoxyribonucleic acid 
dNTP deoxyribonucleotide triphosphate 
ddNTP dideoxy ribonucleotide triphosphate 
DPM deoxyribonucleic acid primer mix 
dsDNA double-stranded deoxyribonucleic acid 
DTT dithiothreitol 
DV developmental validation 
e. g for example 
etc etcetera 
EDTA ethylenediaminetetraacetic acid 
ENFSI European network of forensic science institutes 
FGx forensic genomics 
FHS faculty of health sciences 
FSSG forensic short tandem repeat sequence structure guide 
FST fixation index 
FTA fast technology for analysis of nucleic acids 
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g gram 
G guanine 
GD genetic diversity  
GRCh38 genome reference consortium human build 38 
HIC high income country 
HID human identification 
HREC human research ethics committee 
HS high sensitivity 
HSC human sequencing control 
HWE Hardy-Weinberg equilibrium 
i.e. Latin: id est, English: that is 
ii identity informative 
IPC internal positive control 
ISFG international society of forensic genetics 
ISO international organisation for standardization 
IT interpretation threshold 
IV internal validation 
LB length-based 
LTDNA low template DNA 
LMIC low to middle income country 
LNB library normalisation beads 
LR likelihood ratio 
M molar 
MA Maryland 
MBG molecular biology grade water 
MCMC Markov chain Monte Carlo 
MO Missouri 
MP match probability 
MPS massively parallel sequencing 
n sample size  
NA not applicable 
NaOH sodium hydroxide 
NDIS national deoxyribonucleic acid index system 
NDNAD national deoxyribonucleic acid database 
NFDD national forensic deoxyribonucleic acid database 
ng nanogram 
NGS next generation sequencing 
NIST national institute of standards and technology 
NTC no-template control 
OL off-ladder 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
PIC polymorphic information content 
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pi phenotypic informative 
PM post-mortem 

PRISMA preferred reporting items for systematic reviews and meta-
analyses 

qPCR real-time PCR 
RMP random match probability 
rpm rotations per minute 
SA South Africa 
SADC Southern African Development Community 
SAPS South African Police Services 
SB sequence-based 
SNP single nucleotide polymorphism 
SNV single nucleotide variation 
SRM Salt River Mortuary 
ST stochastic threshold 
STR short tandem repeat 
STRAF short tandem repeat analysis for forensics 
STRAND short tandem repeat: align, name define 

STRidER short tandem repeats for identity European network of forensic 
science institutes reference database 

ssDNA single-stranded deoxyribonucleic acid 

SWGDAM scientific working group on deoxyribonucleic acid analysis 
methods 

T thymine 
TE tris-ethylenediaminetetraacetic acid 
UAS universal analysis software 
UCT University of Cape Town 
UHR unidentified human remains 
UK United Kingdom 
UMIC upper to middle income country 
USA United States of America 
VNTR variable number tandem repeat 
WMA world medical association 
X-STR X-chromosomal short tandem repeat 
Y-STR Y-chromosomal short tandem repeat 
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1) Chapter 1: Introduction 
 
 
1.1. Study background 
 
The tombstone of the famous English poet, John Keats, bears the epitaph: “Here lies one whose 

name was writ in water”. This poignant epitaph emphasises the fear that human beings have of 

being forgotten by the world. For many, being buried nameless is a brutal reality. Establishing 

the identity of a deceased individual is therefore a crucial aspect of medico-legal death 

investigations. Globally, the number of individuals that remain unidentified each year is 

substantially greater in developing countries [1]. From a more local perspective, South Africa 

has been facing a public health crisis, exemplified by the alarming number of deceased 

individuals whose identities have yet to be determined [1-3]. More specifically, a review 

conducted by Reid et al., 2020 has highlighted that, over an eight-year period (2010 – 2017), 

2476 bodies (9.2% of annual caseload) admitted to Salt River Mortuary in the Western Cape, 

South Africa were unidentified each year. These bodies must eventually be buried as paupers 

and represent bodies from just one out of more than a hundred mortuaries in the country [2].  

 

The storage, maintenance and investigation into the high number of unidentified bodies places 

a massive strain on forensic mortuary resources and is a public health concern [1]. A more 

tragic consequence of the high number of bodies left unidentified is that the families of missing 

loved ones are left in distress and agony due to an absence of closure. This underscores the 

critical necessity to enhance the efficiency of existing human identification procedures, and 

more specifically deoxyribonucleic acid (DNA)-based methods [3]. This study was therefore 

developed within the context of a rising interest and need for facilitating the implementation 

of massively parallel sequencing (MPS) and to advance current forensic human identification 

methods in South Africa. 
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In South Africa, the Forensic Pathology Services investigates all unnatural deaths, and as far 

as possible assists the South African Police Services (SAPS) with the identification of the 

deceased (Inquests Act 58 of 1959) [4,5]. Current identification procedures at South African 

forensic mortuaries typically involve visual recognition by next-of-kin, except where there is 

an absence of visual identifiers due to trauma, injury, decomposition, burning, or where a body 

is incomplete [4]. While visual recognition serves as the quickest method for identifying 

deceased individuals, it can prove to be unreliable and complex in its execution, especially 

when not accompanied by corroborating evidence, as observed in a locally notorious case in 

South Africa [6]. In this case, a prisoner, Thabo Bester had faked his own death to escape from 

prison. Authorities had found the burnt remains of an individual in his cell after a fire, and they 

initially believed it belonged to Thabo Bester. Due to the body being visually unrecognisable, 

it was deliberately misidentified as Bester by his next-of-kin and collected from the mortuary 

under false pretences. Only a year later, DNA evidence was used to identify the body, which 

was confirmed to belong to Katlego Bereng, who was killed and his body used as a decoy [6].  

 

The complexities related to the unreliability of visual recognition is exacerbated by fraudulent 

kinship claims with motives ranging from illicit insurance claims to potentially darker criminal 

intentions, as was demonstrated in the above-mentioned Thabo Bester case [7,8].  Therefore, 

in the absence of reliable and honest visual recognition by next-of-kin, the reliance on 

scientifically rigorous methods becomes critical to the identification of the deceased. These 

methods include fingerprint identification, dental and radiological analysis, anthropological 

assessment, and DNA-based identification [2,4]. 
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Where bodies have reached advanced stages of decomposition, have been severely burnt or 

mutilated, the success of fingerprint identification is considerably impaired [1-3]. Similarly, 

dental and radiological identification are highly reliant on the availability of prior dental 

records or X-rays [9]. This is a requirement that is often unmet for migrants and low-income 

populations in South Africa [10]. Furthermore, cases involving remains that have been burnt 

or mutilated often preclude the possibility of comprehensive skeletal and/or anthropological 

analysis that could otherwise assist in generating leads about the identity of an individual. 

DNA-based identification serves as an alternate and supporting route for positive identification, 

presuming the availability of good quality and intact DNA samples [11].  

 

The current methodologies employed in DNA-based identification exploit genetic markers 

known as short tandem repeats (STRs). These markers are ideal for individual identification, 

as they are highly variable between people [12]. By targeting these STRs, a DNA profile can 

be generated based on the separation of DNA fragments by size. This separation technique is 

known as capillary electrophoresis (CE), and the method has been prominent in the forensic 

genetics industry for over three decades [13]. Although CE-based methods have withstood the 

test of time, the method is not without shortcomings.  

 

Particularly, challenges arise when the DNA within biological samples have become 

fragmented due to degradation, or when their quality has been compromised by substances that 

inhibit polymerase chain reaction (PCR) [14]. The method lacks sufficient sensitivity for 

compromised DNA samples and low template DNA (LTDNA) and is only able to analyse a 

limited number of STRs in a single reaction [15]. Global efforts to increase the multiplexing 

capacity of CE-based STR profiling kits have been made, although this number is approaching 
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a plateau due to the limitations of the dye labelling systems employed by CE technology 

[16,17].  

 

Massively parallel sequencing (MPS) has emerged as a technique that can be leveraged to 

overcome the limitations posed by CE-based methods [18,19]. In 2015, Illumina Inc. and 

Verogen Inc. (now QIAGEN) released the MiSeq FGxTM platform, which was the first MPS 

system that was validated for forensic use [20,21]. The kit indeed addressed many of the 

shortcomings that came with CE-based methods but was mainly superior in its capacity to 1) 

multiplex more (i.e., >200) genetic markers in a single reaction; 2) generate sequence 

information for alleles of the same length and 3) offer a higher sensitivity for low input DNA 

samples [20,21]. Forensic DNA profiling was thus no longer restricted to obtaining size-based 

information for up to ~30 STR markers, but rather sequence and size-based information for 

over 200 markers.  

 

For DNA samples that have been degraded due to post-mortem environmental conditions, 

using a primer set that targeted more markers with shorter amplicons would enable a deeper 

and more insightful comparison to reference or familial reference samples for identification 

[15]. Furthermore, the primer set included in the ForenSeq™ DNA Signature Prep kit also 

enabled the prediction of phenotypic characteristics such as hair and eye colour, as well as 

biogeographical ancestry to generate investigative leads, especially where samples are obtained 

from bodies that are visually unrecognisable [22].  
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1.2. Rationale 
 
Naturally, prior to the use of any new technology, kit or workflow in the field of forensic 

genetics, there are certain requirements that need to be met. Firstly, as with CE, to facilitate 

statistical interpretation of a DNA profile, allele frequency data from the population is required 

[23]. In this case, sequence-based allele frequencies are required for statistical interpretation of 

MPS-based DNA profiles. However, prior to undertaking a large-scale population study, it is 

essential that the workflow is optimised to a laboratory’s resources and needs, but also that it 

is compatible with the sample types predominantly encountered and used in the laboratory [24]. 

Finally, the workflow, from sample preparation through to sequencing should be internally 

validated according to established guidelines to ensure that it is fit for purpose [25,26].  

 

To facilitate the implementation of a forensically relevant MPS workflow for human 

identification, there is an urgent need for sequence-based population data in African countries. 

More specifically, no sequence-based allele frequency data exists for the South African 

population. It is widely known that a high degree of genetic variation exists in African 

individuals; yet no studies have been undertaken to map this variation from a forensic 

perspective [27]. To elucidate this gap, an in-depth review of the literature is required to 

understand the magnitude and direction of sequence-based population data that have been 

generated globally using the ForenSeqTM DNA Signature Prep kit. It was hypothesised that 

African populations would exhibit higher levels of sequence variation and analysis of markers 

would result in higher discriminatory statistics.  

 

Furthermore, an optimised workflow for generating large-scale sequence-based population 

data using a streamlined and direct PCR approach is needed to reduce the time and costs 

associated with sample preparation, but herewith, also costs associated with potential failures 
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that could result from incompatibility of direct PCR sample types and kits with more sensitive 

MPS chemistries [28]. Crude buccal swab lysates, which are typically processed using a direct 

PCR approach, are routinely used in our Biomedical Forensic Science Laboratory as reference 

DNA samples for the purposes of generating population data, as well as for conducting DNA 

analyses on post-mortem samples collected during autopsy at the Observatory Forensic 

Pathology Institute in Cape Town, South Africa. Thus far, no studies have optimised the use 

of crude buccal swab lysates from both living and deceased individuals for MPS applications 

with the ForenSeqTM DNA Signature Prep kit.  

 

After optimisation, a considerable component in the facilitation of implementation of MPS in 

a forensic laboratory is the internal validation of the MPS workflow, ensuring that it is fit for 

purpose in terms of sensitivity, accuracy, precision, repeatability, reproducibility, stability and 

species specificity, but more importantly that the data generated can be used in court and legal 

proceedings. The International Standards Organisation (ISO) 17025 standard, adapted for 

forensic laboratories by the Scientific Working Group on DNA Analysis Methods (SWGDAM) 

and the European Network of Forensic Science Institutes (ENFSI) requires that any method, 

technique or workflow used in a testing laboratory must be internally validated [25,26,29]. 

Very few studies using the ForenSeqTM DNA Signature Prep kit have focused on the internal 

validation of post-mortem samples, and no studies have internally validated the workflow using 

post-mortem crude buccal swab lysates using a direct PCR approach [30].  

 

1.3. Aim and objectives 
 
To address the gaps and shortcomings revealed in the rationale, the aim of this study was to 

facilitate the implementation of the ForenSeqTM DNA Signature Prep kit workflow for post-

mortem human identification purposes.  
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The objectives were to: 

1) Conduct a comprehensive review and meta-analysis of ForenSeq™ DNA Signature 

Prep kit population studies to establish evidence-based insight for optimising and 

informing the workflow in a South African MPS population study. To do so, the 

systematic review objectives were to: 

a) assess the forensic MPS community’s inclination to using direct PCR approaches 

in MPS population studies, 

b) evaluate trends in genetic diversity in African and non-African populations,  

c) assess the level of standardisation for STR sequence nomenclature, and  

d) investigate concordance patterns to inform analysis of sequence data for the South 

African population.  

 

2) Develop an optimised protocol for generating high first-time success rates of crude 

buccal swab lysates processed with the ForenSeq™ DNA Signature Prep kit, in 

preparation for use in an MPS population study. Achieving this objective required: 

a)  initial testing of crude buccal swab lysates and investigation into their sub-optimal 

success rates with the ForenSeqTM DNA Signature Prep kit and 

b) assessing the impact of different optimisation methods to determine a method that 

results in adequate library quality and quantity that would improve MPS profile 

success rates.  

 

3) Establish sequence-based data for the two major South African population groups. To 

achieve this objective, the following sub-objectives were identified: 
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a) carry out sequencing using the ForenSeqTM DNA Signature Prep kit on DNA 

samples from South African volunteers representing the two major population 

groups, 

b) characterise and name genetic variants identified in the South African population in 

collaboration with Kings College London, 

c) generate sequence-based allele frequency data, population, and forensic parameters 

for the two major South African population groups using A-STRs and 

d) assess concordance between length-based genotypes generated using the 

ForenSeq™ DNA Signature Prep kit and CE-based methods.  

 

4) Perform an internal validation of the ForenSeqTM DNA Signature Prep workflow with 

DNA primer mix B (DPMB) on the MiSeq FGxTM platform to assess if the workflow 

is fit for purpose in a mortuary-linked laboratory. The internal validation study thus 

aimed to: 

a)  establish performance parameters for the workflow in terms of sensitivity, 

accuracy, precision, call rate, stability, species specificity, repeatability and 

reproducibility, as applied to control DNA and authentic forensic samples including 

bone, nail, teeth, blood, formalin-fixed paraffin embedded (FFPE) tissue, buccal 

cells on Flindlers® Technology Associates (FTA) cards, and for the first time, post-

mortem crude buccal swab lysates and 

b) apply the internally validated workflow to a forensic cold case to demonstrate the 

fitness of purpose and applicability of the workflow in an authentic post-mortem 

context. 
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1.4. Study design 
 
To carry out the objectives, a quantitative, cross-sectional design was used. This study 

employed a combination of descriptive, correlational and experimental research methods, as 

relevant to each objective. All laboratory work was undertaken in an academic laboratory that 

complies with ISO 17025 guidelines with an established quality management system, and is 

linked to a forensic mortuary in Cape Town, South Africa. The population assessed in this 

study consisted of 463 Black African (n = 216) and Admixed South African individuals (n = 

247). These two populations were chosen for the study as they make up most of the South 

African population. They also represent the demographics of the unidentified human bodies in 

the Western Cape and are underrepresented by the current literature [1,2]. Another design 

consideration in the population study was the use of A-STRs alone. This was done firstly 

because A-STRs are primarily and routinely used in forensic casework in South Africa [31]. 

Focusing A-STRs ensures that the study addresses the most critical gaps first. The focus on A-

STRs therefore serve as a strong foundation for analysis and research on sex-linked STRs and 

single nucleotide polymorphism (SNV) markers.  

 

Secondly, as this is the first sequence-based population study in South Africa, and a high level 

of variation is expected within STR markers, the Y- and X-STR markers would also require 

in-depth analysis, characterisation and concordance assessment. This additional analysis does 

not fit into the time-scope of this project and is currently being undertaken in a separate study 

in our research group to increase capacity building and maximise technical resources. 

Furthermore, A-STRs are the only marker type that can currently undergo standardised 

sequence quality control [32]. Selecting A-STRs to focus on in the early stages of 

implementation has ensured that data generated meets required international standards. Since 
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Y- and X-STR sequence data would require manual curation and quality control, this is 

explored in a separate study.  

 

1.5. Theoretical and conceptual background 
 
1.5.1. The role of DNA in identification 
 
In comprehending the role of DNA in human identification, it is crucial to understand its ability 

to distinguish between different people. This concept was first brought to light by Sir Alec 

Jeffreys, through his discovery of repetitive sequences of DNA present in the human genome. 

These sequences are known as variable number tandem repeats (VNTRs), in which the counts 

of repeats vary from person to person [12]. As it later emerged, this inherent variation set the 

stage for what would evolve into forensic DNA profiling through the discovery of STRs. This 

pivotal advancement has since proved instrumental in the field of forensic genetics [12].  This 

section will provide a theoretical and conceptual background into important principles 

regarding both conventional DNA profiling and MPS in a forensic context and highlight the 

limitations of CE technology that have been addressed with the onset of MPS. The section 

concludes with the elicitation of requirements for implementation of MPS in forensics.   

 

1.5.2. STRs in forensic DNA profiling 
 
An STR is a short repetitive sequence of DNA that is 2-6 bp in length. As with VNTRs, they 

are highly polymorphic in nature due the variability in the number of repeats between different 

individuals [12]. They are however shorter than VNTRs in length, making them suitable for 

analysing degraded DNA, which is common in forensic settings [14].  The technique typically 

used to assess the length of STR alleles in DNA profiling is called CE, which relies on the 

negatively charged DNA migrating through a capillary filled with a polymer matrix under an 

electric current [13]. An electric charge is applied, causing smaller fragments to migrate faster 
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than larger fragments. Fluorescently labelled fragments are detected using CE, and their overall 

size is determined relative to an internal size standard. Software is then used to determine the 

size of the STR (or the number of repeats), which is then designated as a length-based allele. 

In simple terms, a forensic DNA profile is made up of several allele pairs or genotypes present 

at various STR locations on the autosomal, X or Y chromosomes [13].  

 

1.5.3. DNA databases 
 
When a DNA profile is generated and the donor is unknown, the profile may be searched 

against another DNA profile, and it can be searched against a database. This database would 

contain DNA profiles of individuals falling into different categories [33]. Most national DNA 

databases have some form of index system, where DNA profiles from various sources are 

categorised into indices, and these often differ by country. For example, in the United States 

of America (USA), the Federal Bureau of Investigations National DNA Index System (NDIS) 

features multiple indices designed to assist with criminal investigations and identification 

processes [34]. The NDIS includes indices for convicted offenders, arrestees, crime scene 

samples, missing persons, relatives of missing persons and unidentified human remains.  

 

The United Kingdom (UK) has one of the world’s most advanced and longest-standing DNA 

databases [33]. Broadly, the profiles stored in the National DNA Database (NDNAD) can either 

fall into the category of an individual and is known as a “subject DNA profile” or the category 

of an “unidentified individual”, which includes DNA profiles generated from DNA samples 

collected from crime scenes [35]. The NDNAD Delivery Unit also operates a Missing Persons 

DNA Database which includes DNA profiles from missing persons items and those from 

unidentified human bodies or body parts. This database is held separate from the NDNAD, and 
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searches are only conducted between and against missing persons and unidentified deceased 

persons [35].  

 

In South Africa, the National Forensic DNA Database (NFDD) was created in 2015 and has 

demonstrated its efficiency and success by improving conviction rates in part through the 

generation of forensic investigative leads [36]. The NFDD comprises different indices for 

categorising forensic DNA profiles, and these include the crime scene index, arrestee index, 

convicted offender index, investigative index, elimination index and missing persons and 

unidentified human remains index [36]. Although, the lack of awareness and lack of adequate 

knowledge to provide these DNA samples and mistrust in police authorities in Africa, among 

other reasons, may prevent families from providing reference DNA samples in cases of missing 

persons [37].  

 

The second type of database that is pivotal to forensic DNA statistics is a population database. 

This is different to a national DNA database and consists of allele frequencies for different 

forensically relevant markers [23]. Essentially a core set of loci are used. The standardisation 

of a marker set is yet to be achieved on a global scale, but efforts have been made to use the 

same core set of loci in different countries to enable international searches and collation of 

allele frequency data [38].  

 

1.5.4. Match statistics 
 
When a match is found between a DNA profile in question (unknown donor) and/or a DNA 

profile held in a database, then the confidence in this match is determined. This is called random 

match probability (RMP) and is the probability that the DNA profile in question matches the 

DNA profile from a random, unrelated individual in the population [39]. What is required for 
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this calculation is the frequencies of alleles found in the background population for a particular 

set of genetic markers (mostly STRs) [39]. If the number of markers tested increases, then the 

RMP will decrease as testing more markers will result in a higher power of discrimination 

[15,40]. This is where CE methods have fallen short, specifically with regards to more 

compromised samples that are often encountered in forensic mortuaries. This is because only 

a limited number of markers can be multiplexed using CE methods.   

 

For several years, the forensic community has relied on the calculation of match statistics to 

determine the rarity of a DNA profile in a population group [39]. This calculation is based on 

the frequencies of alleles in the background/general population. The smaller the RMP value, 

the higher the probability is that two DNA profiles originate from the same source or donor. 

For A-STR markers, it is possible to use the product rule to determine the RMP of a DNA 

profile match. This is owed to the nature of autosomal STR markers when they are inherited 

independently [41,42]. The use of a likelihood ratio (LR) is also frequently used and is a ratio 

of the evidence given one hypothesis over the evidence given an alternative hypothesis. A 

higher LR indicates stronger evidence for the two profiles belonging to the same person [39].  

 

 Interpretation of DNA profiles by humans can become complex when generated from 

compromised DNA samples. Traditionally, the calculation of match statistics for single-source 

DNA profiles does not consider peak heights (or intensities) of stutter, artifacts, or unknown 

genotypes, as stutter is filtered out beforehand. However, these variables become especially 

important when interpreting mixed DNA profiles, where they contribute to uncertainty. These 

variables play a role in the size and accuracy of the match statistic, an important aspect in 

reporting. Accounting for these variables, specifically when dealing with mixtures, may change 

a match statistic from 13000 to 189 billion, as demonstrated in a murder case in Pennsylvania, 
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USA [43]. Shortcomings of traditional DNA profile interpretation software and approaches 

were met with the development or rather the use of probabilistic genotyping software. It 

emerged as a tool that is inherently unbiased in its approach at resolving complex DNA profiles 

and is widely used in the forensic community for resolving complex mixed DNA profiles (or 

mixtures).  

 

With respect to mixtures, the probabilistic approach involves computational estimations of 

allele dropout and drop-in probabilities [44]. For example, TrueAllele® (Cybergenetics, 

Pittsburgh, USA) uses statistical modelling to infer a probability for each possible genotype in 

a DNA profile [45]. The model considers all data (e.g., unknown genotypes, stutter, artifacts) 

and uses it to plot uncertainties for each possible explanation of the data. Through Markov 

chain Monte Carlo (MCMC) statistical sampling, thousands of genotype combinations are 

generated and proposed, which account for all data and their associated uncertainties. The 

software then generates a distribution of probabilities that could explain the DNA results. These 

results are used in LR calculations, where solutions or explanations that have higher 

probabilities explain the data better than solutions with lower probabilities. This method has 

been validated in the analysis of complex, low-level, and higher-order mixtures that were once 

considered too challenging to interpret [46]. It marks a major transformation in how DNA data 

is analysed but has not been fully explored in complex kinship cases [44].  

 

In the assessment of kinship or parentage, a match would not occur between two DNA profiles, 

but rather a measure of relatedness would be determined. Kinship analysis tools estimate the 

LRs for determining relationships such as paternity, maternity, and sibling relationships (more 

commonly referred to as sibships) by making use of population allele frequency databases [47]. 

However, the variation in numerical precision across different software can lead to different 
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conclusions, which is particularly important when distinguishing between full and half siblings. 

This is because both full and half siblings could share no alleles at several markers due to 

inheriting the alternate allele from a parent. 

 

 A study by Mályusz et al., 2006, suggested that relying solely on autosomal STR typing is 

inadequate for accurately resolving cases involving potential half-sibship, although using a 

combination of both STRs and SNVs has shown to result in more reliable LR calculations 

[48,49].  This is a major limitation of current CE systems, but more so for the SAPS Forensic 

Science Laboratory, as only 15 STR markers are used in kinship tests, often resulting in 

inconclusive results (in-house data). The use of probabilistic genotyping software in kinship 

assessment, combined with the increase in genetic information obtained through MPS, could 

serve as a method that results in more informative sibship estimations.  

 

1.5.5. Limitations of STR typing using CE technology 

In forensic DNA profiling, a limited number of STRs can be multiplexed due to varying 

fluorescence wavelengths of dyes [13]. Fluorescent detection allows for the tagging or labelling 

of PCR products with overlapping sizes, such that they can be distinguished by both 

fluorescence and size. In a dye system, one of the dyes are used for labelling the size standard 

that would be added to each sample. Each of the fluorescent dyes added to the PCR reaction 

will emit a different maximum fluorescence wavelength. This difference in wavelength means 

that when the emissions are captured by a camera, the fluorescence will be separated and 

enables the visualisation of markers with the same or similar sizes [13].   

 

With an increasing number of STRs that can be multiplexed, the more information there is to 

distinguish between different individuals, even if only a few markers are genotyped [41]. 
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However, the number of markers that can be multiplexed in CE platforms have been reaching 

stagnation because there are a limited number of fluorescent dyes that can be used 

simultaneously without significant spectral overlap, as each dye must have a distinct emission 

wavelength to be able to separate markers with fragments of similar sizes. The maximum 

number of dyes has increased to eight, enabling the multiplexing of a maximum of 35 STR 

markers, including an increased number of mini-STRs [17]. However, it is not known at which 

rate the number of dyes will increase over the next few years. The current rate at which 

improvements are being made in this regard (for CE) poses a limitation for samples that are 

compromised, such as those that are degraded, or contain PCR inhibitors. Although, MPS 

chemistries are also not always robust, and may be similarly impacted by PCR inhibitors.  

 

When a DNA sample is degraded, there is an abundance of shorter fragments available for 

amplification, and this results in what is known as preferential amplification during PCR. This 

means that markers targeting larger amplicons will ultimately be amplified at a lower rate or 

not be amplified at all, resulting in a failed or partial DNA profile [14]. When there are less 

markers available for comparison between an unknown donor sample and a reference profile, 

then the confidence in a match is reduced and may not be usable for court [48]. Due to this 

limitation, a secondary consequence is that when the number of A-STR markers that 

successfully amplified are too few, testing with different markers, such as X-STR and Y-STR 

testing may be undertaken. These analyses would typically need to be performed as additional 

tests, except for the latest commercial STR kit which couples both A-STR and Y-STR markers 

[17].  

 

The principles of CE-based technology are widely used and understood by the forensic 

community, and because of this, many studies have been undertaken to improve its ability in 
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gaining maximum insights from compromised samples (i.e., low input, degraded or inhibited).  

[14,50-52]. However, as previously highlighted, its capacity to increase the number of markers 

that can be multiplexed is limited by the number of dyes that can be included in a system. 

Consequentially, this limits insights from degraded samples, as more markers of different non-

overlapping sizes need to be multiplexed to obtain more genetic information [15,53].  

 

When bodies are visually unrecognisable and CE methods fall short, generating additional 

information from forensic DNA samples may be carried out. These include data to estimate 

externally visible characteristics to generate new investigative leads [54,55]. Therefore, the 

forensic community have tapped into using MPS to address the limitations of CE that have not 

been capable of being addressed through optimisation or troubleshooting.  

 

1.5.6. Massively parallel sequencing: Entering the genomic era 
 
The field of DNA sequencing has evolved tremendously since its inception, starting with the 

work of Frederick Sanger, who pioneered the first DNA sequencing method commonly known 

as Sanger sequencing, and known as the “chain termination method” [56]. In this method, DNA 

base pairs (bp) within a sequence are determined in a fragment of DNA, typically less than 

1000 bp. What made Sanger sequencing different from conventional PCR was the 

incorporation of dideoxynucleotides triphosphates (ddNTPs), which lack a 3ʹ hydroxyl group 

into a reaction and allows for the termination of the growing strand of DNA when a ddNTP is 

incorporated. This method allowed for the accurate reading of DNA base pairs, albeit a manual 

and labour-intensive process. The detection of fragments has become largely automated, but 

this has not been suitable for generating large-scale sequence data [57]. More advanced and 

efficient methods of sequencing were needed that led to the onset of MPS technologies, 

introducing a paradigm shift in DNA analysis [58]. MPS technology enables the simultaneous 
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sequencing of a large number (millions) of DNA fragments in parallel, increasing the 

sequencing throughout and reducing the time and costs associated with sequencing large 

numbers of genetic markers or even entire genomes [19].  

 

Although MPS has been widely used in many molecular biology fields since its inception in 

2005, it has only recently been used in the field of forensic genetics [19]. In 2015, the MiSeq 

FGxTM platform, which was the first forensically validated MPS system that addressed many 

of the above-mentioned CE limitations [21,59]. What made this advancement significant was 

that the system with its bioinformatic pipeline, referred to as the ForenSeqTM Universal 

Analysis Software (UAS), was validated for forensic use, allowing it to gain high traction in 

the forensic community, as it was a huge step towards being able to use the technology for 

forensic casework [60]. 

 

The onset of MPS has highlighted significant advantages over CE in forensic DNA analysis, 

including enhanced resolution of complex mixtures, the ability to analyse a broader range of 

genetic markers simultaneously, and improved sensitivity and accuracy in detecting low-

frequency alleles. The MiSeq FGxTM system was first coupled with the ForenSeqTM DNA 

Signature Prep kit. The ForenSeq™ DNA Signature Prep kit was developed to amplify 

forensically relevant markers including Amelogenin, 27 A-STRs, 24 Y-STRs, 7 X-STRs and 

94 identity-informative SNVs (iiSNVs) with the DPMA. Additionally, the DPMB enabled 

further multiplexing of an additional 56 biogeographical ancestry-informative SNVs (aiSNVs) 

and 22 phenotypic-informative SNVs (piSNVs) [21]. Having the option to select a primer mix 

that either targets only STRs, only STRs and iiSNVs or include aiSNVs and piSNVs with 

DPMB are therefore ideal for countries where it is deemed legally and ethically inappropriate 

to reveal phenotypic or ancestry information.  
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1.5.6.1. The ForenSeqTM DNA Signature Prep Kit workflow with the MiSeq FGxTM 
system 

 
Sample and library preparation 

As with traditional CE workflows, the ForenSeq™ DNA Signature Prep kit workflow begins 

with a sample preparation step, whereby either extracted/purified DNA is prepared and diluted 

to a concentration of 0.2 ng/μL (5 µL), or a direct PCR approach is employed. The 

manufacturer’s protocol requires that all extracted DNA samples are quantified using a 

fluorescence-based quantification method [21]. The kit has been evaluated for a range of 

different extracted DNA sample types including bone, teeth, blood, saliva and buccal cells, but 

research on its performance with direct PCR crude lysates is limited [20,30,61]. Nonetheless, 

the manufacturers recommend that crude lysates can be added directly to the first PCR reaction 

with the addition of nuclease-free water, while FTA cards require a washing step prior to 

addition to the PCR reaction. No quantification or quality control steps are required by the 

manufacturer when using direct PCR samples (such as FTA cards or crude lysates). The 

implication for this lack of quality control is further explored in Chapter 3.  

 

Following sample preparation, a two-step PCR is required to first amplify targets and then to 

add adapters onto the DNA fragments.  The adapters contain three essential sets of sequence 

tags including: a) the 3ʹ or 5ʹ sequence of each adapter that complements the initial primers 

used the in the first PCR step, b) the i5 and i7 indices that are both added to each target amplicon 

to create a unique index for each sample and c) a sequence tag commonly called “P5” or “P7”, 

complementary to the oligonucleotide sequences present on the flow cell (Figure 1.1) [19].  
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Figure 1.1: Diagram illustrating adapter ligation of the target region. The three components 
of the adapter are highlighted in the red box, with the target region shown in yellow. 

 

Libraries are then purified through magnetic bead-based purification to remove free adapters 

and unbound primers. Following purification, the libraries do not undergo quantification as 

with most other library preparation protocols in molecular biology, instead they undergo 

magnetic bead-based normalisation, where the bead to sample ratio ensures that the binding 

capacity results in equal concentrations of each library being added to the flow cell for 

sequencing [62]. An equal volume of each library is then pooled into a single tube and diluted 

with a hybridisation buffer. Hereafter, a human sequencing control (HSC) is denatured and 

added to the pooled library. The HSC is used as a positive control consisting of 23 pooled STR 

loci and enables the MiSeq FGxTM sequencing run to reach completion. Denaturation of the 

pooled library is required prior to loading of the library onto the flow cell, and this consists of 

first heating and then immediately snap freezing the tube containing the pooled library, after 

which the normalised, pooled denatured library is added to a MiSeq FGxTM reagent cartridge 

[21,59].  

 

Sequencing 

A flow cell contains two types of oligonucleotides that are complimentary to each of the P5 

and P7 adapter sequences added during adapter ligation. This makes it possible for fragments 
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to hybridise to the flow cell. Fragments added to the flow cell are single stranded DNA 

(ssDNA) molecules and the P5 and P7 adapter sequences present on these fragments bind to 

the P5 and P7 oligonucleotides on the flow cell. A primer mix containing a mixture of 

polymerase and nucleotides are added to the flow cell which enables synthesis of a new 

complementary strand, resulting in a now double-stranded DNA (dsDNA) molecule. The 

dsDNA molecule is then denatured, and the template strand is removed, leaving only newly 

synthesised ssDNA. The “free” P5 and P7 oligonucleotides present on the flow cell are then 

hybridised by this ssDNA by a bending or arching over action, resulting in a bridge-like 

formation. From this bridge, a new complementary strand is made, which undergoes another 

denaturation step, and the ssDNA arches over again to bind to the P5 and/or P7 adapters on the 

flow cell, forming another bridge and synthesising a new strand [63]. The process is repeated 

until there are sufficient clusters of each fragment.  The final step in cluster generation is the 

washing away of all reverse strands, with only the forward strands remaining for sequencing 

by synthesis [21,59,64,65].  

 

The MiSeq FGxTM reagent cartridge contain the primer mixes for the sequencing of “read 1” 

and “read 2” primers. The “read 1” primer binds to the P5 sequence tag, while the polymerase 

and all four fluorescently labelled deoxyribonucleotide triphosphates (dNTPs) are added to the 

flow cell at the same time (Figure 1.2). The dNTPs are then incorporated sequentially based 

on the nucleotides present on the forward strand. The reading of the sequences in the strand are 

made possible through fluorescence capturing by a camera. As each dNTP is tagged with a 

different fluorescent dye, the camera records different emission wavelengths for each 

nucleotide incorporated, bearing in mind that the signal intensifies as the number of clusters 

increase. For “read 1”, this process involves 351 cycles of sequencing, after which all the 
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synthesised strands resulting from “read 1” are washed away, as the signals from each cluster 

would be recorded and stored for further processing [59].  

 

 

 

 

 

 

 

 

 

 

 

The i7 index sequencing is enabled by the addition of the i7 sequencing primer and is carried 

out for eight cycles, followed by eight cycles of sequencing for the i5 index sequencing using 

the P5 oligonucleotide attached to the flow cell as the sequencing primer. Once all i5 index 

read products (newly synthesised strands) are washed away, leaving only the template strand, 

a new complement strand is made, resulting in a dsDNA molecule that is denatured. The 

template strand is washed away, with the reverse strand remaining. Then only is the “read 2” 

primer introduced and attaches to the reverse tag on the 3ʹ end of the strand for 31 sequencing 

cycles.  

 

Fluorescence imaging captures each nucleotide that was incorporated through its fluorescent 

label. The signal emitted from each cluster is recorded along with the wavelength of the 

different dyes for each nucleotide. After each cycle, a single image illustrates various clusters 

Figure 1.2: Read 1 and Read 2 sequencing process. 
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of signals recorded by the camera, and the intensities are recorded based on their originally 

recorded co-ordinates on the flow cell. Base calls are recorded in a “bcl” file, dependent on 

whether clusters met Illumina’s built in chastity filter, along with the Phred scores. All 

sequences in clusters with the same i5-i7 index will be combined to generate a “read 1 fastq” 

file with all forward strand sequences called per unique i5-i7 index, and a “read 2 fastq” file 

for the same sample but with the reverse strand sequencing reads [66]. Both these files can then 

be used with the integrated ForenSeqTM UAS for automated sequence alignment, extraction 

and repeat counting (for STRs) based on default or internally established thresholds (i.e., 

analytical, interpretation, stutter and heterozygous balance thresholds) [60].  

 

1.5.7. Requirements for implementation of MPS in post-mortem human identification 
strategies 

 
A survey conducted in Europe by Alonso et al., 2017 to establish opinions, use and interest 

from forensic laboratories in MPS (hereon referred to as the European MPS survey) revealed 

reasons why laboratories did not purchase an MPS instrument. These reasons included the high 

costs, lack of sufficient funding for implementation, and reluctance to purchase when methods 

were still underdeveloped. Subsequently, a surge of studies was undertaken in the years that 

followed, which evaluated the performance of MPS in a forensic context. Further to this, 

sequence-based population studies were undertaken [67].  

 

As with CE, background allele frequency data for the relevant population are needed to 

facilitate the calculation of match statistics [68]. These sequence-based allele frequency data 

need to be compatible and concordant with those obtained from CE [69]. Compatibility in this 

context means that an MPS profile should be stored in such a manner that it can easily be 

searched in a CE DNA profile database and/or population allele frequency database. 

Concordance refers to whether the length-based genotype calls made by each technology (CE 
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or MPS) are the same. These are non-negotiable requirements for implementing MPS in a 

forensic laboratory [69].  

 

Several population studies have now been conducted using MPS, with most studies to date 

having used the ForenSeq™ DNA Signature Prep kit [70-75]. These studies have aimed to 

demonstrate the compatibility and concordance of the method; however, African countries 

have been slow to align with the MPS trajectory in the forensic space. This slow adoption is 

also evident in the implementation of CE technology, which only gained traction in African 

countries some 30 years after its inception, including in Burkina Faso, Ghana, Kenya and Sierra 

Leone [76-79]. It is particularly important for African countries to remain aligned with methods 

that would improve aspects of forensic human identification, as they endure a high number of 

unidentified human bodies each year [1]. The need for sequence-based population data in 

African countries is fully explored in the systematic review in Chapter 2, striving to facilitate 

the positioning and standardisation of MPS in both developed and developing regions.  

 
Implementing a new and costly technology is a daunting endeavour for many African countries, 

especially when no specific sequence analysis and validation guidelines exist. This is 

compounded by the lack of consensus regarding nomenclature standards and the almost 

complete absence of sequence-based allele frequency data for African populations [32].  

 

Additionally, MPS is not only more sensitive in its ability to generate more insight into samples 

than CE, but it is superior in its ability to resolve complex profiles that are challenging to solve 

through only using CE methods. Indeed, several studies have demonstrated the compatibility, 

concordance and allelic gain provided using MPS, and have demonstrated examples where 

MPS can provide an answer when CE-based methods cannot [22,80,81].  This is important for 

post-mortem samples that are degraded or compromised, as the limited number of markers used 
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in CE have not always been sufficient when performing kinship testing [48,49]. To this end, 

DNA profile success rates using the ForenSeqTM DNA Signature Prep kit have outperformed 

and supported CE analysis for post-mortem sample types, although showing lower 

performance on ancient human remains. This was revealed after a mini systematic search of 

the literature was performed, pertaining to post-mortem sample types processed with the 

ForenSeqTM DNA Signature Prep kit [81-85] (Appendix 1.1). 

 

What is further needed for implementation of MPS in a forensic context is the establishment 

of performance parameters of a wide range of sample types [29]. Studies have validated the 

ForenSeqTM DNA Signature Prep kit workflow on several sample types and established 

performance parameters with respect to sensitivity, stability, accuracy, precision, call rate, 

mixture resolution and species specificity. Sensitivity studies have showed that a minimum 

input range of 0.25 ng – 1 ng is recommended [20,62]. For control DNA samples, studies have 

deemed the workflow to be accurate and precise under unstable conditions (i.e., in the presence 

of PCR inhibitors and subjected to DNA degradation) [20,61]. However, few studies have 

validated the workflow in a post-mortem context and focused on authentic forensic samples, 

while to this author’s knowledge, none have validated the workflow using a direct PCR 

approach for post-mortem samples [30]. The gaps highlighted above, in combination with the 

requirements for implementation of the workflow speak directly to the objectives of this study, 

and these requirements have been used as the basis for carrying out this study.   
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1.6. Thesis roadmap  
 

The thesis consists of six chapters, and a concise illustration of the thesis roadmap can be found 

in Figure 1.3. Chapter 1 introduces important definitions, concepts and methods currently used 

in DNA-based human identification. This chapter identifies the position of an MPS workflow 

in forensic human identification, highlighting previous successes with the workflow and 

requirements needed to facilitate implementation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Thesis roadmap 
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Chapter 2 is a systematic review of the literature pertaining to published ForenSeq™ DNA 

Signature Prep kit population studies. A meta-analysis was conducted for a subset of studies to 

understand the increase in variation provided through sequence data compared to length-based 

data. Additionally, the review assesses the current consensus on concordance and discordance 

between data generated from the ForenSeq™ DNA Signature Prep kit and commercial CE kits. 

Finally, the chapter identifies the lack of sequence-based population data for African countries, 

whilst also demonstrating the high levels of variation present in African populations, based on 

currently published population data. The results of this chapter strongly argue the undertaking 

of a sequence-based population study for the South African population.  

 

Prior to undertaking a sequence-based population study using the ForenSeqTM DNA Signature 

Prep kit, it was noted in the first few attempts at generating MPS data, that direct PCR crude 

buccal swab lysates that had previously given full profiles with CE-based methods performed 

poorly using the ForenSeqTM DNA Signature Prep kit. Therefore, a systematic optimisation 

study was performed to investigate and optimise the first-time success rates of crude buccal 

swab lysates generated using the SwabSolutionTM kit (Promega Corporation, Madison, WI, 

USA) and the STR GO! Lysis buffer (QIAGEN, Hilden, Germany), and processed with the 

ForenSeqTM DNA Signature Prep kit. The results of Chapter 3 provide essential 

recommendations for processing crude buccal swab lysates using a direct PCR approach, as 

well as a modified lysate purification method that could be used in generating sequence-based 

population data in our laboratory, with a higher degree of confidence. 

 

Chapter 4 describes the characterising of MPS population data for 463 South Africans with 27 

autosomal STR markers utilising an optimised workflow developed in Chapter 3. It establishes 

the first STR sequence-based allele frequency data for two major South African population 
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groups. The chapter describes novel findings for both highly polymorphic and more conserved 

STR markers. Lastly, it provides an evaluation of the concordance levels between length-based 

genotypes generated using the ForenSeq™ DNA Signature Prep kit and CE-based methods, 

while providing an in-depth analysis of discordances. Chapters 2, 3 and 4 are written in 

manuscript format. 

 

As an important step towards fulfilling ISO 17025 quality requirements, and thus facilitating 

implementation of MPS in our laboratory, the workflow was internally validated using control 

and forensic casework samples commonly encountered in forensic mortuaries such as bone, 

nail, teeth, blood, FFPE tissue, buccal cells on FTA cards and crude buccal swab lysates. 

Chapter 5 details experiments undertaken to establish whether the workflow meets the implicit 

criteria set through developmental validation studies, including sensitivity, accuracy, precision, 

repeatability, reproducibility, species specificity and stability. The chapter closes off with a 

concise discussion, and the demonstration of the workflow applicability to a forensic cold case 

from a severely decomposed, unidentified human body, where MPS data was used to contribute 

to generating a forensic investigative lead in a missing persons case.  

 

The final chapter of this thesis (Chapter 6) synthesises the results from a broader perspective, 

offering recommendations for future studies and addressing the study's limitations and their 

impact on identification. The findings of this study emphasise that implementing MPS 

workflows in under-resourced regions requires sustainable practices and acknowledge that 

successful implementation is largely administrative, demanding collaborative efforts beyond 

the laboratory. The study identified that improving identification strategies hinges on 

addressing two key limitations: establishing a legal framework in South Africa for generating 

phenotype data to aid in forensic investigations and raising awareness and trust within 
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communities for submitting familial reference samples, which are crucial for assessment of 

their relationship to the deceased. Holistically, the successful generation of a forensic 

investigative lead, using an internally validated and optimised workflow, along with the use of 

the newly generated sequence-based population data, lead to the realisation of this study’s aim, 

nudging South Africa one giant step closer to achieving implementation.  

 

1.7. Ethics approval 
 
Ethical approval to undertake this study was obtained by the University of Cape Town’s (UCT) 

Faculty of Health Science (FHS) Human Research Ethics Committee (HREC:400/2021) 

(Appendix 1.2), as well as from the FHS Animal Ethics Committee (AEC) to perform species 

specificity experiments (Ref No: 021_010) (Appendix 1.3). The study was carried out in 

compliance with the Declaration of Helsinki (1964), as adapted at the 4th World Medical 

Association (WMA) General Assembly (Fortaleza, Brazil, October 2013). 
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2) Chapter 2: Systematic Literature Review 
 

Systematic analysis of population studies performed with the ForenSeqTM DNA 

Signature Prep kit: Examining the scope and standardisation of global research efforts 

2.1. Introduction 
 
In Chapter 1, the need for sequence-based population data was mentioned as an essential 

requirement for the implementation of MPS methods to support CE-based protocols. Globally, 

several forensic laboratories have pursued sequence-based population studies to fortify this 

implementation [70,75,86-88].  Despite this, the exact number and identity of populations 

represented in the literature remain uncertain, which is what prompted the systematic review 

undertaken in this study, to better understand the current landscape of population 

representation. Furthermore, MPS has been shown to enhance allelic representation compared 

to CE methods, as reported in several studies [70,75,86-88]. It is hypothesised that for African 

population groups, the enhancement of allelic representation provided by MPS will be further 

exemplified [89]. Defining the breadth of the increase in allelic diversity for currently 

published sequence-based population studies establishes a rationale for undertaking sequence-

based population studies in African and underrepresented population groups. Further to this, 

sizing the increase in genetic diversity may uncover insights into sample size and STR 

sequence nomenclature recommendations for more genetically diverse population groups.  

 

A consequence for the lack of sequence-based population data is the delay in achieving a 

standardised nomenclature for characterising STR sequence variants [19]. Consequently, there 

is a need for assessing which naming conventions are reported in different population studies. 

These insights will shed light on the current stance of the forensic genetics community in 

working towards a consensus on the standardisation of STR sequence nomenclature. This 

consensus will serve as a concrete guide as to what should be implemented within a South 
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African context.  Moreover, while studies have carried out concordance testing between CE 

and MPS methods, the level of agreement between studies regarding autosomal STR marker 

concordance is not firmly established [72,86,87,90,91]. There is a subsequent need to address 

the commonalities and disparities between population studies regarding concordance with CE 

methods.  

 

Another challenge in fortifying the implementation of MPS is the high upfront cost. While the 

use of direct PCR approaches has been pursued for CE-based population data to mitigate time 

and cost constraints, this pursual is less evident with MPS [92-95]. Indeed, the ForenSeqTM 

DNA Signature Prep kit has been tested using direct PCR with FTA cards as well as crude 

lysates from buccal swabs [21]. Although, the number of population studies employing direct 

PCR approaches with the ForenSeqTM DNA Signature Prep kit is unknown.  

 

Since the inception of MPS in forensic genetics almost a decade ago, reviews have assessed 

and evaluated the technology ahead of its implementation [19,55,62]. However, there has been 

no systematic review nor meta-analysis of collated data to date to address the gaps highlighted 

above. This literature review has therefore employed a systematic approach to summarise and 

collate data pertaining to all population genetic studies conducted using the ForenSeqTM DNA 

Signature Prep kit with the Miseq FGxTM system. The chapter thus aims to present a holistic 

and up to date account of the increase in genetic diversity obtained using MPS, to determine 

the proclivity of the forensic MPS community towards the use of direct PCR approaches, to 

pinpoint commonalities in concordance levels, and assess trends in STR sequence 

nomenclature. This was done to gain new insights and appreciate the potential, as well as the 

limitations of the technology ahead of its implementation within a South African context. 
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2.2. Methods 
 

2.2.1. Search strategy 
 
The PRISMA approach was used to guide the search strategy for this review [97,98] (Appendix 

2.1). A search strategy was designed to answer the research objectives using MeSH terms. The 

following search terms were then entered into four databases, PubMed, Scopus, ScienceDirect 

and Web of Science: “ForenSeq”, “MiSeq FGx”, “population”, “validation”, “performance”, 

“developmental validation”. Search terms related to performance and validation studies were 

included, as it was established through an initial search that data pertaining to population 

groups were included in certain studies as an aspect of validation and evaluation studies. 

Boolean operators were used in each search query to result in a more focused search. Citations 

were exported into the EndNote version 21.3 reference manager software for further evaluation 

of records. This review covers articles published from January 2015 up until 30 June 2024. 

These dates were used as the ForenSeqTM DNA Signature Prep kit and MiSeq FGxTM system 

was released in 2015 [99].  

 

2.2.2. Screening 
 
Prior to evaluation of full text records for inclusion and exclusion, duplicate records were 

removed using EndNote’s “remove duplicates” feature. The number of records retrieved from 

each database was recorded. Records were included if they comprised a population study using 

the ForenSeqTM DNA Signature Prep kit with the MiSeq FGxTM instrument, and if the study 

assessed A-STR, Y-STR, X-STR or iiSNV markers, or a combination of these markers. 

Articles were excluded if they were not relevant to the field of forensic human identification. 

Review, opinion and non-English articles were excluded. Once all the articles were assessed 

for eligibility, reference lists within the included articles were evaluated by applying the same 

inclusion and exclusion criteria as above until no new articles were retrieved.  
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2.2.3. Data collection 
 
The full text of each included article was assessed, and data were extracted onto a standardised 

data collection Microsoft Excel® spreadsheet. Variables pertaining to publication details 

included the year of publication and journal name, while variables pertaining to the population 

group studied included sample size, country in which population study was performed and 

specific population groups. The sample type and sample preparation method used were also 

recorded. Data relating to concordance with CE methods for each study assessing STR data 

were collected. The STR sequence nomenclature formats used were also recorded. Variables 

pertaining to allelic gain were recorded from reported length- and sequence-based allele 

frequency data (Table 2.1) 

 

Table 2.1: Variables collected from population studies grouped into categories; publication 

details, sample preparation, population group, concordance, sequence variation and 

characterisation of sequence data. 

Category Variable 
Publication details • Year of publication 

 
• Journal of publication 
• Markers assessed 

Sample preparation 

• Sample type 
• Sample preparation method used (Direct PCR or 

DNA extraction) 
Population group • Population group studied 
  • Country in which study was conducted 
  • Sample size 
Concordance • Level of concordance (%) with CE-based methods 

 Sequence variation 
and characterisation 
for STR data 

• Number of alleles reported by length and by 
sequence 

• Length-based and sequence-based random match 
probability 

  • Nomenclature format used 
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2.2.4. Meta-analysis 
 
To infer statistical associations between length- and sequence-based variation reported for A-

STRs, a meta-analysis was performed on a subset of studies that met additional inclusion 

criteria. Studies were included in the meta-analysis if allele frequency data were reported for 

both length- and sequence-based studies, and if they reported RMP values for both length- and 

sequence-based data. If a study reported allele frequency data for both length- and sequence-

based alleles for A-STR markers but did not explicitly report RMP values, these were still 

included in the meta-analysis to perform statistical calculations on allelic gain.  

 

To record the number of alleles reported by sequence and by length for 27 A-STR markers 

across different population groups, allele frequency data were used. More specifically, 

Microsoft® Excel “=COUNT()” and “=UNIQUE()” functions were used to count the number 

of unique length and sequence-based alleles for each marker and for each population group. 

Two studies did not report allele frequency data for the D22S1045 marker, and these were not 

included in statistical analyses. Additionally, the RMP was recorded for each population group. 

Where match statistics were reported by marker only, the product rule was applied to determine 

the RMP.  

 

2.2.5. Data analysis 
 
Collected data were collated into a Microsoft Excel® spreadsheet and statistical analysis was 

performed using R software (R Core Team, 2022). The RStudio package “ggplot2” and 

Microsoft Excel® were used for creating graphs and tables for the systematic review [100]. 

Heterogeneity was assessed using the “meta” package in RStudio, which determined three 

values pertaining to heterogeneity including Tau2, I2 and Cochranes Q-statistic (Appendix 2.2). 

To conduct the heterogeneity assessment, the sample size, length-based and sequence-based 
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allele counts for each population were used. These values were required to determine the effect 

size (i.e., the ratio between length- and sequence-based allele proportions). The log of the effect 

size (hereafter named log Effect size) for each population group was calculated in RStudio. 

Thereafter, the standard error of the log Effect size was determined. A forest plot was generated 

in RStudio to visualise the effect size and weight of each population group, using a random 

effects model. 

 

Descriptive statistics including mean, median, standard deviation and confidence intervals (CI) 

were determined for the number of length- and sequence-based alleles across population groups 

using the data collected from allele frequency tables. Histograms were created for length-based 

and sequence-based allele counts across population groups to assess normality of the data. A t-

test was then performed to determine if the allelic gain was significant between length and 

sequence-based alleles. The average percentage increase in allele count was also determined 

for each of the 27 A-STR markers across the population groups. The decrease in RMP values 

from length- to sequence-based data for each population group was determined by calculating 

the fold-change.  

 

Furthermore, a correlation test was performed using Pearson’s correlation coefficient 

combined with a t-test using the “cor.test” function in RStudio (R Core Team, 2022). This was 

done to determine if there was a relationship between sample size and percentage increase in 

allele count in two scenarios; 1) across all population groups, and 2) across a merged dataset 

where populations were grouped into their major ancestral populations. This was done to 

understand the effect of sample size on allelic gain across populations and ancestral groups, 

and to test the sensitivity of the correlation. A significance cut-off value of 0.05 was used for 

all tests.   
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2.3. Results 
 

2.3.1. General search results 
 
The systematic search resulted in a total of 582 articles from the four databases searched, while 

167 duplicates were removed, resulting in a total of 415 articles (Figure 2.1). After applying 

the inclusion and exclusion criteria to the abstracts, titles and methods sections, 44 articles 

remained. While every attempt was made to access all articles, one publication could not be 

accessed and was thus excluded from further analysis. Reasons for exclusion of articles are 

shown in Appendix 2.3. Additionally, two articles did not meet the inclusion criteria after full-

text screening. Furthermore, one publication had been retracted and was therefore excluded 

from any further analysis. This resulted in a total of 40 included articles. 

 

 

 

 

Records identified from:
Databases (N = 582)
PubMed: n = 69
ScienceDirect: n = 292 
Scopus: n = 381
Web of Science n = 40

Records removed before 
screening:

Duplicate records removed  
(n = 167)

Records screened
(n = 415)

Records excluded based on 
initial screening and did not meet 
inclusion criteria
(n = 371)

Records sought for retrieval
(n = 44)

Records not retrieved
(n =1); unable to access article

Records assessed for eligibility
(n = 43)

Records excluded:
Did not meet inclusion criteria 

(n = 2)
Publication retracted (n = 1)

Studies included in review
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Figure 2.1: Adapted PRISMA flow diagram depicting the number of records retrieved from four 

databases using three phases; 1) identification, 2) screening and 3) inclusion. 
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2.3.2.  General summary of literature 
 
 

2.3.3.1.Country of publication 
 
Population studies have been conducted in 16 different countries, evaluating 43 different 

population groups (Table 2.2). Many population studies utilising the ForenSeqTM DNA 

Signature Prep kit have been carried out in the USA (30%, n = 12/40) and China (20%, n = 

8/40). No studies using the ForenSeq™ DNA Signature Prep kit have been conducted in Africa, 

although studies have assessed populations with individuals of African ancestry (Figure 2.2).  

 
Table 2.2: Summary of meta-data for 40 population studies included in the systematic review. 

The table summarises the general information such as country of study, population group, 

sample size, sample type and sample preparation method used. 

 

Country Sample 
size Population Group Sample type 

Sample 
preparation 

method  

Overall 
concordance 

(%) 
Reference 

Centre for the 
study of 
human 

polymorphism 
(CEPH) 
Dataset 

102 Sub-Saharan African 

Blood Not reported 99.99 [72] 

158 European 
163 Middle East 
200 Central South Asian 
229 East Asian 
28 Oceanian 
64 Native American 

China 

85 Nigerian Blood on FTA 
card Direct PCR Not reported [101] 

90 Hui Blood on FTA 
card Direct PCR Not reported [102] 

70 Torghut Mongols Blood on FTA 
card Direct PCR 100 [70] 88 Jalaid Mongols 

635 Northern Han Chinese Bloodstains 

Trace Evidence 
DNA Isolation 
Kit (AusBio, 

Yantai, China) 

99.94 [87,103] 

107 Tibetan Blood on FTA 
card Direct PCR 100 [104] 

220 Eastern Han Chinese Blood QiaAmp DNA 
Blood Mini Kit Not reported [105] 

136 Hainan Li 
Blood and 

Buccal swabs 
on FTA cards 

Direct PCR 100 [106] 

Denmark 363 Danish 
Blood and 

Buccal swabs 
on FTA cards 

EZ1 DNA 
Investigator Kit 
(QIAGEN) and 

direct PCR 

99.74 [74] 

El Salvador 391 El Salvador Buccal cells 
and saliva 

Prepfiler BTA 
kit Not reported [107] 
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France 169 French Buccal swabs 

 QIAamp DNA 
Mini Kit 

(QIAGEN) or 
NucleoSpin® 
Plasma XS kit 

(Macherey-
Nagel) 

Not reported [108] 

Korea 209 Korean Blood 
Prepfiler 

Forensic DNA 
Extraction Kit 

99.90 [90] 

Mexico 105 Mestizos Blood Prepfiler BTA 
kit Not reported [109] 

Norway 371 Norwegian Blood Salting out 99.80 [91] 

Peru 

172 Chachapoya 

Saliva 

Modified high-
salt DNA 
extraction 
protocol  

Not reported [75] 
25 Awajún 

13 Wampís 
9 Huancas 
14 Cajamarca 

Philippines 143 Filipino Blood on FTA 
card Direct PCR 100% [110] 

Qatar 150 Qatari Buccal swabs QIAGEN Mini 
Kit Not reported [111-113] 

Saudi Arabia 89 Arab Buccal swabs 
and saliva 

QiaAmp DNA 
Mini kit Not reported [114] 

Spain 
88 Spanish Roma 

Saliva 
Phenol-

chloroform 
extraction 

Not reported [115] 
143 Catalans 

Thailand 182 Thai Blood on FTA 
card Direct PCR 76.47 [88] 

United 
Kingdom 

200 White-British 

Buccal swabs 
Chelex and 

DNA 
Investigator 

99.98 

[86,116-118] 
  

200 British - Chinese  
200 South East Asian  
201 West African  
206 Northeast African  

United States 
of America 

342 African American 

Blood QiaAmp DNA 
Mini Kit 99.97 [73,119,120], 

[121-127]  
361 Caucasian 
97 East Asian 
236 Hispanic 

62 Yavapai Native 
American Blood QiaAmp DNA 

Blood Mini Kit Not reported [71,128] 

Vietnam 148 Kinh Blood on FTA 
card Chelex Not reported [129] 
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Figure 2.2: The map illustrates the counts of population studies published globally. As 

indicated by the gradient key, dark green sections represent a higher number of population 

studies conducted in that region, whereas light green sections represent fewer population 

studies conducted in that region. Grey areas represent countries where no population studies 

have been conducted using the ForenSeq™ DNA Signature Prep kit. 

 
2.3.3.2.Classification of population studies according to income grouping 

 
Among the countries that have published population data, 65% of studies (n = 26/40) have been 

conducted in high-income countries (HIC), 27.50% in upper-to-middle income countries 

(UMIC) and the least (7.50%, 3/40) in low-to-middle income countries (LMIC), and these were 

classified according to the World Bank Group for the 2024-2025 period (Figure 2.3). 
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2.3.3.3. Year of publication and journal 
 
The articles included were published over an eight-year period, with the first articles being 

published in 2016, after the introduction of the MiSeq FGxTM system (Figure 2.4). In 2018, 

most population studies were published (n = 7), with less articles published each subsequent 

year. The Forensic Science International: Genetics journal contained the highest number of 

population studies conducted with the ForenSeqTM DNA Signature Prep kit (Appendix 2.4).  
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Figure 2.3: Pie chart showing income category of countries that have published population 

data with the ForenSeq™ DNA Signature Prep kit. LMIC = Low to middle income, UMIC = 

Upper to middle income and HIC = High income.  
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Figure 2.4: Line graph showing the number of studies included in the 

systematic review that have been published between 2016 and 2024. 
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2.3.4. Use of direct PCR in MPS population studies 
 
Out of 40 studies, sample preparation methods were recorded for 23 population datasets. One 

study did not report whether direct PCR or conventional DNA extraction was used in sample 

preparation methods [72]. One study indicated that both direct PCR and DNA extraction was 

used during sample preparation [74]. DNA extraction (60.87%; 14/23) was more commonly 

employed in sample preparation methods compared to direct PCR methods (34.78%; 8/23) 

(Figure 2.5). Within DNA extraction techniques, spin-column purification was the most 

frequently used, while phenol-chloroform methods were the least utilised. When studies 

employed direct PCR, FTA cards were the only choice of substrate used.  

 

 

Figure 2.5: Pie and bar chart illustrating percentage of studies employing either DNA 

extraction methods or direct PCR methods. Within DNA extraction methods used, a connecting 

bar chart illustrates the percentages of different extraction techniques used. 
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2.3.5.  Concordance with CE data 
 
Concordance between length- and sequence-based alleles was only reported for 14 population 

studies that assessed A-, Y- and or X-STR markers (Table 2.2). Thirteen population studies 

reported a concordance level of above 99%, with one study reporting a 76.47% concordance 

level. The D7S820 marker was the most frequently observed marker causing discordance, 

followed by DXS10074 and D5S818 (Table 2.3).  

 

The most reported reason for discordance was an insertion or deletion present in the upstream 

or downstream flanking region of STR markers. This type of discordance was investigated by 

designing primers extending the primer binding sequences of the ForenSeqTM DNA Signature 

Prep kit, followed by re-sequencing the sample. Where re-sequencing was not performed, raw 

data were re-analysed to include flanking region sequences through alignment with a reference 

genome.  

 

A second common reason for discordance was allele dropout of the second, larger allele of a 

heterozygote. However, there were discrepancies in reporting allele dropout as discordance, as 

some studies did not classify allele dropout as a discordance, but rather as “allele ambiguity”. 

Other reasons reported for discordances included the presence of null alleles, bioinformatic 

configurations, microsatellite instability and miscounting of repeats by different analysis 

software tools (Table 2.3).   
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Table 2.3: The table depicts a summary of observed discordances at STR markers reported 

by population studies using the ForenSeqTM DNA Signature Prep kit, along with reported 

reasons for the discordance. 

Discordant 
marker(s) 

CE allele or 
genotype 

MPS 
allele Reported explanation for discordance Article 

D5S818 
9,11 11,11 The discordance resulted from null allele caused by a SNV in the 

primer binding site [88] 

10,12 10,10 Due to larger allele dropout in heterozygote (larger second allele fell 
below UAS threshold) [72] 

9,13 9,9 

D7S820 

10.3 11 Caused by an upstream single nucleotide deletion [73] 

6.3 7 Discordance caused by a rare 1 bp deletion in the flanking region of the 
7 allele, causing amplicon to be 1 bp shorter (i.e., 6.3) [86,116] 

7.3 8 
Discordance was due to deletion on 5' side of repeat region (23 

nucleotides upstream) [72] 9 9.1 
10.3 11 
11.3 12 
7.3 8 Discordance was 1 bp deletion in flanking region [87] 

D12S391 Not reported Not 
reported Not reported [90] 

D13S317 

GlobalFiler: 
8, (OL - 

28.2) 
PowerPlex: 
8, 10, (OL = 

28.2) 

8, 28.2 MPS resolved discordance between two CE kits. MPS was concordant 
with GlobalFiler.  [86] 

D21S11 29,30 29,29 Due to larger allele dropout in heterozygote (larger second allele fell 
below UAS threshold) [72] 

D22S1045 

15.1 15 Caused by indel in flanking region [73] 

Not reported Not 
reported Due to locus drop-outs [91] 

14, 19 14, 14 
Due to larger allele dropout in heterozygote (larger second allele fell 

below UAS threshold) [87] 17, 20 17, 17 
16, 17 16, 16 

Penta D 

Not reported Not 
reported Not reported [90] 

9,11 9,9 
A G > A change occurred before the repeat unit, resulting in a 

homopolymer of 12 A bases, contributing to sequencing or alignment 
issues 

[86] 

13.4 14 Discordance caused by presence of a 1 bp deletion in the 3ʹ flanking 
region [91] 

Penta E 
21,27 21,21 Not reported  [90] 

Not reported Not 
reported Due to locus drop-outs [91] 

SE33 

14 13 

Caused by a 4 bp deletion (TTTT) in the flanking region 

[126] 

15 15 
16 15 
17 16 
18 17 

25.2 24.2 

Caused by a 4 bp deletion (TCTT) in the flanking region 26.2 25.2 
27.2 26.2 
29.2 28.2 
29.2 28.3 Caused by a 3 bp deletion (ACA) in the flanking region. 

DYS570 17,18 19 Not reported 
[88] 

DYS389 II 29 30 Not reported 
DYS3895a-

b Not reported 19 Not investigated, but reported that discordance could be due to poor 
intra-locus balance [90] 

DYF3875I 
  

35,36,39 36,39 Reasons reported are due to flanking region SNV associated with the 
35-allele interfering with primer binding or microsatellite instability [72] 

35,37,38 37,38 

DXS10135 Not reported Not 
reported 

Allele dropout of larger allele with MPS sample level report and 
flanking region report. Sanger sequencing confirmed concordance. [125] 

DXS10103 19 16,19 Not reported 
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19 19.2 The discordance is caused by a dinucleotide repeat in the 5' flank of 
DXS10103 

DXS10074 

No signal 7 It was concluded that the discordance was caused by a CE null allele 

Not reported Not 
reported 

Discordance was caused by a 2 bp insertion in a dinucleotide repeat 
present in the 5' flanking region. 

16 15,16 Not reported 
14 15 A 4 bp deletion in flanking region 

[87] 
16.3 17 A 1 bp deletion in flanking region 

HPRTB Not reported  Not 
reported 

Discordance was caused by a 4 bp deletion present in the 5' flanking 
region. 

 [125] DXS7132 
Three alleles 
present (not 

named) 

No alleles 
present 

The three alleles have a SNV in common that results in a bioinformatic 
null allele in the UAS sample level report.  

DXS58378 12 10,12 Not reported 

 

2.3.6.  STR Sequence nomenclature formats 
 
The sequence-based STR nomenclatures used had varied between four different formats. There 

were five (n = 5/40) studies that were linked with regard to the population groups studied, 

although different marker sets were analysed (i.e., either A-, Y- or X-STRs) and these were 

grouped under one population dataset (Table 2.4).  

Table 2.4: STR sequence nomenclature formats used by population studies conducted with the 

ForenSeq™ DNA Signature Prep kit. The CSF1PO allele 9 is used as an example to visualise 

the nomenclature format. The population dataset contains the number of linked studies where 

A-, Y- and X-STRs have been published in separate publications but use the same population 

dataset.  

 

Nomenclature used Example using CSF1PO, allele 9 

Number of sample or 

population datasets 

Bracketed repeat with defined 

coordinates 

CSF1PO [CE 9]-GRCh38-chr5:150076318-

150076389 [ATCT]9 10 

Bracketed repeat only [ATCT]9 8 

 

Short designator 
 

9a  

(first observation of allele 9 assigned an “a”, 

second observation assigned “b”) 4 

Full UAS sequence string 

CTTCCTATCTATCTATCTATCTATCTAT

CTATCTATCTATCTAATCTATCTATCTT 4 

Total  26 
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Additionally, three (n = 3/40) studies did not include sequence-based allele frequency data in 

their results or supplementary data, although they were included as they had conducted 

population studies using the ForenSeq™ DNA Signature Prep kit and had therefore met 

inclusion criteria. Furthermore, six (n = 6/40) studies did not assess STR data but rather iiSNV 

data and did not use a specific nomenclature format. Sequence-based STR nomenclature 

formats were thus reported by 26 studies and this number was used to determine the percentage 

of articles using a specific format.  

The 26 studies included the following nomenclature formats; 1) the bracketed repeat region 

only, 2) the bracketed repeat region with defined co-ordinates according to Parson et al., 2016, 

3) a short designator system using a combination of numbers (for allele length) and letters (for

allele sequence) and lastly 4) the full sequence string as reported by the ForenSeqTM UAS 

software (Table 2.4). The two most frequently used formats included the bracketed repeat 

region with defined coordinates, as recommended by Parson et al., 2016 (n = 10/26) and the 

bracketed repeat region only (n = 8/26). The least used sequence nomenclatures were the short 

designator (n = 4/26) method and the full UAS sequence string (n = 4/26).   
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2.3.7.  Meta analysis 
 

2.3.7.1. Assessment of heterogeneity 
 
A total of 40 articles were included in this systematic review, and a subset of 20 met additional 

inclusion and exclusion criteria for conducting a meta-analysis on allelic diversity statistics. 

Allele counts by length and sequence for each population group are shown in Appendix 2.5. 

The 20 articles that met the additional inclusion criteria for meta-analysis encompassed 35 

different population groups. 

 

Heterogeneity analysis revealed a Tau2 estimate of 0.0015 (95% CI [0.0000; 0.0085]), and an 

I2 value of 23.5% (p = 0.1089) (Figure 2.6). Both values indicate low heterogeneity across 

population groups. The I2 value suggests that only 23.5% of the variability in effect sizes are 

due to heterogeneity. While the I2 value describes the proportion of total variation due to 

heterogeneity, the Tau2 estimate quantifies the magnitude of this variation (Tau2 = 0.0015), 

which is ultimately very small (Appendix 2.6).   
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From the heterogeneity assessment, it was noted that the population groups with the lowest 

weighting were the Oceanian and Yavapai Native American groups. These population group 

effect sizes had less influence on the pooled estimate due to their smaller population sizes 

(Oceanian: n = 28, Yavapai Native American: n = 62). Population groups with larger weights 

such as the El Salvador, US African American and Northen Han Chinese population groups 

Figure 2.6: Forest plot showing log Effect sizes (i.e., log transformed ratio between 

proportions of length- and sequence-based allele counts), weight of each population group 

studied (%), 95% CI, and visualisation hereof. The dotted vertical line represents the value 

of the overall effect size (log of effect size), while the solid vertical line represents the line of 

“no effect”. Pooled estimate values are shown in bold. Heterogeneity statistics are shown in 

the bottom left of the plot (Tau2, and I2). 
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had the largest sample sizes (> 300) and thus contributed more to the overall pooled estimate 

and may be more representative of the true effect size across population groups. 

 

2.3.7.2. Sensitivity analysis: Relationship between allelic gain and sample size 
 
Assessment of whether there was a relationship between sample size and allelic gain was 

performed to understand the contribution sample size had in the increased variation in some 

populations. It was found that there was a significant positive correlation between sample size 

and percentage increase in allele counts (r = 0.66; p = 1.39E-05) (Figure 2.7).   However, in 

assessing the robustness of this analysis, when merging data according to ancestral population 

group (African, East Asian, European, Latin American, Middle Eastern, Native American, 

Oceanian, South Asian), no correlation between sample size and increase in percentage allele 

counts were observed (Figure 2.7). That is, sample size may not have played a significant role 

in determining which ancestral population groups showed the highest percentage gains in 

alleles through inclusion of sequence data (r = 0.365, p = 0.373).  
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Figure 2.7: Left: Scatter plot with line of best fit to determine the relationship between 

sample size and percentage allelic gain across all population groups. Right: Scatter plot with 

line of best fit to determine the relationship between sample size and percentage allelic gain 

for a dataset merged by ancestral population group. Both plots indicate Pearson’s correlation 

coefficient represented by ‘r’ and the p-value obtained from the two-tailed t-test. 
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2.3.7.3. Increase in variation by ancestral population group 
 
To determine which ancestral groups contributed the most towards an increase in allelic 

variation, population groups were collated by their ancestral population. The average 

percentage increase in variation was then calculated across population groups within an 

ancestral group. The average sample size across ancestral population groups was 152 ± 74 

(Figure 2.8). More so, the highest increase in allele counts were observed for the African 

ancestral population group with an increase of 66.46%, despite not having the highest sample 

size (average of 159 ± 60). The ancestral group with the highest sample size was Latin America 

(232 ± 119), with a 55.39% increase in allele count (Appendix 2.7).  

 

 
Figure 2.8: Percentage increase (%) in allele counts from length to sequence-based alleles 

across eight ancestral population groups. Populations were grouped into their major 

ancestral population groups. 
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2.3.7.4. Overall increase in allele counts 
 
When the data for all markers and population groups were merged, the data for length- and 

sequence-based allele counts were found to be normally distributed (Appendix 2.8). A t-test 

revealed that the mean number of alleles reported for sequence-based alleles across 27 A-STR 

markers was higher than length-based alleles across 35 population groups (p = 5.987e-13, 95% 

CI: [111 – 166]) (Figure 2.9). More specifically, the mean number of alleles increased from 

260 ± 28 length-based alleles to 398 ± 75 sequence-based alleles (53.08% increase).   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: The box-and-whisker plot shows the difference in the average number of length- 

(blue) and sequence- (pink) based alleles reported across the 20 population studies. 
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2.3.7.5. Increase in allelic gain by marker 
 
As data were collected per marker across all studies, it was possible to gain insight into the 

percentage increase in allelic gain by marker type. The most conserved marker across all 20 

studies (and 35 population groups) was the TPOX marker, with no increase in allele counts 

across all population groups (Figure 2.10). The markers showing the largest percentage 

increase in allele counts were D21S11 (140% increase, 95% CI [123 – 157]), D2S1338 (172% 

increase, 95% CI [145 – 199]) and D12S391 (203% increase, 95% CI [183 – 223]).  

 

Figure 2.10: Percentage increase in allele count across 35 population groups (20 studies) for 

27 A-STR markers. The 95% CI is represented by the vertical line running through each data 

point. Markers are ordered by percentage increase in ascending order. 
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2.3.7.6. Assessment of RMP 
 
A subset of 17 studies included in the meta-analysis met additional inclusion criteria in that the 

RMP was reported for both length- and sequence-based data. These 17 studies reported RMP 

statistics for 26 different population groups. As expected, the RMP for sequenced-based data 

was lower than that for length-based data across all 26 populations and 17 studies. Of particular 

importance are the studies showing the largest decrease in RMP, which were those evaluating 

data from African population groups including the Nigerian population (2.41E+03 times lower) 

and US African American (6.52E+05 times lower) (Table 2.5).  

 

Table 2.5: Meta-data summary of length-based versus sequence-based variation, as 

determined through analysis of allele counts and random match probability. The table is 

sorted according to fold change in RMP in descending order. 

Population 
group 

Sample 
size 

Number 
of alleles 
by length 

Number of 
alleles by 
sequence 

Effective 
increase in 
number of 
alleles (%) 

Length-based 
random match 
probability (A-

STRs) 

Sequence-
based 

random 
match 

probability 
(A-STRs) 

Fold 
change 
in RMP 

Reference 

US African 
American 200 307 547 78.18 8.54E-34 1.31E-39 651908 [73]  

Nigerians  85 255 395 54.9 2.17E-32 9.02E-38 240576 [101] 

Jalaid 
Mongols 88 248 367 47.98 1.10E-31 6.30E-36 17460 [70] 

US 
Caucasian 210 272 436 60.29 6.28E-32 3.63E-36 17300 [58] 

West 
African 201 282 487 72.7 4.39E-31 2.78E-35 15784 [86,116] 

Northeast 
African 206 283 449 58.66 4.51E-31 3.04E-35 14836 [86,116] 

Danish 363 271 463 70.85 4.8E−31 3.3E−35 14545 [74] 

US Hispanic 198 277 443 59.93 1.51E-31 1.23E-35 12276 [73]  

Norwegian 371 273 430 57.51 3.02E-35 3.09E-39 9773 [91] 

Arabian 89 238 340 42.86 2.62E-30 3.49E-34 7507 [114] 
US East 
Asian 169 263 420 59.7 6.37E-32 8.66E-36 7356 [73]  

Tibetan 107 241 353 46.47 1.94E−30 3.21E−34 6038 [104] 

Catalans 143 256 383 49.61 1.11E-31 1.92E-35 5762 [115]  

Torghut 
Mongols 70 240 318 32.5 1.60E-31 3.41E-35 4691 [70]  
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El Salvador 391 310 507 63.55  6.79E-31   1.47E- 34  4619 [107] 
Northern 

Han 635 319 571 79 1.52E-31  3.29E-35  4616 [87,103] 

Eastern Han 220 274 389 41.97 6.05E-31 1.53E-34 3949 [105] 

South Asian 200 271 427 57.56 5.07E-31 2.89E-34 1754 [86,116] 
Spanish 
Roma 88 224 300 33.93 2.93E-30 1.87E-33 1570 [115]  

French 169 266 385 44.74 8.99E-31 7.12E-34 1262 [108] 

Northeastern 
Peruvian 
Andes 

233 265 397 49.81 9.85E-28  9.64E-31  1022 [75] 

Yavapai  62 200 243 21.5 2.37E-26  2.81E-29  843 [71,128] 
White 
British 200 264 404 53.03 2.08E-30 2.82E-33 738 [86,116] 

Hainan Li 136 242 344 42.15 9.07E-32 1.39E-34 653 [106] 
Northwest 

Hui 90 237 347 46.41 3.06E-30 8.01E-33 382 [102] 

British 
Chinese 200 259 390 50.58 7.31E-30 2.40E-31 30 [86,116] 

Oceanian 28 194 235 21.13 Not reported Not reported Not 
reported [72]  

Native 
American 64 203 255 25.62 Not reported Not reported Not 

reported [72]  

Mestizos 105 251 367 46.22 Not reported Not reported Not 
reported [109] 

European 158 253 377 49.01 Not reported Not reported Not 
reported [72] 

East Asian 229 274 418 52.55 Not reported Not reported Not 
reported [72] 

Korean 209 271 425 56.83 Not reported Not reported Not 
reported [90] 

Central 
South Asian 200 269 424 57.62 Not reported Not reported Not 

reported [72]  

Middle 
Eastern 163 260 418 60.77 Not reported Not reported Not 

reported [72]  

Sub-Saharan 
African 102 295 489 65.76 Not reported Not reported Not 

reported [72]  
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2.4. Discussion 

In this systematic review, we reviewed population studies conducted globally to gain insight 

into sequence-based population data, to identify populations that were not yet adequately 

represented and to understand the current consensus, standardisations and gaps within a global 

dataset to inform population studies in South Africa. The review therefore focused on: 1) 

underrepresentation of African population groups in published sequence data, 2) the breadth of 

sequence variation across population groups, and more specifically, the extent of genetic 

variation in African populations compared to other regions, 3) the STR nomenclature formats 

used, 4) concordance and discordances observed, and 5) the use of direct PCR as an approach 

to mitigate time and cost constraints in LMICs. The findings of this review showed the absence 

of population data from African regions but has also revealed that much of the variation carried 

by sequence-based data is held in population groups with African ancestry.  Unpacking the 

variation that exists in currently published population data has also revealed commonalities 

and disparities in concordance data as well as the levels of informativeness of certain STR 

markers which can be leveraged by forensic laboratories performing population studies with 

the ForenSeq™ DNA Signature Prep kit. 

 

2.4.1. Exploration of reasons for underrepresentation of sequence data in low to middle 
income countries 

 
Before diving into the increase in allelic variation that comes with MPS, it is important to first 

capture the magnitude of sequence-based population data that currently exists, specifically 

those generated using the ForenSeqTM DNA Signature Prep kit. Since the release of the first 

forensically validated MPS system in 2015, most population studies that made use of the 

ForenSeqTM DNA Signature Prep kit were published in 2018 (Figure 2.4). This highlights the 

inclination of the forensic community to consider more advanced methods of DNA analysis 
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when these methods are tailored for forensic use. This is also supported by the fact that 

sequence-based population studies have been performed in both developed and developing 

countries, despite the upfront costs for MPS methods being more expensive than conventional 

DNA profiling methods. The European MPS survey by Alonso et al., 2017 alluded to in 

Chapter 1 also supports the idea that forensic laboratories are certainly leaning towards 

implementation of MPS workflows, as the study highlighted that 52% of participating 

laboratories had already purchased an MPS instrument for forensic applications only two years 

after the release of the MiSeq FGxTM system [67].  

 

Global population data from a wide variety of population groups are required to fully 

characterise STR sequence variation [73]. Based on the findings of this systematic review, this 

goal appears to be increasingly elusive, as the number of population studies conducted using 

the ForenSeqTM DNA Signature Prep kit has declined in the last six years (Figure 2.4). 

However, this finding may be biased, due to the limited inclusion criteria which only accounted 

for population studies carried out using the ForenSeqTM DNA Signature Prep kit. Since the 

release of the first forensically validated MiSeq FGxTM system used with the ForenSeqTM DNA 

Signature Prep kit, many companies have followed suit in the development of kits and MPS 

systems that target many of the same markers and address the same CE limitations [19]. 

Population studies conducted using these kits were not accounted for in this review, and 

inclusion of these studies may put forward a different conclusion, i.e., the forensic community 

are indeed making efforts to explore more sophisticated methods to address CE limitations.   

 

Contrastingly, this review revealed that many of the sequence-based population studies 

conducted using the ForenSeq™ DNA Signature Prep kit have been performed in HICs and 
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UMICs, with less studies carried out in LMICs, and none from the Southern African 

Development Community (SADC) region (Figure 2.2 and Figure 2.3). This finding is not 

unexpected given the cost demands of the entire workflow. Reviews on genomic studies 

outside of forensics have published similar conclusions, with genomic data being biased toward 

the Global North [130-132]. Global genetic diversity measures are thus represented by these 

skewed data. Herewith, a more representative dataset is required to account for the true global 

variation.   

 

The European MPS survey mentioned above also highlighted that cost and lack of funding was 

the primary reason for laboratories not purchasing an MPS instrument, and it is presumable 

that this is even more true for LMICs [67]. Using MPS methods for generating DNA profiles 

are at first glance more costly than conventional DNA profiling methods, which poses an 

obstacle for resource-limited laboratories. Although from a zoomed-out perspective, a single 

MPS run with a batch of 32 samples (multiplexing between 173-231 markers using the 

ForenSeqTM DNA Signature Prep kit) is effectively comparable with a single CE run with the 

same number of samples (multiplexing 16-35 markers) [133].  

 

2.4.2. Mitigation of time and cost: a warrant for the use of direct PCR in generating 
sequence-based population data 

 
Sequencing methods have also become more affordable since the sequencing of the first human 

genome, with this reduction in cost being expected to decrease in the years to come [134,135].  

Recent efforts by the Human Hereditary Health in Africa (H3Africa) Consortium have driven 

the development of genomics in Africa, yet none of these efforts have been leveraged or geared 

toward forensic genomic applications [136]. Therefore, given the challenges faced in 

implementing an MPS system even in HICs and UMICs, it is incumbent upon forensic 
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laboratories to make efforts to mitigate costs and resources, especially when generating large-

scale MPS data. One way to achieve this is using a direct PCR approach for generating 

sequence-based population data. In this review, most population studies used DNA extraction, 

followed by quantification and dilution prior to library preparation. The use of direct PCR was 

less common and was only applied with blood spots on FTA cards (Figure 2.5). The 

ForenSeq™ DNA Signature Prep kit has been validated for both FTA cards and crude buccal 

swab lysates; however, no study utilised crude buccal swab lysates for generating population 

data.  

 

The success rates of crude buccal swab lysates with MPS kits are poorly understood and 

warrant further research to garner trust and confidence before its wide-scale usage. This is 

especially relevant for laboratories who have made use of crude buccal swab lysates for 

generating CE population data, as these samples would likely be available for sequence-based 

population studies. However, the crude buccal swab lysates need to be chemically compatible 

with MPS kits to generate high first-time success rates and mitigate the potential for costly 

repeat sequencing (in-house data). It is therefore essential to consider optimisation of direct 

PCR methods to mitigate time and cost barriers, especially for underrepresented SADC 

regions, where resources are seldom allocated toward improving forensic human identification 

strategies [137].  

 

2.4.3. Consequences for the absence of population genetic data in African countries 
(underrepresented regions) 

 
 One of the most important findings of the review, in the context of this study, was the 

underrepresentation of African countries in the literature on forensically relevant sequence 

data. No MPS-based population study has been carried out in any African country. Without 
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considering the sequence variation observed in population groups, as depicted in the meta-

analysis component of this review, it is already widely accepted that much of the genetic 

variation in humans is held within African individuals and the African diaspora [138]. More 

so, Africa is regarded as a region of vast genetic diversity, as well as rich cultural, linguistic, 

and phenotypic diversity [139]. However, this variation is yet to be fully characterised and 

harnessed from a forensic genetic perspective.  

 

The high genetic diversity in African individuals is attributed to the continent's status as the 

origin of anatomically modern humans around 200,000 years ago, allowing ample time to 

accumulate diversity. Additionally, gene flow through migration and inter-marriage has further 

enriched this genetic variation [27,140]. In contrast, when humans migrated out of Africa 

(assumed under the Out of Africa hypothesis), the founding populations were relatively small, 

carrying only a subset of the genetic diversity found in Africa [141,142].  

 

Considering this substantial genetic diversity, African populations still represent only the 

minority in this review (Table 2.2), a finding that is sadly not unique to this study 

[131,140,143]. Studies have certainly aimed to be more inclusive in the populations studied, 

and although this change has been slowly taken up in studies pertaining to clinical 

interventions, drug discovery and historical adaptations, this is once again yet to spill over into 

the field of forensic genetics [134].  

 

The populations with African ancestry included in this review consisted of individuals residing 

in the USA, the UK and China [73,86,101,116].  The CEPH panel included individuals from 

Sub-Saharan Africa, these were from multiple different population groups with sample sizes 
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below 25 [72]. Moreso, population genetic data reporting guidelines recommend that there 

should be a minimum of 50 samples per population group for MPS data [69]. Furthermore, 

although there are sequence data available for African Americans and Africans residing in the 

UK and China, these data do not fully represent African populations. This is because these are 

assumed to be individuals who descended from Africans that have migrated out of Africa, and 

only carry a subset of the genetic diversity found in African populations that have not migrated 

[131].  

 

Implications for the absence of, or weak representation of certain population groups include 

inaccurate representation, specifically with regards to ancestry, hair and eye colour predictions 

made using the ForenSeqTM DNA Signature Prep kit. Accurate representation may require 

reference data from African and other underrepresented population groups to ensure the 

reliability of these predictive models. Although, it may be that the models used for prediction 

are sufficient since they use SNV’s in biological processes that determine phenotype that are 

independent of ancestry. Considering this, conducting sequence-based population studies in 

regions with rich genetic diversity could play an important role in generating more informative 

investigative leads for human identification purposes. From an ethical perspective, the global 

disparity in forensic data representation might exacerbate existing inequalities, where African 

populations are underrepresented in scientific research. This may potentially lead to mistrust 

or resistance toward participating in new forensic DNA projects.   

 

Inclusion of African and highly diverse population groups in sequencing studies may enable 

the capturing of a wider range of sequence variation, lead to the development of novel markers, 

the improvement of STR nomenclature reporting guidelines, and a more fitting sample size 
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requirement for the establishment of population databases [19]. Furthermore, sequencing 

forensically relevant markers in African populations will provide a more accurate and 

comprehensive overview of the diversity that currently exists but is yet to be explored.   

 
2.4.4. Gain in allelic diversity in African population groups 

 
The population studies included in this review reported an effective increase in the number of 

alleles detected through sequence-based methods, compared with length-based alleles alone 

(Figure 2.9). This increase was due to the sequence variation present within the repeat motif 

of each STR, which is not captured through allele sizing (CE methods). Across all studies, 

markers showing an increase in the number of alleles through inclusion of sequence data also 

showed a notable decrease in RMP values (Table 2.5). This confirms the swell of information 

carried by inclusion of sequence data.  

 

Indeed, the populations with African ancestry included in this review showcased the highest 

level of variation with respect to both increase in allele counts but also reduction in RMP 

values, when compared to non-African population groups (Figure 2.8 and Table 2.5). These 

findings motivate for carrying out sequence-based population studies on African individuals 

living in Africa, especially given that these data are mainly extrapolated from population 

studies with individuals of African ancestry residing in non-African countries, and do not fully 

represent the vast level of variation present in African populations [131].  More importantly, 

this finding held true even without the effect of sample size (Figure 2.8). Non-African 

populations exhibited less variation with higher sample sizes than African population groups 

(Table 2.5).  With the added variation observed in individuals of African ancestry, it is 

expected that additional novel sequences will be observed, especially in polymorphic markers, 

and sample size guidelines may be adapted to this variation. [86].  
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2.4.5. Commonalities in marker informativeness 
 
This review found that markers such as D12S391, D2S1338 and D21S11, among others, 

provided a breadth of variation that would likely not be captured in the minimum required 

sample size of 50 samples per population group, as mentioned in Devesse et al., 2020 (Figure 

2.10), and this is even more pertinent when considering the expected diversity in African 

populations [86]. What has thus not yet been established is how often new alleles are observed 

in markers in more genetically diverse populations. With this in mind, conserved markers do 

have lower novel allele observation rates than highly polymorphic markers when considering 

a sample size of ±200, as seen in the White-British and British-Chinese populations, but it 

cannot be assumed that additional novel alleles will not be observed at higher rates in more 

polymorphic markers in more diverse and underrepresented populations [86,117]. 

 

The highly conserved (TPOX, CSF1PO, TH01) and highly polymorphic (D2S1338, D21S11, 

D12S391) nature of markers observed in this review are based on what has been observed in 

non-African populations and this further motivates for the conducting of sequence-based 

population studies in Africa (Figure 2.10). Similarly, Novroski et al., 2016 brought attention 

to the fact that polymorphic loci showing a large increase in the effective number of alleles are 

also influenced by limited sequence-based allele data available for those markers [73]. The 

same could also be true for more conserved markers when there is a lack of sequence data 

available from both minority and diversity-rich population groups. Conducting sequence-based 

studies in highly diverse populations, such as in Africa, can thus provide comprehensive 

coverage of diversity to inform the inclusion of new markers in MPS kits.  
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2.4.6. Concordance between CE and MPS 
 
The onset of MPS has introduced a torrent of variation to the forensic genetics field, as 

highlighted in the previous section. However, it has also triggered the onset of discordance 

issues due to the presence of insertions, deletions and substitutions in flanking regions (Table 

2.3). Concordance with CE is a crucial element to consider in the implementation of MPS 

methods into forensic laboratories as CE profiling methods are still the gold standard for 

forensic DNA laboratories [144]. Discordances, even between different CE kits is not a 

newfound concern, and as with the development of new STR kits, there is always the possibility 

of finding discordances [145]. Resolving and reporting these discordances are thus essential 

for future studies carrying out population studies. 

 

A limitation in the reporting of sequence-based population data is that many studies do not 

report concordance data, as seen in this review (Table 2.2), however there was a consensus 

regarding high concordance rates achieved between CE and MPS alleles. All population studies 

included in this review, except one, reported concordance levels exceeding 99%, which aligns 

with concordance levels reported from the developmental validation of the ForenSeqTM DNA 

Signature Prep kit, as well as concordance levels between different CE-based kits [20,146].  

 

There were certainly commonalities amongst the discordances that have been evaluated as part 

of this review. The main reasons for discordances revealed in this review have been attributed 

to the presence of flanking region indels and differences in primer binding sites (Table 2.3). 

Fortunately, it is possible to resolve the discordance if both the length-based allele and the full 

sequence string or the flanking sequence is reported with variant information, as done by many 

studies included in the review.  
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Discordances that were due to flanking region indels were often resolved via analysis of raw 

data that included the flanking region sequences to enable variant identification and confirmed 

by re-sequencing using primers that extended the primer binding sequence [73,116,124]. 

Inclusion of flanking region data in DNA databases is thus an important consideration for 

forensic laboratories, as recommended by Parson et al., 2016 [69]. Including the full sequence 

string, or at least using a nomenclature reporting format where a flanking region insertion or 

deletion is easily identified as the cause for the discordance, will enable relatively seamless 

resolving of these types of discordances.  

 

The commonalities in discordances reported as well as the paucity in concordance reporting 

calls for the publishing of population data with concordance data early-on in adoption to 

increase the familiarity with potentially discordant genotypes called in later studies. For 

example, if a discordance has been confirmed in many population groups at an early stage, then 

there can be a consensus and generality regarding the resolution of that discordance when 

discrepancies are observed in newer studies. However, at this point, consensus regarding 

concordance would be based on limited data, and with an absence of population and 

concordance data from more genetically diverse population groups, the consensus is yet to be 

reached.  

 

2.4.7. STR sequence nomenclature formats 
 

In this review, the most frequently used nomenclature format was the high-level bracketed 

repeat, consisting of the name of the STR marker, the length-based allele, the defined genome 

co-ordinates, the repeat motif in a bracketed format, with the number of repeats of each motif 

outside the bracket and the SNVs present within and around the repeat motif (Table 2.4). The 
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frequent use of this format may be attributed to it being a recommended format reported in the 

guidelines published by the STRAND working group [147]. This highlights the inclination of 

forensic laboratories to move towards a standardised STR nomenclature reporting approach, 

and the importance of inter-laboratory collaboration towards a specific goal, yet the guidelines 

proposed for sequence nomenclature have been developed with the absence of sequence data 

from more diverse population groups such as those in Africa.  

 

The use of the bracketed repeat with the length-based allele, without genome co-ordinates or 

flanking region variant information, was also commonly considered as a reporting format 

among population studies, and this is likely due to it being the most easily human-readable 

format. As with the high-level nomenclature, this format also makes comparison between 

length-based allele frequency databases convenient, as no additional steps are needed to extract 

the length-based allele from the name of the STR sequence for compatibility purposes. 

Unsurprisingly, there were four different nomenclature formats used to report allele sequences 

in the population studies, which suggests a lack of standardisation of STR sequence 

nomenclature. However, most population studies in this review followed guidelines proposed 

for STR sequence nomenclature reporting, which showed some movement towards STR 

Sequence nomenclature standardisation [69,147]. The ability of several nomenclature formats 

to capture maximum diversity, while still being compatible with length- based population 

databases, is still being investigated, but the lack of sequence-based population data makes this 

process challenging [148]. 

 

A short designator system, which, in this review, consisted of a study reporting only the CE 

length with a lower-case letter for the level of sequence variation, was one of the less commonly 
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used formats. Alternative versions of short designator nomenclatures have been proposed in 

the literature, but preference to the type of short designator system used seemed to be laboratory 

specific [149,150]. All short designator nomenclature systems reveal no information about the 

actual sequence but is still able to differentiate between length and sequence-based variation 

level. The short designator nomenclature system also has the advantage of being easy to store 

and read and requires similar storage capabilities required for length-based alleles. However, 

additional steps are required to link the designator back to the full sequence details to dissect 

the variation present in each STR sequence, especially when full sequence information is not 

reported alongside reported alleles, which is often required for resolving discordances, as seen 

in this review (Table 2.3).  

 

Considerations on minimal nomenclature requirements state that flanking region sequences 

should be included when reporting sequence data in order to account for variants occurring 

within this region [69,150]. To account for these nomenclature considerations, later versions 

of the ForenSeqTM UAS allowed for the generation of a flanking region report, which includes 

information about the length-based allele, and the full sequence string, including the flanking 

region variants. The use of the full ForenSeqTM UAS sequence string including was the least 

commonly used nomenclature. This is likely due to it being the least human-readable format. 

This nomenclature captures the full variation within and adjacent to the repeat region (if 

flanking regions are reported) but does not allow for the repeat motif to be visualised (as with 

the bracketed repeat).  

 

In reporting the full sequence string only, the variation between sequences is not explicitly 

visible by a human analyst through just looking at the sequence string, therefore additional 
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characterisation would be required to visualise sequence and/or flanking region variation. The 

nature of the sequence string means that multiple steps are required to extract the repeat motif 

and the flanking region variation in order to characterise each STR sequence, adding further 

resistance to the standardisation of STR sequence nomenclature. This was also highlighted by 

Parson et al., 2016, where it was noted that specialised software was required to convert 

sequence strings into more human-readable formats that can be easily communicated in expert 

reports [69]. 

 

2.5. Conclusion 
 
This review highlighted several critical issues and gaps in the current landscape of sequence-

based population studies, particularly concerning African populations. Furthermore, although 

sequence data for African individuals residing in non-African countries were reported, these 

data do not fully capture the genetic diversity of African populations that have not migrated 

out of Africa. Indeed, our findings indicate that populations with African ancestry exhibit the 

highest level of variation in terms of increased allele counts and reduced RMP values compared 

to non-African population groups. This underscores the necessity for conducting sequence-

based population studies on African populations to obtain a comprehensive understanding of 

the genetic diversity present. Furthermore, consensus on concordance is based on limited data, 

and the absence of both population data and concordance data from more genetically diverse 

groups means that a definitive consensus has yet to be achieved.  

 

Addressing the gaps highlighted in this review is crucial for the advancement of population 

genetic studies and the implementation of MPS in forensic science, particularly in African 

contexts. Collaborative efforts must therefore be made to generate comprehensive population 
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data from Africa, improve concordance reporting, develop nomenclature systems that 

effectively capture genetic diversity, and explore avenues of cost mitigation through the use of 

validated direct PCR methods.  

 

The review emphasised that the main contributing factor to the absence of population data in 

African countries is the high upfront costs of MPS implementation. It is therefore the 

responsibility of forensic laboratories to make every effort to explore avenues for mitigating 

costs, such as using optimised direct PCR methods with MPS. 
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3) Chapter 3: Optimisation study 

Systematic optimisation of direct PCR protocols for crude buccal swab lysates using the 

ForenSeqTM DNA Signature Prep kit 

3.1. Introduction 

Chapter 2 revealed that although the ForenSeqTM DNA Signature Prep kit (Verogen, San 

Diego, CA, USA) has been developmentally validated for direct PCR methods, it is not used 

as often as conventional DNA extraction in MPS population studies [20]. The requirement for 

cost efficient, quick and reliable methods for generating DNA profiles, particularly for 

reference samples and allele frequency databases, resulted in the emergence of direct PCR 

methods for CE-based DNA profiling [28]. Direct PCR eliminates the need for DNA extraction 

and DNA quantification, thereby reducing the hands-on time and costs associated with sample 

preparation prior to PCR and DNA profiling [151]. With regards to CE-based DNA profiling, 

previous studies have addressed, reviewed and evaluated the use and performance of direct 

PCR methods as applied to both reference and casework samples in forensic laboratories 

[93,152]. Sample types which have been subjected to direct PCR methods for CE-based DNA 

profiling have ranged from blood, buccal swabs, soft tissue, hair, nails and trace DNA from 

various substrates, [93,152-156]. For the purposes of generating DNA profiles for establishing 

population databases, good quality samples such as blood and buccal swabs are routinely 

processed with direct PCR methods to generate DNA profiles [153,156].  

 

The general method for processing buccal swabs with a direct PCR approach starts with a short 

lysis step, wherein the cells contained on a swab are separated from its substrate and lysed in a 

buffer at a specific temperature [157,158]. The resulting sample is known as a crude buccal 

swab lysate that can be added directly to a PCR reaction for amplification and subsequent 

profiling (CE or MPS). However, the risk associated with direct PCR methods is that, in 
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absence of purification, quantification and quality control steps, PCR inhibitors may cause 

interference with efficient PCR amplification [28].   

 

Success rates of direct PCR methods have shown to be comparable with conventional methods 

that include DNA extraction and quantification prior to DNA profiling, however, some studies 

have shown sub-optimal first-pass rates for samples processed with direct PCR workflows 

[153,159,160]. Polymerases and PCR buffers in some commercial STR profiling kits have been 

designed to tolerate a certain level of inhibition and have a built-in buffering capacity to 

maintain optimal polymerase activity [161]. However, forensic kits designed for MPS are far 

more sensitive and could be overwhelmed by PCR inhibitors and sub-optimal polymerase 

conditions [162]. With the absence of purification, quantification and library quality 

assessment, the risk of sub-optimal success rates with sensitive MPS kit chemistries increases 

[28].  

 

Chapter 2 revealed that no population studies using the ForenSeqTM DNA Signature Prep kit 

made use of crude buccal swab lysates, and it is therefore currently unclear how crude buccal 

swab lysates perform with MPS workflows. Crude buccal swab lysates generated using the 

SwabSolutionTM kit (Promega Corporation, Madison, WI, USA) and the STR GO! Lysis buffer 

(QIAGEN, Hilden, Germany) are routinely used in our laboratory and have been used to 

successfully carry out population studies with CE systems using commercial STR profiling kits 

in our laboratory [163,164]. It was assumed that these same samples would perform similarly 

using the ForenSeqTM DNA Signature Prep kit (Verogen, San Diego, CA, USA), as the 

manufacturer’s had tested crude buccal swab lysates and provided input recommendations in 

the manufacturer’s protocol [21]. A population study was then initially attempted using the 

crude buccal swab lysates generated with the SwabSolutionTM kit (Promega Corporation, 
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Madison, WI, USA) (hereon referred to as “SwabSolutionTM lysates”) and with the STR GO! 

Lysis Buffer (QIAGEN, Hilden, Germany) (hereon referred to as “STR GO! lysates”) with the 

ForenSeqTM DNA Signature Prep kit (Verogen, San Diego, CA, USA) which resulted in failed 

MPS profiles.  

 

This prompted a series of unforeseen troubleshooting experiments that evolved into a full 

optimisation study. The aim of this chapter was thus to investigate and optimise first-time 

success rates of crude buccal swab lysates generated using the SwabSolutionTM kit (Promega 

Corporation, Madison, WI, USA) and the STR GO! Lysis buffer (QIAGEN, Hilden, Germany) 

that have been processed with the ForenSeqTM DNA Signature Prep kit (Verogen, San Diego, 

CA, USA), in preparation for use in a population study (Chapter 4). 

 

3.2. Methods 

3.2.1. Study design and overview 
 

This study was carried out in three phases. A graphic is presented in Figure 3.1, where 

summary results are presented under each phase, to enhance clarity early-on of the systematic 

nature of this chapter. The phases included an initial testing phase to assess the first-time 

success rate of crude buccal swab lysates prepared using SwabSolutionTM (Promega 

Corporation, Madison, WI, USA) or STR GO! Lysis buffer (QIAGEN, Hilden, Germany) and 

subsequently processed with the ForenSeqTM DNA Signature prep kit (Verogen, San Diego, 

CA, USA). Upon evaluation of call rates, poor performance in these lysates were noted. Phase 

2 of this study therefore involved an investigation into the reasons for sub-optimal performance 

of crude buccal swab lysates processed with the ForenSeqTM DNA Signature Prep kit (Verogen, 

San Diego, CA, USA) using quantitative real-time PCR (qPCR). The results from phase 2 were 

used to identify and inform different optimisation methods which would be used in phase 3. 
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Phase 3 involved applying different methods to optimise the success rates of SwabSolutionTM 

(Promega Corporation, Madison, WI, USA) and STR GO! Lysis buffer (QIAGEN, Hilden, 

Germany) crude buccal swab lysates with the ForenSeqTM DNA Signature prep kit (Verogen, 

San Diego, CA, USA). The quality of libraries for the different optimisation methods were 

assessed using two variables as a measure for potential profile success, namely, average library 

size and library concentration as assessed using TapeStation and QubitTM fluorometry 

(Invitrogen, CA, USA), respectively. 

 

Figure 3.1: Overview of the adaptations made to ensure a high-first time success rate with 

crude buccal swab lysates using the ForenSeqTM DNA Signature Prep kit workflow. 
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3.2.2. Phase 1: Initial processing of crude buccal swab lysates with the ForenSeqTM 
DNA Signature prep kit 

 
In an ongoing ethically approved study at the University of Cape Town (HREC: 342/2016), 

cotton buccal swabs were collected from living and deceased individuals, as described in 

Heathfield et al. 2024. Buccal swabs were processed using either the SwabSolutionTM Kit 

(Promega Corporation, Madison, WI, USA) or the STR GO! Lysis Buffer (QIAGEN, Hilden, 

Germany) using the manufacturers’ protocols [165,166]. Having obtained full conventional 

DNA profiles previously, as described in Heathfield et al., 2024, 234 of these samples 

underwent library preparation using a direct PCR approach with the ForenSeqTM DNA 

Signature Prep kit (Primer mix A and/or B) [21]. Libraries were purified, normalised, denatured 

and loaded as per the manufacturer’s protocol, except that a loading volume of 12 µL of pooled, 

normalised library was used, as determined through prior internal laboratory optimisation 

experiments [21]. Approximately 600 µL of denatured Human Sequencing Control (HSC) and 

library were loaded onto a MiSeq FGxTM reagent cartridge and sequenced on the MiSeq FGxTM 

instrument (Verogen, San Diego, CA, USA) for 398 cycles in Forensic Genomics mode 

according to the manufacturer’s protocol [59]. 

 

3.2.2.1. Data analysis 
 
Primary data analysis was performed on the ForenSeqTM UAS, an analysis software integrated 

into the MiSeq FGxTM system [60]. Alleles were automatically called based on their read counts 

and whether the read count met the default analytical and interpretation thresholds of 1.5% and 

4.5% respectively. The sample genotype reports generated on the ForenSeqTM UAS software 

were then exported into Microsoft Excel® to determine call rates. Call rate was calculated as 

the number of successfully called genotypes/haplotypes at each marker, divided by the total 

number of markers, and converted to a percentage.  
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3.2.3. Phase 2: Investigation into crude buccal swab lysate failure 
 

3.2.3.1. Real-time PCR quantification 
 
Crude buccal swab lysates processed in SwabSolutionTM (Promega Corporation, Madison, WI, 

USA) and STR GO! Lysis buffer  (QIAGEN, Hilden, Germany) with failed or partial MPS 

profiles with the ForenSeqTM DNA Signature prep kit (Verogen, San Diego, CA, USA) were 

identified and subjected to qPCR with the Quantifiler® Trio kit (Applied Biosystems, Foster 

City, USA), according to the manufacturers protocol,  with the exception that half-volumes 

were used (as per optimised and internally validated procedures) [167]. Data were viewed using 

the HID real-time PCR software (Applied Biosystems, Foster City, USA) and further assessed 

using Microsoft Excel®. It was initially hypothesised that PCR inhibition played a role in sub-

optimal lysate performance, therefore initial assessment of lysates included an assessment of 

PCR inhibition using qPCR. Lysates that were flagged for high IPC CT (i.e., IPC CT > 31) 

values by the HID real-time PCR software were diluted two-fold with molecular biology grade 

water prior to re-quantification with the Quantifiler® Trio kit (Applied Biosystems, Foster 

City, USA) to confirm inhibition. The concentration and degradation index of all lysates were 

also assessed. These results informed the optimisation methods used in phase 2, which were 

used to overcome PCR inhibition prior to library preparation with the ForenSeqTM DNA 

Signature Prep kit (Verogen, San Diego, USA) [21].  

 

3.2.3.2. pH assessment of STR GO! buccal swab lysates 
 
Whilst helpful for the buccal swabs prepared in SwabSolutionTM (Promega Corporation, 

Madison, WI, USA), the qPCR results provided little to no insight into MPS profile failure 

with STR GO! lysates. It was therefore hypothesised that sub-optimal performance of these 

lysates could be due to the incompatibility of lysis buffers with the ForenSeqTM DNA Signature 

Prep kits’ PCR 1 components. Further investigation into this incompatibility involved personal 
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communication with the manufacturers to understand reasons behind potential incompatibility 

of buffers, and it was noted that the high pH of the STR GO! Lysis buffer (QIAGEN, Hilden, 

Germany) could not be negated due to the limited buffering capacity of ForenSeqTM DNA 

Signature Prep kit pre-PCR reagents (Personal Communication, QIAGEN, Hilden, Germany). 

This informed the optimisation methods used in Phase 3.   

 

3.2.4. Phase 3: Method optimisation  
 

3.2.4.1. SwabSolutionTM crude buccal swab lysates 
 
As PCR inhibition was confirmed in SwabSolutionTM lysates in phase 2, a subset of 10 

SwabSolutionTM lysates that had failed MPS profiles were subjected to three different 

optimisation methods prior to library preparation with the ForenSeqTM DNA Signature Prep kit 

(Verogen, San Diego CA, USA):  

• A two-fold dilution of crude buccal swab lysates with nuclease-free water prior to 

library preparation according to manufacturer’s recommendations was performed [21].  

• The addition of 3 µL 5X AmpSolution® reagent (Promega Corporation, Madison, WI, 

USA) to 2 µL of the crude buccal swab lysate (instead of 3 µL nuclease-free water).  

• Purification of 100 µL of lysate using the Mag-Bind® Blood DNA HV kit (Omega Bio-

tek, Norcross, GA, USA) eluted into 30 µL of TE buffer [168].  

 

3.2.4.2. Lysate preparation methods for STR GO! Buffer lysates 
 
To overcome the high pH of the STR GO! lysates, 10 STR GO! crude buccal swab lysates that 

had failed or sub-optimal MPS call rates were subjected to optimisation.  

• Purification of 100 µL of lysate using the QiaAmp® DNA Investigator kit, eluted into 

30 µL of ATE buffer (QIAGEN, Hilden, Germany) [169].  
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• Purification of 100 µL of lysate using the Mag-Bind® Blood DNA HV kit (Omega Bio-

tek, Norcross, GA, USA) eluted into 30 µL of TE buffer [168].  

• Addition of 3 µL 1M hydrochloric acid (HCl) (Sigma-Aldrich) to 2 µL of the crude 

buccal swab lysate (instead of 3 µL nuclease-free water) to reduce the pH without 

further dilution of the lysate.  

 

3.2.4.3. Optimisation of the spin-column purification method to improve starting 
concentration 

 
Sub-optimal DNA concentrations were obtained for lysates purified with using spin column-

based purification methods and were thus further optimised. Fresh buccal swabs (n = 20) were 

collected from consenting individuals and processed using the STR GO! Lysis buffer 

(QIAGEN, Hilden, Germany). These lysates were used to determine if the spin-column-based 

purification method could be optimised to improve extracted DNA concentrations prior to 

sequencing. The first optimisation method evaluated two modifications to spin-column 

purification with the QiaAmp® DNA Investigator kit (QIAGEN, Hilden, Germany), where the 

lysate either underwent total purification according to the manufacturer’s protocol or partial 

purification (i.e., only the lysate was added directly to the spin-column). The second method 

evaluated the use of a protocol designed to purify DNA from crude buccal swab lysates using 

the DNeasy Blood and Tissue kit (QIAGEN, Hilden, Germany) and the adapted protocol for 

crude buccal swab lysates [170]. An additional modification was made to the “DNeasy” 

protocol to include the addition of 10% acetic acid to bring the pH of the lysate down to at least 

7 (Table 3.1).   
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Table 3.1: Modifications applied to two spin-column purification kits and protocols; namely, 

the QiaAmp® DNA Investigator kit and protocol, and the DNeasy kit used with the protocol 

designed for the purification of DNA from crude buccal swab lysates. 

 Spin-column 
purification method Modification 1 Modification 2 

QiaAmp® DNA 
Investigator Kit 
(QIAGEN, Hilden, 
Germany) 
 
  

§ 100 µL of the STR GO! Lysate 
was added directly to a spin 
column. 

§ purification according to the 
manufacturer’s protocol. 

§ elution volume was reduced to 
30 µL. 

 
§ 100 µL of STR GO! Lysate was lysed 

with Buffer AL and proteinase K. 
§ purification according to the 

manufacturer’s protocol. 
§ elution volume was reduced to 30 µL. 

DNeasy Protocol 
(QIAGEN, Hilden 
Germany  

§ 200 µL of the STR GO! Lysate 
was purified using the DNeasy.  

§ elution volume was reduced to 
50 µL.  

§ 20 µL of 10% Acetic acid was added to 
200 µL of the lysate to reduce the pH to 
7. 

§ 220 µL of the STR GO! Lysate was 
purified using the DNeasy kit. 

§ elution volume was reduced to 50 µL. 
 

3.2.4.4. Quantification of extracted DNA 
 
Where lysates were purified, DNA was quantified with the Quantifiler® Trio Kit (Applied 

Biosystems, Foster City, USA) as described in section 3.2.3.1, and diluted to 0.2ng/µL with 

nuclease-free water.  

 

3.2.5. Library preparation 
 
Extracted DNA and crude buccal swab lysates prepared in phase 3 were processed using the 

ForenSeqTM DNA Signature Prep kit (Verogen, San Diego, CA, USA), as stipulated in the 

manufacturer’s protocol, with modifications as presented in phase 3 above [21]. All libraries 

were prepared alongside a positive control using 5 µL of the 2800M control DNA (Promega 

Corporation, Madison, WI, USA), which was prepared by dilution to 0.2 ng/µL with nuclease-

free water, along with a negative control consisting of 5 µL nuclease-free water. The 

amplification and tagging of targets, enrichment of targets and library purification was 

performed according to the manufacturer’s guidelines. Purified libraries were stored in a -20 
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℃ freezer until further use. The ‘safe stopping point’ (as per the manufacturer’s protocol) was 

used to assess library quality and quantity [21].  

 

3.2.6. Assessment of library quality and quantity of crude buccal swab lysates  
 
The purified libraries of the positive control, the lysates subjected to the different library 

preparation methods as well as previously processed lysates that had initially resulted in failed 

or partial profiles were processed using the High Sensitivity D1000 Screen Tape Assay with 

the 2200 TapeStation (Agilent Technologies) following the manufacturer’s protocol [171]. The 

average library sizes were recorded from the TapeStation Controller Software. Library 

concentration was assessed using the Qubit 2.0 Fluorometer with the QubitTM 1x dsDNA High 

Sensitivity Assay (Thermo Fisher Scientific, Waltham, MA, USA) [172].  

 

3.2.7. Statistical analysis for assessment of optimisation methods 
 
To evaluate whether the lysate preparation method used influenced library quantity and average 

library size, two-sided Friedman’s tests were performed after the assumption of normality was 

not met. This was used to test for significant differences in library concentration and library 

sizes between the different lysate preparation methods. To determine the most optimised 

protocol for STR GO! purified lysates, their library concentration and average library sizes of 

the purified libraries were compared to the 2800M control purified library metrics (library 

concentration and size) using a one-sample Wilcoxon test, as both used the same input amount 

of 1 ng. The Friedman test was also used to compare the difference in concentrations obtained 

from the four different silica-based methods tested to determine which approach resulted in the 

highest extracted DNA concentration. All statistical analyses were conducted using the SciPy. 

Stats package in Python version 3.7 [173].  
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3.2.8. Library normalisation and sequencing 
 
Following statistical assessment of the lysate preparation method best suited to each type of 

lysate (SwabSolutionTM and STR GO! lysates), the selected purified libraries were normalised 

and sequenced on the MiSeq FGxTM sequencer in batches of 32 according to the manufacturer’s 

protocol, and as described in section 3.2.2. Additional samples (n = 212) were sequenced using 

the optimised protocols as part of a population study (Chapter 4) and call rates compared to the 

previously failed crude buccal swab lysates.  

 

3.3. Results 

3.3.1. Phase 1: Initial assessment into failure rates 
 

3.3.1.1. Quality metrics 
 
The quality metrics for the seven experimental runs that included lysates processed in phase 1 

are shown in Table 3.2. All quality metrics were within the recommended ranges reported by 

the manufacturer, except for three runs, where cluster density was below the recommended 

range. This was likely due to the sample variability within the pooled library, where some 

samples have expected lower concentrations resulting in an overall lower cluster density. 

Although, it has been established and reported that quality metrics falling outside the 

recommended ranges are still likely provide an adequate output of usable data [59].  
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Table 3.2: Quality metrics obtained for sequencing runs performed with the ForenSeqTM 

DNA Signature Prep kit on the MiSeq FGxTM sequencer.  Bold text indicates values that were 

below the manufacturer’s recommended ranges.  

 

3.3.1.2. Call rates 
 
Preliminary assessment of call rates of crude buccal swab lysates processed with the 

ForenSeq™ DNA Signature Prep kit and MiSeq FGxTM workflow revealed that a substantial 

portion of crude buccal swab lysates resulted in failed or partial profiles. The failed profiles 

accounted for 44% (n = 103) of the crude buccal swab lysates processed, 16% (n = 37) were 

partial profiles, and 40% (n = 94) were full profiles. SwabSolutionTM lysates accounted for 

61% (n = 63) of failed samples, while STR GO! lysates made up 39% (n=40) (Table 3.3). 

 

Table 3.3: Number of full, partial and failed profiles obtained for SwabSolutionTM lysates and 

STR GO! lysates when processed with the ForenSeqTM DNA Signature Prep kit. Italic text 

represents the breakdown of the number of samples with failed profiles. 

 
 

 

 

 

Experiment 
Number  

Cluster Density 
(k/mm2)  

Clusters Passing Filter  
(%)  Phasing  Pre-phasing  

Run 1  777  93.25  0.132  0.093  
Run 2  1069  91.00  0.112  0.095  
Run 3  681  92.63  0.158  0.113  
Run 4  456  96.35  0.219  0.098  
Run 5  1000  88.95  0.156  0.115  
Run 6  1187  87.87  0.143  0.114  
Run 7  520  91.07  0.205  0.094  

Success category Number of samples 
Partial 37 

Full 94 
Failed 103 

-SwabSolutionTM 63 
-STR GO! 40 

Total processed 234 
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3.3.2. Phase 2: Investigation into lysate failure 
 

3.3.2.1. SwabSolutionTM crude buccal swab lysates 
 
The subset of lysates (n = 103) that resulted in failed MPS profiles were categorised into lysate 

type; SwabSolutionTM lysates and STR GO! lysates. Real-time qPCR results showed that 

93.65% (n = 59/63) of SwabSolutionTM lysates had IPC CT values above 31 and were thus 

likely to be affected by PCR inhibition. The DI values for SwabSolutionTM lysates indicated 

that the lysates were unlikely degraded, and this was ruled out as a possible reason for failure. 

Additionally, where samples were not affected by inhibition, concentrations were within 

adequate ranges for sequencing. It should be noted that many lysates that were flagged for 

inhibition had unknown DI and concentration values, therefore concentration and DI values 

could not be properly assessed for those samples. In these cases, the reason for failure with 

MPS methods was taken as inhibition. Dilution of SwabSolutionTM crude buccal swab lysates 

that were identified as potentially inhibited showed an improvement in the IPC CT value, where 

87.30 % (n = 55/63) of lysates had new IPC CT values < 30, supporting the hypothesis that 

these samples were initially inhibited. 

 

3.3.2.2. STR GO! crude buccal swab lysates 
 
The real-time PCR results for STR GO! (QIAGEN, Hilden, Germany) crude buccal swab 

lysates showed that 100% of lysates had an IPC CT value below 31 and were thus unlikely to 

be inhibited. The DI values indicated little to no degradation. Concentrations were above 0.2 

ng/μL in all samples. The failure of lysates with MPS could thus not be attributed to low input 

concentration, degradation or inhibition. Further investigation into reasons for failure involved 

personal communication with the manufacturers, during which it was established that the pH 

of the STR GO! Lysis buffer (QIAGEN, Hilden, Germany) was too high to be compatible with 

the ForenSeqTM DNA Signature Prep kit PCR 1 buffers (Personal communication, QIAGEN, 



 98 

Hilden, Germany). This information was pivotal to establish methods to improve compatibility 

between the STR GO! Lysis buffer (QIAGEN, Hilden, Germany) and the ForenSeqTM DNA 

Signature Prep kit pre-PCR reagent chemistry. Assessment of the pH levels of the STR GO! 

Lysis buffer (QIAGEN, Hilden, Germany) indicated a buffer of a highly alkaline nature (pH = 

12). 

3.3.3. Phase 3: Method optimisation 
 

3.3.3.1. SwabSolutionTM lysate library quality  
 

Libraries prepared with 5X AmpSolution® reagent resulted in the highest average library 

concentrations, followed by lysates prepared with magnetic bead purification and lysates 

prepared according to the manufacturers protocol (i.e., “original”) (Figure 3.2). Lysates diluted 

2-fold prior to library preparation resulted in the lowest library concentrations. Lysates spiked 

with 5X AmpSolution® resulted in significantly higher library concentrations than all other 

optimisation methods tested (p < 0.05). Furthermore, lysates that underwent magnetic bead 

purification also resulted in significantly higher library concentrations than lysates prepared 

with the manufacturers protocol and lysates diluted two-fold (p < 0.05). No significant 

differences were observed between library concentrations of lysates diluted two-fold and 

lysates prepared according to the manufacturer’s protocol. 
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Lysates prepared with 5X AmpSolution® resulted in the highest overall library size compared 

to lysates prepared with lysates purified with magnetic beads, lysates diluted two-fold, and 

lysates prepared with the manufacturer’s protocol (Figure 3.3 and Figure 3.4). Friedman’s test 

revealed significant between-group differences, while post-hoc comparisons revealed that 

significant differences in library size existed between lysates prepared with 5X AmpSolution® 

reagent and all other methods tested (p < 0.05). 

Figure 3.2: Box-and-whisker plot representing average library concentration for 

SwabSolutionTM lysates prepared with modifications to the manufacturer’s protocol.  
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Figure 3.3: Box and whisker plot representing average library size (bp) for 

SwabSolutionTM lysates prepared with modifications to the manufacturer’s protocol. 
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Figure 3.4: TapeStation traces with sample intensity shown on each Y-axis in fluorescence 

units and library size shown in base pairs (bp) on the X-axis. The traces are shown for a 

SwabSolutionTM crude buccal swab lysate prepared with a) the manufacturer's protocol, b) a 

modified protocol where the lysate was diluted 2x with nuclease-free water, c) modified 

protocol whereby the lysate was purified using the Mag-Bind® Blood DNA HV kit and d) a 

modified protocol where 3uL of 5X AmpSolution® reagent was added to the PCR 1 reaction.  

 
3.3.3.2. Sequencing success of optimised crude buccal swab lysate protocol: 

SwabSolutionTM lysates 
 
From these results, the addition of 5X AmpSolution® reagent improved both the quantity and 

quality of libraries generated for SwabSolutionTM (Promega Corporation, Madison, WI, USA) 

crude buccal swab lysates. While the aim of lysate purification was to reduce the number of 

inhibitors present, the addition of 5X AmpSolution® reagent enabled a higher PCR efficiency, 

overcoming PCR inhibition even with no purification steps. A direct PCR approach could thus 

be maintained.  This method was selected to be used in the population study (Chapter 4). 

SwabSolutionTM lysates that previously failed, as well as previously unprocessed 

SwabSolutionTM lysates resulted in improved call rates (Figure 3.5). The mean call rate for 

DPMA markers across 93 SwabSolutionTM lysates processed before optimisation was 30.03% 

a) Manufacturer’s protocol b) Diluted 2x

c) Magnetic bead purification d) 5X AmpSolution® Reagent
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± 37.72 This increased to 96.39% ± 10.71 across 136 samples when adding 5X AmpSolution®.  

There were nine samples (n = 9) that resulted in partial profiles (call rates between 30.13% and 

64.13%) even after 5X AmpSolution® was added, but upon evaluation of qPCR data, these 

were found to be moderately degraded.  

 

 

 

 

 

 

 

 

 

 

3.3.3.3. STR GO! Lysate library quality assessment 
 
Lysates purified with the QiaAmp® DNA Investigator kit (QIAGEN, Hilden, Germany) 

resulted in higher library concentrations than all other methods. Significant differences in 

library concentration occurred between lysates purified with the QiaAmp® DNA Investigator 

kit and the lysates which were modified to include a 1 M HCl addition (p < 0.05) (Figure 3.6). 

Although a marked improvement in library concentration was observed in when using 

magnetic bead purification, the median concentration was lower than that observed for the 

2800M control DNA (6.26 ng/µL).  

Figure 3.5: Box-and-whisker plot comparing call rates in percentage (%) across DPMA markers 

for SwabSolutionTM lysates processed before (Original) and after optimisation (5X AmpSolution® 

added). The red dotted line represents the mean call rate (30.03%) for lysates processed using the 

original protocol, while the green dotted line represents the mean call rate (96.39%) for lysates 

processed with 5X AmpSolution®. 
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For assessment of library size, lysates purified with the QiaAmp® DNA Investigator kit 

(QIAGEN, Hilden, Germany) resulted in a significantly higher average library size (Median: 

284.5bp ± 17.49) than lysates prepared with prepared according to the manufacturer’s protocol, 

which resulted in the lowest library sizes when all methods were compared [(Median: 239bp ± 

45), (p < 0.05)] (Figure 3.7).  

 

As both purified lysates and the 2800M control DNA had the same input amount (1 ng), they 

could be directly compared. A one-sample Wilcoxon test to compare library concentrations of 

each method of lysate preparation against the average library concentration of the control DNA 

indicated that the average library concentration of the 2800M control DNA library resulted in 

significantly higher library concentrations than lysates prepared with; a) 1 M HCl, b) the 

manufacturer’s protocol c) magnetic bead purification (p < 0.05). Only the average library 

concentration of lysates prepared with the QiaAmp® DNA Investigator kit did not differ 

Figure 3.6: Box-and-whisker plot representing library concentration for STR GO! lysates 

prepared with modifications to the manufacturer’s protocol. The blue-dotted line represents 

the library concentration of the 2800M control DNA library of 6.26 ng/µL. 
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significantly from the library concentration of the control DNA library (p > 0.05). There were 

no significant differences in average library size for all methods compared to the 2800M 

control DNA library size of 276 bp (Figure 3.7).  

 

 

 

Figure 3.7: Box-and-whisker plots representing average library size for STR GO! lysates 

prepared with modifications to the manufacturer’s protocol. The blue-dotted line represents 

the average library size of the 2800M control DNA library of 276 bp 
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Figure 3.8: TapeStation traces with sample intensity shown on each Y-axis in fluorescence 

units and library size shown in base pairs (bp) on the X-axis. The traces are shown for a STR 

GO! crude buccal swab lysate prepared with a) the manufacturer's protocol, b) a modified 

protocol whereby the lysate was purified using the Mag-Bind Blood DNA HV kit and c) a 

modified protocol whereby the lysate was partially purified using spin-columns with the 

QiaAmp® DNA Investigator kit. 

 
 

3.3.3.4. Sequencing success of optimised crude buccal swab lysate protocol: STR GO! 
lysates 

 
It can be observed from the results that purification with the QiaAmp® DNA Investigator kit 

resulted in the most improved library concentration. Although average library sizes were 

similar across all methods, the addition of 1 M HCl and silica-based purification resulted in a 

more consistent average library concentration across the 10 samples, showing the least 

variation. However, the addition of 1 M HCl resulted in extremely low concentrations when 

compared to the silica-based method. For this reason, STR GO! lysates (QIAGEN, Hilden, 

Germany) purified using spin-column purification was used and selected for full sequencing 

with the ForenSeqTM DNA Signature prep kit for the population study (Chapter 4).  

 

a) Manufacturer’s protocol b) Magnetic bead purification

c) Spin-column purification
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The STR GO! lysates that that had failed in the initial testing phase, as well as previously 

unprocessed STR GO! lysates were processed using the optimised protocol (Table 3.1, 

Modification 1). A marked improvement in call rate was noted, where the original protocol 

resulted in a mean call rate of 58.64% ± 36.85 across 145 samples, increasing to 94.73% ± 

12.27 when using the optimised protocol across 76 samples. Thus, for both SwabSolutionTM 

and STR GO! lysates, the call rate improved from 44.35% to 93.38%. It should be noted that 

four samples did not result in full profiles, and this was hypothesised to be due to low input 

concentrations, which was further investigated and reported in the section below. 

 

3.3.3.5. Improving input concentration of spin column-based purified lysates 
 
Upon evaluation of library quality and concentration, the spin-column based purification 

method was selected as the most appropriate method for purification of STR GO! lysates 

(QIAGEN, Hilden, Germany). However, the average concentration of extracted DNA samples 

was 1.19 ng/µL. Although this concentration meets the input recommendations for the 

ForenSeqTM DNA Signature Prep kit for extracted DNA, an improved concentration was 

required for consistent performance of purified lysates. The standard lysate purification method 

which included adding the lysate directly to the spin column resulted in the lowest average 

concentration across 20 samples (1.19 ng/µL) (Figure 3.9).  

 

Total purification of the lysate (i.e., including lysis and binding steps stipulated in the 

manufacturer’s protocol) resulted in slightly higher concentrations (2.79 ng/µL) (Figure 3.9). 

It was therefore hypothesized that the pH of the STR GO! lysate resulted in sub-optimal binding 

to the spin-column, causing lower than expected recovery. This warranted using a method 

suited for lysate purification specifically. Using the DNeasy protocol for lysate purification 

resulted in significantly higher extracted DNA concentrations than both QiaAmp® DNA 
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Investigator kit (QIAGEN, Hilden, Germany) protocols mentioned above. Furthermore, it was 

found that adjusting the pH to 7 prior to adding the lysate to the spin column result resulted in 

slightly higher concentrations (7.83 ng/µl) than when the pH was not adjusted (7.31 ng/µl), 

although this increase was not statistically significant.  

 

Figure 3.9: Box and whisker plot representing four modifications spin-column purification 

aimed at improving extracted DNA concentration. The DNeasy method refers to the use of the 

protocol titled ‘Purification of total DNA from crude lysates with the DNeasy Blood and Tissue 

kit’ [170], while (A) denotes the modification of the protocol through the addition of 10% 

acetic acid and (B) without addition of any acid.  
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3.4. Discussion  

The aim of this study was to develop an optimised approach toward processing crude buccal 

swab SwabSolutionTM (Promega Corporation, Madison, WI, USA) and STR GO! (QIAGEN, 

Hilden, Germany) lysates with the ForenSeqTM DNA Signature prep kit, given sub-optimal 

first-time success rates with the manufacturer’s recommended protocol. Real-time PCR of all 

lysates provided a confirmation of the hypothesis that PCR inhibitors were present in 

SwabSolutionTM crude buccal swab lysates. The addition of 5X AmpSolution® to ForenSeq™ 

DNA Signature Prep kit libraries significantly improved library quantity and quality compared 

to other methods (dilution and purification).  Real-time PCR results provided little to no 

information to inform MPS profiling success for STR GO! lysates, while the pH of the STR 

GO! lysis buffer provided a better indication of PCR failure. Purification of STR GO! lysates 

using spin column-based methods resulted in overall improved library quantity and quality. 

The mechanisms by which library quality and quantity have been improved through these 

modifications is highlighted in this discussion.   

 

3.4.1. PCR inhibition in SwabSolutionTM Lysates 
 
It was hypothesised that lysates contained PCR inhibitors interfering with ForenSeqTM DNA 

Signature Prep kit PCR buffers. For lysates prepared with SwabSolutionTM (Promega 

Corporation, Madison, WI, USA), the PCR inhibition hypothesis was confirmed with real-time 

PCR, as SwabSolutionTM lysates had IPC CT values above 31, and when diluted two-fold, 

resulted in IPC CT values below 31. This suggests that if a PCR inhibitor was present in the 

undiluted lysate, the effect of diluting the sample would essentially dilute the inhibitor, thereby 

enabling successful real-time PCR amplification. 
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Previous studies have shown high success rates with the SwabSolutionTM kit (Promega 

Corporation, Madison, WI, USA) when applied to conventional DNA profiling methods [174-

176]. For the samples used in this study, all SwabSolutionTM lysates resulted in high success 

with CE kits [164,177]. The ForenSeqTM DNA Signature Prep kit manufacturers protocol states 

that the SwabSolutionTM kit (Promega Corporation, Madison, WI, USA) has been validated 

with the ForenSeqTM DNA Signature Prep kit and recommends adding 3 µL water and 2 µL of 

the crude buccal swab lysate directly to the PCR 1 reaction, without prior assessment or 

quantification of the lysate, and without library quality assessment [21].  However, studies that 

have used the SwabSolutionTM kit (Promega Corporation, Madison, WI, USA) with the 

ForenSeqTM DNA Signature Prep kit are limited. In one such study, authors stipulated that a 

direct PCR approach was not used, but rather that lysates were purified, quantified and diluted 

prior to processing with MPS kits [30].  

 

In another study where the SwabSolutionTM kit (Promega Corporation, Madison, WI, USA) 

was used for MPS with the ForenSeqTM DNA Signature Prep kit, authors quantified and diluted 

lysates to 0.2 ng/µL prior to processing with the ForenSeq™ DNA Signature Prep kit [178]. 

Therefore, neither of these studies employed a direct PCR approach when using the 

SwabSolutionTM kit (Promega Corporation, Madison, WI, USA). Although it cannot be 

assumed that the authors also experienced first-time failure with the ForenSeqTM DNA 

Signature prep kit when processing SwabSolutionTM lysates modifications were made to the 

manufacturer’s protocol, suggesting that authors suspected that using a full direct PCR 

approach would have a higher risk of sub-optimal first-time success rates with MPS [30,178].  

 

In this study, three methods were evaluated and compared to overcome PCR inhibition in 

SwabSolutionTM lysates, including dilution with water, addition of 5X AmpSolution®, and 
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purification with magnetic beads. It was concluded that dilution of lysates was not a suitable 

method for overcoming inhibition in SwabSolutionTM lysates. The poor library quality of 

lysates diluted with water (Figure 3.4) was surprising as quantification results showed an 

acceptable concentration, DI value and IPC CT value. Real-time PCR has been used as a method 

for assessing downstream profiling success in many studies, however, a few sources have 

highlighted its shortcomings when using real-time PCR results to inform to profiling success 

[179-181]. In this study, real-time PCR was not a suitable and consistent proxy for 

determination of profiling success of diluted SwabSolutionTM lysates with the ForenSeqTM 

DNA Signature Prep kit. However, it was successfully used to detect PCR inhibition in 

undiluted lysates. To this end, the Quantifiler® Trio kit was more tolerant to PCR inhibitors in 

the SwabSolutionTM lysates than the ForenSeqTM DNA Signature Prep kit but was thus 

minimally informative for predicted MPS profile success.  

 

The second method tested for overcoming inhibition was purification of lysates using the Mag-

Bind Blood DNA HV kit (Omega Bio-tek, Norcross, GA, USA). Purification of the lysates 

with this method resulted in lower IPC CT values, suggesting that PCR inhibition was 

successfully overcome. Additionally, improved library quality was achieved when compared 

to libraries where lysates were diluted with water, but this improvement was not significantly 

better than libraries of lysates that had resulted in failed MPS profiles (Figure 3.3)  

 

Lastly, the addition of 5X AmpSolution® significantly improved library concentration and 

library size, while showing similar concentration and library size to that of the 2800M positive 

control. The use 5X AmpSolution® is not stipulated in the manufacturer’s protocol [21] but is 

recommended when performing direct amplification of SwabSolutionTM lysates on specific 

PowerPlex® systems [165]. Although the composition of the 5X AmpSolution® reagent is 
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proprietary, it is known that the reagent works to reduce the effect of inhibitors in the lysate. 

This approach was selected as the best method to overcome inhibition, while maintaining a 

direct-PCR approach. It is therefore recommended that when processing SwabSolutionTM 

lysates using a direct PCR approach with the ForenSeqTM DNA Signature Prep kit, 5X 

AmpSolution® must be added to the reaction to maximise the first-time success rates. 

  

3.4.2. Limited pH buffering capacity in STR GO! lysates 
 
Lysates that failed due to high pH causing issues with the ForenSeqTM PCR 1 buffering capacity 

were subjected to silica-based and magnetic bead-based purification methods to lower the pH 

to an acceptable range while maintaining an adequate input concentration for MPS. A direct 

approach was also tested which included the addition of 1 M HCl to the PCR 1 reaction 

containing the crude buccal swab lysate. While both purification methods resulted in improved 

library concentrations compared to the original method, the silica-based purification resulted 

in higher library concentrations than magnetic-bead based purification and significantly higher 

concentrations than the direct approach in which 1 M HCl was added to the reaction. Although 

a slight improvement was noted with the Mag-Bind Blood DNA HV kit, recovery was lower 

than with the QiaAmp® DNA Investigator kit (QIAGEN, Hilden, Germany) (Figure 3.6). This 

is likely due to improved compatibility between QiaAmp® DNA Investigator Kit (QIAGEN, 

Hilden, Germany) and the STR GO! Lysis buffer (QIAGEN, Hilden, Germany) components.  

 

Furthermore, assessment of extracted DNA concentrations of STR GO! lysates where 100 μL 

of lysate was added directly to the spin column showed that concentrations were minimally 

adequate for input amounts required for MPS and required further optimisation to improve 

recovery. This was warranted by internally established methods, as well as the manufacturer’s 

internal validation, indicating that the average concentration of a buccal swab extracted with 
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the QiaAmp® DNA Investigator kit (QIAGEN, Hilden, Germany) results in concentrations 

ranging between 5-10 ng/μL [182]. A protocol was developed by QIAGEN to purify DNA 

from crude lysates using the DNeasy Blood and Tissue kit (QIAGEN, Hilden, Germany) [170], 

which, in this study was successfully used to improve the DNA recovery from STR GO! lysates 

compared to the QiaAmp® DNA Investigator kit (QIAGEN, Hilden, Germany) protocol [183]. 

The pH adjustment prior to adding the lysate to a spin-column resulted in the highest average 

concentrations, which underscores the importance of creating optimal binding conditions prior 

to purification. 

 

Although spin-column purification resulted in adequate library quality and concentration, the 

method steers away from using a direct PCR approach. A direct-PCR approach was tested on 

STR GO! lysates by the addition of an acid to the PCR reaction to reduce the pH of the lysate 

to an acceptable range; however, this was at the cost of diluting the lysate to a level that was 

found to be too low for efficient PCR amplification. 

 

A highly alkaline environment is usually overcome through built-in buffering capacity of PCR 

reagents in CE kits [184]; however, it is anticipated that the sensitivity of MPS kit chemistries 

may not include sufficient buffering capacity to reduce pH to an acceptable range for optimal 

polymerase activity. For this reason, it is recommended that the manufacturer’s produce a 

reagent that would enable the direct amplification of samples lysed in STR GO! Lysis buffer 

(QIAGEN, Hilden, Germany) that addresses the high pH while simultaneously maintaining a 

suitable input concentration needed for successful amplification of fragments. This is 

especially important for laboratories already making use of STR GO! lysates (QIAGEN, 

Hilden, Germany) for reference buccal swabs used for large-scale sequence-based population 

studies, to make use of samples that have already been collected.  
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3.4.3. Importance of a quality control step prior to and post library preparation when 
conducting databasing studies 

 
A drawback of the low first-time success rates achieved with STR GO! lysates in the context 

of large-scale population studies is that where length-based allele frequency data has been 

generated using STR GO! lysates, such as in Heathfield et al., 2024 and Whittaker and 

Heathfield 2024, concordance studies will be challenging when conducting sequence-based 

population studies using the same samples unless modifications are made to the protocol 

[164,177]. Considering this, an update to the manufacturer’s protocol is proposed to purify 

STR GO! lysates prior to library preparation or to include a pre-sequencing quality control step 

on a small subset of purified libraries of STR GO! lysates. This study has demonstrated that 

TapeStation is a suitable quality control method to review the quality of library traces prior to 

normalisation and sequencing. Although not required in the manufacturers protocol, the use of 

crude buccal swab lysates with the ForenSeqTM DNA Signature Prep kit does in fact require 

quality control steps prior to library preparation and prior to sequencing.  

 

3.5. Conclusion 
 
Forensic laboratories moving towards the adoption of MPS for forensic casework or reference 

samples should consider the compatibility of previously collected samples used for direct PCR 

with CE technology with sensitive MPS kit chemistries. This paper has provided valuable 

insights into direct PCR approaches that can be adapted for MPS with the ForenSeqTM DNA 

Signature Prep kit. The systematic approach used to elucidate and identify optimal methods for 

sequencing of crude buccal swab lysates have informed recommendations for current and 

future researchers conducting large-scale sequence-based population studies. For 

SwabSolutionTM lysates, the addition of 5X AmpSolution® to the lysate prior to PCR steps is 

recommended to overcome potential PCR inhibition, while spin-column purification of the 

STR GO! lysate with the DNeasy Blood and Tissue kit protocol and adapted for crude lysates 
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is recommended. Furthermore, it is highly recommended that the SwabSolutionTM lysis buffer 

be used over the STR GO! lysis buffer, particularly when using ForenSeqTM kit chemistries, 

given that a direct PCR approach can be maintained by simply adding 5X AmpSolution®. The 

insights in this chapter have achieved the aim of improving low first-pass success rates obtained 

with the SwabSolutionTM and STR GO! lysates when processed with the ForenSeqTM DNA 

Signature Prep kit. The results of this study have streamlined the manufacturer’s protocol to 

avoid repeat sampling and re-sequencing. This is crucial for low-resource laboratories that may 

rely on readily available population or reference samples for establishing allele frequency 

databases, avoiding significant financial constraints. This research has thus crucially 

established a trusted workflow using crude buccal swab lysates for the purposes of carrying 

out a sequence-based population study for the South African population.  
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4) Chapter 4: Population study 

Characterisation of autosomal STR sequence variation for the South African 

population using the ForenSeqTM DNA Signature Prep kit  

4.1. Introduction 

The breadth of sequence-based population data that exist in the global forensic community was 

extensively explored in Chapter 2 [71,72,90,108,109,116,121]. The chapter importantly 

highlighted that there are currently no sequence-based allele frequency data for forensically 

relevant STRs for South African population groups. To leverage MPS within a forensic 

casework context in South Africa, sequence-based population data from the reference 

population is required. 

 

South Africa’s current population stands at 62 million individuals belonging to a diverse range 

of ethnic groups. The two most prevalent population groups in South Africa are the Black 

African group, making up 81% of the total population, followed by the South African Admixed 

population group, making up 8.2% [185]. The Black African population group is made up of 

individuals with primarily African descent but may be differentiated with respect to their 

specific ancestral and ethno-linguistic groups [177]. To enable maximum local relevance and 

translation to the police and forensic casework, individuals in the Black African population 

group were grouped into one major group, as per previous South African population studies 

[164,186,187].  

 

Regarding the Admixed population group, the commonly held belief is that the heritage of the 

“Coloured” population, herein referred to as “Admixed” originates from the historical 

encounters between European settlers and the indigenous Khoisan groups of the Cape region. 

From these early encounters, subsequent generations of mixed heritage were formed through 
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relationships between the settlers, the Khoisan, and enslaved individuals brought from the East, 

culminating in the establishment of a community with varied racial and ethnic roots [188].  

 

Chapter 2 also revealed that much of the variation held in MPS data lie within populations with 

African ancestry, although Africa is the continent in which no MPS population study has been 

conducted. It is therefore hypothesised that the South African population will exhibit variation 

that exceeds what has been previously revealed in non-African population groups. The aim of 

this chapter was thus to; 1) explore sequence variation of A-STR loci (as justified under the 

study design in Chapter 1),  2) generate a sequence-based allele frequency database using the 

ForenSeqTM DNA Signature Prep kit using an optimised approach for crude buccal swab 

lysates, as established in Chapter 3, and 3) evaluate concordance with CE methods for South 

African population Admixed and Black African population groups.  

 

4.2. Methods 

4.2.1. Samples 
 
Buccal swab and whole blood samples were previously collected with informed consent from 

a total of 463 individuals: Black African (n = 216) and Admixed (n = 247). Samples were 

collected as part of an umbrella study [164].  Institutional ethics approval was obtained for the 

use of these samples in the current study (HREC: 400/2021).  The methods used were carried 

out in accordance with the latest guidelines published by the International Society of Forensic 

Genetics (ISFG) [189].  

 

4.2.2. Sample preparation and processing 
 
Manufacturer’s protocols were used throughout this chapter, except where modifications are 

specified. Crude buccal swab lysates had been prepared from 224 buccal swabs using the 
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SwabSolutionTM Kit (Promega, Madison, WI, USA) and from 134 buccal swabs using the STR 

GO! Lysis buffer (QIAGEN, Hilden, Germany) [165,166]. Crude buccal swab lysates 

processed with the STR GO! Lysis buffer (QIAGEN, Hilden, Germany) with the 

manufacturer’s protocol, although those that had shown poor amplification success (n = 95) 

with the ForenSeqTM DNA Signature Prep Kit (Verogen, San Diego, CA, USA) in an initial 

testing phase were purified using the QiaAmp® DNA Investigator Kit (QIAGEN, Hilden, 

Germany), as described under Modification 1, Table 3.1 (Chapter 3) [190]. Whole blood 

samples (n = 105) were collected and extracted using a standard salting-out procedure as 

outlined in Miller et al., 1988 in a previous study (HREC: 445/2015), and ethical approval was 

obtained for the use of these samples in the current study (HREC: 400/2021) [191]. All 

extracted DNA samples were quantified using the Quantifiler® Trio DNA Quantification Kit 

on the Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, Foster 

City, USA) and diluted to 0.2 ng/μL using nuclease-free water. The concentration of diluted 

samples was confirmed using QubitTM fluorometry with the QubitTM dsDNA High Sensitivity 

Assay (Invitrogen, CA, USA) [192].  

  

4.2.3. Library Preparation with the ForenSeqTM DNA Signature Prep kit 
  

Libraries were prepared from samples using the ForenSeqTM DNA Signature Prep Kit 

(Verogen, San Diego, CA), with Primer Mix B targeting both identity loci as well as 

biogeographic ancestry and phenotype markers [21]. Although all data were generated for all 

the loci targeted in Primer Mix B, this study focused on A-STRs, as justified under the study 

design in Chapter 1, section 1.4. The manufacturer’s protocol was adhered to, with 

modifications to crude buccal swab lysate processing steps as follows:  2 μL SwabSolutionTM 

(Promega Corporation, Madison, WI, USA) crude buccal swab lysate was used as template 

with 3 μL 5X AmpSolution® instead of water, as informed by internal optimisation 
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experiments (Chapter 3). For extracted DNA samples and purified lysates, 1 ng of template 

was used [21]. Thermal cycling was performed on a Bio-Rad T100 Thermal Cycler (Bio-Rad, 

Hercules, CA). Libraries were purified using Agencourt AMPure XP beads (Beckman Coulter, 

Brea, CA), normalised, and pooled in batches ranging from 32-96 samples before sequencing. 

Volumes of pooled libraries ranging between 8 μL and 12 μL were denatured with NaOH, 

diluted in Hybridization Buffer, and spiked with a 4 μL Human Sequencing Control (HSC) 

mixture. Pooled, denatured and diluted libraries were loaded onto MiSeq FGxTM Reagent 

cartridges and sequenced on the MiSeq FGxTM System (Illumina, San Diego, USA) in Forensic 

Genomics mode [59].  

 

4.2.4. Data analysis  
 
An initial analysis of the sequenced libraries was performed using ForenSeqTM Universal 

Analysis Software (UAS) version 1.3 (Verogen, San Diego, USA) with default settings of a 

1.5% analytical threshold (AT) and 4.5% interpretation threshold (IT) for allele calling [60]. 

Flanking region reports were exported from UAS as Microsoft® Excel files for each 

sequencing run. Flanking region reports were filtered to remove stutter, remove erroneous 

sequences and formatted to group alleles according to marker type to facilitate variant 

characterisation.   

 

4.2.5. Concordance with length-based genotypes  
 
After removal of stutter and erroneous sequences, sequence-based genotypes were compared 

to CE genotypes generated with the QIAGEN Investigator 24plex GO! Kit (QIAGEN, Hilden, 

Germany) for a subset of 229 samples that were previously published [164]. Concordance was 

assessed for 20 overlapping autosomal STR markers. Alleles were grouped into three 
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categories: a) discordant, b) concordant and c) ambiguous (i.e., genotype undetermined due to 

imbalance or allele dropout).  

 

Where an allele was noted to be discordant, samples were re-processed using the GlobalFiler® 

PCR Amplification Kit (Applied Biosystems, Foster City, USA), due to the extended allelic 

ranges that the kit provides for some markers [16]. Amplification of target region was 

performed using the Bio-Rad T100 Thermal Cycler (Bio-Rad, Hercules, CA), while post-PCR 

fragment separation was performed on the ABI 3130xL Genetic Analyser (Applied 

Biosystems, Foster City, CA, USA) using POP-4TM polymer (Applied Biosystems, Foster City, 

USA). Allele sizing was facilitated by the GeneScanTM 600 LIZ size standard (Applied 

Biosystems, Foster City, CA, USA). The electropherograms were analysed using the 

GeneMapper® ID-X software version 1.5 (Applied Biosystems, Foster City, CA, USA). 

 

4.2.6. Short-hand naming 
 
Sequences were characterised using a naming system developed by Kings College London 

[116]. The naming system consists of sequences found in five different British population 

groups [116]. Each unique sequence has been named according to a) the length-based allele, 

which was represented as the length-based allele itself, b) a sequence annotation, which used a 

new number each time new variation is observed within the repeat region of the sequence (e.g., 

S1 for the first sequence variation observed for a length-based allele, S2 for the second 

sequence variation observed, etc) and c) a version number, which denoted version of variation 

in the flanking region of the sequence-based allele (e.g., V1 for the first flanking region 

variation observed for a specific length-based allele, V2 for the second flanking region 

variation observed).   
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To facilitate inter-laboratory data comparison, a lookup of the FASTA sequences seen at each 

marker in each South African population group was performed in Microsoft® Excel, and where 

an allele name was not retrieved in any of the sequences in the British population groups, (i.e., 

the VLOOKUP resulted in a “#N/A”), these alleles were investigated for novelty. When a 

sequence was previously seen in the British population groups, the sequence was assigned a 

shorthand name as described above, and the sequence divided into its repeat motifs (Figure 

4.1). The use of the Microsoft® Excel® naming system enabled the visualisation of sequence 

variants by repeat regions (Figure 4.1). All alleles were initially visualised using this system 

to characterise repeat region variants and to name alleles according to the shorthand sequence 

and bracketed repeat notation. This system has been developed for A-STRs, but is currently 

under development regarding X-STR, Y-STR and iiSNV markers (Personal Communication, 

David Ballard).  

 

Figure 4.1: Snippet of Excel-based naming system developed by Kings College London (Kings 

Forensics) used to assign the shorthand sequence annotation and visualise repeat region 

variation. 

4.2.7. Bracketed repeat nomenclature 
 
 
To systematically count, group and annotate consecutive tetranucleotide A-STRs, a custom 

function was implemented in RStudio v4.2.2 (RStudio Team, 2020) [100]. The repeat motifs 

that were broken down in Microsoft® Excel were used as an input file for bracketed repeat 

generation and converted into a vector for further processing. The first step in the function was 

to identify unique repeat motifs and count their occurrences. When a repeat was encountered 

more than once, it was annotated by enclosing the motif in square brackets, followed by the 

number of repeats. For example, seven consecutive occurrences of “AGAT” were annotated as 

Flanking 
sequence

Length-based 
allele

Allele 
name

CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGATAGATAGATAGATAGATAGATAGACAGACAGACAGACAGACAGATGAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGAAAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA13 v1_13_S1 AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAC AGAC AGAC AGAC AGAC AGAT
CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGATAGATAGATAGATAGATAGACAGACAGACAGACAGACAGACAGACAGATGAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGAAAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA14 v1_14_S1 AGAT AGAT AGAT AGAT AGAT AGAT AGAC AGAC AGAC AGAC AGAC AGAC AGAC AGAT
CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGATAGATAGATAGATAGATAGATAGACAGACAGACAGACAGACAGACAGATGAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGAAAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA14 v1_14_S2 AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAC AGAC AGAC AGAC AGAC AGAC AGAT

Sequence Breakdown
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[AGAT]7. Additionally, one occurrence of a motif was retained without annotation. The same 

logic was applied to compound and complex repeats, with an additional step to concatenate all 

annotated repeats for a sequence into a single string. For example, seven instances of “AGAT” 

would be combined with five instances of “AGAC”, followed by one instance of “AGAT”, 

resulting in [AGAT]7 [AGAC]5 AGAT. A full description of the function is provided in 

Appendix 4.1. This function was applied to all the repeat motifs for each A-STR marker. The 

output was stored in spreadsheet format and used in subsequent allele reporting. Sequence-

based alleles were recorded and stored, alongside the length-based allele, bracketed repeat 

nomenclature, the shorthand sequence annotation described in section 4.2.6, flanking region 

variants, 5ʹ and 3ʹ flanking sequences and FASTA sequences.  

 

4.2.8. Variant characterisation 
 
All sequences were aligned with the Forensic STR Sequence Structure Guide version 5 (FSSG 

v5, available at https://STRidER.online) to name and identify sequence variants [32,69]. All 

sequence strings were split using a Microsoft® Excel function to separate nucleotides such that 

each nucleotide was contained within a separate cell. Conditional formatting was then used to 

align data to the FSSG v5 to visualise variants [32]. Variants that were initially identified for 

novelty were subjected to a BLAST search for comparison to sequences housed in the STRSeq 

BioProject, according to the process outlined in Gettings et al. 2017 [193,194]. Alleles that did 

not result in 100% identity with another sequence in the STRSeq BioProject were reported as 

novel alleles, and chromosomal position and SNV information were noted for these alleles.   

 

4.2.9. Statistical analysis 
 
Allele frequencies were determined using STRAF v2.6, while FST values and assessment of 

departure from Hardy Weinberg Equilibrium (HWE) were determined using Arlequin v3.5.2.2 

https://strider.online/
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[195,196]. Forensic and population statistical parameters were also calculated for sequence-

based alleles using STRAF v2.6 [196]. These included statistics for Genetic Diversity (GD), 

Polymorphic Information Content (PIC), Observed Heterozygosity (Hobs), Match Probability 

(MP). The RMP values were manually calculated from MP statistics using the product rule in 

Microsoft® Excel for each population group. Testing for departure from Hardy Weinberg 

Equilibrium (HWE) included an adjusted significance level of 0.002 after applying a 

Bonferroni correction for multiple comparisons for each population group.  

  

4.2.10. Quality control 
 
Length and sequence-based genotype data were submitted to STRs for Identity ENFSI 

Reference Database (STRidER) to verify the quality of the data [32]. Prior to submission, 

sequence-based data were checked to ensure that no duplicates of samples existed. As samples 

were collected from random, reportedly unrelated, individuals in the population, tests for 

genetic relatedness were not performed. Samples with tri-allelic genotypes were removed from 

the dataset prior to submission. Additionally, as no missing data was allowed in STRidER 

submissions, the D22S1045, Penta D and Penta E markers were removed from the dataset due 

to the high levels of allele dropout exhibited at these markers. Both length and sequence-based 

genotype data were formatted according to STRidER guidelines and submitted with the 

following accession numbers for the Black African and Admixed population groups, 

respectively:  STR000421 and STR000422 [32]. 
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4.3. Results 

4.3.1. Quality metrics 
 
Samples used for the purposes of establishing the allele frequency database were sequenced in 

24 batches, which each included a wide range of sample types. The quality metrics were within 

adequate ranges for cluster density, phasing and prephasing for all sequencing runs (Appendix 

4.2) [59]. The clusters passing filter for eleven runs did not meet the recommended chastity 

filter and ranged between 56% and 79%. Investigation into the low clusters passing filter was 

undertaken with the manufacturer and their recommendations indicated that usable data can 

still be generated for runs that did not fully meet the recommended ranges for quality metrics. 

Indeed, the data generated from these eleven runs resulted in sufficient coverage and sequence 

data, as evidenced by the performance of the 2800M control DNA and the HSC, as well as the 

high call rates obtained for population study samples. 

 

4.3.2. Allele frequencies and sequence variation 
 
The allele frequencies for 24 A-STR markers are reported in Appendix 4.3. A shorthand 

annotation which includes the length-based allele, the level of repeat region variation and the 

level of flanking region variation is shown within the dataset, alongside the sequence-based 

allele frequencies. Additional information on all sequences, including the bracketed repeat 

nomenclature, flanking region variants and shorthand sequence annotations are provided for 

compatibility with other published sequenced data. The FASTA sequences have not been 

reported as part of this thesis due to physical restrictions of the document processor (i.e., 

Microsoft Word®) but will be included as part of the submission of the population study for 

publication, as supplementary data.  
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In the Black African population group, a total of 295 length-based alleles and 500 sequence-

based alleles were observed. An increase of 70% was observed in the number of alleles when 

accounting for sequence variation. Inclusion of flanking region variants increased the number 

of alleles to 552, an 87.11% increase from length-based alleles alone and a 10.4% increase 

from sequence-based alleles. In the Admixed population group, 327 different length-based 

alleles were observed, whereas 591 sequence-based alleles were observed. Including flanking 

region variation increased the number of unique alleles to 650, indicating a 98.78% increase 

from length-based alleles and a 9.98% increase from sequence-based alleles alone (Figure 4.2).  

 

 

 

4.3.3. Highly polymorphic and highly conserved markers 
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Figure 4.2: Stacked column chart representing allele counts for length-based, sequence-based and 

sequence-based alleles with flanking regions included for 27 autosomal STR markers and for the 

Admixed (left) and Black African (right) population groups. 
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For both population groups the two markers showing the highest degree of variation by 

sequence were the D21S11 and D12S391 markers. The length-based allele counts obtained for 

the D21S11 marker was 19 in the Black African and 27 in Admixed population groups whereas 

sequence-based allele counts increased to 56 and 72 in the Black African and Admixed 

populations respectively. No additional alleles were observed when including flanking region 

sequences. Singleton sequences (i.e., only seen once in the combined population dataset 

accounted for 9/27 of the unique length-based alleles observed at the D21S11 marker. In 

comparing the length- and sequence-based allele frequencies obtained for this marker, allele 

28 can be used as an example. The allele 28 occurred at a frequency of 0.206 in the Admixed 

population group, but four different variations of allele 28 was observed in sequence-based 

data at lower frequencies. These variations occurred within in the repeat region of this complex 

marker. In the Black African population group, allele 28 occurred at a frequency of 0.3, while 

repeat-region variation resulted in three additional alleles observed at lower frequencies. The 

D12S391 marker, also found to be highly polymorphic, resulted in 16 length-based alleles in 

both the Black African and Admixed population groups, 49 and 64 sequence-based alleles, and 

53 and 69 sequence-based alleles with flanking region variants accounted for, for the Black 

African and Admixed population groups, respectively.  

 

Markers showing the least amount of variation included TPOX, TH01 and D10S1248, with no 

sequence variation observed in the repeat motif or the flanking regions of these markers. At the 

TPOX locus, seven tri-allelic genotype combinations in 12 individuals were observed, all 

concordant with CE genotypes (Table 4.1). Each of the tri-allelic genotypes observed included 

the allele 10, which was discussed in Heathfield et al., 2024 [164]. There were rare variants in 

traditionally conserved markers: a rare microvariant with length 12.1 was observed at the 
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CSF1PO marker, and flanking region variant was observed in the highly conserved D4S2408 

marker.  

 

Table 4.1: Seven tri-allelic genotype combinations observed in the South African Admixed and 

Black African population groups in 12 individuals. 

Length-based genotype Sequence-based genotype Observations 

6, 8, 10 [AGAT]6, [AGAT]8, [AGAT]10 1 

6, 9, 10 [AGAT]6, [AGAT]9, [AGAT]10 2 

6, 10, 11 [AGAT]6, [AGAT]10, [AGAT]11 2 

7, 10, 11 [AGAT]7, [AGAT]10, [AGAT]11 1 

8, 9, 10 [AGAT]8, [AGAT]9, [AGAT]10 3 

8, 10, 11 [AGAT]8, [AGAT]10, [AGAT]11 1 

9, 10, 11 [AGAT]9, [AGAT]10, [AGAT]11 2 

 

Variations in the flanking regions also increased the number of alleles. For example, variation 

in the FGA marker has primarily fallen within the repeat region, while in this study, two 

instances of flanking region variations occurred and were found to be novel, showcasing the 

first record of flanking region variation for this marker. Two markers, namely D7S820 and 

D20S842, showed no variation in the repeat regions, but the inclusion of flanking region 

variants increased the number of alleles observed at these markers. In the D7S820 marker, a 

SNV present in the 5ʹ flanking region (rs7789995 T>A) was observed in several length-based 

alleles for this marker, along with a 3ʹ flanking region SNV (rs16887642 G>A) resulting in an 

increase in allele counts with inclusion of flanking region sequences. The increase in the 

number of alleles in the D20S842 marker was also largely due to the presence of a 5ʹ flanking 

region SNV (rs77560248 C>T). Table 4.2 lists all known flanking region variants observed in 

the dataset for the South African populations.  
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Table 4.2: Known flanking region variants for 11 A-STR markers are shown with their 

corresponding start-stop coordinates, chromosome number and frequency in the South African 

Admixed and Black African population groups. 

Marker 
 

Chromosome 
 

rs number 
 

Coordinate 

start 

Coordinate 

stop Variant 
 

Type 
 

Frequency in 

Admixed (2N 

= 494) 

Frequency in 

Black African 

(2N = 432) 

D2S441 2 rs74640515 68011922 68011922 G>A Substitution 0.04453 0.00202 

D5S818 5 rs73801920 123775552 123775552 C>A Substitution 0.25911 0.26721 

D7S820 7 

rs7789995 84160204 84160204 T>A Substitution 0.93927 0.05668 

rs897512434 84160203 84160203 [T/-] Deletion 0.00202 - 

rs16887642 84160286 84160286 G>A Substitution 0.14575 0.10324 

D9S1122 9 rs149309595 77073812 77073812 T>C Substitution 0.00202 0.00202 

D12S391 12 rs138635218 12297179 12297179 C>G Substitution 0.02834 0.02632 

VWA 12 rs75219269 5983970 5983970 A>G Substitution 0.09312 0.04453 

D13S317 13 

rs73250432 82148000 82148000 C>T Substitution 0.00405 - 

rs146621667 82148001 82148001 G>A Substitution 0.00810 0.02024 

rs561167308 82148090 82148093 [TCTG/-] Deletion 0.00810 0.00607 

rs1442523705 82148077 82148080 [ATCT/-] Deletion 0.00202 - 

rs9546005 82148069 82148069 A>T Substitution 0.42713 0.31984 

rs202043589 82148073 82148073 A>T Substitution 0.00607 - 

D16S539 16 

rs563997442 86352692 86352692 C>G Substitution 0.00810 - 

rs11642858 86352761 86352761 A>G Substitution 0.23887 0.17206 

rs114697632 86352779 86352779 T>C Substitution 0.00607 0.01215 

D18S51 18 rs535823682 63281740 63281740 A>G Substitution 0.03441 0.04858 

D19S433 19 rs745607776 29926229 29926230 [CT/-] Deletion 0.00202 - 

D20S482 20 rs77560248 4525680 4525680 C>T Substitution 0.08097 0.10324 

 

4.3.4. Novel alleles 
 
A total of 80 novel alleles were observed among the two South African population groups 

studied, with 16 shared between the two population groups and across 15 different A-STR 

markers Appendix 4.4 and 4.5). More specifically, the Admixed population presented with a 

total of 43 novel alleles that were population specific, while the Black African population 

consisted of 21 population specific novel alleles. Markers consisting of novel flanking region 

variants are summarised with start-stop positions and variant frequencies in (Appendix 4.4). 
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The D21S11 marker resulted in the most novel alleles (23), followed by the D12S391 marker 

which resulted 10 novel alleles. The FGA marker consisted of three novel microvariants, four 

novel repeat region alleles and two novel flanking region variants.  

 

4.3.5. Forensic and population statistics 
 
The allele frequencies did not depart from HWE at any loci, and upon assessment of population 

differentiation between the Black African and Admixed population groups, an FST value of 

0.0079 (p < 0.0001) was obtained. This indicated little population differentiation between the 

two population groups. Assessment of population differentiation using length-based data for 

the same population groups was assessed in Heathfield et al., 2024, and also showed little 

genetic differentiation between the Admixed and Black African population groups [164]. In 

both population groups, the markers showing the highest levels heterozygosity and genetic 

diversity were D12S391 and D2S1339. In the Admixed population group, the D13S317 

showed the highest increase in heterozygosity from length to sequence-based alleles (18.47%), 

while in the Black African population group, it was the D9S122 marker (15.38%) (Appendix 

4.6). Similar to gains in heterozygosity, the D13S317 and the D9S122 markers showed the 

highest gains in genetic diversity from the Admixed and Black African population groups, 

respectively. Length-based data revealed an RMP value of 3.88E-28 for the Black African 

population group across STR markers, and a drastic reduction to 4.17E-33 was observed when 

assessing sequence-based data including flanking regions (Appendix 4.7). An even larger 

decrease in the RMP value from length- to sequence-based data with flanking regions was 

observed for the Admixed population group from 3.04E-29 to 1.93E-34.  
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4.3.6. Concordance assessment 
 
An overall concordance rate of 99.10% was achieved across all markers, with markers D7S820 

and D1S1656 showing potentially discordant or ambiguous genotypes (Appendix 4.8).  

However, both could be resolved through additional review and analysis, which will be 

described below (section 4.3.6.1). Individual instances of allele dropout were also observed in 

D5S818, D7S820, D16S539 and D19S433 while several instances of dropout were observed 

in D22S1045, Penta D and Penta E, which were excluded from allele frequency and forensic 

parameter calculations. Instances of incorrect repeat size estimation was observed for the 

D7S820 and D13S317 markers, flanking region polymorphisms, also which will be described 

below. 

 

4.3.6.1. Flanking region variant impact on repeat size estimation 
 
A discordance was observed in one sample in the South African Admixed population group at 

the D7S820 marker upon comparison to CE genotypes. The ForenSeqTM UAS genotype was 

“10, 11”, whereas a “10, 10.3” was consistently obtained with CE using the Investigator 24Plex 

GO! Kit and the GlobalFiler® PCR assay. Investigation into the full sequence, including the 

flanking region of UAS allele “11” in this sample revealed a deletion in the 5’ flanking region 

of the amplicon. The deletion (rs897512434) resulted in a CE length of 10.3. The deletion also 

resulted in the extension of the minimum sequence range for this marker (Figure 4.3). The 

software subsequently included 1 bp of the primer in the sequence output, violating the 

minimum sequence range, as detected during STRidER quality control checks (shown in grey 

in Figure 4.3). The forward sequence is shown to enable comparison to the reference sequence.  
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Upon alignment to reference sequences reported the FSSG v5, several repeat region and 

flanking region variants were observed in the D13S317. The D13S317 marker consists of a 

simple tetranucleotide repeat motif [TATC]. Submission of sequences to STRidER for quality 

control revealed several instances where the number of repeats derived from the sequence did 

not match the length of the allele called by the UAS. Five samples in the South African 

Admixed population were noted to have a different number of repeats compared to the UAS-

derived length. For example, where a UAS-called allele was originally “9”, when counting the 

“TATC” repeats for this allele, 10 “TATC” repeats were present. This discrepancy was also 

seen in three instances in the South African Black population group. Investigation into the 

flanking region sequences of these alleles revealed flanking region variation that were flagged 

during STRidER quality control checks. The first was in a sample from the South African 

Admixed population, where an allele was called as 10 by the UAS, but upon characterisation 

of the sequence, an A>T substitution (rs9546005) in the flanking region was noted and resulted 

in the extension of the “TATC” repeat (Figure 4.4). In the same sample, an insertion/deletion 

(InDel) was found 20bp upstream of the first SNV, which was a “TCTG” deletion 

(rs561167308) that has been previously characterised. The A>T substitution, in combination 

Extension of minimum 
sequence range

C TATTTAGTGAGAT T AAAAAAAACTATCAATCTGTC TATC 11 GTTAGTTCGTTCTAAACTAT

[-/T] deletion
rs897512434

Repeat region

5’ 3’

Figure 4.3: The 5’-3’ sequence breakdown for an allele 11 present in the D7S820 marker that 

resulted in a CE-discordance is shown. The "C" is coloured in grey in the 5’ flank. The deletion 

of a "T" nucleotide is shown in the red box (rs897512434). Flanking regions are shown in in 

white text boxes, while the repeat region is shown in a black text box. 
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with the InDel results in the extension of the minimum sequence range and the 

misrepresentation of the number of TATC repeats in the sequence. The same combination of 

flanking region variation was present in three other samples in the South African Admixed 

population, and three samples in the South African Black population, which caused a 

discrepancy to occur between the number of repeats in the sequence and the length derived 

from the sequence.  

 

In one other sample from the South African admixed population, a sample with the same A>T 

substitution in the flanking region as mentioned above (rs9546005), presented with an “ATCT” 

deletion in the upstream flanking region (rs14425237035). The influence of this 4 bp-deletion 

along with the A>T substitution resulted in a sequence, which when the repeat units were 

manually derived from the sequence, a length of 10 was obtained, however, the UAS length-

based allele (9) correctly matched the CE length of 9.  

 

 

 

 

4.3.6.2. Alleged discordance at D1S1656  
 
One sample in the South African Admixed population at the D1S1656 marker sequenced with 

the ForenSeqTM DNA Signature Prep kit revealed a heterozygous “8, 16” whereas CE methods 

resulted in a homozygous genotype “16, 16” with the Investigator® 24Plex GO! Kit (QIAGEN, 

TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT TATC 11 [T] ATCTATCAATC [-/ATCT] ATCTATCTTTC [-/TGTC] TGTCTTTTTGGG

[-/ATCT] deletion
rs14425237035

Results in extension of 
minimum rangeRepeat region

5’ 3’

[-/TGTC] deletion
rs561167308

Results in extension of 
minimum range

A>T rs9546005
Results in continuation of 

repeat

Figure 4.4: The 5’-3’ sequence breakdown for an allele 11 in the D13S317 marker is shown. The 

flanking regions are represented by white text boxes to the left and right of the repeat region, 

represented by a black text box. The substitution (rs9546005 A>T) is shown in green in square 

brackets. The 4 bp deletions (rs14425237035 and rs561167308) are shown in red in square 

brackets. 
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Hilden Germany). Upon evaluation of the Investigator® 24Plex GO! electropherogram, an 

additional corresponding to the 8-allele superimposed on the DYS391 marker, as described in 

Heathfield et al., 2024 [164]. This superimposition was due to the limited allelic range for the 

Investigator® 24Plex GO! kit (10 – 20.3). When re-typed with the GlobalFiler® PCR 

Amplification kit (Applied Biosystems, Foster City, USA), a heterozygous “8, 16” was 

observed, concordant with MPS. The genotype was therefore concordant with MPS, as both 

systems detected the same length-based allele. In the same sample, flanking region variation 

consisting of a “CCTA” deletion at the 5ʹ start of the repeat region had resulted in 8 repeats, 

and this allele was therefore outside the allelic ladder ranges for both the Investigator® 24Plex 

GO! kit and the GlobalFiler® PCR Amplification kit. 

 

4.4. Discussion 

The aim of this chapter was to establish allele frequency data, characterise STR sequences 

generated with the ForenSeqTM DNA Signature Prep kit for the South African population and 

establish concordance with CE genotypes. An important overall finding of this study was the 

rich diversity introduced through the inclusion of sequence-based data, as seen through 

assessment of the increase in the number of alleles obtained by sequence, the unexpected 

variation in conserved markers and the presence of several novel alleles. To leverage the 

increase in sensitivity provided through the detection of additional variation when 

incorporating MPS methods, the data needs to comply with internationally suggested 

recommendations with respect to standardisation and back-compatibility. An important 

outcome of this study was thus the reporting of sequence data characterised according to 

established nomenclature guidelines to contribute to global nomenclature standardisation 

efforts. Finally, concordance rates exceeding 99% were achieved in this population study, 

whereas several flanking region indels were characterised that caused incorrect length-based 
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allele counting by the ForenSeqTM UAS, bringing into question the true concordance status of 

our population dataset.   

 

4.4.1. Richness in variation 
 
A notable increase in the number of alleles obtained by sequence for both South African 

populations was observed in this dataset. More specifically, a 70% and 80% increase was 

observed for the Black African and Admixed population, respectively. A slightly higher 

increase in the number of alleles were observed when including flanking regions (Figure 4.2). 

Nonetheless, the higher number of alleles observed by sequence for South African populations, 

and more specifically the Admixed population, is largely because populations in Africa have 

higher levels of genetic diversity [89].  

Chapter 2 revealed that African populations exhibited great variation within population groups, 

even across different regions, a finding strongly supported by non-forensic genetic studies 

[89,131]. More importantly, African population groups were found to be highly under-

represented in genetic population studies [89]. This has implications for forensic casework 

laboratories, and more specifically those that generate reference population data for 

determining match probabilities.  

 

Highly polymorphic markers observed in this study included the D12S391, D2S13338 and 

D21S11 markers, in both population groups. Several studies have reported high genetic 

diversity and increase in number of alleles by sequence for these markers [71-73,115,117,197]. 

These markers consist of compounding repeat units, with much of the variation arising from 

the varying repeat counts within the sequence. The STRSeq project contains sequence data 

arising from several different population groups with sequences for over 4500 individuals, 

where 172 different alleles have been characterised for the D12S391 marker, 111 for the 
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D2S1338 marker and 192 for the D21S11 marker [194]. In this study, 79, 66 and 86 different 

alleles were characterised for the D12S391, D2S1338 and D21S11 markers, respectively, from 

only 463 individuals.  

 

For highly polymorphic markers such as D12S291, a sample size of 200 may not be sufficient 

to capture and identify the variation present at this marker [117,124]. This is especially true for 

genetically diverse African population groups. The same can be assumed for the D2S1338 and 

D21S11 markers [124]. Implications for not capturing the maximum breadth of variation in 

more diverse population groups, especially at highly polymorphic markers is match statistics 

and estimates may be inaccurate. However, this implication may not be entirely relevant in 

forensic casework where MPS is used, as the increase in the number of markers notably 

improves the discriminatory power, without yet exploring sequence-level discrimination.  

 

The CSF1PO marker is known to be a highly conserved marker, as reported in several 

population studies [73,75,108,116,198]. There is little sequence variation within the repeat and 

flanking regions of this marker. Additionally, alleles typed for this marker have ranged between 

5 and 17. In this study, a rare microvariant allele, 12.1, was observed in the South African 

Admixed population (Appendix 4.4), whose sequence has not previously been characterised in 

MPS studies. The length-based allele has been observed in three individuals in the Navajo 

population in a study conducted by Budowle et al., 2001 [199]. The CSF1PO marker may 

provide little informativeness in complex DNA profile interpretation such as mixtures, 

however, previous studies have not characterised sequences for this marker from more diverse 

populations, such as those in Africa. Further unexpected and novel repeat and flanking region 

variants were observed in the FGA marker. To the best of our knowledge, no flanking region 
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variation has been previously characterised for the FGA marker. This finding in this study 

demonstrates the richness of genetic variation observed in the South African population.  

 
A total of 80 novel alleles were identified in this study, and 15 markers presented with novel 

alleles in both the repeat and flanking regions (Appendix 4.4). It is expected that as more 

population studies are conducted, less novel alleles are described in later population studies, 

however, as there is limited population data for African populations, there is much still to 

characterised. In this study, most novel alleles were due to variations in the repeat region. For 

example, the D21S11 consists of a complex repeat structure, and several variations were 

observed in which the count of different repeats varied greatly within the sequence. Larger 

datasets of polymorphic loci from under-characterised population groups are needed to fully 

capture the number of isometric alleles at this marker [115].  

 

Novel alleles by flanking region variation were not as common as those attributed by repeat 

sequence variation but contributed to the characterisation of 14 previously undescribed alleles. 

This finding is expected, given that flanking region variation only contributed to ~10% increase 

in the number of alleles obtained (in comparison to the allelic gain from length- to sequence-

based alleles without flanking regions). Similar findings have been reported in the literature, 

where flanking region variation was assessed, and found to have low contributions to allelic 

gain, yet were useful in the resolution of discordances [73,86,108,124].  

  

4.5. Evaluation of concordances and discordances 
 
A concordance rate of 99.10% was achieved in this study, in accord with previous concordance 

assessments using the ForenSeqTM DNA Signature prep kit, including those determined by the 

developmental validation [20,61,84,90,198]. Although a high concordance rate was achieved 

for a subset of MPS markers that overlapped with the CE kit markers, it is not known whether 
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non-overlapping markers would result in similar concordance levels. Markers showing initial 

discordance could be resolved upon further analysis of flanking regions. The D7S820 marker 

discordance resulted from a deletion in the flanking region, causing both incorrect counting of 

repeats and the extension of the minimum sequence range (rs897512434) (Figure 4.3). This 

variant has been previously characterized in the Lebanese population at a frequency of 0.0026 

(1/195), and at a frequency of 0.0024155 in the White British population group [117,200]. 

However, no discordance resulted from this variant in both the White British and Lebanese 

population datasets, as was observed in the South African Admixed population group. 

Although discordance between methodologies could result in interpretation challenges, these 

can be overcome through detailed reporting practices, where both the full sequence string is 

reported alongside the length-based allele.  

 

The naming discrepancy observed at the D13S317 was due to miscounting of repeats by the 

ForenSeqTM UAS (Figure 4.4) and was resolvable through flanking region assessment. This 

miscounting was detected through the STRidER quality control process, which is not routinely 

performed by laboratories when generating sequence data for forensic casework. Submission 

of data to STRidER is only a requirement for publishing of allele frequency data. Absence of 

the same quality control process in a laboratory that uses MPS data for forensic casework 

means that instances of repeat miscounting by the ForenSeqTM UAS may go undetected, and 

ultimately result in a non-match at one or more markers.  This calls for an update in the 

ForenSeqTM UAS algorithm with a new requirement to include an integrated quality control 

process for allele size estimation with consideration of flanking region indels, as their presence 

may influence repeat counting.  

 



 137 

Without a quality control check to ensure that STR sequences are concordant with the 

ForenSeqTM UAS allele size estimate, reporting of flanking region data in both DNA profile 

and allele frequency databases becomes critical [69,117,124]. To contribute to the transparency 

and standardisation of STR sequence reporting practices, variants in the flanking region should 

easily identifiable, and even more so when it results in an instance of discordance [32]. 

However, consequences for including these data in DNA profile databases for determining 

matches would give rise to certain complications if DNA matching systems do not cater for a 

level of leniency. For example, an exact match would not be found due to the discrepancy in 

allele calling but if the system allowed for near to full matches, then this consequence could be 

overcome, as also suggested by Hölzl-Müller et al., 2021 [197].  

 

A second alleged discordance was observed in the D1S1656 marker, where the sequenced 

genotype (8, 16) was discordant with the CE genotype (16, 16) due to the limited locus range 

of the Investigator® 24Plex GO kit. Although the peak was present in the CE 

electropherogram, it superimposed on an adjacent marker (DYS391), causing incorrect 

haplotype calls. The discordance for this sample was previously documented by Heathfield et 

al, 2024 [164]. The implication of this limited allelic ladder and locus range is that an incorrect 

CE genotype may be inferred if sequencing is not used for confirmation. This underscores the 

importance of incorporating MPS in forensic casework, at least for confirmatory purposes, 

where a full transition is not feasible.  

 

A final aspect of concordance was the ambiguous genotypes observed at problematic markers 

such as D22S1045, Penta D and Penta E. Several studies have reported allele dropout at these 

markers, as also observed in this study [20,74,116,198,201,202]. Reasons for consistently poor 

heterozygote balance and ultimately performance at the D22S1045 high salt/ion concentrations 
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in PCR 1 buffers. High heterozygous imbalance can also be caused by mutations occurring in 

the primer binding regions. This ultimately affects primer hybridisation and less copies of the 

targeted region, leading to failed amplification of an allele [203]. 

  

The high imbalance and allele dropout observed at these markers have implications for 

complex DNA profile interpretation such as in mixtures and degraded samples, but also in 

reference profile comparison, where it may be challenging to discern stutter artefacts from true 

alleles [121]. Even in good quality reference samples, allele dropout and high imbalance is 

expected in these markers; therefore, even if quantitative cut-offs are implemented (for non-

direct PCR samples) as suggested by Foley et al., 2024, there is a high possibility that dropout 

will occur in either good quality reference samples or casework samples, where sample quality 

is often compromised [204]. Similar to other studies, it was decided that these markers should 

be excluded from allele frequency calculations, as their inclusion would undoubtedly result in 

an increase in false homozygotes [20,198]. However, an implication of their exclusion is that 

the discriminatory power that could be leveraged through MPS was reduced. These markers 

require further finetuning in future MPS kits to harness the full potential of MPS for forensic 

human identification.   

 

5. Conclusions  

The findings from this chapter have established the first sequence-based allele frequency data 

for the South African population and demonstrated that a high level of concordance exists 

between MPS and CE methods. The generation of population data and the compatibility 

between MPS and CE are requirements for the implementation of MPS in our forensic 

laboratory, and the findings of this chapter thus contributes to fulfilling the aim of this thesis. 

This chapter also highlighted the disparities between manually derived lengths based on the 
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FASTA sequence and the automatic length calls made by the ForenSeqTM UAS in the presence 

of flanking region variants. The discussion called for integrated analysis software to consider 

flanking region variants in their allele naming scripts. The findings of this chapter serve as a 

launch pad for other African laboratories to adopt an MPS workflow using a collaborative 

approach to improve standardisation and increase the quality of data published. Finally, the 

generation of allele frequency data also fulfils a critical requirement of internal validation 

studies that need to be conducted to forward implementation.  
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5) Chapter 5: Internal validation study 
 

Internal validation of the ForenSeqTM DNA Signature Prep workflow on the MiSeq 

FGxTM platform for human identification applications 

5.1. Introduction  

Implementation of a new forensic DNA analysis workflow or method requires adherence to 

quality standards. The ISO17025 standards, which established guidelines for competence in 

laboratory practices have been adapted to for forensic laboratories [25]. These adapted 

guidelines highlight the requirement for method validation for forensic testing laboratories 

[26,29,205]. This validation is essential for ensuring the that the workflow is fit for its purpose 

and legally defensible. The ForenSeqTM DNA Signature Prep kit has been developmentally 

validated on the MiSeq FGxTM benchtop sequencer and has been shown to overcome several 

limitations of CE methods, as explored in Chapter 1 [20]. The aim of this thesis was to facilitate 

implementation of this workflow in our forensic mortuary-linked laboratory, of which a major 

requirement was its internal validation. as it verifies that the MPS workflows meet the 

necessary quality benchmarks for implementation.  

 

This component of the overall study thus encompassed the internal validation of the 

ForenSeqTM DNA Signature prep workflow on the MiSeq FGxTM platform (DPMB) 

implemented in the Biomedical Forensic Science laboratory at the University of Cape Town. 

To this end, the developmental validation study was used as a blueprint to design and carry out 

equivalent experiments to assess the performance parameters of the sequencing workflow in 

our laboratory. These include the assessment of the workflow in terms of accuracy, call rate, 

precision, sensitivity, repeatability and reproducibility and species specificity on a range of 

sample types. The samples ranged from good quality control samples to compromised samples, 

such as degraded DNA and those containing PCR inhibitors. Studies have evaluated the use of 
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the workflow using a range of sample types, but published information on the performance of 

post-mortem samples, and more specifically crude buccal swab lysates is lacking and needed. 

This internal validation therefore aimed to establish performance parameters for both control 

DNA samples, authentic forensic post-mortem samples, and crude buccal swab lysates for the 

first time. While the developmental validation includes mixture studies, this internal validation 

focused on single-source post-mortem samples. This is because single-source samples are most 

commonly encountered in the mortuary setting. The findings are scrutinised against internally 

established acceptance criteria, and based on these results, the workflow is assessed to 

determine if is fit for forensic human identification purposes. The study was designed and 

carried out according to SWGDAM validation guidelines where possible and adhered to 

internally established quality standards [205]. To demonstrate the value, purpose and impact 

of the validates workflow, the last section of this chapter describes the application of the 

workflow to a forensic cold case, involving a severely decomposed human body.  

 

5.2. Methods 

5.2.1. Samples 

Control DNA samples, including the 2800M positive amplification control (Promega 

Corporation, Madison, WI, USA) and the Standard Reference Material (SRM) 2372a (NIST, 

MA, USA) were prepared through dilution with nuclease-free water to concentrations required 

for each internal validation study. The SRM 2372a (NIST, MA, USA) control DNA is often 

used as a quantification standard and was therefore diluted to concentration ranges used in the 

Quantifiler® Trio Kit (Applied Biosystems, Foster City, USA) for assessment of sensitivity 

and PCR inhibition. These were assessed for call rate, accuracy and precision with the 

ForenSeqTM DNA Signature Prep kit (Verogen, San Diego, CA, USA) to enable qPCR-to-

sequencing cross validation.  
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Forensic post-mortem samples previously collected from deceased individuals: a meta-carpal 

and molar sample, were previously collected as part of routine service delivery by the Forensic 

Pathology Services, and samples left over from primary analyses were approved to be used in 

this internal validation study, while nail, buccal swabs and FFPE tissue were obtained for 

ancillary investigation under three respective studies, HREC: 136/2021, HREC:342/2016 and 

HREC: 445/2015). Ethical approval was obtained for the collection and use of all samples used 

in this internal validation study from the University of Cape Town (HREC: R036/2014; 

HREC:400/2021, AEC: 021_010). All samples were prepared, and DNA was extracted using 

the methods described below, alongside reagent blanks to assess background contamination.  

 

5.2.2. DNA extraction and preparation 
 

5.2.2.1. Bone and teeth 
 
The bone and tooth sample surfaces were decontaminated with bleach, ultra-pure water and 

70% ethanol, followed by ultra-pure water again. The surface of the bone was sanded using a 

Dremel drill with a sanding band attachment. A fragment of the bone (~1 cm3) was cut using a 

cutting band on the same drill. The tooth sample was prepared by removing of the enamel using 

the Dremel tool with the sanding band attachment. The hard tissue samples were placed in pre-

cooled grinding jars with liquid nitrogen. The samples were ground into a fine powder using 

the Tissue Lyser II (QIAGEN, Hilden, Germany). Bone and tooth powder were transferred into 

1.5 mL micro-centrifuge tubes and stored at -20℃ until it was required for DNA extraction. 

Approximately 0.05 g input mass of the bone and tooth powdered samples were demineralised 

in a buffers solution with 1210 µL UltraPureTM 0.5 M, pH 8.0 ethylenediaminetetraacetic acid 

(EDTA) (Thermo Fisher Scientific, Waltham, MA, USA), 396 µL Buffer ATL (QIAGEN, 

Hilden, Germany), 22 µL proteinase K (QIAGEN, Hilden, Germany), 0.0121 g sodium dodecyl 
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sulphate (Sigma-Aldrich, MO, USA) and 22 µL of 1 M dithiothreitol (DTT) (Sigma-Aldrich, 

MO, USA) for 20 hours at 56 ℃ and shaken at 450 rotations per minute (rpm) in an Eppendorf 

ThermoMixer® C (Eppendorf, Hamburg, Germany). Thereafter, demineralised samples were 

purified using the QiaAmp DNA Investigator kit (QIAGEN, Hilden, Germany) according to 

the manufacturer’s protocol, with the exception that an elution volume of 30 µL was used [190].    

 

5.2.2.2. Nail 
 
For removal of exogenous DNA, approximately 3 mg of the fingernail clipping was added to 

1X phosphate-buffered saline (PBS), pH 7.4 (Invitrogen, MA, USA) and Tween®20 (Sigma-

Aldrich, MO, USA) and incubated in an Eppendorf ThermoMixer® C (Eppendorf, Hamburg, 

Germany) at room temperature for 10 minutes, shaken at 750 rpm. The cleaned fingernail 

clipping was dried with paper towel and 2 mg of the clipping was placed in a 2.0 mL cap-lock 

micro-centrifuge tube. The nail clipping was incubated in a buffer solution containing 20 µL 

of 1 M DTT (Sigma-Aldrich, MO, USA), 300 µL Buffer ATL (QIAGEN, Hilden, Germany) 

and 20 µL proteinase K (QIAGEN, Hilden, Germany) at 56 ℃ for 16 hours, shake at 900 rpm, 

in an Eppendorf ThermoMixer® C (Eppendorf, Hamburg, Germany). Thereafter, DNA was 

extracted with the QiaAmp DNA Investigator kit (QIAGEN, Hilden, Germany), according to 

the manufacturer’s protocol, with the exception that the elution volume was reduced to 30 µL.   

 

5.2.2.3. Blood 
 
Blood samples underwent DNA extraction using a standard salting out procedure as previously 

described in Chapter 4, section 4.2.2 [191]. Exceptions were made to the protocol in that the 

proteinase K digestion step was extended to 24 hours, and an elution was made into 300 µL 

Tris-EDTA.   
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5.2.2.4. Crude buccal swab lysates 
 
Crude lysates were prepared from cotton buccal swabs in 1 mL SwabSolutionTM (Promega 

Corporation, Madison, WI, USA), according to the manufacturer’s protocol. The additional 

buccal sample that was collected using an EasiCollectTM Buccal Collection Kit (QIAGEN, 

Hilden, Germany) was punched in triplicate using a 1.2 mm Harris Uni-CoreTM Punch kit 

(Sigma-Aldrich). These punches were treated with 100 µL 1X Tris-EDTA buffer, as 

recommended by the ForenSeqTM DNA Signature prep kit manual (Verogen, San Diego, CA, 

USA) prior to library preparation.  

 

5.2.2.5. FFPE lung tissue sample 
 
The deparaffinised lung tissue section underwent DNA extraction using the QiaAmp® DNA 

FFPE Tissue Kit (QIAGEN, Hilden, Germany) and was eluted into 50 µL [206].  

 

5.2.2.6. Non-human samples 
 
Assessment of the workflow for species specificity consisted of collection of buccal swabs 

from a domestic cat (Felis catus) and dog (Canis lupus familiaris). Meat from domesticated 

chicken (Gallus domesticus) and domesticated cow (Bos taurus) were purchased from a 

butchery and then swabbed. Blood was collected from a Rhesus macaque (Macaca mulatta) by 

a trained veterinarian. DNA was extracted from swabs and blood with the QiaAmp® DNA 

Investigator kit according to the manufacturer’s protocol (QIAGEN, Hilden, Germany) with 

no deviations. 
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5.2.3. DNA Quantification 

All extracted DNA samples, and control DNA samples were quantified with the Quantifiler® 

Trio kit (Applied Biosystems, Foster City, USA) on the 7500 real time thermal cycler, as 

described in Chapter 3, section 3.2.3.1. Extracted DNA samples and positive amplification 

control samples were diluted to amounts listed in Table 5.1, and dependent on the type of 

internal validation study. The Table 5.1 also lists the preparation and processing details, as well 

as how many replicates of each sample was used in each study. The concentrations were 

verified using the QubitTM dsDNA High-Sensitivity Assay on the QubitTM 4 Fluorometer 

(Thermo Fisher Scientific, Waltham, MA, USA) prior to library preparation and sequencing.  

Table 5.1: Study-specific preparation and processing details 

Study type  Sample Preparation and processing details 

Sensitivity 

2800M control DNA (Promega Corporation, 
Madison, WI, USA) 

Diluted to 1 ng, 0.25 ng, 0.0625 ng and 
0.01525 ng and processed in triplicate. 

SRM 2372a (NIST, USA) quantification 
standard 

Diluted to 2.5 ng, 0.25 ng, 0.025 ng and 
0.0025 ng and processed in triplicate. 

Blood (extracted DNA) 
Diluted to 1 ng, 0.25 ng, 0.0625 ng 
(processed in triplicate) and 0.01525 ng 
(processed in quadruplicate).  

SwabSolutionTM (Promega Corporation, 
Madison, WI, USA) crude buccal swab 
lysate  

3 µL 5X AmpSolution® added to undiluted 
lysate, then further diluted in nuclease-free 
water: 1 in 10, 1 in 100 and 1 in 1000 and 
processed in quadruplicate. 

Stability: 
Degradation 

2800M control DNA (Promega Corporation, 
Madison, WI, USA) 

Diluted to 1 ng, subjected to incubation at 
95 ℃ for 20, 40 and 60 minutes on the 
Eppendorf® Thermo-Mixer C (Eppendorf, 
Hamburg, Germany) and processed in 
triplicate 

SRM 2372a (NIST, USA) quantification 
standard 

Stability: 
Inhibition 

2800M control DNA (Promega Corporation, 
Madison, WI, USA) Diluted to 1 ng, spiked with 400 µM and 

600 µM humic acid (Sigma-Aldrich, MO, 
USA), and processed in triplicate.  SRM 2372a (NIST, USA) quantification 

standard 
2800M control DNA (Promega Corporation, 
Madison, WI, USA) Diluted to 1 ng, spiked with 1% ethanol 

(Sigma-Aldrich, MO, USA) and processed 
in triplicate. SRM 2372a (NIST, USA) quantification 

standard 

Accuracy and 
precision  

2800M control DNA (Promega Corporation, 
Madison, WI, USA) Diluted to 1 ng and processed in triplicate. 

Authentic forensic samples: Blood, bone, 
crude buccal swab lysates, FFPE tissue, FTA 
card (buccal), nail and tooth 

Diluted to 1 ng and processed in triplicate. 

Repeatability 

2800M control DNA (Promega Corporation, 
Madison, WI, USA) 

Diluted to 1 ng and processed in triplicate 
by the same user on different runs. 

Authentic forensic samples: Blood, bone, 
crude buccal swab lysates, FFPE tissue, FTA 
card (buccal), nail and tooth 

Diluted to 1 ng and processed in triplicate 
by the same user on different runs. 
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Reproducibility 

2800M control DNA (Promega Corporation, 
Madison, WI, USA) 

Diluted to 1 ng and processed in triplicate 
by a different user. 

Authentic forensic samples: Blood, bone, 
crude buccal swab lysates, FFPE tissue, FTA 
card (buccal), nail and tooth 

Diluted to 1 ng and processed in triplicate 
by a different user. 

Species specificity 
Extracted DNA from Rhesus blood, cat 
buccal swab, dog buccal swab, domesticated 
chicken swab, domesticated cow swab 

Diluted to 1 ng, where necessary and 
processed once. 

 

5.2.4. ForenSeqTM DNA Signature Prep kit library preparation and sequencing 

Libraries were prepared using DNA primer mix B in batches of 32 samples, following the 

manufacturers’ protocol (Verogen, San Diego, CA, USA) [59]. Each of the six plates included 

1 ng of the 2800M positive control (Promega Corporation, Madison, WI, USA) and nuclease-

free water as a no template control. For buccal swabs processed in SwabSolutionTM (Promega 

Corporation, Madison, WI, USA), 2 µL of the buccal swab lysate was added to the PCR 1 

master mix, and 3 µL of 5X AmpSolution® (Promega Corporation, Madison, WI, USA), 

instead of nuclease-free water, as determined through optimisation experiments (Chapter 3). 

Amplification steps were performed using a T100 thermal cycler (BioRad, Hercules, CA, 

USA). 

 

Normalised libraries from each plate of 32 samples were pooled. Sequencing was prepared 

according to the manufacturer’s protocol except that the volume of pooled library added to the 

MiSeq FGxTM reagent cartridge was adjusted to 10 µL. Sequencing was carried out on the 

MiSeq FGxTM benchtop sequencer as described in Chapter 3, section 3.2.2.    

  

5.2.5. Accuracy assessment with conventional STR profiling 

To assess concordance (and therefore accuracy) within the internal validation study, the 

forensic samples underwent conventional DNA profiling. This was achieved using the 

GlobalFiler® PCR Amplification Kit (Applied Biosystems, Foster City, USA) for autosomal 

STRs, the Investigator Argus X-12 QS Kit (QIAGEN, Hilden, Germany) for X-STRs, and the 
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PowerPlex® Y23 System (Promega Corporation, Madison, WI, USA) for Y-STRs 

[16,207,208]. All PCR products were separated on the ABI 3130xL Genetic Analyser (Applied 

Biosystems, Foster City, CA, USA) using a POP-4™ polymer (Applied Biosystems, Foster 

City, USA). The GlobalFiler® PCR Amplification kit made use of the GeneScan™ 600 LIZ 

size standard (Applied Biosystems, Foster City, CA, USA). The Investigator Argus X-12 QS 

Kit used the DNA size standard 550 (BTO) and the PowerPlex® Y23 System used the internal 

lane DNA standard ILS 500. The resulting electropherograms were viewed and analysed using 

GeneMapper® ID-X software version 1.5 (Applied Biosystems, Foster City, CA, USA). 

 

5.2.6. Data analysis 
 
Genotype and flanking region reports were exported from the ForenSeqTM UAS into 

Microsoft® Excel® for further analysis. Erroneous sequences and stutter in flanking region 

reports were identified and separated from the primary dataset. Data for each study were copied 

into separate sheets for individual analysis. The call rate for each sample was calculated using 

the number of genotypes that met the AT. Precision was determined by using the count of the 

most frequent genotype across replicates. As alluded to above, accuracy was determined if the 

allele called in MPS was correct as per the CE genotypes. A criterion of acceptance for call 

rate, precision and accuracy of control DNA and authentic forensic sample types was 

established as 10% of the call rate, precision and accuracy obtained in the developmental 

validation for control DNA samples. The accuracy assessment pertains to the concordance of 

the genotypes, while precision refers to the most frequently observed genotype across all loci, 

as outlined in the developmental validation. In this internal validation, instances where no 

results were obtained (i.e., failed amplification of an allele or genotype at a specific locus) 

contributed to a decrease in precision. Additionally, cases of discordant results, where two 
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distinct genotypes were observed across replicates, provided both were successfully amplified, 

impacted the percentage accuracy.  

 

5.2.7. Analytical and stochastic threshold setting 
 
All negative amplification control and extraction blank samples were used to establish the 

analytical threshold, while the results from the sensitivity studies were used to determine the 

stochastic threshold. While some genotyping software tools such as TrueAllele®, do not 

require the establishment of thresholds and considers all data available for probabilistic 

genotyping, thresholds were established here for the purposes of comparison to the 

developmental validation data. Additionally, our laboratory currently utilises the ForenSeqTM 

UAS for genotyping of MPS data, which requires the input of a threshold. 

 

All samples that undergo DNA extraction in our laboratory are processed alongside a DNA 

extraction blank consisting of nuclease-free water or unused swabs instead of a biological 

sample. The DNA extraction blanks generated in this internal validation study were used to 

establish the analytical threshold. Additionally, all libraries were prepared alongside negative 

amplification control samples containing nuclease-free water. In addition to being a quality 

control measure for assessing possible contamination, they were used in the internal validation 

study to establish read counts for the noise threshold determination.  

 

For establishing the AT, both the AT and IT on the ForenSeqTM UAS software for all markers 

were initially set to 0, after which genotype reports for all NTC, and extraction blank samples 

were exported into Microsoft® Excel® documents. The AT was determined by using the 

average reads detected in NTC and blank samples (Equation 5.1). After assessment of these 

reads, the analytical threshold was set to 1.9% (12 reads) across all markers (Appendix 5.1). 
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The IT was determined by setting the newly determined AT and then exporting genotype and 

flanking region reports of samples used in sensitivity studies. Due to the high variability 

expected for direct PCR samples, equation 1 was not used for the IT calculation. It was 

hypothesised that the of this equation for setting the IT would result in an unnecessary loss of 

allelic data. The average read count across all markers where the second allele dropped out was 

thus used and found to be 35 ± 19 reads. The new IT was set to 5% (35 reads) for all further 

analyses.  
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Equation 5.1: Equation used to determine analytical threshold 
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5.3. Results 
 

5.3.1. Quality Metrics 
 
The quality metrics obtained for all sequencing runs were found to be within the recommended 

ranges. Cluster density for all runs was in the range of 754 – 1246 k/mm2. The recommended 

range for cluster density is between 700 – 1400 k/mm2. The recommended percentage of 

clusters passing the Illumina chastity filter is 80%, and this requirement was met for all runs. 

The percentage of molecules that fell behind (phasing) or jumped ahead (pre-phasing) of a 

sequencing cycle were also within recommended ranges for each run (Table 5.2). Additionally, 

the HSC met the minimum criteria for intensity and concordance.   

 

Table 5.2: Run quality metrics obtained for six validation experiments performed with the 

ForenSeqTM DNA Signature Prep kit on the MiSeq FGxTM instrument. 

Run 
number 

Cluster 
Density 
(K/mm2) 

Clusters 
PF (%) Phasing Pre-

phasing 

Run 1 1020 91.3 0.205 0.08 
Run 2 1223 88.79 0.197 0.09 
Run 3 754 93.79 0.216 0.027 
Run 4 921 92.05 0.208 0.08 
Run 5 1085 89.84 0.222 0.046 
Run 6 1246 86.59 0.179 0.076 
     

 
5.3.2. Performance parameters 

 
 

5.3.2.1. Sensitivity study 
 
2800M Control DNA 
 
The aim of the sensitivity study was to determine the limit of detection, which is defined as the 

lowest input of DNA at which a full profile (or 100% call rate) can be achieved.  The internally 

established criterion of acceptance for sensitivity studies was 0.25 ng. Thus, below 0.25 ng, it 

is expected to see some alleles drop out, and above it, a 100% call rate is expected for control 
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DNA samples, as was observed in for the 2800M (Promega Corporation, Madison, WI, USA) 

control DNA and crude buccal swab lysates this study (Table 5.3, Appendix 5.2).  

 

Table 5.3: Average and standard deviation of call rates (%) obtained for the 2800M control 

DNA sample sensitivity assessment. 

 

The call rates obtained across all markers for the 2800M (Promega Corporation, Madison, WI, 

USA) control sample were 100% at 1 ng input amounts, while an average call rate of 98.55% 

was obtained for an input amount of 0.25 ng (Table 5.3). Full profiles (100% call rates) were 

obtained for A- and Y-STRs for input amounts as low as 0.0625 ng, which is in alignment with 

the lowest input amounts at which 100% call rates were obtained in the developmental 

validation [20]. Call rates of 86% were obtained for A-STRs, X-STRs and piSNVs at an input 

amount of 0.01525 ng.  At lower input amounts, the iiSNV markers resulted in lower call rates 

than other markers.  

 

SRM 2372a quantification standard 

The call rates for the SRM 2372a (NIST, MA, USA) quantification standard showed lower call 

rates in comparison to the 2800M (Promega Corporation, Madison, WI, USA) (Table 5.4, 

Appendix 5.3).  More specifically, a 94% call rate for A-, Y- and X-STRs, and 98% for iiSNVs 

was observed for samples diluted to 2.5 ng, and the minor allele loss was attributed to the 

amount of DNA being too high (above the manufacturer’s recommended 1 ng input), thereby 

Sample Marker Average call rate (%) ± standard deviation 

2800M 

  1 ng 0.25 ng 0.0625 ng 0.01525 ng 
A-STR 100 ± 0 98.81 ± 2.06 97.62 ± 4.12 73.81 ± 10.91 
Y-STR 100 ± 0 100 ± 0 100 ± 0 59.72 ± 18.79 
X-STR 100 ± 0 100 ± 0 85.71 ± 0 71.43 ± 24.74 
iiSNV 100 ± 0 95.39 ± 6.23 76.6 ± 2.81 33.33 ± 13.22 
aiSNV 98.81 ± 2.06 95.24 ± 2.06 82.74 ± 2.73 36.31 ± 9.83 

piSNV 100 ± 0 100 ± 0 90.91 ± 4.55 62.12 ± 20.99 
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reducing PCR amplification efficiency for larger markers. This was confirmed by processing 

the same SRM 2372a (NIST, MA, USA) sample diluted to the recommended 1 ng, where a 

100% call rate was observed. Therefore, the lowest input amount for the SRM 2372a standard 

at which a 100% call rate could be obtained was the recommended 1 ng.  

 

Table 5.4: Average and standard deviation of call rates (%) obtained for the SRM2372a 

quantification standard assessed as part of the sensitivity study. 

 

Blood 

Genomic input amounts of 1 ng replicates of blood samples resulted in an average call rate of 

99.89% across all markers, while an average call rate of 94.09% was obtained for input amounts 

of 0.25 ng for all markers (Table 5.5, Appendix 5.4). The iiSNV markers performed poorly at 

0.0625 ng input amounts (48.0%), in contrast to the performance of other markers. At 0.1525 

ng input amounts, all markers resulted in an average call rate of 32.94%. When using blood as 

a sample type, an input amount of 1ng is recommended, although at 0.25 ng input amounts, a 

full profile is expected across all markers.  

 

 

 

Sample Marker  Average call rate (%) ± standard deviation 

SRM 2372a 

  

1 ng 
(processed 
once) 2.5 ng 0.25 ng 0.025 ng 0.0025 ng 

A-STR 100  92.86 ± 0 83.33 ± 2.06 53.57 ± 6.19 3.57 ± 3.57 
Y-STR 100  88.89 ± 2.41 75 ± 4.17 55.56 ± 6.36 9.72 ± 6.36 
X-STR 100  100 ± 0 85.71 ± 14.29 71.43 ± 14.29 0 ± 0 
iiSNV 100  97.87 ± 1.84 84.75 ± 2.21 49.29 ± 6.41 7.45 ± 1.06 
aiSNV 100  98.21 ± 0 90.48 ± 2.06 55.95 ± 7.43 4.76 ± 4.49 
piSNV 100  100 ± 0 93.94 ± 2.62 66.67 ± 9.46 4.55 ± 4.55 
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Table 5.5: Average and standard deviation of call rates (%) obtained for the blood sample 

assessed as part of the sensitivity study. 

Sample Marker Average call rate (%) ± standard deviation 

Blood 

  1 ng 0.25 ng 0.0625 ng 0.01525 ng 

A-STR 100 ± 0 94.64 ± 4.72 72.02 ± 2.73 25.6 ± 5.74 
Y-STR 100 ± 0 94.44 ± 9.62 72.22 ± 4.81 41.67 ± 4.17 
X-STR 100 ± 0 90.48 ± 8.25 80.95 ± 8.25 33.33 ± 21.82 
iiSNV 99.29 ± 0.61 84.04 ± 5.63 47.52 ± 4.43 14.18 ± 3.42 
aiSNV 100 ± 0 98.21 ± 1.79 82.14 ± 4.72 42.86 ± 11.71 
piSNV 100 ± 0 100 ± 0 90.91 ± 4.55 48.48 ± 6.94 

 

Crude buccal swab lysates 

One of the primary objectives of this internal validation study was to validate the direct PCR 

workflow for buccal swabs collected from deceased individuals. When undiluted lysates were 

processed, 100% call rates were obtained across all markers (Table 5.6).  

Table 5.6: Average and standard deviation of call rates (%) obtained for the post-mortem 

crude buccal swab lysate assessed as part of the sensitivity study. 

 

Call rates above 99% were obtained across all markers for 1 in 10 dilutions, except for X-STRs, 

where a call rate of 95.24% was obtained across replicates. Call rates of above 75% were 

obtained for 1 in 100 dilutions, however, call rates were less consistent across replicates 

(Figure 5.1). Lower success rates were observed for lysates diluted 1 in 1000, with an average 

call rate of 21.49% for all STRs, 14.28% for all SNVs. The lowest dilution factor at which a 

100% call rate could be obtained for crude buccal swab lysates was thus a 1 in 10 dilution. The 

Sample Marker Average call rate (%) ± standard deviation 

Crude buccal 
swab lysate 

  Undiluted 1 in 10 1 in 100 1 in 1000 
A-STR 100 ± 0 98.81 ± 2.06 78.57 ± 6.19 16.67 ± 5.46 
Y-STR 100 ± 0 98.72 ± 2.22 76.92 ± 0 19.23 ± 10.18 
X-STR 100 ± 0 95.24 ± 8.25 80.95 ± 8.25 28.57 ± 0 
iiSNV 100 ± 0 99.65 ± 0.61 78.01 ± 2.21 10.64 ± 2.81 
aiSNV 100 ± 0 97.62 ± 1.03 80.36 ± 4.72 12.5 ± 3.57 
piSNV 100 ± 0 100 ± 0 90.91 ± 0 19.7 ± 18.37 
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optimal dilution for crude buccal lysates therefore remains 2 µL of undiluted lysate with 3 µL 

of 5X AmpSolution®.  

 

 

Figure 5.1: Average call rates (%) of autosomal STRs (blue), X-STRs (green), Y-STRs (red), 

iiSNVs (yellow), aiSNVs (purple) and piSNVs (black) using a crude buccal swab lysate for the 

following dilutions; undiluted, 1 in 10, 1 in 100 and 1 in 1000. The shaded regions around each 

line depict the standard deviation observed across replicate samples. 

 
To gain further insight into the performance of crude buccal swab lysates, read counts were 

assessed for all crude buccal swab lysate dilutions.  Call rates above 80% were obtained when 

read counts were below the 85 000 read count guideline [20] (Figure 5.2). The lowest read 

count at which a full profile could be obtained for an undiluted lysate was 20 000. All lysates 

that were diluted with water did not meet the 85 000 read count guideline, however, 1 in 10 

dilutions still resulted in high call rates (above 80%) with read counts as low as 18 000.  
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Figure 5.2: Scatter plot illustrating read counts for all undiluted and diluted lysates 

processed as part of sensitivity studies and their corresponding call rates (%). PM = post-

mortem. 

 
5.3.2.2. Stability studies 

 
Degradation study 
 
Heat-degraded control DNA samples were degraded at 95℃ for 20, 40 and 60 minutes, and 

were found to range between mildly degraded, and severely degraded, as determined by the DI 

obtained through qPCR experiments. There was an observed and expected increase in the DI 

for samples heated longer time periods (Appendix 5.5). The control DNA that was not 

subjected to heat-degradation experiments resulted in a DI value below 1, indicating that this 

DNA sample was intact, as categorised according to Vernarecci et al., 2015 [209] (Appendix 

5.6). The mean call rate across all markers was 100% for the untreated control DNA sample. 

For the 20- and 40-minute heating period, mean call rates of 81.45% and 76.5% was observed, 

respectively, for A-, Y- and X- STR markers (Figure 5.3). Interestingly, the control sample, 

degraded for 60 minutes, with the highest mean DI value of 30, resulted in the highest call rates 

for both STRs (82.64%) and iiSNVs (93.35%). The A-STR markers which frequently failed to 
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amplify across all time periods were the larger markers such as Penta D, Penta E, D22S1045 

and D5S818. The average call rate for iiSNVs were generally higher for all degradation time 

periods. Furthermore, all sequence-based genotypes of degraded control DNA samples were 

found to be 100% concordant with length-based genotypes.  

  

 

 

 

 

 

Inhibition study 

The control samples spiked with 1% ethanol, were not flagged as inhibited in qPCR 

experiments, but despite this, they were automatically marked as "low quantity." In every 

instance, these ethanol-spiked controls achieved a 100% call rate and precision for all markers, 

and, except for aiSNVs. A 100% accuracy for CE-shared STR markers was achieved, 

maintaining this rate even when flagged for low quantity in qPCR (Figure 5.4 and Appendix 

5.6). In contrast to samples spiked with 1% ethanol, control DNA samples 2800M (Promega 

Corporation, Madison, WI, USA) and SRM 2372a (NIST, MA, USA) spiked with humic acid 

at 400 µM and 600 µM resulted in completely failed ForenSeqTM libraries. Quantification 

Figure 5.3: Bar chart illustrating the average call rate (%) for the 2800M control DNA 

sample subjected to heat-degradation for different time intervals at 95℃, separated according 

to amplicon size (short amplicons shown in blue, medium amplicons shown in yellow and long 

amplicons shown in green), as categorised according to the developmental validation[20].  
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results with the Quantifiler® Trio kit (Applied Biosystems, Foster City, USA) showed no 

indication of inhibition.  

 

 

 

 

 

 

 

 
 

 
 
 

 
5.3.2.3. Accuracy, precision and call rate  

 
The data obtained through repeatability and reproducibility studies for the 2800M control DNA 

were used to assess accuracy, call rate and precision, which has also been done in the 

developmental validation. A 100% accuracy of genotype calls was obtained across the CE-

shared STR markers. Accuracy of SNV markers were assessed through comparison with the 

SNV profile published in the manufacturer’s protocol and was found to be 100% accurate 

across all markers. Call rates across replicates was determined to be 100% for all markers 

except for aiSNVs, where the precision was 97.53% due to one of the 2800M control DNA 

replicates consisting of incomplete genotypes at three aiSNV markers (Table 5.7). However, 

all accuracy, precision and call rate statistics were in alignment with those obtained in the 

developmental validation.  

 

Figure 5.4: Bar chart showing call Rates for A- Y-, X-STRs, iiSNVs, aiSNVs and 

piSNVs for 2800M control DNA samples (shown in blue) and SRM 2372a (shown in 

green) spiked with 1% ethanol. 
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Table 5.7: Accuracy, precision and call rate obtained for the 2800M control DNA replicates 

across 231 markers, including A-STRs, Y-STRs, X-STRs, iiSNVs, aiSNVs and piSNVs. IVa = 

performance metric obtained for internal validation study. DVb = performance metric obtained 

for developmental validation study. 

Parameter 
A-STRs Y-STRs X-STRs iiSNVs aiSNVs piSNVs Within 

10% of 
DVb 

result 
IVa DVb IVa DVb IVa DVb IVa DVb IVa DVb IVa DVb 

Accuracy 
(%) 100 100 100 100 100 100 100 99.73 100 100 100 100 ✓ 
Precision 
(%) 100 100 100 99.74 100 100 100 99.45 99.1 100 100 100 ✓ 
Call Rate 
(%) 100 100 100 99.74 100 100 100 100 97.5 100 100 100 ✓ 

 

5.3.2.4. Sample type studies 
 

The sample types tested were those commonly encountered in forensic mortuaries, and 

included bone, teeth, nail, blood, buccal swabs, FFPE tissue and FTA cards (buccal). Call rates 

of 100% were obtained for nail, bone, tooth, blood, buccal swab lysates (from both living and 

deceased individuals) across STR markers (Figure 5.5). Across all markers, buccal swab 

lysates spiked with 5X AmpSolution® resulted in the overall highest call rate. Sample types 

with call rates below 100% were frequently due to the markers prone to allele dropout such as 

Penta D, Penta E and D22S1045. A small allelic loss was observed in iiSNV markers in the 

FTA card and Y-STR markers for the FFPE sample.  It was also possible to generate full 

phenotype estimations for all authentic forensic sample types tested.  
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Figure 5.5: Call rate (in percentage) for the 2800M control DNA sample and authentic 

forensic sample types across all markers. PM = post-mortem, Lung = FFPE tissue. 

The precision and accuracy statistics across all sample types and across all markers exceeded 

99% (Table 5.8), indicating that the workflow is deemed fit for purpose for the forensic sample 

types tested in this validation study. 

Table 5.8: Accuracy (%) and intra-assay precision (%) across forensic sample replicates. 

The inter-assay precision for the FFPE tissue sample was the lowest and is emboldened.  

  Intra-assay precision (%) Accuracy 
(%) 

Sample Type A-
STRs 

Y-
STRs 

X-
STRs iiSNVs aiSNVs piSNVs STRs only 

Nail 100 100 100 97.16 100 100 100 

Tooth 100 100 100 99.19 100 100 100 

Bone 100 100 100 99.47 100 100 100 
Crude buccal swab 
lysate (post-mortem) 100 100 100 99.73 100 100 100 

Crude buccal swab 
lysate (living) 100 100 100 100 100 100 100 

FTA buccal 100 100 100 95.74 100 100 100 

Blood 100 100 100 98.76 100 100 100 

FFPE tissue 96.43 73.08 100 99.2 99.07 100 100 

Average (%) 99.6 97.01 100 98.81 99.9 100 100 
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Determining repeatability involved calculating inter-assay precision between two identical 

runs performed by the same analyst, as described in Table 5.1. The inter-assay precision for 

the same analyst was found to be above 99% across all markers for bone, tooth, and crude 

buccal swab lysate samples, indicating that the workflow was highly repeatable for these 

sample types (Table 5.9).  The inter-assay precision across the three runs was also above 99% 

across all markers for bone, tooth, and crude buccal swab lysates, indicating that the workflow 

was highly reproducible. However, iiSNV marker precision statistics were below 98% for the 

nail sample.  

 

Table 5.9: Inter-assay precision calculated across runs for repeatability and reproducibility 

studies. The numbers, “1-2” shows the inter-assay precision between two runs performed by 

the same analyst. The numbers, “1-2-3” shows the inter-assay precision between three runs, 

where run by the same analyst, and the third by a different analyst. The developmental 

validation (DV) precision statistic is shown for a control sample, and whether each marker met 

this result within 10% is shown with a tick mark (✓).  

 
 

5.3.2.5. Species specificity study 
 

The dog, chicken and cow samples resulted in no sequencing reads, while a total read count of 

83 was obtained for the cat sample across all STR and iiSNV markers. The rhesus macaque 

sample resulted in the highest total of 14 484 reads. For the rhesus macaque, five A-STR (5/28) 

  Inter-assay precision (%)     

Marker 
Nail Tooth Bone Lysate DV 

precision 
(%) 

Within 
10% of 

DV 
result 

1-2 1-2-3 1-2 1-2-3 1-2 1-2-3 1-2 1-2-3 

A-STRs 99.11 98.31 100 99.7 100 99.7 100 100 100 ✓ 
Y-STRs 99.5 98.91 100 100 100 100 100 100 99.74 ✓ 
X-STRs 100 100 100 100 100 100 100 100 100 ✓ 
iiSNVs 97.82 97.79 99.34 98.18 99.6 98.4 99.87 99.9 99.45 ✓ 
aiSNVs 100 100 100 100 100 100 100 100 100 ✓ 
piSNVs 100 100 100 100 100 100 100 100 100 ✓ 
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genotypes were called. The Amelogenin genotype obtained for the rhesus macaque was “X/X”. 

No Y or X STRs were called, and eight iiSNVs were called (8/94). The developmental 

validation reported a total read count range of ~159000 to ~178000 for a rhesus monkey [20]. 

Cross reactivity was expected for non-human primates, and this was evident in the higher read 

counts obtained for the rhesus macaque blood sample. Given the low call rate of this species’ 

sample across all markers, usable information from the primate for matching purposes was 

deemed unlikely. With this in mind, the read counts for the rhesus primate obtained in this 

study were below those obtained by the developmental validation [20]. 

 

5.4. Application to a forensic cold case  
 
In addition to the assessment of the performance parameters, this chapter comprised a 

component to demonstrate the suitability of the workflow in the authentic forensic context. To 

this end, the internally validated workflow was applied to a sample from an unidentified 

deceased individual whose investigation had become cold with state authorities. This 

component was performed under a different umbrella project with its own ethical approval 

(HREC: 692/2021) (referred to as the Western Cape Cold Case Consortium (W4C) project) 

and ethical approval was obtained to include this component in this doctoral thesis (HREC: 

400/2021). 

 

A decomposed body was found in an aquatic environment in the southern region of Cape Town 

in South Africa several years ago. The details surrounding the case are not reported in this 

thesis due to privacy and the (now) ongoing investigation. Thus, no genotype will be reported; 

however, information related to DNA sample preparation, library preparation, sequencing, 

overall performance and DNA profile frequency are given in this study to demonstrate the 

value of the workflow for its intended purpose.  
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5.4.1. Sample processing 
 
A toenail clipping was collected from the body by a state forensic pathologist and sent to our 

forensic laboratory, following chain of custody protocols. Although hard tissue samples were 

also requested, these had already undergone maceration in formalin and usable DNA from 

these samples was impossible to obtain. The toenail clipping underwent washing and 

incubation as described in section 5.2.2.2. However, purification was done using magnetic 

beads, with the Mag-Bind® Blood DNA HV Kit (Omega Bio-tek), adjusted for using an input 

volume of 500 μL, and eluted into 30 μL [168]. The magnetic-bead method was done with 

future automation intentions in mind.  

 

DNA was quantified using the Quantifiler Trio® kit (Applied Biosystems, Foster City, USA) 

as described earlier in section 5.2.3. Furthermore, FTA cards (buccal) from two alleged siblings 

were submitted to our laboratory for conventional DNA profiling with the GlobalFiler® 

Amplification kit (Applied Biosystems, Foster City, USA), and processed, as described in this 

chapter (section 5.2.5). 

 

5.4.2. Library preparation, quality control and sequencing 
 
The DNA extracted from the toenail sample underwent library preparation and sequencing 

according to section 5.2.4 of this chapter. However, prior to library normalisation, the purified 

library of this sample, as well as that of the 2800M (Promega Corporation, Madison, WI, USA) 

control DNA, were assessed using the TapeStation 2200 with the High Sensitivity D1000 

Screen Tape Assay (Agilent Technologies) to confirm library quality [171].  
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5.4.3. Data analysis 
 
Data analysis was performed using the ForenSeqTM UAS using thresholds established during 

internal validation (AT = 12 reads; IT = 35 reads). Data for the 2800M and extracted DNA 

sample were exported into Microsoft® Excel for further analysis. A bio-geographical ancestry 

and phenotype report was generated on the ForenSeqTM UAS for the unidentified individual. 

Hair and eye colour were estimated using all the available aiSNV and piSNV data by entering 

the SNV genotypes into the HIrisPlex-S System [210-212]. The hair and eye colour results 

were also checked using the Snipper App Suite version 2.5 (http://mathgene.usc.es/snipper/), 

while bio-geographical ancestry was estimated using the ForenSeqTM UAS. The DNA profile 

frequency of the deceased individual was calculated using the sequence-based allele frequency 

data generated as part of this study (Chapter 4). All data generated for the unidentified deceased 

individual and alleged siblings were submitted TrueAllele® (Cybergenetics, Pittsburgh, USA) 

for assessment of kinship.  

 

5.4.4. Profile success 
 
The MPS profile resulted in successfully typed Amelogenin marker, 22/27 A-STRs, 17/24 Y-

STRs, 5/7 X-STRs, 73/94 iiSNVs, 19/22 piSNVs, and 49/56 aiSNVs. The profile resulted in 

successfully typed genotypes and/or haplotypes at 186/231 markers, resulting in an overall 

profile success of 80.52% (Figure 5.6).  

http://mathgene.usc.es/snipper/
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The DNA profile frequency was 3.38E-34 and was calculated using the sequence-based allele 

frequencies. Rare sequence alleles were observed at D2S1338, D9S1122 and D12S391, where 

the minimum allele frequency approach (5/2N) was used. Biogeographical ancestry, hair and 

eye colour were successfully estimated and used by a forensic artist in the generation of a 

digital facial image. Facial depictions are typically done in greyscale, however, these results 

provided insight into colour, for the first time. All results obtained from this cold case were 

handed over to the main study, which was then handed over to the SAPS for dissemination into 

the public. 
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Figure 5.6: Profile success across all markers. Success rate is shown as a 

percentage of successfully typed genotypes or haplotypes for each marker. 
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5.5. Discussion 
 
This internal validation was designed, carried out and reported for the ForenSeq™ DNA 

Signature Prep kit with the MiSeq FGxTM sequencing platform for a forensic mortuary-linked 

DNA laboratory. All parameters assessed in the internal validation study were commensurate 

with the equivalent performance parameters reported in the developmental validation study 

(where comparison was possible), with the exception that the workflow was not tolerant to high 

concentrations of humic acid, and it was not able to distinguish between non-human primate 

and human DNA. For the first time, performance parameters for post-mortem crude buccal 

swab lysates were established, thus fulfilling a primary objective of this study.  

 

This internal validation established performance parameters for post-mortem crude buccal 

swab lysates processed in SwabSolutionTM using a direct PCR approach (Promega Corporation, 

Madison, WI, USA) for the first time, as previously studies have focused on using extracted 

DNA, FTA cards, buccal swabs processed in QuickExtractTM DNA Extraction Solution 

(Epicentre®, Madison, WI, USA) and samples collected from living individuals [20]. This is 

important because it expands the samples that can be tested. It also validated the optimised 

methods for crude buccal lysates developed in chapter 3.  

MPS profiles generated using a direct PCR approach showed a high performance with regards 

to accuracy, precision and call rate (Table 5.8). More so, complete biogeographical ancestry 

and phenotypes were generated for all casework samples, demonstrating a clear advantage over 

traditional CE-based STR profiling methods. FTA cards were validated using DPMB for the 

first time, as the developmental validation tested FTA cards with DPMA [20]. Although lower 

call rates were observed for FTA cards, this could be attributed to factors such as inadequate 

buccal cells present in the inner cheek of the deceased, or inadequate sample transfer from the 

swab onto the FTA card. However, call rates of above 95% were still obtained across all STR 
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markers, which is sufficient for comparison to reference samples, and similar allelic loss was 

observed in the developmental validation for FTA cards [20].  

 

The sensitivity results shows that the optimal input range across sample types tested is between 

0.0625 ng and 1 ng (Table 5.3). This finding is concordant with both CE and MPS studies, 

where they have reported accurate and precise genotype calling above between 0.05 ng and 0.2 

ng [84], [202]. Based on sensitivity results obtained, the following recommendation is made; 

input amounts between 0.25 ng and 1 ng are sufficient for generating accurate and precise 

genotype calls.  

 

It should be noted that the authentic forensic sample types commonly encountered in our 

mortuary, such as bone, nail and teeth samples generally have concentration ranges above 0.2 

ng/µL. Furthermore, although lower call rates are observed below 0.0625 ng, the amount of 

genetic information that can be obtained from a partial MPS profile is substantially greater than 

a partial or even full CE-based STR profile. Extracted DNA samples such as bone, nail, teeth 

and soft tissue, that often pose challenges in traditional DNA profiling methods, performed 

exceptionally well with the tested sequencing workflow, exceeding call rates previously 

obtained for similar post-mortem sample types by other studies (Appendix 1.1). 

 

The workflow was found to be both stable and reliable in highly degraded samples, with DI 

values ranging between mildly to severely degraded, as determined through qPCR experiments 

(Appendix 5.5). Longer amplicons in degraded samples had expectantly lower call rates than 

medium and shorter amplicons, due to the preferential amplification of shorter amplicons 

during the first PCR amplification step [14,53]. This is a known phenomenon that occurs during 

PCR amplification in degraded DNA samples. Similar results have been obtained in the 
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developmental validation and studies testing the stability of the workflow using artificially 

degraded samples [20,61]. However, the high call rates (mean of above 84% across all markers) 

observed in this study (Appendix 5.5) conflict with results obtained by Fattorini et al., 2017, 

who obtained call rates of 5% for STRs and 11% for SNVs [213]. The inconsistency in call 

rates may be due to different levels of degradation in samples, as the method used by Fattorini 

et al., 2017 to artificially induce degradation in control DNA samples was hydrolysis [213].  

 

The accurate and precise genotype calls generated from this workflow in severely degraded 

control samples, as well as in a severely degraded FFPE tissue sample was an important finding 

of this internal validation study. This is because it aligns directly with the rationale for this 

validation, which was to test the performance of the workflow on challenging mortuary sample 

types. Unidentified remains are often in a state of advanced decomposition due to exposure to 

conditions that degrade DNA within the cells. However, with the number of markers (231) 

amplified in the DPMB of the ForenSeq™ DNA Signature Prep kit, even with preferential 

amplification of shorter amplicons, a significant amount of information was still obtained from 

a severely degraded sample.  

Humic acid and ethanol have been known to inhibit PCR amplification, or at least reduce the 

efficiency of PCR amplification enzymes such as DNA polymerases [162,214,215]. In the 

developmental validation study, the ForenSeq™ DNA Signature Prep kit demonstrated 

tolerance to certain concentrations of humic acid, as high as 66.67 µM, with a high genotyping 

accuracy and call rate, but complete inhibition at 133 µM [20]. In this study, higher 

concentrations of humic acid were used, and the workflow showed complete inhibition at 400 

µM and 600 µM. Further experimentation would require testing of humic acid at lower 

concentrations prior to spiking of control DNA samples to test the true tolerance of the 

workflow to this inhibitor in our laboratory.  
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Control DNA samples spiked with 1% ethanol showed no inhibition and resulted in 100% 

accuracy, precision and call rates (Figure 5.4). Ethanol plays a role in the DNA extraction and 

purification process, where it is used to separate the DNA from other components that are 

present, such as salts that are added to enable precipitation. When ethanol is not adequately 

removed, it can be co-extracted with DNA, causing issues with PCR amplification. Ethanol 

can inhibit DNA polymerase by disrupting the enzyme's structure and function, it can thus also 

impact primer binding, thereby leading reduced efficiency or complete failure of the PCR 

process [215,216]. Ethanol, commonly employed as a sterilising agent in mortuaries and as a 

washing reagent during DNA extraction, can therefore inhibit DNA polymerase [217]. 

However, the ForenSeqTM DNA Signature Prep kit displayed complete tolerance to ethanol's 

inhibitory effects, with all control samples providing full STR profiles that were entirely 

concordant.  

 

The call rates obtained for samples spiked with 1% ethanol was unexpected, as the Quantifiler® 

Trio kit did not identify the samples as inhibited by ethanol but indicated them as "low 

quantity," suggesting concentrations were below the limit of detection of the assay (Appendix 

5.6). The sensitivity study showed that such low concentrations typically yield partial profiles 

(Table 5.4). The low quantities obtained in the absence of inhibition indicators (i.e., IPC CT 

values > 31) may thus incorrectly inform decision-making processes for downstream analyses.  

 

Furthermore, the IPC CT values obtained for both humic and ethanol-spiked samples were 

below 31, suggesting that the IPC target seemed to be unaffected by the inhibitor. However, 

the high CT values (>31) of the autosomal targets were affected by the presence of the 

inhibitors. This suggests that the IPC target of the Quantifiler® Trio kit is ineffective at 
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detecting inhibitors. The Quantifiler® Trio kit was therefore deemed unsuitable for the reliable 

detection of PCR inhibitors of both humic acid and ethanol, a finding that also held true for 

crude buccal swab lysates assessed using qPCR (Chapter 3).  

 

The internal validation also assessed species specificity and found that the workflow resulted 

in high overall specificity, except for its capability to distinguish between non-human primate 

and human DNA. This finding is consistent with the developmental validation and is expected 

due to the genetic similarities between primates [20]. Although, encountering this species is 

uncommon in our setting. Despite this, results would need to be interpreted with caution if a 

case involved an attack or presence of a non-human primate. Furthermore, no other study, apart 

from the developmental validation, has assessed species specificity with the ForenSeq DNA 

Signature Prep kit, and this study therefore contributes valuable insights to this growing, yet 

limited body of knowledge related to species specificity testing with forensic MPS kits. 

 

5.6. Conclusion 
 
This chapter demonstrated that the ForenSeqTM DNA Signature Prep kit workflow is fit for 

purpose in a mortuary-linked laboratory. First-time insights into the performance of post-

mortem crude buccal swab lysates processed using a direct PCR approach were gained. 

Furthermore, acceptable performance parameters were established for both control and 

authentic forensic sample types in terms of accuracy, precision and call rate. Sensitivity studies 

provided insight into the recommended minimum DNA input range, which was commensurate 

with the developmental validation findings. The workflow demonstrated stability under 

conditions of degradation and inhibition, except under the influence of humic acid. 

Furthermore, the workflow was repeatable and reproducible with high precision rates for both 

control and authentic forensic sample types.  
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Finally, this chapter demonstrated the successful application of the workflow to a cold case 

dealing with a severely decomposed body. The generation of a forensic investigative lead such 

as hair colour, eye colour and bio-geographical ancestry is a first for Africa and has contributed 

to the generation of a digital facial image that was handed over to the South African Police 

Services. Although performed under a research banner, this presents a new opportunity to 

revisit the legal framework surrounding the generation of externally visible characteristics for 

humanitarian purposes, which will be discussed in the final chapter of this thesis.   
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6) Chapter 6: Discussion 

A sustainable approach to facilitating implementation: optimise, generate, validate and 

demonstrate 

 
The overall aim of this thesis was to facilitate the implementation of the ForenSeq™ DNA 

Signature Prep kit workflow for post-mortem human identification. To do so, the workflow 

required internal validation. However, an aspect of internal validation is the generation of 

population allele frequency data, and the systematic review revealed that these MPS data do 

not exist for the South African population. A population study was then attempted using crude 

buccal swab lysates, but it was discovered that the workflow required significant optimisation 

prior to use on a large scale. Thus, to facilitate implementation, the study required the 

optimisation of the workflow for crude buccal swab lysates in preparation for use in the 

population study, the generation of MPS population data using the optimised protocol, internal 

validation of the workflow and demonstration of its applicability to a forensic cold case. This 

chapter addresses whether these objectives have been achieved and their findings are discussed 

holistically. The findings obtained from this study will be drawn upon for translation to our 

own forensic laboratory, and other under-resourced laboratories in Africa.   

 

6.1. Facilitating sustainable implementation  
 
Facilitating implementation of MPS technology in a forensic setting requires the generation of 

allele frequency data, just as for implementing CE technology. However, undertaking a large-

scale population study using MPS is a massive undertaking for laboratories with limited 

resources. It is therefore imperative that sustainable practices are formed to leverage available 

data and laboratory resources to maximise MPS reagents. As improvements are made to current 

profiling methods, aspects related to sample preparation should be transferrable between 
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methods (i.e., between CE and MPS). This is an especially important consideration for 

laboratories with limited resources.  

 

One way in which available resources could be leveraged is through using readily available 

DNA samples in the laboratory. Samples used for establishing CE-based allele frequency 

databases could potentially also be used to conduct MPS-based population studies. In this 

study, this approach was used for a set of crude buccal swab lysates, but was met with high 

failure rates, as crude buccal swab lysates had not been thoroughly tested in the developmental 

validation of the ForenSeq™ DNA Signature Prep kit.  This section of the discussion therefore 

elaborates on the findings pertaining to the first two objectives of this study, which were carried 

out in Chapter 2 (systematic review) and Chapter 3 (optimisation study) 

 

In our laboratory, crude buccal swab lysate samples were initially used for the establishment 

of CE allele frequency databases. These samples performed well with many commercial STR 

typing kits and they provided a streamlined approach to generating a large number of DNA 

profiles [117,163,164]. When this MPS-based population study was first attempted, 234 crude 

buccal swab lysate samples were processed, and 44% resulted in failed MPS profiles (Chapter 

3). This was attributed to the crude nature of the lysates combined with the chemistry of the 

ForenSeq™ DNA Signature Prep kit. The lack of published research of these samples with the 

chemistry was also demonstrated in Chapter 2. After initial sequencing results were obtained, 

a research objective was formulated to investigate reasons for failure, and to determine ways 

to overcome what was later concluded to be PCR inhibition in the SwabSolutionTM lysates and 

high pH in STR GO! lysates (Chapter 3).  
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Whilst the manufacturer’s protocol does not make comment with regards to assessing crude 

buccal swab lysates or libraries in terms of quality within the workflow, we recommended that, 

as least in the initial testing phases of a new kit, workflow or technology, that quality control 

on a subset of samples prior to and after library preparation is carried out [21]. This was adopted 

after the poor sequencing results that were initially obtained, providing insight into sample 

selection for successful sequencing and reassurance that expensive sequencing consumables 

would be well-spent. This intervention would allow other laboratories, who are also wishing to 

adopt this workflow for the first time, to gain insight into samples and libraries prior to 

sequencing. This stresses the importance of thorough testing and optimisation prior to the use 

of new technology for large-scale population and validation studies. 

 

In working towards leveraging research efforts, the point at which it is globally agreed upon 

that MPS is generally concordant with CE, without assessing concordance needs to be 

established. The systematic literature review in Chapter 2 revealed high concordance levels 

(exceeding 99%) across studies using the ForenSeqTM DNA Signature Prep kit, consistent with 

the concordance findings of this thesis (Chapter 4: population study and Chapter 5: internal 

validation study). Conventional DNA profiling using CE, over many years became the gold 

standard. After its accuracy was proven, there was no need to confirm every single genotype 

with a different method. Based on these combined findings, one might consider that a 

consensus is being reached regarding concordance rates as well as commonly observed 

discordances. However, drawing on the results from Chapter 4 (population study), this may not 

hold true for more genetically diverse populations, where an increase in flanking region 

variants may elevate discordance rates.   
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On the one hand, African populations exhibit high levels of genetic diversity, which can be 

leveraged for improving discriminatory power, but also comes with higher levels of 

discordances, as observed in Chapter 4. On the other hand, laboratories in Africa are often 

under-resourced and forensic genomic studies are seldom funded. Moreso, concordance 

assessment requires CE-based DNA profiles, and if a laboratory do not have these data, 

samples will need to be collected, profiles generated using CE, and then a concordance 

assessment can be made. Concordance assessment is thus a large undertaking for laboratories 

already limited in funding, resources and equipment [67]. These two compounding aspects 

related to African countries underscore the need for more extensive and thorough concordance 

assessments in more genetically diverse populations. More importantly, they highlight the 

urgent need for strategies to overcome resource constraints associated with more exhaustive 

concordance testing in these already under-resourced laboratories.  

 

Strategies aimed at making concordance evaluation more sustainable include the use of a subset 

of samples or a subset of overlapping markers to check concordance between MPS and CE 

kits, and then use it to inform the overall level of concordance and was also done in this study 

[116]. In contrast, the population data generated in Chapter 5 was submitted to STRidER, in 

which instances of discordances caused by incorrect allele naming by the ForenSeqTM UAS 

were detected in non-overlapping STR markers. It is therefore suggested that when assessing 

concordance using a subset of markers, that sequence data also be submitted to STRidER (or 

equivalent) for quality checking [32]. In light of this recommendation, the population study 

(Chapter 4) results also show that the ForenSeqTM UAS could be improved in its ability to 

include, and perhaps automate the same process undertaken by STRidER for quality control, 

thereby considering the flanking region variants when naming sequences, and accounting for 

possible discordances that would result from them.  
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With respect to concordance, this study also demonstrated the trade-off between an increase in 

variation, and the potential loss of harmony between CE and MPS methods. The streaming 

influx of genomic variation has had a slightly polarising effect on two important aspects in the 

analysis of forensic DNA profiles. A primary advantage of MPS has been the notable effect on 

improving discriminatory power in the statistical interpretation of DNA profile data. 

Contrastingly, it has simultaneously disrupted harmonisation between alleles reported by 

conventional CE-based DNA profiling and MPS. Moreso, inclusion of such a plethora of 

variation can be a double-edged sword, in that there may be an increase in the number of 

discordances observed between methods, as well as the allele reporting formats, as observed in 

Chapter 2 and Chapter 4. Whether these discordances are resolvable is linked to whether 

sufficient information on variation has been generated and/or reported. This provides a strong 

motivation for laboratories to adopt comprehensive allele reporting practices during initial 

implementation stages, and to collaborate with laboratories that have already conducted 

sequence-based population studies.  

 

One of the biggest challenges in implementing MPS-methods into forensic laboratories is the 

lack of standardised STR sequence nomenclature requirements, although guidelines have been 

published [69,147,150]. To foster transnational collaboration between laboratories performing 

sequence-based population studies, a standardised STR nomenclature system would enable a 

more seamless use and implementation of MPS data across laboratories. To this end, a critical 

requirement of STR sequence nomenclature is that it must be compatible with conventional 

STR population databases, thus the nomenclature must also report the length-based allele 

[150]. Secondly, the STR sequence nomenclature should be able to capture the sequence 

variation within the repeat motif, especially between two alleles of the same size with different 

repeat sequences [147,150]. 
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What facilitated efforts towards a standardised nomenclature approach in this study was the 

collaboration formed with Kings College London. Leveraging existing resources and specialist 

expertise have contributed towards using a standardised nomenclature between the two 

institutions. In this study, using a sequence-naming database already containing sequences 

from five British populations enabled both quick identification of both known and unknown 

sequences through lookup functionality. Forensic laboratories in Africa wishing to adopt this 

workflow are therefore encouraged to collaborate with more established laboratories that have 

already implemented MPS in their forensic workflows.  

 

The sluggish embrace of new technology in African countries is arguably due to the absence 

of funding and resources allocated to forensic laboratories, and the lack of government 

participation in improving humanitarian issues. Transnational collaborative research efforts 

will have unyielding benefits for new MPS users with respect to increasing the magnitude of 

population data published by underrepresented and under-resourced laboratories by reducing 

the cost associated with large scale MPS population studies. These collaborative efforts hold 

potential to maximise variant characterisation, especially in diversity rich regions, and 

reinforce data- and expertise-sharing between laboratories, and could further contribute 

towards global MPS nomenclature standardisation. 

 

6.2. A sustainable approach to validation 
 
Performing an internal validation is thought to be much simpler than performing a 

developmental validation, as the developmental validation can be used as a blueprint to conduct 

the internal validation in ones’ own laboratory. However, having unlimited resources to 

conduct exactly the same studies as manufacturer’s is a luxury not afforded to laboratories in 

LMICs. The internal validation experiments are thus almost always adapted to match the 
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resources available to the laboratory. For example, the developmental validation of the 

ForenSeq™ DNA Signature Prep kit with the MiSeq FGxTM workflow tested reproducibility 

by testing the control DNA 2800M (Promega Corporation, Madison, WI, USA) with 95 

replicates per plate and tested across five different laboratories on a MiSeq FGxTM sequencer. 

The precision statistics obtained with such a high volume of replicates will undoubtedly be 

more reliable than testing in triplicate, as was performed in this study. Although, as stated by 

John Butler in an interview aimed at debunking validation myths, “…validation should not 

require large numbers of samples to confirm that an instrument or method is working properly 

in your laboratory.” [219]  

 

The insights gained from the internal validation study (Chapter 5) have allowed for 

recommendations to be made regarding the number of replicates used for precision testing. 

This prompted the question; “how many replicates are enough?”. Firstly, there are of course 

acceptance criteria that need to be met regarding the level of variation obtained for each test. 

The establishment of these criteria are based on ideal conditions, which have been formulated 

based on testing multiple (much more than three) replicates. The ENFSI DNA Working Group 

recommends a minimum of 5 replicates for validating an electrophoresis instrument [29]. 

Although there are general guidelines for validation of MPS instruments or workflows, no 

guidelines exist regarding the number of replicates that need to be tested for MPS kits or 

workflows (SWGDAM). It is indeed more expensive to increase the number of replicates for 

MPS kits and workflows than it is for electrophoresis workflows.    

 

Secondly, the criteria for establishing precision for forensic DNA profiles is surprisingly more 

forgiving, as precision is based on whether the same genotype and profile is observed in each 

replicate [20]. It is unlikely to obtain contradicting observations of alleles when testing 
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conditions remain constant (i.e., same run conditions, same plates set-up, same laboratory). For 

this reason, it is suggested that fewer replicates are required when testing for precision of 

forensic DNA profiling workflows (i.e., when assessing whether the same DNA profile will be 

obtained across replicates).  In this study, a high precision was obtained across all control DNA 

replicates, but also for bone, teeth, nail and crude buccal swab lysates (Chapter 5).  

 

Lastly, the number of replicates will also depend on what test is being conducted. For example, 

it is acceptable to test a control DNA sample, or a known, good quality sample in triplicate at 

minimum. However, when testing for sensitivity, it is expected that low input DNA samples 

will result in higher stochastic variation, impacting precision negatively [220]. In this study, 

for input amounts known to produce good quality profiles in the developmental validation (i.e., 

1ng - 0.25 ng), three replicates were used, however, when testing lower input amounts, the 

replicates were increased to gain more insight into the low input DNA sample performance.  

 

This variability in the number of replicates tested for different input amounts may be a 

limitation of this study, as it introduces bias in the lower input amounts tested. Although this 

is justified given that every effort was to be made to maximise the reagents available for the 

internal validation study. What was prioritised in the internal validation study was thus 

obtaining more insight into more challenging samples in order to understand the increase in 

stochastic artefacts and variation in genotypes obtained.  

 

Furthermore, it would be imprudent to test fewer replicates of low input DNA samples when 

there would be a possibility of the results being too variable to obtain any meaningful insights 

from it. This threads into the theme of this study, which was the leveraging of information that 

already exists in a meaningful way and adapting it for a low-resourced laboratory. More 
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specifically, as developmental validation experiments can be used as blueprints for designing 

internal validation experiments, the results obtained from both developmental validation 

studies, as well as those published by other users of the workflow can be used to inform internal 

validation experiments.  

 

For example, when it is known that a control DNA sample with a 1 ng input would result in a 

full DNA profile over 95 replicates (such as in the developmental validation), then internal 

validation experiments need not test as many replicates for those samples, but rather spare 

resources for testing more replicates of challenging samples and low input DNA samples, 

where increased variability is expected [20]. Additionally, this also emphasises the need for all 

laboratories to publish their internal validation results, so that later users of the kit or workflow 

can leverage those results to inform their own experiments in a sustainable way. 

 

6.3. Technical limitations and areas for improvement  

A technical limitation of the systematic review (Chapter 2) is that the search was only limited 

to population studies conducted with the ForenSeqTM DNA Signature Prep kit. While there are 

other MPS kits developed for forensic use, e.g., IDSeek® (Nimagen, Nijmegen, Netherlands), 

ForenSeqTM MainstAY kit (Verogen, San Diego, CA, USA), ForenSeqTM Kintelligence kit 

(Verogen, San Diego, CA, USA), Precision ID Identity Panel (Thermo Fisher Scientific, 

Waltham, MA, USA),  and the PowerSeq® 46GY Panel (Promega Corporation, Madison, WI, 

USA), they are relatively new to the market and thus the number of publications resulting from 

them were low. Moreover, the ForenSeq™ DNA Signature Prep kit was the first forensically 

validated kit, and the aim of the systematic review was to assess the consensus on an increase 

in variation and concordance between MPS and CE over a set of markers. Inclusion of 

additional sequencing kits in inclusion criteria may not allow for a direct comparison between 
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markers and across populations. However, once more MPS kits are as firmly established as the 

ForenSeqTM DNA Signature Prep kit, future research can assess current advances with respect 

to forensically validated MPS kits that encompass a range of different sequencing technologies, 

kits and markers. Additionally, the systematic search was not undertaken by a second reviewer, 

although the results were reviewed. The systematic review will benefit from a second reviewer, 

and this will be done prior to submission of the work for publication.  

 

Chapter 3 focused on novel adaptations to the protocols used to generate MPS profiles from 

crude buccal swab lysates. The first limitation of this study was the small number of samples 

used (n = 10). Due to the initial unforeseen failures resulting from the initial testing of crude 

buccal swab lysates, resources were severely constrained. There were 50 leftover library 

preparation reactions available, and so to make the best use of available resources, 10 samples 

were subjected to 5 different optimisation methods, followed by library preparation with the 

ForenSeqTM DNA Signature Prep kit. Although the sample size was small, the paired data 

design reduced variability and increased statistical power of the experiment.  

 

A second limitation of this optimisation study was that only methods that resulted in optimal 

library quality, as determined by TapeStation, were taken through the full sequencing 

workflow, while other optimisation methods tested in Chapter 3, that did not result in optimal 

library quality and quantity were not tested. This is because the sequencing cartridges had 

already been allocated for the population and validation studies, with some of it having been 

used in the earlier failed experiments. There were insufficient funds to purchase an additional 

cartridge, and thus the libraries generated from all optimisation experiments were not 

sequenced. However, the quality and quantity of these libraries were assessed on TapeStation 

to inform sequencing success. While the use of the library quality control step allowed for 
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meaningful insights to be obtained within the imposed resource limitations, a smaller study can 

and should be undertaken to fully understand the effects of all optimisation methods used in 

Chapter 3, on the sequencing success of crude and purified buccal swab lysates.  

 

In the population study conducted on the South African population groups (Chapter 4), a 

limitation in the reporting of allele frequency data was the absence of three markers that 

exhibited allele dropout and are known to be problematic with the ForenSeq™ DNA Signature 

Prep kit. The absence of data from these markers meant that only allele frequencies from 24 

A-STR markers were reported. Inclusion of their data however would have resulted in false 

levels of homozygosity due to high counts of allele dropout at each of these markers. Their 

inclusion would certainly improve the discriminatory power of the database but would require 

further optimisation in primer design to obtain more reliable genotype calls, prior to being 

included in this sequence-based allele frequency database.  

 

In highlighting future research endeavours, the additional data generated for X-STRs, Y-STRs 

and iiSNVs are being actively established in our research group at the University of Cape 

Town. The A-STR allele frequency database was generated first as a pilot for all other markers 

to follow.  Procedures for data cleaning, variant characterisation and naming were established 

for A-STRs and thereby, in-house capacity was developed in preparation for generating 

sequence-based allele frequency data for the additional markers.  Furthermore, population data 

for these additional markers may improve kinship assessments, as LRs would be based on an 

increased number of markers for comparison, with available population allele and/or haplotype 

frequencies. Additionally, this study only focused on the two major South African population 

groups, due to them making up the majority of unidentified human remains in the Western 

Cape and making up the largest proportions of the South African population [185]. A 
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continuation of this study should include the sequencing of samples from the South African 

White and Indian/Asian population groups, to ensure that our allele frequency data base is 

representative of the population.  

 

In the internal validation component of this study (Chapter 5), three replicates were used for 

input amounts known to produce good quality profiles (1 ng and 0.25 ng) and for all control 

DNA samples. When testing the sensitivity of the workflow applied to forensic sample types, 

the number of replicates was increased for low input (0.01525 ng) samples to achieve a more 

reliable precision value, which may limitation of this study as the number of replicates across 

samples were not consistent. However, this approach aimed to maximise reagent use and gain 

maximum insights into challenging samples, focusing on understanding the rise in stochastic 

effects and variation, as discussed in section 6.2. Furthermore, the developmental validation 

could not be replicated in many aspects due to the number of samples used, the availability of 

alternative control DNA samples the testing of a range of different PCR inhibitors. However, 

this internal validation was designed to leverage the developmental validation experiments and 

results in way that would enable the maximising of resources, a more importantly it was 

tailored to the samples that were relevant to our laboratory (post-mortem sample types). The 

validation could be extended to include additional sample types such as mixtures, as well as 

test a broader range of PCR inhibitors.  

 

6.4. Future directions: Applications of the workflow to forensic cold cases 
 
The developmental validation and several evaluations of performance studies show that the 

ForenSeq™ DNA Signature Prep kit workflow outperforms CE in its ability to produce DNA 

profiles with a higher resolution power, produces significantly more information that can be 

used as investigative leads and enables a one-test strategy for obtaining maximum genetic 
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insights for DNA samples that are compromised, as opposed to using several different STR 

multiplexes to obtain data for all STR marker types (A-, Y- and X-STRs) [20,81-85] .  

 

This thesis has contributed to the data that supports these conclusions. Importantly, the thesis 

has provided novelty in terms of 1) insights into failed crude buccal swab lysates, and ways to 

ensure their high first-time success rates, 2) understanding the global disparities that exist 

regarding  published sequence-based population data, and generating this data for Africa and 

South Africa for the first time, 3) validation of post-mortem crude buccal swab lysates, which 

has not been validated before and 4) application of the internally validated workflow to a cold 

case, where for the first time in Africa, additional phenotype information could be layered into 

digitally recreated facial images of an unidentified deceased individual.  With these objectives 

having been met, it is important to position this workflow in the context of solving cases 

involving compromised human bodies that are visually unrecognisable.  

 

When a body is found that is visually unrecognisable, available and suitable samples are 

collected for DNA analysis [3]. If a sample of adequate quality is collected for DNA analysis, 

generating the DNA profile would be a manageable process using traditional CE systems. 

Although, in cases where no match is found in a countries national forensic DNA database, the 

DNA profiling results would be uninformative evidence. The crucial dilemma at hand in the 

absence of a DNA match, is thus the absence of familial reference data from potential family 

members that can be linked to the deceased. One way to link visually unrecognisable bodies of 

deceased individuals to family relatives is through generating possible investigative leads with 

respect to the phenotype of an individual [221].  
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In this study, the generation of hair colour, eye colour and biogeographical ancestry, in 

combination with forensic art and forensic anthropology, resulted in a facial image with colour, 

that was distributed by the South African Police Services to aid in identifying a severely 

decomposed human body (Chapter 5). Importantly, this digitally recreated image reached 

potential family members, motivating them to provide DNA samples for kinship assessment.  

However, a significant limitation of the phenotype and ancestry results, is that they were based 

on reference population data from non-African countries. Although the reference databases 

contain a large contribution from European countries, the major ancestries are represented. 

Inclusion of reference data from South African individuals may improve the accuracy of the 

predictions made.  

 

Further information that could be ascertained from this study regarding the identity of the 

individual was the DNA profile frequency, which was determined to be very low, despite 

having used a minimum allele frequency approach at three markers, D12S391, D2S1338 and 

D9S1122. This links to a point made in Chapter 4’s discussion, where it was mentioned that 

“for highly polymorphic markers such as D12S291, a sample size of ±200 may not be sufficient 

to capture and identify the variation present at this marker”, as also pointed out by Devesse et 

al., 2020 [117]. The discussion further emphasised that this implication might not be entirely 

problematic in forensic casework using MPS, as the increase in the number of markers 

significantly enhances discriminatory power, even without delving into sequence-level 

discrimination. Indeed, a rare allele was observed a the D12S391 marker in the DNA sample 

from the cold case.  

 

This demonstrates that irrespective of whether the allele frequency data generated in Chapter 

4 was not entirely representative of the South African population, the increased number of 
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markers still resulted in a high level of discrimination and affirms that the sample sizes used in 

our population study was sufficient in this instance. Having fulfilled the objectives relating to 

generating sequence-based allele frequency data and internally validating the workflow, the 

findings from these chapters were fully harnessed to make informative contributions to an 

ongoing cold case investigation and demonstrates value of the workflow in its entirety. 

 

6.5.1. Adapting the legal and qualitative framework for forensic humanitarian purposes 

This thesis presents the first time in South Africa that MPS was used to generate phenotypic 

characteristics for a cold case, under a research banner. The facial image is currently the only 

way for a potential family member to be motivated to come forward to provide a reference 

sample, provided the image is recognisable and accessible by a potential family member, as 

was demonstrated in this study. It is therefore strongly warranted that for humanitarian 

purposes, there is some legal revision with regards to generating phenotypic investigative leads 

for linking of missing persons and unidentified human bodies to their families.  

 

One limiting factor in the use of MPS to generate investigative and phenotypic leads in a South 

African context is that the Criminal Law (Forensic Procedures) Amendment Act 37 of 2013 

(the DNA Act) prohibits the generation of DNA profile data that could infer physical or mental 

characteristics of an individual, and this therefore makes inferring phenotype challenging from 

a forensic perspective [222]. The ethical implication of estimation of phenotypic traits is that 

by virtue of having the same hair and eye colour as the suspect, one could be indirectly thought 

of a suspect, and this is particularly an issue with minority groups. However, it has also been 

argued that these traits are already externally visible and by nature are not private [223]. 
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This implication may hold true for criminal suspects, but a different consideration should be 

made for unidentified human remains. From a humanitarian perspective, generating externally 

visible characteristics are one of the very few ways in which an image can be created from a 

face that has been severely decomposed and is visually unrecognisable, or where only parts of 

a body are used for DNA profiling. When combined with forensic art, the generation of 

externally visible characteristics have shown to generate accurate investigative leads that have 

contributed to the closing of cold cases [224].  

 

The issue regarding the absence of familial reference data may be exacerbated by family 

members not always be willing to provide a DNA sample to the police, as there is often a lack 

of awareness in what happens to a DNA profile once it is added to a national forensic DNA 

database [37]. A survey conducted in Nigeria also revealed that among 458 participants, 

approximately 50% were unaware of what a forensic DNA database was [225].  This finding 

may hold true in other African countries. Furthermore, there is fear and reprise of what can be 

learned from this genetic information, and with whom it is shared [37].  

 

This mistrust is not necessarily misplaced in a South African context, given the politicised 

discourse around the corruptive stigma embodying law enforcement agencies in South Africa 

[226].  Subsequently, family members of missing persons may end up not submitting a sample 

to the South African Police Services, and no link would be established between the deceased 

and families of missing persons. The mistrust in state authorities is a crucial dilemma, and one 

that must be addressed to increase trust and awareness in police bodies.   

 

Matching STR profiles against a database of missing persons or their families has low success 

rates in South Africa, primarily because families are often reluctant to approach the police to 
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provide DNA samples. This issue called for the need to generate phenotype data, and thus 

DPMB was validated and used throughout all experiments in this study. A further justification 

for the use of this panel is needed, since it is up to three times the cost of the DPMA [73]. This 

added cost is due to the multiplexing capacity of each primer set: only 32 samples can be 

batched when using DPMB, whereas 96 reference samples can be batched using DPMA. 

Despite the higher cost, the DPMB was chosen in this study. The first reason for this was the 

throughput consideration in the local setting, where it was anticipated that batch sizes of 32 

samples would be processed regardless, thus there would be no financial saving if DPMA was 

used. Secondly, the nature of cases encountered at the forensic mortuary was considered: 

sample types that are encountered are often far too compromised to generate STR profiles that 

could be compared to alleged family members, as reference and familial profiles are absent in 

most cases. In these cases, the DPMB would offer insight into phenotype and ancestry, as 

demonstrated in the application of this workflow to a cold case. The third reason for choosing 

DPMB was that initial testing showed that DPMB outperformed DPMA regarding call rates 

and overall performance. The decision was thus fortified as using DPMB maximised success 

rates and would have reduced the need for re-testing. While these findings require further 

exploration, DPMB was adopted during this study to optimise outcomes in a costly process. 

 

With respect to cold cases, DPMB could be advantageous where CE is unsuccessful, and no 

match to a family member is found. One notable benefit is that generating phenotype 

characteristics and facial images could reduce the time spent tracing family members by 

allowing the information to reach the broader community at a faster rate. Furthermore, the 

mortuary is currently used as a place of storage for bodies that are both unclaimed and/or 

unidentified. This cost has been previously alluded to but given the reprise of family members 

to provide a DNA sample to the SAPS, there are currently limited methods that can be used to 
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link these bodies to their families. Using the DPMB to generate new investigative leads may 

lead to earlier identification, which in turn, would alleviate these storage costs.  

 

On the other hand, it may also be argued that once the DPMB is used to generate an 

investigative lead, more resources and time would be allocated to such a case, since more 

families would enquire about these cases, and thus more investigative work and DNA analyses 

would need to be conducted. If DPMA is used, the cost of analysis can potentially be reduced 

to one third of the cost of the DPMB panel. However, this means that DNA analysis using MPS 

would need to wait until a batch of 96 samples is received. This, together with the shelf-life of 

the kit, was not deemed a pragmatic approach.  

 

When assessing the cost requirements of a cold case, it is also imperative to determine whether 

the increase in output provided with MPS is necessary for all casework. In cases where 

unidentified bodies are fresh, and facial photography has been undertaken, CE analysis may be 

enough for comparison to a family member. Where samples are degraded or compromised, 

newly developed CE kits can be used that multiplex and incorporate more mini-STR markers. 

This comparison would still require that family members are confident in law enforcement and 

that they regularly come forward to provide DNA samples, which, as discussed earlier, is 

seldom the case in a South African context. The increase in the number of alleles provided with 

MPS is likely not necessary all cases. In fact, the increase in allele counts may not have a high 

impact on identification at all, but the ability to generate phenotype and ancestry does. Thus, 

the context-specific benefit of MPS lies in its ability to address a critical operational niche; 

where bodies visually unrecognisable bodies, and no STR match is made to a database.  
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Having addressed the costs of MPS, and the adaptation of a legal framework for consideration 

of generating phenotypic data, and increasing the trust and awareness in state authorities, 

another factor that may enable the gaining of maximum insights from a forensic MPS workflow 

is the adaptation of stringent SOPs informing downstream analyses. Expanding on this, a 

forensic MPS workflow will likely be used for samples that are compromised, given that it is 

positioned to be applied to cases where bodies are severely decomposed, mutilated or charred 

[20,81-85]. These samples may have to undergo optimisation to maximise every opportunity 

to obtain a full DNA profile on CE and MPS systems. Furthermore, even samples with 

seemingly low concentrations can still generate informative data, and it is suggested that SOPs 

should remain open to processing samples despite this.  

 

It is not uncommon for State Forensic Science Laboratories to implement quantitative and 

qualitative cut-off values for DNA samples to inform their potential value in downstream 

processing. Thus, when a sample does not meet the quantitative and qualitative criterion, no 

DNA profile information will be generated from the DNA sample. When drawing on the results 

from this study, it is observed that the use of the Quantifiler® Trio kit was unreliable in 

informing downstream processing. Laboratories that have these qualitative and quantitative 

cut-off values in place should therefore consider the reliability of their quantitative and 

qualitative assessments, and whether having these cut-off values in place may come at a greater 

cost due to reduced case resolution. It is therefore suggested that these laboratories increase the 

adaptability of their quality management systems to accommodate cases where samples that 

might require further optimisation, or perhaps more daringly, the abolition of those cut-off 

values for humanitarian purposes altogether.  
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With that being said, this recommendation may come at a cost if a sample is taken through the 

workflow and does not yield adequate results. However, there is also a cost associated with the 

management and storage of unidentified bodies at the Observatory Forensic Pathology Institute 

in the Western Cape, and with resources required to investigate cases with no leads. A cost-

benefit analysis, such as one carried out by Budowle et al., 2021 regarding the cost benefits of 

investing in large SNV panels to generate forensic investigate leads may be used in a future 

study to ascertain how these costs would compare against one another [227].   

 

It is acknowledged that Chapter 3 of this thesis recommended that a subset of samples should 

undergo qualitative and quantitative screening prior to sequencing, but this recommendation is 

made with respect to studies where a sample type will be used on a large-scale (population or 

validation study) and therefore requires rigorous optimisation prior to implementation. The 

recommendation made here is with respect to cold cases, where the use of the above-mentioned 

cut-off values may limit important case insights provided by MPS, especially in its infant 

stages.  

 

Nonetheless, with the increase in sensitivity and insights provided by MPS as opposed to CE, 

as demonstrated in Chapter 5 (application to a forensic cold case), even degraded and low 

concentration samples can still provide plenty of insight to generate forensic investigative 

leads. Having quantitative or qualitative cut-off values in place could prevent a laboratory from 

leveraging the full benefit of using MPS for forensic humanitarian purposes and result in a 

missed opportunity to generate an investigative lead that could reach a family member.  
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6.6. Conclusion 
 
This thesis aimed to facilitate the implementation of the ForenSeq™ DNA Signature Prep kit 

workflow for forensic human identification in South Africa. Through a series of inter-related 

studies, this work has advanced the understanding of how to effectively and sustainably 

implement a forensic MPS workflow in a South African context. The systematic review 

highlighted critical gaps in MPS population studies, especially the lack of sequence data from 

African countries. These gaps emphasised the need for more population data from developing 

regions, improved concordance reporting and establishment of direct PCR protocols to mitigate 

time and cost constraints of MPS population studies. Subsequent studies addressed these gaps.  

 

For example, the optimisation study successfully addressed the low first-pass success rates of 

crude lysates when processed with the ForenSeq™ DNA Signature Prep kit, with call rates 

improving from 44% to 95%. This served as a foundational step for mitigating costs when 

conducting sequence-based population studies in developing regions.  Subsequently, the first 

sequence-based allele frequency data for South African population groups were generated, with 

findings indicating high concordance between MPS and CE methods.  This marks a significant 

step toward the implementation of MPS in South Africa. The findings contribute novel insights, 

including previously undescribed length-and sequence-based alleles and markers with 

unexpected flanking region variation.  

 

The generation of these novel and rich data presented only for A-STRs in this study, represents 

a cog in the machine that is driving implementation of MPS. It is however acknowledged that 

achieving implementation will require characterisation of additional markers for the South 

African population, such as sex-linked markers and SNVs. At the same time, the increased 

genetic variation offered by MPS, and especially for the South African population, brought 
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new challenges, particularly in maintaining compatibility with CE methods, as it led to more 

discordances. Therefore, laboratories in the infancy stages of MPS implementation should 

prioritise comprehensive allele reporting and concordance practices and collaborate with 

institutions that have already conducted sequence-based population studies. Submitting 

sequence data to quality control databases like STRidER is recommended to identify and 

correct anomalies caused by the ForenSeq™ UAS’s allele naming discrepancies. By 

integrating these strategies into the implementation process, laboratories can improve the 

quality of sequence data and streamline the implementation of MPS workflows, particularly 

for highly diverse populations and in resource-limited settings. 

 

Taking a further step towards implementation, the validation study confirmed that the 

ForenSeq™ DNA Signature Prep kit workflow is fit for purpose in our mortuary-linked 

forensic laboratory. This study provided first-time insights into the performance parameters of 

post-mortem crude buccal swab lysates processed using a direct PCR approach. Acceptable 

performance parameters were established across various forensic sample types. The workflow 

demonstrated stability under degradation and inhibition conditions. However, further work is 

required to test the workflows’ tolerance to humic acid as an inhibitor. Despite this limitation, 

the validated workflow was successfully applied to a cold case, generating a forensic 

investigative lead that contributed to the creation of a digital facial image, marking a first for 

Africa.  

 

The main obstacle faced in the investigation of the forensic cold case was the absence of 

familial reference data, and it remains a critical challenge to link unidentified bodies to family 

members. The forensic investigative lead generated with the validated workflow, and its use in 

the creation of a digital facial image demonstrate that the workflow can be used as an 
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investigative approach to link families to their loved ones. The success of this approach first 

requires state authorities to prove that communities can trust them with sensitive data. It 

secondly necessitates revisions to the legal framework to allow for the generation of phenotype 

data, at least for humanitarian purposes. Lastly, the success of the MPS workflow requires the 

flexibility of SOPs, especially when dealing with challenging cases, such as cold cases 

involving degraded samples, as important insights can still be gained from compromised 

samples, as demonstrated in this thesis. 

 

This doctoral thesis led to the generation of a forensic investigative lead that made a valuable 

contribution to a cold case investigation. This achievement demonstrates the value of the 

validated MPS workflow to support humanitarian efforts, particularly in identifying severely 

decomposed bodies. Achieving this final objective was a testament to the achievement of all 

other objectives in this study and is what drove the main aim towards completion. By 

addressing the specific challenges and opportunities represented in an African context, this 

thesis contributes to uplifting forensic genomic research in Africa and adds to the growing body 

of global forensic genomic research. Considering these findings, recommendations, and 

limitations, this thesis has made substantial leaps toward implementing the ForenSeq™ DNA 

Signature Prep kit workflow in South Africa, while also identifying critical areas that must be 

addressed to see implementation to fruition.  
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8) Appendices 
 

Appendix 1.1: MPS profile success rates (in percentage) for post-mortem sample 
types   processed with the ForenSeqTM DNA Signature Prep kit  
 
Table A1.1: Meta data from a systematic search of the literature pertaining to post-mortem sample 
types and their call rates (%) with the ForenSeqTM DNA Signature Prep kit (FSP) 

 Sample type DNA profile success rate with the FSP (%) Reference 
Source STRs (n=59) SNVs (173) 

Decomposed 
skeleton in 

marine 
environment 

Bone 93.22 

Not reported [81]  
Bone 100.00 
Nail 89.83 

Soft tissue 100.00 
Soft tissue 98.31 

Mass grave 

Tooth 88.14 93.64 

[82]  

Tooth 84.75 63.01 
Tooth 5.08 4.62 
Tooth 59.32 63.01 
Tooth 50.85 16.18 
Tooth 0.00 0.00 
Tooth 91.53 75.14 
Tooth 25.42 18.50 
Tooth 64.41 35.84 
Tooth 0.00 1.16 

Blood FTA Living 90-100 Not reported [83]  

5th-13th century 
skeletal remains 

Molar 77.97 87.23 (94 iiSNVs) 

Not reported  [84] 

Molar 38.98 70.21 (94 iiSNVs) 
Molar 74.58 90.42 (94 iiSNVs) 
Femur 76.27 86.17 (94 iiSNVs) 
Molar 52.54 65.96 (94 iiSNVs) 
Molar 67.80 85.11 (94 iiSNVs) 

Not reported 

Bone 100 98.95 (94 iiSNVs) 

Not reported [85]  
Bone 88.9 96.84 (94 iiSNVs) 
Bone 98.4 100 (94 iiSNVs) 
Bone 17.5 26.32 (94 iiSNVs) 
Bone 77.8 93.68 (94 iiSNVs) 

Full skeletons 
recovered from 

shipwreck 

Bone 71.21 100 
[228]  

Bone 30.22 79.84 

5th-8th century 
hard tissues 

Bone 0 1.66 (94 iiSNVs) 

Not reported [61]  
Bone 79.71 93.46 (94 iiSNVs) 
Tooth 57.84 91.99 (94 iiSNVs) 
Tooth 94.24 97.27 (94 iiSNVs) 

Exhumed 
remains Femur 69.50 95.69  

[22] 

Cranial bones 

Bone 91.05 98.57 

 
 

[230] 
 
 
  

Bone 76.27 95.83 
Bone 79.66 81.50 
Bone 89.83 99.63 
Bone 98.31 99.63 
Bone 72.88 65.57 
Bone 100 98.67 
Bone 83.9 79.77 
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Appendix 1.2: Human research ethics approval from the HREC UCT 
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Appendix 1.3: Animal ethics approval from AEC UCT 
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Appendix 1.4: Outputs related to this thesis 
 
Chapter in book:  

This book chapter stems from the research done by the PhD candidate and supervisor on quality 

management and internal validation 

L.J. Heathfield and D.P Martin, Quality Assurance Processes in Forensic Science, Forensic Evidence 

Processing in Gender-Based Violence Cases: Handbook for Criminal Justice Practitioners, United 

Nations Office on Drugs and Crime, Austria, 2024 

http://www.unodc.org/rosaf/uploads/documents/Publication/13.5.2024_Forensic_Evidence_Processin

g_in_Gender-Based_Violence_Cases.pdf    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.unodc.org/rosaf/uploads/documents/Publication/13.5.2024_Forensic_Evidence_Processing_in_Gender-Based_Violence_Cases.pdf
http://www.unodc.org/rosaf/uploads/documents/Publication/13.5.2024_Forensic_Evidence_Processing_in_Gender-Based_Violence_Cases.pdf
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Appendix 1.5: Data Management Plan 
 
Investigation to implement a massively parallel sequencing workflow for forensic 
human identification in South Africa - Student Outline DMP 
 
 
1. General guidelines 
 
I understand the Outline DMP template is a projection of my anticipated data management 
planning requirements and should be updated as my project develops. 
 
 
 
2. Authors and supervisors 
 
Investigation to implement a massively parallel sequencing workflow for forensic human 
identification in South Africa. 
 
 
Donna-Lee Martin 
MRTDON003 
 
 
Dr Laura Heathfield 
 
 
 
3. Data Collection/Generation 
 
I intend to produce original quantitative data for frequencies of genetic variations within the 
South African population. The data is primarily quantitative. The sample size is 
approximately 500, and the size of the output files is unknown at this time. The format of this 
data will be tabular and will be saved as xlsx. or CSV files.  
 
 
I do intend on using existing data that formed part of my Masters project. The research is 
ongoing and will be continued in this project. The Masters project and this PhD project are 
both linked to an umbrella study for which the research is ongoing.  
 
 
Anonymous population data consisting of allele frequencies will be published in manuscripts 
in scientific journals and shared with a quality control platform (STRidER: 
https://STRidER.online/). Statistics from internal validation and optimization experiments 
will also be published in the form of averaged statistical values in a manuscript or report for a 
scientific journal.  
 
 
 
4. Data Storage 
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20GB or less 
The anticipated dataset size is less than 20GB. Additional storage facilities will not be 
required.  
 
 
The data will be saved to an external hard drive securely housed in an access-controlled 
laboratory and will be backed up monthly. Every three months, the data will be backed up on 
the students UCT OneDrive.  
 
 
 
5. Data Centre(s)/Repositories 
 
All specimens and data will be archived according to standard operating procedures within 
the Division of Forensic Medicine & Toxicology.  
 
 
Metadata will be included with certain input files on MS Excel and additional text files 
explaining how input files were formatted. All statistical analysis will be accompanied by raw 
data files with steps explaining how statistical analysis was performed on the dataset.  
 
 
 
6. Budget 
 
I do not anticipate any large data costs as my data is less than 20GB, and I will be using a 
1TB hard drive and the UCT OneDrive to store and manage my data.  
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Appendix 2.1: PRISMA Checklist 
Section and Topic  Item 

# Checklist item  Location where 
item is reported  

TITLE   
Title  1 Identify the report as a systematic review. Chapter 2 
ABSTRACT   
Abstract  2 See the PRISMA 2020 for Abstracts checklist. NA 

INTRODUCTION   
Rationale  3 Describe the rationale for the review in the context of existing knowledge. 2.1 

Objectives  4 Provide an explicit statement of the objective(s) or question(s) the review addresses. 2.1 
METHODS   
Eligibility criteria  5 Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses. 2.2.2 

Information sources  6 Specify all databases, registers, websites, organisations, reference lists and other sources searched or consulted to identify studies. Specify the date when each source was last 
searched or consulted. 

2.2.1 

Search strategy 7 Present the full search strategies for all databases, registers and websites, including any filters and limits used. 2.2.1 

Selection process 8 Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many reviewers screened each record and each report retrieved, 
whether they worked independently, and if applicable, details of automation tools used in the process. 

NA 

Data collection process  9 Specify the methods used to collect data from reports, including how many reviewers collected data from each report, whether they worked independently, any processes for 
obtaining or confirming data from study investigators, and if applicable, details of automation tools used in the process. 

2.2.3 

Data items  10a List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome domain in each study were sought (e.g. for all 
measures, time points, analyses), and if not, the methods used to decide which results to collect. 

Table 2.1 

10b List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding sources). Describe any assumptions made about any 
missing or unclear information. 

Table 2.1 

Study risk of bias 
assessment 

11 Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many reviewers assessed each study and whether they worked 
independently, and if applicable, details of automation tools used in the process. 

NA 

Effect measures  12 Specify for each outcome the effect measure(s) (e.g. risk ratio, mean difference) used in the synthesis or presentation of results. Figure 2.6 

Synthesis methods 13a Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the study intervention characteristics and comparing against the planned 
groups for each synthesis (item #5)). 

2.2.4 

13b Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary statistics, or data conversions. 2.2.4 

13c Describe any methods used to tabulate or visually display results of individual studies and syntheses. 2.2.5 

13d Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed, describe the model(s), method(s) to identify the 
presence and extent of statistical heterogeneity, and software package(s) used. 

 

13e Describe any methods used to explore possible causes of heterogeneity among study results (e.g. subgroup analysis, meta-regression). 2.2.4 

13f Describe any sensitivity analyses conducted to assess robustness of the synthesized results. 2.2.5 

Reporting bias 
assessment 

14 Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from reporting biases). NA 

Certainty assessment 15 Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome. NA 
RESULTS   
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Section and Topic  Item 
# Checklist item  Location where 

item is reported  
Study selection  16a Describe the results of the search and selection process, from the number of records identified in the search to the number of studies included in the review, ideally using a flow 

diagram. 
2.3.1 

16b Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why they were excluded. Appendix 2.5 

Study characteristics  17 Cite each included study and present its characteristics. Table 2.2 

Risk of bias in studies  18 Present assessments of risk of bias for each included study. NA 

Results of individual 
studies  

19 For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and (b) an effect estimate and its precision (e.g. confidence/credible 
interval), ideally using structured tables or plots. 

Figure 2.6 

Results of syntheses 20a For each synthesis, briefly summarise the characteristics and risk of bias among contributing studies. NA 

20b Present results of all statistical syntheses conducted. If meta-analysis was done, present for each the summary estimate and its precision (e.g. confidence/credible interval) and 
measures of statistical heterogeneity. If comparing groups, describe the direction of the effect. 

Figure 2.6 

20c Present results of all investigations of possible causes of heterogeneity among study results. 2.3.7.1 

20d Present results of all sensitivity analyses conducted to assess the robustness of the synthesized results. 2.3.7.2 

Reporting biases 21 Present assessments of risk of bias due to missing results (arising from reporting biases) for each synthesis assessed. NA 

Certainty of evidence  22 Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed. NA 
DISCUSSION   
Discussion  23a Provide a general interpretation of the results in the context of other evidence. 2.4 

23b Discuss any limitations of the evidence included in the review. 2.4 and 6.3 

23c Discuss any limitations of the review processes used. 2.4 and 6.3 

23d Discuss implications of the results for practice, policy, and future research. 2.4 and 6.3 
OTHER INFORMATION  
Registration and 
protocol 

24a Provide registration information for the review, including register name and registration number, or state that the review was not registered. NA 
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Appendix 2.2: RStudio script used to conduct meta-analysis 
 
Instructions are preceded by “##” 
 
##Data for length-based and sequence-based allele counts as well as sample size were imported 
## ‘data’ is used here as a generic name for the dataset used 
## proportions for length-based alleles were calculated and a variable created – ‘prop_before’ 
## proportions for sequence-based alleles were calculated and a variable created – ‘prop_after’ 
 
data$prop_before <- data$LB / data$`Sample size` 
data$prop_after <- data$SB / data$`Sample size` 
 
 
##Effect size was calculated as the ratio between ‘length-based’ and ‘sequence-based’ 
proportions calculated above 
data$EffectSize <- data$prop_after / data$prop_before 
 
##The log transformed values of the effect sizes were calculated 
data$logEffectSize <- log(data$EffectSize) 
 
##The standard error for the log effect sizes were calculated 
data$se_logEffectSize <- sqrt((1/data$LB) + (1/data$SB)) 
 
##The ‘meta’ package was installed and loaded to perform the meta-analysis 
install.packages("meta") 
library(meta) 
 
##The ‘metagen’ function was used to perform a meta-analysis of the log effect sizes 
  
meta_analysis <- metagen(TE = logEffectSize, seTE = se_logEffectSize, data = data, sm = 
"logEffect size", 
                         studlab= data$Population, comb.fixed = FALSE) 

## TE = logEffectSize: This specifies the treatment effect, which in this case is the log-transformed 
effect size. It’s the measure of effect that you are interested in combining across studies. 

##seTE = se_logEffectSize: This specifies the standard error of the log-transformed effect size. It’s 
the measure of the variability or precision of the effect size estimate. 

##data = data: This indicates the dataset being used for the analysis. data is the name of the 
dataframe containing the relevant information for the meta-analysis. 

##sm = "logEffect size": This specifies the summary measure, which in this case is the log effect 
size. This tells the metagen() function what type of effect measure is being used. 
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##studlab = data$Population: This argument is used to label the studies (which in this study was the 
population groups) in the meta-analysis.  

##data$Population refers to the column in the dataset that contains the study labels or names. 

##comb.fixed = FALSE: This indicates that a fixed-effect model should not be used. Instead, the 
analysis will use a random-effects model, which accounts for variability both within and between 
studies. 

## To view the results of the meta-analysis 
print(meta_analysis) 
 
## To create a forest plot 
forest(meta_analysis) 
 
## A new forest plot was created to align with the Cochrane Handbook guidelines for layout and 
formatting of a forest plot  
meta::forest(meta_analysis, 
             layout = "RevMan5") 
 
## To save the forest plot, a pdf file was created as the ‘meta’ package does not have 
functionality to save the forest plot directly 
 
pdf(file = "forestplot8.pdf", width = 280, height = 240) 
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Appendix 2.3: Reasons for exclusion of studies generated from search  
 
Table A2.3: Reasons for exclusion of studies from further inclusion in systematic review 

Reason for exclusion 
Number of 
publications 

Does not report on allele frequency data 4 
Does not use the ForenSeqTM DNA Signature Prep kit 32 
Does not use the ForenSeqTM DNA Signature Prep kit and focused on 
ancestry prediction 1 
Excluded due to expression of concern regarding informed consent 1 
Is a performance evaluation study 1 
Is a population study but does not make use of MPS 3 
Is a population study but does not use the ForenSeqTM DNA Signature Prep 
kit 16 
Is a population study; uses ForenSeqTM DNA Signature Prep kit for 
confirmatory purposes; does not include sequence-based allele frequency 
data 2 
Is a protocol in a book 1 
Is a validation study; does not include population study experiments 15 

Is a validation study; ForenSeqTM DNA Signature Prep kit; does not include 
population study experiments or data 1 
Is a validation study; focused on ancestry prediction 1 
Not a population study 205 
Not a population study, based on CE data only 2 
Not a population study, focused on mitochondrial DNA 2 
Not a population study; focused on ancestry prediction 7 
Not a population study; focused on casework samples 27 
Not a population study; focused on non-human species 7 
Not a population study; focused on phenotype prediction 4 
Not a population study; mixture analysis 11 
Not a population study; not relevant to forensic genetics 3 
Not a population study; software focused 19 
Review article 6 
Would be included but publication was retracted 2 
Total 372 

 

 

 



 234 

Appendix 2.4: Journals in which included studies were published 
 
 

 
 
Figure A2.4: Number of publications published from each journal  
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Appendix 2.5: Meta data for length- and sequence-based allele counts 
 
Table A2.5: Length- and sequence-based allele counts derived from allele frequency data 
reported in studies included in the meta-analysis 

 
 
 
 

Population CSF1PO D10S1248 D12S391 D13S317 D16S539 D17S1301 D18S51
LB SB LB SB LB SB LB SB LB SB LB SB LB SB

El Salvador 10 11 10 10 17 53 9 19 9 10 6 6 19 25
Norwegian 9 9 8 8 16 64 7 7 7 7 8 8 15 17
Northeastern 
Peruvian Andes 8 8 7 7 14 38 8 17 7 11 8 8 15 16

Mestizos 8 8 9 9 13 34 8 14 8 8 6 7 14 17
Nigerians 7 8 11 11 14 37 6 12 8 14 5 5 14 14
US African 
American 8 9 7 7 17 52 8 18 7 13 8 10 17 26

US Caucasian 9 9 7 7 16 56 8 16 7 14 8 9 13 16
US Hispanic 8 8 9 9 14 44 9 15 8 14 7 8 14 18
US East Asian 8 9 7 8 13 41 7 16 7 13 7 8 14 14
White British 7 7 8 8 17 55 8 14 8 8 6 6 16 17

British Chinese 8 9 9 9 11 42 8 16 9 9 9 10 13 13

West African 9 10 10 10 19 51 7 15 7 8 7 9 15 16
Northeast African 8 9 10 10 14 44 8 14 8 8 6 7 18 18
South Asian 8 8 8 8 14 50 9 16 7 8 8 8 13 15
Northwest Hui 7 7 7 7 10 33 8 18 7 7 7 7 15 15
Yavapai Native 
Americans 6 6 7 7 8 16 7 9 6 6 5 5 11 12

Torghut Mongols 7 8 7 7 13 26 7 16 6 10 7 7 14 14
Jalaid Mongols 6 7 7 7 12 29 8 19 7 12 8 8 14 14
Sub-Saharan 
African 9 9 12 12 19 48 8 17 7 8 6 6 14 16

East Asian 7 7 7 7 12 46 7 18 7 7 9 10 16 16

European 9 10 7 7 16 47 7 13 9 9 6 6 12 13

Middle Eastern 8 9 8 8 15 54 7 15 8 9 6 7 14 14

Native American 5 5 8 8 9 16 7 13 5 5 6 6 11 11

Oceanian 6 7 6 6 9 23 6 6 7 7 5 5 11 11
Central South 
Asian 6 6 8 8 17 51 8 17 7 7 8 8 14 17

Northern Han 
Chinese 9 10 10 10 15 61 9 23 8 15 10 11 17 19

Tibetan 7 7 6 6 11 29 7 16 7 12 6 6 15 15
Spanish Roma 6 6 7 7 13 27 7 12 7 7 6 6 10 10
Catalans 8 8 8 8 15 45 7 13 8 8 6 6 13 14

Korean 7 8 8 8 13 48 7 17 6 7 9 10 16 17
Arabian 6 7 8 8 13 38 7 12 7 7 5 5 11 11
Eastern Chinese 
Han 9 10 8 8 12 40 7 8 7 7 8 9 16 17

French 8 8 8 8 15 48 8 8 8 8 6 6 15 17
Danish 9 9 7 8 17 65 8 14 8 12 7 7 13 15
Hainan Li 7 8 8 9 11 34 7 13 6 6 6 8 15 16
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Appendix 2.5 continued 
 

 
 
 
 
 
 

Population D19S433 D1S1656 D20S482 D21S11 D22S1045 D2S1338 D2S441 D3S1358
LB SB LB SB LB SB LB SB LB SB LB SB LB SB LB SB

El Salvador 16 19 15 23 10 10 17 46 - - 14 42 10 13 8 22
Norwegian 12 16 14 25 9 9 16 34 8 8 12 33 11 15 9 19
Northeastern 
Peruvian Andes 12 14 14 19 8 13 13 31 9 9 11 25 7 11 8 16

Mestizos 14 15 8 8 12 28 6 6 13 17 10 26 8 12 7 16
Nigerians 12 13 13 18 7 11 16 36 9 11 11 31 9 12 7 14

US African American 16 20 15 24 8 15 18 52 9 13 12 49 11 19 8 18

US Caucasian 12 12 15 24 8 13 12 29 8 8 13 32 8 11 8 14
US Hispanic 12 13 14 21 8 12 16 35 10 11 12 31 9 14 7 18
US East Asian 13 14 13 17 8 13 12 41 7 7 12 30 9 17 6 13
White British 12 12 16 24 9 9 14 29 7 7 13 31 9 14 8 19

British Chinese 11 11 13 17 8 10 15 37 7 7 11 35 9 12 7 13

West African 13 15 15 22 8 8 15 42 - - 12 53 11 19 8 19
Northeast African 13 13 17 27 8 8 17 39 - - 12 45 10 18 10 20
South Asian 16 19 17 26 8 8 13 28 - - 12 40 10 12 7 20
Northwest Hui 9 10 11 16 7 8 12 31 6 6 10 27 9 12 5 11
Yavapai Native 
Americans 9 9 10 10 5 5 8 16 5 5 9 14 5 7 5 8

Torghut Mongols 10 10 15 17 7 10 11 20 6 6 11 20 8 11 6 6
Jalaid Mongols 10 10 12 15 8 12 12 33 8 8 12 24 10 17 6 11

Sub-Saharan African 13 13 14 23 8 8 18 45 9 11 11 48 13 21 6 15

East Asian 10 10 14 18 9 10 15 39 10 10 11 34 9 14 7 16

European 11 11 13 23 8 8 11 26 7 7 12 27 10 13 6 12

Middle Eastern 10 11 14 24 8 8 9 23 9 10 10 38 10 13 8 21

Native American 10 10 11 14 5 5 10 21 5 5 8 11 7 10 6 10

Oceanian 6 6 11 14 6 6 9 17 5 5 8 12 3 3 4 8

Central South Asian 14 15 16 26 7 7 14 38 8 8 11 36 7 10 7 17

Northern Han 
Chinese 16 19 13 18 8 16 18 60 10 11 12 50 13 23 8 20

Tibetan 12 13 11 14 6 11 12 28 5 5 11 26 5 11 5 8
Spanish Roma 8 8 13 19 6 6 11 21 6 7 11 22 7 8 6 14
Catalans 11 13 14 26 5 5 15 28 7 7 12 27 8 11 7 17

Korean 12 13 14 18 7 8 14 44 7 7 12 34 10 14 5 13
Arabian 11 12 13 18 7 7 13 21 6 6 12 29 9 13 7 19

Eastern Chinese Han 12 13 11 16 8 8 15 40 8 8 12 31 10 14 6 13

French 15 14 13 23 10 10 13 31 9 9 11 25 9 12 8 18
Danish 14 17 17 28 7 12 13 37 1 1 13 31 10 17 8 22
Hainan Li 13 13 10 13 7 7 10 30 7 9 11 24 9 12 7 12
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Appendix 2.5 continued 
 

 
 
 
 

 

 

 

 

 

 

 

 

Population D4S2408 D5S818 D6S1043 D7S820 D8S1179 D9S1122 FGA PentaD PentaE TH01 TPOX vWA
LB SB LB SB LB SB LB SB LB SB LB SB LB SB LB SB LB SB LB SB LB SB LB SB

El Salvador 6 7 9 16 20 25 9 10 10 24 11 18 17 22 13 13 18 21 7 7 9 9 11 26
Norwegian 6 7 6 6 13 19 8 8 9 20 7 15 14 16 12 12 17 17 8 8 5 5 7 18
Northeastern Peruvian 
Andes 5 7 8 13 16 17 8 14 7 13 7 12 12 14 12 13 20 21 6 6 8 8 7 16

Mestizos 5 6 8 13 14 17 8 9 7 17 7 11 13 15 10 10 17 20 5 5 6 6 7 13
Nigerians 5 5 6 11 13 14 6 8 8 19 8 14 11 15 11 12 13 13 6 6 8 8 11 23

US African American 6 7 8 15 15 19 9 18 11 24 7 14 20 23 14 16 15 19 7 8 7 7 19 32

US Caucasian 6 7 8 13 13 19 8 17 11 19 7 13 15 16 11 15 17 17 9 9 7 7 8 14
US Hispanic 5 6 8 13 16 19 7 12 10 24 6 12 14 20 11 11 19 20 6 6 7 7 11 22
US East Asian 5 7 7 12 13 15 8 18 9 19 8 15 16 16 11 11 19 19 6 6 9 9 9 12
White British 5 6 6 12 11 14 7 7 10 20 7 13 14 15 11 11 16 16 6 6 5 5 8 19

British Chinese 7 9 7 11 13 14 8 9 9 16 7 14 18 19 9 9 14 14 6 6 5 5 8 14

West African 6 7 9 17 15 20 8 8 9 23 8 15 19 23 13 13 15 18 7 7 7 7 10 32
Northeast African 6 7 8 13 15 16 8 8 10 21 8 14 19 24 12 12 15 17 7 7 6 6 10 24
South Asian 6 8 8 14 12 14 7 8 10 21 7 12 16 16 14 14 18 18 7 8 8 8 8 20
Northwest Hui 5 7 8 11 13 13 7 9 10 18 6 11 15 15 10 10 15 15 6 6 6 6 6 11

Yavapai Native Americans 5 6 7 10 12 12 8 8 7 12 6 8 9 10 9 9 15 15 5 5 4 4 7 9

Torghut Mongols 5 7 8 11 11 11 7 15 9 15 7 10 11 11 10 10 18 18 6 6 6 6 7 10
Jalaid Mongols 5 7 7 10 11 11 6 16 11 20 7 11 14 14 10 10 17 17 6 6 6 6 8 13

Sub-Saharan African 7 9 9 15 14 18 10 11 8 22 8 14 18 21 13 13 15 21 8 9 7 7 11 29

East Asian 5 6 7 13 19 21 8 11 10 18 7 11 18 18 10 10 21 22 6 6 6 6 7 14

European 7 8 8 15 13 13 9 9 6 17 7 10 14 15 12 12 12 16 7 7 6 6 8 17

Middle Eastern 5 7 7 14 12 17 8 8 10 20 6 10 17 19 13 13 18 18 6 6 7 7 7 15

Native American 5 6 6 8 13 13 7 7 7 11 6 9 11 11 5 5 15 16 4 4 4 4 7 11

Oceanian 4 5 6 7 11 11 7 7 8 10 6 9 11 11 9 9 13 13 5 5 5 5 7 7

Central South Asian 6 7 6 11 15 17 7 9 10 19 8 14 18 20 10 11 18 18 6 7 6 6 7 14

Northern Han Chinese 6 8 10 18 17 24 13 26 10 21 9 14 19 21 11 12 24 26 6 6 8 8 10 21

Tibetan 5 6 7 11 16 16 7 15 10 18 8 12 15 17 10 10 18 18 6 6 6 6 7 11
Spanish Roma 5 6 7 11 11 11 9 9 8 13 7 11 14 14 7 7 15 15 6 6 5 5 6 12
Catalans 6 7 7 11 11 14 8 9 10 20 6 11 14 16 12 12 16 16 8 8 7 7 7 16

Korean 6 9 8 13 15 17 11 14 12 20 8 13 17 17 9 9 19 19 6 6 6 6 7 16
Arabian 5 5 7 11 10 10 7 7 10 15 6 12 13 15 11 11 15 15 6 7 6 6 7 13

Eastern Chinese Han 5 7 10 10 17 17 10 10 9 17 8 13 14 14 11 11 20 20 7 7 5 5 9 16

French 5 6 8 8 12 15 8 8 10 19 7 12 15 16 9 9 15 15 7 7 5 5 9 20
Danish 5 6 9 16 12 14 9 11 11 26 8 15 13 14 11 12 17 17 8 8 7 7 9 22
Hainan Li 5 6 8 11 12 14 8 9 9 14 7 12 14 14 9 9 18 18 6 6 5 5 7 12
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Appendix 2.6: Output for meta-analysis computed using the “meta” package in RStudio 
 
Model RR 95% CI z p-value 

Random effects model 1.5272 [1.4825; 1.5733] 27.94 < 0.0001 

 

Quantifying heterogeneity: 

Parameter Estimate 95% CI 

Tau2 0.0016 [0.0000; 0.0085] 

tau 0.0406 [0.0000; 0.0922] 

I2 23.50% [0.0%; 49.8%] 

H 1.14 [1.00; 1.41] 

 

Test of heterogeneity: Cochrane’s Q-statistic 

Q d.f. p-value 

44.42 34 0.1089 

 

Details on methods: 

Inverse variance method used to assign weights 

Restricted maximum-likelihood estimator for tau2 

Q-Profile method for confidence interval of tau2 and tau 
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Appendix 2.7: Percentage increase in allele count by major ancestral population group 
 
Table A2.7: Table showing percentage increase in allele count per major ancestral population 
group. 

Major ancestral population 
group 

Percentage increase in 
variation (%) 

African 67.16101695 
East Asian 51.39470014 
European 52.86195286 
Middle Eastern 52.20883534 
Native American 23.57320099 
Oceanian 21.13402062 
South Asian 57.59259259 
Latin American 55.39437897 

 

Appendix 2.8: Histograms displaying normality of allele count distribution 

Figure A2.8: (Left) Length-based allele count distribution, (right) sequence-based allele count 

distributions 
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Appendix 4.1: RStudio script used for creating bracketed repeat naming format from a 
tab-separated sequence motifs as input file  
 
##Grouping function 
group_sequence <- function(seq){ 
  run_lengths <- rle(seq) 
  values <- run_lengths$values 
  lengths <- run_lengths$lengths 
  res <- character() 
  for (i in seq_along(values)) { 
    res <- if (lengths[i] > 1) { 
      c(res, paste0("[", values[i], "]", lengths[i])) 
    } else { 
      c(res, values[i]) 
    } 
  } 
  return(paste(res, collapse = " ")) 
} 
 
 
##Apply the grouping function to the input file containing broken down repeats for the 
D9S1122 marker (see Appendix 4.2 for example of input file) 
D9S1122 <- readxl::read_excel(“File path/D9S1122_R_NAMING.xlsx”) #import the excel file 
 
##Create data frame called ‘DFMarkerName’ from the xlsx. file containing broken down 
repeats 
DFD9S1122 <- as.data.frame(D9S1122) 
 
 ##Apply the grouping function to the input file for this marker 
 
DFD9S1122$output <- apply(DFD9S1122[,1:17], 1, function(x) group_sequence(x[!is.na(x)])) 
 
##Check the output (this is optional) 
print(DFD9S1122) 
 
 ##write the output to an xlsx (or CSV or tab-delimited txt file), to any file name of your 
choosing 
write_xlsx(DFD9S1122, "outputD9S1122.xlsx") 
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Appendix 4.1 continued: Input file for creating bracketed repeat format 
 
#INSTRUCTIONS: 
1. Ensure FASTA sequences are sorted by length in ascending order 
2. Use FASTA sequences to generate repeat motifs separated by a tab (this was generated using an Excel-based naming system 
developed by Kings Forensics) 
3. Insert a header row 
4. Number each column containing a motif sequence starting from 1  
5. An example of the output is shown in column named 'output' - this is not part of the original input file  

 
 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 output
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]5
TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA [TAGA]9
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]7
TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA [TAGA]10
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]8
TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA [TAGA]11
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]9
TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA [TAGA]12
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]10
TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA [TAGA]13
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]11
TAGA TCGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA [TCGA]2 [TAGA]10
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]11
TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA [TAGA]14
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]12
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]13
TAGA TCGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA [TCGA]2 [TAGA]12
TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA [TAGA]15
TAGA TCGA TA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA TA [TAGA]13
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]14
TAGA TCGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TAGA TCGA [TAGA]15
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Appendix 4.2: Quality metrics for population study 

Table A4.2: Quality metrics for the 24 MiSeq FGxTM runs 
containing samples used for population databasing. Blocks 

highlighted in grey fall outside of the manufacturer's 
recommended ranges.  

Experiment 
Number  

Cluster 
Density 
(k/mm2)  

Clusters 
Passing 

Filter (%) 
Phasing  Pre-

phasing  
 

Run 1  777  93.25  0.132  0.093   

Run 2  1069  91.00  0.112  0.095   

Run 3  681  92.63  0.158  0.113   

Run 4  456  96.35  0.219  0.098   

Run 5  1000  88.95  0.156  0.115   

Run 6  1187  87.87  0.143  0.114   

Run 7  520  91.07  0.205  0.094   

Run 8  819  82.73  0.241  0.078   

Run 9  864  78.90  0.259  0.06   

Run 10  1526  62.26  0.204  0.066   

Run 11  1226  72.90  0.198  0.069   

Run 12  1101  77.09  0.188  0.082   

Run 13  1086  66.56  0.219  0.112   

Run 14  1087  67.25  0.213  0.116   

Run 15  1175  78.73  0.175  0.079   

Run 16  993  56.92  0.304  0.128   

Run 17  1008  75.21  0.221  0.087   

Run 18  1157  64.23  0.307  0.148   

Run 19  1133  66.28  0.288  0.166   

Run 20  1457  84.32  0.168  0.119   

Run 21  1498  83.70  0.15  0.124   

Run 22  1430  83.95  0.178  0.125   

Run 23  1491  84.21  0.173  0.129   

Run 24  1246  86.59  0.179  0.076   
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Appendix 4.3: Sequence-based allele frequency data 
 

Table A4.3: Sequence based allele frequency data for 24 autosomal STRs for 247 Admixed individuals and 216 Black African individuals from the South African population, generated with the 
ForenSeqTM DNA Signature Prep kit.  

Green shaded cells: Potentially novel allele (not seen in STRSeq BioProject) 

Marker Length-based 
allele Shorthand name (KCL) Bracketed Repeat (UAS) Variant Allele frequency: 

Admixed (n = 247) 
Allele frequency: Black African 
(n = 216) 

CSF1PO 6 v1_6_S1 [ATCT]6  0.028340081 0.018518519 

CSF1PO 7 v1_7_S1 [ATCT]7  0.010121457 0.048611111 

CSF1PO 8 v1_8_S1 [ATCT]8  0.010121457 0.037037037 

CSF1PO 9 v1_9_S1 [ATCT]9  0.030364372 0.034722222 

CSF1PO 10 v1_10_S1 [ATCT]10  0.271255061 0.293981481 

CSF1PO 11 v1_11_S1 [ATCT]11  0.259109312 0.196759259 

CSF1PO 11 v1_11_S3 [ATCT]7 ACCT [ATCT]3  0.002024291 0.00462963 

CSF1PO 12 v1_12_S1 [ATCT]12  0.317813765 0.305555556 

CSF1PO 12.1 v1_12.1_s1 [ATCT]7 A [ATCT]5   0.002024291 0 

CSF1PO 13 v1_13_S1 [ATCT]13  0.060728745 0.05787037 

CSF1PO 14 v1_14_S1 [ATCT]14   0.008097166 0.002314815 

D10S1248 7 v1_7 [GGAA]7  0.002024291 0 

D10S1248 10 v1_10 [GGAA]10  0 0.006944444 

D10S1248 11 v1_11 [GGAA]11  0.030364372 0.06712963 

D10S1248 12 v1_12 [GGAA]12  0.050607287 0.125 

D10S1248 13 v1_13 [GGAA]13  0.244939271 0.229166667 

D10S1248 14 v1_14 [GGAA]14  0.309716599 0.328703704 

D10S1248 15 v1_15 [GGAA]15  0.192307692 0.115740741 

D10S1248 16 v1_16 [GGAA]16  0.139676113 0.113425926 

D10S1248 17 v1_17 [GGAA]17   0.030364372 0.013888889 

D12S391 15 v1_15_S1 [AGAT]8 [AGAC] 6AGAT  0.052631579 0.087962963 
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D12S391 15 v1_15_S2 [AGAT]9 [AGAC] 5AGAT  0.004048583 0 

D12S391 16 v1_16_S1 [AGAT]8 [AGAC]7 AGAT  0.008097166 0.006944444 

D12S391 16 v1_16_S2 [AGAT]9 [AGAC]6 AGAT  0.026315789 0.030092593 

D12S391 16 v1_16_S3 [AGAT]10 [AGAC]5 AGAT  0.010121457 0.016203704 

D12S391 17 v1_17_S1 [AGAT]9 [AGAC]7 AGAT  0.012145749 0.034722222 

D12S391 17 v1_17_S2 [AGAT]10 [AGAC]6 AGAT  0.089068826 0.076388889 

D12S391 17 v1_17_S3 [AGAT]11 [AGAC]5 AGAT  0.022267206 0.064814815 

D12S391 17 v1_17_S4 [AGAT]12 [AGAC]4 AGAT  0 0.002314815 

D12S391 17 v1_17_S5 [AGAT]8 [AGAC]8 AGAT   0.002024291 0 

D12S391 17.3 v1_17.3_S1 AGAT GAT [AGAT]8 [AGAC]7 AGAT  0.010121457 0 

D12S391 18 v1_18_S3 [AGAT]10 [AGAC]7 AGAT  0.04048583 0.041666667 

D12S391 18 v1_18_S4 [AGAT]11 [AGAC]7  0 0.002314815 

D12S391 18 v1_18_S5 [AGAT]11 [AGAC]6 AGAT  0.174089069 0.145833333 

D12S391 18 v1_18_S6 [AGAT]12 [AGAC]5 AGAT  0.012145749 0.013888889 

D12S391 18 v1_18_S7 [AGAT]13 [AGAC]4 AGAT  0 0.011574074 

D12S391 18 v1_18_S8 [AGAT]12 [AGAC]6   0.002024291 0 

D12S391 18 v2_18_S3 [AGAT]10 [AGAC]7 AGAT  rs138635218 0.004048583 0.011574074 

D12S391 18 v2_18_S5 [AGAT]11[AGAC]6AGAT  rs138635218 0 0.002314815 

D12S391 18.3 v1_18.3_S1 AGAT GAT [AGAT]9 [AGAC]7 AGAT  0.006072874 0.002314815 

D12S391 19 v1_19_S4 [AGAT]11 [AGAC]8  0.006072874 0.011574074 

D12S391 19 v1_19_S5 [AGAT]11 [AGAC]7 AGAT  0.020242915 0.030092593 

D12S391 19 v1_19_S6 [AGAT]12 [AGAC]7  0.006072874 0.002314815 

D12S391 19 v1_19_S7 [AGAT]12 [AGAC]6 AGAT  0.076923077 0.092592593 

D12S391 19 v1_19_S8 [AGAT]13 [AGAC]5 AGAT  0.004048583 0.011574074 

D12S391 19 v2_19_S5 [AGAT]11 [AGAC]7 AGAT  rs138635218 0.020242915 0.011574074 

D12S391 19 v2_19_S7 [AGAT]12 [AGAC]6 AGAT  rs138635218 0.002024291 0 

D12S391 19.1 v1_19.1_S1 AGAT T [AGAT]11 [AGAC]6 AGAT  0 0.00462963 

D12S391 19.3 v1_19.3_S1 [AGAT]5 GAT [AGAT]7 [AGAC]6 AGAT  0.002024291 0 

D12S391 19.3 v1_19.3_S3 AGAT GAT [AGAT]10 [AGAC]7 AGAT  0.002024291 0 

D12S391 20 v1_20_S1 [AGAT]10 [AGAC]9 AGAT  0.004048583 0.002314815 
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D12S391 20 v1_20_S2 [AGAT]11 [AGAC]9  0.008097166 0 

D12S391 20 v1_20_S3 [AGAT]11 [AGAC]8 AGAT  0.006072874 0.016203704 

D12S391 20 v1_20_S4 [AGAT]12 [AGAC]8  0.030364372 0.027777778 

D12S391 20 v1_20_S5 [AGAT]12 [AGAC]7 AGAT  0.024291498 0.032407407 

D12S391 20 v1_20_S6 [AGAT]13 [AGAC]7  0 0.009259259 

D12S391 20 v1_20_S7 [AGAT]13 [AGAC]6 AGAT  0.048582996 0.069444444 

D12S391 20 v1_20_S8 [AGAT]14 [AGAC]5AGAT  0.004048583 0.00462963 

D12S391 20 v2_20_S5 [AGAT]12 [AGAC]7 AGAT   rs138635218 0 0.00462963 

D12S391 20.1 v1_20.1_S1 AGAT T [AGAT]12 [AGAC]6 AGAT  0 0.002314815 

D12S391 21 v1_21_S1 [AGAT]11 [AGAC]10  0 0.002314815 

D12S391 21 V1_21_S12 [AGAT]4 AGGT [AGAT]9 [AGAC]6 AGAT   0.002024291 0 

D12S391 21 v1_21_S3 [AGAT]12 [AGAC]9  0.028340081 0.002314815 

D12S391 21 v1_21_S4 [AGAT]12 [AGAC]8 AGAT  0.012145749 0.020833333 

D12S391 21 v1_21_S5 [AGAT]13 [AGAC]8  0.002024291 0.006944444 

D12S391 21 v1_21_S6 [AGAT]13 [AGAC]7AGAT  0.008097166 0.006944444 

D12S391 21 v1_21_S8 [AGAT]14 [AGAC]6 AGAT  0.010121457 0 

D12S391 22 v1_22_S2 [AGAT]12 [AGAC]10  0.004048583 0 

D12S391 22 v1_22_S4 [AGAT]13 [AGAC]9  0.044534413 0.011574074 

D12S391 22 v1_22_S5 [AGAT]13 [AGAC]8 AGAT  0.020242915 0.006944444 

D12S391 22 v1_22_S6 [AGAT]14 [AGAC]8  0.010121457 0.002314815 

D12S391 22 v1_22_S8 [AGAT]15 [AGAC]6 AGAT  0.002024291 0 

D12S391 22 v3_22_S4 [AGAT]13 [AGAC]9  rs unknown 0.002024291 0 

D12S391 22.3 v1_22.3_S1 [AGAT]7 GAT [AGAT]6 [AGAC]8 AGAT  0 0.002314815 

D12S391 23 v1_23_S1 [AGAT]12 [AGAC]11  0.006072874 0 

D12S391 23 v1_23_S3 [AGAT]13 [AGAC]10  0.004048583 0.002314815 

D12S391 23 v1_23_S5 [AGAT]14 [AGAC]9  0.01417004 0 

D12S391 23 v1_23_S6 [AGAT]14 [AGAC]8 AGAT  0.028340081 0.020833333 

D12S391 23 v1_23_S7 [AGAT]15 [AGAC]8  0.002024291 0.002314815 

D12S391 23 v1_23_S8 [AGAT]15 [AGAC]7 AGAT  0.002024291 0 

D12S391 23 v1_23_S9 [AGAT]11 [AGAC]11 AGAT   0.002024291 0 
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D12S391 23 v2_23_S6 [AGAT]14 [AGAC]8 AGAT  rs138635218 0.002024291 0 

D12S391 24 v1_24_S1 [AGAT]14 [AGAC]10  0.002024291 0 

D12S391 24 v1_24_S2 [AGAT]14 [AGAC]9 AGAT  0 0.002314815 

D12S391 24 v1_24_S3 [AGAT]15 [AGAC]9  0.006072874 0 

D12S391 24 v1_24_S4 [AGAT]15 [AGAC]8 AGAT  0.008097166 0 

D12S391 24 v1_24_S6 [AGAT]11 [AGAC]12 AGAT  0.006072874 0 

D12S391 24 v1_24_S7 [AGAT]13 [AGAC]11  0.004048583 0 

D12S391 24 v1_24_S8 [AGAT]12 [AGAC]11 AGAT   0.004048583 0.009259259 

D12S391 25 v1_25_S2 [AGAT]15 [AGAC]10  0.002024291 0 

D12S391 25 v1_25_S4 [AGAT]16 [AGAC]9  0.002024291 0 

D12S391 25 v1_25_S5 [AGAT]16 [AGAC]8 AGAT  0.006072874 0.00462963 

D12S391 25 v1_25_S7 [AGAT]13 [AGAC]11 AGAT   0.002024291 0.00462963 

D12S391 25 v1_25_S8 [AGAT]12 [AGAC]12 AGAT  0 0.00462963 

D12S391 26 v1_26_S4 [AGAT]17 [AGAC]8 AGAT  0.002024291 0 

D12S391 26 v1_26_S5 [AGAT]16 [AGAC]9 AGAT   0.004048583 0 

D12S391 27 v1_27_S1 [AGAT]14 [AGAC]12 AGAT   0.002024291 0 

D12S391 27 V2_27_S2 [AGAT]15 [AGAC]11 AGAT   0.002024291 0.002314815 

D13S317 8 v1_8_S2 [TATC]8 AATC  0.004048583 0 

D13S317 8 v1_8_S1 [TATC]8 [AATC]2  0.099190283 0.00462963 

D13S317 9 v1_9_S1 [TATC]9 [AATC]2  0.050607287 0.00462963 

D13S317 10 v1_10_S2 [TATC]10 AATC  0.004048583 0.002314815 

D13S317 10 v5_10_S2 [TATC]11 AATC  rs1442523705 0.002024291 0 

D13S317 10 v4_10_S1 [TATC]11 AATC  rs561167308 0.002024291 0.002314815 

D13S317 10 v1_10_S1 [TATC]10 [AATC]2  0.044534413 0.00462963 

D13S317 11 v1_11_S2 [TATC]11 AATC  0.024291498 0.002314815 

D13S317 11 v3_11_S2 [TATC]11 AATC  rs146621667 0.002024291 0.009259259 

D13S317 11 v4_11_S2 [TATC]12 AATC  rs561167308 0.004048583 0.00462963 

D13S317 11 v1_11_S1 [TATC]11 [AATC]2  0.119433198 0.152777778 

D13S317 12 v1_12_S2 [TATC]12 AATC  0.141700405 0.141203704 

D13S317 12 v1_12_S5 [TATC]6 TATT [TATC]5 AATC   0.002024291 0 
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D13S317 12 v2_12_S2 [TATC]12 AATC  rs73250432 0.004048583 0 

D13S317 12 v4_12_S2 [TATC]13 AATC  rs561167308 0.002024291 0 

D13S317 13 v6_13_S3 [TATC]13  rs202043589 0.006072874 0 

D13S317 12 v1_12_S1 [TATC]12 [AATC]2  0.165991903 0.261574074 

D13S317 13 v1_13_S2 [TATC]13 AATC  0.168016194 0.113425926 

D13S317 13 v1_13_S4 [TATC]7 TATT [TATC]5 AATC  0.004048583 0.025462963 

D13S317 13 v3_13_S2 [TATC]13 AATC  rs146621667 0.006072874 0.00462963 

D13S317 13 v1_13_S1 [TATC]13 [AATC]2  0.062753036 0.127314815 

D13S317 14 v1_14_S2 [TATC]14 AATC  0.036437247 0.041666667 

D13S317 14 v3_14_S2 [TATC]14 AATC   rs146621667 0 0.009259259 

D13S317 14 v1_14_S1 [TATC]14 [AATC]2  0.030364372 0.076388889 

D13S317 15 v1_15_S2 [TATC]15 AATC  0.012145749 0.00462963 

D13S317 15 v1_15_S3 [TATC]5 TGTC [TATC]9 AATC   0.002024291 0.002314815 

D13S317 15 v1_15_S1 [TATC]15 [AATC]2  0 0.002314815 

D13S317 16 v1_16_S2 [TATC]5 TGTC [TATC]10 AATC   0 0.002314815 

D16S539 8 v1_8_S1 [GATA]8  0.022267206 0.039351852 

D16S539 8 v2_8_S1 [GATA]8   0.008097166 0 

D16S539 8 v3_8_S1 [GATA]8   0 0.002314815 

D16S539 9 v1_9_S1 [GATA]9  0.066801619 0.076388889 

D16S539 9 v3_9_S1 [GATA]9   0.125506073 0.108796296 

D16S539 10 v1_10_S1 [GATA]10  0.044534413 0.092592593 

D16S539 10 v3_10_S1 [GATA]10   0.078947368 0.071759259 

D16S539 11 v1_11_S1 [GATA]11  0.285425101 0.349537037 

D16S539 11 v3_11_S1 [GATA]11   0.028340081 0.011574074 

D16S539 11 v5_11_S1 [GATA]11   0.006072874 0.011574074 

D16S539 12 v1_12_S1 [GATA]12  0.178137652 0.138888889 

D16S539 12 v3_12_S1 [GATA]12   0.006072874 0.002314815 

D16S539 12 v5_12_S1 [GATA]12   0 0.002314815 

D16S539 13 v1_13_S1 [GATA]13  0.125506073 0.074074074 

D16S539 13 v1_13_S2 GATA GGTA [GATA]11   0.002024291 0 



 248 

D16S539 13 v6_13_S1 [GATA]13  rs unknown 0.002024291 0 

D16S539 14 v1_14_S1 [GATA]14   0.020242915 0.018518519 

D17S1301 8 v1_8_S1 [AGAT]8  0.002024291 0 

D17S1301 9 v1_9_S1 [AGAT]9  0.006072874 0.00462963 

D17S1301 10 v1_10_S1 [AGAT]10  0.01417004 0.002314815 

D17S1301 11 v1_11_S1 [AGAT]11  0.230769231 0.150462963 

D17S1301 11.3 v1_11.3_S1 [AGAT]8 GAT [AGAT]3  0 0.002314815 

D17S1301 12 v1_12_S1 [AGAT]12  0.439271255 0.502314815 

D17S1301 12 v2_12_S1 [AGAT]12  rs unknown 0.002024291 0 

D17S1301 13 v1_13_S1 [AGAT]13  0.234817814 0.289351852 

D17S1301 13 v1_13_S3 [AGAT]12 CGAT  0.002024291 0.00462963 

D17S1301 14 v1_14_S1 [AGAT]14  0.058704453 0.030092593 

D17S1301 14 v1_14_S2 [AGAT]13 CGAT   0.004048583 0.002314815 

D17S1301 15 v1_15_S1 [AGAT]15  0.004048583 0.011574074 

D17S1301 16 v1_16_S1 [AGAT]16   0.002024291 0 

D18S51 9 v2_9_S1 [AGAA]9 AG [AGAG]2  rs535823682 0.002024291 0 

D18S51 10 v1_10_S1 [AGAA]10 AAAG AGAG AG  0.002024291 0 

D18S51 10 v2_10_S1 [AGAA]10 AG [AGAG]2  rs535823682 0.008097166 0.006944444 

D18S51 10.2 v1_10.2_S1 [AGAA]10 AG [AGAG]2 AG  0.004048583 0.020833333 

D18S51 11 v1_11_S1 [AGAA]11 AAAG AGAG AG  0.016194332 0.002314815 

D18S51 12 v1_12_S1 [AGAA]12 AAAG AGAG AG  0.091093117 0.027777778 

D18S51 13 v1_13_S1 [AGAA]13 AAAG AGAG AG  0.091093117 0.025462963 

D18S51 13 v2_13_S1 [AGAA]13 AG [AGAG]2  rs535823682 0.006072874 0.006944444 

D18S51 14 v1_14_S1 [AGAA]14 AAAG AGAG AG  0.141700405 0.060185185 

D18S51 14 v1_14_S2 AGAA AGCA [AGAA]12 AAAG AGAG AG  0.004048583 0 

D18S51 14 v1_14_S3 [AGAA]12 GGAA AGAA AAAG AGAG AG   0.002024291 0 

D18S51 14 v2_14_S1 [AGAA]14 AG [AGAG]2  rs535823682 0.002024291 0.002314815 

D18S51 14.2 v2_14.2_S1 [AGAA]14 AG [AGAG]2 AG   0.002024291 0.002314815 

D18S51 15 v1_15_S1 [AGAA]15 AAAG AGAG AG  0.137651822 0.12962963 

D18S51 15 v2_15_S3 [AGAA]13 GGAA AGAA AAAG AGAG AG  rs535823682 0.002024291 0 
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D18S51 15.2 v2_15.2_S1 [AGAA]15 AG [AGAG]2 AG  rs535823682 0.006072874 0.016203704 

D18S51 16 v1_16_S1 [AGAA]16 AAAG AGAG AG  0.143724696 0.162037037 

D18S51 16 V1_16_S2 [AGAA]14 GGAA AGAA AAAG AGAG AG   0.002024291 0 

D18S51 16 v2_16_S1 [AGAA]16 AG [AGAG]2  rs535823682 0.002024291 0 

D18S51 16.2 v2_16.2_S1 [AGAA]16 AG [AGAG]2 AG  rs535823682 0.002024291 0 

D18S51 17 v1_17_S1 [AGAA]17 AAAG AGAG AG  0.099190283 0.145833333 

D18S51 17 v1_17_S2 [AGAA]15 GGAA AGAA AAAG AGAG AG   0 0.009259259 

D18S51 18 v1_18_S1 [AGAA]18 AAAG AGAG AG  0.087044534 0.136574074 

D18S51 19 v1_19_S1 [AGAA]19 AAAG AGAG AG  0.060728745 0.136574074 

D18S51 19 v1_19_S2 [AGAA]15 GGAA [AGAA]3 AAAG AGAG AG  0 0.002314815 

D18S51 20 v1_20_S1 [AGAA]20 AAAG AGAG AG  0.05465587 0.078703704 

D18S51 20.2 v1_20.2_S1 [AGAA]19 AG AGAA AAAG AGAG AG  0.002024291 0 

D18S51 21 v1_21_S1 [AGAA]21 AAAG AGAG AG  0.020242915 0.020833333 

D18S51 21.2 v1_21.2_S1 [AGAA]20 AG AGAA AAAG AGAG AG  0 0.00462963 

D18S51 22 v1_22_S1 [AGAA]22 AAAG AGAG AG  0.002024291 0.002314815 

D18S51 22.2 v1_22.2_S1 [AGAA]21 AG AGAA AAAG AGAG AG   0.002024291 0 

D18S51 23 v1_23_S1 [AGAA]23 AAAG AGAG AG   0.004048583 0 

D19S433 7 v1_7_S1 [CCTT]5 CCTA CCTT CTTT CCTT   0.026315789 0.013888889 

D19S433 7 v3_7_S1 [CCTT]5 CCTA CCTT CTTT CCTT  rs unknown 0 0.002314815 

D19S433 8 v1_8_S1 [CCTT]6 CCTA CCTT CTTT CCTT  0.002024291 0 

D19S433 8 v3_8_S1 [CCTT]6 CCTA CCTT CTTT CCTT  rs unknown 0.002024291 0.006944444 

D19S433 10 v1_10_S1 [CCTT]8 CCTA CCTT CTTT CCTT  0.004048583 0.002314815 

D19S433 11 v1_11_S1 [CCTT]9 CCTA CCTT CTTT CCTT  0.034412955 0.055555556 

D19S433 12 v1_12_S1 [CCTT]10 CCTA CCTT CTTT CCTT  0.091093117 0.12962963 

D19S433 12.2 v1_12.2_S1 [CCTT]11 CCTA CCTT TT CCTT  0.028340081 0.043981481 

D19S433 12.2 v1_12.2_S2 [CCTT]4 CCCT [CCTT]6 CCTA CCTT TT CCTT  0 0.002314815 

D19S433 13 v1_13_S1 [CCTT]11 CCTA CCTT CTTT CCTT  0.25708502 0.321759259 

D19S433 13 v1_13_S2 
[CCTT]5 CTTT [CCTT]5 CCTA CCTT CTTT 
CCTT  0.008097166 0 

D19S433 13 v1_13_S3 [CCTT]13 CTTT CCTT   0.002024291 0 

D19S433 13.2 v1_13.2_S1 [CCTT]12 CCTA CCTT TT CCTT  0.046558704 0.048611111 
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D19S433 13.2 v1_13.2_S2 [CCTT]12 CCTA CCTT CTTT CCTT  rs745607776 0.002024291 0 

D19S433 14 v1_14_S1 [CCTT]12 CCTA CCTT CTTT CCTT  0.234817814 0.219907407 

D19S433 14.2 v1_14.2_S1 [CCTT]13 CCTA CCTT TT CCTT  0.066801619 0.069444444 

D19S433 15 v1_15_S1 [CCTT]13 CCTA CCTT CTTT CCTT  0.101214575 0.046296296 

D19S433 15.2 v1_15.2_S1 [CCTT]14 CCTA CCTT TT CCTT  0.068825911 0.020833333 

D19S433 16 v1_16_S1 [CCTT]14 CCTA CCTT CTTT CCTT  0.012145749 0.00462963 

D19S433 16.2 v1_16.2_S1 [CCTT]15 CCTA CCTT TT CCTT  0.008097166 0.006944444 

D19S433 16.2 v1_16.2_S2 [CCTT]14 CTTT CCTA CCTT TT CCTT  0 0.002314815 

D19S433 17 v1_17_S1 [CCTT]15 CCTA CCTT CTTT CCTT   0.004048583 0.002314815 

D1S1656 8 v1_8_S1 [CA]5 [TCTA]8  0.006072874 0 

D1S1656 10 v1_10_S1 [CA]5 [TCTA]10  0.002024291 0.013888889 

D1S1656 11 v1_11_S1 [CA]5 [TCTA]11  0.099190283 0.064814815 

D1S1656 11 v1_11_S2 [CA]5 CCTA [TCTA]10  0.004048583 0 

D1S1656 12 v1_12_S1 [CA]5 [TCTA]12  0.04048583 0.034722222 

D1S1656 12 v1_12_S2 [CA]5 CCTA [TCTA]11  0.024291498 0.009259259 

D1S1656 13 v1_13_S1 [CA]5 [TCTA]13  0.048582996 0.092592593 

D1S1656 13 v1_13_S2 [CA]5 CCTA [TCTA]12  0.012145749 0.020833333 

D1S1656 13 v1_13_S3 [CA]5 TCTA GCTA [TCTA]11  0.002024291 0 

D1S1656 13.3 v1_13.3_S1 [CA]5 CCTA [TCTA]11 TCA TCTA   0 0.00462963 

D1S1656 14 v1_14_S1 [CA]5 [TCTA]14  0.034412955 0.046296296 

D1S1656 14 v1_14_S2 [CA]5 CCTA [TCTA]13  0.099190283 0.206018519 

D1S1656 14.3 v1_14.3_S1 [CA]5 CCTA [TCTA]9 T CA [TCTA]4  0.004048583 0.025462963 

D1S1656 14.3 v1_14.3_S3 [CA]5 CCTA [TCTA]12 T CA TCTA  0.006072874 0.006944444 

D1S1656 15 v1_15_S1 [CA]5 CCTA [TCTA]14  0.182186235 0.113425926 

D1S1656 15 v1_15_S3 [CA]5 [TCTA]15  0.046558704 0.05787037 

D1S1656 15 v3_15_S1 [CA]5 CCTA [TCTA]14  rs unknown 0 0.002314815 

D1S1656 15.2 v1_15.2_S1 [CA]6 [TCTA]15  0 0.002314815 

D1S1656 15.3 v1_15.3_S1 [CA]5 CCTA [TCTA]10 T CA [TCTA]4  0.032388664 0.011574074 

D1S1656 15.3 v1_15.3_S2 [CA]5 CCTA [TCTA]11 T CA [TCTA]3  0.004048583 0 

D1S1656 15.3 v1_15.3_S3 [CA]5 CCTA [TCTA]12 T CA [TCTA]2  0.002024291 0 
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D1S1656 15.3 v1_15.3_S4 [CA]5 CCTA [TCTA]13 T CA TCTA  0.002024291 0 

D1S1656 16 v1_16_S1 [CA]5 CCTA [TCTA]15  0.147773279 0.108796296 

D1S1656 16 v1_16_S3 [CA]5 [TCTA]16  0.008097166 0.011574074 

D1S1656 16.3 v1_16.3_S1 [CA]5 CCTA [TCTA]11 T CA [TCTA]4  0.060728745 0.087962963 

D1S1656 16.3 v1_16.3_S4 CA CG [CA]3 CCTA [TCTA]11 TCA [TCTA]4  rs unknown 0.002024291 0 

D1S1656 17 v1_17_S1 [CA]5 [TCTA]17  0 0.00462963 

D1S1656 17 v1_17_S2 [CA]5 CCTA [TCTA]16  0.05465587 0.043981481 

D1S1656 17.3 v1_17.3_S1 [CA]5 CCTA [TCTA]12 T CA [TCTA]4  0.028340081 0.00462963 

D1S1656 18 v1_18_S1 [CA]5 [TCTA]18  0 0.002314815 

D1S1656 18 v1_18_S2 [CA]5 CCTA [TCTA]17  0.010121457 0.006944444 

D1S1656 18.3 v1_18.3_S1 [CA]5 CCTA [TCTA]13 T CA [TCTA]4  0.030364372 0.011574074 

D1S1656 19.3 v1_19.3_S1 [CA]5 CCTA [TCTA]14 T CA [TCTA]4  0.004048583 0.00462963 

D1S1656 20.3 v1_20.3_S1 [CA]5 CCTA [TCTA]15 T CA [TCTA]4   0.002024291 0 

D20S482 9 v1_9_S1 [AGAT]9  0.008097166 0.002314815 

D20S482 10 v1_10_S1 [AGAT]10  0.012145749 0.00462963 

D20S482 11 v1_11_S1 [AGAT]11  0.012145749 0.00462963 

D20S482 11 v2_11_S1 [AGAT]11  rs77560248 0 0.002314815 

D20S482 12 v1_12_S1 [AGAT]12  0.058704453 0.027777778 

D20S482 12 v2_12_S1 [AGAT]12  rs77560248 0.004048583 0 

D20S482 13 v1_13_S1 [AGAT]13  0.232793522 0.173611111 

D20S482 13 v2_13_S1 [AGAT]13  rs77560248 0.026315789 0.025462963 

D20S482 14 v1_14_S1 [AGAT]14  0.406882591 0.474537037 

D20S482 14 v2_14_S1 [AGAT]14  rs77560248 0.028340081 0.046296296 

D20S482 15 v1_15_S1 [AGAT]15  0.147773279 0.141203704 

D20S482 15 v2_15_S1 [AGAT]15  rs77560248 0.020242915 0.039351852 

D20S482 16 v1_16_S1 [AGAT]16  0.038461538 0.050925926 

D20S482 16 v2_16_S1 [AGAT]16  rs77560248 0.002024291 0.00462963 

D20S482 17 v1_17_S1 [AGAT]17   0.002024291 0.002314815 

D21S11 26 v1_26_S1 
[TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]8  0.002024291 0.002314815 
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D21S11 26 v1_26_S2 
[TCTA]4 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]9  0.002024291 0.011574074 

D21S11 27 v1_27_S1 
[TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]8  0.002024291 0 

D21S11 27 v1_27_S2 
[TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]9  0.010121457 0.030092593 

D21S11 27 v1_27_S3 
[TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]9  0.020242915 0.048611111 

D21S11 28 v1_28_S1 
[TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]9  0.008097166 0 

D21S11 28 v1_28_S3 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]9  0.002024291 0 

D21S11 28 v1_28_S4 
[TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0.194331984 0.284722222 

D21S11 28 v1_28_S5 
[TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0 0.009259259 

D21S11 28 v1_28_S6 
[TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]9  0 0.006944444 

D21S11 28 v1_28_S7 
[TCTA]4 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0.002024291 0 

D21S11 29 v1_29_S1 
[TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0.030364372 0.002314815 

D21S11 29 v1_29_S10 
[TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]2 TCA 
[TCTA]2 TCCA TA [TCTA]11   0.008097166 0 

D21S11 29 v1_29_S2 
[TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]9  0 0.00462963 

D21S11 29 v1_29_S4 
[TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0 0.002314815 
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D21S11 29 v1_29_S6 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0.01417004 0.018518519 

D21S11 29 v1_29_S7 
[TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0.111336032 0.081018519 

D21S11 29 v1_29_S9 
[TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0.002024291 0.025462963 

D21S11 29.2 v1_29.2_S2 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]9 TA TCTA  0.002024291 0 

D21S11 30 v1_30_S2 
[TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0.026315789 0.002314815 

D21S11 30 v1_30_S3 
[TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0.002024291 0.009259259 

D21S11 30 v1_30_S5 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0.038461538 0.043981481 

D21S11 30 v1_30_S6 
[TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12  0.066801619 0.030092593 

D21S11 30 v1_30_S7 
[TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0.01417004 0.009259259 

D21S11 30 v1_30_S9 
[TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12  0.006072874 0 

D21S11 30.2 v1_30.2_S1 
[TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11 TA TCTA  0.002024291 0 

D21S11 30.2 v1_30.2_S2 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]2 TCA 
[TCTA]2 TCCA TA [TCTA]11 TA TCTA  0 0.011574074 

D21S11 30.2 v1_30.2_S3 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10 TA TCTA  0.01417004 0.006944444 

D21S11 31 v1_31_S1 
[TCTA]8 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0.012145749 0 
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D21S11 31 v1_31_S10 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA TCTA GCTA [TCTA]10   0.002024291 0 

D21S11 31 v1_31_S2 
[TCTA]7 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0.006072874 0 

D21S11 31 v1_31_S3 
[TCTA]7 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0.006072874 0.00462963 

D21S11 31 v1_31_S4 
[TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12  0.012145749 0 

D21S11 31 v1_31_S5 
[TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0.016194332 0.034722222 

D21S11 31 v1_31_S6 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12  0.030364372 0.041666667 

D21S11 31 v1_31_S7 
[TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]13  0.01417004 0.00462963 

D21S11 31 v1_31_S9 
[TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12   0.008097166 0.00462963 

D21S11 31.2 v1_31.2_S1 
[TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12 TA TCTA  0.010121457 0 

D21S11 31.2 v1_31.2_S2 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]2 TCA 
[TCTA]2 TCCA TA [TCTA]12 TA TCTA  0.006072874 0.039351852 

D21S11 31.2 v1_31.2_S3 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11 TA TCTA  0.072874494 0.039351852 

D21S11 31.2 v1_31.2_S4 
[TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12 TA TCTA  0.002024291 0.00462963 

D21S11 32 v1_32_S10 
[TCTA]8 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0 0.002314815 

D21S11 32 v1_32_S2 
[TCTA]8 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0.002024291 0 

D21S11 32 v1_32_S4 
[TCTA]7 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12  0.004048583 0 



 255 

D21S11 32 v1_32_S5 
[TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12  0 0.00462963 

D21S11 32 v1_32_S7 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]13  0.004048583 0.002314815 

D21S11 32 v1_32_S9 
[TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]13   0.004048583 0.002314815 

D21S11 32.2 v1_32.2_S1 
[TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11 TA TCTA  0.002024291 0 

D21S11 32.2 v1_32.2_S3 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12 TA TCTA  0.111336032 0.06712963 

D21S11 32.2 v1_32.2_S7 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]2 TCA 
[TCTA]2 TCCA TA [TCTA]13 TA TCTA  0.002024291 0.002314815 

D21S11 32.2 v1_32.2_S8 
[TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12 TA TCTA   0.004048583 0 

D21S11 32.2 V1_32.2_S9 

[TCTA]5 [TCTG]2 TCCG [TCTG]3 [TCTA]3 
TA [TCTA]3 TCA [TCTA]2 TCCA TA 
[TCTA]12 TA TCTA   0.002024291 0 

D21S11 33 v1_33_S2 
[TCTA]7 [TCTG]9 [TCTA]2 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10   0.002024291 0.002314815 

D21S11 33.1 v1_33.1_S1 

[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]6 TCA [TCTA]6 TA 
TCTA  0.002024291 0.006944444 

D21S11 33.2 v1_33.2_S1 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]13 TA TCTA  0.020242915 0.025462963 

D21S11 33.2 v1_33.2_S2 
[TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12 TA TCTA  0.004048583 0 

D21S11 33.2 v1_33.2_S3 
[TCTA]5 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12 TA TCTA  0 0.002314815 
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D21S11 34 v1_34_S2 
[TCTA]10 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0.002024291 0.002314815 

D21S11 34 v1_34_S7 
[TCTA]7 [TCTG]9 [TCTA]2 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11   0.002024291 0.002314815 

D21S11 34.1 v1_34.1_S1 

[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]9 TCA [TCTA]4 TA 
TCTA   0.002024291 0.006944444 

D21S11 34.2 v1_34.2_S1 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]14 TA TCTA  0.002024291 0.006944444 

D21S11 34.2 v1_34.2_S2 
[TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]13 TA TCTA  0.002024291 0.002314815 

D21S11 35 v1_35_S2 
[TCTA]11 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11  0 0.002314815 

D21S11 35 v1_35_S3 
[TCTA]10 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12  0.002024291 0.011574074 

D21S11 35 v1_35_S5 

[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]8 TCA [TCTA]3 TCA 
[TCTA]2 TA TCTA  0.010121457 0.009259259 

D21S11 35 v1_35_S6 
[TCTA]10 [TCTG]4 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]13   0 0.002314815 

D21S11 35 v1_35_S7 
[TCTA]7 [TCTG]9 [TCTA]2 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12  0.002024291 0.002314815 

D21S11 35 v1_35_S8 
[TCTA]11 [TCTG]6 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]10   0 0.002314815 

D21S11 35.1 v1_35.1_S1 

[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10 TCA [TCTA]4 
TA TCTA   0.008097166 0 
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D21S11 35.2 v1_35.2_S1 
[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]15 TA TCTA  0.002024291 0 

D21S11 35.2 v1_35.2_S2 
[TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]14 TA TCTA  0.002024291 0 

D21S11 36 v1_36_S1 
[TCTA]10 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]13  0.002024291 0 

D21S11 36 v1_36_S3 
[TCTA]7 [TCTG]9 [TCTA]2 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]13   0.002024291 0 

D21S11 36 v1_36_S4 
[TCTA]12 [TCTG]6 [TCTA]2 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]11   0 0.002314815 

D21S11 36 v1_36_S5 
[TCTA]11 [TCTG]7 [TCTA]2 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]11   0 0.002314815 

D21S11 36 v1_36_S6 
[TCTA]12 [TCTG]5 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]11   0 0.002314815 

D21S11 36 v1_36_S7 
[TCTA]10 [TCTG]6 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]12   0 0.002314815 

D21S11 36.1 v1_36.1_S1 

[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]11 TCA [TCTA]4 TA 
TCTA  0.004048583 0 

D21S11 36 v1_36_S2 
[TCTA]11 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]13  0 0.00462963 

D21S11 37 v1_37_S3 
[TCTA]11 [TCTG]6 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]12   0.002024291 0 

D21S11 37 v1_37_S4 
[TCTA]13 [TCTG]6 [TCTA]2 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]11   0.002024291 0 

D21S11 37.1 v1_37.1_S1 

[TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]12 TCA [TCTA]4 
TA TCTA   0.002024291 0 

D21S11 37.2 V1_37.2_S1 
[TCTA]11 [TCTG]10 [TCTA]3 TCA [TCTA]2 
TCCA TA [TCTA]12   0.002024291 0 

D21S11 38 v1_38_S1 
[TCTA]13 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA 
[TCTA]2 TCCA TA [TCTA]10  0.002024291 0 

D21S11 39 v1_39_S1 
[TCTA]15 [TCTG]6 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]9   0.002024291 0 

D21S11 39 v1_39_S2 
[TCTA]14 [TCTG]7 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCA TA [TCTA]9   0 0.002314815 

D2S1338 14 v1_14_S2 [GGAA]10 [GGCA]4   0 0.002314815 

D2S1338 15 v1_15_S1 [GGAA]12 [GGCA]3   0 0.002314815 

D2S1338 16 v1_16_S1 [GGAA]9 [GGCA]7  0.002024291 0 

D2S1338 16 v1_16_S2 [GGAA]10 [GGCA]6  0.016194332 0.009259259 

D2S1338 16 v1_16_S3 [GGAA]11 [GGCA]5  0.006072874 0.032407407 

D2S1338 16 v1_16_S4 [GGAA]12 [GGCA]4  0.012145749 0.06712963 
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D2S1338 16 v1_16_S5 [GGAA]13 [GGCA]3   0.004048583 0 

D2S1338 17 v1_17_S1 [GGAA]10 [GGCA]7  0.008097166 0.013888889 

D2S1338 17 v1_17_S2 [GGAA]11 [GGCA]6  0.0951417 0.025462963 

D2S1338 17 v1_17_S3 [GGAA]12 [GGCA]5  0.012145749 0.016203704 

D2S1338 17 v1_17_S4 [GGAA]13 [GGCA]4  0.004048583 0 

D2S1338 17 v1_17_S5 [GGAA]14 [GGCA]3  0.006072874 0.00462963 

D2S1338 18 v1_18_S1 [GGAA]11 [GGCA]7  0.04048583 0.002314815 

D2S1338 18 v1_18_S2 [GGAA]12 [GGCA]6  0.046558704 0.006944444 

D2S1338 18 v1_18_S3 [GGAA]13 [GGCA]5  0.01417004 0.016203704 

D2S1338 18 v1_18_S4 [GGAA]14 [GGCA]4  0 0.00462963 

D2S1338 18 v1_18_S5 [GGAA]15 [GGCA]3  0.004048583 0.00462963 

D2S1338 19 v1_19_S1 [GGAA]11 [GGCA]8  0.004048583 0 

D2S1338 19 v1_19_S2 [GGAA]12 [GGCA]7  0.074898785 0.083333333 

D2S1338 19 v1_19_S3 [GGAA]13 [GGCA]6  0.028340081 0.06712963 

D2S1338 19 v1_19_S4 [GGAA]14 [GGCA]5  0.022267206 0.013888889 

D2S1338 19 v1_19_S5 [GGAA]15 [GGCA]4  0.008097166 0.00462963 

D2S1338 19 v1_19_S6 [GGAA]16 [GGCA]3  0.006072874 0 

D2S1338 20 v1_20_S1 [GGAA]12 [GGCA]8  0.006072874 0.011574074 

D2S1338 20 v1_20_S2 [GGAA]13 [GGCA]7  0.087044534 0.069444444 

D2S1338 20 v1_20_S3 [GGAA]14 [GGCA]6  0.012145749 0.006944444 

D2S1338 20 v1_20_S4 [GGAA]15 [GGCA]5  0.006072874 0.002314815 

D2S1338 20 v1_20_S5 [GGAA]16 [GGCA]4  0.002024291 0.002314815 

D2S1338 20 v1_20_S6 [GGAA]2 GGAC [GGAA]10 [GGCA]7  0.012145749 0 

D2S1338 20 v1_20_S7 [GGAA]2 GGAC [GGAA]11 [GGCA]6  0 0.002314815 

D2S1338 21 v1_21_S1 [GGAA]12 [GGCA]9  0 0.002314815 

D2S1338 21 v1_21_S2 [GGAA]13 [GGCA]8  0.008097166 0.023148148 

D2S1338 21 v1_21_S3 [GGAA]14 [GGCA]7  0.034412955 0.025462963 

D2S1338 21 v1_21_S4 [GGAA]15 [GGCA]6  0.006072874 0.00462963 

D2S1338 21 v1_21_S5 [GGAA]16 [GGCA]5  0.004048583 0.00462963 

D2S1338 21 v1_21_S6 [GGAA]17 [GGCA]4  0.004048583 0 
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D2S1338 21 v1_21_S8 [GGAA]2 GGAC [GGAA]11 [GGCA]7  0.016194332 0.046296296 

D2S1338 21 v1_21_S9 [GGAA]2 GGAC [GGAA]12 [GGCA]6  0.008097166 0.053240741 

D2S1338 22 v1_22_S1 [GGAA]13 [GGCA]9  0.008097166 0.018518519 

D2S1338 22 v1_22_S10 [GGAA]17 [GGCA]5  0.006072874 0 

D2S1338 22 v1_22_S2 [GGAA]14 [GGCA]8  0.008097166 0.00462963 

D2S1338 22 v1_22_S3 [GGAA]15 [GGCA]7  0.032388664 0.064814815 

D2S1338 22 v1_22_S4 [GGAA]16 [GGCA]6  0.004048583 0.011574074 

D2S1338 22 v1_22_S5 [GGAA]2 GGAC [GGAA]12 [GGCA]7  0.032388664 0.037037037 

D2S1338 22 v1_22_S6 [GGAA]2 GGAC [GGAA]13 [GGCA]6  0.018218623 0.027777778 

D2S1338 23 v1_23_S1 [GGAA]14 [GGCA]9  0.002024291 0 

D2S1338 23 v1_23_S11 [GGAA]17 [GGCA]6   0.004048583 0.002314815 

D2S1338 23 v1_23_S2 [GGAA]15 [GGCA]8  0.002024291 0 

D2S1338 23 v1_23_S3 [GGAA]16 [GGCA]7  0.01417004 0.013888889 

D2S1338 23 v1_23_S4 [GGAA]2 GGAC [GGAA]12 [GGCA]8  0.002024291 0 

D2S1338 23 v1_23_S5 [GGAA]2 GGAC [GGAA]13 [GGCA]7  0.085020243 0.069444444 

D2S1338 23 v1_23_S6 [GGAA]2 GGAC [GGAA]14 [GGCA]6  0.012145749 0.009259259 

D2S1338 24 v1_24_S2 [GGAA]16 [GGCA]8  0 0.002314815 

D2S1338 24 v1_24_S4 [GGAA]2 GGAC [GGAA]14 [GGCA]7  0.050607287 0.053240741 

D2S1338 24 v1_24_S5 [GGAA]2 GGAC [GGAA]15 [GGCA]6  0.006072874 0.00462963 

D2S1338 24 v1_24_S6 [GGAA]2 GGAC [GGAA]16 [GGCA]5  0.004048583 0 

D2S1338 24 v1_24_S7 [GGAA]2 GGAC AGAA [GGAA]13 [GGCA]7  0 0.002314815 

D2S1338 24 v1_24_S8 [GGAA]17 [GGCA]7   0.004048583 0 

D2S1338 25 v1_25_S2 [GGAA]2 GGAC [GGAA]14 [GGCA]8  0.004048583 0 

D2S1338 25 v1_25_S3 [GGAA]2 GGAC [GGAA]15 [GGCA]7  0.056680162 0.030092593 

D2S1338 25 v1_25_S4 [GGAA]2 GGAC [GGAA]16 [GGCA]6  0.008097166 0 

D2S1338 26 v1_26_S1 [GGAA]2 GGAC [GGAA]15 [GGCA]8  0.006072874 0.006944444 

D2S1338 26 v1_26_S2 [GGAA]2 GGAC [GGAA]16 [GGCA]7  0.004048583 0.009259259 

D2S1338 26 v1_26_S3 [GGAA]2 GGAC [GGAA]17 [GGCA]6  0.002024291 0 

D2S1338 27 v1_27_S3 [GGAA]2 GGAC [GGAA]18 [GGCA]6   0.002024291 0 

D2S441 9 v1_9_S1 [TCTA]9  0.002024291 0 
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D2S441 9.1 v1_9.1_S1 A [TCTA]9  0.002024291 0 

D2S441 10 v1_10_S1 [TCTA]10  0.022267206 0.018518519 

D2S441 10 v1_10_S2 [TCTA]8 TCTG TCTA  0.113360324 0.011574074 

D2S441 10 v2_10_S1 [TCTA]10  rs74640515 0.018218623 0 

D2S441 10.3 v1_10.3_S1 [TCTA]3 TCA [TCTA]7   0 0.00462963 

D2S441 11 v1_11_S1 [TCTA]11  0.327935223 0.331018519 

D2S441 11 v1_11_S2 [TCTA]9 TCTG TCTA  0.018218623 0.018518519 

D2S441 11 v2_11_S1 [TCTA]11  rs74640515 0.022267206 0.002314815 

D2S441 11.3 v1_11.3_S1 [TCTA]4 TCA [TCTA]7  0.066801619 0.018518519 

D2S441 11.3 v1_11.3_S2 [TCTA]3 TCA [TCTA]8  0.004048583 0.002314815 

D2S441 12 v1_12_S1 [TCTA]12  0.0951417 0.168981481 

D2S441 12 v1_12_S2 [TCTA]10 TCTG TCTA  0.008097166 0.009259259 

D2S441 12 v2_12_S1 [TCTA]12  rs74640515 0.002024291 0 

D2S441 12 v3_12_S2 [TCTA]10 TCTG TCTA  rs1033072608 0.002024291 0.023148148 

D2S441 12 v4_12_S1 [TCTA]12   rs unknown 0 0.002314815 

D2S441 12.3 v1_12.3_S1 [TCTA]4 TCA [TCTA]8  0.004048583 0.002314815 

D2S441 12.3 v1_12.3_S3 [TCTA]3 TCA [TCTA]9  0.010121457 0.009259259 

D2S441 13 v1_13_S1 [TCTA]13  0.004048583 0.011574074 

D2S441 13 v1_13_S2 [TCTA]11 TCTG TCTA  0.004048583 0 

D2S441 13 v1_13_S3 [TCTA]10 TTTA [TCTA]2  0.026315789 0.018518519 

D2S441 13.3 v1_13.3_S2 [TCTA]3 TCA [TCTA]10  0.012145749 0 

D2S441 14 v1_14_S1 [TCTA]11 TTTA [TCTA]2  0.208502024 0.291666667 

D2S441 14 v5_14_S1 [TCTA]11 TTTA [TCTA]2  rs unknown 0 0.002314815 

D2S441 14.3 v1_14.3_S1 [TCTA]3 TCA [TCTA]11  0.002024291 0.00462963 

D2S441 15 v1_15_S1 [TCTA]12 TTTA [TCTA]2  0.020242915 0.046296296 

D2S441 16 v1_16_S1 [TCTA]13 TTTA [TCTA]2   0.004048583 0.002314815 

D3S1358 12 v1_12_S2 TCTA [TCTG]2 [TCTA]9  0 0.002314815 

D3S1358 13 v1_13_S1 TCTA TCTG [TCTA]11  0 0.002314815 

D3S1358 13 v1_13_S2 TCTA [TCTG]2 [TCTA]10  0.004048583 0 

D3S1358 14 v1_14_S1 TCTA TCTG [TCTA]12  0.036437247 0.05787037 
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D3S1358 14 v1_14_S2 TCTA [TCTG]2 [TCTA]11  0.068825911 0.023148148 

D3S1358 15 v1_15_S1 TCTA TCTG [TCTA]13  0.08097166 0.173611111 

D3S1358 15 v1_15_S2 TCTA [TCTG]2 [TCTA]12  0.210526316 0.138888889 

D3S1358 15 v1_15_S3 TCTA [TCTG]3 [TCTA]11  0.012145749 0.009259259 

D3S1358 15.2 v1_15.2_S1 TCTA [TCTG]3 TC [TCTA]11  0.002024291 0 

D3S1358 16 v1_16_S1 TCTA TCTG [TCTA]14  0.060728745 0.131944444 

D3S1358 16 v1_16_S2 TCTA [TCTG]2 [TCTA]13  0.16194332 0.148148148 

D3S1358 16 v1_16_S3 TCTA [TCTG]3 [TCTA]12  0.052631579 0.041666667 

D3S1358 17 v1_17_S1 TCTA TCTG [TCTA]15  0.01417004 0.027777778 

D3S1358 17 v1_17_S2 TCTA [TCTG]2 [TCTA]14  0.109311741 0.099537037 

D3S1358 17 v1_17_S4 TCTA [TCTG]3 [TCTA]13  0.08097166 0.085648148 

D3S1358 18 v1_18_S1 TCTA TCTG [TCTA]16  0.002024291 0.011574074 

D3S1358 18 v1_18_S2 TCTA [TCTG]2 [TCTA]15  0.028340081 0.016203704 

D3S1358 18 v1_18_S3 TCTA [TCTG]3 [TCTA]14  0.068825911 0.030092593 

D3S1358 18 v1_18_S4 TCTA [TCTG]4 [TCTA]13  0.002024291 0 

D3S1358 19 v1_19_S2 TCTA [TCTG]3 [TCTA]15   0.004048583 0 

D4S2408 8 v1_8_S1 [ATCT]8  0.170040486 0.111111111 

D4S2408 9 v1_9_S1 [ATCT]9  0.17611336 0.122685185 

D4S2408 9 v1_9_S2 ATCT GTCT [ATCT]7  0.046558704 0.00462963 

D4S2408 10 v1_10_S1 [ATCT]10  0.248987854 0.247685185 

D4S2408 11 v1_11_S1 [ATCT]11  0.240890688 0.335648148 

D4S2408 11 v2_11_S1 [ATCT]11  rs unknown 0.002024291 0 

D4S2408 12 v1_12_S1 [ATCT]12  0.111336032 0.175925926 

D4S2408 13 v1_13_S1 [ATCT]13   0.004048583 0.002314815 

D5S818 8 v1_8_S1 [ATCT]8  rs73801920 0.026315789 0.085648148 

D5S818 8 v1_8_S2 [ATCT]8  0.002024291 0 

D5S818 9 v1_9_S1 [ATCT]9  0.004048583 0 

D5S818 9 v1_9_S2 [ATCT]9  rs73801920 0.020242915 0.027777778 

D5S818 10 v1_10_S1 [ATCT]10  0.087044534 0.050925926 

D5S818 10 v1_10_S2 [ATCT]10  rs73801920 0.018218623 0.018518519 
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D5S818 11 v1_11_S1 [ATCT]11  0.222672065 0.199074074 

D5S818 11 v1_11_S2 [ATCT]11  rs73801920 0.050607287 0.048611111 

D5S818 12 v1_12_S1 [ATCT]12  0.240890688 0.206018519 

D5S818 12 v1_12_S2 [ATCT]12  rs73801920 0.103238866 0.104166667 

D5S818 13 v1_13_S1 [ATCT]13  0.159919028 0.210648148 

D5S818 13 v1_13_S2 [ATCT]13  rs73801920 0.04048583 0.020833333 

D5S818 13 v1_13_S3 [ATCT]3 ATGT [ATCT]9  0.010121457 0.009259259 

D5S818 14 v1_14_S1 [ATCT]14  0.012145749 0.013888889 

D5S818 15 v1_15_S1 [ATCT]15   0.002024291 0.00462963 

D6S1043 9 v1_9_S1 [ATCT]9  0 0.009259259 

D6S1043 10 v1_10_S1 [ATCT]10  0.020242915 0.00462963 

D6S1043 11 v1_11_S1 [ATCT]11  0.21659919 0.118055556 

D6S1043 12 v1_12_S1 [ATCT]12  0.228744939 0.212962963 

D6S1043 13 v1_13_S1 [ATCT]13  0.066801619 0.074074074 

D6S1043 13 v1_13_S2 ATCT ATGT [ATCT]11   0.002024291 0 

D6S1043 13.3 v1_13.3_S1 [ATCT]9 ATC [ATCT]4   0.002024291 0 

D6S1043 14 v1_14_S1 [ATCT]14  0.085020243 0.048611111 

D6S1043 14 v1_14_S3 [ATCT]5 ATGT [ATCT]8  0.020242915 0.011574074 

D6S1043 15 v1_15_S1 [ATCT]15  0.010121457 0.00462963 

D6S1043 15 v1_15_S2 [ATCT]5 ATGT [ATCT]9  0.036437247 0.097222222 

D6S1043 15 v1_15_S3 ATCT ATGT [ATCT]13  0.002024291 0 

D6S1043 16 v1_16_S1 [ATCT]5 ATGT [ATCT]10  0.008097166 0.039351852 

D6S1043 16 v1_16_S2 [ATCT]4 ATGT [ATCT]11  0.004048583 0.006944444 

D6S1043 16 v1_16_S3 ATCT ATGT [ATCT]14  0.002024291 0 

D6S1043 16 v1_16_S4 [ATCT]5 ATGT [ATCT]7 ATGT [ATCT]2   0 0.002314815 

D6S1043 17 v1_17_S2 [ATCT]5 ATGT [ATCT]11  0.044534413 0.0625 

D6S1043 17 v1_17_S3 [ATCT]5 ATGT [ATCT]8 ATGT [ATCT]2  0.004048583 0.020833333 

D6S1043 17 v1_17_S4 [ATCT]4 ATGT [ATCT]12  0 0.002314815 

D6S1043 17 v1_17_S5 ATCA [ATCT]4 ATGT [ATCT]11   0 0.002314815 

D6S1043 18 v1_18_S1 [ATCT]5 ATGT [ATCT]12  0.087044534 0.092592593 
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D6S1043 19 v1_19_S1 [ATCT]5 ATGT [ATCT]13  0.082995951 0.134259259 

D6S1043 20 v1_20_S1 [ATCT]5 ATGT [ATCT]14  0.060728745 0.053240741 

D6S1043 21 v1_21_S1 [ATCT]6 ATGT [ATCT]14  0.002024291 0 

D6S1043 21 v1_21_S2 [ATCT]5 ATGT [ATCT]15  0.006072874 0 

D6S1043 21.3 v1_21.3_S1 [ATCT]5 ATGT [ATCT]2 ATC [ATCT]13   0.008097166 0.002314815 

D7S820 7 v1_7_S1 [TATC]7  rs7789995 0.018218623 0.002314815 

D7S820 8 v1_8_S1 [TATC]8  rs7789995 0.115384615 0.122685185 

D7S820 8 v2_8_S1 [TATC]8  
rs7789995, 
rs16887642 0.072874494 0.05787037 

D7S820 8 v4_8_S1 [TATC]8  rs7789995 0.002024291 0 

D7S820 9 v1_9_S1 [TATC]9  rs7789995 0.087044534 0.081018519 

D7S820 9 v2_9_S1 [TATC]9  
rs7789995, 
rs16887642 0.028340081 0.030092593 

D7S820 9 v3_9_S1 [TATC]9  0 0.002314815 

D7S820 10 v1_10_S1 [TATC]10  rs7789995 0.224696356 0.314814815 

D7S820 10 v2_10_S1 [TATC]10  
rs7789995, 
rs16887642 0.020242915 0.00462963 

D7S820 10 v3_10_S1 [TATC]10  0.010121457 0.006944444 

D7S820 10 v5_10_S1 [TATC]10  
rs7789995, rs 
unknown 0.002024291 0 

D7S820 11 v1_11_S1 [TATC]11  rs7789995 0.165991903 0.185185185 

D7S820 11 v2_11_S1 [TATC]11  
rs7789995, 
rs16887642 0.012145749 0.016203704 

D7S820 11 v3_11_S1 [TATC]11  0.024291498 0.050925926 

D7S820 12 v1_12_S1 [TATC]12   rs7789995 0.13562753 0.094907407 

D7S820 12 v2_12_S1 [TATC]12  
rs7789995, 
rs16887642 0.010121457 0.006944444 

D7S820 12 v3_12_S1 [TATC]12  0.022267206 0.00462963 

D7S820 12 v6_12_S1 [TATC]12  
rs7789995, rs 
unknown 0.002024291 0 

D7S820 13 v1_13_S1 [TATC]13  rs7789995 0.038461538 0.013888889 

D7S820 13 v2_13_S1 [TATC]13  
rs7789995, 
rs16887642 0.002024291 0.002314815 

D7S820 13 v3_13_S1 [TATC]13  0.002024291 0 

D7S820 14 v1_14_S1 [TATC]14  rs7789995 0.002024291 0.002314815 

D7S820 15 v1_15_S1 [TATC]15  rs7789995 0.002024291 0 

D8S1179 8 v1_8_S1 [TCTA]8  0.010121457 0 



 264 

D8S1179 9 v1_9_S1 [TCTA]9  0.012145749 0 

D8S1179 10 v1_10_S1 [TCTA]10  0.066801619 0.002314815 

D8S1179 11 v1_11_S1 [TCTA]11  0.060728745 0.013888889 

D8S1179 11 v1_11_S2 [TCTA]2 TCTG [TCTA]8  0.008097166 0.025462963 

D8S1179 11 v1_11_S3 TCTA TCTG [TCTA]9  0 0.002314815 

D8S1179 12 v1_12_S1 [TCTA]12  0.072874494 0.046296296 

D8S1179 12 v1_12_S2 [TCTA]2 TCTG [TCTA]9  0.022267206 0.037037037 

D8S1179 12 v1_12_S3 TCTA TCTG [TCTA]10  0.016194332 0.006944444 

D8S1179 13 v1_13_S1 [TCTA]13  0.044534413 0.006944444 

D8S1179 13 v1_13_S2 [TCTA]2 TCTG [TCTA]10  0.036437247 0.097222222 

D8S1179 13 v1_13_S3 TCTA TCTG [TCTA]11  0.137651822 0.157407407 

D8S1179 14 v1_14_S1 [TCTA]14  0.010121457 0.006944444 

D8S1179 14 v1_14_S2 [TCTA]2 TCTG [TCTA]11  0.111336032 0.104166667 

D8S1179 14 v1_14_S4 TCTA TCTG [TCTA]12  0.129554656 0.1875 

D8S1179 14 v1_14_S5 TCTA TCTG TGTA [TCTA]11  0.002024291 0 

D8S1179 15 v1_15_S1 [TCTA]15  0.004048583 0 

D8S1179 15 v1_15_S2 [TCTA]2 TCTG [TCTA]12  0.125506073 0.150462963 

D8S1179 15 v1_15_S3 [TCTA]2 [TCTG]2 [TCTA]11  0.01417004 0.037037037 

D8S1179 15 v1_15_S5 TCTA TCTG [TCTA]13  0.034412955 0.025462963 

D8S1179 16 v1_16_S1 [TCTA]2 TCTG [TCTA]13  0.062753036 0.064814815 

D8S1179 16 v1_16_S2 [TCTA]2 [TCTG]2 [TCTA]12  0 0.011574074 

D8S1179 16 v1_16_S3 TCTA TCTG [TCTA]14  0.002024291 0.009259259 

D8S1179 17 v1_17_S1 [TCTA]2 TCTG [TCTA]14  0.006072874 0.006944444 

D8S1179 17 v1_17_S2 [TCTA]2 [TCTG]2 [TCTA]13  0.002024291 0 

D8S1179 17 v1_17_S3 TCTA TCTG [TCTA]15  0.002024291 0 

D8S1179 18 v1_18_S1 [TCTA]2 TCTG [TCTA]15  0.002024291 0 

D8S1179 18 v1_18_S2 [TCTA]2 [TCTG]2 [TCTA]14  0.002024291 0 

D8S1179 19 v1_19_S1 [TCTA]2 [TCTG]2 [TCTA]15   0.002024291 0 

D9S1122 9 v1_9_S1 [TAGA]9  0.002024291 0.009259259 

D9S1122 9 v1_9_S2 TAGA TCGA [TAGA]7  0.016194332 0.048611111 
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D9S1122 10 v1_10_S1 [TAGA]10  0.010121457 0.002314815 

D9S1122 10 v1_10_S2 TAGA TCGA [TAGA]8  0.006072874 0.00462963 

D9S1122 11 v1_11_S1 [TAGA]11  0.093117409 0.071759259 

D9S1122 11 v1_11_S2 TAGA TCGA [TAGA]9  0.070850202 0.071759259 

D9S1122 12 v1_12_S1 [TAGA]12  0.16194332 0.090277778 

D9S1122 12 v1_12_S2 TAGA TCGA [TAGA]10  0.232793522 0.275462963 

D9S1122 13 v1_13_S1 [TAGA]13  0.052631579 0.020833333 

D9S1122 13 v1_13_S2 TAGA TCGA [TAGA]11  0.277327935 0.335648148 

D9S1122 13 v2_13_S1 TAGA TCGA [TAGA]11  rs149309595 0.002024291 0.002314815 

D9S1122 14 v1_14_S1 [TAGA]14  0.010121457 0.002314815 

D9S1122 14 v1_14_S2 TAGA TCGA [TAGA]12  0.05465587 0.060185185 

D9S1122 15 v1_15_S1 [TAGA]15  0.002024291 0.002314815 

D9S1122 15 v1_15_S2 TAGA TCGA [TAGA]13  0.006072874 0.002314815 

D9S1122 16 v1_16_S1 TAGA TCGA [TAGA]14   0.002024291 0 

FGA 16 v1_16_S1 [GGAA]2 GGAG [AAAG]8 AG [AA]3 [GAAA]3  0.002024291 0 

FGA 16.1 v1_16.1_S1 
[GGAA]2 GGAG [AAAG]3 A [AAAG]5 AG 
[AA]3 [GAAA]3   0 0.013888889 

FGA 17 v1_17_S1 [GGAA]2 GGAG [AAAG]9 AG [AA]3 [GAAA]3  0.002024291 0 

FGA 18 v1_18_S1 [GGAA]2 GGAG [AAAG]10 AG [AA]3 [GAAA]3  0.010121457 0.00462963 

FGA 18.2 v1_18.2_S1 [GGAA]2 GGAG [AAAG]11 [AA]3 [GAAA]3  0.004048583 0.016203704 

FGA 19 v1_19_S1 [GGAA]2 GGAG [AAAG]11 AG [AA]3 [GAAA]3  0.074898785 0.050925926 

FGA 19.2 v1_19.2_S1 [GGAA]2 GGAG [AAAG]12 [AA]3 [GAAA]3  0.008097166 0.025462963 

FGA 20 v1_20_S1 [GGAA]2 GGAG [AAAG]12 AG [AA]3 [GAAA]3  0.109311741 0.06712963 

FGA 20.2 v1_20.2_S1 [GGAA]2 GGAG [AAAG]13 [AA]3 [GAAA]3  0 0.002314815 

FGA 21 v1_21_S1 [GGAA]2 GGAG [AAAG]13 AG [AA]3 [GAAA]3  0.129554656 0.087962963 

FGA 21.2 v1_21.2_S1 [GGAA]2 GGAG [AAAG]14 [AA]3 [GAAA]3  0.006072874 0.002314815 

FGA 22 v1_22_S1 [GGAA]2 GGAG [AAAG]14 AG [AA]3 [GAAA]3  0.159919028 0.166666667 

FGA 22 v1_22_S2 
GGAG GGAA GGAG [AAAG]14 AG [AA]3 
[GAAA]3   0.002024291 0.002314815 

FGA 22.2 v1_22.2_S1 [GGAA]2 GGAG [AAAG]15 [AA]3 [GAAA]3  0.004048583 0.002314815 

FGA 23 v1_23_S1 [GGAA]2 GGAG [AAAG]15 AG [AA]3 [GAAA]3  0.141700405 0.164351852 

FGA 23 v1_23_S2 
GGAG GGAA GGAG [AAAG]15 AG [AA]3 
[GAAA]3  0.002024291 0.002314815 
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FGA 23.2 v1_23.2_S1 [GGAA]2 GGAG [AAAG]16 [AA]3 [GAAA]3  0.006072874 0.002314815 

FGA 24 v1_24_S1 [GGAA]2 GGAG [AAAG]16 AG [AA]3 [GAAA]3  0.13562753 0.143518519 

FGA 24 v1_24_S2 
[GGAA]2 GGAG [AAAG]16 AG [AA]3 GAAA 
GCAA GAAA  0 0.00462963 

FGA 24 v1_24_S3 
GGAG GGAA GGAG [AAAG]16 AG [AA]3 
[GAAA]3   0.002024291 0 

FGA 24 v2_24_S1 
[GGAA]2 GGAG [AAAG]16 AG [AA]3 
[GAAA]3  rs unknown 0.002024291 0.002314815 

FGA 25 v1_25_S1 [GGAA]2 GGAG [AAAG]17 AG [AA]3 [GAAA]3  0.093117409 0.12037037 

FGA 25 v1_25_S2 
GGAG GGAA GGAG [AAAG]17 AG [AA]3 
[GAAA]3   0.004048583 0 

FGA 25.2 v1_25.2_S1 [GGAA]2 GGAG [AAAG]18 [AA]3 [GAAA]3  0.002024291 0 

FGA 26 v1_26_S1 
[GGAA]2 GGAG [AAAG]5 AA GGAA AG 
[AAAG]11 AG [AA]3 [GAAA]3  0.006072874 0.016203704 

FGA 26 v1_26_S2 [GGAA]2 GGAG [AAAG]18 AG [AA]3 [GAAA]3  0.046558704 0.032407407 

FGA 26 v1_26_S4 
GGAG GGAA GGAG [AAAG]18 AG [AA]3 
[GAAA]3   0.002024291 0 

FGA 26 v2_26_S2 
[GGAA]2 GGAG [AAAG]18 AG [AA]3 
[GAAA]3  rs unknown 0 0.009259259 

FGA 27 v1_27_S1 
[GGAA]2 GGAG [AAAG]5 AA GGAA AG 
[AAAG]12 AG [AA]3 [GAAA]3  0.016194332 0.039351852 

FGA 27 v1_27_S2 [GGAA]2 GGAG [AAAG]19 AG [AA]3 [GAAA]3  0.01417004 0.002314815 

FGA 28 v1_28_S2 [GGAA]2 GGAG [AAAG]20 AG [AA]3 [GAAA]3  0 0.00462963 

FGA 28 v1_28_S3 
[GGAA]2 GGAG [AAAG]5 AA GGAA AG 
[AAAG]13 AG [AA]3 [GAAA]3  0.002024291 0.006944444 

FGA 29 v1_29_S1 
[GGAA]2 GGAG [AAAG]5 AA GGAA AG 
[AAAG]14 AG [AA]3 [GAAA]3  0.006072874 0 

FGA 29 v1_29_S2 [GGAA]2 GGAG [AAAG]21 AG [AA]3 [GAAA]3  0 0.002314815 

FGA 29.2 v1_29.2_S1 
[GGAA]4 GGAG [AAAG]3 [GAAG]3 [AAAG]13 
[AA]3 [GAAA]4  0 0.002314815 

FGA 30.2 v1_30.2_S1 
[GGAA]4 GGAG [AAAG]3 [GAAG]3 
[AAAG]14 [AA]3 [GAAA]4   0 0.002314815 

FGA 31.2 v1_31.2_S1 
[GGAA]4 GGAG [AAAG]3 [GAAG]3 [AAAG]15 
[AA]3 [GAAA]4  0.004048583 0 

FGA 43.2 v1_43.2_S2 
[GGAA]4 GGAG [AAAG]3 [GAAG]4 
[AAAG]13 [ACAG]5 [AAAG]8 [AA]3 [GAAA]4   0.002024291 0 

TH01 5 v1_5_S1 [AATG]5  0.002024291 0.00462963 

TH01 6 v1_6_S1 [AATG]6  0.170040486 0.12037037 

TH01 7 v1_7_S1 [AATG]7  0.246963563 0.319444444 

TH01 8 v1_8_S1 [AATG]8  0.251012146 0.337962963 

TH01 9 v1_9_S1 [AATG]9  0.184210526 0.171296296 

TH01 9.3 v1_9.3_S1 [AATG]6 ATG [AATG]3  0.133603239 0.034722222 
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TH01 10 v1_10_S1 [AATG]10   0.012145749 0.011574074 

TPOX 6 v1_6 [AATG]6  0.016194332 0.097222222 

TPOX 7 v1_7 [AATG]7  0.002024291 0.018518519 

TPOX 8 v1_8 [AATG]8  0.400809717 0.305555556 

TPOX 9 v1_9 [AATG]9  0.236842105 0.208333333 

TPOX 10 v1_10 [AATG]10  0.060728745 0.094907407 

TPOX 11 v1_11 [AATG]11  0.269230769 0.263888889 

TPOX 12 v1_12 [AATG]12   0.01417004 0.011574074 

VWA 11 v1_11_S1 TAGA TGGA [TAGA]7 [CAGA]3 TAGA  0.010121457 0.002325581 

VWA 13 v1_13_S1 TAGA TGGA [TAGA]8 [CAGA]4 TAGA  0 0.004651163 

VWA 13 v2_13_S2 [TAGA]10 [CAGA]4 TAGA  rs771794429 0.002024291 0.004651163 

VWA 14 v1_14_S1 TAGA TGGA [TAGA]9 [CAGA]4 TAGA  0.008097166 0.004651163 

VWA 14 v1_14_S2 [TAGA]11 [CAGA]4 TAGA  0.002024291 0 

VWA 14 v1_14_S3 TAGA TGGA [TAGA]10 [CAGA]3 TAGA  0.004048583 0.002325581 

VWA 14 v1_14_S4 
[TGGA]2 [TAGA]3 TGGA [TAGA]3 [CAGA]4 
TAGA CAGA TAGA  0.072874494 0.074418605 

VWA 14 v2_14_S4 [TAGA]11 [CAGA]4 TAGA  rs771794429 0.010121457 0.023255814 

VWA 15 v1_15_S2 TAGA TGGA [TAGA]10 [CAGA]4 TAGA  0.099190283 0.095348837 

VWA 15 v1_15_S3 [TAGA]12 [CAGA]4 TAGA  0.004048583 0.002325581 

VWA 15 v1_15_S5 TAGA TGGA [TAGA]11 [CAGA]3 TAGA  0.034412955 0.065116279 

VWA 16 v1_16_S1 TAGA TGGA [TAGA]11 [CAGA]4 TAGA  0.204453441 0.190697674 

VWA 16 v1_16_S4 TAGA TGGA [TAGA]12 [CAGA]3 TAGA  0.030364372 0.039534884 

VWA 17 v1_17_S1 TAGA TGGA [TAGA]11 [CAGA]5 TAGA  0.002024291 0 

VWA 17 v1_17_S2 TAGA TGGA [TAGA]12 [CAGA]4 TAGA  0.218623482 0.195348837 

VWA 17 v1_17_S3 TAGA TGGA [TAGA]13 [CAGA]3 TAGA  0.026315789 0.030232558 

VWA 17 v1_17_S4 TAGA TGGA [TAGA]13 [CAGA]4  0.002024291 0.002325581 

VWA 18 v1_18_S1 TAGA TGGA [TAGA]11 [CAGA]6 TAGA  0.006072874 0 

VWA 18 v1_18_S2 TAGA TGGA [TAGA]12 [CAGA]5 TAGA  0.002024291 0 

VWA 18 v1_18_S3 TAGA TGGA [TAGA]13 [CAGA]4 TAGA  0.168016194 0.174418605 

VWA 18 v1_18_S6 TAGA TGGA [TAGA]14 [CAGA]3 TAGA  0.010121457 0.011627907 

VWA 18 v1_18_S8 TAGA TGGA [TAGA]14 [CAGA]4  0.002024291 0 
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VWA 19 v1_19_S1 TAGA TGGA [TAGA]12 [CAGA]6 TAGA  0.016194332 0.009302326 

VWA 19 v1_19_S2 TAGA TGGA [TAGA]13 [CAGA]5 TAGA  0.010121457 0.002325581 

VWA 19 v1_19_S3 TAGA TGGA [TAGA]14 [CAGA]4 TAGA  0.038461538 0.048837209 

VWA 19 v1_19_S5 TAGA TGGA [TAGA]14 [CAGA]4 TAGT  0.002024291 0 

VWA 20 v1_20_S1 TAGA TGGA [TAGA]13 [CAGA]6 TAGA  0.002024291 0.002325581 

VWA 20 v1_20_S2 TAGA TGGA [TAGA]14 [CAGA]5 TAGA  0.002024291 0.006976744 

VWA 20 v1_20_S3 TAGA TGGA [TAGA]15 [CAGA]4 TAGA  0.010121457 0.004651163 

VWA 21 v1_21_S1 TAGA TGGA [TAGA]14 [CAGA]6 TAGA   0 0.002325581 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 269 

 

Appendix 4.4: Novel allele sequences 
Table A4.4: Novel allele sequences and their frequencies in two South African population 
groups 
 
Marker Allele Sequence Admixed (n = 

247) 
Black 
Africa
n (n = 
216) 

CSF1PO 12.1 CTTCCTATCTATCTATCTATCTATCTATCTATCTAATCTATCTATCTAT
CTATCTAATCTATCTATCTT 

0.002024291 0 

D12S391 17 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGATAGATAGATAGATAGACAGACAGACAGACAGACA
GACAGACAGACAGATGAGAGGGGATTTATTAGAGGAATTAGCTCAA
GTGATATGGAGGCTGAAAAATCTCATGACAGTCCATCTGCAAGCTGG
AGACCCAGGGACACTA 

0.002024291 0 

D12S391 18 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGACA
GACAGACAGACAGACAGACGAGAGGGGATTTATTAGAGGAATTAGC
TCAAGTGATATGGAGGCTGAAAAATCTCATGACAGTCCATCTGCAAG
CTGGAGACCCAGGGACACTA 

0.002024291 0 

D12S391 21 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGGTAGATAGATAGATAGATAGATAGATAGATAGATA
GATAGACAGACAGACAGACAGACAGACAGATGAGAGGGGATTTATT
AGAGGAATTAGCTCAAGTGATATGGAGGCTGAAAAATCTCATGACA
GTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

0.002024291 0 

D12S391 23 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATAGATAGACAGACA
GACAGACAGACAGACAGACAGACAGACAGACAGACAGATGAGAGG
GGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGAAAAATC
TCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

0.002024291 0 

D12S391 24 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGACA
GACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGATGA
GAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGAA
AAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

0.004048583 0.0092
59259 

D12S391 25 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATA
GACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAG
ATGAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGC
TGAAAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGAC
ACTA 

0.002024291 0.0046
2963 

D12S391 26 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATA
GATAGATAGATAGACAGACAGACAGACAGACAGACAGACAGACAG
ACAGATGAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGG
AGGCTGAAAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAG
GGACACTA 

0.004048583 0 

D12S391 27 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATA
GATAGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAG
ACAGACAGATGAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGAT
ATGGAGGCTGAAAAATCTCATGACAGTCCATCTGCAAGCTGGAGAC
CCAGGGACACTA 

0.002024291 0 

D12S391 27 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATA
GATAGATAGACAGACAGACAGACAGACAGACAGACAGACAGACAG
ACAGACAGATGAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGAT
ATGGAGGCTGAAAAATCTCATGACAGTCCATCTGCAAGCTGGAGAC
CCAGGGACACTA 

0.002024291 0.0023
14815 

D12S391 22 CAGAGAGAAAGAATCAACAGGATCAATGGATGCATAGGTAGATAGA
TAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATA
GACAGACAGACAGACAGACAGACAGACAGACAGACGAGAGGGGAT
TTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGAAAAATCTCAT
GACAGTCCATCTGCAAGCTGGAGACCCAGGGACACGA 

0.002024291 0 

D13S317 11 TCTGACCCATCTAACGCCTATCTGTATTTACAAATACATTATCTATCT
ATCTATCTATCTATCTATCTATCTATCTATCTATCTATCAATCATCTAT
CTATCTTTCTGTCTTTTTGGG 

0.004048583 0.0046
2963 

D13S317 12 TCTGACCCATCTAACGCCTATCTGTATTTACAAATACATTATCTATCT
ATCTATCTATCTATCTATTTATCTATCTATCTATCTATCAATCATCTAT
CTATCTTTCTGTCTGTCTTTTTGGG 

0.002024291 0 
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D13S317 12 TCTGACCCATCTAACGCCTATCTGTATTTACAAATACATTATCTATCT
ATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCAATCAT
CTATCTATCTTTCTGTCTTTTTGGG 

0.002024291 0 

D13S317 15 TCTGACCCATCTAACGCCTATCTGTATTTACAAATACATTATCTATCT
ATCTATCTATCTGTCTATCTATCTATCTATCTATCTATCTATCTATCTA
TCAATCATCTATCTATCTTTCTGTCTGTCTTTTTGGG 

0.002024291 0.0023
14815 

D16S539 13 TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTGGATAGGTAG
ATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATATCA
TTGAAAGACAAAACAGAGATGGATGATAGATAC 

0.002024291 0 

D16S539 13 TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTGGATAGATAG
ATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATATCA
TTGAAAGACAAAACAGAGATGGATGATAGTTAC 

0.002024291 0 

D17S1301 14 ATATGTGTGAGATAGATAGATAGATAGATAGATAGATAGATAGATA
GATAGATAGATAGATCGATCCATCATAGGAATTTT 

0.004048583 0.0023
14815 

D17S1301 12 ATATGTGCGAGATAGATAGATAGATAGATAGATAGATAGATAGATA
GATAGATAGATCCATCATAGGAATTTT 

0.002024291 0 

D18S51 15 GTCTCAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAA
AGAAAGAAAGAAGGAAAGAAAAAGAGAGAGGAAAGAAAGAGAAA
AAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA 

0.002024291 0 

D18S51 16 GTCTCAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAA
AGAAAGAAAGAAAGAAGGAAAGAAAAAGAGAGAGGAAAGAAAGA
GAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA 

0.002024291 0 

D18S51 17 GTCTCAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAA
AGAAAGAAAGAAAGAAAGAAGGAAAGAAAAAGAGAGAGGAAAGA
AAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA 

0 0.0092
59259 

D18S51 22.2 GTCTCAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAA
AGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAA
AGAGAAAAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGT
AGCAACTGTTATTGTAAGA 

0.002024291 0 

D18S51 14 GTCTCAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAA
AGAAAGAAGGAAAGAAAAAGAGAGAGGAAAGAAAGAGAAAAAGA
AAAGAAATAGTAGCAACTGTTATTGTAAGA 

0.002024291 0 

D19S433 7 AATAAAAATCTTCTCTCTTTCTTCCTCTCTCCTTCCTTCCTTCCTTCCT
TCCTACCTTCTTTCCTTCAACAGAATCTTATTCTGTTGCCCAGGCTGG
AGTGCAGTGGTACAATTATAGCT 

0.026315789 0.0138
88889 

D19S433 7 AATAAAAATATTCTCTCTTTCTTCCTCTCTCCTTCCTTCCTTCCTTCCT
TCCTACCTTCTTTCCTTCAACAGAATCTTATTCTGTTGCCCAGGCTGG
AGTGCAGTGGTACAATTATAGCT 

0 0.0023
14815 

D19S433 13 AATAAAAATCTTCTCTCTTTCTTCCTCTCTCCTTCCTTCCTTCCTTCCT
TCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCTTTCCTTCAACAGAA
TCTTATTCTGTTGCCCAGGCTGGAGTGCAGTGGTACAATTATAGCT 

0.002024291 0 

D19S433 8 AATAAAAATATTCTCTCTTTCTTCCTCTCTCCTTCCTTCCTTCCTTCCT
TCCTTCCTACCTTCTTTCCTTCAACAGAATCTTATTCTGTTGCCCAGG
CTGGAGTGCAGTGGTACAATTATAGCT 

0.002024291 0.0069
44444 

D1S1656 13.3 TTCAGAGAAATAGAATCACTAGGGAACCAAATATATATACATACAA
TTAAACACACACACACCTATCTATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCATCTA 

0 0.0046
2963 

D1S1656 15 TTCAGAGAAATAGAATCACTAGGGAACCAAATATATATACCTACAAT
TAAACACACACACACCTATCTATCTATCTATCTATCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTA 

0 0.0023
14815 

D1S1656 16.3 TTCAGAGAAATAGAATCACTAGGGAACCAAATATATATACATACAA
TTAAACACGCACACACCTATCTATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCATCTATCTATCTATCTA 

0.002024291 0 

D21S11 29 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTAT
CTATCATCTATCTATCCATATCTATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCGTCTATCTAT 

0.008097166 0 

D21S11 31 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTGTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTAT
CTATCTATCATCTATCTATCCATATCTAGCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCTATCTATCGTCTATCTAT 

0.002024291 0 

D21S11 31 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTAT
CTATCTATCATCTATCTATCCATATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCTATCTATCGTCTATCTAT 

0.008097166 0.0046
2963 

D21S11 32 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTAT
CTATCTATCATCTATCTATCCATATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCTATCTATCTATCGTCTATCTAT 

0.004048583 0.0023
14815 
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D21S11 32.2 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTAT
CTATCTATCATCTATCTATCCATATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCTATCTATATCTATCGTCTATCTAT 

0.004048583 0 

D21S11 32.2 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTGTCTGTCCGTCTGTCTGTCTGTCTATCTATCTATATCTAT
CTATCTATCATCTATCTATCCATATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCTATCTATATCTATCGTCTATCTAT 

0.002024291 0 

D21S11 33 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCT
GTCTATCTATATCTATCTATCTATCATCTATCTATCCATATCTATCTAT
CTATCTATCTATCTATCTATCTATCTATCTATCGTCTATCTAT 

0.002024291 0.0023
14815 

D21S11 34 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCT
GTCTATCTATATCTATCTATCTATCATCTATCTATCCATATCTATCTAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCGTCTATCTAT 

0.002024291 0.0023
14815 

D21S11 34.1 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTGTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTAT
CTATCTATCATCTATCTATCCATATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCATCTATCTATCTATCTATATCTATCGTCTATCTAT 

0.002024291 0.0069
44444 

D21S11 35 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCTGTCTATCT
ATCTATATCTATCTATCTATCATCTATCTATCCATATCTATCTATCTAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCGTCTATCT
AT 

0 0.0023
14815 

D21S11 35 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCTGTCT
GTCTGTCTATCTATCTATATCTATCTATCTATCATCTATCTATCCATAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCGTCTATCT
AT 

0 0.0023
14815 

D21S11 35.1 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTGTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTAT
CTATCTATCATCTATCTATCCATATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCATCTATCTATCTATCTATATCTATCGTCTATC
TAT 

0.008097166 0 

D21S11 36 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCT
GTCTATCTATATCTATCTATCTATCATCTATCTATCCATATCTATCTAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCGTCT
ATCTAT 

0.002024291 0 

D21S11 36 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCT
GTCTGTCTGTCTATCTATATCTATCTATCTATCATCTATCTATCCATAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCGTCT
ATCTAT 

0 0.0023
14815 

D21S11 36 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCTGTCT
GTCTGTCTGTCTATCTATATCTATCTATCTATCATCTATCTATCCATAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCGTCT
ATCTAT 

0 0.0023
14815 

D21S11 36 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCT
GTCTGTCTATCTATCTATATCTATCTATCTATCATCTATCTATCCATAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCGTCT
ATCTAT 

0 0.0023
14815 

D21S11 36 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCTGTCTGTCT
GTCTATCTATCTATATCTATCTATCTATCATCTATCTATCCATATCTAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCGTCT
ATCTAT 

0 0.0023
14815 

D21S11 37 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCTGTCT
GTCTGTCTATCTATCTATATCTATCTATCTATCATCTATCTATCCATAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
GTCTATCTAT 

0.002024291 0 

D21S11 37 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTGTCTGTCT
GTCTGTCTGTCTGTCTATCTATATCTATCTATCTATCATCTATCTATCC
ATATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
GTCTATCTAT 

0.002024291 0 
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D21S11 37.1 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTGTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTAT
CTATCTATCATCTATCTATCCATATCTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCTATCTATCATCTATCTATCTATCTATATCTAT
CGTCTATCTAT 

0.002024291 0 

D21S11 37.2 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCTGTCT
GTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATCATCTATCTATCCAT
ATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTA
TCGTCTATCTAT 

0.002024291 0 

D21S11 39 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCT
GTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTATCTATCTATC
ATCTATCTATCCATATCTATCTATCTATCTATCTATCTATCTATCTATC
TATCTATCGTCTATCTAT 

0.002024291 0 

D21S11 39 AAATATGTGAGTCAATTCCCCAAGTGAATTGCCTTCTATCTATCTATC
TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTGTCT
GTCTGTCTGTCTGTCTGTCTGTCTATCTATCTATATCTATCTATCTATC
ATCTATCTATCCATATCTATCTATCTATCTATCTATCTATCTATCTATC
TATCTATCGTCTATCTAT 

0 0.0023
14815 

D2S1338 14 GAGGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAG
GCAGGCAGGCAGGCAAGGCCAAGCCATTT 

0 0.0023
14815 

D2S1338 15 GAGGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAG
GAAGGAAGGCAGGCAGGCAAGGCCAAGCCATTT 

0 0.0023
14815 

D2S1338 16 GAGGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAG
GAAGGAAGGAAGGCAGGCAGGCAAGGCCAAGCCATTT 

0.004048583 0 

D2S1338 23 GAGGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAG
GAAGGAAGGAAGGAAGGAAGGAAGGAAGGCAGGCAGGCAGGCAGG
CAGGCAAGGCCAAGCCATTT 

0.004048583 0.0023
14815 

D2S1338 24 GAGGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAG
GAAGGAAGGAAGGAAGGAAGGAAGGAAGGCAGGCAGGCAGGCAGG
CAGGCAGGCAAGGCCAAGCCATTT 

0.004048583 0 

D2S441 10.3 CCAGGAACTGTGGCTCATCTATGAAAACTTCTATCTATCTATCATCTA
TCTATCTATCTATCTATCTATCTATATCATAACACCACAGCCACTTA 

0 0.0046
2963 

D2S441 12 CCAGGAACTGTGGCTCATCTATGAAAACTTCTATCTATCTATCTATCT
ATCTATCTATCTATCTATCTATCTATCTATATCATAACACCACAGTCA
CTTA 

0 0.0023
14815 

D2S441 14 CCAGGAACTGTGGCTCATCTATGAAAACTTCTATCTATCTATCTATCT
ATCTATCTATCTATCTATCTATCTATTTATCTATCTATATCATAATACC
ACAGCCACTTA 

0 0.0023
14815 

D4S2408 11 CTATGCATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
TAATGTTTA 

0.002024291 0 

D6S1043 13 AGATGGCATATTGTGAAATTTCTCAGCTTCCATAATTGTATGAGCCA
CTTCCCATAATAAATCCTATCTATGTATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCTATCTGATCTATCAATCTATTGATC 

0.002024291 0 

D6S1043 13.3 AGATGGCATATTGTGAAATTTCTCAGCTTCCATAATTGTATGAGCCA
CTTCCCATAATAAATCCTATCTATCTATCTATCTATCTATCTATCTATC
TATCTATCATCTATCTATCTATCTGATCTATCAATCTATTGATC 

0.002024291 0 

D6S1043 16 AGATGGCATATTGTGAAATTTCTCAGCTTCCATAATTGTATGAGCCA
CTTCCCATAATAAATCCTATCTATCTATCTATCTATCTATGTATCTAT
CTATCTATCTATCTATCTATCTATGTATCTATCTGATCTATCAATCTAT
TGATC 

0 0.0023
14815 

D6S1043 17 AGATGGCATATTGTGAAATTTCTCAGCTTCCATAATTGTATGAGCCA
CTTCCCATAATAAATCCTATCAATCTATCTATCTATCTATGTATCTAT
CTATCTATCTATCTATCTATCTATCTATCTATCTATCTGATCTATCAAT
CTATTGATC 

0 0.0023
14815 

D7S820 8 TATTTAGTGAGATAAAAAAAACTATCAATCTGTCTATCTATCTATCTA
TCTATCTATCTATCTATCGTTAGTTCGTTCTAAACTAT 

0.002024291 0 

D7S820 10 TATTTAGTGAGATAAAAAAAAACTATCAATCTGTCTATCTATCTATCT
ATCTATCTATCTATCTATCTATCTATCGTTGGTTCGTTCTAAACTAT 

0.002024291 0 

D7S820 12 TATTTAGTGAGATAAAAAAAAACTATCAATCTATCTATCTATCTATCT
ATCTATCTATCTATCTATCTATCTATCTATCTATCGTTAGTTCGTTCTA
AACTAT 

0.002024291 0 

D7S820 15 TATTTAGTGAGATAAAAAAAAACTATCAATCTGTCTATCTATCTATCT
ATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCGT
TAGTTCGTTCTAAACTAT 

0.002024291 0 

FGA 16.1 CCAGCAAAAAAGAAAGGAAGAAAGGAAGGAAGGAGAAAGAAAGA
AAGAAAAGAAAGAAAGAAAGAAAGAGAAAAAAGAAAGAAAGAAA
CTAGCTTGTAAATATGC 

0 0.0138
88889 
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FGA 22 CCAGCAAAAAAGAAAGGAAGAAAGGAGGGAAGGAGAAAGAAAGA
AAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGA
AAGAGAAAAAAGAAAGAAAGAAACTAGCTTGTAAATATGC 

0.002024291 0.0023
14815 

FGA 24 CCAGCAAAAAAGAAAGGAAGAAAGGAGGGAAGGAGAAAGAAAGA
AAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGA
AAGAAAGAAAGAGAAAAAAGAAAGAAAGAAACTAGCTTGTAAATA
TGC 

0.002024291 0 

FGA 25 CCAGCAAAAAAGAAAGGAAGAAAGGAGGGAAGGAGAAAGAAAGA
AAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGA
AAGAAAGAAAGAAAGAGAAAAAAGAAAGAAAGAAACTAGCTTGTA
AATATGC 

0.004048583 0 

FGA 26 CCAGCAAAAAAGAAAGGAAGAAAGGAGGGAAGGAGAAAGAAAGA
AAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGA
AAGAAAGAAAGAAAGAAAGAGAAAAAAGAAAGAAAGAAACTAGCT
TGTAAATATGC 

0.002024291 0 

FGA 30.2 CCAGCAAAAAAGAAAGGAAGAAAGGAAGGAAGGAAGGAAGGAGA
AAGAAAGAAAGGAAGGAAGGAAGAAAGAAAGAAAGAAAGAAAGA
AAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAAAAGAA
AGAAAGAAAGAAACTAGCTTGTAAATATGC 

0 0.0023
14815 

FGA 43.2 CCAGCAAAAAAGAAAGGAAGAAAGGAAGGAAGGAAGGAAGGAGA
AAGAAAGAAAGGAAGGAAGGAAGGAAGAAAGAAAGAAAGAAAGA
AAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGACAGACAGA
CAGACAGACAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGA
AAAAAGAAAGAAAGAAAGAAACTAGCTTGTAAATATGC 

0.002024291 0 

FGA 24 CCAGCAAAACAGAAAGGAAGAAAGGAAGGAAGGAGAAAGAAAGAA
AGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAA
AGAAAGAAAGAGAAAAAAGAAAGAAAGAAACTAGCTTGTAAATAT
GC 

0.002024291 0.0023
14815 

FGA 26 CCAGCAAAACAGAAAGGAAGAAAGGAAGGAAGGAGAAAGAAAGAA
AGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAA
AGAAAGAAAGAAAGAAAGAGAAAAAAGAAAGAAAGAAACTAGCTT
GTAAATATGC 

0 0.0092
59259 
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Appendix 4.5: Sunburst chart showing novel alleles across STR markers 
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Figure A4.5: Sunburst chart showing 15 different A-STR markers where novel alleles were 

found for both the Admixed and Black African population groups. The inner circle represents 

the A-STR marker, the middle-most circle represents the length-based allele, whilst the outer 

circle represents the shorthand sequence annotation that differentiates between repeat region 

and flanking region variants. 
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Appendix 4.6: Population parameters 
Table A4.6: Population statistics for the Admixed and Black African population groups. A p-value of 0.002 was used after applying Bonferroni correction 

Marker Total number of alleles Effective number of alleles Genetic Diversity (GD) Observed Heterozygosity Expected Heterozygosity p-value (HW) 

  Black African Admixed Black African Admixed Black African Admixed Black African Admixed Black African Admixed Black African Admixed 

CSF1PO 432 494 10 11 0.774630489 0.754112227 0.78241 0.76518 0.77463 0.75411 0.93928 0.62585 

D10S1248 432 494 8 8 0.79464209 0.78476813 0.75 0.77328 0.79464 0.78477 0.22461 0.41238 

D12S391 432 494 50 66 0.940201512 0.941603502 0.92593 0.93927 0.9402 0.9416 0.81634 0.51332 

D13S317 432 494 22 25 0.85264673 0.890187319 0.86111 0.89069 0.85265 0.89019 0.39498 0.5029 

D16S539 432 494 14 15 0.821377932 0.842466597 0.83333 0.84615 0.82138 0.84247 0.22278 0.72877 

D17S1301 432 494 10 12 0.641703188 0.696323427 0.75463 0.76113 0.6417 0.69632 0.0395 0.06778 

D18S51 432 494 21 29 0.88782547 0.900542822 0.87037 0.88259 0.88783 0.90054 0.10524 0.11989 

D19S433 432 494 18 19 0.818080261 0.847566334 0.79167 0.83401 0.81808 0.84757 0.11006 0.06855 

D1S1656 432 494 26 29 0.903841196 0.909264111 0.89352 0.92713 0.90384 0.90926 0.31367 0.50631 

D20S482 432 494 14 14 0.718613045 0.752724376 0.74074 0.79352 0.71861 0.75272 0.56827 0.47432 

D21S11 432 494 55 69 0.894893443 0.922387104 0.85648 0.91498 0.89489 0.92239 0.22686 0.78701 

D2S1338 432 494 48 58 0.956324654 0.955293132 0.95833 0.95951 0.95632 0.95529 0.34718 0.95833 

D2S441 432 494 21 24 0.774028959 0.821106832 0.74537 0.82996 0.77403 0.82111 0.02976 0.6023 

D3S1358 432 494 16 18 0.888233651 0.88773189 0.82407 0.88664 0.88823 0.88773 0.13138 0.10015 

D4S2408 432 494 7 8 0.76939933 0.807096928 0.75463 0.78947 0.7694 0.8071 0.10273 0.37041 

D5S818 432 494 13 15 0.850530635 0.844380025 0.86574 0.82591 0.85053 0.84438 0.13476 0.19076 

D6S1043 432 494 20 22 0.889812666 0.868219855 0.89815 0.89879 0.88981 0.86822 0.49245 0.45941 

D7S820 432 494 18 22 0.830433101 0.874641746 0.85648 0.86235 0.83043 0.87464 0.26513 0.92038 

D8S1179 432 494 20 27 0.888179943 0.914618423 0.89352 0.91498 0.88818 0.91462 0.91615 0.05793 

D9S1122 432 494 15 16 0.788283063 0.824334201 0.78704 0.8502 0.78828 0.82433 0.85732 0.83215 

FGA 432 494 29 30 0.893131821 0.89169014 0.87963 0.8583 0.89313 0.89169 0.19086 0.00608 

TH01 432 494 7 7 0.740257369 0.796766061 0.71759 0.82186 0.74026 0.79677 0.46596 0.1496 

TPOX 432 494 7 7 0.776456561 0.708050357 0.82407 0.73684 0.77646 0.70805 0.10342 0.617 

VWA 432 494 24 28 0.872412858 0.86354715 0.86111 0.87854 0.87992 0.85372 0.3359 0.50928 
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Appendix 4.7: Forensic parameters 
Table A4.7: Forensic parameters for 24 A-STR markers 

Marker 

Polymorphic Information Content Match Probability Power of Discrimination 

Black Coloured Black Coloured Black Coloured 

Length-
based 

Sequence-
based 

Length-
based 

Sequence-
based 

Length-
based 

Sequence-
based 

Length-
based 

Sequence-
based 

Length-
based 

Sequence-
based 

Length-
based 

Sequence-
based 

CSF1PO 0.73643296 0.73893972 0.71008377 0.71151047 0.08487654 0.0835048 0.10567293 0.10446 0.91512346 0.9164952 0.89432707 0.89554 

D10S1248 0.76491339 0.76491339 0.75072589 0.75072589 0.07064472 0.07064472 0.08147978 0.08147978 0.92935528 0.92935528 0.91852022 0.91852022 

D12S391 0.83126598 0.93485335 0.86313828 0.93710125 0.04003772 0.01015947 0.02984806 0.00965431 0.95996228 0.98984053 0.97015194 0.99034569 

D13S317 0.66166872 0.834464 0.74445673 0.87821599 0.13451646 0.0420096 0.08328279 0.02561917 0.86548354 0.9579904 0.91671721 0.97438083 

D16S539 0.74114225 0.80249385 0.76424919 0.82360814 0.08624829 0.05178326 0.0721369 0.04427216 0.91375171 0.94821674 0.9278631 0.95572784 

D17S1301 0.57756839 0.58196314 0.64058883 0.64495789 0.22243656 0.21532064 0.16743431 0.16520513 0.77756344 0.78467936 0.83256569 0.83479487 

D18S51 0.87016123 0.87489474 0.88456257 0.88996578 0.03039266 0.02773491 0.02453736 0.0222754 0.96960734 0.97226509 0.97546264 0.9777246 

D19S433 0.79537577 0.79578535 0.82331275 0.82972059 0.0571845 0.0567987 0.04787818 0.04535396 0.9428155 0.9432013 0.95212182 0.95464604 

D1S1656 0.84702676 0.89437553 0.86467342 0.9006651 0.03725137 0.020619 0.03112656 0.01981675 0.96274863 0.979381 0.96887344 0.98018325 

D20S482 0.60808074 0.68886126 0.66595194 0.72013658 0.17146776 0.11213992 0.13547182 0.10042781 0.82853224 0.88786008 0.86452818 0.89957219 

D21S11 0.8409913 0.88799129 0.85547264 0.91598949 0.03849451 0.020619 0.03322461 0.01345703 0.96150549 0.979381 0.96677539 0.98654297 

D2S1338 0.86708424 0.95218476 0.88277344 0.9514363 0.02820645 0.00844479 0.02424232 0.00732679 0.97179355 0.99155521 0.97575768 0.99267321 

D2S441 0.70254831 0.74042523 0.75064815 0.80056792 0.11265432 0.09203532 0.07774263 0.05518858 0.88734568 0.90796468 0.92225737 0.94481142 

D3S1358 0.69239314 0.87545538 0.73163347 0.87587355 0.1144976 0.02640604 0.0989854 0.02686489 0.8855024 0.97359396 0.9010146 0.97313511 

D4S2408 0.72978066 0.73140971 0.75395562 0.77678554 0.09066358 0.09057785 0.08092249 0.06925208 0.90933642 0.90942215 0.91907751 0.93074792 

D5S818 0.73550774 0.83115406 0.70911012 0.82457908 0.09203532 0.04663923 0.10688587 0.04607517 0.90796468 0.95336077 0.89311413 0.95392483 

D6S1043 0.87043072 0.87795403 0.84730653 0.85376555 0.02829218 0.02533436 0.03896146 0.03647003 0.97170782 0.97466564 0.96103854 0.96352997 

D7S820 0.73783708 0.81047042 0.78550889 0.86062274 0.09194959 0.05122599 0.06358078 0.0295858 0.90805041 0.94877401 0.93641922 0.9704142 

D8S1179 0.74609839 0.87575262 0.8090786 0.90628461 0.08166152 0.02614883 0.05384451 0.01893163 0.91833848 0.97385117 0.94615549 0.98106837 

D9S1122 0.66014745 0.7594466 0.65072044 0.80087497 0.12847222 0.07253086 0.14986313 0.05525414 0.87152778 0.92746914 0.85013687 0.94474586 

FGA 0.87457988 0.88142385 0.87452094 0.87969136 0.02700617 0.02503429 0.02745497 0.02607812 0.97299383 0.97496571 0.97254503 0.97392188 

TH01 0.69471596 0.69471596 0.76318688 0.76318688 0.11659808 0.11659808 0.07915226 0.07915226 0.88340192 0.88340192 0.92084774 0.92084774 

TPOX 0.73950138 0.73950138 0.6547658 0.6547658 0.09597908 0.09597908 0.1460932 0.1460932 0.90402092 0.90402092 0.8539068 0.8539068 

vWA 0.79660158 0.8574285 0.7838852 0.84765836 0.05847051 0.03307734 0.06971103 0.03922372 0.94152949 0.96692266 0.93028897 0.96077628 



 277 

Appendix 4.8: Concordance 

Table A4.8: Concordance data for 24 autosomal STR markers based on 229 samples for the 
South African Admixed and Black African population groups. The total number of alleles, 
concordant alleles, discordant alleles, ambiguous alleles and percentage concordance (%) are 
shown. The D22S1045 marker shown in red font was excluded from allele frequency calculations 
but included for concordance assessment. Discordances are shown in grey-shaded blocks 

Marker  Alleles (N)  Concordant 
(N)  Discordant  

Discordant due to 
imbalance or allele 

dropout 
Concordance (%)  

CSF1PO  456  456        100.00 
D10S1248  456  456        100.00 
D12S391  440  440        100.00 
D13S317  456  456        100.00 
D16S539  456  454    2  99.56 
D18S51  454  454        100.00 
D19S433  452  451    1  99.78 
D1S1656  440  439   1  99.77 
D21S11  442  442        100.00 

D22S1045  408  345.00    63  84.56 
D2S1338  458  458        100.00 
D2S441  456  456        100.00 
D3S1358  456  456        100.00 
D5S818  442  436    6 98.64 
D7S820  440  440 1  2  99.77 
D8S1179  452  452        100.00 

FGA  456  456      100.00 
TH01  458  458        100.00 
TPOX  459  459        100.00 
vWA  454  454        100.00 

Total  8991  8987  1 76  99.10 
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Appendix 5.1: Average read counts for blank and NTC samples 

 

Figure A5.1: Line graph showing average read counts across DPMA markers for NTC and 

reagent or extraction blank samples. 
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Appendix 5.2: 2800M sensitivity  

 

Figure A5.2: Average call rates (%) of autosomal STRs (blue), X-STRs (green), Y-STRs (red), 

and iiSNVs (purple) for the 2800M control DNA sample diluted to 1ng, 0.25 ng, 0.0625 ng and 

0.01525pg. The shaded regions around each line depict the variation observed across replicate 

samples.  

Appendix 5.3: SRM 2372a sensitivity 

 

Figure A5.3: Average call rates (%) of autosomal STRs (blue), X-STRs (green), Y-STRs 

(red), iiSNVs (yellow), aiSNVs (purple) and piSNVs (black) for the SRM 2372a control DNA 
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sample diluted to 2.5 ng, 0.25 ng, 0.025 ng and 0.0025 ng. The shaded regions around each 

line depict the variation observed across replicate samples. 

 
Appendix 5.4: Blood sensitivity 
 

 

Figure A5.4: Average call rates (%) of autosomal STRs (blue), X-STRs (green), Y-STRs 

(red), iiSNVs (yellow), aiSNVs (purple) for the authentic forensic blood sample diluted to 1 

ng, 0.25 ng, 0.0625 ng and 0.1525 ng. The shaded regions around each line depict the 

variation observed across replicate samples. 
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Appendix 5.5: Call rates – degradation study 

 
Figure A5.5: Mean call rates (%) across all DMPA markers plotted in comparison with DI 

values obtained through qPCR experiments. The x-axis shows the time periods at which the 

control DNA was incubated at 95℃.  

Appendix 5.6: qPCR results for inhibition study 
 
Table A5.6: qPCR results for the 2800M control sample spiked with 1% ethanol and 600uM 
humic acid. The IPC CT, CT for the large, small and Y targets are shown, as well as the DI.  

 

Sample ID IPC CT DI
CT Concentration CT Concentration CT Concentration

2800M_0.2_1 27.7507114 26.08556938 0.299823135 28.3430271 0.244586796 27.6419353 0.253301531 0.815770268
2800M_0.2_2 27.6974201 26.07898903 0.301141083 28.3543091 0.242697358 27.5054779 0.277751148 0.805925786
2800M_0.2_3 27.8548355 25.94379616 0.329537839 27.9647732 0.317213297 27.4545059 0.287477642 0.962600529
2800M_0.2_4 27.5452099 25.98905182 0.319745779 28.4149742 0.232784986 27.642807 0.25315249 0.728031456
Average 27.7120442 26.0243516 0.312561959 28.2692709 0.259320609 27.5611815 0.267920703 0.82808201
SD 0.12901171 0.069445708 0.014520122 0.20544244 0.03894064 0.09603207 0.017425382 0.097890794
% CV 0.46554383 0.266848948 4.645517867 0.72673413 15.01640767 0.34843235 6.503932692 11.82138877

ET_1.1 27.6054287 31.62330627 0.007478508 34.0635529 0.004794148 32.2623024 0.011185406 0.641056716
ET_1.2 27.3159485 31.42961884 0.008509089 33.6849251 0.006219299 33.0437584 0.006599014 0.730900645
ET_1.3 27.6825886 31.44646263 0.008414091 34.0201988 0.004939167 33.0875893 0.006406562 0.587011337
ET_1.4 27.2552147 31.7028656 0.007092255 33.692131 0.006188569 33.1793098 0.006021806 0.872581363
Average 27.4647951 31.55056334 0.007873486 33.865202 0.005535296 32.89324 0.007553197 0.707887515
SD 0.2107851 0.134104491 0.00069823 0.2047929 0.000774445 0.42439983 0.002433334 0.124807951
% CV 0.76747376 0.425046266 8.868116974 0.60472961 13.99103545 1.29023418 32.21594299 17.63104277

Humic acid_600_1 29.2566509 Undetermined Undetermined 33.7232056 0.006057783 34.9024925 0.001880961 Undetermined
Humic acid_600_2 27.7846794 32.15677643 0.005240676 34.2239838 0.004293572 32.9744186 0.006915345 0.81927824
Humic acid_600_3 27.5758495 32.2831955 0.004817169 34.0333252 0.004894802 33.5695076 0.004626961 1.016116023
Humic acid_600_4 27.6145573 31.85386086 0.006413197 33.7693863 0.005868507 32.7440491 0.008079285 0.915067255
Average 28.0579343 33.9374752 0.005278666 33.547617 0.005375638
SD 0.8042758 0.23483309 0.000831203 0.96789198 0.002735793
% CV 2.86648259 0.69195804 15.74646388 2.88512886 50.89243307

Large Small Y

2800M 
0.2ng/ul

Ethanol 1%

Humic acid 
600ng/ul




