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ABSTRACT 

The growing number of unidentified and missing persons around the world has left 

countless individuals without identities and their loved ones without answers. Australian 

cases can leverage emerging forensic genomic techniques to provide new investigative 

leads using single nucleotide polymorphisms (SNPs) where routine identification 

methods have been exhausted. In addition to identity-informative SNPs (iiSNPs) for 

individualisation, there are several classes of SNPs that can be used to generate genetic 

intelligence. It is possible to infer an unknown deceased individual’s biological sex with 

X and Y chromosome SNPs, biogeographical ancestry (BGA) with ancestry-informative 

SNPs, externally visible characteristics with phenotype-informative SNPs and genetic 

relationships to others with kinship-informative SNPs. These inferences can be used by 

investigators to narrow a pool of potential candidates. However, forensic laboratories 

have different technological and analytical capabilities that will determine whether they 

can conduct boutique analyses in-house or have to outsource these capabilities to an 

external service provider.  

Under the umbrella of the Australian Federal Police (AFP) National DNA Program for 

Unidentified and Missing Persons, this research evaluated available SNP panels that 

have been designed for integration into existing forensic laboratories as an end-to-end 

in-house forensic genomic capability. The ForenSeq® Kintelligence Kit (QIAGEN) was 

validated for application at the AFP National DNA Program for Unidentified and Missing 

Persons laboratory and its investigative potential was evaluated for all 10,230 SNPs 

included in the assay. By testing a range of reference- and casework-type samples of 

varying quality, the kit and inference pipelines were determined to be robust and the 

inferred information was consistent with the self-declared information provided by 

volunteers.  

Within a representative group of the Australian population, this research demonstrated 

that iiSNPs are suitable for application in conjunction with routine short tandem repeat 

(STR) profiles. Furthermore, optimised pipelines have been developed to estimate eye 

colour, hair colour and BGA with high success rates. Extended kinship pipelines using 

either kinship likelihood ratios or haplotype matching are able to accurately infer genetic 

relationships out to the fifth degree (i.e. second cousin) with complete or partial SNP 

profiles. This research holds significance for law enforcement, policymakers and family 

members of missing persons by contributing to the Australian and global development 

of forensic genomics standard operating procedures and guidelines for implementation. 
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Australian law enforcement should continue to utilise these forensic genomic techniques 

to aid unresolved coronial investigations, provide answers to loved ones of missing 

persons and restore names to unidentified human remains. 
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PREFACE 

The number of unidentified human remains (UHR) and long-term missing persons 

(LTMP) across the world has come to be known as the silent mass disaster, of which the 

true extent is largely unknown. Identification efforts are important for providing answers 

to loved ones of LTMPs as well as contributing to death investigations. In Australia, there 

are approximately 750 sets of UHR awaiting identification, with cases spanning several 

decades. The high volume of cases with a variety of complicating factors provides law 

enforcement with numerous challenges in exploring all possible forensic techniques 

beyond the traditional dental, fingerprint and DNA analyses. 

DNA analysis has been endorsed as one of the primary identification tools for its ability 

to distinguish between individuals. In its most common application, a short tandem 

repeat (STR) profile obtained from a UHR is compared to known reference profiles on a 

law enforcement DNA database to look for a direct or kinship match. In the absence of 

a DNA match, other forensic techniques have the potential to provide new investigative 

leads for law enforcement to pursue. Using single nucleotide polymorphisms (SNPs), 

emerging forensic genomics techniques increase the available intelligence to be gained 

by interrogating more of the human genome, including the exploration of alternative 

identity markers and inference of biological sex, externally visible characteristics (EVCs), 

biogeographical ancestry (BGA) and kinship to genetic relatives. 

The first part of this thesis (Chapter One), including the first publication, reviews the 

current landscape of forensic genomics techniques for their application to UHR and 

LTMP casework in an Australian context. It compares the informativeness of SNP 

markers to the traditionally targeted STRs and the possible genotyping technologies that 

are available. For these technologies, the various operational, expertise and ethical 

challenges have been highlighted with emphasis on the increased privacy risks 

associated with DNA intelligence generated through BGA, EVCs and genetic 

relationships. Each laboratory and jurisdiction will have different operational 

requirements to consider when implementing SNP genotyping and interpretation 

pipelines. This review emphasises the importance of centralising the expertise, 

instrumentation, processes and resources in a dedicated and fit-for-purpose manner to 

process Australian UHR and LTMP cases. To do this, in-house genomics, bioinformatics 

and standard operating procedures (SOPs) are required to employ these techniques 

efficiently and effectively. 
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It is possible to generate medium- or high-density SNP profiles from challenging forensic 

samples using either targeted amplicon sequencing (TAS) or whole genome sequencing 

(WGS) panels, respectively. While WGS can generate the entire human genome of 3 

billion bases, TAS applies established forensic massively parallel sequencing (MPS) 

technology to target a subset of forensically relevant SNP markers. In the second 

publication (Chapter Three), a range of reference-type and casework-type samples were 

sequenced using two TAS panels: the ForenSeq® Kintelligence Kit (Verogen, Inc., now 

a QIAGEN company) and the FORensic Capture Enrichment (FORCE) panel. These 

pipelines were evaluated for their robustness in UHR casework and the feasibility of 

adopting each technology in an ISO/IEC 17025 accredited forensic laboratory. The 

resulting genotypes were compared for concordance and DNA intelligence attained. TAS 

panels provide an in-house end-to-end solution for medium-density SNP genotyping that 

maximises the DNA intelligence obtainable from the genome while also enhancing 

privacy protection through the removal of medically informative markers. Furthermore, 

the Kintelligence Kit is compatible with law enforcement accessible public genetic 

genealogy databases, circumventing the need to establish a reference database as 

required with the FORCE panel.  

The third publication (Chapter Four) describes the validation and optimisation of the 

Kintelligence Kit for UHR casework conducted by the Australian Federal Police National 

DNA Program for Unidentified and Missing Persons (AFP DNA Program). The panel was 

internally validated according to the Scientific Working Group for DNA Analysis Methods 

guidelines to establish sample requirements, analytical thresholds and best practices for 

application to compromised samples from human remains using a selection of casework-

type samples including bones, teeth, blood, hair and nail. Buccal swabs were collected 

from volunteers with self-declared biological sex, EVCs (hair and eye colour), BGA and 

genetic relationships to other volunteers to assess the accuracy of the generated DNA 

intelligence. The panel is robust and able to generate reliable and high-quality profiles 

from compromised samples of varying DNA quality and quantity. It can accurately predict 

biological sex and EVCs; however, the in-built BGA pipeline requires refinement to be 

relevant to an Australian population as the original database was designed for an 

admixed American population. Utilising the law enforcement accessible public genetic 

genealogy database GEDmatch PRO™, the medium-density SNP panel is capable of 

accurately detecting and classifying relatives of fifth degree (e.g. second cousins) or 

closer. This study was used to establish an internal laboratory and bioinformatics pipeline 
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for the AFP DNA Program’s SOPs and meet the quality assurance and quality control 

requirements of an ISO/IEC 17025 accredited forensic laboratory. 

The identity-informative SNPs (iiSNPs) included in the Kintelligence Kit provide a 

suitable alternative to STRs for making a direct or kinship match when STR profiling may 

not be suitable due to low DNA quality or quantity. The fourth publication (Chapter Five) 

describes a population of Australians with European ancestry and the generation of allele 

frequencies in order to conduct population genetic analyses. A set of 94 iiSNP markers 

are sufficient for calculating likelihood ratios (LR), having been found to be in Hardy-

Weinberg equilibrium as well as in linkage equilibrium with each other and with the 

traditional STR markers. These alternative markers improve the discrimination between 

individuals and produce LRs that exceed those produced with STRs. The combined 

power of both traditional and alternative identity-informative markers can be useful in 

identifying partial profiles from compromised or challenging samples and assist in 

indirect matching to genetic relatives. This data has facilitated the creation of the first 

iiSNP allele frequency database for Australia. 

It is possible to infer the biological sex, EVCs and BGA from DNA and, in the absence 

of a direct or kinship match on a law enforcement database comprised of relevant STR 

profiles, these predictions may be used by investigators to narrow a pool of potential 

candidates for the UHR. The fifth publication (Chapter Six) evaluates the use of the 

Kintelligence Kit for this purpose through the sex-chromosome markers (X chromosome 

SNPs and Y chromosome SNPs), phenotype-informative SNPs and ancestry-

informative SNPs. Volunteers provided buccal swabs and self-declared their recent 

ancestry, eye colour and hair colour and the resulting genotypes were analysed using a 

variety of interpretation pipelines. Biological sex can be accurately inferred from the 

presence and heterozygosity of the sex chromosome markers. The accuracy of the EVC 

predictions was improved by using the online HIrisPlex tool as opposed to the in-built 

Kintelligence algorithm, with 80% of hair colour predictions and 97% of eye colour 

inferences being consistent with the self-declared phenotypes. The in-built Kintelligence 

Kit ancestry algorithm was not suitable for a non-American population; the combination 

of multiple ancestry inference models corrected the previously inconclusive results with 

the inclusion of additional population datasets and the ability to detect and characterise 

admixture. This study will inform further refinement of the interpretation guidelines to 

improve the informativeness of DNA intelligence for investigators.  
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The final studies of this thesis explore the two primary methods for inferring relatedness 

using forensic genomics. Traditionally, an LR provides probabilistic support for 

alternative propositions of relatedness using STRs. This can be achieved by conducting 

pairwise analysis with first degree relationships (i.e. parent/offspring and full sibling pairs) 

or conducting pedigree analysis with a combination of relatives ranging from first to third 

degree, depending on availability. Identical-by-descent (IBD) segment matching is an 

alternative method that approximates the amount of DNA shared between two genotypes 

and the relationship can be estimated based on the length and frequency of these 

segments. This method can detect out to ninth degree relatives (i.e. fourth cousins) 

depending on the density of the SNP panel. The first kinship study and sixth publication 

(Chapter Seven) presents the analysis of volunteer family groups using LR calculations 

and IBD segment matching to detect and classify genetic relationships between the 

traditional STR, alternative iiSNP and Kintelligence genotypes. Results showed that LR 

calculations are only informative for determining first and second degree relationships 

using either STR or iiSNP genotypes. The IBD segment matching algorithms for 

Kintelligence profiles on GEDmatch PRO™ can efficiently detect out to fifth degree 

relatives (i.e. second cousins) when searching the database of approximately 2 million 

profiles. Furthermore, one-to-one comparison of Kintelligence profiles with over ten 

thousand SNPS produces powerful LRs supporting hypotheses of relatedness for first to 

fifth degree relationships.  

The second kinship study and seventh publication (Chapter 8) tested the robustness of 

these methods for dealing with incomplete profiles. The Kintelligence profiles of the 

central individual to each family group underwent simulated locus and allele dropout. 

The loss of up to 30% of the possible SNPs did not significantly impact the ability to 

detect and accurately classify first to fifth degree relatives for IBD segment matching 

approaches and only slightly diminished the statistical power of the LRs. However, allele 

dropout resulted in the IBD segment matching algorithm detecting less IBD segments 

and inferring the relationships were more distant than they truly were, while the LRs 

decreased substantially with increasing allele dropout. These kinship studies will assist 

in the development of analytical and interpretation guidelines for extended kinship 

analysis in forensic casework to be used for forensic investigative genetic genealogy. 

This thesis evaluates and optimises the potential applications of the Kintelligence Kit to 

generate DNA intelligence and utilise alternative DNA databases to aid in the 

identification of Australia’s UHR. Chapter 9 explores the sequencing, bioinformatics, 
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interpretation and reporting guidelines and standards required to operationalise these 

emerging forensic genomics techniques and provides recommendations for establishing 

in-house SNP genotyping capabilities. In practice, these studies have aided the AFP 

DNA Program in an Australian first application of SNPs to provide new investigative leads 

for unresolved UHR cases and resulted in several identifications before the AFP DNA 

Program concluded. 
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1.1 Unidentified and Missing Persons 

The growing number of unidentified and missing persons cases around the world has 

become known as the “silent mass disaster” and their resolution is highly important for 

administrative, legal and humanitarian reasons.1-3 When an individual is reported missing 

to the police, an investigation is undertaken to collect information about the individual 

along with relevant biometric, dental and medical records, as well as reference DNA 

samples. This information can be compared, directly or through database searching, with 

equivalent information obtained from unidentified human remains (UHR).4-8 In Australia, 

when an individual has been missing for a period greater than three months, they are 

referred to as a long-term missing person (LTMP).9  

UHR refers to the remains of a deceased individual with no known identity. The most 

commonly employed forensic methods for identification are fingerprint, dental and DNA 

analysis.2, 10 However, as the postmortem interval (PMI) increases and remains become 

decomposed and degraded, forensic investigations typically have to rely on skeletal and 

dental features and DNA to make an identification.11-13  

Records for unidentified and missing persons cases can be managed at a local, state or 

national level depending on the jurisdiction requirements and resources. The United 

States (US) has two reporting bodies that manage unidentified and missing persons 

cases; the National Crime Information Center (NCIC) which is maintained by the Federal 

Bureau of Investigation (FBI) has a greater number of LTMP records than the National 

Missing and Unidentified Persons System (NamUs), but fewer UHR records (Table 

1.1).14, 15 Ritter (2007) estimated that there were approximately 40,000 UHR that were 

awaiting identification, of which only 6,000 had been entered into the NCIC database by 

2007.1 However, it has been acknowledged by US and United Kingdom (UK) law 

enforcement agencies that LTMP and UHR records may be underestimated and 

incomplete due to underreporting and database management.1, 16-18  
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Table 1.1 Numbers of unidentified and missing persons reported in the United States, United 

Kingdom and Australia. Updated from Watson et al. (2024).19 

Country Reporting Body Year 
Missing 
Persons 
Reported 

Long-
Term 

Missing 
Persons 

Unidentified 
Human 

Remains 

United 
States 

National Crime 
Information Center14 

2023 563,389 96,955 8,521 

National Missing and 
Unidentified Persons 

System15 
2024 ~600,000 25,553 15,168 

United 
Kingdom 

UK Missing Persons 
Unit20 

2023 170,854 4,778 1,033 

Australia 
National Missing 

Persons Coordination 
Centre21 

2022 ~55,000 2,500 750 

There are several multidisciplinary international bodies that have been established to 

assist in the resolution of missing persons investigations and identification of UHR 

through the application of various forensic techniques. Such organisations include the 

International Commission on Missing Persons (ICMP), International Committee of the 

Red Cross (ICRC) and International Criminal Policing Organization (INTERPOL).3, 5, 6 

The ICMP is active in approximately forty countries and manages the Integrated Data 

Management System (iDMS) which holds the records of over 100,000 missing persons.22 

The ICRC deploys to areas of armed conflict and mass disasters to apply forensic 

methods as part of their humanitarian action to search for missing persons and identify 

UHR.2, 5, 23 

INTERPOL encourages and facilitates communication between jurisdictions of their 

member countries and manages several international databases such as I-Familia to aid 

in unidentified and missing persons cases.24 They encourage member countries to 

establish national identification programs that are dedicated to unidentified and missing 

persons investigations.6 Several countries have followed suit, including the National 

Centre for Missing Persons and Unidentified Remains in Canada, the University of North 

Texas Center for Human Identification and NamUs in the US, and the UK Missing 

Persons Unit.18, 25, 26 

In 2020, the Australian Federal Police (AFP) established the National DNA Program for 

Unidentified and Missing Persons (DNA Program) to provide a multidisciplinary forensic 

approach to unidentified and missing persons cases across all Australian jurisdictions.9, 

27 Their audit of open LTMP and UHR cases in 2022 revealed approximately 2,500 and 
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750, respectively (Table 1.1).21, 28 Some of these cases date back over fifty years and 

some UHR have since been interred and are no longer available for forensic testing. A 

fit-for-purpose laboratory was established at AFP Forensics and specialists in forensic 

anthropology, forensic odontology, forensic geochemistry (e.g. isotope testing, 

radiocarbon dating), craniofacial reconstruction, forensic genetics and forensic 

investigative genetic genealogy (FIGG) were employed to scientifically link UHR and 

LTMP cases.27, 29, 30 While all of these capabilities can be integrated into a 

multidisciplinary approach for resolving UHR investigations, this research focussed 

specifically on evaluating emerging forensic genomics techniques that offer new DNA 

tools and investigative leads to link LTMP and UHR cases. 

1.2 Forensic Genetic Markers 

1.2.1 Short Tandem Repeats 

Short tandem repeat (STRs) markers were introduced in the 1990s and are non-coding 

segments of repeated DNA motifs, typically two to six base pairs in length.31, 32 The 

number of repeats is defined as an allele and these are highly variable within a 

population, allowing for differentiation between individuals. Their highly polymorphic 

nature is partially due to their relatively high mutation rates of 1.2x10-3 per meiosis.31  

Due to their ability to individualise, STR profiling has become the gold standard method 

for human identification in both criminal investigations, identifying a living or deceased 

person of interest who has been associated with a crime, and coronial investigations for 

UHR cases.33 In many jurisdictions around the world, STRs are the only genetic markers 

acknowledged by the legal system to be used for DNA identification.34 Combining 

multiple STRs into a panel increases the discrimination power and, therefore, the 

uniqueness of the DNA profiles. There are multiple panels that are available for forensic 

applications and their discriminatory power is estimated to be in the order of 1027 for a 

panel targeting 24 STRs.35, 36 

1.2.2 Single Nucleotide Polymorphisms 

Single nucleotide polymorphisms (SNPs) are variations in the genome at a single base 

that can be insertions, deletions or substitutions.37 There are approximately 5 million 

SNPs across the human genome and they are typically biallelic, only having two possible 

alleles.38, 39 The mutation rate is lower than those of STRs in the order of 10-8 per 

meiosis.40, 41 Between the low mutation rate and fewer possible alleles, SNPs have a 

lower discriminatory power than STRs and therefore require larger panels to produce 
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profiles with a similar power of discrimination. Kidd et al. (2006) constructed a SNP panel 

showing that 50 – 100 SNPs are required in a panel to produce an equivalent 

discrimination power to a standard 10 – 16 STR profile.40  

SNPs for forensic applications have been divided into four categories based on their 

characteristics and functions in a panel. Kidd et al. (2006) defined these categories as: 

identity-informative SNPs (iiSNPs), ancestry-informative SNPs (aiSNPs), phenotype-

informative (piSNPs) and kinship-informative SNPs (kiSNPs).40 Due to their low mutation 

rates relative to STRs, SNPs have become popular forensic genetic markers as they are 

less likely to mutate between generations.42-45. 

iiSNPs are most beneficial for individualisation due to their high heterozygosity and low 

population heterogeneity so that fewer SNPs are required to reach the high 

discriminatory powers observed with STR profiles. The low population heterogeneity 

minimises the differences in allele frequencies among different populations, which has 

been shown to result in match probabilities being nearly constant irrespective of the 

population in question.46 

For the generation of DNA intelligence, aiSNPs have low heterozygosity and high 

population heterogeneity, the opposite of iiSNPs.47 These SNPs have alleles that are 

shared by individuals within a population group yet differ to other population groups to 

allow the inference of biogeographical ancestry (BGA).47, 48 Externally visible 

characteristics (EVCs), particularly pigmentation, can be inferred from the genotype of 

piSNPs.49-52 In recent years, kiSNPs have been included in medium- to large-density 

SNP panels to be utilised for extended kinship analysis.42-45  

1.2.3 Sex Chromosome Markers 

The X and Y chromosomes are the two sex chromosomes in the human genome and 

determine the biological sex of an individual. Biological females will typically have two X 

chromosomes, whereas biological males will typically have an X and Y chromosome. 

Markers that have been utilised for forensic applications include Y chromosome STRs 

(Y STRs), X chromosome STRs (X STRs), Y chromosome SNPs (Y SNPs) and X 

chromosome SNPs (X SNPs).53-57 

The Y chromosome is a small acrocentric chromosome consisting of a pseudoautosomal 

region and a non-recombinant region (NRY), of which the NRY makes up approximately 

95%.58-61 This region is of particular interest in forensics for paternity, kinship analyses 

involving paternal lineage and deconvolution of male-female mixtures.54, 62 There are 
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approximately 200 Y STRs that have been identified in research and several forensic 

specific kits are available to profile 15 – 30 Y STRs.63 The mutation rate of Y-STRs is in 

the order of 10-4 to 10-2, and due to their direct paternal inheritance, have a low power of 

discrimination as male relatives will typically share identical profiles.60, 61 Y SNPs, 

although not as extensively applied in forensic investigations, have been documented to 

have a lower mutation rate in the order of 10-8 per base pair per generation.54, 63 

The X chromosome is considered one of the most stable nuclear chromosomes, with a 

single copy present in biological males and a pair in biological females. As a result, 

biological females inherit one X chromosome almost entirely unchanged from their 

father.55, 64, 65 Since the mother carries two X chromosomes, these can undergo 

recombination during meiosis before being transmitted to either the biological male or 

female offspring.65, 66 While X STRs and X SNPs are not commonly applied in forensic 

investigations, X STRs have been used for deficient paternity cases where a sibling or 

half-sibling is available and where autosomal and Y STRs provide insufficient statistical 

support for an identification to be made.66-69 

1.3 DNA Identification 

1.3.1 Likelihood Ratio 

For an identification to be made through forensic DNA analysis, a quantitative or 

qualitative statement is required in the report.70 In order to calculate statistical support, 

the frequencies of the observed alleles for a locus are required.71, 72 Forensic databases 

containing allele frequency information have been developed for various population and 

subpopulation groups, as allele frequencies can vary between population groups.73, 74 

The likelihood ratio (LR) is the most commonly applied statistical method in forensic DNA 

analysis.75, 76 It is calculated as the ratio of conditional probabilities of observing DNA 

evidence given two alternative propositions, providing statistical support for the first 

hypothesis if the LR is greater than 1 and statistical support for the second hypothesis if 

the LR is less than 1.70 A qualitative statement can then convey the statistical support 

using the verbal scale published by the Scientific Working Group on DNA Analysis 

Methods (SWGDAM).70 

The LR for an individual locus can be estimated using population allele frequencies for 

the alleles that appear in the DNA profile. The LR for a multilocus DNA profile is then the 

product of the LRs for each individual locus. For use within a population group, forensic 

genetic population studies are necessary to confirm that the markers are in Hardy-
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Weinberg equilibrium (within locus independence) and linkage equilibrium (between 

locus independence), and to establish the population-specific allele frequencies.77, 78 

Using the observed allele frequencies of the population group, the frequency of the DNA 

profile in question can be calculated, referred to as the random match probability.77 The 

inverse of this random match probability is used to calculate the LR for direct comparison 

between a single source reference and an unknown profile, based on the hypothesis that 

the DNA originated from the same person. 

Numerous population allele frequency databases have been curated for STRs and are 

routinely used for forensic casework.71, 79-81 Equivalent databases for SNPs have been 

catalogued and made available through international projects including the 1000 

Genomes Project and the International HapMap Project.82, 83 However, SNPs have not 

been extensively applied to forensic casework outside of research. Recently, studies of 

iiSNPs have led to the publication of a number of allele frequency databases for 

populations and subpopulations in the US, Europe, Asia and South America.43, 80, 81, 84-89 

1.3.2 Direct Reference Samples 

During a missing persons investigation, antemortem (AM) samples may be collected by 

the police so that a DNA profile of the individual can be uploaded to relevant state or 

national law enforcement databases.8 These are referred to as direct reference samples 

(DRS) and can be compared to postmortem (PM) DNA profiles obtained from UHR to 

search for an exact match.90-92 DRS may be collected in the form of a retained medical 

specimen, biological keepsakes or personal items.  

In some jurisdictions, medical specimens can be retained for diagnostic testing or 

research in medical science.93, 94 In Canada, the presumptive identification of a deceased 

female was confirmed after investigators compared the PM profile to the STR profile 

obtained from cytological (PAP) smears retained by a provincial cancer agency.95 

Newborn screening cards are blood samples that are obtained from a heel prick of a 

newborn and stored on a special filter paper for genetic screening, retesting (if required) 

and research (if consent is provided).94, 96 In Australia and Sweden, these specimens are 

stored in biobanks with records dating back up to 40 years (depending on the state), 

however, only Australia allows a Coroner to request the cards for DNA identification 

purposes.93 Medical specimens are preferred as DRS and considered the most reliable 

source of biological material as they have a documented chain of custody due to the 

nature of sample collection, are less likely to be contaminated and are appropriately 
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stored to prevent degradation.96 Newborn screening cards were successfully used to 

identify victims of the Victorian Bushfire disaster in 2009.96, 97 

Family members may retain biological keepsakes such as exfoliated primary teeth or 

baby hair.98 Teeth serve as a stable biological material for preserving DNA when stored 

at room temperature. A pilot study of 18 exfoliated primary teeth found sufficient DNA 

quantities (1.33 – 154 ng/µL) were recovered after being stored for up to 18 years, so 

could therefore be used for direct comparison to DNA profiles obtained from UHR 

samples.98 Retained hair samples are more difficult to obtain a usable STR profile from 

depending on the presence of the root, where living cellular material contains nuclear 

DNA.99 Rootless hair samples are usually only suitable for mitochondrial DNA (mtDNA) 

testing; however, optimised methods have been developed to improve the results 

obtained from downstream nuclear DNA testing.100, 101 

In the absence of these types of samples, investigators can collect personal items of the 

missing person including their toothbrush, razors, hairbrush, shavers or combs, if 

available.91, 102 These types of items have been extensively used for DRS as they contain 

biological material shed during the item’s use. Personal items like these were widely 

used during disaster victim identification (DVI) events, including the World Trade Center 

attack in 2001 and the South East Asia tsunami in 2004.102-105 However, the utility of 

these items often depends on time since collection, sample storage conditions and 

household living arrangements. Lau et al. (2005) highlighted the importance of verifying 

ownership of a personal item, as any household member may have used the item, 

potentially resulting in either a single source DNA profile that is not from the person of 

interest or a mixed DNA profile which could  complicate its use.103  

1.3.3 Familial Reference Samples 

It is also recommended during a missing persons investigation to collect family reference 

samples (FRS) from close genetic relatives.91, 92, 106 STR testing is typically limited to 

short-range kinship analysis due to the small panel size.106-108 As a result, genetic 

relatives typically targeted are first degree relatives – parents, offspring and full 

siblings.109 These profiles can be uploaded to relevant state and national databases for 

comparison to PM samples, potentially resulting in a partial or indirect match. Ge et al. 

(2011) recommends collecting multiple FRS as this can increase the LR and provide 

strong support for an identification.108 If necessary, additional lineage testing using the Y 

chromosome or mtDNA can be conducted to confirm or refute the relationship and 

identification.108, 110 
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SNPs are increasingly being used for extended kinship analysis with FRS to supplement 

routinely used STRs or because the FRS are too distant for STRs to be informative. 

When attempting to identify 402 skeletal remains recovered from a 1948 mass disaster 

in the Jeju Province of Korea, several DNA markers were utilised (autosomal STRs, Y 

STRs and mtDNA) and resulted in 74 identifications.111 Cho et al. (2020) obtained SNP 

profiles for comparison to a reference database of FRS SNP profiles, resulting in an 

additional 51 UHR being identified.111 

1.4 Forensic Genomics 

As sequencing technologies and bioinformatics advance, forensic DNA analysis has 

continuously improved, producing more sensitive, accurate, discriminatory and 

informative DNA profiles.112-114 This progress has led to the increased application of 

SNPs as an alternative to STRs, extending forensic genomics capabilities beyond 

identification. There are four genotyping technologies that are currently applied to 

forensic casework: fragment length analysis, microarray genotyping, whole genome 

sequencing (WGS) and targeted amplicon sequencing (TAS).  

Where forensic genomics technologies are not available in-house, agencies often 

outsource these capabilities to private forensic genomics service providers under 

contracts that specify testing deliverables, timeframes and costs. Due to the commercial 

nature of these arrangements, service providers may not be able to disclose full details 

of their laboratory, bioinformatics or kinship analysis procedures. When assessing 

potential service providers, agencies should consider a range of factors based on their 

specific needs, such as evidence type, specialised methodologies, database access, 

privacy and data security safeguards, validation and accreditation requirements and 

forensic casework and court reporting experience.115 Additional logistical considerations 

include chain of custody, sample transport arrangements, sequencing turnaround times 

and costs of testing. 

1.4.1 Fragment Length Analysis 

Fragment length analysis is a genotyping method commonly used in forensic 

laboratories for STR analysis.116 In this method, a DNA sample is amplified through 

polymerase chain reaction (PCR) with primers containing fluorescent dye labels and then 

the DNA fragments are separated by size using a capillary electrophoresis (CE) 

platform.117-119 The DNA fragments are moved through capillaries via an electrokinetic 

injection, with a high-voltage charge applied to the buffered sequencing reaction. As the 
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DNA fragments pass through the detection window, a laser beam causes the dye labels 

to fluoresce. The fluorescent signals are detected by a charge-coupled device camera 

to generate an electropherogram, consisting of fluorescent signals that represent the 

alleles for each locus based on the length of the DNA fragments.112, 119  

1.4.2 Microarray Genotyping 

Microarray genotyping technology is primarily applied in medical genetics research and 

by genetic genealogy companies.120, 121 This method involves the DNA sample being 

amplified, fragmented and immobilised on the surface of a silicon chip via oligonucleotide 

probes.113, 122, 123 Fluorescently-labelled dideoxynucleic triphosphates are then used to 

determine the genetic sequence through single base extension. Reference genome 

sequences can be used to fill in any missing genotypes through imputation.122, 124 This 

method can target anywhere from half a million to 2.5 million SNPs in a single assay, but 

manufacturer recommendations require high DNA input amounts (200 ng) that are not 

usually obtained from forensic samples. Several studies have tested microarray methods 

with low DNA input amounts from forensic samples, with as little as 0.2 ng of DNA 

producing high quality SNP genotypes.125-127 However, microarray genotyping is severely 

impaired by low DNA quality, which is commonly encountered in UHR investigations 

where the DNA has degraded and fragmented.126 

1.4.3 Whole Genome Sequencing 

Whole genome sequencing was originally designed for clinical applications and 

sequences all three billion nucleotides in the human genome.128, 129 This can be achieved 

using either short-read sequencing technologies, which involve fragmenting DNA 

through sonication or restriction enzymes, or long-read sequencing technologies, which 

sequence individual DNA molecules spanning several thousand base pairs.122, 128, 130 

One of the most commonly employed instruments for WGS is the NovaSeq™ 6000 

System (Illumina), which is capable of sequencing up to 48 human genomes in 44 

hours.131 The resulting data requires extensive bioinformatics expertise to generate 

genotypes and impute incomplete sequences using haplotype patterns from a reference 

panel.122 When higher amounts of template DNA are used, higher coverage is achieved, 

which reduces the need for imputation. While WGS provides extensive genetic 

information that forensic investigations can leverage, it has not yet been operationalised 

within a law enforcement forensic laboratory and the capability is typically outsourced to 

private forensic laboratories that have validated WGS.44  
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1.4.4 Targeted Amplicon Sequencing 

Massively parallel sequencing (MPS) is a genotyping technology that can sequence 

millions of DNA fragments from multiple samples in a single sequencing run.132 An 

increasing number of forensic laboratories are adopting benchtop MPS instruments to 

implement TAS applications.133, 134 Forensic TAS panels have been designed to target 

several thousand forensically-relevant SNPs for a range of applications including 

identification, inferring BGA and EVC and extended kinship analysis.135-137 Privacy risks 

associated with MPS can be mitigated by excluding SNPs that may reveal medical 

information about the individual.138, 139 Additionally, TAS can be used to enhance STR 

profiling applications by determining both the length and DNA sequence variations of the 

target STRs, as opposed to only determining the STR alleles based on their length with 

fragment length analysis methods.140 

1.5 DNA Intelligence 

Forensic genomics enables investigators to infer valuable information about an unknown 

individual based on their genotype at specific loci. This can be beneficial to investigations 

where comparison to known references, either directly or through database searching, 

do not yield possible identities.141, 142 The inferred characteristics, such as  biological sex, 

EVCs and BGA,  can generate new investigative leads that may help to narrow the pool 

of potential candidates. In UHR casework, this information can assist law enforcement 

in filtering through the large number of LTMP reports or identifying communities near 

where UHRs were recovered.143-145 The DNA intelligence information can also 

complement findings from other forensic disciplines, such as forensic anthropology, 

craniofacial reconstruction, forensic odontology and forensic geochemistry, where 

biological sex, visible features and ancestral origins may also be inferred.28, 146, 147 

1.5.1 Biological Sex 

Biological sex estimation has long been used in forensic DNA analysis for criminal and 

coronial cases through DNA quantification and STR profiling. Both methods detect the 

presence of the male-specific Y chromosome to indicate the DNA originated from a 

biologically male individual.35, 148 Forensic STR panels typically target the Amelogenin 

gene, identifying two possible alleles for the insertion/deletion (indel): X, representing the 

X chromosome, and Y, representing the Y chromosome.35, 149 Several panels also 

include additional Y STRs, providing further support for the presence of DNA from a 

biological male individual. MPS panels that contain multiple classes of SNPs to generate 
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different forms of genetic intelligence, may also incorporate Y SNPs and possibly X SNPs 

to provide biological sex information and, if male, paternal lineage.135-137, 150 

While the disclosure of an individual’s biological sex in criminal investigations may raise 

privacy concerns regarding their gender identity151, in UHR investigations, this 

information can significantly reduce the number of possible missing persons that might 

be linked to the UHR. It can also help to support or refute the biological sex inferred from 

circumstantial information or forensic anthropological examination of the remains. For 

example, in 2018, disarticulated human remains recovered on a beach in Cape Town 

were initially inferred to be female during the autopsy and anthropological examination 

and the police focussed on missing women in the area.152 However, when forensic DNA 

analysis, including DNA quantification and STR profiling using fragment length analysis 

and MPS, was employed to determine if the disarticulated remains were from the same 

individual, the results indicated the remains were biologically male. This information 

provided the police with new investigative leads to pursue and they were able to link the 

UHR to a male reported missing at sea.  

1.5.2 Biogeographical Ancestry 

BGA refers to the ability to infer the likely recent ancestry of an individual from their 

aiSNP genotype.153 This class of SNP is characterised by their low heterozygosity and 

high population heterogeneity, increasing the probability of the SNPs having alleles 

shared by individuals in the same population group but not shared among individuals of 

different population groups.47 As forensic applications are limited to small- or medium-

density SNP panels combining multiple SNP classes, limited subsets of aiSNPs are used 

to infer an individual’s BGA in relation to superpopulation groups that encompass a 

continent (e.g. African, European, East Asian).153, 154 Inferring BGA requires a reference 

database of genotypes with known ancestry against which a prediction algorithm can 

compare the queried genotype. However, due to colonialism, migration and modern 

mating practices, many individuals have recent ancestry from more than one population 

group (i.e. admixed ancestry), making BGA inference more complex.154 

There are several prediction algorithms available for the inference of BGA depending on 

the number of aiSNPs to be evaluated.155 The most widely used aiSNP panel is the Kidd 

Lab Panel which targets 55 aiSNPs and is compatible for analysis with most BGA 

inference pipelines.47, 156 Multidimensional scaling (MDS) methods such as principle 

component analysis (PCA) and principle coordinate analysis (PCoA) reduces genotypes 

to two or three coordinates using eigenvalue decomposition.141, 155, 157, 158 The resulting 
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scatter plot is then used to visualise the variance amongst samples, with individuals who 

share genetic similarities clustering together, reflecting the different population groups in 

the reference database (Figure 1.1). 

Model-based likelihood estimators, such as Structure, estimate the ancestral population 

contributions to a questioned genotype by analysing a reference database of known 

ancestral genotypes.159, 160 These population contributions can be graphed and 

compared to the contributions assigned to individuals in the reference database (Figure 

1.1). The Forensic Research/Reference on Genetics-knowledge base (FROG-kb) 

calculates the probability of observing the questioned genotype within population groups 

from the Allele FREquency Database (ALFRED) and the output ranks the population 

groups by random match probability (RMP; Figure 1.1).161, 162

Figure 1.1. Biogeographical ancestry (BGA) inference of an individual with known European 

ancestry using different pipelines with 55 aiSNPs: A) principle component analysis (PCA) on the 

Universal Analysis Software (UAS), the red arrow indicates the questioned genotype; B) principle 

coordinate analysis (PCoA) in RStudio, the red arrow indicates the questioned genotype; C) 

Structure, the red box indicates the questioned genotype; D) Forensic Research/Reference on 

Genetics-knowledge base (FROG-kb) with the ten highest ranking subpopulation groups by 

random match probability and likelihood ratio (LR).

BGA inference has been used in UHR cases of coronial significance and historical 

investigations to assist in determining the appropriate management and repatriation 

process to follow.163-165 For example, partial skeletal remains were recovered in the 

Himalayas in 2016, where approximately 30 foreign tourists had gone missing over the 
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past 20 years.165 The BGA of the UHR was inferred to be of Asian origin from analysis 

of the Y haplogroup and aiSNPs using FROG-kb. This information allowed the 

investigating authority to focus on linking the UHR to a local missing persons case and 

circumvent contacting family members of the missing tourists unnecessarily. 

1.5.3 Externally Visible Characteristics 

In forensic genomics, it is becoming increasingly common to infer the phenotype or EVCs 

of an individual based on their genotype at piSNPs to provide new investigative leads.166 

The most successful applications have involved inference of human pigmentation traits 

such as hair colour, eye colour and skin colour.49-52, 167 However, the expression of these 

pigmentation traits can be influenced by environmental factors and ageing.166 The 

combination of craniofacial reconstruction for a UHR and inferences for pigmentation 

can provide law enforcement with more accurate facial depictions to be circulated within 

communities to assist in identifying the individual. Beyond pigmentation, other EVCs are 

currently being investigated to determine whether they can generate reliable inferences 

for traits such as body height, facial morphology and male pattern baldness.168-172 Recent 

studies have also demonstrated that it is possible to estimate the age of an unknown 

individual by analysing epigenetic markers including methylated DNA.173, 174 

The HIrisPlex panel is comprised of 24 piSNPs associated with hair colour (blond, brown, 

red and black), hair shade (light and dark) and eye colour (blue, intermediate and 

brown).50, 52 It employs an online tool that uses a multinomial logistic regression (MLR) 

model trained on genotype data and known hair and eye colours of individuals within a 

reference database.50, 52, 167 The accuracy of each test is expressed as an area under the 

receiver operating characteristic curve (AUC) and probability values (p-values) are 

reported for each possible pigmentation category based on analysis of the questioned 

genotype. These 24 piSNPs have been incorporated into several forensic kits for MPS 

applications in criminal and coronial casework.135-137, 150, 175 The panel has since been 

expanded to target 41 piSNPs for the additional inference of skin colour (very pale, pale, 

intermediate, dark and dark-to-black) in the HIrisPlex-S panel.45, 46, 48 

Similar to BGA inference, EVC inference pipelines have been applied to UHR of coronial 

significance and historical cases to provide additional information to aid identification. 

Chaitanya et al. (2017) used the HIrisPlex system on DNA samples extracted from bones 

and teeth obtained from World War II excavations in Slovenia, in conjunction with STR 

analysis, to identify the UHR.146 Living relatives of the identified individuals confirmed 

that the HIrisPlex inferences were consistent with their EVCs, demonstrating applicability 
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of this capability for UHR, missing persons and DVI investigations. More recently, a 

craniofacial reconstruction was generated by the AFP DNA Program of a UHR recovered 

in 1986 at Kangaroo Island, South Australia.176 The pigmentation applied to the 

reconstruction was informed by the piSNP and aiSNP profiles to generate inferences of 

the individual’s hair colour, eye colour and BGA. 
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1.6 Genetic Kinship Testing Techniques for Human Remains Identification and 

Missing Persons Investigations 

 



Page | 38  

 



Page | 39  

 



Page | 40  

 



Page | 41  

 



Page | 42  

 



Page | 43  

 



Page | 44  

 



Page | 45  

 



Page | 46  

 



Page | 47  

 



Page | 48  

 



Page | 49  

 



Page | 50  

 



Page | 51  

 



Page | 52  

 



Page | 53  

 



Page | 54  

 



Page | 55  

 



Page | 56  

 

 
  



Page | 57  

 

1.7 Research Aims 

The research presented in this thesis aimed to evaluate and operationalise a SNP 

genotyping technology for the AFP DNA Program that could be applied to Australia’s 

unidentified and missing persons casework and generate new investigative leads. By 

using volunteer samples with self-declared metadata, research PM samples and UHR 

casework samples approved for these studies by Australian law enforcement 

jurisdictions, the laboratory, analysis and inference pipelines were optimised and 

implemented. 

The project aimed to achieve this by: 

• Evaluating and comparing the available SNP genotyping panels employing TAS 

technology to provide recommendations for forensic laboratory implementation. 

• Validating and optimising the ForenSeq® Kintelligence Kit for unidentified and 

missing persons casework. 

• Evaluating identity-informative markers for applications in Australian populations 

and establishing SNP population allele frequencies. 

• Optimising DNA intelligence pipelines for the inference of biological sex, hair 

colour, eye colour, BGA and kinship. 

• Evaluating STRs and SNPs for kinship analysis using LR calculations and 

haplotype matching. 

• Assessing the impact of information loss on extended kinship analysis 

capabilities with the ForenSeq® Kintelligence Kit. 
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2. CHAPTER TWO 

METHODS 

2.1 Introduction 

This chapter details the methods that are in common for all results chapters of this thesis 

(ethics approval, sample collection, sample preparation, DNA extraction and DNA 

quantitation). All individual results chapters have method sections specific to the studies 

involved. 

2.2 Ethics Approval 

Ethics approval for this research was granted by the University of Technology (UTS) 

Human Research Ethics Committee (HREC) with the approval number UTS HREC NO. 

ETH21-5821 (Appendix 1). This was later updated to UTS HREC NO. ETH21-6606 

(Appendix 2). Samples collected from the decomposed and skeletonised human remains 

at the Australian Facility for Taphonomic Experimental Research (AFTER) were used in 

accordance with an existing ethics approval (UTS HREC NO. ETH21-2999). Approval to 

include additional research and casework samples submitted to the AFP DNA Program 

was given by the Program Lead of the AFP DNA Program and affiliated Australian law 

enforcement agencies. 

2.3 Sample Collection 

2.3.1 Reference-Type Samples 

Volunteers were recruited through emails distributed to the Centre for Forensic Science 

at UTS and the Forensics Command at the AFP. The recruitment email included a 

participation information sheet explaining what their genetic information would be used 

for, the risks involved, and how to withdraw from the study (see Appendix 3). All 

volunteers signed a consent form and indicated their approvals for certain genetic tests 

(see Appendix 4). A questionnaire was completed to provide self-declared BGA for each 

participant as well as their parents and grandparents, EVCs, and other genetic relatives 

involved in the study (see Appendix 5). 

Buccal swabs (n = 73) were collected in person at UTS or the AFP Forensics Facility. 

Due to COVID-19 travel restrictions, sample collection packages were distributed to 

volunteers who were unable to travel. This included gloves, sterile buccal swabs and 

collection instructions. Each sample was de-identified and received a unique sample 

code. 
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AFP Biology research samples (n = 57) that were previously extracted, quantified and 

sequenced by staff members were provided for use in the identity-informative markers 

study (Chapter Five). 

2.3.2 Casework-Type Samples 

A range of PM samples of varying conditions and ages were collected from AFTER, 

previously analysed AFP research samples and approved casework samples submitted 

to the AFP DNA Program (Table 2.1). Additional AM samples were collected from 

volunteers (Table 2.1). 
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Table 2.1. Casework-type human remains samples from volunteers, the Australian Facility for 

Taphonomic Experimental Research (AFTER) and Australian Federal Police National DNA 

Program for Unidentified and Missing Persons (AFP DNA Program) research and casework 

samples. 

Sample ID Source Condition 

Hair 1 Volunteer (Family 1) 
Baby rootless hair cutting, stored for 38 years at 
room temperature (25oC) 

Blood 1 Volunteer (Family 1) 
Blood collected on FTA card, stored for 18 
months at room temperature (25oC) 

Blood 2 
AFP DNA Program 
research sample 

Whole blood, stored for 6 months at -20oC 

Nail 1 
AFP DNA Program 
research sample 

Nail clipping, stored for 2 years at room 
temperature (25oC) 

Nail 2 AFTER Nail clipping, PMI 2 months 

Tooth 1 Volunteer (Family 2) 
Primary tooth, stored for 25 years at room 
temperature (25oC) 

Tooth 2 
AFP DNA Program 
research sample 

Permanent tooth, stored for 25 years at room 
temperature (25oC) 

Bone 1 
AFP DNA Program 
casework sample 

Femur sample, PMI unknown, saltwater 
exposure 

Bone 2 
AFP DNA Program 
casework sample 

Femur sample, PMI approximately 230 years, 
buried 

Bone 3 
AFP DNA Program 
casework sample 

Mandible sample, PMI unknown, saltwater 
exposure 

Bone 4 
AFP DNA Program 
casework sample 

Petrous sample, PMI unknown, surface 
decomposition 

Bone 5 
AFP DNA Program 
casework sample 

Petrous sample, PMI approximately 70 years, 
buried 

Bone 6 AFTER 
Petrous sample, PMI 2 years, surface 
decomposition 

Bone 7 AFTER 
Petrous sample, PMI 2 years, surface 
decomposition 

Bone 8 AFTER 
Petrous sample, PMI 2 years, surface 
decomposition 

Bone 9 AFTER Petrous sample, PMI 2 years, shallow burial 

Bone 10 AFTER Petrous sample, PMI 2 years, shallow burial 

Bone 11 AFTER Petrous sample, PMI 2 years, shallow burial 
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2.4 Sample Preparation 

2.4.1 Hair and Nail Samples 

Nail clippings were cut with sterile scissors and a 0.5 x 0.5 cm section was collected in 

a sample tube. A cutting of hair shaft approximately 2 cm in length was cut into two 

pieces and collected in a sample tube. Hair and nail samples underwent cleaning by 

agitating the sample tube with a vortex for 5 minutes for the following washes: 5% Terg-

a-zyme® enzyme detergent, 10% bleach, Milli-Q water (three washes) and 70% ethanol. 

The samples were transferred to a fresh tube between washes using tweezers. The 

samples were exposed to ultraviolet (UV) light for 15 minutes on each side and were 

then transferred to a microcentrifuge tube. 

2.4.2 Bone and Tooth Samples 

Bone samples were collected by cutting a section of the skeletal element weighing 0.5 

to 1.0 g using a Dremel® 4000 Rotary Tool (Dremel®) and Dremel® Diamond Point Cutting 

Wheel (Dremel®). The surface was sanded using the rotatory tool and Dremel® Sanding 

Bands (Dremel®) to remove any contaminants in the outer cortex. For the permanent 

tooth sample (Tooth 2), the crown was removed by cutting a groove at the 

cementoenamel junction with the rotary tool and diamond wheel, and a chisel and 

hammer were used to separate the crown and root. The primary tooth (Tooth 1) was 

sampled whole.  

Bone and teeth samples underwent cleaning by agitating the sample tube with a vortex 

for 5 minutes for the following washes: 10% bleach, Milli-Q water (three washes) and 

70% ethanol. The solution was decanted into a waste container between washes. The 

samples were exposed to ultraviolet (UV) light for 15 minutes on each side. Samples 

were then crushed using a pre-chilled BioPulverizer 59014N (Biospec Products). This 

involved firstly chilling the BioPulverizer in liquid nitrogen for 10 minutes before the 

sample was added, then chilling the sample inside the mortar for an additional 1 minute 

and then using the mallet to strike the pestle, rotating the pestle between blows.  

2.5 DNA Extraction 

2.5.1 Buccal Swabs 

Buccal swabs either underwent manual DNA extraction or automated DNA extraction. 

For the manual extraction, the QIAamp DNA Investigator® Kit (QIAGEN) was used 

following the manufacturer’s protocols for Omni Swabs and DNA was eluted with 100 µL 
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of Buffer ATE.1 The automated extraction followed the manufacturer’s recommended 

protocols with the EZ1® DNA Investigator Kit (QIAGEN) on the EZ1® Advanced XL 

(QIAGEN) with DNA eluted with 100 µL of TE buffer.2,3 

2.5.2 Blood Samples 

The blood samples underwent DNA extraction by using the EZ1® DNA Investigator Kit 

following the manufacturer’s protocol for casework and reference samples [2]. 

Automated purification was performed on the EZ1® Advanced XL (QIAGEN) using the 

trace protocol.3 The DNA was eluted with 100 µL of TE buffer. 

2.5.3 Hair and Nail Samples 

DNA from the hair and nail samples was extracted using the QIAamp DNA Investigator® 

Kit (QIAGEN) following the manufacturer’s protocols.1 The DNA was eluted with 50 µL 

of Buffer ATE. 

2.5.4 Bone and Tooth Samples 

Skeletal DNA was extracted using a modified demineralisation method validated by the 

AFP DNA Program using the MinElute® PCR Purification Kit (QIAGEN).4 Samples were 

incubated overnight at 56oC and 750 rpm in a thermomixer with proteinase K and 

demineralisation buffer (0.5M EDTA, 1% n-lauroylsarcosine).5 The lysate was decanted 

into an Amicon® Ultra-15 concentrator (Millipore®) and underwent purification according 

to the MinElute® PCR Purification Kit handbook.4,6 The DNA was eluted with 50 µL of EB 

buffer. 

2.6 DNA Quantification 

Quantitation for the 214 bp large autosomal (LA), 80 bp small autosomal (SA) and 75 bp 

Y chromosome target fragments was conducted using the Quantifiler™ Trio DNA 

Quantitation Kit (Applied Biosystems™) on a QuantStudio™ 5-Real-Time PCR System 

(Applied Biosystems™) according to manufacturer instructions.7,8 The results were 

analysed on the HID Real-Time PCR Analysis Software (Applied Biosystems™) to 

construct the standard curve and determine quantity of DNA (ng/µL) for each sample 

and target. Samples were deemed to be inhibited if the internal positive control (IPC) for 

that sample had a cycle threshold greater than 31. The degradation index (DI) was 

calculated using the following equation and sample quality inferred according to Table 

2.2. 



Page | 80  

 

DI =
Concentration of SA target (ng/μL)

Concentration of LA target (ng/μL)
 

Table 2.2. Degradation index (DI) scale and sample quality. 

DI Range Sample Quality 

< 1 Not degraded 

1 – 5 Slightly degraded 

5 – 10  Moderately degraded 

> 10 Significantly degraded 

The DNA quantities and DI for all samples utilised in the following studies (n = 161) are 

listed in Appendix 6 (Supplementary Table 1) and which studies they were used for. 
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What follows is additional and not included in the published paper. 

5.2 Introduction 

Sewall Wright’s fixation index relating sub-populations to the total population (FST) is a 

parameter that measures population structure by quantifying genetic variation within a 

subpopulation group compared to the total genetic variation across the whole 

population.1 FST values within a population are utilised when calculating likelihood ratios 

(LRs) in forensic genetics to account for coancestry, allowing for uncertainty in the 

database used to calculate allele frequencies.2, 3   FST values between sub-populations 

suggest genetic drift has separated them.  Wright suggested the following interpretation:4 

• 0.00 – 0.05: little genetic drift 

• 0.05 – 0.15: moderate genetic drift 

• 0.15 – 0.25: great genetic drift 

• 0.25 and above: very great genetic drift 

An inbreeding coefficient (FIS) can also be defined as a measure of heterozygote 

deficiency due to inbreeding in each subpopulation.5 This study compared the European 

Australian allele frequencies with data from European and North American populations 

having European ancestry for identity-informative single nucleotide polymorphisms 

(iiSNPs), as well as FST and FIS in these populations.6-8  

5.3 Methods 

Data was gathered from the above study (Section 5.1) and three published population 

studies, and the European ancestry population data was extracted.6-9 Table 5.1 

summarises the population data. The data collated included the allele frequencies for 

each iiSNP, the observed heterozygosity (Hobs), the expected heterozygosity (Hexp) for 

each iiSNP and the population sizes. 

Table 5.1 Population genetics studies of iiSNPs compared. 

Metric 
Watson et al 

(2024) 9 

Delest et al. 
(2020) 6 

Kiesler et al. 
(2023) 8 

Davenport et 
al. (2023) 7 

Population 
Australian with 

European 
Ancestry 

French 
American 
Caucasian 

White British 

iiSNPs 94 92 94 94 

Population 
Size 

105 169 361 204 

 

The expected heterozygosity of all populations (HT) was calculated following: 
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𝐻𝑇 = 2 × 𝑝 × 𝑞 

where 𝑝 is the frequency of the reference allele over all populations and 𝑞 is the 

frequency of the alternative allele over all populations. 𝑝 was calculated following: 

𝑝 =
∑ 𝑝𝑖𝑛𝑖𝑖

∑ 𝑛𝑖𝑖
 

where 𝑖 is the population in question, 𝑝 is the frequency of the reference allele in 

population 𝑖 and 𝑛 is the total number of observed alleles. As all iiSNPs were biallelic, 𝑞 

was calculated as 1 − 𝑝. 

The locus-specific FST was calculated within each population following:  

𝐹ST =
𝐻T − 𝐻exp

𝐻T
 

The locus-specific FIS was calculated within each population following: 

𝐹IS = 1 −
𝐻obs

𝐻exp
 

Statistical tests were used to determine significant differences by population for the 

locus-specific FST and FIS values in R v4.2.1 using the Kruskal-Wallis H test.10 The locus-

specific FST and FIS values were averaged across the population to generate the 

population-specific FST and FIS. 

5.4 Results 

The locus-specific FST values were similar between the population groups and were not 

significantly different (𝑥2 = 0.84, p = 0.84; Table 5.2; Figure 5.1). The population-specific 

FST values were subsequently similar; the American Caucasian population had the 

highest FST at 0.050 and the Australian with European Ancestry population had the lowest 

at 0.041 (Table 5.2). 

Similarly, the locus-specific FIS values were not significantly different between population 

groups (𝑥2 = 0.85, p = 0.84; Table 5.3; Figure 5.2). The population-specific FIS values 

were close to zero, ranging from -0.025 (French) to -0.001 (White British and Australian 

with European Ancestry). This indicates that all subpopulations exhibit negligible 

inbreeding. 
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Table 5.2 Locus-specific FST values for each population. The population-specific FST values are 

included in the bottom row as the average locus-specific FST values. 

SNP 
Australian with 

European 
Ancestry 9 

French 6 
Caucasian 
American 8 

White British 7 

rs1490413 0.021 0.010 0.004 0.039 

rs560681 0.179 0.155 0.122 0.215 

rs1294331 -0.008 -0.039 -0.034 -0.048 

rs10495407 0.167 0.113 0.073 0.114 

rs891700 -0.090 -0.074 -0.087 -0.086 

rs1413212 -0.082 0.052 0.046 0.077 

rs876724 0.055 0.004 0.099 0.152 

rs1109037 -0.011 -0.031 -0.030 -0.032 

rs993934 0.029 0.016 0.046 0.052 

rs12997453 0.010 -0.003 0.018 0.031 

rs907100 0.015 0.002 0.017 0.038 

rs1357617 -0.015 0.244 0.219 0.112 

rs4364205 -0.030 -0.018 -0.026 -0.026 

rs2399332 0.118 0.033 0.066 0.117 

rs1355366 0.042 0.011 -0.004 0.012 

rs6444724 0.020 0.030 0.044 0.045 

rs2046361 -0.050 0.136 0.120 0.127 

rs279844 -0.002 0.000 0.000 -0.006 

rs6811238 0.000 -0.005 0.004 -0.004 

rs1979255 -0.177 0.054 -0.051 -0.079 

rs717302 -0.045 -0.044 -0.042 -0.043 

rs159606 0.068 0.109 0.131 0.050 

rs13182883 -0.104 -0.112 -0.109 -0.125 

rs251934 0.027 -0.021 0.014 0.017 

rs338882 -0.020 -0.013 -0.022 -0.001 

rs13218440 0.056 -0.013 0.042 0.008 

rs1336071 -0.041 -0.015 -0.023 -0.020 

rs214955 0.017 -0.004 0.005 0.012 

rs727811 -0.013 0.035 -0.022 0.027 

rs6955448 0.143 - 0.112 0.147 

rs917118 0.046 0.055 0.072 0.017 

rs321198 0.004 -0.029 -0.014 -0.030 

rs737681 0.044 0.012 0.050 0.042 

rs763869 -0.005 -0.004 0.000 -0.003 

rs10092491 -0.082 -0.069 -0.070 -0.060 

rs2056277 0.312 0.179 0.267 0.208 

rs4606077 0.137 0.082 0.127 0.023 

rs1015250 0.340 0.301 0.350 0.358 

rs7041158 0.088 0.064 0.085 0.061 
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rs1463729 -0.111 -0.121 -0.073 -0.059 

rs1360288 0.101 0.057 0.106 0.013 

rs10776839 0.002 0.017 0.014 -0.001 

rs826472 -0.044 -0.058 -0.083 -0.081 

rs735155 0.002 -0.014 -0.015 -0.003 

rs3780962 -0.040 -0.096 -0.098 -0.102 

rs740598 0.010 0.028 0.080 0.040 

rs964681 -0.017 -0.001 -0.013 0.029 

rs1498553 -0.005 -0.004 -0.001 0.005 

rs901398 0.085 -0.064 -0.083 -0.023 

rs10488710 -0.004 0.007 0.095 0.119 

rs2076848 -0.005 0.002 0.018 0.044 

rs2107612 0.169 0.151 0.169 0.199 

rs2269355 -0.004 0.011 0.014 0.025 

rs2920816 0.035 0.031 0.014 0.027 

rs2111980 -0.002 -0.009 -0.001 0.004 

rs10773760 0.001 -0.003 0.011 0.012 

rs1335873 -0.009 0.147 0.247 0.253 

rs1886510 -0.022 -0.015 -0.019 -0.017 

rs1058083 0.044 -0.013 -0.023 -0.018 

rs354439 -0.043 -0.027 0.007 -0.015 

rs1454361 -0.046 -0.030 -0.037 -0.035 

rs722290 -0.007 -0.002 -0.004 -0.005 

rs873196 0.052 0.017 0.010 -0.005 

rs4530059 0.017 0.025 0.017 0.066 

rs1821380 -0.021 -0.019 0.010 -0.014 

rs8037429 0.007 -0.002 -0.001 -0.002 

rs1528460 0.075 0.113 0.085 0.034 

rs729172 0.037 0.053 0.008 0.034 

rs2342747 0.092 0.169 0.130 0.169 

rs430046 0.027 -0.014 0.010 0.017 

rs1382387 0.172 0.098 0.171 0.102 

rs9905977 0.117 0.125 0.133 0.124 

rs740910 0.102 0.104 0.167 0.081 

rs938283 0.451 0.355 0.402 0.462 

rs8078417 0.130 0.089 0.241 0.198 

rs1493232 0.055 0.151 0.027 0.039 

rs9951171 -0.010 0.006 -0.004 -0.004 

rs1736442 0.019 0.028 0.021 0.048 

rs1024116 0.008 0.039 0.000 0.019 

rs719366 0.028 0.117 0.056 0.029 

rs576261 -0.005 -0.012 -0.017 -0.022 

rs1031825 0.101 0.171 0.187 0.107 

rs445251 -0.005 0.051 0.044 0.041 
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rs1005533 -0.002 0.011 0.000 0.002 

rs1523537 -0.022 -0.009 -0.003 -0.017 

rs722098 0.351 0.483 0.400 0.459 

rs2830795 0.278 0.172 0.145 0.086 

rs2831700 0.032 - 0.015 0.033 

rs914165 0.025 0.006 -0.007 0.033 

rs221956 0.099 0.113 0.132 0.114 

rs733164 0.129 0.118 0.225 0.136 

rs987640 -0.054 -0.038 -0.073 -0.061 

rs2040411 0.007 0.013 0.017 0.005 

rs1028528 0.271 0.116 0.194 0.185 

Average FST 0.041 0.042 0.050 0.047 

 

Figure 5.1 Locus-specific FST values ordered by population group. 

Table 5.2 Locus-specific FIS values for each population. The population-specific FIS values are 

included in the bottom row as the average locus-specific FIS values. 

SNP 
Australian with 

European 
Ancestry 9 

French 6 
Caucasian 
American 8 

White British 7 

rs1490413 -0.168 -0.005 0.082 -0.062 

rs560681 0.039 -0.065 0.074 -0.024 

rs1294331 -0.013 0.000 0.008 0.019 

rs10495407 0.058 0.018 0.056 0.099 

rs891700 0.014 -0.642 -0.007 -0.009 

rs1413212 -0.011 0.227 -0.059 0.047 

rs876724 -0.017 -0.052 0.057 -0.049 
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rs1109037 0.126 -0.256 0.036 -0.037 

rs993934 0.188 0.027 -0.057 -0.067 

rs12997453 -0.115 0.162 0.002 0.136 

rs907100 0.071 0.027 -0.044 0.055 

rs1357617 0.353 0.031 -0.002 0.010 

rs4364205 -0.187 -0.052 -0.080 -0.088 

rs2399332 -0.152 -0.015 -0.084 0.123 

rs1355366 0.036 0.045 -0.009 0.074 

rs6444724 -0.012 0.017 0.047 0.132 

rs2046361 0.183 0.001 -0.086 -0.077 

rs279844 0.132 0.050 0.051 -0.009 

rs6811238 0.046 0.008 0.080 -0.053 

rs1979255 0.182 -0.040 -0.022 0.029 

rs717302 -0.082 0.051 -0.018 0.077 

rs159606 -0.149 0.023 -0.022 0.040 

rs13182883 0.056 -0.025 -0.046 -0.036 

rs251934 0.044 -0.124 -0.086 0.015 

rs338882 -0.096 -0.043 0.037 -0.052 

rs13218440 0.015 -0.070 0.018 -0.137 

rs1336071 0.052 0.027 0.080 -0.037 

rs214955 0.126 -0.078 0.086 0.073 

rs727811 0.130 0.019 -0.147 -0.062 

rs6955448 0.327 - -0.081 0.045 

rs917118 0.005 -0.063 -0.049 -0.053 

rs321198 -0.150 0.042 -0.081 -0.099 

rs737681 0.084 -0.350 0.002 -0.034 

rs763869 -0.100 0.056 -0.053 -0.087 

rs10092491 0.127 -0.038 -0.016 -0.054 

rs2056277 -0.052 -0.139 0.062 0.005 

rs4606077 -0.063 0.033 0.004 -0.060 

rs1015250 -0.018 -0.042 -0.009 -0.052 

rs7041158 -0.191 0.112 0.001 -0.159 

rs1463729 0.014 -0.061 -0.041 0.030 

rs1360288 -0.011 0.021 -0.018 -0.027 

rs10776839 0.004 0.033 -0.010 -0.047 

rs826472 0.097 -0.013 0.045 -0.020 

rs735155 -0.067 -0.278 0.012 -0.054 

rs3780962 -0.070 0.007 -0.054 -0.054 

rs740598 -0.074 0.133 -0.063 0.050 

rs964681 0.042 0.082 -0.001 -0.146 

rs1498553 0.070 0.009 -0.019 0.004 

rs901398 0.060 0.060 -0.072 0.039 

rs10488710 0.088 0.053 0.060 0.020 

rs2076848 -0.082 0.039 -0.016 -0.005 
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rs2107612 0.010 0.052 -0.023 -0.007 

rs2269355 0.014 0.037 -0.045 -0.102 

rs2920816 -0.129 0.202 0.038 0.076 

rs2111980 -0.014 0.112 -0.086 -0.020 

rs10773760 0.100 -0.049 -0.023 -0.025 

rs1335873 0.182 -0.201 0.051 0.075 

rs1886510 -0.120 0.152 0.020 0.025 

rs1058083 0.016 -0.201 0.034 0.016 

rs354439 -0.084 0.158 0.016 -0.144 

rs1454361 0.090 0.027 -0.030 0.004 

rs722290 0.090 0.161 0.070 -0.076 

rs873196 -0.037 -0.101 -0.064 0.103 

rs4530059 -0.070 -0.223 -0.057 -0.066 

rs1821380 -0.100 -0.249 0.084 0.105 

rs8037429 -0.095 -0.125 0.097 -0.019 

rs1528460 -0.099 -0.040 0.069 0.041 

rs729172 -0.131 -0.128 -0.019 0.029 

rs2342747 -0.125 0.089 -0.113 0.037 

rs430046 -0.013 -0.026 0.035 0.039 

rs1382387 0.071 -0.023 0.096 0.125 

rs9905977 -0.062 -0.155 -0.063 0.098 

rs740910 -0.011 -0.078 0.029 -0.044 

rs938283 -0.091 -0.052 -0.075 0.111 

rs8078417 -0.093 -0.250 -0.010 -0.119 

rs1493232 0.120 -0.005 -0.051 0.130 

rs9951171 0.038 -0.052 0.071 -0.057 

rs1736442 -0.059 0.118 -0.069 0.071 

rs1024116 -0.210 0.018 -0.048 -0.040 

rs719366 -0.052 0.213 -0.019 0.075 

rs576261 0.014 0.017 -0.077 -0.056 

rs1031825 -0.071 0.175 0.058 -0.034 

rs445251 0.012 -0.087 0.035 -0.005 

rs1005533 -0.046 -0.094 -0.009 -0.042 

rs1523537 0.026 -0.087 -0.040 0.037 

rs722098 -0.006 0.014 0.022 0.184 

rs2830795 -0.108 -0.005 -0.054 -0.004 

rs2831700 -0.084 - -0.125 -0.035 

rs914165 0.011 -0.090 -0.062 -0.035 

rs221956 -0.025 -0.142 -0.099 0.008 

rs733164 0.044 0.091 0.078 0.097 

rs987640 -0.057 -0.016 0.025 -0.031 

rs2040411 0.154 -0.162 -0.092 0.013 

rs1028528 0.046 -0.208 -0.005 -0.005 

Average FIS -0.001 -0.025 -0.009 -0.001 
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Figure 5.2 Locus-specific FIS values ordered by population group. 

5.5 Discussion and Conclusions 

This analysis demonstrates that there is little difference between the FIS values between 

the populations and that the means are close to zero, suggesting negligible inbreeding 

and that a θ correction for genotype frequencies close to zero is appropriate.  There is 

also little difference between the FST values between the populations, but the means are 

in the range 0.04 to 0.05, suggesting some genetic drift between the populations.  This 

means that allele frequency databases from one population with European ancestry will 

not necessarily be appropriate for another population with European ancestry for 

estimating LRs.  

Further evaluation should be conducted of other ancestral groups such as African, South 

Asian, East Asian and Hispanic utilising available published data to determine the 

necessity for conducting population genetic studies within the relevant jurisdiction for 

populations with the same ancestry.6-8, 11-16 Other population groups that have not been 

studied, including individuals with Polynesian, Aboriginal and Torres Strait Islander 
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ancestry, would require population genetic studies to be performed for the application of 

iiSNPs. 
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6. CHAPTER SIX

DNA INTELLIGENCE USING SEX-CHROMOSOME, PHENOTYPE-

INFORMATIVE AND ANCESTRY-INFORMATIVE MARKERS IN AN 

AUSTRALIAN POPULATION 
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7.1 Supplementary Material 

Supplementary Information S1: Calculations for expected shared centimorgan (cM), 

average identical by descent (IBD) segment length and number of IBD segments. 

Equations are modified from those published by Speed & Balding (2015) for total length 

of DNA in cM.1 

The average IBD segment length that two individuals share is: 

Average IBD Segment Length =
3300

22 + (40.7 + 22.9) ×
𝐺1 + 𝐺2

2

(1) 

where the numerator is the total length of DNA in cM; 𝐴 is the number of most recent 

common ancestors shared between the individuals; 𝐺1 and 𝐺2 are the number of 

generations between each individual and the most recent common ancestor(s); 22 is the 

number of autosomal chromosomes; and (40.7 + 22.9)/2 is the sex-averaged number 

of recombinations per meiosis. 

The total cM that two individuals share is: 

Expected Shared cM =  𝐴 ×
1

2𝐺1+𝐺2−1
× 3300 

(2) 

The number of IBD segments that two individuals share is: 

Number of IBD Segments =  𝐴 ×
22 + (40.7 + 22.9) ×

𝐺1 + 𝐺2
2

2𝐺1+𝐺2−1

(3) 
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1. Speed, D., Balding, D. Relatedness in the post-genomic era: is it still useful? Nat

Rev Genet 2015;16:33–44; doi: 10.1038/nrg3821.
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8.1 Supplementary Material

Figure S1. Average identical-by-descent (IBD) segment lengths in centimorgans (cM) shared 

between the Kintelligence profile of Individual 1 and other Kintelligence profiles in Pedigree Group 

1 with locus dropout ranging from 0 to 30%. PO: parent/offspring; FS: full sibling; 2nd: second 

degree relative; 3rd: third degree relative; 4th: fourth degree relative; 5th: fifth degree relative; 

7th: seventh degree relative; UR: unrelated.
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Figure S2. Number of identical-by-descent (IBD) segments detected by GEDmatch PRO™

shared between the Kintelligence profile of Individual 1 and other Kintelligence profiles in 

Pedigree Group 1 with locus dropout ranging from 0 to 30%. PO: parent/offspring; FS: full sibling; 

2nd: second degree relative; 3rd: third degree relative; 4th: fourth degree relative; 5th: fifth degree 

relative; 7th: seventh degree relative; UR: unrelated.
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Figure S3. Average identical-by-descent (IBD) segment lengths in centimorgans (cM) shared 

between the Kintelligence profile of Individual A and direct-to-consumer profiles in Pedigree 

Group 2 with locus dropout ranging from 0 to 30%. PO: parent/offspring; FS: full sibling; 2nd: 

second degree relative; UR: unrelated; FTDNA: FamilyTreeDNA. 
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Figure S4. Number of identical-by-descent (IBD) segments detected by GEDmatch PRO™

shared between the Kintelligence profile of Individual A and direct-to-consumer profiles in 

Pedigree Group 2 with locus dropout ranging from 0 to 30%. PO: parent/offspring; FS: full sibling; 

2nd: second degree relative; UR: unrelated; FTDNA: FamilyTreeDNA.
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Figure S5. Average identical-by-descent (IBD) segment lengths in centimorgans (cM) shared 

between the Kintelligence profile of Individual 1 and other Kintelligence profiles in Pedigree Group 

1 with allele dropout ranging from 0 to 30%. PO: parent/offspring; FS: full sibling; 2nd: second 

degree relative; 3rd: third degree relative; 4th: fourth degree relative; 5th: fifth degree relative; 

7th: seventh degree relative; UR: unrelated.
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Figure S6. Number of identical-by-descent (IBD) segments detected by GEDmatch PRO™

shared between the Kintelligence profile of Individual 1 and other Kintelligence profiles in 

Pedigree Group 1 with allele dropout ranging from 0 to 30%. PO: parent/offspring; FS: full sibling; 

2nd: second degree relative; 3rd: third degree relative; 4th: fourth degree relative; 5th: fifth degree 

relative; 7th: seventh degree relative; UR: unrelated.
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Figure S7. Average identical-by-descent (IBD) segment lengths in centimorgans (cM) shared 

between the Kintelligence profile of Individual A and direct-to-consumer profiles in Pedigree 

Group 2 with allele dropout ranging from 0 to 30%. PO: parent/offspring; FS: full sibling; 2nd: 

second degree relative; UR: unrelated; FTDNA: FamilyTreeDNA. 
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Figure S8. Number of identical-by-descent (IBD) segments detected by GEDmatch PRO™ 

shared between the Kintelligence profile of Individual A and direct-to-consumer profiles in 

Pedigree Group 2 with allele dropout ranging from 0 to 30%. PO: parent/offspring; FS: full sibling; 

2nd: second degree relative; UR: unrelated; FTDNA: FamilyTreeDNA. 
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9. CHAPTER NINE 

CONCLUSIONS 

This research aimed to evaluate the emerging forensic genomics capabilities that could 

provide resolution or new investigative leads for UHR cases in Australia when routine 

forensic identification methods have been exhausted. Casework samples submitted to 

the AFP’s DNA Program and casework-type samples obtained from AFTER allowed 

testing of authentic compromised samples typically encountered in UHR investigations 

to ensure the genotyping technologies would be robust for samples of varying quality 

and quantity. By studying reference-type samples with self-declared physical features, 

ancestry and relationships, the accuracy of genetic intelligence pipelines could be 

assessed and optimised with respect to an Australian population. 

While WGS technology is not readily accessible to law enforcement forensic laboratories 

due to high costs and throughput requirements, TAS provides an effective solution using 

benchtop instruments and kits that target forensically relevant SNPs.1 It has been 

demonstrated in this research that both the ForenSeq® Kintelligence Kit and FORCE 

panel produced genotypes that could be used for identification purposes, as well as 

inferring EVCs, estimating BGA and performing extended kinship analysis. Within the 

AFP DNA Program laboratory, the Kintelligence workflow produced higher quality SNP 

profiles than the FORCE panel for the range of compromised samples tested.  

There have been several validations and evaluations of individual TAS panels that have 

been published, but few studies that have directly compared workflows.2-5 McNevin et al. 

(2025) evaluated and compared the ForenSeq® Kintelligence Kit and various Ion 

AmpliSeq™ panels (Thermo Fisher Scientific), including the Precision ID Identity Panel, 

Precision ID Ancestry Panel, DNA Phenotyping Panel and HID Y-SNP Research Panel 

v1.6 The study concluded that all of these panels were suitable for processing 

compromised samples encountered in UHR casework; however, the ForenSeq® 

Kintelligence Kit provided a streamlined process because all SNPs are incorporated into 

a single workflow. Additionally, the Ion AmpliSeq™ panels have not yet been evaluated 

for kinship applications (and are not likely to be suitable beyond first order kinship) 

whereas the ForenSeq® Kintelligence Kit enables extended kinship analysis.7-9 

Since this research commenced, technology has undergone continual and rapid 

development to provide more sensitive and accurate sequencing results. To enhance 

applicability, small-density SNP panels designed for genetic intelligence (ForenSeq® 
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Imagen Kit) and higher throughput solutions of existing panels (ForenSeq® Kintelligence 

HT Kit) have been developed to allow laboratories to choose kits best suited to their 

casework and reporting requirements.10-13 Furthermore, the MiSeq i100 and MiSeq i100 

Plus Sequencing Systems were released in 2024 by Illumina 2024 and generate a higher 

sequencing output in less time than the MiSeq Sequencing System (Illumina).14 While 

current applications have been limited to microbial, pathogen and cancer sequencing, 

future workflows could provide more powerful sequencing solutions for forensic 

casework. 

Based on the conclusions of McNevin et al. (2025) and the research in this thesis, the 

ForenSeq® Kintelligence Kit was pursued in this research for implementation by the AFP 

DNA Program.6 The internal validation allowed for the in-house, end-to-end workflow to 

be optimised and operationalised to support UHR and LTMP investigations with forensic 

genomics. As this panel combines multiple SNP classes for genetic identification and 

intelligence purposes, it has since been implemented in multiple private and law 

enforcement forensic laboratories in Australia, the US and Europe, with more undergoing 

evaluations or internal validations.15-18 During the course of this PhD candidature, SNP 

profiles generated with the ForenSeq® Kintelligence Kit have provided investigative leads 

for multiple criminal and coronial cases that have resulted in identifications.18, 19 

Optimisation of the library preparation throughput from three to 12 samples in this 

research occurred prior to the release of the ForenSeq® Kintelligence HT Kit which allows 

up to 96 libraries to be prepared simultaneously.11, 12 While the sequencing throughput 

has been increased to allow up to 12 PM samples or 36 AM samples on a single flow 

cell, this decreases the coverage and, subsequently, the call rate. However, as the 

ForenSeq® Kintelligence HT Kit targets the same SNPs with the same library preparation 

chemistry as the ForenSeq® Kintelligence Kit, reducing the sequencing throughput will 

improve the number of SNPs called. This is important because a minimum of 70% of the 

available SNPs are required to be compatible for upload to GEDmatch PRO™ and to 

utilise their extended kinship analysis tools. 

At the time this thesis was submitted, the UAS was only capable of determining if the 

ForenSeq® Kintelligence SNP profile is likely to be single-source or a mixture but had not 

been validated for deconvolution and mixture interpretation. Biological samples obtained 

during criminal investigations are more likely to be from more than one DNA contributor, 

leading to current research in how to apply probabilistic genotyping to deconvolute mixed 

SNP profiles. Mixture Deconvolution in R (MixDeR) is an open-source R package and 
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Shiny app under development to utilise EuroForMix to deconvolute two-person mixed 

ForenSeq® Kintelligence profiles.20 With further research, probabilistic genotyping tools 

specifically designed for SNP deconvolution will enable TAS panels such as the 

ForenSeq® Kintelligence Kit to provide genetic intelligence support for criminal 

investigations. 

Presentation of forensic evidence in criminal and/or coronial Courts requires reporting 

the LR to convey statistical weight, calculated using allele frequencies for each locus in 

the profile.21 Within the ForenSeq® Kintelligence Kit, there are 94 iiSNPs that provide an 

alternative identity-informative marker type to STRs for the identification of an unknown 

individual. While iiSNPs are selected for their low population heterogeneity to minimise 

differences in allele population frequencies among different population groups, relevant 

allele population frequencies need to be used.22, 23 This research presented the first 

characterisation of these iiSNPs using Australian-specific data and facilitated the 

establishment of a SNP allele frequency database for Australians with European 

ancestry. The CPM calculated for the 94 iiSNPs within this population was consistent 

with previous research assessing populations of individuals with European ancestry in 

the US and UK.24, 25  

Additional research needs to be conducted to establish the allele population frequencies 

of other Australian population groups commonly utilised when reporting STRs, including 

individuals with Asian and Aboriginal and Torres Strait Islander ancestries.26 This 

research has provided the framework for further investigation of iiSNPs for Australian 

casework applications and addresses some of the challenges faced with presentation of 

SNP evidence in Courts. SNP to SNP comparison for identification purposes was 

accepted in Court for the first time in California, US, in 2024. A pretrial admissibility 

hearing resulted in the Court deeming the MPS technology used for generating the 

ForenSeq® DNA Signature Prep Kit profile as reliable and that it had gained acceptance 

in the scientific community.27, 28 

When an identification cannot be made through a direct comparison to an AM reference 

sample of a LTMP, characteristics of the unknown individual can still be inferred from 

their DNA to generate new investigative leads. In UHR casework, inferences of the 

biological sex, EVCs, BGA and genetic relatives of remains have been used to nominate 

candidates for missing persons to scientifically link using confirmatory testing. There are 

multiple algorithms available for generating DNA intelligence that should be evaluated 

for their suitability with respect to a jurisdiction’s population. However, there are several 
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factors that complicate EVC inferences such as incorrect declaration of phenotypes and 

environmental exposure resulting in hair colour changes.  

Multiple algorithms are available for interpretating aiSNP genotypes to infer the BGA of 

an unknown individual. This research demonstrated that PCoA achieved the greatest 

success rates when compared to three other algorithms. PCoA produced BGA inference 

results that were consistent with self-declared data for the majority of volunteers and 

inferred one of the self-declared population groups for approximately half of individuals 

with admixture. Admixture is one of the greatest complicating factors in BGA inference 

and modern populations are likely to be admixed due to colonialism and migration.29 

Structure, which estimates the proportion of genetic contributions from ancestral 

contribution groups, was found to be more likely to infer admixture for non-admixed 

individuals. However, the majority of self-declared admixed individuals were inferred 

correctly. The proposed optimised pipeline utilises the high success rates from PCoA 

and the ability to infer admixture from Structure to improve the BGA inference pipeline 

with the same reference population database. As the application of DNA intelligence 

continues to be tested in forensic casework, pipelines must be further developed to refine 

the reporting and communication of inferences to law enforcement in order to minimise 

the risk of bias and misinterpretation of results. 

The application of extended kinship analysis to generate investigative leads using 

possible genetic relatives of an unknown person on public genetic genealogy databases 

has significantly increased since the first case resolutions in 2019.30-32 This technique 

has been applied to numerous cases to identify human remains, living ‘Doe’ individuals 

and suspects of serious crimes.18, 33, 34  While IBD segment matching has been utilised 

for genetic genealogy research by the public, it is not suitable for identification and 

confirmatory testing using established forensic identification methods is required for this 

purpose.35 In jurisdictions where short-range kinship analysis is permitted for familial or 

kinship searching of databases, a kinship LR is required.36, 37  

There have been few studies comparing kinship LR calculations with IBD segment 

matching results to infer relatedness between genetically related individuals.38 Several 

studies have confirmed that the ForenSeq® Kintelligence Kit can accurately detect 

relationships out to the fifth degree.8, 9, 13, 39 The research presented in this thesis 

demonstrated that both kinship LR calculations and IBD segment matching pipelines are 

valuable and reliable tools for conducting medium-range kinship analysis using profiles 

generated with the ForenSeq® Kintelligence Kit. However, fewer studies have evaluated 
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the impact of information loss on the kinship algorithms. Specifically, simulated 

Kintelligence profiles have been tested to evaluate the impact of locus dropout on kinship 

LR calculations by Gettings et al. (2024) and both locus and allele dropout on IBD 

segment matching by Snedecor et al. (2022).8, 13 In order to evaluate the combined 

robustness of extended kinship pipelines and the ForenSeq® Kintelligence Kit, this 

research conducted the first comprehensive evaluation of suboptimal Kintelligence 

profiles by simulating locus and allele dropout in profiles and compared to known first to 

eighth degree relatives. It demonstrated that the ForenSeq® Kintelligence Kit can 

produce powerful kinship inference results for first to fifth degree relationships using both 

the kinship LR and IBD segment matching approaches. By characterising the types of 

results obtained and comparing kinship LR calculations with IBD segment matching, this 

research will assist in presenting alternative extended kinship analysis pipelines as 

reliable methods for generating actionable investigative leads. 

This research has demonstrated the applicability of emerging forensic genomics 

techniques to unidentified and missing persons investigations and provided new 

investigative avenues to scientifically link UHR to LTMP. Establishing a centralised and 

dedicated facility which offers standardised identification procedures alongside emerging 

forensic capabilities provides the most effective approach to advancing challenging 

investigations, identifying human remains and resolving LTMP cases.  

The AFP DNA Program included established and emerging forensic capabilities, 

including the operationalisation of SNP genotyping techniques for generating DNA 

intelligence for law enforcement agencies. From January 2021 to March 2024, 99 UHR 

cases were submitted to the AFP DNA Program and a range of forensic techniques were 

used, resulting in 17 identifications of coronial significance and 32 UHR deemed to be of 

no coronial significance (e.g. ancestral Aboriginal or historical remains).40 

As this research was supported by, and contributed to, the AFP DNA Program, several 

of the capabilities developed and validated as a component of this PhD research have 

now been applied to active UHR investigations in Australia. Since the operationalisation 

of the ForenSeq® Kintelligence Kit workflow in September 2023, the AFP has applied 

this capability to 32 UHR cases.41 Of these, two case relied on BGA inferences to resolve 

the ancestry of historical remains and 30 cases underwent FIGG by utilising law 

enforcement accessible genetic genealogy databases. At the time this thesis was 

submitted, six candidates had been nominated to local law enforcement agencies for 

further investigation. The ForenSeq® Kintelligence Kit provides law enforcement with an 
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in-house, end-to-end pipeline that can be used to generate multiple types of DNA 

intelligence and assist in resolving UHR cases within Australia and in other jurisdictions 

around the world. 

9.1 References 

1. Kling D, Phillips C, Kennett D, Tillmar A. Investigative genetic genealogy: Current

methods, knowledge and practice. Forensic Sci Int Genet. 2021;52:102474. doi:

10.1016/j.fsigen.2021.102474.

2. Tillmar A, Sturk-Andreaggi K, Daniels-Higginbotham J, Thomas JT, Marshall C.

The FORCE panel: An all-in-one SNP marker set for confirming investigating

genetic genealogy leads and for general forensic applications. bioRxiv. 2021. doi:

10.1101/2021.11.30.470354.

3. Staadig A, Hedman J, Tillmar A. Applying Unique Molecular Indices with an

Extensive All-in-One Forensic SNP Panel for Improved Genotype Accuracy and

Sensitivity. Genes. 2023;14(4):818. doi: 10.3390/genes14040818.

4. Churchill JD, Schmedes SE, King JL, Budowle B. Evaluation of the Illumina ® Beta

Version ForenSeq™ DNA Signature Prep Kit for use in genetic profiling. Forensic

Sci Int Genet. 2016;20:20-9. doi: 10.1016/j.fsigen.2015.09.009.

5. Peck M, Idrizbegovic S, Bittner F, Parsons TJ. Optimization and performance of a

very large MPS SNP panel for missing persons. 7th QIAGEN Investigator Forum:

International Commission on Missing Persons; 2018.

6. McNevin D, Watson J, Grisedale K, Dahal A, Goodwin C, Ward J. Comparison of

commercial targeted amplicon sequencing assays for human remains identification

casework. Int J Legal Med. 2025;139:49-60. doi: 10.1007/s00414-024-03335-8.

7. Antunes J, Walichiewicz P, Forouzmand E, Barta R, Didier M, Han Y, et al.

Developmental Validation of the ForenSeq® Kintelligence Kit, MiSeq Fgx®

Sequencing System and ForenSeq Universal Analysis Software. Forensic Sci Int

Genet. 2024;71:103055. doi: 10.1016/j.fsigen.2024.103055.

8. Snedecor J, Fennell T, Stadick S, Homer N, Antunes J, Stephens K, et al. Fast

and accurate kinship estimation using sparse SNPs in relatively large database

searches. Forensic Sci Int Genet. 2022;61:102769. doi:

10.1016/j.fsigen.2022.102769.



Page | 249  

 

9. Daniel R, Raymond J, Sears A, Stock A, Scudder N, Padmabandu G, et al. It’s all 

relative: A multi-generational study using ForenSeq™ Kintelligence. Forensic Sci 

Int. 2024;364:112208. doi: 10.1016/j.forsciint.2024.112208. 

10. Verogen. ForenSeq Imagen Kit. 2022. 

11. QIAGEN. ForenSeq® Kintelligence HT Kit Technical Information 2024. Available 

from: https://www.qiagen.com/br/resources/download.aspx?id=63849dbe-ab1f-

4dbe-968f-e468055637a6&lang=en. 

12. QIAGEN. Verogen ForenSeq Kintelligence HT Kit 2024. [Last accessed: 15 

August]. Available from: https://www.qiagen.com/us/products/human-id-and-

forensics/nextgeneration-sequencing/verogen-forenseq-kintelligence-ht-kit. 

13. Gettings KB, Tillmar A, Sturk‐Andreaggi K, Marshall C. Review of SNP assays for 

disaster victim identification: Cost, time, and performance information for decision‐

makers. J Forensic Sci. 2024;69(5):1546-57. doi: 10.1111/1556-4029.15585. 

14. Illumina. MiSeq i100 Series 2025. [Last accessed: 10 February]. Available from: 

https://www.illumina.com/systems/sequencing-platforms/miseq-i100.html. 

15. Signature Science. SigSci’s Center for Advanced Genomics Validating the 

Verogen ForenSeq® Kintelligence Workflow for Forensic Genetic Genealogy 

Austin, TX2021. [Last accessed: 31/03/2022]. Available from: 

https://www.signaturescience.com/press/ngs_fgg/. 

16. DNA Labs International. Genealogy 2021. [Last accessed: 31/03/2022]. Available 

from: https://dnalabsinternational.com/genealogy/. 

17. Stoljarova-Bibb M, Järving R, Kohtla M, Puss F, Sajantila A, Sadam M. Getting 

intelligence with Kintelligence: analysis of known pedigrees and progress report on 

ongoing cases [oral presentation]. Congress of the International Society for 

Forensic Genetics. 2024. 

18. Ward J, Coakley L, Grisedale K, Seddon S, Spiden M, Watson JL, et al. 

Operationalisation of the National DNA Program for Unidentified and Missing 

Persons' forensic investigative genetic genealogy capability for human remains 

identification in Australia [in press, accepted 27 January 2024]. Forensic Genom. 

2024. 

19. QIAGEN. DNA Labs International solves significant cold cases with QIAGEN 

workflow for forensic genetic genealogy [press release] 2023. [Last accessed: 19 

https://www.qiagen.com/br/resources/download.aspx?id=63849dbe-ab1f-4dbe-968f-e468055637a6&lang=en
https://www.qiagen.com/br/resources/download.aspx?id=63849dbe-ab1f-4dbe-968f-e468055637a6&lang=en
https://www.qiagen.com/us/products/human-id-and-forensics/nextgeneration-sequencing/verogen-forenseq-kintelligence-ht-kit
https://www.qiagen.com/us/products/human-id-and-forensics/nextgeneration-sequencing/verogen-forenseq-kintelligence-ht-kit
https://www.illumina.com/systems/sequencing-platforms/miseq-i100.html
https://www.signaturescience.com/press/ngs_fgg/
https://dnalabsinternational.com/genealogy/


Page | 250  

 

November]. Available from: 

https://corporate.qiagen.com/English/newsroom/press-releases/press-release-

details/2023/DNA-Labs-International-solves-significant-cold-cases-with-QIAGEN-

workflow-for-forensic-genetic-genealogy/default.aspx. 

20. Mitchell R, Peck M, Gorden E, Just R. MixDeR: a SNP mixture deconvolution 

workflow for forensic genetic genealogy. Forensic Sci Int Genet. 2025:103224. doi: 

10.1016/j.fsigen.2025.103224. 

21. Scientific Working Group on DNA Analysis Methods. Recommendations of the 

SWGDAM Ad Hoc Working Group on Genotyping Resulted Reported as Likelihood 

Ratios. 2016. 

22. Wei Y-L, Li C-X, Jia J, Hu L, Liu Y. Forensic Identification Using a Multiplex Assay 

of 47 SNPs*. J Forensic Sci. 2012;57(6):1448-56. doi: 10.1111/j.1556-

4029.2012.02154.x. 

23. Kidd KK, Pakstis AJ, Speed WC, Grigorenko EL, Kajuna SLB, Karoma NJ, et al. 

Developing a SNP panel for forensic identification of individuals. Forensic Sci Int. 

2006;164(1):20-32. doi: 10.1016/j.forsciint.2005.11.017. 

24. Davenport L, Devesse L, Court DS, Ballard D. Forensic identity SNPs: 

Characterisation of flanking region variation using massively parallel sequencing. 

Forensic Sci Int Genet. 2023;64:102847. doi: 10.1016/j.fsigen.2023.102847. 

25. Kiesler KM, Borsuk LA, Steffen CR, Vallone PM, Gettings KB. US Population Data 

for 94 Identity-Informative SNP Loci. Genes. 2023;14:1071. doi: 

10.3390/genes14051071. 

26. Taylor D, Bright J-A, McGovern C, Neville S, Grover D. Allele frequency database 

for GlobalFiler™ STR loci in Australian and New Zealand populations. Forensic 

Sci Int Genet. 2017;28:e38-e40. doi: 10.1016/j.fsigen.2017.02.012. 

27. QIAGEN. First US admissibility hearing using next-generation sequencing leading 

to the conviction in a double homicide 2024. [Last accessed: 10 February]. 

Available from: https://www.qiagen.com/us/knowledge-and-support/knowledge-

hub/science-matters/human-id-and-forensics/first-us-admissibility-hearing-using-

ngs-leads-to-conviction-in-a-double-homicide. 

28. Taylor M. Next Generation Sequencing Accepted in Court for First Time: Forensic 

On the Scene and In the Lab; 2024. [Last accessed: 10 February]. Available from: 

https://corporate.qiagen.com/English/newsroom/press-releases/press-release-details/2023/DNA-Labs-International-solves-significant-cold-cases-with-QIAGEN-workflow-for-forensic-genetic-genealogy/default.aspx
https://corporate.qiagen.com/English/newsroom/press-releases/press-release-details/2023/DNA-Labs-International-solves-significant-cold-cases-with-QIAGEN-workflow-for-forensic-genetic-genealogy/default.aspx
https://corporate.qiagen.com/English/newsroom/press-releases/press-release-details/2023/DNA-Labs-International-solves-significant-cold-cases-with-QIAGEN-workflow-for-forensic-genetic-genealogy/default.aspx
https://www.qiagen.com/us/knowledge-and-support/knowledge-hub/science-matters/human-id-and-forensics/first-us-admissibility-hearing-using-ngs-leads-to-conviction-in-a-double-homicide
https://www.qiagen.com/us/knowledge-and-support/knowledge-hub/science-matters/human-id-and-forensics/first-us-admissibility-hearing-using-ngs-leads-to-conviction-in-a-double-homicide
https://www.qiagen.com/us/knowledge-and-support/knowledge-hub/science-matters/human-id-and-forensics/first-us-admissibility-hearing-using-ngs-leads-to-conviction-in-a-double-homicide


Page | 251  

 

https://www.forensicmag.com/610513-Next-Generation-Sequencing-Deemed-

Admissible-in-Court-for-First-

Time/#:~:text=This%20case%20officially%20marks%20the,acceptance%20in%2

0the%20scientific%20field. 

29. Cheung EY, Gahan ME, McNevin D. Prediction of biogeographical ancestry in 

admixed individuals. Forensic Sci Int Genet. 2018;36:104-11. 

30. Arango T. The Cold Case That Inspired the 'Golden State Killer Detective to Try 

Genealogy. The New York Times. 2018 May 4, 2018;Sect. A. 

31. Edge M, Coop G. How lucky was the genetic investigation in the Golden State 

Killer case? 2019. 

32. Augenstein S. 'Buck Skin Girl' case break is success of new DNA Doe Project. 

Forensic Mag. 2018. 

33. Forensic Genetic Genealogy Project v. 2022 [Internet]. Mendeley Data. 2023 [cited 

17 August 2023]. Available from: data.mendeley.com/datasets/jcycgvhm96/1. 

34. Dowdeswell TL. Forensic genetic genealogy: A profile of cases solved. Forensic 

Sci Int Genet. 2022;58:102679. doi: 10.1016/j.fsigen.2022.102679. 

35. Department of Justice. Forensic Genetic Genealogical DNA Analysis and 

Searching. Interim Policy. 2019. 

36. Scientific Working Group on DNA Analysis Methods. Overview of investigative 

genetic genealogy. SWGDAM Communications. 2020. 

37. Scientific Working Group on DNA Analysis Methods. Recommendations from the 

SWGDAM Ad Hoc Working Group on Familial Searching. SWGDAM 

Communications. 2013. 

38. Kling D, Tillmar A. Forensic genealogy—A comparison of methods to infer distant 

relationships based on dense SNP data. Forensic Sci Int Genet. 2019;42:113-24. 

doi: 10.1016/j.fsigen.2019.06.019. 

39. Peck MA, Koeppel AF, Gorden EM, Bouchet JL, Heaton MC, Russell DA, et al. 

Internal Validation of the ForenSeq Kintelligence Kit for Application to Forensic 

Genetic Genealogy. Forensic Genom. 2022. doi: 10.1089/forensic.2022.0014. 

40. Ward J. The operationalization of a multifaceted, multijurisdictional, multiagency 

and multidisciplinary capability for unidentified and missing persons investigations 

https://www.forensicmag.com/610513-Next-Generation-Sequencing-Deemed-Admissible-in-Court-for-First-Time/#:~:text=This%20case%20officially%20marks%20the,acceptance%20in%20the%20scientific%20field
https://www.forensicmag.com/610513-Next-Generation-Sequencing-Deemed-Admissible-in-Court-for-First-Time/#:~:text=This%20case%20officially%20marks%20the,acceptance%20in%20the%20scientific%20field
https://www.forensicmag.com/610513-Next-Generation-Sequencing-Deemed-Admissible-in-Court-for-First-Time/#:~:text=This%20case%20officially%20marks%20the,acceptance%20in%20the%20scientific%20field
https://www.forensicmag.com/610513-Next-Generation-Sequencing-Deemed-Admissible-in-Court-for-First-Time/#:~:text=This%20case%20officially%20marks%20the,acceptance%20in%20the%20scientific%20field


Page | 252 

in Australia. Aust J Forensic Sci. 2024;56(sup1):65-70. doi: 

10.1080/00450618.2024.2324737. 

41. Grisedale K. Operationalisation of a Forensic Investigative Genetic Genealogy

Workflow for Unidentified and Missing Persons Casework: Consideration for

Validation, Implementation, and Sustainability [oral presentation]. Forensic

Investigative Genetic Genealogy Summit. 2024.



Page | 253 

10. APPENDICES

Appendix 1. Ethics approval from UTS HREC under project number ETH21-5821 



Page | 254 



Page | 255 



Page | 256 



Page | 257  

 



Page | 258  

 



Page | 259 



Page | 260 



Page | 261  

 



Page | 262  

 



Page | 263  

 



Page | 264 



Page | 265  

 



Page | 266  

 



Page | 267 



Page | 268  

 



Page | 269 



Page | 270  

 



Page | 271  

 



Page | 272  

 



Page | 273  

 



Page | 274 



Page | 275  

 



Page | 276  

 



Page | 277  

 



Page | 278 



Page | 279 

Appendix 2. Ethics approval from UTS HREC under project number ETH21-6606 



Page | 280 



Page | 281  

 



Page | 282  

 



Page | 283  

 



Page | 284  

 



Page | 285  

 



Page | 286 



Page | 287 



Page | 288 



Page | 289  

 



Page | 290  

 



Page | 291  

 



Page | 292 



Page | 293  

 

Appendix 3. Participant Information Sheet 

 



Page | 294 



Page | 295 



Page | 296 



P
a

g
e

 | 2
9
7
 



Page | 298  

 



Page | 299  

 



Page | 300  

 



Page | 301 



Page | 302 



Page | 303  

 

 

  



Page | 304  

 

Appendix 4. Consent Form 

 



Page | 305 



Page | 306 

Appendix 5. Questionnaire 



Page | 307 



Page | 308 



Page | 309 



Page | 310 



Page | 311 



Page | 312 



Page | 313 



Page | 314 



Page | 315 

Appendix 6. Sample Information 

Supplementary Table 1. All samples used in this thesis and their sample type, DNA quantities 

(small autosomal (SA) target, large autosomal (LA) target and Y chromosome (male) DNA target) 

and their degradation index (DI). The chapters that include the samples are indicated. 

Sample 
ID 

Sample Type 
SA Target 

(ng/µL) 
LA Target 

(ng/µL) 

Male DNA 
Target 
(ng/µL) 

DI 
Chapter 

3 4 5 6 7 8 

NA24385 Positive control N/A N/A N/A N/A ✓ ✓

2800M Positive control N/A N/A N/A N/A ✓

Family 1 
Reference-type, buccal 
swab 

0.291 0.359 0.000 0.81 ✓ ✓ ✓ ✓

Family 2 
Reference-type, buccal 
swab 

0.020 0.006 0.000 3.33 ✓ ✓ ✓ ✓ ✓

Family 3 
Reference-type, buccal 
swab 

0.043 0.037 0.043 1.15 ✓ ✓ ✓ ✓ ✓

Family 4 
Reference-type, buccal 
swab 

0.726 0.443 0.461 1.64 ✓ ✓ ✓ ✓

Family 5 
Reference-type, buccal 
swab 

0.297 0.203 0.293 1.46 ✓ ✓ ✓ ✓ ✓

Family 6 
Reference-type, buccal 
swab 

0.221 0.095 0.000 2.32 ✓ ✓ ✓ ✓ ✓

Family 7 
Reference-type, buccal 
swab 

0.066 0.058 0.072 1.14 ✓ ✓ ✓ ✓ ✓ ✓

Family 8 
Reference-type, buccal 
swab 

6.262 5.388 0.000 1.16 ✓ ✓ ✓ ✓

Family 9 
Reference-type, buccal 
swab 

3.907 3.996 0.000 0.98 ✓ ✓ ✓ ✓

Family 10 
Reference-type, buccal 
swab 

3.137 4.758 0.000 0.66 ✓ ✓ ✓ ✓ ✓

Family 11 
Reference-type, buccal 
swab 

20.449 15.095 16.548 1.35 ✓ ✓ ✓ ✓

ETH21-
5821-5 

Reference-type, buccal 
swab 

0.099 0.053 0.000 1.86 ✓ ✓

ETH21-
5821-21 

Reference-type, buccal 
swab 

4.903 2.962 0.000 1.66 ✓ ✓

ETH21-
5821-40 

Reference-type, buccal 
swab 

14.410 16.208 0.000 0.89 ✓ ✓

ETH21-
5821-41 

Reference-type, buccal 
swab 

6.774 7.607 0.000 0.89 ✓ ✓

ETH21-
5821-42 

Reference-type, buccal 
swab 

7.617 6.902 7.938 1.10 ✓ ✓

ETH21-
5821-43 

Reference-type, buccal 
swab 

21.095 31.369 0.000 0.67 ✓ ✓

ETH21-
5821-44 

Reference-type, buccal 
swab 

2.322 3.564 0.000 0.65 ✓ ✓

ETH21-
5821-45 

Reference-type, buccal 
swab 

1.859 1.938 0.000 0.96 ✓ ✓

ETH21-
5821-46 

Reference-type, buccal 
swab 

3.022 3.807 3.041 0.79 ✓ ✓

ETH21-
5821-47 

Reference-type, buccal 
swab 

4.013 6.046 5.722 0.66 ✓ ✓

ETH21-
5821-48 

Reference-type, buccal 
swab 

8.295 10.944 0.000 0.76 ✓ ✓

ETH21-
5821-49 

Reference-type, buccal 
swab 

4.412 3.920 0.000 1.13 ✓ ✓

ETH21-
5821-50 

Reference-type, buccal 
swab 

3.978 3.053 0.000 1.30 ✓ ✓

ETH21-
5821-51 

Reference-type, buccal 
swab 

3.508 3.367 3.287 1.04 ✓ ✓

ETH21-
5821-52 

Reference-type, buccal 
swab 

14.156 14.547 0.000 0.97 ✓ ✓

ETH21-
5821-53 

Reference-type, buccal 
swab 

9.525 9.913 0.000 0.96 ✓ ✓
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ETH21-
5821-55 

Reference-type, buccal 
swab 

20.087 17.082 0.000 1.18 ✓

ETH21-
5821-56 

Reference-type, buccal 
swab 

1.183 2.747 0.000 0.43 ✓ ✓

ETH21-
5821-60 

Reference-type, buccal 
swab 

1.165 1.332 0.000 0.87 ✓

ETH21-
5821-61 

Reference-type, buccal 
swab 

1.339 0.811 0.000 1.65 ✓ ✓

ETH21-
5821-62 

Reference-type, buccal 
swab 

1.887 2.289 0.000 0.82 ✓ ✓

ETH21-
5821-63 

Reference-type, buccal 
swab 

5.520 7.049 0.000 0.78 ✓ ✓

ETH21-
5821-64 

Reference-type, buccal 
swab 

1.633 1.426 1.406 1.15 ✓ ✓

ETH21-
5821-65 

Reference-type, buccal 
swab 

1.052 1.260 0.000 0.84 ✓ ✓

ETH21-
5821-66 

Reference-type, buccal 
swab 

1.925 0.657 0.000 2.93 ✓ ✓

ETH21-
5821-67 

Reference-type, buccal 
swab 

0.351 0.329 0.000 1.07 ✓ ✓

ETH21-
5821-68 

Reference-type, buccal 
swab 

1.102 1.070 0.000 1.03 ✓ ✓

ETH21-
5821-70 

Reference-type, buccal 
swab 

1.336 0.494 0.000 2.71 ✓ ✓ ✓ ✓

ETH21-
5821-71 

Reference-type, buccal 
swab 

6.399 7.852 0.000 0.81 ✓ ✓

ETH21-
5821-72 

Reference-type, buccal 
swab 

5.838 6.511 0.001 0.90 ✓

ETH21-
5821-73 

Reference-type, buccal 
swab 

4.973 7.137 0.000 0.70 ✓

ETH21-
5821-74 

Reference-type, buccal 
swab 

8.651 11.737 0.000 0.74 ✓ ✓

ETH21-
5821-75 

Reference-type, buccal 
swab 

6.840 11.933 0.000 0.57 ✓ ✓

ETH21-
5821-76 

Reference-type, buccal 
swab 

1.914 2.111 0.000 0.91 ✓ ✓

ETH21-
5821-77 

Reference-type, buccal 
swab 

2.976 3.470 0.000 0.86 ✓ ✓

ETH21-
5821-78 

Reference-type, buccal 
swab 

4.691 5.048 0.000 0.93 ✓ ✓

ETH21-
5821-79 

Reference-type, buccal 
swab 

3.474 5.331 3.262 0.65 ✓

ETH21-
5821-80 

Reference-type, buccal 
swab 

6.975 8.368 0.000 0.83 ✓ ✓

ETH21-
5821-81 

Reference-type, buccal 
swab 

7.894 12.112 7.813 0.65 ✓ ✓

ETH21-
5821-82 

Reference-type, buccal 
swab 

2.519 2.823 2.569 0.89 ✓ ✓

ETH21-
5821-83 

Reference-type, buccal 
swab 

5.844 9.555 0.000 0.61 ✓ ✓

ETH21-
5821-84 

Reference-type, buccal 
swab 

7.726 9.007 0.000 0.86 ✓ ✓

ETH21-
5821-85 

Reference-type, buccal 
swab 

5.510 6.886 0.000 0.80 ✓ ✓

ETH21-
5821-86 

Reference-type, buccal 
swab 

5.380 4.258 7.499 1.26 ✓ ✓

ETH21-
5821-87 

Reference-type, buccal 
swab 

2.457 2.593 0.000 0.95 ✓ ✓

ETH21-
5821-88 

Reference-type, buccal 
swab 

8.221 13.237 0.000 0.62 ✓ ✓

ETH21-
5821-89 

Reference-type, buccal 
swab 

8.348 12.979 0.000 0.64 ✓ ✓

ETH21-
5821-90 

Reference-type, buccal 
swab 

4.619 6.629 0.000 0.70 ✓ ✓

ETH21-
5821-91 

Reference-type, buccal 
swab 

9.841 14.308 0.000 0.69 ✓ ✓

ETH21-
5821-92 

Reference-type, buccal 
swab 

8.980 8.298 0.000 1.08 ✓ ✓

ETH21-
5821-93 

Reference-type, buccal 
swab 

10.384 10.998 10.833 0.94 ✓
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ETH21-
5821-94 

Reference-type, buccal 
swab 

0.028 0.002 0.028 11.39 ✓ ✓

ETH21-
5821-95 

Reference-type, buccal 
swab 

2.029 1.460 0.000 1.39 ✓ ✓

ETH21-
5821-96 

Reference-type, buccal 
swab 

2.529 3.164 0.000 0.80 ✓ ✓

ETH21-
5821-97 

Reference-type, buccal 
swab 

9.256 10.533 9.958 0.88 ✓

ETH21-
5821-98 

Reference-type, buccal 
swab 

10.112 10.572 0.000 0.96 ✓ ✓

ETH21-
5821-99 

Reference-type, buccal 
swab 

7.128 9.977 0.000 0.71 ✓ ✓

ETH21-
5821-100 

Reference-type, buccal 
swab 

4.360 5.532 0.000 0.79 ✓

ETH21-
5821-101 

Reference-type, buccal 
swab 

9.606 12.608 0.000 0.76 ✓

ETH21-
5821-102 

Reference-type, buccal 
swab 

5.874 6.086 5.341 0.97 ✓ ✓

ETH21-
5821-103 

Reference-type, buccal 
swab 

4.440 7.161 0.000 0.62 ✓

ETH21-
5821-104 

Reference-type, buccal 
swab 

4.211 5.022 4.508 0.84 ✓ ✓

Hair 1 Casework-type, hair 0.000 0.000 0.000 N/A ✓

Blood 1 Casework-type, blood 0.311 0.293 0.000 1.06 ✓ ✓

Blood 2 Casework-type, blood 8.500 14.400 0.000 0.59 ✓ ✓

Nail 1 Casework-type, nail 1.366 0.956 0.982 1.43 ✓ ✓

Nail 2 Casework-type, nail 0.939 0.747 1.072 1.26 ✓ ✓ ✓

Tooth 1 Casework-type, tooth 0.038 0.007 0.000 5.79 ✓ ✓ ✓ ✓

Tooth 2 Casework-type, tooth 0.408 0.379 0.000 1.08 ✓ ✓ ✓ ✓

Bone 1 Casework-type, bone 0.327 0.322 0.286 1.01 ✓ ✓ ✓ ✓

Bone 2 Casework-type, bone 0.037 0.016 0.038 2.28 ✓ ✓ ✓

Bone 3 Casework-type, bone 0.016 0.006 N/A 2.57 ✓ ✓

Bone 4 Casework-type, bone 5.372 1.082 5.674 4.96 ✓ ✓

Bone 5 Casework-type, bone 0.705 0.009 0.650 82.94 ✓ ✓

Bone 6 Casework-type, bone 0.548 0.277 0.000 1.98 ✓ ✓ ✓

Bone 7 Casework-type, bone 0.703 0.131 0.000 5.36 ✓ ✓ ✓

Bone 8 Casework-type, bone 0.305 0.133 0.000 2.30 ✓ ✓ ✓

Bone 9 Casework-type, bone 0.314 0.065 0.393 4.85 ✓ ✓ ✓

Bone 10 Casework-type, bone 0.151 0.085 0.169 1.78 ✓ ✓ ✓

Bone 11 Casework-type, bone 0.972 0.553 0.941 1.76 ✓ ✓ ✓

IDSNP-
P399 

Reference-type, buccal 
swab 

0.247 0.232 0.289 1.06 ✓

IDSNP-
P400 

Reference-type, buccal 
swab 

0.231 0.226 0.221 1.02 ✓

IDSNP-
P402 

Reference-type, buccal 
swab 

0.416 0.410 0.000 1.01 ✓

IDSNP-
P403 

Reference-type, buccal 
swab 

0.242 0.220 0.000 1.10 ✓

IDSNP-
P404 

Reference-type, buccal 
swab 

0.527 0.627 0.000 0.84 ✓

IDSNP-
P405 

Reference-type, buccal 
swab 

0.321 0.323 0.372 0.99 ✓

IDSNP-
P406 

Reference-type, buccal 
swab 

0.367 0.371 0.381 0.99 ✓

IDSNP-
P407 

Reference-type, buccal 
swab 

0.312 0.368 0.000 0.85 ✓
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IDSNP-
P408 

Reference-type, buccal 
swab 

0.688 0.669 0.000 1.03 ✓

IDSNP-
P409 

Reference-type, buccal 
swab 

0.173 0.185 0.000 0.94 ✓

IDSNP-
P410 

Reference-type, buccal 
swab 

0.413 0.397 0.566 1.04 ✓

IDSNP-
P412 

Reference-type, buccal 
swab 

0.255 0.321 0.381 0.79 ✓

IDSNP-
P413 

Reference-type, buccal 
swab 

0.111 0.131 0.175 0.85 ✓

IDSNP-
P414 

Reference-type, buccal 
swab 

0.652 0.717 0.808 0.91 ✓

IDSNP-
P415 

Reference-type, buccal 
swab 

0.384 0.445 0.000 0.86 ✓

IDSNP-
P416 

Reference-type, buccal 
swab 

0.296 0.172 0.000 1.72 ✓

IDSNP-
P417 

Reference-type, buccal 
swab 

0.205 0.314 0.381 0.65 ✓

IDSNP-
P419 

Reference-type, buccal 
swab 

0.180 0.169 0.199 1.07 ✓

IDSNP-
P420 

Reference-type, buccal 
swab 

0.249 0.286 0.310 0.87 ✓

IDSNP-
P421 

Reference-type, buccal 
swab 

0.252 0.148 0.000 1.70 ✓

IDSNP-
P422 

Reference-type, buccal 
swab 

0.287 0.241 0.275 1.19 ✓

IDSNP-
P423 

Reference-type, buccal 
swab 

0.376 0.328 0.430 1.14 ✓

IDSNP-
P424 

Reference-type, buccal 
swab 

0.513 0.600 0.711 0.86 ✓

IDSNP-
P425 

Reference-type, buccal 
swab 

0.314 0.375 0.000 0.84 ✓

IDSNP-
P426 

Reference-type, buccal 
swab 

0.219 0.254 0.284 0.86 ✓

IDSNP-
P427 

Reference-type, buccal 
swab 

0.101 0.146 0.000 0.69 ✓

IDSNP-
P439 

Reference-type, buccal 
swab 

0.392 0.487 0.492 0.81 ✓

IDSNP-
P440 

Reference-type, buccal 
swab 

1.996 0.891 0.000 2.24 ✓

IDSNP-
P441 

Reference-type, buccal 
swab 

2.654 1.037 0.000 2.56 ✓

IDSNP-
P442 

Reference-type, buccal 
swab 

0.166 0.207 0.272 0.80 ✓

IDSNP-
P443 

Reference-type, buccal 
swab 

0.307 0.416 0.478 0.74 ✓

IDSNP-
P444 

Reference-type, buccal 
swab 

0.075 0.069 0.148 1.07 ✓

IDSNP-
P445 

Reference-type, buccal 
swab 

0.083 0.084 0.000 0.99 ✓

IDSNP-
P446 

Reference-type, buccal 
swab 

0.074 0.099 0.148 0.75 ✓

IDSNP-
P447 

Reference-type, buccal 
swab 

0.109 0.166 0.211 0.65 ✓

IDSNP-
P448 

Reference-type, buccal 
swab 

0.069 0.120 0.178 0.58 ✓

IDSNP-
P449 

Reference-type, buccal 
swab 

0.406 0.566 0.000 0.72 ✓

IDSNP-
P450 

Reference-type, buccal 
swab 

0.244 0.306 0.000 0.80 ✓

IDSNP-
P451 

Reference-type, buccal 
swab 

0.100 0.166 0.000 0.60 ✓

IDSNP-
P452 

Reference-type, buccal 
swab 

0.137 0.221 0.000 0.62 ✓

IDSNP-
P453 

Reference-type, buccal 
swab 

0.136 0.167 0.000 0.81 ✓

IDSNP-
P456 

Reference-type, buccal 
swab 

0.173 0.245 0.295 0.71 ✓

IDSNP-
P458 

Reference-type, buccal 
swab 

0.394 0.567 0.621 0.70 ✓
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IDSNP-
P572 

Reference-type, buccal 
swab 

0.058 0.095 0.103 0.61 ✓

IDSNP-
P573 

Reference-type, buccal 
swab 

0.198 0.329 0.000 0.60 ✓

IDSNP-
P576 

Reference-type, buccal 
swab 

0.066 0.113 0.123 0.59 ✓

IDSNP-
P578 

Reference-type, buccal 
swab 

0.429 0.773 0.683 0.55 ✓

IDSNP-
P579 

Reference-type, buccal 
swab 

0.217 0.295 0.380 0.74 ✓

IDSNP-
P580 

Reference-type, buccal 
swab 

0.169 0.248 0.222 0.68 ✓

IDSNP-
P598 

Reference-type, buccal 
swab 

0.186 0.297 0.318 0.63 ✓

IDSNP-
P605 

Reference-type, buccal 
swab 

0.092 0.170 0.208 0.54 ✓

IDSNP-
P607 

Reference-type, buccal 
swab 

0.142 0.195 0.264 0.73 ✓

IDSNP-
P608 

Reference-type, buccal 
swab 

0.113 0.158 0.186 0.72 ✓

IDSNP-
P610 

Reference-type, buccal 
swab 

0.101 0.130 0.163 0.78 ✓

IDSNP-
P611 

Reference-type, buccal 
swab 

0.243 0.334 0.433 0.73 ✓

IDSNP-
P613 

Reference-type, buccal 
swab 

0.093 0.145 0.000 0.64 ✓

IDSNP-
P615 

Reference-type, buccal 
swab 

0.082 0.119 0.134 0.70 ✓

Individual 
B 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
C 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
D 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
E 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
F 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
G 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
H 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
I 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
J 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
K 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓

Individual 
L 

Microarray data uploaded 
to GEDmatch™ 

N/A N/A N/A N/A ✓




