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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. ldentification 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 ForenSeg® 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 iiISNP 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,

Page | 8



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.'® 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).%® 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).®

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.? '® 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. 113

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 (NamuUs), but fewer UHR records (Table
1.1).". 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." 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. 618
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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)."°

Missing "T‘;‘r?] Unidentified
Country Reporting Body Year Persons Missi Human
issing .
Reported P Remains
ersons
National Crime | 553 | 563389 | 96,955 8,521
. Information Center
United . —
States National Missing and
Unidentified Persons 2024 | ~600,000 25,553 15,168
System'®
United | UK Missing Persons | 5453 | 170,854 4,778 1,033
Kingdom Unit
National Missing
Australia | Persons Coordination | 2022 ~55,000 2,500 750
Centre?'

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).> 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.?
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
UHRZ 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.?* They encourage member countries to
establish national identification programs that are dedicated to unidentified and missing
persons investigations.® 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 ldentification and NamUs in the US, and the UK Missing

Persons Unit.18 2526

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.®

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).2" 2 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.?”” 2% 30 While all of these capabilites 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.3" 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-® per meiosis.*'

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.® In many jurisdictions around the world, STRs are the only genetic markers
acknowledged by the legal system to be used for DNA identification.?* 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 10 for a
panel targeting 24 STRs.3% %

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.®” There are approximately 5 million
SNPs across the human genome and they are typically biallelic, only having two possible
alleles.®® 3° The mutation rate is lower than those of STRs in the order of 10® per
meiosis.**> 4! 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.*

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).° 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.*>4°,

iiISNPs 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.*®

For the generation of DNA intelligence, aiSNPs have low heterozygosity and high
population heterogeneity, the opposite of iiISNPs.*” 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).*" 48 Externally visible
characteristics (EVCs), particularly pigmentation, can be inferred from the genotype of
piSNPs.4%%2 In recent years, kiSNPs have been included in medium- to large-density

SNP panels to be utilised for extended kinship analysis.*>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).%3-%"

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%.%86' This region is of particular interest in forensics for paternity, kinship analyses

involving paternal lineage and deconvolution of male-female mixtures.?* 2 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.®® The mutation rate of Y-STRs is in
the order of 10 to 102, and due to their direct paternal inheritance, have a low power of
discrimination as male relatives will typically share identical profiles.®® 8" Y SNPs,
although not as extensively applied in forensic investigations, have been documented to

have a lower mutation rate in the order of 10 per base pair per generation.%* &

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.% ¢ 6 Since the mother carries two X chromosomes, these can undergo
recombination during meiosis before being transmitted to either the biological male or
female offspring.®® % 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.56-6°
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.”® In order to calculate statistical support,
the frequencies of the observed alleles for a locus are required.”" 2 Forensic databases
containing allele frequency information have been developed for various population and

subpopulation groups, as allele frequencies can vary between population groups.”™ 7

The likelihood ratio (LR) is the most commonly applied statistical method in forensic DNA
analysis.”® 7 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 1.7 A qualitative statement can then convey the statistical support
using the verbal scale published by the Scientific Working Group on DNA Analysis
Methods (SWGDAM).®

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.”” 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.”” 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.”” 781 Equivalent databases for SNPs have been
catalogued and made available through international projects including the 1000
Genomes Project and the International HapMap Project.?? 8 However, SNPs have not
been extensively applied to forensic casework outside of research. Recently, studies of
iSNPs have led to the publication of a number of allele frequency databases for

populations and subpopulations in the US, Europe, Asia and South America.*3 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.? 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.®>-%2 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.®® % 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.®
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).®* % 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.®® 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.®® Newborn screening cards were successfully used to

identify victims of the Victorian Bushfire disaster in 2009.%: ¥

Family members may retain biological keepsakes such as exfoliated primary teeth or
baby hair.®® 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/uL) 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.®® 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.®® 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.%: 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.®" 92 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 2004.1921% 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.'®®
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.®! 92 1% STR testing is typically limited to
short-range kinship analysis due to the small panel size.'%'% As a result, genetic
relatives typically targeted are first degree relatives — parents, offspring and full
siblings.'® 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.'®® If necessary, additional lineage testing using the Y
chromosome or mtDNA can be conducted to confirm or refute the relationship and

identification. 08 110
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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.'"" 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.""!

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.'?""* 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.''® 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.'® 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."”-11% 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.''? 119
1.4.2 Microarray Genotyping

Microarray genotyping technology is primarily applied in medical genetics research and
by genetic genealogy companies.'?® 2" This method involves the DNA sample being
amplified, fragmented and immobilised on the surface of a silicon chip via oligonucleotide
probes.3 122123 Flyorescently-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.'?> 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.'?>'2” However, microarray genotyping is severely
impaired by low DNA quality, which is commonly encountered in UHR investigations

where the DNA has degraded and fragmented.'?®
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.'?% 12 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.'?2 128 130
One of the most commonly employed instruments for WGS is the NovaSeq™ 6000
System (lllumina), which is capable of sequencing up to 48 human genomes in 44
hours.™ The resulting data requires extensive bioinformatics expertise to generate
genotypes and impute incomplete sequences using haplotype patterns from a reference
panel."?2 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.*
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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.'¥? An
increasing number of forensic laboratories are adopting benchtop MPS instruments to
implement TAS applications.'?® '** 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.'%'3" Privacy risks
associated with MPS can be mitigated by excluding SNPs that may reveal medical
information about the individual.’®® 3° 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.'°
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.'*' 42 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.'*'5 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.® 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.®> '*® 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.3® ° 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. 35137 150

While the disclosure of an individual’s biological sex in criminal investigations may raise
privacy concerns regarding their gender identity’®’, 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.’®? 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.'® 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.*” 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).'53 154 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.'*

There are several prediction algorithms available for the inference of BGA depending on
the number of aiSNPs to be evaluated.'® 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.*”> 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. ™" 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.™ 1% 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).76". 162
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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.'®3-1%5 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.'® 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.'®®
The most successful applications have involved inference of human pigmentation traits
such as hair colour, eye colour and skin colour.*%-52 167 However, the expression of these
pigmentation traits can be influenced by environmental factors and ageing.'®® 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. 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. 73 174

The HlrisPlex 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).5% 52 |t 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.?® %2 167 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.3%13":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.*® 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 HlirisPlex system on DNA samples extracted from bones
and teeth obtained from World War Il excavations in Slovenia, in conjunction with STR
analysis, to identify the UHR."® Living relatives of the identified individuals confirmed

that the HlrisPlex inferences were consistent with their EVCs, demonstrating applicability

Page | 35



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.'® 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.

Page | 36



1.6

REVIEW ARTICLE

Downloaded by Jodie Ward from www.lichertpub.com at 03/18/24. For personal use only

Genetic Kinship Testing Techniques for Human Remains Identification and

Missing Persons Investigations

Forensic Genomics

Volume 4, Number 1, 2024

@ Mary Ann Liebert, Inc.

DOI: 10.1089/forensic.2023.0018

orensic
enomics

Open camera or QR reader and
scan code to access this article
and other resources online.

Genetic Kinship Testing Techniques for Human Remains
Identification and Missing Persons Investigations

Jessica Lee Watson, BForSc (Hons),"** Dennis McNevin, PhD,"? and Jodie Ward, PhD'~

Abstract

Medium- and long-range familial/kinship testing is demonstrating its potential to assist identification of un-
known deceased persons when standard DNA identification techniques fail. Up until now, unidentified and
missing persons casework has benefited from the use of well-established short-range familial/kinship test-
ing techniques; however, law enforcement (LE) agencies and forensic DNA laboratories have begun to le-
verage new forensic genomics tools to extend kinship testing. Forensic investigative genetic genealogy
(FIGG) is a form of long-range familial/kinship testing that has become increasingly popular in recent
years. There are, however, considerations that need to be addressed before this technique can be routinely
applied to the large numbers of unresolved identification cases. The majority of forensic DNA laboratories
are unable to meet the specific technological and data analytical requirements for high-density single nu-
cleotide polymorphism (SNP) genotyping. As a result, several private laboratories now provide FIGG services
to LE agencies, including SNP genotyping and genealogical research. The development of bespoke tar-
geted amplicon sequencing panels for conducting medium-range familial/kinship testing now presents fo-
rensic DNA laboratories with the capacity and capability to perform this testing in-house. Qutside of the
laboratory, governance frameworks will need to reflect the goals of human remains identification and miss-
ing persons investigations, while addressing privacy impacts associated with the handling of personal and
genetic information by LE agencies.

Keywords: kinship testing, forensic genomics, forensic investigative genetic genealogy, unidentified human re-
mains, missing persons, DNA identification

Introduction

The identification of human remains is highly important
for administrative, legal, and humanitarian reasons, con-
tributing evidence for death investigations and providing
answers to family and friends of long-term missing per-
sons (LTMPs).! A number of international agencies'  en-
dorse dental, fingerprint, and DNA analysis as the primary
scientific methods for human remains identification. DNA

analysis, or genotyping, is a powerful identification tool
because of its ability to differentiate among individuals.

In its simplest form, this involves comparing a short
tandem repeat (STR) profile recovered from unidentified
human remains (UHRs) to an STR profile recovered from
direct reference sample/s (DRS) of a nominated LTMP.
The STR profile could also be uploaded to a relevant
state, national, and/or international DNA database to be
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Table 1. Terminology used in this review

Term

Definition

UHR The remains of a deceased individual with no known identity.

Missing Person
and welfare of that person.

An individual reported missing to the police, whose whereabouts are unknown, and where there are concerns for the safety

LTMP A missing person who has been missing for more than 3 months.

Coronial Investigation An in
Criminal Investigation

igation to determine the identity of a deceased person (and when, where, and how they died).
An investigation to determine the identity of a living or deceased person who has been associated with a crime.

MPS The DNA sequencing technology where millions of fragments of DNA from multiple samples are sequenced
simultaneously in one device. Also known as NGS. MPS will be the term used in this review.

Direct Match

originated from the same ind
Indirect Match

A DNA profile exactly matches another DNA profile at every genetic marker (barring mutation), inferring the DNA profiles
idual with a high level of confidence.
A DNA profile partially matches another DNA profile at a proportion of genetic markers, inferring the DNA profiles could

have originated from genetically related individuals.

Kinship Testing

Familial Testing

Short-Range Familial/
Kinship Testing"

The use of indirect matching in a ci

The use of indirect matching in a coronial investigation.

nal investigation.

The process of searching a database using a low-density DNA profile with a limited number of markers to identify indirect
matches with |nd1v1du.1|~. who could be first-order gunclu relatives (parent/offspring or full sibling).

Medium-Range Familial/
Kinship Testing"

Long-Range Familial/
Kinship Testing®

The process of g a d

using a medium-d
identify indirect malche: with individuals who could be first- to fifth-order genetic relatives (out to second cousins).

The process of searching a database using a high-density DNA profile with an extensive number of markers to identify
indirect matches with individuals who could be first- to ninth-order genetic relatives (out to fourth cousins). Also known

ty DNA profile with an intermediate number of markers to

as FGG, 1GG, or FIGG. FIGG will be the term used in this review.

“While a distinction is drawn here between short-, medium-, and long-range familial/kinship testing to reflect terms emerging in the literature, the dif-
ferences are arbitrary as there exists a continuum from short- to long-range testing.

FGG, forensic genetic genealogy: FIGG, forensic investigative genetic genealogy; IGG, investigative genetic genealogy; LTMP, long-term missing per-
son; MPS, massively parallel sequencing; NGS, next generation sequencing; UHR, unidentified human remain.

compared against a collection of DRS to obtain a direct
match.*

In the absence of a direct match to a DRS, genetic kinship
testing can be applied to compare the STR profile recovered
from UHR with the family reference sample/s (FRS) col-
lected for a nominated LTMP, or the UHR DNA profile
can be searched against relevant FRS database/s to obtain
an indirect DNA match.”® In such cases, an unknown
person can be identified through their genetic relatives by
using the principles of genetic inheritance.” This can be ap-
plled to the identification of a person of interest in criminal

investigations (referred to as familial testing hereafter) or
the identification of UHR in coronial investigations
(referred to as kinship testing hereafter). Table 1 introduces
terminology used in this review.

In recent years, the incorporation of genetic genealogy
into investigations of unresolved cases has allowed famil-
ial/kinship testing to extend beyond close genetic relatives.
As such, an increasing number of law enforcement (LE)
agencies are establishing policies and procedures for using
forensic investigative genetic genealogy (FIGG), also
known as long-range familial/kinship analysis, to assist un-
identified and missing persons investigations when all other
conventional identification methods have been exhausted.

In 2020, the Australian Federal Police (AFP) launched
the National DNA Program for Unidentified and Missing
Persons (hereafter called the AFP DNA Prugram).“ The
AFP DNA Program uses a multidisciplinary forensic ap-
proach to scientifically link UHR and LTMP cases in
Australia, including emerging forensic genomics tools
such as FIGG.”"®

Unidentified and Missing
Persons Investigations
The large number of UHR and LTMP across the world
has come to be known as a “silent mass disaster.”!'
The true global extent is difficult to verify given discrep-
ancies in reporting, database management, and standards
for identification.'>'* The volume of cases presents a
workload challenge for LE agencies at the local, state,
and national levels. In the United States, it is estimated
that there are more than 40,000 UHR awaiting identifica-
tions,'" yet fewer than 9000 have been entered into the
National Crime Information Centre, a centralized na-
tional database managed by the Federal Bureau of Inves-
tigation (FBI) (Table 2).

In Australia, a recent case audit facilitated by the AFP
DNA Program has recorded ~750 sets of UHR

Table 2. Numbers of reported unidentified and missing persons in the United States, the United Kingdom, and Australia

Total population Missing persons
Country Reporting body Year (million) reported LTMPs UHR
United States National Crime Information Centre™”” 2022 3319 550,000 97,127 8450
National Missing and Unidentified Persons Synelnzm 2022 3319 600,000 22,593 14,332
United Kingdom UK Missing Persons Unit'* 2022 67.6 152,000 5295 1096
Australia National Missing Persons Coordination Centre®'" 2022 25.7 55,000 2500 750
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nationally,” whereas in the United Kingdom the latest
reported number of UHRs is just over 1000'* (Table 2).
Some LE agencies acknowledge that their case numbers
are likely to be significantly underestimated, either due to
LTMP not being reported to the police, UHR not being
catalogued accurately, or incomplete and inadequate
reporting mechanisms.'*"*

At the time a person is reported missing, a police in-
vestigation should be undertaken to collect detailed infor-
mation about the individual, including the collection of
vital antemortem (AM) records and samples. Ward"? rec-
ommends that DRS should include a retained medical
specimen (e.g., newborn screening card or biopsy sam-
ple) if available or at least two samples from personal
items (e.g., hairbrush and toothbrush). In addition, FRS
should be sought from multiple close genetic relatives
if available.'® The resulting DNA profile/s can be then
stored in a relevant LE DNA database for comparison
to postmortem (PM) DNA collected from UHR.

However, there are numerous challenges that are often
faced with the collection and profiling of AM and PM
DNA samples that complicate identification efforts, af-
fecting both contemporary and historical cases. The
most common is a lack of DRS or close genetic relatives
to provide a suitable FRS. In historical cases, AM DNA
samples were rarely collected or retained. In addition,
PM DNA samples are often of insufficient quality
and/or quantity.

The application of forensic genomics techniques, such
as FIGG, addresses many of these issues. This includes
decreasing required template amounts through DNA en-
richment steps, increasing sensitivity of massively paral-
lel sequencing (MPS) approaches, managing data loss
through imputation, and circumnavigating a lack of refer-
ence DNA samples by increasing the potential FRS pool
available for searching in international genetic genealogy
databases.

The remit of several multidisciplinary international
bodies involves assisting countries to resolve the identity
of large numbers of unknown deceased persons, includ-
ing through the application of forensic human identifica-
tion techniques such as DNA testing. They include the
International Commission on Missing Persons acmp)'?
and the International Committee of the Red Cross.'®

To facilitate communication between jurisdictions, the
International Criminal Policing Organization (INTER-
POL) recommends their member countries implement a
nationally coordinated DNA identification program
and utilize INTERPOL databases such as I-Familia® to
aid missing person investigations. Similarly, after
reviewing literature concerning the humanitarian crisis
of worldwide UHR numbers, Reid et al."? supported the
use of standardized identification procedures and the es-
tablishment of accessible, centralized national and inter-
national databases to cross-match UHR and LTMP data.

Examples of countries who have formed dedicated na-
tional programs to coordinate identification efforts across
multiple jurisdictions and agencies include the National
Centre for Missing Persons and Unidentified Remains
in Canada,”' the University of North Texas Center for
Human Identification (UNTCHI) in the United States,”
and, most recently, the AFP DNA Program in Australia.'”

STRs and Short-Range Familial

and Kinship Testing

Short-range familial testing was first developed to iden-
tify indirect matches in a criminal DNA database for
the purpose of identifying close genetic relatives of the
source of a crime scene sample.”® The targets typically
consist of first-order relatives—parents, offspring, and
full siblings—whose DNA profiles already exist in the
database.”* Due to general and genetic privacy concerns
about the use of genetic data, familial searching has uti-
lized non-coding STRs*—segments of short, repeated
DNA motifs—and supplementary lineage markers.®*’

Short-range familial testing was first implemented
using the UK National DNA Database in 2002, with the
first suspect identification and conviction made in
2004.%%3° In Australia, it first resulted in a conviction in
2016.%" Many countries do not allow this search method,
and those that do ensure it is highly regulated.?*32%3 How-
ever, if familial searching were used more frequently and
the relevant references were present on the DNA database
(e.g., convicted offenders), it is purported that many cases
would have been resolved earlier, and without needing to
employ more specialized methods such as FIGG.*®

The use of short-range Kinship testing to identify UHR
through close genetic relatives for coronial investigations
has been employed in numerous scenarios from domestic
LTMP investigations (e.g., Kingscliff Beach jawbone™)
to large-scale disaster victim identification efforts (e.g.,
2001 World Trade Centre attack®). The process of
short-range kinship testing is outlined in Figure 1. Identi-
fication can be made by applying two primary algo-
rithms: parent/offspring and sibling.

The former creates a subset of candidates by selecting
only DNA profiles that share at least a single allele at
each locus, allowing definitive exclusion if there are no
alleles in common at a marker.’® The latter creates a
list of potential siblings ranked by the number of shared
alleles or, preferably, likelihood ratio (LR).*” Parents
are the optimum FRS recommended, followed by off-
spring, then full siblings.Ja In simulations with STR
data, Ge et al.° observed that when a second biological
parent is available in combination with an offspring,
the LR increases by more than 100 times.

This type of pedigree was used to identify the remains
of Josef Mengele, following DNA testing of his wife

*The premise that STRs are non-coding has recently been challenged.?**
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Fig. 1. Short-range
kinship testing process
for unidentified human
remains casework,

DNA match

A

reported to legal

authorities

and son.*® For putative relatives, additional testing of sup-
plementary genetic markers, such as lineage-based
Y-chromosome (Y-DNA) and mitochondrial DNA
(mtDNA) markers, can be conducted to confirm or refute
relatedness, >

The success of short-range kinship testing is dependent
on the type and number of FRS available.®*! The disad-
vantage of this method is that it is usually restricted to
first-order relatives as they have a high enough probabil-
ity of sharing more alleles than unrelated individuals. The
limited number of STR markers in standard DNA pro-
files, together with their higher mutation rates (relative

to single nucleotide polymorphisms [SNPs]), typically
means more distant genetic relatives cannot be distin-
guished from unrelated individuals.®

However, in many cases, FRS from first-order relatives
may not be available for comparison because the LTMP
has not been reported (and therefore a FRS was never col-
lected), the relatives are now deceased, or the relatives
decline to provide an FRS.

There have been cases where indirect matches have
occurred beyond first order using a combination of
DNA markers. In Australia, a jawbone was found on a
Sydney beach in 2011 and an STR profile was recovered.
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At this time, there were no direct matches in the National
Criminal Investigation DNA Database (NCIDD) or indi-
rect matches to FRS housed on the New South Wales
(state-based) DNA database.*

A convicted offender’s STR profile was uploaded to
the database in 2020 and was subsequently identified as
a potential male relative following a short-range familial
search. The individual had a paternal uncle who had been
lost at sea in 1979 and his STR profile partially matched
the UHR STR profile. Y-chromosome STR (Y-STR) test-
ing was conducted to support the identification by con-
firming the paternal lineage.

SNPs as an Alternative to STRs

Expanding the reach of kinship testing to include a wider
range of useful genetic relatives can overcome the restric-
tions experienced when searching only first-order rela-
tives. One way of achieving this is through the
adoption of alternative marker sets such as SNPs.*>*?
These are single points of variation in the genome and
are more abundant than STR markers.”* Using medium-
to high-density SNP profiles, kinship testing capabilities
can be extended beyond what is achievable with STR
profiling. There are three technologies that can produce
these SNP profiles: microarray genotyping, whole ge-
nome sequencing (WGS), and targeted amplicon se-
quencing (TAS) (Table 3).

Microarray genotyping

Microarray technology was developed nearly 20 years ago
for application in medical genetics research. *4¢ The
whole genome is amplified and fragmented, and the oligo-
nucleotides are hybridized to complementary oligonucleo-
tide probes that are immobilized on the surface of a silicon
chip. Allele-specific oligonucleotide (ASO) microarrays
(originally marketed as Affymetrix) employ ASO probes
that bind fluorescently labeled DNA fragments.

Silicon bead chip arrays employ primers that bind to
fragmented DNA, which then undergo single base exten-
sion with fluorescently labeled dideoxynucleotide tri-
phosphates at the SNP position.*” Genotyping may also
involve imputation, a method using reference genome se-

quences with complete genetic information to fill in miss-
ing genotypes according to linkage patterns.***’

Due to their fast, reliable, and cost-effective coverage of
up to 2.5 million SNPs, microarrays have been assessed
for forensic implementation for the past 15 years.”*>* How-
ever, most forensic samples are unable to meet the recom-
mended input amount of 200ng of DNA, which is
significantly greater than the standard 1 ng DNA input for
forensic assays used routinely.™ This is further complicated
by a limited tolerance of degradation and inhibition.**

In a recent study, however, Russell et al.>® demon-
strated that accurate genotypes with SNP call rates
>05% can be obtained with Illumina Global Screening
Array (GSA) microarrays from DNA input as low as
0.2 ng, significantly less than the manufacturer’s recom-
mended input of 200 ng. Similarly, de Vries et al.*® ex-
plored the robustness of microarray technology with
blood and bone samples of varying quality and quantity.
A kinship classification success rate of 98.5% was achieved
with as little as 0.25 ng DNA input for first- to third-order
relatives (i.e., first cousins), and 1 ng for fifth-order relatives
(1.e., second cousins). Decreasing DNA quality resulted in
increased fragmentation and lower accuracy, leading to re-
lationships being undetected. Another study using microar-
rays to identify UHR concluded that high-quality samples
are a necessity for successful analysis.”’

Whole genome sequencing
WGS is designed to yield all 3 billion nucleotides in the
human genome from which high-density SNP profiles
can be extracted.**** WGS was designed for clinical ap-
plications and operates by fragmenting DNA through
sonication or restriction enzymes.” Adapter sequences
and oligonucleotide barcodes are ligated to the fragments
before they are sequenced. As opposed to microarrays,
WGS requires a high level of bioinformatics expertise
and computational workload for genotype calling. Low
coverage WGS often requires a higher degree of imputa-
tion than what is used for microarray genotyping.**

The primary advantage of WGS over microarray tech-
niques is the lower DNA input requirement, with most
workflows requiring an input of 0.05—50ng.6' Lower

Table 3. Comparison of the genotyping technologies for generating medium- to high-density single nucleotide

polymorphism profiles

Metric Microarray genotyping®'?

58,61

Whole genome sequencing Targeted amplicon sequencing'™®

SNP Typing Method Hybridization and single base extension

Manufacturer Recommended 2200ng
DNA Input
SNP Markers 650,000-2,500,000

Suitable for Degraded Samples No

Bioinformatics Expertise Optional
Data Manipulation Options Analytical and interpretation thresholds,
imputation

SNP, single nucleotide polymorphism.

Single base sequencing Single base sequencing

0.05-50ng >lng
<3,000,000,000 100-10,000
Sometimes Yes

Required Kit dependent

Analytical and interpretation
thresholds, imputation

Analytical and interpretation
thresholds
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input amounts, however, usually result in lower coverage
and an increased requirement for imputation. With the
higher density of SNP data produced, Li et al.> con-
cluded that WGS has the potential to increase detection
power for distant genetic relatives by 5-15% over micro-
arrays. This small gain is tempered by the fact that cur-
rent WGS technologies are not commonplace in LE and
government forensic laboratories.**

Targeted amplicon sequencing

TAS is beginning to be utilized by an increasing number
of forensic laboratories that employ MPS, making it the
most easily integrated genotyping technology for forensic
SNP analysis.®” The design of condensed subsets of SNPs
(“'panels™) ensures the targeting of more informative
SNPs and the removal of superfluous medical informa-
tion not relevant to forensic applications.

Moreover, the smaller number of SNPs, combined
with limiting sequencing to the short fragments of
DNA surrounding the target SNPs, improves the recovery
of DNA from forensic samples of varying quantity and
quality (see Development of TAS Kits section). While
medium-density TAS genotypes decrease the range of
genetic relationships able to be detected compared with
microarrays and WGS, they are able to be generated in
accredited forensic laboratories.®?

Kinship Analysis: From Identity by State

to Identity by Descent

There are two major analytical methods that can be uti-
lized to infer relatedness between two individuals based
on inherited DNA. The first is the use of an LR to provide
probabilistic support for two alternative propositions
about kinship. For example:

H,: The donor of profile A and the donor of profile B are
first cousins.

H,: The donor of profile A and the donor of profile B are
unrelated members of a specified population.

Some of the genetic markers in profiles A and B will be
identical by state (IBS), and some will be different.*"¢*%°
The more closely related the donors, the more markers
are likely to be IBS. This is the method used for short-
range kinship testing with STRs, but it can also be used
for short- and medium-range kinship testing with SNPs.*

However, just because an SNP is IBS in two different
profiles does not mean that the alleles are inherited from a
common ancestor and are therefore identical by descent
(IBD). The mutations responsible for them being IBS
may have occurred independently in two different line-
ages. It is possible to estimate the proportion of SNPs
that will be IBD for different orders of relationship
(Table 4).

SNPs in close proximity on the genome that are IBS
form a haplotype, and the larger or longer the haplotype,
the greater the probability that they are IBD.®” This is be-
cause the genetic process of recombination, which shuf-
fles autosomal DNA (atDNA) on chromosomes during
meiosis, is less likely to have disrupted the haplotypes
for individuals that are separated by less meioses (i.e.,
are more closely related).

While the LR approach is suitable for closely related
individuals that share a high enough number of DNA
markers by descent (and, hence, are more likely to have
enough markers IBS), second-order relatives and beyond
are more difficult to differentiate from unrelated individ-
uals. The preferred inference method for detecting rela-
tives with greater genetic distance is the number and
length of shared uninterrupted haplotypes.*®

This is the approach used for FIGG. Two genetic rela-
tives will share a distribution of uninterrupted haplotypes
(IBD segments) of various lengths and frequencies,
depending on their order of relationship. When IBD seg-
ments shared by two individuals are longer and more fre-
quent, there is a shorter lineage path between the
individuals as the haplotypes are less likely to have
been disrupted by recombination events over time.**7°
Once the Kinship order is determined between two indi-
viduals, the challenge is specifying the type of biological

Table 4. Theoretical proportion of DNA shared by descent as a function of kinship order

and the corresponding possible genetic relationships

Theoretical proportion

Kinship order Relationship between individual: of DNA shared by descent (%)

0 Self, identical twins 100

| Parents, offspring, siblings 50

2 Grandparents, grandchildren, aunts/uncles, nieces/nephews, half-siblings 25

3 First cousins, great grandparents, great grandchildren, great aunts/uncles, 12.5
great nieces/nephews

4 First cousins once removed 6.25

5 First cousins twice removed, second cousins 313

6 First cousin thrice removed, second cousins once removed 1.56

7 Second cousins twice removed, third cousins 0.78

8 Second cousins thrice removed, third cousins once removed 0.40

9 Third cousins twice removed, fourth cousins 0.20

Source: The H600 Project.”"?
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relationship.®” For example, grandparents and half-
siblings of the same individual are both second-order rel-
atives of that individual.

Genetic Genealogy

Traditional genealogy is the study of family pedigrees
through the use of historical records to track ancestors
and their descendants.”' This research is highly depen-
dent on the availability of written records, with the search
typically stalling when records are lost, destroyed, or not
kept.”? The combination of traditional genealogical re-
search with DNA testing, referred to as genetic geneal-
ogy, is a more robust application of standard ancestry
research.”

Lineage markers recovered from Y-DNA and mtDNA
were first employed for genetic genealogy testing as they
are uniparentally inherited from the biological father and
mother, respectively, and do not undergo recombination,
unlike atDNA. Their non-recombined transfer from gener-
ation to generation makes them a useful tool for inferring
direct paternal or maternal relatedness.”*"® Y-DNA orig-
inally inspired the genetic genealogy revolution, with
many individuals conducting their own surname studies.””

atDNA testing employing IBD segment matching was
introduced to genetic genealogy in 2009, expanding the
possibilities beyond patrilineal or matrilineal search-
ing.a"‘m With the ability to detect more complex and dis-
tant relationships with greater accuracy, atDNA profiles
can generate a list of matches with the predicted kinship
order consistent with the matched IBD segments. As the
cost of high-density SNP genotyping has decreased and
genetic genealogy databases have grown, genetic geneal-
ogy has become an increasingly useful tool for extended
kinship testing."’

Since it emerged in the early 2000s, direct-to-consumer
(DTC) genetic testing has been an ever-growing phenom-
enon, enticing the public to access information derived
from their genetics without involving a ]:;hy.-;ician.82
Online tools allow consumers to compare their genetic in-
formation with others in the companies’ databases to find
genetic relatives.*

The rising popularity and use of DTC genetic testing
has been accompanied by an increase of users in these ge-
netic genealogy databases.”® As a result, genealogical re-
cords are becoming progressively more available online
to supplement kinship testing. Erlich et al.* demon-
strated theoretically that only 2% of the population is re-
quired to be included in such databases before the
probability of finding a third or fourth cousin approaches
100% for any sufficiently high-density SNP profile.

The four leading companies offering these services, in
order of database holdings, are AncestryDNA®,
23andMe®, MyHeritage™, and FamilyTreeDNA.F"®
Over 40 million people have taken a DTC saliva or buccal
swab test in their homes to be sent off to private laborato-

ries and analyzed using bioinformatics.* The returned re-
sults include estimates of biogeographical ancestry
(BGA), kinship, and genetic disposition for diseases.””

Nearly all major DTCs use high-density SNP microar-
rays to generate DNA profiles comprising 650,000 to 1
million SNPs for each consumer.”' Genetic relatives
are located by measuring shared IBD segment lengths
but each company uses different detection and match
thresholds,*“? meaning that relationship predictions
can differ between companies.™

As well as the four major companies previously men-
tioned, there are a number of genetic genealogy databases
that can be utilized by consumers and/or LE agencies to
identify genetic relatives.*™* Once genetic analysis has
been completed for any consumer, they are able to down-
load their genetic data from their DTC company of
choice and then upload it to specific genetic genealogy
databases for cross-comparison with DNA profiles gener-
ated by other DTC companies. They can also upload per-
sonal information and constructed family trees and
genealogical records.

While AncestryDNA and 23andMe do not facilitate up-
load of DNA profiles from other DTC companies, Family-
TreeDNA, MyHeritage, and GEDmatch allow uploads of
DNA profiles from other sources.” " For example, GED-
match uses a One-to-Many Kinship Tool to compare a
user’s DNA profile (produced by any DTC company) to
all public DNA profiles (produced by any DTC company)
in their database, returning a list of users that are ranked
by the total length of shared IBD segments. Concerns
about the privacy of personal and genetic data on these da-
tabases have led DTC companies to clearly articulate their

privacy policies and terms of service %9298

Forensic Investigative Genetic Genealogy
Long-range familial/kinship testing, also referred to as
FIGG, utilizes specific private and/or public genetic gene-
alogy databases for comparing the DNA profile recovered
from UHR (or crime scene samples) to the database popu-
lation of DNA profiles from consenting individuals to find
genetic relatives of the unknown sample donor.”*™'* This
technique has proven useful in cases where the individual
or their close genetic relatives are not present in an LE
DNA database, instead providing investigative leads to
infer their identity through genetic geneellofc,')n'03‘")4

The process of conducting FIGG testing is outlined in
Figure 2 and is typically only used after all other avenues
of inquiry have been exhausted.'”'" A medium- to
high-density SNP profile is uploaded to one or more ge-
netic genealogy databases that allow LE matching. If
suitable genetic relatives appear in the match list, then
the identity of the unknown individual may be able to
be inferred by building out their family tree.

By combining the database search results with geneal-
ogy research using public, historical, and government
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records, a genetic genealogist, or FIGG practitioner, can
link the person of interest with firstly their distant and
then close genetic relatives. A list of relevant putative ge-
netic relatives or candidates can then be provided to the
LE agency to investigate. LE can use investigative tech-
niques, non-public records, and reference testing of puta-
tive relatives to populate and refine the tree.

The aim is to discover the most recent common ancestor/s
shared by the UHR and the putative genetic relatives and
then research the descendants until a present-day family
with a missing or unaccounted-for relative is found. The
identity of the UHR will then be confirmed using an ac-
cepted scientific method such as kinship analysis of STR
profiles produced from the UHR and first-order relative/s.'*
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LE agency use of FIGG

In the United States, LE agencies considering using FIGG
in a criminal investigation, including for the purpose of
identifying the remains of a suspected homicide victim,
should be adhering to guidance published by the Depart-
ment of Justice in their 2019 interim policy and endorsed
by LE accessible genetic genealogy databases,'**!07:108
Subsequent to this, the American Society of Crime Labo-
ratory Directors released a position statement outlining
eight criteria that need to be met before FIGG should be
considered for use in a criminal case.'™ Since then, nu-
merous agencies around the globe have released guide-
lines for the use of FIGG.'®> 1!

The two public genetic genealogy databases currently
accessible to LE are GEDmatch (via GEDmatch PRO™)
and FamilyTreeDNA. LE agency access is authorized for
investigating UHR and violent crimes such as homicide,
sexual assault, manslaughter, robbery, and common as-
sault.'””"2 Users of these two databases can consent to
have their DNA profiles used by LE for the purpose of
identifying UHR; this is the default for users of GED-
match but requires users of FamilyTreeDNA to opt in.
Users of GEDmatch may further opt in for their profiles
to be used to identify the perpetrators of violent crimes,
whereas there is no distinction between these two LE
uses for FamilyTreeDNA.

Therefore, LE can access all GEDmatch profiles and
those of individuals who have opted in to LE matching
on FamilyTreeDNA for UHR cases, whereas LE is re-
stricted to only searching against DNA profiles from
users who have specifically opted in for LE matching
on both of these databases for violent criminal cases.

At the time of writing, the GEDmatch database con-
tains over 1.8 million profiles uploaded by the pub]ic;"'2
all of which are available for identifying UHR. After
GEDmatch was acquired by Verogen, Inc. (now a QIA-
GEN company) in December 2019, GEDmatch PRO
was created as a dedicated LE portal to improve regula-
tion and oversight of LE use.'"? GEDmatch PRO allows
LE to upload an unknown DNA profile and search against
the GEDmatch database for potential genetic relatives.

The FamilyTreeDN A database also allows LE matching
against DNA profiles of consenting users.''* At the time of
writing, the FamilyTreeDNA database has ~ 1.7 million
profiles uploaded by the public; however, only ~95% of
these are available for identifying UHR.'" Family-
TreeDNA is operated by Gene by Gene, Ltd. (a subsidiary
of myDNA, Inc.); in January 2024, they announced they
have partnered with Othram, Inc., to enhance the data-
base’s search capabilities for FIGG.'"®

Use of public genetic genealogy databases by LE has
been, and continues to be, highly contentious. In the
wake of the Golden State Killer case solve announcement
in 2018, and the subsequent proliferation of FIGG use,
GEDmatch and FamilyTreeDNA changed their site

terms and policies in 2019 to require users to opt in or
out of LE matching.”

GEDmatch opted all existing users out, requiring them
to manually change their settings to be included; Family-
TreeDNA, however, opted all users in by default. These
actions, although very different, were designed to en-
hance the informed consent process. However, Ram
and Roberts''? noted that people are unlikely to change
the default setting, and this corrupts the notion of *‘in-
formed consent.”” In 2021, Verogen, Inc. modified the
terms of service at GEDmatch PRO to allow all UHR pro-
files uploaded for identification purposes to be searched
against the entire database, instead of just those individ-
uals who have opted in specifically to LE matching.'””

Currently, this still stands for GEDmatch users,
whereas FamilyTreeDNA users still have the option to
opt out of LE use for both UHR and criminal cases. In
light of very recent reports of the improper use of public
databases by some FIGG practitioners,''® companies
such as Verogen, Inc. have initiated new measures to pro-
tect the privacy and trust of their database users.!'” For
example, cancelling all FIGG practitioners access to
GEDmatch PRO and compelling them to re-consent to
the terms of service by signing a new binding contract be-
fore database access is reinstated.

There are two genetic genealogy databases that are not
available for public use and established specifically for
LE matching. DNASolves® is a private genetic geneal-
ogy database created by the private company Othram,
Inc., in 2019.""® Individuals can populate the database
and assist investigations by either submitting a saliva
sample for sequencing at Othram, Inc., or providing
their existing DTC genetic data.*®

Itis not known how many profiles are currently housed
in DNASolves. DNA Justice™ is a private genetic gene-
alogy database created by the non-profit organization
DNA Justice Foundation in 2023.""? At the time of writ-
ing, over 500 profiles have been uploaded by the public
since the database was launched in early 2023. These
LE exclusive genetic genealogy databases may serve to
minimize some of the genetic privacy concerns raised
to date surrounding LE agencies’ use of public genetic
genealogy databases if and when they increase to a use-
able size.

FIGG service providers

The majority of forensic DNA laboratories do not have
the capability to generate the medium- to high-density
SNP profiles required for FIGG. At the time of writing,
the main service providers available for outsourcing
one or more components of FIGG in the United States
are primarily private laboratories; however, there are a
growing number of not-for-profit, LE, and public labora-
tories beginning to offer FIGG services globally.
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Bode Technology™ (Bode Cellmark Forensics, Inc.),
DNA Doe Project, Inc., DNA Labs International, Inc.,
Identifinders International, LLC., Othram, Inc., Parabon
NanoLabs, Inc., Signature Science, LLC., Gene by
Gene, Ltd., Intermountain Forensics, and Astrea Foren-
sics have accepted FIGG cases from LE for SNP geno-
typing for a number of years;'**"'* with the AFP DNA
Program® and UNTCHI'* more recently able to provide
in-house FIGG services for LE and medicolegal agencies
in Australia and Texas, respectively. These laboratories
offer either microarray genotyping, WGS or TAS, with
various sample acceptance criteria and marketed areas
of specialization.

Some of these service providers conduct in-house ge-
nealogical research and others outsource this capability
to individual FIGG practitioners or a genetic genealogy
company to return investigative leads to the LE agency.
The number and diversity of laboratories across the
world validating and offering FIGG-related services
could be expected to increase in the future.

First use of FIGG for UHRs
At the time of writing, over 260 predominantly US-based
UHR cases have been reported to be solved by different
investigating entities using FIGG (including government,
private, and not-for-profit), resulting in the resolution of
many LTMP cases.”?' In 2018, the first LE case was
reported to be resolved using FIGG and highlighted its
utility where all other forensic identification techniques
had failed. The “Buckskin Girl" was found on the side
of a road in Ohio in April of 1981, having suffered
blunt force trauma and strangulation.m

After the police failed to identify her using a suite of
forensic tools, she was buried as a Jane Doe later that
year with no leads on her identity or the individual/s re-
sponsible for her death.'™ Forensic tests applied to this
case included dental and fingerprint analysis, craniofacial
reconstruction, pollen analysis, stable isotope analysis,
and STR and mtDNA [:aroﬁling.”z'133

The DNA Doe Project adopted her case and used pub-
licly raised funds to conduct high-density SNP genotyp-
ing on a retained blood sample. When uploaded to the
GEDmatch database in 2018, a first cousin once removed
(fourth-order relative) was found.'** Within hours, FIGG
practitioners had generated solid leads for the investigat-
ing LE agency, resulting in Marcia Lenore King being
identified after 37 years. Her identity was confirmed
through kinship analysis using an FRS from a first-
order relative.'**

Development of TAS Kits

A recent advancement to make FIGG more accessible to
LE agencies is the use of TAS to generate a medium-
density SNP profile, making it possible to embed all an-

alytical and genealogical processes within an LE or
forensic facility. With the reduction in SNPs, the range
of detectable relationships also decreases, defining
medium-range familial/kinship testing.

While not as powerful as longer range genetic geneal-
ogy methods, it can still provide important leads to LE
who are investigating the identity of an unknown person.
Further, medium-range familial/kinship testing can be
used for within case matches where the available relative
is more distant than is suitable for short-range testing
with STRs. For the purposes of this review, medium-
range familial/kinship testing is defined as inferring out
to fifth-order relatives (Table 1).

The primary advantage of these methods over microar-
rays and WGS is that only regions determined as relevant
for forensic applications are sequenced, such as identity-,
phenotype-, ancestry-, and kinship-informative SNPs.*®
This means that in addition to generating an SNP profile
suitable for extended kinship testing, other genetic intelli-
gence can be generated simultaneously; phenotype-
informative SNPs can be used to predict externally visible
characteristics (EVCs), and ancestry-informative SNPs
can be used to predict BGA.

Further, medically informative SNPs are excluded as a
privacy enhancing feature”™1* and all SNPs are suitable
for calculation of LRs, assuming that population SNP al-
lele frequencies are available, as well as IBD segment
matching. Further, keeping all processes associated
with FIGG in-house ensures physical control over the
sample and all information generated, providing data
quality assurance and chain of custody cmn[]]iance.'05

This approach addresses privacy concerns regarding
all aspects of data handling by third parties on or off-
shore. It also makes in-house data storage and back up
achievable for most laboratories that might otherwise
struggle with the huge datasets associated with WGS.

There are three TAS kits that have been developed for
use in unidentified and missing persons investigations thus
far; however, only two are now currently commercially
available (Table 5). The first panel, the ICMP Missing Per-
sons SNP Panel (QIAGEN), comprised 1270 tri-allelic
SNPs but it is no longer available.'**"'*® The second is
the Fnrf:nSE:q® Kintelligence Kit (Verogen, Inc.) that ana-
lyzes over ten thousand SNPs in a single assayA]'w The
third kit is the FORensic Capture Enrichment (FORCE)
panel, which interrogates about half the number of SNPs
in the Kintelligence Kit but places more emphasis on
non-kinship SNPs of forensic importance.®*

ForenSeq Kintelligence Kit

The Kintelligence Kit was launched by Verogen, Inc, in
February 2021 as a fully integrated forensic-specific
SNP kit for extended kinship testing."*" The Kintelli-
gence workflow is compatible with the MiSeq FGx®
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Table 5. Currently available forensic single nucleotide polymorphism panels designed for medium-range familial/kinship testing

and genetic intelligence applications

Kit FORCE panel®*'%* ForenSeq” Kintelligence Kit"*®
Total Number of SNPs 5422 10,230
Kinship SNPs 3931° 9867

Identity SNPs 138" 94
Phenotype SNPs 41° 22¢
Ancestry SNPs 237" 56°

X Chromosome SNPs 246 106

Y Chromosome SNPs 829 85
Sequencing Methods Available Hybridization capture; primer extension capture: multiplexed PCR Multiplexed PCR
Recommended DNA Input Ing Ing

Kinship Order <Fifth-order relatives <Fifth-order relatives

Kinship SNPs Required

225% for beyond first-order relatives

270% for upload to GEDmatch PRO™

“Two SNPs overlap the kinship and identity categories in the FORCE panel and are only counted in the kinship category.
"Four SNPs overlap the phenotype and ancestry categories in the FORCE panel and are only counted in the phenotype category.

“Two SNPs overlap the phenotype and ancestry categori

Sequencing System, using established ForenSeq library
preparation methods.'*!' The manufacturer recommends
at least 1ng of input DNA to produce reliable results;
however, published internal validations have tested as lit-
tle as 50pg of DNA with high call rates and genotype
concordance. #7143

The kit targets 10,230 SNPs, including 9867 kinship
SNPs that have been curated from those present on GED-
match. Forensic-specific SNPs to infer identity, BGA and
EVCs, as well as sex-chromosome SNPs, have also been
included to maximize the genetic information produced
in a single sequencing run. Antunes'* discussed the ad-
vantage of the smaller amplicon lengths utilized in this
kit (the average below 150 base pairs), allowing high
call rates for degraded samples.

Degraded blood and contemporary bone samples, with
degradation indices as high as 158 and 14 respectively,
have been profiled by the Kintelligence Kit."* Staadig
et al.'* demonstrated that bone samples (n=4) experi-
enced higher rates of allele dropout and highlighted the
importance of setting appropriate thresholds for analysis.
When testing 11 bone samples ranging from 0.1 to 1.0 ng
input, Peck et al'# reported high call rates exceeding
96.9% for seven of the samples, much higher than
those recorded by Staadig et al.'** The Kintelligence
Kit has been tested on a wide range of compromised fo-
rensic samples, including bone, teeth, blood, and nail, all
of which had call rates greater than 90%, demonstrating
its utility for UHR casework. '

Verogen, Inc. have ensured that the corresponding
Kintelligence Analysis Module produces forensic-
appropriate reports on BGA and EVCs, as well as kinship
reports formatted for direct upload to GEDmatch PRO.'#7
However, a minimum of 70% of the relevant SNPs need
to be genotyped in order for the report to be generated. In
addition to IBD segment matching, GEDmatch PRO em-
ploys a windowed kinship algorithm specifically for Kin-
telligence genotypes and a simulation study reported high

n the Kintelligence Kit and are only counted in the ancestry category.
FORCE, FORensic Capture Enrichment; PCR, polymerase chain reaction.

performance for kinship determination for first- to fourth-
order relatives.'*® When the algorithm was tested with
Kintelligence genotypes generated for a known family
group, the GEDmatch PRO One-to-Many tool was able
to detect and accurately predict relationships for first-
to fifth-order relatives.'*®

A number of forensic DNA laboratories have now val-
idated and accredited the Kintelligence Kit as an SNP
genotyping method for FIGG in accordance with ISO/
TIEC 17025:2017 requirements. The private laboratory
DNA Labs International, Inc. was the first reported
accredited laboratory to validate and successfully employ
the Kintelligence Kit for FIGG casework, announcing the
resolution of a 1998 UHR case in collaboration with Ore-
gon State Police in February 2022.'%

Toward the end of that year, the private laboratory Sig-
nature Science, LL.C published their internal validation of
the kit'*”'** and the not-for-profit laboratory Intermoun-
tain Forensics'®® reported receiving accreditation for
MPS-based SNP genotyping on their website; both labo-
ratories are now offering Kintelligence Kit sequencing as
one of their FIGG services.

In 2023, the AFP DNA Program became the first
accredited LE laboratory (and the first laboratory outside
of the United States) to operationalize the kit'*® and has
since used it to successfully resolve multiple cold and
current UHR cases in Australia."”"'* Also in 2023,
UNTCHI became the first public laboratory in the United
States to gain accreditation for SNP genotyping (includ-
ing using the Kintelligence Kit) and will likely begin
using this kit for select FIGG cases in Texas.'™*

FORCE panel

The FORCE panel, developed in 2021 by Tillmar et al.,**
is a custom hybridization capture assay with extended
kinship capabilities. Similar to the Kintelligence Kit,
this panel includes an assortment of forensically relevant
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SNPs for inference of BGA, EVCs, and identity, making a
total of 5422 SNPs. The incorporation of hybridization
capture has been adopted from ancient DNA analysis
techniques, providing the ability to analyze highly de-
graded DNA fragments that are not suitable for traditional
polymerase chain reaction (PCR) enrichment,">*'>

For historical bone samples, Tillmar et al.** reported
there was a 380-fold increase in reads using hybridization
capture over shotgun sequencing. In 2023, a QlAseq
assay of the FORCE panel using unique molecular indi-
ces was evaluated and was successful in generating accu-
rate genotypes for compromised research samples.'®

The FORCE panel was found to be suitable for infer-
ring relationships between an unknown individual and
first- to fifth-order relatives.®>'® To test this, skeletal
DNA extracts were analyzed from previously identified
World War II service members against two or three
FRS.®* While the SNP genotype call rate was ~ 44.4%
for the bone samples, kinship predictions were consistent
with the expected relationships when at least 25% of the
kinship SNPs were typed; below this threshold, only first-
order relatives were detected.

Operational Challenges

Accredited forensic laboratories are required to thor-
oughly validate new methods for casework. The require-
ment for gaining or maintaining appropriate accreditation
status has prompted an increase in testing of medium- and
high-density SNP genotyping technologies applied to fo-
rensic samples.”®"**1421% Quality assurance and con-
trol processes become complicated when third-party
contractors are engaged to conduct SNP genotyping,
leaving LE agencies with little visibility of their valida-
tion, sequencing, and bioinformatic analysis processes.®

Tillmar et al."* discussed the importance of forensic
facilities maintaining responsibility for processing cases
rather than sending samples to third-party companies
for SNP analysis, where possible. To this end, the Scien-
tific Working Group on DNA  Analysis Methods
(SWGDAM) in the United States recently published the
first guidelines for the interpretation and reporting of
SNP profiles developed using MPS by forensic DNA test-
ing laboratories.'”

Operationalizing this technique in accordance with the
validation, quality, and evidential requirements by which
accredited forensic laboratories are typically governed
will facilitate the court admissibility of SNP genotyping
results generated using MPS."**'*° This was demon-
strated in December 2023, when SNP profiles produced
by the Kern Regional Crime Laboratory using the Fore-
nSeq DNA Signature Prep Kit (Verogen, Inc.) were ad-
mitted as a reliable form of evidence for the first time
in the U.S. court system.'®”

However, the implementation of end-to-end FIGG
workflows in forensic laboratories will continue to be

challenged by the requirements for new genotyping tech-
nologies, bioinformatics capabilities, processing of com-
promised evidence samples, and genealogical expertise.

Technology requirements

With the increased forensic interest in MPS technology,
Alonso et al.'®" surveyed laboratories from 25 European
countries in 2016 and found that 52% had purchased an
instrument for SNP analysis. With more laboratories
expressing interest in and pursuing MPS, medium-range
familial/kinship testing will become more accessible as
aresult of the availability of TAS panels and benchtop in-
struments. '

In the United States, 163 laboratories already have a
MiSeq FGx Sequencing System.'®* The specialized in-
strumentation required for microarray and WGS methods
is not readily available in accredited forensic laborato-
ries; however, the instrumentation exists in non-forensic
genomics facilities that may also offer their services to
LE.

Alonso et al.'®!

also noted that implementation of MPS
was hindered primarily due to concerns around re-
agent/consumable costs and underdevelopment of the
lec::hnnlngy.'ﬁl A cost-benefit analysis study in the United
States concluded that while the cost of implementing
TAS methods may be high, the operational and societal
benefits justify the investment.'®® The generation of
DNA profiles using dense SNP multiplexes, coupled
with the higher sensitivity of MPS technology, will result
in improved DNA identification outcomes for both crim-
inal and coronial casework.

For human remains identification, the application of
SNP genotyping will reduce the rate of false positive
and negative identifications made when close genetic rel-
atives are unavailable for STR profiling.'®

An Australian pilot study assessed the ability of micro-
array technology to analyze low quantity and quality
blood and bone samples, concluding that other analysis
methods (i.e., WGS or TAS) should be pursued for
UHR casework.”” This study demonstrated that 0.1ng
of high-quality DNA could produce a high call rate; how-
ever, only 25% of samples (those with over 12 ng of input
DNA) returned the expected matches when analyzed
using GEDmatch PRO Kkinship algorithms. Bioinfor-
matics were applied to several samples to enrich the
SNP data by combining datasets for analysis without
any improvement.

WGS was assessed in a forensic setting when applied
to a set of UHR recovered in 2003 in Sweden, known
as the “Ekeby man.” 157 Approximately 3 billion reads
were obtained from 3 ng of skeletal DNA, and 1 million
SNPs were selected for upload to GEDmatch using exten-
sive bioinformatics analysis. The Ekeby man was identi-
fied through genealogical research of 36 candidate
relatives identified on GEDmatch with Croatian ancestry.

Page | 48



Downloaded by Jodie Ward from www.lichertpub.com at 03/18/24. For personal use only.

16

WATSON ET AL.

In showing that ancestry and kinship investigative
leads could be successfully generated using this in-
house method, the authors emphasized the importance
of maintaining control of FIGG cases.

However, there are several cost and time consider-
ations that forensic laboratories will need to evaluate be-
fore deciding to move forward with establishing such
advanced sequencing capabilities, including those associ-
ated with procuring specialist equipment, software and
reagents, completing validation studies, data storage
and retention, and seeking ISO/IEC 17025:2017 accredi-
tation. The NovaSeq™ 6000 System and its successor,
the NovaSeq X Series, have list prices in the order of
US$1 million.'®

While the cost per genome is low (about US$200), the
upfront cost is high and represents a substantial capital in-
vestment for a laboratory that is not regularly performing
WGS. A single run can generate six terabytes of data that
must be stored securely and backed up regularly.'®® Fur-
ther, validating and maintaining such instrumentation
may not be cost-effective. Due to these factors and the
expected low throughput, WGS is unlikely to be intro-
duced in the majority of forensic laboratories.

Compromised samples
LE agencies seeking to utilize FIGG need to consider
sample quality and quantity on a case-by-case basis.
When processing compromised samples from UHR, fo-
rensic analysis can be complicated by the age and degra-
dation of the remains and the presence of PCR inhibitors.
The ancient DNA community has developed workflows
for such samples, successfully recovering DNA from
skeletal remains over 100,000 years old.'"™* The insights
gained from their protocols have been adopted for the
identification of UHR in historical and contemporary
casework.'®

Both extraction and library preparation protocols are
critical to the success of downstream analyses, and the
Dabney extraction prOtOCOI]ﬁﬁ coupled with hybridiza-
tion t:apture"q4 has the potential to increase sequencing
success rates. The Dabney extraction protocol was devel-
oped to enable recovery of ultrashort (225 base pairs)
DNA fragments from ancient spenimen&mﬁ When com-
pared with the total demineralization pmlm:nl'm
employed by many forensic laboratories for skeletal sam-
ples, multiple studies reported greater success using the
Dabney protocol when analyzing highly degraded DNA
with MPS approaches, 16168169

However, total demineralization yields more DNA
overall because it tolerates higher DNA input amounts,
Further, a recent study on DNA quantification methods
demonstrated that commercially available quantitative
PCR (qPCR) assays are a successful screening method
to predict the success of downstream analysis methods,
including SNP genotyping.'””

Both PCR and hybridization capture target specific
DNA sequences for MPS library preparation. Hybridiza-
tion capture differs from PCR, however, by using oligo-
nucleotide probes (*‘baits’) immobilized on beads to
bind target sequences of interest without amplification.'”!
This technique is favored for its success with compro-
mised specimens, as degraded DNA fragments may not
always be amenable to PCR due to their reduced
size.'"” Hybridization capture approaches show great
promise, whereas PCR-based methods have received
greater attention for forensic applications to date, once
again because of compatibility with existing laboratory
instrumentation and procedures.

Genealogical expertise

A critical component of FIGG is conducting the genea-
logical research for the observed kinship matches.®*!72
The skills required for genetic genealogy include the abil-
ity to interpret not only historical records and tracing lin-
eage, but also genetic data. The increased availability of
online records has accelerated genealogical research as
several companies have digitized and indexed millions
of records for consumers pursuing recreational genetic
genealogy.

The DNA Doe Project reports that case outcomes de-
pend on the kinship distance of genetic matches and the
completeness of records, with some cases requiring hun-
dreds of hours of researching to resolve.'*' The complex-
ity of accurately positioning an unknown individual
within a family tree makes this process a limiting factor
of success and thus requires suitable expertise to collect
and correlate documentary evidence,'**172

Before the rise in popularity of genetic genealogy, ge-
nealogists taught themselves by gaining experience with
their own families.'”® Now there are several education
and training opportunities, all of which emphasize practi-
cal experience as the most effective way to learn.'™ Cur-
rent LE FIGG programs have chosen to either perform
the genealogy research in-house by training existing em-
ployees in genetic genealogy (e.g., FBI') or recruiting
genetic genealogists (e.g., Toronto Police Service'™),
or by contracting the services of external, vetted FIGG
practitioners (e.g., AFP DNA ngrﬂmlﬂl

However, it is important that engaged genetic geneal-
ogists are suitably skilled and experienced, adhere to
agency-prescribed operational, legal, ethical, privacy,
and confidentiality parameters, abide by genetic geneal-
ogy database providers’ terms of service and privacy pol-
icies, document their research in accordance with
relevant genealogy and forensic standards, and are capa-
ble of testifying in court as required.

A recent article brought attention to the necessity for
standards and certification of FIGG practitioners to en-
sure public trust is maintained.'” The authors adopted
the Board of Certification for Investigative Genetic
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Genealogy to ensure proficient and ethical practice by
outlining general frameworks for standards, certification,
and education.'”’

Policy Considerations for Familial

and Kinship Testing

There are a number of ethical issues that have been the
subject of debate in published literature that need to be
considered when implementing and regulating familial
and kinship testing. It is widely recognized that transpar-
ency, accountability, and oversight need to be clearly
established in legislation or policy for the proper use of
such techniques. TATRITY [osues that have been raised
previously include the privacy and security of genetic
data, the proper acquisition of consent to use such data,
and the criteria for when a case sample qualifies for
familial/kinship testing.

The majority of literature and legislative discourse to
date has focused on the use of this technique for criminal
investigations, rather than for coronial investigations.
A UK study observed the majority of surveyed stakehold-
ers, both public and professional, support the use of FIGG
in criminal investigations; however, the public were
largely ignorant of the privacy risks involved."™

There are two published surveys that assessed the level
of public support for the use of FIGG in various forensic
applications, including UHR casework. A 2018 survey in
the United States found 77% of participants supported the
use of FIGG for identifying human remains.'®' More re-
cently, an international survey recorded higher accept-
ability and support, with 85.2% endorsing LE use of
public and private genetic genealogy databases for coro-
nial investigations.'®

Legislation and regulation

Despite the use of genetic kinship testing for criminal and
coronial investigations over the past two decades, it is
still largely unregulated and lacking clear guidelines in
most jurisdictions. There is limited legislation addressing
the use of short-range familial/kinship testing in the
United States, Poland, and the Netherlands;**!%3184 yey
other jurisdictions such as the United Kingdom and Aus-
tralia do not explicitly permit or prohibit its use, 5183

The lack of authority and, subsequently, the lack of ac-
countability for employing this technique has further
complicated the implementation of extended kinship test-
ing procedures. When determining how FIGG can be best
utilised for casework, it will be important to establish
clear guidelines that are adaptable to accommodate the
rapid development of this field.

A number of jurisdictions have approved FIGG use for
UHR cases, but not criminal cases, due to the more com-
plex privacy and ethical considerations with application
to criminal investigations. This is because privacy protec-

tions are usually only triggered for identified, living per-
sons. In 2020, the National Police Chiefs’ Council
Homicide Working Group in the United Kingdom
reported FIGG would not be used in cold cases due to
the ethical and operational risks involved.'®'%®

However, a later report by the British Biometric and
Forensic Ethics Group'® took a different view. This re-
port evaluated the use of FIGG for both criminal and
coronial investigations, recommending only the latter to
test the validity of the under-regulated procedure in the
United Kingdom. Further, some jurisdictions believe
that FIGG should not be applied to every unresolved
case, and that the specific circumstances need to be con-
sidered when determining the probative value of conduct-
ing such searches.'"!

Maryland was the first state in the United States to in-
troduce an FIGG-related law. In May 2021, the **Crimi-
nal Procedure—Forensic Genetic Genealogical DNA
Analysis, Searching, Regulation and Oversight’ bill
was passed into law (effective date October 1, 2021) to
regulate the use of FIGG in criminal and coronial proce-
dures."™ The bill defines forensic genetic genealogical
DNA analysis and searching (FGGS) and establishes
the requirements and procedures LE agencies must
undertake.

It permits the use of FGGS for criminal investigations,
restricted to serious crimes, and human remains identifica-
tion for coronial investigations. A second bill was passed
in May 2022 (effective date October 1, 2022), titled
“Genetic Information Privacy—Consumer Protection
and Forensic Genealogy,” to address genetic privacy con-
cerns for consumers of DTC genetic testing companies,
including informed consent for inclusion in LE match-
ing.“‘”'L However, since the law has become active, several
parts have yet to roll out, including the report for best
practices and minimum qualifications required}sg"m

The second state, Montana, has now introduced two
relevant laws. In May 2021, the “Consumer DNA Data-
base Searches—Familial DNA  Searches—Warrant
Required™ bill was introduced (effective date October
1, 2021) to legislate the requirement for a search warrant
to be obtained for an LE search of DTC DNA databases,
unless the privacy rights of the consumer have been pre-
viously waived, 711192

Then in June 2023, Montana enacted the ‘‘Genetic
Information Privacy Act” (effective date October 1,
2023) as a mechanism to provide its citizens with greater
protection around the collection, use, or disclosure of
their genetic data by DTC genetic testing companies.'”?
In March 2023, Utah became the third state to pass a re-
lated law, the ““Investigative Genetic Genealogy Modifi-
cations™ bill (effective date May 3, 2023), to address
some of the concerns for LE agencies’ use of FIGG by
defining terms and establishing the case requirements
that they need to meet.'*
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At the time of writing, the Florida Senate is progressing
the “*Forensic Investigative Genetic Genealogy Grant Pro-
gram” bill to establish a specialized financial stream to as-
sist LE agencies in pursuing this technology for eligible
cases in accordance with Florida Department of LE rules.'®

Genetic privacy

The analysis of an individual’s whole genome yields
much more information about them than required for kin-
ship, and this extends to the individual’s relatives due to
the large proportion of DNA they share.'”® When an in-
dividual gives consent for their DNA to be used for
FIGG by LE, they also make available some of the
DNA of their genetic relatives.

With information about certain genetic traits such as
BGA and EVCs able to be analyzed by those with the nec-
essary skills, there is the potential for this data to be misused
for genetic discrimination in employment or insur-
ance.”>"" Theoretical modeling demonstrates that de-
identified genetic information can be re-identified with
only a few items of personal information.'”®'*” For exam-
ple, 99.98% of Americans could be correctly re-identified
in any dataset using 15 demographic attributes.>"

Therefore, the sensitive personal information that is
generated and/or accessed during extended kinship test-
ing, for both the genetic analysis and genealogical re-
search, warrants all agencies undertaking FIGG to
conduct adequate privacy, risk, and cybersecurity assess-
ments to ensure compliance with appropriate genetic data
handling practices.

The function of coronial investigations is to identify
UHR and while there are no privacy protections triggered
for deceased individuals, the genetic privacy of their living
relatives must be protected. A privacy impact assessment
(PIA) is one mechanism for reviewing an agency’s pro-
posed FIGG process, to both assess its impact on the privacy
of individuals and recommend actions for managing, mini-
mizing, or eliminating any identified privacy impacts.”'??

PIAs have been conducted previously to inform the
implementation of other new forensic DNA tools such
as forensic DNA phenotyping in Australia®” and the
use of rapid DNA systems in the United States.” In
2021, the AFP DNA Program undertook a PIA to ensure
both its proposed insourced and outsourced FIGG work-
flows were compliant with the Australian Privacy Princi-
ples (consistent with the Commonwealth Privacy Act
1988) before commencing FIGG casework. The model-
ing of this approach in other countries will allow privacy
risks to be managed alongside associated legal, contrac-
tual, and confidentiality issues.

FIGG programs for LE
In 2019, the SWGDAM released an overview of FIGG,
outlining the procedures involved and recommendations

for database use, informed consent, and data privacy
for LE agencies seeking to employ the technique.'”' Sim-
ilarly, Scudder et al.'"™ proposed a number of operational
challenges that would need to be overcome before imple-
menting FIGG in Australia. The adoption of FIGG by
U.S. agencies has increased rapidly since then (e.g.,
Refs.'™2%52%7) " with several jurisdictions outside the
United States now currently using or exploring FIGG.

In 2022, following completion of a PIA and implemen-
tation of recommended privacy and legal safeguards, the
AFP DNA Program began outsourcing FIGG services for
select UHR cases to an external service provider bound
by contractual and confidentiality requirements, while si-
multaneously assessing genotyping technologies, bioin-
formatics  pipelines, and local genetic genealogy
expertise for an insourced FIGG capability.

As of 2023, the AFP DNA Program now offers its state
and territory LE partners both pipelines. In 2021, the
Swedish National Forensic Centre published a report dis-
cussing the potential pathways to utilize FIGG in crimi-
nal investigations.''” Following the success of a pilot
case study, the report recommended that UHR casework
be included in plans to implement the technology. Lastly,
the Netherlands are conducting a pilot study on the iden-
tification of UHR using FIGG, the results of which are yet
to be published.ms

Conclusions

For LE agencies considering implementation of medium-
or long-range kinship testing, the technological and ana-
Iytical capabilities of the laboratory need to be evaluated.
Of the SNP genotyping technologies available, both
WGS and TAS have proven suitable for processing sam-
ples commonly encountered in UHR casework. When de-
termining whether to establish an insourced FIGG
pipeline or outsource the sequencing and/or genealogical
research components to an external service provider, LE
agencies need to consider the: condition and availability
of typical forensic samples; quantity and quality of ge-
netic information required; accessibility of genetic gene-
alogy databases; availability of a suitable level of internal
or external expertise; and data handling requirements.

The lack of legislation guiding application of extended
kinship testing in some jurisdictions leaves individual
agencies to grapple with issues of genetic privacy and es-
tablish best practice guidelines. As a starting point, it is
good practice to meet or exceed the recommendations
of a PIA commissioned to evaluate specific familial/
kinship analysis pipelines.

With the growing international backlog of unidentified
and missing persons cases, many of which are decades
old, it is more important than ever to consider using tech-
niques such as extended kinship testing. Challenges faced
by the passage of time, such as the absence of AM sam-
ples or unavailability of first-order relatives, can be
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overcome by broadening the pool of suitable relatives for
comparison. Members of the public continue to populate
genetic genealogy databases through DTC companies, in-
creasing the likelihood of finding genetic relatives of
UHR over time.

Despite ethical and legal concerns still being raised re-
garding genetic privacy, data security, and governance
frameworks for these techniques being used in a forensic
context, it appears that the public supports its use for
human remains identification and missing persons inves-
tigations. To routinely apply genetic kinship testing tech-
niques to coronial casework and maintain public trust, the
understandable desire of relatives to know the fate of
their missing loved one must be balanced against the
rights of other relatives to have their genetic privacy
respected.
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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:

1.8

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
. . Baby rootless hair cutting, stored for 38 years at
Hair 1 Volunteer (Family 1) room temperature (25°C)
. Blood collected on FTA card, stored for 18
Blood 1 Volunteer (Family 1) months at room temperature (25°C)
Blood 2 AFP DNA Program Whole blood, stored for 6 months at -20°C
research sample
. AFP DNA Program Nail clipping, stored for 2 years at room
Nail 1
research sample temperature (25°C)
Nail 2 AFTER Nail clipping, PMI 2 months
. Primary tooth, stored for 25 years at room
Tooth 1 Volunteer (Family 2) temperature (25°C)
AFP DNA Program Permanent tooth, stored for 25 years at room
Tooth 2 o
research sample temperature (25°C)
Bone 1 AFP DNA Program Femur sample, PMI unknown, saltwater
casework sample exposure
AFP DNA Program Femur sample, PMI approximately 230 years,
Bone 2 .
casework sample buried
Bone 3 AFP DNA Program Mandible sample, PMI unknown, saltwater
casework sample exposure
AFP DNA Program Petrous sample, PMI unknown, surface
Bone 4 "
casework sample decomposition
AFP DNA Program Petrous sample, PMI approximately 70 years,
Bone 5 .
casework sample buried
Bone 6 AETER Petrous sample, PMI 2 years, surface
decomposition
Bone 7 AETER Petrous sample, PMI 2 years, surface
decomposition
Bone 8 AETER 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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24 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 QlAamp DNA Investigator® Kit (QIAGEN) was used

following the manufacturer’s protocols for Omni Swabs and DNA was eluted with 100 yL
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of Buffer ATE." 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 uL of TE buffer.?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.> The DNA was eluted with 100 pL of TE buffer.

2.5.3 Hair and Nail Samples

DNA from the hair and nail samples was extracted using the QlAamp DNA Investigator®
Kit (QIAGEN) following the manufacturer’s protocols.! The DNA was eluted with 50 uL
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).* Samples were
incubated overnight at 56°C and 750 rpm in a thermomixer with proteinase K and
demineralisation buffer (0.5M EDTA, 1% n-lauroylsarcosine).® The lysate was decanted
into an Amicon® Ultra-15 concentrator (Millipore®) and underwent purification according
to the MinElute® PCR Purification Kit handbook.*® The DNA was eluted with 50 uL 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.”® 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/pL) 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.
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DI = Concentration of SA target (ng/uL)

~ Concentration of LA target (ng/uL)

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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Abstract

Targeted amplicon sequencing (TAS) employs massively parallel sequencing technology to generate profiles comprised of
several thousand single nucleotide polymorphisms (SNPs) to assist in identifying an individual and generating investigative
leads. By targeting a range of SNP classes, profiles are able to be analysed to infer biological sex, externally visible charac-
teristics, biogeographical ancestry, paternal lineage and relationships to other individuals. Such leads can be beneficial for
human remains identification where antemortem data is not available for comparison. This study evaluated the performance
and requirements of two in-house TAS pipelines: the ForenSeq® Kintelligence Kit and the FORensic Capture Enrichment
(FORCE) panel. Both TAS pipelines demonstrated suitability for a range of samples typically encountered in missing persons
cases, including buccal, bone, tooth and nail samples. There was a high degree of concordance between the TAS genotypes
and the majority of the genetic intelligence produced was consistent with the self-declared information provided by DNA
donors. This study highlights the requirements for each pipeline to be considered by forensic laboratories seeking to establish
a forensic genomics capability for unidentified and missing persons casework.

Keywords Targeted amplicon sequencing - Single nucleotide polymorphism - Unidentified human remains - Missing
persons - Whole genome sequencing - Kinship

Introduction

DNA analysis is one of the primary identification methods
employed in unidentified human remains (UHR) investi-
gations due to its ability to differentiate individuals [1-3].
Routine short tandem repeat (STR) profiles are uploaded to
a law enforcement DNA database to be compared against
known profiles in an attempt to obtain a direct or kinship
match [4]. UHR DNA analysis can be complicated by the
postmortem interval of the remains, degradation of the DNA
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and the unavailability of suitable direct or familial refer-
ence samples. In addition, STR profiles are only suitable
for 1 st or 2nd degree kinship inferences. When routine STR.
testing and law enforcement database searches do not result
in an identification, forensic genomics techniques can be
employed to provide new investigative leads. [3]

Single nucleotide polymorphisms (SNPs) are single
points of variation in the genome and can be categorised
into SNP classes based on the information that can be
yielded, including: identity-informative SNPs (iiSNPs) for
individualisation; phenotype-informative SNPs (piSNPs)
for estimating externally visible characteristics (EVCs);
ancestry-informative SNPs (aiSNPs) for estimating biogeo-
graphical ancestry (BGA); kinship-informative SNPs (kiS-
NPs) for detecting close and distant genetic relatives; and
sex-chromosome SNPs from the Y chromosome (Y SNPs)
and X chromosome (X SNPs) for inferring biological sex
and paternal lineage. [5-7]

DNA sequencing techniques have been continuously
developed since their first application for forensic identifi-
cation purposes in order to produce more sensitive, accurate,
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discriminatory and informative DNA profiles [8-10]. Tar-
geted amplicon sequencing (TAS) employs massively par-
allel sequencing (MPS) technology, widely used for SNP
typing due to its multiplexing power and ability to sequence
millions of reads from multiple samples simultaneously
[11]. Due to the use of benchtop MPS instruments, TAS
is the most easily integrated genotyping technology for an
ISO/IEC 17025 accredited forensic laboratory. Despite hav-
ing lower density SNP coverage than other genomics tech-
nologies such as microarray and whole genome sequencing
(WGS), forensic TAS panels can target several thousands of
SNPs that have been specifically curated for forensic appli-
cations. They produce medium density SNP genotypes, as
opposed to the high density genotypes produced by micro-
arrays and WGS. Consequently, some privacy risks can be
mitigated if medically informative SNPs, sequenced using
other approaches, are deliberately excluded. [3, 12]

The ForenSeq® Kintelligence Kit (QIAGEN, Hilden,
Germany) and the FORensic Capture Enrichment (FORCE)
panel are two TAS kits available for forensic genomics
[13-15]. Verogen, Inc. (now a QTAGEN company) released
the Kintelligence Kit in 2021 for use on the MiSeq FGx®
Sequencing System [16]. This panel was designed for pro-
cessing a variety of forensic casework samples and targets
over ten thousand SNPs. The FORCE panel was originally
developed by Tillmar et al. (2021) as a hybridisation cap-
ture assay for highly degraded contemporary and historical
UHR and targets over five thousand SNPs [15]. The FORCE
workflow has been subsequently redesigned to be agnos-
tic for multiple library preparation and sequencing chem-
istries, including Illumina (QIAseq) and lon Torrent [17,
18] Table 1 compares the number of SNPs by class for the
Kintelligence Kit and FORCE panel.

The SNP genotypes produced by the TAS pipelines can
be used to assist in identifying an individual and inferring
biological sex, EVCs, BGA, paternal lineage and extended
kinship. Extended kinship can be conducted in two ways:

1. by examining the number and length of DNA segments
shared by two individuals where the segments consist
of multi-SNP haplotypes that are identical by descent
(IBD), or

2. by calculating a likelihood ratio (LR), which compares
likelihoods for two alternative kinship scenario proposi-
tions for two individuals based on SNPs that are identi-
cal by state (IBS) and their allele frequencies within the
population in question. [19-23]

Since 2018, extended kinship analysis has been applied
to forensic investigative genetic genealogy (FIGG) to detect
close and distant genetic relatives on law enforcement acces-
sible public genetic genealogy databases [24, 25]. A SNP
profile of an unknown person can be compared to profiles
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Table 1 Number of SNPs by class in the ForenSeq® Kintelligence
Kit and the FORCE panel with the QIAseq workflow as well as over-
lapping SNPs between the panels. [14, 17]

SNP Class ForenSeq® Kintelligence FORCE Panel Overlapping
Kit (QIAseq Workflow)  SNPs

X SNPs 106 246 2

Y SNPs 85 883 11

piSNPs 24" 41" fra

aiSNPs 54° 254" 549

iiSNPs 94 137¢ 93

kiSNPs 9,867 3,936° 810

Total 10,230 5497 992

* Two SNPs overlap the piSNP and aiSNP classes in the Kintelli-
gence Kit and are only counted in the piSNPs

" Three SNPs overlap the piSNP and aiSNP classes in the FORCE
panel and are only counted in the piSNPs

“ Two SNPs overlap in the iiSNP and kiSNP classes in the FORCE
panel and are only counted in the kiSNPs

9 The two SNPs that overlap the piSNP and aiSNP classes are only
counted in the piSNPs

uploaded by consenting members of the public. FIGG can
be a powerful intelligence tool where a person has not been
reported as missing, or in cases where antemortem data or
family reference samples are not available.

A laboratory should endeavour to validate and accredit
a forensic genomics workflow that is best suited for their
typical sample types, laboratory capacity, available expertise
and intended genetic intelligence applications to advance
unresolved casework. This study evaluated in-house TAS
pipelines to inform an optimal forensic genomics strategy for
the Australian Federal Police (AFP) National DNA Program
for Unidentified and Missing Persons. Several reference- and
casework-type samples were sequenced using the Kintelli-
gence Kit and the FORCE panel with the QIAseq workflow.
These findings may assist other forensic laboratories seeking
to establish a SNP typing capability.

Methods
Ethics Approval and Sample Preparation

Ethics approval for this forensic genomics research and col-
lection of samples from the Australian Facility for Tapho-
nomic Experimental Research (AFTER) was granted by the
University of Technology Sydney (UTS) Human Research
Ethics Committee (HREC); UTS HREC NO. ETH21 -5821
and UTS HREC NO. ETH18 - 2999, respectively.
Reference-type samples included buccal swabs collected
from genetically related volunteers spanning 1st to 5th
degree relationships (n =35, Fig. 1). Casework-type samples
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included bone (n =2), tooth (n =2) and nail (n = 1) samples
sourced from AFTER, volunteers and approved research
and casework samples submitted to the AFP National DNA
Program for Unidentified and Missing Persons. The positive
control (PC) DNA sample was NA24385 lymphoblastoid
cell line (provided with the Kintelligence Kit) [16] and the
negative control (NC) was nuclease-free water.

DNA was extracted from buccal swabs and nail sam-
ples using the QlAamp DNA Investigator® Kit (QIAGEN,
Hilden, Germany) [26]. For bone and tooth samples, 500 mg
of pulverised bone or tooth powder underwent total dem-
ineralisation lysis, concentration using an Amicon® 30 K
Ultra Centrifugal Filter (Sigma-Aldrich, St. Louis, MO, US)
and purification with the MinElute® PCR Purification Kit
(QIAGEN) [27-29]. All samples were quantified using the
Quantifiler™ Trio DNA Quantification Kit (Thermo Fisher
Scientific, Waltham, MA, US) on a QuantStudio™ 5 Real-
Time PCR System (Thermo Fisher Scientific) according to
the manufacturer’s protocol [30, 31]. The PC (NA24385)
was quantified with the QuantiFluor® ONE dsDNA System
(Promega, Madison, WI, US) on the Quantus™ Fluorometer
(Promega). [32, 33]

Library Preparation, Sequencing and Bioinformatics

For all pipelines, the DNA input amount was calculated from
the large autosomal (LA) target concentration, to avoid over-
diluting degraded samples. Extracted DNA was then diluted
accordingly with nuclease-free water. Table 2 outlines the
quantification results, degradation index (DI) and the DNA
input calculated for the Kintelligence Kit (maximum of 1

ng in 25 pL) and the FORCE panel (maximum of 10 ng in
18.43 pL) workflows. The pipelines for library preparation
are outlined in Fig. 2. The Veriti™ 96-Well Fast Thermal
Cycler (Thermo Fisher Scientific) was used for the Kintel-
ligence and FORCE pipelines.

ForenSeq® Kintelligence Kit

The libraries were prepared manually in batches of 10
samples together with a PC (NA24385) and NC [36]. The
amplified products were purified and barcoded using unique
dual indices (UDIs), before being individually normalised
to .75 ng/uL. using the QuantiFluor® ONE dsDNA System
(Promega, Madison, WI, US) on the Quantus™ Fluorom-
eter (Promega) [32, 33]. The normalised libraries were then
pooled in batches of three samples. The PC and NC were
included in the first pool only. Sequencing of each pool was
performed on the MiSeq FGx® Sequencing System with the
standard flow cell (SFC) [37]. Different UDI combinations
were used on subsequent runs to limit the effect of sample
Carryover.

The sequencing run metrics were assessed using the
Universal Analysis Software (UAS) v2.5 (Verogen, Inc.)
and the Sequencing Analysis Viewer (SAV; Illumina, San
Diego, CA, US) for cluster density, clusters passing fil-
ter, reads passing the quality score of 30 (Q30) threshold
and approximation of adapter dimers present on the SFC
[38, 39]. The genotypes were exported from the UAS and
analysed according to the optimised thresholds and Micro-
soft Excel macro workbook previously published by Wat-
son et al. (2023) to generate the final genotype [36]. This

O

O Unsampled female
D Unsampled male

. Sampled female

. Sampled male

Fig. 1 Pedigree chart of the genetically related volunteers; individuals sampled are filled in (black) and marked 1 through 5, representing sam-

ples Family | through Family 5
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Table 2 Sample DNA

" . Sample ID  Sample Type Large Autosomal Degradation DNA Input Amount (ng)
concentrations, degradation
T ‘ (LA) Target (ng/ Index (DI) - -
indices and calculated input ul) ForenSeq® Kintelligence FORCE Panel
amount for the ForenSeq® Kit
Kintelligence Kit and FORensic
Capture Enrichment (FORCE) NA24385  Control DNA  10.000* N/A 1.00 10.00
panel Family 1 Buccal 0.006 3.33 0.15 0.11
Family 2 Buccal 0.037 1.15 0.94 0.69
Family 3 Buccal 0.203 1.46 1.00 3.74
Family4  Buccal 0.095 253 1.00 1.76
Family 5 Buccal 0.058 1.14 1.00 1.06
Tooth | Tooth 0.007 5.49 0.17 0.12
Tooth 2 Tooth 0.379 1.08 1.00 6.99
Bone 1 Bone 0.322 1.01 1.00 5.94
Bone 2 Bone 0.009 82.94 0.74 0.16
Nail 1 Nail 0.747 1.26 1.00 10.00
* Concentration of double stranded DNA in solution
gl Y <<l
— ‘— i —_— . Enzymatic
—— Amplification - fragmentation
—_——— of targeted
—_— i
" regions ‘
S e . Adapter
_ ligation
—_ — (UMIs and i7
—_—— — —
Library adapter)
—_——— urification '
—_— P Library
' purification
— — ‘ Target
- — E— enrichment
—_— Target _— .
enrichment —_— (uplversal
. — (UDIs) o primer anlq
— gene specific
— _— - ‘ primers)
' —_—e Library
purification
Library .
purification —_— Amplification
A (universal
—_—— primer and i5
‘ —_—— adapter)
B —
Normalise '
and pool
P Normalise
' and pool
Sequencing .
Sequencing

Fig.2 Library preparation workflows for the A) ForenSeq® Kintelligence Kit and B) FORensic Capture Enrichment (FORCE) panel with the
QIAseq workflow. The star represents the SNP being targeted. [16, 17, 34, 35]
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included a total read threshold of 20 reads and relative
allele frequency thresholds for homozygotes (0.95-1.00),
heterozygotes (0.10-0.90), sequencing error (< 0.10) and
ambiguous variants (with relative frequencies in the ranges
0.05-0.10 and 0.90-0.95).

FORensic Capture Enrichment Panel

The FORCE panel library preparation followed the single
primer extension workflow specified in the May 2017
version of the QlAseq Targeted DNA Panel handbook
unless otherwise stated [34]. All reagent volumes were
based on the standard DNA option and increased by 10%
for all parts of the workflow to allow for transferring the
libraries between 96-well semi-skirted and midi plates for
the purifications. The libraries were prepared manually
in a batch of 24 samples together with a PC (NA24385)
and NC.

Fragmented DNA was tagged with unique molecular
indices (UMIs) and i7 adapters from the QIAseq 12-index
I set of combinatorial dual index (CDI) adapters. The tar-
gets were purified, enriched using the universal primer
and gene specific primers and amplified after being tagged
with the universal primer and i5 adapter. Libraries were
normalised to 1.00 ng/uL using the QuantiFluor® ONE
dsDNA System on the Quantus™ Fluorometer. The nor-
malised libraries were then pooled in batches of six sam-
ples. Sequencing of each pool was performed on the MiSeq
FGx® Sequencing System with the SFC in “Research Use
Only” mode. [37]

The sequencing run metrics were assessed using the SAV
for cluster density, clusters passing filter, reads passing the
Q30 threshold and approximation of adapter dimers present
on the SFC. FASTQ files were exported from the MiSeq
FGx® Sequencing System, imported into the CLC Genom-
ics Workbench v22.0.2 (QIAGEN) and analysed using a
custom workflow published by Tillmar et al. (2021). [15,
40] The FORCE genotypes were exported in CSV files and
additional relative allele frequency thresholds were applied
for homozygotes (0.90-1.00), heterozygotes (0.20-0.80),
sequencing error (< 0.10) and ambiguous variants (with
relative frequencies in the ranges 0.10-0.20 and 0.80-0.90).

Genotype Analysis

For the SNPs that were shared between the Kintelligence Kit
and FORCE panel (Table 1), the genotypes were analysed
for coverage, call rates, autosomal heterozygosity and geno-
type concordance. Differences in the genotypes that could
not be explained by sequencing on the opposite strand were
classified as non-concordant SNPs.

Phenotype and Ancestry Estimation

For the Kintelligence genotypes, the reported phenotypes
and ancestries were exported from the UAS. This included
the probabilities for hair colours (blond, brown, red and
black) and eye colours (brown, blue and intermediate) using
an embedded multinomial logistic regression (MLR) algo-
rithm. An in-built principal component analysis (PCA) is
used to infer BGA from four population clusters (European,
East Asian, African and Admixed American).

Text files of the FORCE genotypes were imported to
FamLink2 for analysis with the Phenotype/Ancestry/Hap-
logroup tool [21]. The FORCE panel genetic map and allele
frequencies for several populations (African, American,
East Asian, European, Middle Eastern, Oceanian and South
Asian) were sourced from the FamLink2 database and
imported into FamLink2 for BGA inference [41]. A CSV
file was exported from FamLink2 for upload to HIrisPlex-S
to infer hair colour (blond, brown, red or black), hair shade
(light or dark), eye colour (brown, blue or intermediate) and
skin colour (very pale, pale, intermediate, dark or dark-to-
black). [42-44]

Kinship Analysis

To calculate the LR for kinship analysis, the conditional
probabilities of observing the genotypes given two alterna-
tive propositions were compared for each pairwise combi-
nation of the five genetically related individuals. The first
proposition corresponded with the true relationship between
the individuals and the second proposed that they were unre-
lated. For example:

H,: The donor of profile 1 and the donor of profile 2 are
full siblings.

H,: The donor of profile 1 and the donor of profile 2 are
unrelated members of the European population.

LRs were calculated using DBLR™ v1.3 (STRmix™)
[45]. The genetic linkage map and European population
allele frequency data were downloaded from the FamLink2
database [41]. The Kintelligence Kit map was constructed
using the Map Interpolator of the Rutger’s Map v.3 with
the sex-average centimorgan (cM) positions [46]. The allele
frequencies for the autosomal SNPs targeted in the Kintel-
ligence Kit were sourced from the 1000 Genomes Project
for a European population. [47]

Results and Discussion
Sequencing Performance

For the Kintelligence Kit pipeline, the 12 samples were
distributed over five sequencing runs in pools of three
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libraries. The majority of the sequencing metrics for the
runs were within the recommended ranges for sequencing
on the MiSeq FGx® Sequencing System; cluster density
was slightly higher than the recommended range for one
sequencing run (Table 3) [37, 38]. The higher densities of
the Kintelligence runs correlated with lower percentages of
adapter dimers present on the SFC.

For the FORCE pipeline, the samples were sequenced
in batches of six libraries over four sequencing runs. The
first sequencing run failed, which included the Family 1
reference-lype sample, and was excluded from analysis.
The FORCE runs had lower cluster densities and a greater
presence of adapter dimers compared to the Kintelligence
runs (Table 3). However, the clusters passing filter and reads
passing the Q30 were, on average, higher than the Kintel-
ligence runs.

An evaluation of 15 sequencing runs with the FORCE
QlAseq workflow by Staadig et al. (2023) revealed a sig-
nificantly higher average cluster density (1032 K/mm® +
318 K/mm?), with 89% of reads passing the Q30 thresh-
old [17]. The number of libraries pooled by Staadig et al.
(2023) varied from 3 to 8 libraries per pool with a DNA
input of 1 to 10 ng, as opposed to 6 libraries with DNA
input ranging from 0.11 to 10 ng in this study. The low DNA
inputs of the samples tested in this study likely resulted in
the low cluster density of the sequencing runs despite the
similar sequencing plexity. The large proportion of adapter
dimers in the FORCE runs may also result from the reduced
amount of template DNA for the samples that were below
the recommended DNA input of 10ng, resulting in higher
concentrations of adapters and primers, facilitating forma-
tion of dimers.

Quality and Quantity of the Genetic Information

Of the ten Kintelligence genotypes, 70% of samples met the
recommended DNA input amount of 1.0 ng (Table 2) and
at least 92% of loci were called (Fig. 3). There was no dis-
cernible impact of low DNA inputs on the average call rate

Table3 Performance metrics for the ForenSeq® Kintelligence Kit
(n =5) and FORensic Capture Enrichment (FORCE) panel (n =3)
sequencing runs

Metric ForenSeq® Kintelligence FORCE Panel
Kit

Cluster Density (K.tmm3) 1037-1893 199451

Clusters Passing Filter (%) 75.0-89.9 91.0-935

Reads Passing Q30" (%) 63.4-85.4 81.7-845

Adapter Dimers (%) 11-27 65-70

Libraries per SFC 5 6

* Quality score of 30 where there is an error rate of 1 in 1000, with a
corresponding call accuracy of 99.9%
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(98.0% +2.2%) or autosomal heterozygosity (47.4% +0.7%)
for the samples. Previous evaluations of the Kintelligence
Kit have demonstrated that it is able to produce high qual-
ity SNP genotypes from low template amounts, particularly
for sample types commonly encountered in UHR casework
[13, 36, 48]. The NC had two SNPs called and this is in
line with the rate of sequencing error observed in NCs from
other studies and unlikely to be the result of contamination.
[13, 36, 48]

Only 20% of the samples (NA24385 and Nail 1) met the
10.0 ng DNA input amount recommended for the FORCE
panel (Table 2). Only one sample produced a call rate below
94%:; Tooth 1 had a low DNA input amount of 0.12 ng and
call rate of 77.5% (Fig. 3). Similar to the Kintelligence geno-
types, there was no discernible impact of low DNA inputs on
the average call rate (94.7% +6.4%) or autosomal heterozy-
gosity (33.6% +7.2%). The FORCE NC had no SNPs called.

Both panels produced high quality genotypes for Bone 2
despite the severe degradation (DI =83, Kintelligence call
rate =96.9%, FORCE call rate =95.0%). This is consist-
ent with the previous observations from validations of both
pipelines [13, 36, 48]. In the developmental validation of
the Kintelligence Kit, 69% (11) of bone samples — includ-
ing burned, cremated, embalmed, buried and ancient bones
— produced profiles with call rates over 90% [13]. Dilutions
of the buried bone samples improved the sequencing per-
formance, indicating that inhibitors were present. The inter-
nal validation of the Kintelligence Kit by Peck et al. (2022)
reported 64% (7) of bone samples with DNA inputs ranging
from 0.1 to 1.0 ng produced call rates of at least 96.9% [48].
Furthermore, call rates exceeding 90% were obtained for
arange of UHR casework-type samples tested by the AFP
National DNA Program for Unidentified and Missing Per-
sons as part of their Kintelligence Kit validation. [36]

Similarly, the FORCE panel was designed for sequencing
poor quality samples with severely degraded DNA; initially
using hybridisation capture to target DNA fragments less
than 75 bp long [15]. When testing 12 bone samples using
different DNA extraction methods, an average of 44.4%
of SNPs were called during the developmental validation
[15]. An evaluation of the FORCE panel’s QIAseq work-
flow using 1.0 ng of input DNA for testing bone and tissue
samples revealed an average call rate of 97.6% and 90.7% of
SNPs, respectively. [17]

The 992 SNPs in common between the Kintelligence
Kit and FORCE panel were assessed for call rate, autoso-
mal heterozygosity and genotype concordance (Table 4).
The Kintelligence genotypes produced higher call rates
than the FORCE panel for 7 of the 10 samples: however,
there were no substantial deviations with the exception
of Tooth 1. The Kintelligence Kit was less susceptible
to locus dropout of aiSNPs, iiSNPs and kiSNPs, return-
ing higher call rates than the FORCE panel for these SNP
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Fig.3 Sample call rates for sequencing with the ForenSeq® Kintelligence Kit and FORensic Capture Enrichment (FORCE) panel

Table 4 Cal_l rate, autosomal Sample ID  Biological Sex  Call Rate (%) Autosomal Heterozygosity (%) Concordance

heterozygosity and concordance (%)

for the 992 SNPs in common ForenSeq® Kin- FORCE Panel ForenSeq® FORCE Panel

between the ForenSeq® telligence Kit K!n[elligence

Kintelligence Kit and FORensic K

Capl:.m:: Enrichment (FORCE) Family 2 Male 975 94.4 435 411 89.4

pine Family 3 Male 99.9 933 470 387 86.6
Family 4 Female 98.7 936 450 38.2 86.9
Family 5 Male 99.8 92.8 49.5 343 78.6
Tooth 1 Female 91.6 777 429 19.5 515
Tooth 2 Female 98.8 98.3 454 45.8 97.5
Bone 1 Male 99.2 99.5 47.7 48.3 97.7
Bone 2 Male 96.9 95.0 434 42.6 B8.8
Nail 1 Male 96.4 99.6 422 44.8 94.3
NA24385 Male 99.6 99.6 449 44.6 98.0

classes, The FORCE panel recovered the piSNPs with
greater consistency. When assessing the autosomal SNPs
(979), the average heterozygosity was 45.2% +2.2% for
Kintelligence and 39.8% +7.8% for FORCE genotypes. It
is likely there was substantial allele dropout in the FORCE
genotypes for Tooth 1, as only 19.5% of autosomal SNPs
were heterozygous.

The average concordance between the Kintelligence and
FORCE genotypes was 86.9% + 13.2%, with the great-
est concordance observed with the casework-type sam-
ples (Fig. 4). Tooth 1 had the lowest concordance rate of
51.5%, whereas the control DNA NA24385 had the high-
est at 98.0%. When compared to the known Kintelligence
genotype for NA24385, both Kintelligence and FORCE
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Fig.4 Distribution of concordance, non-concordance and no-calls for the 992 SNPs in common between the ForenSeq® Kintelligence Kit and

FORensic Capture Enrichment (FORCE) panel

had a genotype concordance of 99.6% [38]. Across the
ten samples, the average non-concordance rate was 5.8%
+6.3%, ranging from 0.7% (Tooth 2) to 20.7% (Tooth 1).

Of the 573 non-concordant SNPs observed over the
10 samples, 81% of SNPs were called as heterozygous
by the Kintelligence Kit and homozygous for only one
of those alleles by the FORCE panel, suggesting a high
incidence of allele dropout for the FORCE panel (Fig. 5).
Conversely, only 5% of non-concordant SNPs were called
as heterozygous in the FORCE genotypes. The remaining
non-concordance could not be explained by sequencing on
the opposite strand; 14% were called homozygous for dif-
ferent alleles by both pipelines and only two kiSNPs were
called as heterozygous by both panels. These two kiSNPs
exhibited very low coverage when sequenced with the
FORCE panel. They were rs2706586 for Family 4 (Kin-
telligence typed GT from 2312 reads; FORCE typed CG
from 3 reads) and rs4660390 for Family 5 (Kintelligence
typed CT from 160 reads; FORCE typed CG from 3 reads).
There were no discernible trends in the non-concordance
or locus dropout by SNP class except for rs1805005, a
piSNP on the MCI1R gene. In the eight samples where
both pipelines called this SNP, the FORCE genotype was
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TT for all samples and the Kintelligence genotype was
either GG or TT.

When comparing the read data produced for the 992 over-
lapping SNPs, the libraries prepared with the Kintelligence
Kit returned significantly higher total sequencing reads per
sample than those prepared with the FORCE panel (p <0.01;
Table 5). Furthermore, the median reads per SNP was sig-
nificantly higher for the Kintelligence genotypes (p <0.001).
It is important to note, however, that the FORCE reads are
unique reads, each one corresponding with a unique UMI.
The higher median reads per SNP for the Kintelligence Kit
include PCR duplicates which are combined into unique
reads for the FORCE panel.

Phenotype, Ancestry and Kinship Inferences

Table 6 outlines the EVC and BGA inferences generated
using the Kintelligence Kit and FORCE panel analytical
pipelines against the self-declared data provided by the
volunteers. The Kintelligence genotype for Tooth 1 did not
yield all 24 piSNPs and, subsequently, the embedded MLR
algorithm was unable to generate p-values for hair and eye
colour inference.
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Fig.5 Types of non-concordant SNPs observed in each sample between the ForenSeq® Kintelligence Kit and FORensic Capture Enrichment

(FORCE) panel

Table5 Total sequencing reads and median reads per SNP for
just the 992 overlapping SNPs for each sample sequenced with the
ForenSeq® Kintelligence Kit and FORensic Capture Enrichment
(FORCE) panel

Sample ID  ForenSeq® Kintelligence ~ FORCE Panel

Kit

Total Median Total Median

Sequencing  Reads per  Sequencing  Reads per

Reads SNP Reads SNP
Family 2 638,043 432 8,623 8
Family 3 1,583,992 1,047 6,916 6
Family 4 1,126,906 783 8,797 8
Family 5 836,849 569 4,282 4
Tooth 1 323,234 214 1,937 2
Tooth 2 1,531,494 1,047 43,823 44
Bone 1 372,427 268 46,174 45
Bone 2 2,369,358 1425 14,383 13
Nail 1 225,068 151 52,839 51
NA24385 1,691,205 1,163 72,406 71

All BGA inferences for both workflows were con-
sistent with the self-declared ancestry (European in all
cases). For the UAS, all Kintelligence aiSNP genotypes
were exclusively within the European cluster on the PCA

plot, indicating the genotypes were more consistent with
European ancestry than East Asian or African. It has been
observed in previous studies that the PCA method on the
UAS is limited by the small number of available populations
[36]. As the volunteers in this study all self-declared Euro-
pean ancestry, this was not problematic for our study. How-
ever, this limitation could impact the inference of ancestries
for individuals outside of the European, Asian and African
populations, as well as for the interpretation of admixture.
(36, 49, 50]

FamLink2 uses a naive Bayesian approach to estimate the
likelihood probability for each reference population [21].
All FORCE genotypes were more likely to be of European
ancestry than African, American, East Asian, Middle East-
ern, Oceanic or South Asian ancestry. It has previously been
demonstrated that BGA inferences derived from the FORCE
panel using this pipeline were consistent with self-declared
ancestry for nine genotypes of European, Hispanic and Afri-
can American ancestry. [15, 17]

The eye, hair and skin colour inferences presented in
Table 6 are based on the highest p-value obtained from the
Kintelligence and FORCE analytical pipelines. All eye col-
our inferences were consistent across both pipelines, indi-
cating these individuals were more likely to have brown or
blue eyes. There were two inferences that were inconsistent
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Table 6 Phenotype and ancestry

inferences based on the highest Sample ForenSeq® Kintelligence Kit ~ FORCE Panel Self-Declared
p-values fur‘lhc genotypes Family 2 Blue eye colour (0.91) Blue eye colour (0.90) Grey eye colour
prloducgd with t!“: FO"E“SEL@_ Brown hair colour (0.83) Brown hair colour (0.81) Brown hair colour
Kintelligence Kit and FORensic European ancestry Light hair shade (0.82) Pale skin colour
Capture Enrichment (FORCE) Pale skin colour (0.75) European ancestry
panel compared to the self- European ancestry
:ﬁiﬁ:g phenotype and Family 3~ Brown eye colour (0.83) Brown eye colour (0.84) Brown eye colour
: Brown hair colour (0.64) Brown hair colour (0.73) Brown hair colour
European ancestry Light hair shade (0.75) Intermediate skin colour
Intermediate skin colour (0.79) European ancestry
European ancestry
Family 4 Blue eye colour (0.89) Blue eye colour (0.88) Green eye colour
Blond hair colour (0.73) Red hair colour (0.49) Brown hair colour
European ancestry Light hair shade (0.99) Intermediate skin colour
Pale skin colour (0.70) European ancestry
European ancestry
Family 5 Blue eye colour (0.94) Blue eye colour (0.93) Blue eye colour
Blond hair colour (0.78) Red hair colour (0.47) Red hair colour
European ancestry Light hair shade (1.00) Very pale skin colour
Pale skin colour (0.75) European ancestry
European ancestry
Tooth 1 European ancestry Brown eye colour (0.40) Hazel eye colour
Brown hair colour (0.84) Brown hair colour
Dark hair shade (0.88) Pale skin colour
Pale skin colour (0.42) European ancestry
European ancestry
Tooth 2 Blue eye colour (0.92) Blue eye colour (0.91) Blue eye colour

Blond hair colour (0.88)
European ancestry

Blond hair colour (0.71)
Light hair colour (1.00)

Blond hair colour
Intermediate skin colour

Pale skin colour (0.64)
European ancestry

European ancestry

with the self-declared data. The first individual, Family 4,
self-declared having intermediate (green) eye colour and the
p-values for both panels were highest for blue eye colour.
The second individual, Tooth 1, self-declared intermediate
(hazel) eye colour and only the FORCE panel was able to
generate p-values, which were highest for brown eye colour.
Previous EVC studies have shown that the HlIrisPlex algo-
rithm has lower success rates for inferring intermediate eye
colours [36, 51, 52]. For the Kintelligence Kit, all incon-
sistent eye colour inferences corresponded with individuals
who had self-declared intermediate eye colours [36]. In the
develnpmem of the FORCE panel, the sole volunteer who
self-declared an intermediate eye colour was inferred to have
blue eyes. [15]

Hair colour inferences were consistent between analytical
pipelines and the self-declared data for three of the geno-
types (Table 6). The inference generated with the FORCE
genotype for Tooth 1 was also consistent with the self-
declared data, whereas analysis of the Kintelligence geno-
type was unable to produce p-values without a full piSNP
profile. The panels were inconsistent with each other for
inferring the hair colour for Family 4 and Family 5. Family
5 has self-declared red hair and was inferred as red with the
FORCE pipeline but inferred as blond with the Kintelligence

@ Springer

pipeline. Further interrogation of the Kintelligence SNP data
showed that there was alignment ambiguity at N29 insA
(also denoted rs312262906) on the MCIR gene from posi-
tion 16:89,919,340 to 16:89,919,344 leading to a heterozy-
gous SNP (A/C) being called at 16:189,919,342 instead of
a heterozygous A insertion at 16:89,919,344. This is one
of the SNPs used to infer red hair colour [53]. The piSNP
genotype was analysed using the online HlrisPlex tool to
determine the impact of this alignment ambiguity [42,
44, 54]. The Kintelligence genotype called NA29 insA as
homozygous C and produced a p-value of 0.111 for red hair
colour; when the genotype was adjusted to a heterozygous A
insertion, the p-value for red hair colour increased to 0.997.

Skin colour inferences were only possible with the
FORCE genotypes as the panel included the additional 17
piSNPs in the HIrisPlex-S panel [42—44]. The largest p-val-
ues were for pale and intermediate skin colours, and these
were largely consistent with the self-declared skin colours.
Skin colour can be complex to infer depending on popula-
tion-specific influences and environmental factors. [42, 43]

LRs were calculated for six pair-wise combinations of
the four related volunteers using the full autosomal SNP
potential of each panel (Family 1 was excluded). As a result
of the Kintelligence Kit targeting nearly twice as many SNPs
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than the FORCE panel, it was expected that the LRs would
be significantly higher (Fig. 6). The LR for the true parent/
offspring relationship (1 st degree) was unable to be calcu-
lated using DBLR™ as there was not an allele in common
at every locus. Due to the high density of these panels, it is
likely that at least one instance of allele dropout will occur in
samples such as the buccal swabs collected from volunteers
in this study.

The LRs were generated for each of the relationship pairs
and for each of the Kintelligence and FORCE genotypes to
test the 2nd through 5 th degree relationships. According to
the forensic verbal equivalency scale, the LRs for all Kintel-
ligence relationships and FORCE 2nd and 3rd degree rela-
tionships provided “very strong support™ (LR > 1,000,000)
[55]. For the remaining FORCE genotype pairings, 4 th
degree relationship LRs provided “moderately strong sup-
port” (LR > 1,000) and the 5 th degree relationship LR pro-
vided “moderate support” (LR > 100).

Gettings et al. (2024) compared the Kintelligence Kit and
FORCE panel for disaster victim identification (DVT) appli-
cations and evaluated kinship predictions using data simu-
lations for 1st to 5th degree relationships using the iiSNPs
and kiSNPs available (9,959 SNPs for the Kintelligence Kit

120

100

Log1o(LR)
8

40

) I I
0 |
3rd 4th

and 4,073 SNPs for the FORCE panel) [56]. They observed
the median log,, LR decreased by a factor of three for
each increase in relationship degree. The log,, LRs calcu-
lated for the samples in this study for all autosomal SNPs
(10,039 SNPs for the Kintelligence Kit and 4,368 SNPs for
the FORCE panel) were consistent with those published
by Gettings et al. for 2nd to 5th degree relationships [56].
However, LRs were unable to be generated in this study
for 1 st degree relationships (parent/offspring) due to allele
dropout, whereas Gettings et al. generated median log,, LRs
of 1300 for these relationships using simulated samples with
no allele dropout. [56]

Considerations for Implementation

There are several advantages to the implementation of
medium-density TAS SNP panels. As these pipelines can
be operationalised with existing MPS workflows and instru-
mentation, the entire laboratory and analytical process can
be performed in-house, maintaining control over the chain
of custody and quality processes [3, 57, 58]. Table 7 summa-
rises the requirements for implementing both TAS pipelines.

—
1st(PO) 2nd 4th 5th
Family4/ Family2/ Family2/ Family2 / Family 3/ Family3/
Family 5 Family 3 Family 4 Family 5 Family 4 Family 5

m Kintelligence m FORCE

Fig.6 Logarithms of the likelihood ratios (LR) generated for six pair-
wise combinations of pedigree members using the ForenSeq.® Kin-
telligence Kit and FORCE panel. LRs were unable to be calculated

for the 1st degree relationship between Family 4 and Family 5 (par-
ent/offspring (PO))
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Table 7 Facility, sample and bioinformatics requirements and generatable genetic intelligence for the ForenSeq® Kintelligence Kit and FORen-
sic Capture Enrichment (FORCE) panel with the QlAseq workflow

Component

ForenSeq® Kintelligence Kit

FORCE Panel

TAS Workflow
Library Preparation Cost (USD)"

Sequencing Cost (USD)®
Sample Requirements
Input Volume
Recommended DNA Input
Sample Quality

PCR amplicon-based
$15,720 [56)

$2,085 [56]

25 L.
> 1lng
Can be severely degraded

Single primer extension

$1,745 (QIAseq Kit) [38]
$1,580 (Index Kit) [69]

$2,085 [56)

16.75 ul.
> 10ng
Can be severely degraded

Recommended Library Preparation Plexity 12 48 (antemortem)

16 (postmortem) [56]
Recommended Sequencing Plexity 3 48 (antemortem)

16 (postmortem) [56]
Genetic Intelligence
Bioinformatics Required No Yes
Individual Identification Yes Yes
Y Haplogroup Prediction Yes Yes
X Chromosome Analysis Yes Yes
Externally Visible Characteristics Inference Yes; hair and eye colour Yes: hair, eye and skin colour
Biogeographical Ancestry Inference Yes Yes

Extended Kinship Analysis
Genetic Genealogy Database Compatibility

Yes; I st to Sth degree relatives
GEDmatch PRO™ and FamilyTreeDNA No

Yes: 1st to 5th degree relatives

“ Kit component costs calculated for 12 libraries included in the Kintelligence and FORCE QIAseq Kits

" Cost of MiSeq FGx® Reagent Kit for operation on the MiSeq FGx® Sequencing System

Facility Requirements

Both TAS pipelines require similar consumables and stor-
age requirements for the components for library preparation
and sequencing. Furthermore, similar laboratory skills are
required such as the handling of magnetic beads for library
purification. The differences between the TAS workflows
are most discernible in the setup of pre-amplification and
post-amplification laboratory spaces, as the FORCE panel
requires use of a thermocycler for adapter ligation and target
enrichment before the DNA is amplified, requiring equip-
ment typically housed in the post-amplification space to be
accessible in the pre-amplification space. [34]

For incorporation into a laboratory environment, both
TAS workflows are compatible with sequencing on the
MiSeq FGx® Sequencing System which has a user-friendly
interface and generates exportable data in a FASTQ for-
mat. The advantage of using a benchtop sequencer and MPS
technology is that more forensic laboratories are express-
ing interest in pursuing MPS capabilities and acquiring this
instrumentation [59, 60]. A 2023 study of US forensic labo-
ratories revealed 163 facilities already have a MiSeq FGx®
Sequencing System for forensic genomics applications. [60]

Routine STR typing employed by forensic biology labo-
ratories for human identification is relatively inexpensive
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compared to emerging technologies. For example, the
GlobalFiler™ PCR Amplification Kit (Thermo Fisher Sci-
entific) costs US$4,350 for autosomal STR typing of 200
samples [61]. At the time of publication, the cost of the
Kintelligence Kit (US$15,720) was greater than the com-
ponents required for FORCE (US$3,325) and both kits have
enough reagents to prepare 12 libraries [62, 63]. The MiSeq
FGx® Reagent Kit (Verogen, Inc.) required for sequencing
costs US$2,085, but the cost per library is dependent on the
sequencing plexity validated by the laboratory. [64]

The recently released ForenSeq® Kintelligence HT Kit
offers a higher throughput workflow, reducing the cost per
sample by increasing the sequencing plexity to up to 12 post-
mortem and 36 antemortem samples per SFC [65]. At the time
of writing, the kit contains reagents for 96 samples at a cost of
approximately US$88,800 [66]. However, as sequencing plexity
increases, the number of SNPs typed deceases, which limits the
downstream applications. For example, to perform FIGG, at
least 70% of Kintelligence SNPs are required for upload to the
law enforcement genetic genealogy databases. [67]

Sample Requirements

Forensic laboratories seeking to operationalise an in-house
TAS pipeline will need to consider the typical sample types
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and conditions encountered in casework. The amount of
DNA recovered from UHR can vary due to differences in
DNA preservation rates, degradation from environmental
exposure and the postmortem interval [1]. The TAS pan-
els tested in this study have been specifically designed for
forensic applications and have demonstrated broad suitabil-
ity for samples commonly encountered in UHR and miss-
ing persons cases. Both pipelines demonstrated suitability
for reference- and casework-type samples, including bone,
tooth, nail and buccal samples. The success with an array of
compromised samples aligns with findings from previous
studies. [13, 15, 17, 36, 48]

Furthermore, while manufacturer protocols recommended
DNA inputs of 1.0 ng and 10.0 ng for Kintelligence and
FORCE library preparations, respectively, previous sensitiv-
ity studies have observed high quality genotypes for lower
input amounts [13, 17, 36, 48]. In this study, samples with
inputs as little as 0.12 ng still produced nearly complete Kin-
telligence genotypes suitable for further analysis. However,
the performance of FORCE was negatively impacted by the
lower than recommended DNA inputs in this study, resulting
in comparatively high numbers of adapter dimers and low
cluster density for the sequencing runs and allele dropout
in the FORCE genotypes. This is important, as DNA input
might be limited by the volume of DNA extract remaining
for a sample, especially since SNP genotyping is typically
conducted after STR typing. [68]

Bioinformatics Requirements and Genetic Intelligence
Applications

The Kintelligence and FORCE analytical pipelines differ
substantially in their methods for producing genotypes and
associated genetic intelligence. The UAS circumvents the
need for an external bioinformatics system when sequenc-
ing with the Kintelligence Kit by integrating multiple bio-
informatic processes to generate a final genotype from raw
sequencing data, infer hair and eye colour using an MLR
algorithm and infer BGA using PCA [13, 38]. This stream-
lined approach is presented through a user-friendly interface
that requires no prior bioinformatics knowledge or experi-
ence to operate and any additional analyses performed in this
study for genotype generation utilised Microsoft Excel. With
the UAS v2.7 update, the piSNP genotype can be exported
and uploaded to the HlrisPlex website for hair and eye col-
our inference [69]. The HIrisPlex tool calculates area under
the curve values to estimate the impact of locus dropout on
the generated p-values. [42—44]

In contrast, the FORCE workflow requires additional bio-
informatics systems for analysing the FASTQ files generated
by the MiSeq FGx® Sequencing System in “Research Use
Only” mode. Such systems, including the CLC Genomics

Workbench used in this study, incur additional costs to the
laboratory [40]. Although the FORCE panel targets approxi-
mately half the number of SNPs compared to the Kintel-
ligence Kit, it includes a greater number of non-kinship
SNPs, enabling expanded genetic intelligence, including
skin colour inference, higher resolution BGA inference and
Y haplogroup prediction [15]. The FamLink2 software, a
freely available application, allows for further analysis of
the finalised genotype [21]. This includes the comparison
of the questioned genotype to population data using a naive
Bayesian approach for BGA inference, the production of
probabilities for hair and eye colours and the capability to
generate an input file for upload to the HlrisPlex-S website.
[42-44]

Both TAS pipelines were able to produce genetic intel-
ligence for hair colour, eye colour and BGA, as well as skin
colour for the FORCE panel, that were largely consistent
with the self-declared data provided by the volunteers. While
both panels generated X and Y SNP genotypes, these were
not evaluated in this study. When testing the kinship capabil-
ities of these pipelines, relationships beyond the 5 th degree
could not be assessed with the sampled family group. Both
panels produced LRs exceeding 10° for 2nd and 3rd degree
relatives; however, only the Kintelligence Kit demonstrated
medium-range kinship analysis capability for 4 th and 5th
degree relationships.

Kintelligence genotypes are compatible for upload to
two law enforcement accessible genetic genealogy data-
bases, GEDmatch PRO™ and FamilyTreeDNA, provided
that more than 70% of SNPs are typed [70, 71]. These data-
bases contain the SNP profiles of consenting individuals
produced by direct-to-consumer genetic testing companies.
In GEDmatch PRO™, UHR SNP profiles can be searched
against the entire database, while SNP profiles derived from
evidence in specific criminal cases and all cases uploaded to
FamilyTreeDNA can only be searched against profiles that
the consumer has opted in for law enforcement searching.
[71,72]

The GEDmatch PRO™ windowed kinship algorithm uti-
lised for Kintelligence uploads has previously been shown
to be an efficient and effective method for detecting and
classifying relationships using simulated data and volun-
teer DNA samples [36, 73, 74]. This method produces a
cM value, which estimates the total length of the genome
shared between matched profiles, and a whole kinship coef-
ficient to approximate relatedness. Furthermore, GEDmatch
PRO™ facilitates database searching and direct comparisons
to known profiles. If a known profile is generated from a ref-
erence sample using the Kintelligence Kit, it can be directly
compared to unknown profiles using an LR generating tool,
such as DBLR™ (used in this study) [45]. With the UAS
v2.6 update, a kinship database can be constructed in-house
using either the Kintelligence or Kintelligence HT kits. [75]
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The FORCE panel has also been found to be suitable for
extended kinship analysis in previous studies; however, the
resulting profiles are not suitable for upload to law enforce-
ment accessible genetic genealogy databases [15, 17, 56].
This workflow requires sequencing and analysing reference
profiles for either direct comparisons or the building of
an internal database to conduct direct or kinship searches.
This pipeline could be particularly beneficial for localised
identification efforts such as DVI, where references from
family members of missing persons or antemortem samples
can be collected and stored in a closed database [56]. Simi-
lar to Kintelligence, an LR generating tool can be used to
compare profiles for extended kinship analysis.

Conclusions

TAS technologies have been effectively implemented
for unidentified and missing persons casework, present-
ing new investigative avenues in the absence of suitable
antemortem or close familial reference samples. The SNP
genotypes produced can be utilised for identification,
inferring EVCs (i.e. hair, eye and skin colour), estimating
BGA and extended kinship analysis. The Kintelligence
Kit performed better for low DNA input samples than the
FORCE panel with the QIAseq workflow in this study,
with FORCE sequencing runs exhibiting a higher propor-
tion of adapter dimers that were likely due to low amounts
of template DNA for the majority of samples. There
was substantial non-concordance between the Kintelli-
gence and FORCE genotypes for the 992 shared SNPs,
likely attributable to allele dropout in the FORCE panel.
Additionally, the low DNA input for library preparation
resulted in low coverage for FORCE sequencing runs and
substantial locus dropout in the FORCE genotypes. Fur-
ther optimisation of the FORCE panel with the QIAseq
workflow may be required to ensure optimal performance
for compromised samples where the DNA input is sub-
stantially lower than recommended amount.

Before validating an in-house forensic genomics pipe-
line, forensic laboratories must consider several key factors,
including the facility and financial requirements, quality and
quantity of DNA from typical forensic samples, availability
of bioinformatics capabilities and genomics expertise and
access to required databases for extended kinship analysis
or the infrastructure to create their own. Additionally, labo-
ratories should evaluate the types of genetic intelligence that
can be derived from the genotype and whether it meets their
operational needs. These two TAS pipelines offer in-house,
end-to-end solutions for forensic genomics, ensuring trans-
parency and accountability throughout the entire process.
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Genetic intelligence

Single nucleotide polymorphism (SNP) genotyping technologies can generate investigative leads for human re-
mains identification, including estimation of biological sex, biogeographical ancestry (BGA), externally visible
characteristics (EVCs), identity, uniparental lineage and extended kinship. The ForenSeq® Kintelligence Kit
provides forensic laboratories with the ability to apply this suite of genetic tools to forensic samples using one
panel targeting 10,230 SNPs (including 56 ancestry-informative, 24 phenotype-informative, 94 identity-
informative, 106 X chromosome, 85 Y chromosome and 9867 kinship-informative SNPs) sequenced on the
MiSeq FGx® Sequencing System. The ForenSeq® Kintelligence Kit has been internally validated, optimised and
operationalised by the Australian Federal Police National DNA Program for Unidentified and Missing Persons
(AFP Program) for coronial casework. The internal validation was conducted according to the Scientific Working
Group on DNA Analysis Methods guidelines (excluding mixture analysis), focussing on sample types typically
encountered in human remains identification casework, such as bones, teeth, nail, blood and hair. The workflow
was optimised for a high throughput library preparation and sequencing workflow, and additional analytical
thresholds were developed to improve genotyping accuracy for low DNA input samples. Additionally, the genetic
intelligence generated from the kit was compared to the self-declared biological sex, EVCs and BGA of the DNA
donors to assess concordance. The kit was able to produce high quality SNP profiles from 1.0 ng down to 0.1 ng
of DNA, with high repeatability and reproducibility, and minimal background noise. The prediction accuracy for
biological sex (95%), hair colour (58%), eye colour (74%) and BGA inferences (consistent: 74%; partially
consistent: 10%:; inconclusive: 16%) was determined based on self-declared data. Additionally, SNP profiles from
a volunteer family group of ten related individuals were uploaded to GEDmatch PRO™ to assess kinship accu-
racy. The kit was capable of detecting (97%) and accurately classifying (90%) genetic relationships spanning
from first to fifth degree. The Kintelligence Kit provides the AFP Program with a robust and reliable genetic
intelligence tool for unidentified and missing persons investigations, which has been designed to sequence
multiple challenging samples in a single multiplexed assay using existing laboratory instrumentation.

1. Introduction

this, including new forensic genomics tools to generate investigative
leads when identification is not possible using fingerprint, dental,

Australia currently has approximately 750 unidentified human re-
mains (UHR) and 2500 long-term missing persons (LTMP) [1]. The
Australian Federal Police (AFP) National DNA Program for Unidentified
and Missing Persons (AFP Program) was established in 2020 to assist
Australian police, forensic and coronial agencies identify these UHR,
resolve LTMP cases and provide families with answers [2]. The AFP
Program has implemented a suite of forensic technologies to achieve

medical or DNA data comparisons and/or searches of law enforcement
databases [3].

For DNA identification, short tandem repeat (STR) profiles and law
enforcement DNA databases are primarily used to find direct matches
between an unidentified and missing person, or a kinship match be-
tween an unidentified person and a first degree relative (i.e. parent,
offspring and full siblings) [4-7]. In the absence of a DNA match,
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emerging forensic genomics techniques have the potential to provide
other investigative leads for law enforcement to pursue. Such leads
include the estimation of biological sex, biogeographical ancestry
(BGA), externally visible characteristics (EVCs), identity, uniparental
lineage and kinship relative to putative family members. Through the
use of single nucleotide polymorphisms (SNPs), these predictions can be
used to narrow the potential identity of the unknown individual from a
pool of possibilities.

When analysing old and degraded biological samples, typical in
unidentified and missing persons casework, the shorter amplicon
lengths in SNP panels improve the chances of obtaining full DNA profiles
[8-10]. SNPs can be classified according to the intended application or
predictions gained from the genotype [11]. This includes X chromosome
SNPs (X SNPs) and Y chromosome SNPs (Y SNPs) from the sex chro-
mosomes, ancestry-informative SNPs (Al SNPs), phenotype-informative
SNPs (PI SNPs), kinship-informative SNPs (KI SNPs) and
identity-informative SNPs (II SNPs) [12]. Similar to an STR panel tar-
geting Amelogenin, biological sex can be predicted from a SNP panel
using X and Y SNPs. While the X chromosome is present in both male and
female DNA, it is haploid in males and the Y chromosome is male spe-
cific. Both can be used as an indicator of the donor’s biological sex.

BGA and EVC inference currently provides an estimate of an un-
known individual’s genetic ancestry and pigmentation (e.g. hair and eye
colour) [13-16]. AI SNP alleles are ideally shared by individuals within
population groups and differ from other groups and this allows esti-
mation of BGA or ancestral origins [17,18]. The majority of panels
incorporating BGA prediction require at least several dozen Al SNPs to
predict whether an individual can be included or excluded from a
population. The most commeon super populations readily distinguishable
from each other are European, Asian and African. One pipeline
commonly used for inferring BGA uses principal component analysis
(PCA) which clusters individuals by ancestry within two or three di-
mensions [19]. Another common pipeline involves the use of the
Structure model-based likelihood estimator [20,21]. The HIrisPlex
System was developed by Walsh et al. [15,16] for predicting hair and
eye colour from 24 PI SNPs using multinominal logistic regression
(MLR). This system predicts three eye colours (blue, brown and inter-
mediate) and four hair colours (blond, brown, red and black).

The use of KI SNPs in a medium- or high-density panel allows me-
dium- and long-range kinship analysis to be conducted, respectively.
Long-range kinship analysis is also referred to as forensic investigative
genetic genealogy (FIGG). The use of high-density SNP genotypes in
UHR cases increases the number of potential relatives that could be
detected and identified. The more closely related two individuals are,
the more genetic markers will be shared that have been inherited from a
most recent common ancestor [22], To conduct FIGG, a dense SNP
profile is uploaded to a law enforcement accessible public or private
genetic genealogy database to detect potential relatives, followed by
genealogy research to construct a family tree to ultimately narrow the
search to a present-day family with a missing or unaccounted-for rela-
tive [23-25].

GEDmatch PRO™ is a law enforcement portal that permits the up-
load of SNP profiles from forensic samples for FIGG [26,27]. The
One-to-Many Kinship Tool enables an unknown SNP profile to be
searched against the GEDmatch database to link with potential genetic
relatives based on the amount of shared DNA. For unidentified and
missing persons casework, the entire GEDmatch database is included in
the search. For defined criminal investigations (e.g. homicides and
aggravated sexual assaults), only the SNP profiles of consenting in-
dividuals can be compared to the uploaded law enforcement SNP pro-
files. The GEDmatch database is populated by DNA data generated by
direct-to-consumer (DTC) consumer genomics companies including
AncestryDNA®, FamilyTreeDNA, MyHeritage™, 23andMe® and Living
DNA [28]. These companies utilise microarray sequencing, targeting
upwards of 500,000 SNPs across the human genome. These high density
SNP profiles make up the majority of profiles populating the GEDmatch

Forensic Science International: Genetics 68 (2024) 102972

database [29]; however, similar density SNP profiles generated using
whole genome sequencing approaches also exist on the database [25].

One of the techniques capable of producing SNP profiles of sufficient
density to allow all of these inferences to be made is targeted amplicon
sequencing (TAS). As it is a massively parallel sequencing (MPS)
approach, TAS can be utilised in an increasing number of forensic lab-
oratories that already have bench-top sequencers for in-house imple-
mentation [30]. One such instrument is the MiSeq FGx® Sequencing
System (Verogen Inc., now a QIAGEN company), which was designed
specifically for application of DNA sequencing in forensic casework [28,
311. It employs the ForenSeq® suite of forensic MPS assays for inference
of identity (using STRs and SNPs), BGA and EVCs [32,33].

The ForenSeq® Kintelligence Kit (Verogen Inc.) was released in
February 2021 as an end-to-end solution for extended kinship analysis
within a forensic laboratory [10,32,34]. It was designed to be imple-
mented on the MiSeq FGx® Sequencing System using established
ForenSeq® library preparation chemistry and methods. The Kintelli-
gence Kit targets 10,230 SNPs across the whole human genome to pro-
vide a range of genotypes useful for forensic applications. Using the
Universal Analysis System (UAS) (Verogen Inc.), it is possible to infer
biological sex, BGA and EVCs. The UAS has embedded PCA (for BGA)
and MLR (for EVCs) algorithms. For kinship inference, the UAS gener-
ates a report compatible for direct upload to GEDmatch PRO™ [26,27]
or submission to FamilyTreeDNA [35].

This study aimed to validate the Kintelligence Kit and optimise the
laboratory and bioinformatics analysis methods for operationalisation
by the AFP Program for coronial casework. This kit was assessed by the
AFP Program as it had the potential to provide an end-to-end, in-house
SNP-based solution for extended kinship analysis that is not currently
available in an accredited Australian forensic laboratory. Furthermore,
this kit would enable the AFP Program to offer its stakeholders an
accessible, effective and efficient FIGG capability, as well as other ge-
netic intelligence to generate investigative leads for human remains
identification.

2. Materials and methods
2.1. Sample preparation, extraction and quantification

Volunteers were recruited to provide biological samples and com-
plete a questionnaire (refer to supplementary material) recording their
biological sex, BGA, EVCs and relationship to genetic relatives also
included in the study. There were ten genetically related individuals
(Fig. 1) and six random unrelated individuals selected for inclusion in
the study. Additional case-type human remains samples were sourced
from donors at the Australian Facility for Taphonomic Experimental
Research (AFTER), as well as from approved research and casework
samples submitted to the AFP Program. All samples are detailed in
Table 1.

Buccal swab, nail (1x clipping) and hair shaft (2 cm) samples were
extracted using the QIAamp DNA Investigator® Kit (QIAGEN) [36].
Blood (FTA: 0.5 cmz; whole blood: 50 uL) samples were extracted using
the EZ1® DNA Investigator Kit (QIAGEN) [37]. For bone and tooth
samples, 0.5 g of pulverised material was extracted using the MinElute®
PCR Purification Kit [ 38] following total demineralisation lysis [39] and
Amicon® 30 K concentration steps [40].

Quantification was performed using the Quantifiler™ Trio DNA
Quantitation Kit (Applied Biosystems™) on a QuantStudio™ 5 Real-
Time PCR System (Applied Biosystems™) according to the manufac-
turer’s protocol [41]. Refer to Table 51 for the quantification results.

2.2, Library preparation and sequencing
Libraries were prepared according to the manufacturer’s protocol for

the Kintelligence Kit with the exception of sample throughput (see
Section 2.6.2 Sample Throughput). If required, the samples were diluted
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Fig. 1. Pedigree chart of the selected volunteers comprising the family group. Individuals included in this study are filled in (black), with living relatives linking the
family members not filled (white). Deceased relatives are crossed out. The individuals numbered 1 through 10 correspond with the samples Family 1 through 10

in Table 1.

to the recommended 1 ng input using the large autosomal (LA) target
concentration. The QuantiFluor® ONE dsDNA System (Promega®) with
the Quantus™ Fluorometer (Promega®) were used to normalise the li-
braries to 0.75 ng/uL for pooling [42]. Following manufacturer recom-
mendations, three individual libraries were selected for pooling and the
pooled libraries were stored at — 20°C prior to sequencing [43].

Each pooled library was sequenced on the MiSeq® FGx System using
the MiSeq® FGx Reagent Kit (Verogen Inc.) and standard flow cell (SFC)
according to the manufacturer’s protocol. Different index combinations
were used on successive runs to limit the effect of sample carryover.
Sequencing run quality metrics were assessed on the Kintelligence
Module of the UAS (Table 2).

2.3. Bioinformatic analysis

For each sample, the Sample, Phenotype & Ancestry and GEDmatch
PRO™ Reports were generated on the UAS using the default analysis
method (UAS 20X), a lowered analysis method (UAS 10X) and a mini-
mum UAS thresholds method (Table 3). Alleles that did not meet the
minimum read counts were not typed by the software. The processed
read information for each SNP was exported from the Sample Report
using the minimum UAS thresholds and analysed in a bespoke Microsoft
Excel macro workbook to generate a genotype with the additional
thresholds optimised in this validation (Table 4).

The biological sex and contributor status were determined by the
UAS using the manufacturer thresholds for X and Y SNP calls. The UAS
has an inbuilt PCA method for BGA inference (i.e. European, East Asian,
African) and an MLR algorithm modelled from the HirisPlex webtool
[44] to infer hair and eye colour. These inferences are summarised an
exportable Phenotype & Ancestry Report.

2.4. GEDmatch PRO™

For kinship analysis, the UAS generated GEDmatch PRO™ Reports
for the family group samples were uploaded to GEDmatch PRO™, Each
sample was given a unique kit number and analysed with the One-to-
Many Kinship Tool. The estimated shared centimorgan (c¢M) values,
longest segment length, mean segment length, number of segments,

number of SNPs overlapping between the kits and the predicted rela-
tionship degree were analysed.

2.5. Validation studies

The validation was conducted in accordance with the Scientific
Working Group on DNA Analysis Methods (SWGDAM) Validation
Guidelines for DNA Analysis Methods [45,46]. With the purpose of
applying the Kintelligence Kit to AFP Program casework, samples typi-
cally encountered in UHR (e.g. bones, teeth, nail and hair) and missing
persons (e.g. buccal swabs, stored biological samples) cases were tested.
Mixture analysis was excluded from this validation as mixtures are not
commonly recovered from human remains when applying AFP Program
procedures. Additionally, any mixtures are usually detected by STR
profiling prior to use of the Kintelligence Kit and not submitted for
further downstream analysis.

2.5.1. Sensitivity study

The control DNA NA24385 was diluted in duplicate to provide DNA
inputs of 1.0 ng (manufacturer’s recommendation), 0.5 ng and 0.1 ng.
For consistency, a high quality sample was prepared and sequenced as
the third library on each SFC alongside the two replicates of each control
DNA dilution. The samples were analysed for call rate, accuracy, pre-
cision, intralocus balance (ILB) and heterozygosity. Allele frequency
plots were generated using dplyr [47] and ggplot2 [45] packages in R
[49], so the range of allele frequencies and coverage could be visualised
simultaneously.

2.5.2. Repeatability and reproducibility study

To assess repeatability between sequencing runs, a triplicate and two
duplicates of the control DNA NA24385 at 1.0 ng DNA input underwent
library preparation in the same batch but were sequenced on different
SFCs. Reproducibility was assessed by two operators (A and B)
sequencing five replicates of the control DNA NA24385 on two different
SFCs at 1.0 ng DNA input. The accuracy (concordance rate) and preci-
sion (degree of similarity between replicates) was assessed within each
operator’s samples and reproducibility was assessed between operators.
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Table 1

Volunteer samples, the Australian Facility for Taphonomic Experimental
Research (AFTER) samples and Australian Federal Police (AFP) Program
research and casework samples.

Sample Sample Information” Souree
Name
NA24385 Control DNA ForenSeq®
Kintelligence Kit
Family 1 Buccal swab Volunteer (family
group)
Family 2 Buccal swab Volunteer (family
group)
Family 3 Buccal swab Volunteer (family
group)
Family 4 Buccal swab Volunteer (family
group)
Family 5 Buccal swab Volunteer (family
group)
Family 6 Buecal swab Volunteer (family
group)
Family 7 Buecal swab Volunteer (family
group)
Family 8 Buecal swab Volunteer (family
group)
Family 9 Buecal swab Volunteer (family
group)
Family 10 Buecal swab Volunteer (family
group)
Unrelated 1 Buccal swab Volunteer
Unrelated 2 Buccal swab Volunteer
Unrelated 3 Buccal swab Volunteer
Unrelated 4 Buccal swab Volunteer
Unrelated 5 Buccal swab Volunteer
Unrelated 6  Buccal swab Volunteer
Hair 1 Baby rootless hair cuttings from Family 1, Volunteer (family
stored for 38 years (25 “C) group)
Blood 1 Blood collected on FTA card from Family 1, Volunteer (family
stored for 18 months (25 °C) group)
Blood 2 Whole blood, stored for 6 months (—20°C)  AFP Program
research sample
Toaoth 1 Primary tooth from Family 2, stored for Volunteer (family
approximately 25 years (25 “C) group)
Tooth 2 Permanent tooth, stored for 25 years AFP Program
(25°C) research sample
Bone 1 Bone (femur), postmortem interval (PMI) AFP Program
unknown, saltwater exposure casework sample
Bone 2 Bone (femur), PMI approximately 230 AFP Program
years, buried casework sample
Bone 3 Bone (mandible), PMI unknown, saltwater ~ AFP Program
exposure casework sample
Bone 4 Bone (petrous), PMI unknown, surface AFP Program
deposition casework sample
Bone 5 Bone (petrous), PMI approximately 70 AFP Program
years, buried casework sample
Bone 6 Bone (petrous), PMI 2 years, surface AFTER
deposition
Bone 7 Bone (petrous), PMI 2 years, surface AFTER
deposition
Bone 8 Bone (petrous), PMI 2 years, surface AFTER
deposition
Bone 9 Bone (petrous), PMI 2 years, shallow burial ~ AFTER
Bone 10 Bone (petrous), PMI 2 years, shallow burial ~ AFTER
Bone 11 Bone (petrous), PMI 2 years, shallow burial ~ AFTER
Nail 1 Nail clipping, stored for 2 years (25 °C) AFP Program
research sample
Nail 2 Nail clipping, PMI 2 months AFTER

' All buccal swabs were stored at room temperature until dried, and then stored
at 4 °C prior to extraction within two weeks of collection.

2.5.3. Positive control performance

The average performance of the positive control (PC) samples (1.0 ng
of control DNA NA24385) was assessed for six replicates from different
library preparation batches. The samples were analysed for total
coverage, call rate, concordance and heterozygosity.
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Table 2
Target values for the run quality metrics.

Metric Target Value

Cluster Density 400 - 1600 K/mm?

Clusters Passing Filter > 80%
Phasing < 0.25%
Prephasing < 0.15%
Read 1 Pass
Index 1 Pass
Index 2 Pass
Read 2 Pass
Human Sequencing Control (HSC) Overall Intensity Pass
HSC Zero Discordant Loci Pass
Table 3
Analytical methods within the Universal Analysis System (UAS).
Thresholds Default UAS Lowered UAS Minimum UAS
Method (UAS Method (UAS 10X)  Method
20X)
Minimum Read 20 10 10
Count
Analytical 3% 1.5% 1%
Threshold (AT)
Interpretation 3% 1.5% 1%
Threshold (IT)
Intralocus Balance 50% 50% 50%
Table 4

Additional thresholds applied in the Microsoft Excel macro workbook.
‘Threshold Value

Interpretation

Minimum Allele Varied from 0.00 to
Frequency (MAF) 0.30 in increments of
Threshold 0.05

Minor alleles with a frequency less
than this threshold were not
reported. Major alleles with a
frequency greater than 1.00 minus
this threshold were typed as
homozygous. Loci with both allele
frequencies above this threshold
were typed as heterozygous.

Loci with the total number of reads
below this threshold were not
reported.

Varied from 10 to 50
in increments of 10

Total Coverage
Threshold

2.5.4. Contamination study

The NC and PC samples, and any dilutions of the PC, were analysed
for allele drop-in and background noise. Any drop-in observed was
compared to other samples in the library preparation batch and
sequencing run to attempt to identify the source of the potential
contamination.

2.5.5. Casework-type and reference-type samples

A range of sample types commonly submitted to the AFP Program
were tested. This included several buccal swabs as reference-type sam-
ples, and a selection of casework-type samples including bone, tooth,
nail, hair and blood samples which ranged in DNA quantity, degradation
index (DI), postmortem interval (PMI) and environmental exposure
(Table 1). Samples sourced from the same DNA donor were compared
for precision.

The Quantifiler™ Trio DNA Quantitation kit quantifies DNA using a
small autosomal (SA) target of 80 bp and a large autosomal (LA) target
of 214 bp. A highly degraded bone sample (Bone 5, DI = 82.94) was
sequenced using DNA input amounts derived from both the SA and LA
target quantitation values to assess which quantitation target is more
appropriate to use when determining the DNA input for the sequencing
of degraded samples. The SA target concentration for Bone 5 was
0.705 ng/pL, therefore the sample was diluted to 0.04 ng/uL and the
recommended 1.0ng of DNA input was used. The LA target
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concentration for Bone 5 was 0.0085 ng/pL. Dilution was not required
based on this and the maximum volume (25 pL) was used for a DNA
input of 0.213 ng. The equivalent quantity according to the SA target for
this sample would have been 17.625 ng. The sequencing results were
compared for coverage, call rate, heterozygosity and concordance be-
tween the genotypes.

2.6, Optimisation studies

2.6.1. Optimisation of analytical thresholds

Replicates of the control DNA NA24385 diluted to 100 pg input were
analysed at the UAS 20X and 10X thresholds for concordance to the
known reference genotype. Using the Sample Reports generated with the
minimum UAS thresholds, the samples were then analysed using
different coverage and minor allele frequency (MAF) thresholds in the
macro workbook. The proportion of concordant, non-concordant (allele
dropout or drop-in) and untyped SNPs were recorded at each threshold.
The pROC package [50] in R [49] was used to determine the area under
the receiver operating characteristic curve (AUC) for a range of MAF
thresholds, with the concordance of autosomal SNPs varying as a func-
tion of the coverage threshold.

2.6.2. Sample throughput

The Kintelligence Kit was designed to sequence 12 samples in four
batches, with each batch consisting of a PC, an NC and an unknown
sample [43]. Using this approach, four unknown samples are able to be

Manufacturer’s Method

(- Ty
:i Sequencing
Sample 1 Run1

Library Preparation Batch

% =
(- -
:% Sequencing

Sample 2 Run 2

Library Preparation Batch
. 8

J/
{ %
:cc Sequencing
Sample 3 Run3

Library Preparation Batch

N /
o 3
PC :
pic Sequencing
Sample 4 Run4

Library Preparation Batch
% 7
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sequenced per kit. In order to evaluate variations to multiplexing [46], a
high throughput method was investigated, where 12 individual libraries
were prepared in a single batch (a negative and positive control and ten
samples; Fig. 2). These 12 individual libraries were divided into four
sequencing batches of three pooled libraries, with the PC and NC in the
first sequencing run.

To assess the impact of the high throughput sequencing method on
sequencing efficiency, the sequencing run metrics were compared be-
tween the Sequencing Run 1 (following the manufacturer’s SFC rec-
ommendations) and Sequencing Runs 2-4. Additionally, the control
DNA NA24385 was included in Sequencing Run 4 and compared to the
PC in Sequencing Run 1.

2.6.3. Genotyping errors

The UAS determines the genotype at a locus according to which
strand is being sequenced against a set of expected alleles. Unexpected
alleles are flagged as genotyping errors in the system and automatically
removed from the profile. These errors were analysed across 54 samples
of varying sample type, input amount and sample quality for frequency.

2.6.4. Locus and allele dropout

Locus dropout was analysed across 49 samples for trends in chro-
mosome and SNP category. The dropout percentage was calculated as
the proportion of observed dropouts across all samples, with the
exception of Y SNPs which were calculated from male samples only
(n = 30). Allele dropout was analysed across the 15 control DNA

High Throughput Method

7 \
:i Sequencing
Run1
\Sample 1 y
(Sample 2 )
Sample 3 SEqRuen;mg
un
kSampIe 4 J
'd ™
Sample .5 Sequencing
Sample 6 R 3
un
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7

Fig. 2. The difference between the manufacturer’s recommended method for preparing and sequencing three libraries in a single sequencing batch (left hand side)
with the high throughput method for preparation of 12 libraries across four sequencing batches (right hand side). Each library preparation batch includes a positive

control (PC) and negative control (NC).
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NA24385 samples ranging from 0.1 to 1.0 ng of DNA input.

2.7. Assessment of sex, externally visible characteristics and
biogeographical ancestry predictions

The UAS provides predictions of biological sex, BGA and EVCs as
detailed in the Phenotype & Ancestry Report. To assess consistency of
these predictions, they were compared to the self-declared data pro-
vided by the DNA donors in the questionnaires. The DNA donors pro-
vided their biological sex, eye colour, hair colour and the ancestries of
themselves, their parents and grandparents. Given significant hair
colour changes can occur in childhood and senior years for some in-
dividuals, donors were asked to provide their hair colour at 20 years of
age.

2.7.1. Prediction of biological sex

The UAS determines biological sex based on SNP count where male
genotypes have > 10 Y SNPs and female genotypes have no Y SNPs and
an overall call rate of > 50% [51]. Genotypes that do not satisfy these
criteria return an inconclusive biological sex prediction. This prediction
algorithm was compared to a validated pipeline embedded in the macro
workbook (Table 5). The reported biological sex for samples with no
self-declared data was determined by the quantitation data, using the
male DNA target, or the typing of Amelogenin and Y STRs using the
GlobalFiler™ PCR Amplification Kit [52].

2.7.2. Prediction of externally visible characteristics

The UAS has an embedded MLR algorithm to predict eye and hair
colour using the 24 P1 SNPs. The DNA donors provided their self-
declared eye colour (blue, grey, green, hazel or brown) and hair
colour (black, dark brown, brown, dark blond, blond, red or grey).

2.7.3. Prediction of biogeographical ancestry

The UAS uses an in-built PCA to infer BGA from four population
clusters (European, East Asian, African and Admixed American). The
Admixed American cluster is super-imposed over the other three pop-
ulation clusters, which is a limitation of the two dimensional represen-
tation. Admixed American was determined not to be relevant for the
inference of BGA within an Australian population and was not used. To
be included in a population, the sample coordinates had to be closer to
the population cluster centroid than at least one other member of that
population. If this did not apply to any of the population clusters, all
populations were excluded and BGA was deemed inconclusive,

2.8. Assessment of kinship determination on GEDmatch PRO™

The GEDmatch PRO™ Reports generated for the buccal swabs
collected from the genetically related volunteer group were uploaded to
GEDmatch PRO™ and analysed in the One-to-Many Kinship Tool [26].
Approval was obtained from the GEDmatch Support Team (Verogen,
Inc.) to upload the reports as UHR samples prior to the database update
allowing upload of reports pertaining to validation samples. The pre-
dicted relationship degree was compared to the self-declared pedigree
chart (Fig. 1) to determine the detection capability and accuracy of
GEDmatch PRO™ using the Kintelligence Kit. The blood sample from

Table 5
Biological sex prediction thresholds applied by the Universal Analysis System
(UAS) and the validated pipeline.

Biological UAS Threshalds Validated Pipeline

Sex Thresholds

Male =10 Y SNPs typed. > 10 Y SNPs typed.

Female 0'Y SNPs typed and > 50% overall call < 5Y SNPs and > 50%
rate. X SNPs typed.

< 10Y SNPs and
< 50% X SNPs typed.

Inconclusive  Sample is a negative control, a mixture,

or male and female rules are not met.

Forensic Science International: Genetics 68 (2024) 102972

Family 1 (Blood 1) and primary tooth from Family 2 (Tooth 1) were
uploaded to simulate casework samples and direct reference samples
from missing persons. Another DNA donor (Family 8) had previously
uploaded an AncestryDNA® profile to GEDmatch and gave permission
to report any matches to that kit.

3. Results
3.1. Validation and optimisation of the Kintelligence Kit

3.1.1. Run quality metrics

Sequencing performance was assessed across 21 runs using the UAS
default run quality metrics. For 19 runs (90.48%), all run quality metrics
passed. The average cluster density across all runs was 1221 + 50 K/
mm? and cluster passing filter was 86.85 + 0.92%. Of the other two
runs, the first was over-clustered (cluster density: 1893 K/mmz; clusters
passing filter: 74.97%) but all other metrics passed. The second run had
only the Read 2 metric not passing, likely caused by the run also being
over-clustered. Despite these metrics not passing, there was no notice-
able impact on the sample genotypes.

3.1.2. Optimisation of analytical thresholds

For each sample, the concordant, non-concordant and untyped SNPs
were recorded with each combination of MAF and total coverage
threshold, as well as according to the UAS 20X and 10X analysis methods
(Fig. 3). The proportion of non-concordant SNPs decreased with an
increasing total coverage threshold, while the proportion of untyped
SNPs increased. Both of the UAS analysis methods were outperformed by
some of the threshold combinations tested. At a 20X total coverage
threshold and MAF < 0.15, approximately 87.5% of SNPs were
concordant and 10% were untyped, with only 2.5% non-concordant
with the reference genotype. For all MAF thresholds, 95% of non-
concordance was allele dropout and the remaining 5% was allele
drop-in.

The total coverage thresholds were applied to the NCs to determine
the impact on potential contamination and background noise (Fig. 4).
Both the 10X total coverage threshold and UAS 10X had an average
number of SNPs typed per NC exceeding the recommended interpreta-
tion threshold defined in the reference guide [43].

Fig. 3 demonstrates that there is little difference in genotyping ac-
curacy for MAF < 0.15. Similarly, the AUC values were greater than 0.9
for the UAS 10X analysis method and MAF thresholds < 0.15 (Fig. 5).
Wwith little difference between the 0.05 and 0.10 MAF thresholds, the
MAF window 0.05 - 0.10 was deemed an “ambiguous” region where
genotypes were not reported, meaning the major allele had an ambig-
uous window of 0.90 - 0.95 that was also not reported. Applying these
window (referred to as the optimised analytical method, OM) produced
the highest AUC of 0.940.

The OM thresholds demonstrated higher concordance than the UAS
analytical methods for a range of DNA inputs (Fig. 6). At the 1.0 ng DNA
input, the concordance rates with the OM was significantly greater than
those produced with the default UAS 20X analysis method (Kruskal-
Wallace, p = 5.4 x 10~%). These thresholds were used for the remainder
of the validation.

3.1.3. Sample throughput

The run metrics were compared between Sequencing Run 1
(following the manufacturer’s SFC recommendations) and Sequencing
Runs 2-4 (Fig. 2, Table 6). The runs were not compromised by excluding
an NC, with only one run being over-clustered. In fact, the high
throughput method resulted in a significantly lower proportion of di-
mers compared to Sequencing Run 1 (p = 0.045). There were no other
significant differences between the two formats.

As expected, the coverage was reduced for the NA24385 samples in
Sequencing Run 4 (n = 4) when compared to the PC in Sequencing Run
1 (n=6, Table 7). However, there were no significant differences
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Fig. 3. Concordant, non-concordant and untyped SNPs as functions of the default UAS 20X, UAS 10X and combinations of the minimum allele frequency (MAF) and
total coverage thresholds for NA4385 samples at 0.1 ng DNA input (n = 3).
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Fig. 4. Average number of SNPs typed in the negative control (NC) samples for the default UAS 20X, UAS 10X and various total coverage thresholds, together with
standard errors. The baseline noise threshold is 20 typed SNPs.

observed in call rate, concordance rate and heterozygosity between the cell were attributed to the PC, which decreased to approximately one
manufacturer's method and the high throughput method. For third of the total reads for Sequencing Run 4. No allele drop-in was
Sequencing Run 1, approximately one half of the total reads on the flow observed in the samples for either method.
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degrees of locus dropout were observed across X SNPs, Al SNPs, I1 SNPs

o |
- and KI SNPs, with the high call rates observed in the 1.0 and 0.5 ng DNA
input samples dropping substantially in the 0.1 ng DNA input samples. Y
© SNPs suffered the steepest loss of data as call rates fell below 80% at the
s 7 lowest DNA input.
At the lowest DNA input, the allele frequency plots show a wider
- spread of allele frequencies, with more alleles falling into the ambiguous
2 o windows (Fig. 51); as the DNA input decreased, the ILB ratios drifted
:E further from the 1:1 expected for heterozygous SNPs. However, the
£ MAF 0.0 (0.913) concordance rates were still high for these samples (using the OM)
T T MAF 0.05(0.930) despite the wider variance in allele frequencies.
S OM (0.940) P q -
MAF 0.10 (0.932)
——  MAF 0.15 (0.900)| 3.1.5. Repeatability and reproducibility study
o ~ MAF 0.20 (0.834)| There was little variance between sequencing runs for the control
< ——  MAF 0.25 (0.745)
—— MAF 0.30 (0.665)
— UAS 20X (0.869)
o UAS 10X (0.913) Table 6
= . : . . b Average run quality metrics with standard errors for Sequencing Run 1 (6
10 08 0 04 0z o0 sequencl:ng runs, modelling r.hF manufacturer’s recommendations) and
Specificity Sequencing Runs 2-4 (14 sequencing runs).
b Quality Metric Sequencing Run 1 Sequencing Runs 2-4
Fig. 5. Area under the receiver operating characteristic curve (AUC) analysis Density (K/mm?) 1216 + 54 1220 + 71
comparing the default UAS 20X, UAS 10X and minimum allele frequency (MAF) Cluster Passing Filter (%) 86.88 + 1.41 87.01 + 1.23
thresholds, including the optimised analytical threshold (OM; MAF: 0.05; Phasing (%) 0.129 + 0.003 0.128 + 0.010
ambiguous windows 0.05 - 0.10 and 0.90 - 0.95), for genotyping accuracy. Prephasing (%) 0.058 + 0.009 0.060 = 0.003
Dimers (%) 26.67 +1.74 19.36 + 1.97
Coverage (Total Reads) 21,149,042 25,401,667
3.1.4. Sensitivity study
For the manufacturer’s recommended 1.0 ng and the 0.5 ng DNA
inputs, both call and concordance rates exceeded 99% (Fig. 7). At the Table 7

lowest DNA input of 0.1 ng, the call and concordance rates dropped to
approximately 90%. Allele dropout, resulting in false homozygous ge-
notypes, was observed at all DNA input amounts (0.08 - 1.96%). Allele
drop-in, resulting in false heterozygous genotypes, was only observed in

Average sample performance with standard errors for control DNA NA24385
samples sequenced in Sequencing Run 1 (6 sequencing runs) compared to
Sequencing Run 4 (4 sequencing runs).

the 0.1 ng samples at a low rate. For both the 1.0 ng and 0.5 ng DNA Sample Perfarmance Sequencing Run 1 Sequencing Run 4
input samples, the heterozygosity was close to the true value of the E“" ““;E (%) o ::; + g;i :gg]‘*gg
oncordance Rate .88 & 0. .91 + 0.
NA24385 reference profile (46.97%), but the accuracy decreased for the Heterozygosity (%)! 46.83 £ 0.05 46.85 + 0.05
0.1 ng samples (44.23%). Coverage (Total Reads) 12,511,340 10,759,060
When categorised by SNP class, PI SNPs were most consi ly

! True heterozygosity of NA24385 is 46.97%.

recovered across the different DNA input amounts (Fig. 8). Similar

100%

95%

90%

Concordance Rate

85%

80%

0.1ng 0.5ng

Input Amount

WUAS 10X W UAS 20X = OM = <0001
Fig. 6. Concordance rates for the control DNA NA24385 by DNA input amount with the default UAS 20X, UAS 10X and optimised analytical method (OM). Error bars

represent standard error. Significant difference at a p value of 0.001 is indicated. Note: it was only possible to determine significance for the 1.0 ng DNA input amount
(n = 8) but not for 0.5 ng (n = 2) and 0.1 ng (n = 3).
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Fig. 7. Percentage of SNPs that were d dant (allele dropout or allele drop-in) or not typed. Replicates of control DNA NA24385 are indicated by

[1] and [2] for each DNA input amount (1.0 ng, 0.5 ng and 0.1 ng).
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Fig. 8. Call rate by SNP category. Replicates of control DNA NA24385 are indicated by [1] and (2] for each DNA input amount (1.0 ng, 0.5 ng and 0.1 ng).

DNA NA24385 samples. Across all batches, the call rate, accuracy and
precision exceeded 99% within each group (Fig. 9). There was also little

variance within and between the two operators, with no significant

differences reported. The call rates (A: 99.58 + 0.17%, B: 99.73

+0.10%), accuracy (A: 99.88 +0.04%, B: 99.91 + 0.04%) and

3.1.6. Positive control performance

precision (A: 99.16 + 0.12%, B: 99.41 + 0.10%) exceeded 99% for all
10 samples (Fig. 10).

There was wide variability in the total reads across all PC samples;
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Fig. 9. Inter-run repeatability with 1.0 ng DNA inputs of control DNA NA24385 with the average call rate, accuracy and precision for each library batch. Replicates
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Fig. 10. Operator repeatability and reproducibility with 1.0 ng DNA inputs of control DNA NA24385 average call rate, accuracy and precision, each with standard

error (five samples per operator).

however, the call rate, concordance rate and heterozygosity were high
(Table 8). The coverage met the manufacturer’s threshold of 15 million
reads for two PCs (33%) but was less than six million reads for another
two (33%). The call rates exceeded 99% and the concordance of the
typed SNPs exceeded 99.7% in all PCs. The non-concordant genotypes
were restricted to allele dropout, as indicated by the heterozygosity for

Table 8
The average performance of positive control (PC) samples (n = 6) with
standard error.

Sample Metric Sample Performance

Coverage (Total Reads) 12,511,341 + 2,141,045

Call Rate (%) 99.67 = 0.15
Concordance Rate (%) 99.88 £ 0.04
Heterozygosity (%)" 46.83 + 0.05

"True heterozygosity of NA24385 is 46.97%.

the control DNA NA24385 being below the true value of 46.97%.

3.1.7. Contamination study

For the seven NC samples analysed for contamination, a total of 65
SNPs, all single allele drop-in, were observed with an average of 9.3
+ 3.6 SNPs per profile. Only two NCs exceeded the 20 SNP limit for the
baseline noise threshold (NC_5: 27 SNPs; NC_6: 23 SNPs), while the
other NCs did not surpass seven SNPs typed ( 11). With the exception
of an I1 SNP typed in NC_6, all allele drop-ins were KI SNPs. The source of
the majority of SNPs (97%) seen in the seven NCs could be attributed to
the adjacent wells during library preparation as they shared one allele in
common with the drop-in at that locus. The source of two SNPs in two
NCs (NC 4 and NC_8) could not be determined. The total coverage
ranged from 72 to 1489 total reads with the read depth for individual
SNP calls only exceeding 100 reads for the NCs that had more than 20
SNPs called.
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Fig. 11. Number of SNPs typed for each negative control (NC) sample. The baseline noise threshold is 20 typed SNPs.

Contamination was not observed in the control DNA NA24385
samples with a DNA input of 1.0 or 0.5ng. For the control DNA
NA24385 samples with a DNA input of 0.1 ng (n = 3), a total of 20 KI
SNP loci were observed with allele drop-in and flagged for non-
concordance as incorrectly being typed as heterozygous when the
reference genotype at that locus was homozygous. The average read
depth ranged from 13 to 52 reads per allele. From these observations,
the risk of allele drop-in with a DNA input of 0.1 ng is 0.065%.

3.1.8. Genotyping errors
Genotyping errors, where an unexpected allele was detected and
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removed by the UAS, were observed in 40 samples (74%) and no cor-
relation was found with sample type, DNA input or DI of the sample.
There were 181 unexpected alleles typed, occurring at a rate of 0.033%
or 3.35 alleles per sample. The majority of the unexpected alleles were
adenine (52%) and thymine (44%). Of these 181 unexpected alleles, 157
alleles (87%) had allele frequencies below 0.05 and were removed from
the profile when the OM was applied, having no effect on the final ge-
notype (Fig. 12). Unexpected alleles were not reproduced in replicates of
the control DNA NA24385, casework-type or reference-type samples
sourced from the same DNA donor. Erroneous genotypes with allele
frequencies greater than 0.05 resulted in the locus being removed from

[ ]
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Fig. 12. Read depth at loci with unexpected alleles plotted against the allele frequency. Erroneous alleles (green: MAF < 0.05) were not reported and had no impact
on the final genotype. Ambiguous genotypes (orange: 0.05 < MAF < 0.10) and genotyping errors (red: MAF > 0.10) resulted in the SNP being removed from

the profile.

11

Page | 112



J. Watson et al.

the profile. SNPs were removed as a result of genotyping error at a rate
of 0.004%, or 0.44 SNPs per sample. Of the 11 genotyping errors with
allele frequencies greater than 0.10, four were associated with KI SNP
rs2280018. Of these, two were not replicated in the sample duplicates.

3.1.9. Locus and allele dropout

SNPs on the Y chromosome had a higher overall frequency of
dropout than SNPs on any of the other chromosomes, with 48 Y SNPs
(56%) not being typed in at least one sample. For the autosomal and X
chromosomes, 23.2 + 0.6% SNPs located on each chromosome were not
typed in at least one sample. With the exception of Y SNPs, 27 + 2% of
SNPs in each SNP category were not typed in at least one sample.

The dropout percentage for each SNP was calculated as the propor-
tion of samples where the SNP in question had not been typed. KI SNPs
had a greater chance of locus dropout, with three SNPs exceeding 70% -
154720273 at 73% and rs7951628 and rs509448 at 71% (Table 9). This
higher chance of KI SNP dropout was consistent with the lower average
coverage per SNP. Due to the large number of KI SNPs, higher rates of
dropout can be tolerated than for non-KI SNPs. Poor performing non-KI
SNPs with dropout proportions greater than 30% included: rs1413212
(II SNP, 71%), rs2920816 (II SNP, 31%), rs1207651 (X SNP, 39%),
15475025 (X SNP, 37%), rs2745708 (X SNP, 31%), rs35383156 (X SNP,
31%), rs9786169 (Y SNP, 53%), rs7067290 (Y SNP, 47%) and
152032664 (Y SNP, 43%).

There were few trends in the allele dropout rates recorded in the
control DNA NA24385 samples ranging from 0.1 to 1.0 ng of DNA input
(n = 15). For the 1.0 ng input samples (n = 10), 107 occurrences of
allele dropout were observed where a SNP was incorrectly typed as a
homozygote, 73 (68%) of which were unique. The SNP with the highest
allele dropout rate of 90% was the KI SNP rs4530357. The average
number of SNPs with allele dropout increased with decreasing DNA
input amounts (1.0 ng: 10.7 SNPs; 0.5 ng: 21.5 SNPs; 0.1 ng: 221.3
SNPs). Only at the lowest DNA input were non-KI SNPs affected by allele
dropout; six I SNPs and one Al SNP were incorrectly typed as homo-
zygotes. Similar to locus dropout, there were no noticeable trends by
chromosome.

3.1.10. Casework-type and reference-type samples

The DNA input, DI and call rate for each sample tested is specified in
Table 10. With the exception of the hair sample, all samples returned a
call rate over 90% (n = 33). For the bone samples (n = 11), only three
did not meet the target DNA input amount of 1.0 ng (Bone 2, Bone 3 and
Bone 5). Despite this, all bone samples performed well regardless of the
DNA input and DI (as high as 88 for Bone 5). The bone samples gave call
rates over 90% for the majority of SNP classes; the only exceptions were
the PI SNPs for Bone 5 (83%) and Y SNPs for Bone 2 (81%). The tooth
samples (n = 2) performed well, and Tooth 1 produced a high call rate
(93%) despite a DNA input of 0.166 ng. The nail (n = 2) and blood
samples (n = 2) produced profiles with call rates exceeding 90%. The
sequencing of the hair sample was unsuccessful, with only 14 SNPs being
typed; however, this was not unexpected as nuclear DNA was not

Table 9

SNP locus dropout by SNP category.
Dropout XSNP Y Al Pl i KI SNP
Percentage (106) SNP SNP SNP SNP (9867)

(85) (s6) (24) (94)
No Dropout 76 37 40 19 63 7594
Observed

< 10% 22 36 10 4 26 1600
10 -19% 4 6 4 1 3 365
20 - 29% 0 3 2 0 0 154
30-39%% 4 0 0 0 1 81
40 - 49% 0 2 o ) 0 34
50 - 59% ] 1 o o o 26
60 - 69% 0 0 o o ] 10
70 - 79% 0 0 0 0 1 3
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Table 10
Casework-type and reference-type sample DNA input amounts, degradation
indices (DI) and call rates.

Sample Name DNA Input (ng) Degradation Index (DI) Call Rate (%)
Family 1 1.000 0.81 97.85
Family 2 0.150 3.33 95.37
Family 3 0.935 1.15 96.92
Family 4 1.000 164 99.86
Family 5 1.000 1.46 99.81
Family 6 1.000 232 99.76
Family 7 1.000 1.14 99.74
Family 8 1.000 116 99.76
Family 9 1.000 0.98 92.05
Family 10 1.000 0.66 99.79
Unrelated 1 1.000 0.89 99.18
Unrelated 2 1.000 0.65 98.07
Unrelated 3 1.000 0.96 99.68
Unrelated 4 1.000 130 99.37
Unrelated 5 1.000 0.96 99.70
Unrelated 6 1.000 0.66 99.86
Hair 1 0.000 N/A! 0.14
Blood 1 1.000 106 98.86
Blood 2 1.000 059 90.64
Tooth 1 0.166 5.79 93.22
Tooth 2 1.000 1.08 99.93
Bone 1 1.000 101 99.00
Bone 2 0.742 228 95.03
Bone 3 0.158 267 96.99
Bone 4 1.000 4.96 99.67
Bone 5 0.213 82.94 97.36
Bone & 1.000 1.98 98.43
Bone 7 1.000 5.36 99.14
Bone 8 1.000 230 99.50
Bone 9 1.000 4.85 98.93
Bone 10 1.000 1.78 98.70
Bone 11 1.000 176 99.34
Nail 1 1.000 1.43 99.13
Nail 2 1.000 1.26 96.70

'DNA was not detected, therefore DI could not be calculated.

detected by the quantitation assay.

Of the reference-type samples (buccal swabs, n = 16), all had a high
average call rate of 98.5 + 0.5% despite Family 2 and Family 3 not
meeting the recommended target DNA input amount of 1.0 ng. There
were two samples where the call rates were lower than expected given
the quantitation values were high. Family 9 was diluted to the target
concentration of 0.04 ng/uL from 3.91 ng/pL and Blood 2 from 8.50 ng/
uL, yet the call rates were 92.05% and 90.64% respectively.

There were differences observed between the sequencing results of
the sample sequenced using the DNA input amounts derived from the SA
target and the LA target (Table 11). Preparing the library using the
maximum volume according to the LA target concentration resulted in a
10-fold increase in total reads, as well as increasing the number of SNPs
typed by 497. The heterozygosity was lower for the SA target sample,
indicating a higher degree of allele dropout. The LA target sample had a
higher average read depth across all SNPs and fewer SNPs with allele
frequencies falling below the MAF threshold and within the ambiguous
windows. Furthermore, when the calculated LA target DNA input was

Table 11
Comparison of sequencing metrics using small autosomal (SA) and large auto-
somal (LA) target concentrations for determining the DNA input amount.

Sample DNA  Total Call Heterozygosity ~ Concordance
Input  Reads Rate
(ng)

Bone 5 1.000  2471,725 92.50%  45.57% 92.76%

(SA

target)

Bone 5 0.213 24,595,917  97.36%  47.14%

(LA

target)
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0.213 ng, the estimated calculated SA target DNA input was approxi-
mately 17 ng. This exceeded the recommended 1.0 ng of DNA for the
assay, yet had no adverse effects on the profile. Following this result, the
LA target was used to calculate DNA input for library preparation if the
DI is > 1 to maximise DNA input.

Family 1 donor provided a fresh buecal swab (Family 1), a blood
sample stored on FTA card at room temperature for 18 months (Blood 1)
and a rootless hair cutting stored at room temperature for 38 years (Hair
1). There was high concordance between the buccal and blood geno-
types (98%); however, only the PI SNPs were fully concordant
(Table 12). Higher read depths were achieved in the blood sample and
the ILB ratios were closer to the 1:1 expected for heterozygous SNPs. The
hair sample did not generate a usable genotype and only single alleles
were typed.

Family 2 donor also provided a fresh buccal swab (Family 2) and a
primary tooth stored at room temperature for 30 years (Tooth 1). Both
samples did not meet the recommended DNA input amount and were
moderately degraded (Family 2: DI = 3.33; Tooth 1: DI = 5.79). Both
samples had a high degree of concordance between the genotypes (94%,
Table 12). Each SNP category had concordance rates exceeding 90%,
with the highest concordance observed in the Al SNPs (98) and the
lowest in the II SNPs (91%). The buccal swab had a greater average read
depth across the typed loci, but more SNPs fell within the ambiguous
window and were not reported.

3.2. Assessment of sex, externally visible characteristics and
biogeographical ancestry predictions

3.2.1. Prediction of biological sex

Table 52 shows the comparison of the self-declared or reported
biological sex of the DNA donor and the predictions made by the UAS
and the validated pipeline. Hair 1 was excluded from this study as no
SNPs from the X or Y chromosome were typed and predictions could not
be generated. Of the 47 genotypes, the UAS was consistent with the true
biological sex for 45 predictions (96%; Table 12). All 28 male genotypes
were correctly identified, and 17 of the 19 female genotypes (89%) were
correctly identified. Two buccal swabs produced inconclusive results.
The buccal swabs from Family 2 and Family 9, who self-declared as
biological females, both had two Y SNPs typed in their profile (29 + 4
reads per SNP). Prior to library preparation, the quantification assay did
not detect male DNA in the female samples to indicate a mixture
(Table S1). Furthermore, the male to female ratio did not indicate a
mixture in samples where male DNA was detected. The validated bio-
logical sex inference pipeline improved the accuracy to 100%.

3.2.2. Prediction of externally visible characteristics

Iable 13 outlines the UAS predictions for hair colour for four phe-
notypes (red, blond, brown and black hair colour) compared to the
volunteer's self-declared hair colour at 20 years of age. Of the 19 ge-
notypes, 11 predictions (58%) were consistent with the self-declared
information. This included the only blond-haired volunteer of the
study, both black-haired volunteers, and eight of the 15 brown-haired
volunteers (53%). The remaining eight self-declared brown-haired ge-
notypes produced inconsistent predictions, or the phenotype was unable
to be determined due to insufficient SNPs typed. All inconsistencies had
largest p-values greater than 0.7, except for Family 8 which had a p-
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Table 13
Comparison of the hair colour predictions with the self-declared hair colour at
20 years old. Refer to Table 53 for all hair colour p-values.

Sample Declaration  Largest p- Predicted Hair Comment
value Colour

Family 1 Brown 0.90 Brown Consistent

Family 2 Brown - Undetermined -

Family 3 Brown 0.83 Brown Consistent

Family 4 Dark brown 0.53 Brown Consistent

Family 5 Brown 0.64 Brown Consistent

Family 6 Brown 0.73 Blond Inconsistent

Family 7 Red 0.78 Blond Inconsistent

Family 8 Dark brown 0.52 Black Inconsistent

Family 9 Dark brown 0.61 Brown Consistent

Family 10 Dark brown 0.61 Brown Consistent

Unrelated Black 0.77 Black Consistent
1

Unrelated Dark brown 0.67 Brown Consistent
2

Unrelated Black 0.89 Black Consistent.
3

Unrelated Dark brown 0.90 Black Inconsistent
4

Unrelated Dark brown 0.82 Black Inconsistent
5

Unrelated Brown 0.84 Blond Inconsistent
6

Blood 1 Brown 0.90 Brown Consistent

Tooth 1 Brown - Undetermined -

Tooth 2 Dark Blond 0.88 Blond Consistent

value of 0.35 for self-declared brown hair colour. Of the six in-
consistencies observed (32%), the red-haired volunteer and two brown-
haired volunteers were incorrectly predicted as blond, and three brown-
haired volunteers were incorrectly predicted as black.

The prediction consistency of the UAS performed similarly for eye
colour as it did for hair colour. Table 14 outlines the predictions for three
possible phenotypes (brown, blue and intermediate eye colour)
compared to the DNA donor’s self-declared eye colour information. Of
the 19 genotypes, 14 predictions (74%) were consistent with the dec-
larations, three predictions (16%) were inconsistent, and two genotypes
(10%) had too few SNPs to return a prediction. These inconsistent pre-
dictions corresponded to all five volunteers who self-declared interme-
diate eye colour, including hazel and green colours. All nine brown and
five blue or grey eye colours were correctly predicted by the algorithm.

3.2.3. Prediction of biogeographical ancestry

Table 55 outlines the UAS predictions for BGA compared to the self-
declared ancestries for themselves and their parents and grandparents.
Of the 19 genotypes, 14 predictions (74%) were consistent with the
included and excluded populations. There were two predictions (10%)
that were partially consistent due to the inclusion of one of the popu-
lation groups making up an individual’s admixed ancestry. For these, the
European population cluster was included for Unrelated 2 and Unrelated
6 who had self-declared Furopean ancestry. However, they also declared
Middle Eastern and Australian Aboriginal ancestry, respectively, which
were unable to be detected by the UAS. There were three predictions
(16%) where the BGA was inconclusive as all three population clusters
were excluded. These genotypes included either admixed individuals
(Family 8: admixed European and South East Asian) or individuals from

Table 12
Comparison of sequencing metrics using different biological samples from the same source.
Sample Source Sample DNA Input (ng) Total Reads Call Rate Heterozygosity Concordance
Family 1 Family 1 1.000 5785,007 97.87% 47.33% 97.91%
Blood 1 1.000 14,871,976 98.88% 47.56%
Hair 1 0.000 622 0.14% 0.00% N/A
Family 2 Family 2 0.150 3,583194 95.37% 46.44% 94.02%
Tooth 1 0.166 3359,256 93.22% 45.82%
13
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Table 14
Comparison of the eye colour predictions with the self-declared eye colour. Refer
to Table 54 for all eye colour p-values.

Sample Declaration  Largest p- Predicted Eye Comment
value Colour

Family 1 Brown 0.72 Brown Consistent

Family 2 Hazel - Undetermined -

Family 3 Grey 0.91 Blue Consistent

Family 4 Grey 0.68 Blue Consistent

Family 5 Brown 0.83 Brown Consistent

Family 6 Green 0.89 Blue Inconsistent

Family 7 Blue 0.94 Blue Consistent

Family 8 Hazel 0.94 Brown Inconsistent

Family 9 Brown 0.76 Brown Consistent

Family 10 Green 0.72 Brown Inconsistent

Unrelated Brown 0.99 Brown Consistent
1

Unrelated Brown 0.66 Brown Consistent
2

Unrelated Brown 1.00 Brown Consistent
3

Unrelated Brown 1.00 Brown Consistent
4

Unrelated Brown 1.00 Brown Consistent
5

Unrelated Blue 0.92 Blue Consistent
6

Blood 1 Brown 0.72 Brown Consistent

Tooth 1 Hazel - Undetermined -

Tooth 2 Blue 0.92 Blue Consistent

population groups not represented in the PCA plot (Unrelated 1: Central
Asian; Unrelated 5: Oceanian).

3.3. Assessment of kinship determination on GEDmatch PRO™

Kinship detection and prediction accuracy was assessed for the 10
family group volunteers, providing 39 true genetic relationships to test.
The One-to-Many Kinship algorithm in GEDmatch PRO™ was reliable
for detecting and classifying genetic relationships spanning from first to
fifth degree (i.e. 2nd cousins). When comparing the default UAS 20X,
UAS 10X and OM methods, the OM pipeline improved both detection
rate and prediction accuracy (Table 15). Both the UAS 10X and OM
methods had a detection rate of 79% for all relationships, which
improved to 97% when considering only fifth degree relationships and
closer. However, these methods were set apart by the accuracy of the
predictions, with 90% of relationships correctly identified when the OM
was applied. Only one relationship was detected beyond the fifth degree
for all three analysis methods; a sixth degree relationship between
Family 5 and Family 9 which was incorrectly estimated as a fifth degree
relationship (Table 16). However, separating the more distant degrees of
relationship can be challenging due to the overlap in the overall shared
cM ranges (Fig. 13) [53]. Therefore, all detected relationships were
predicted accurately within 1 degree of the true relationship.

For the additional biological samples tested, both the genotypes from

Table 15

Detection and prediction accuracy rates for the One-to-Many Kinship algorithm
for 39 relationships amongst the 10 volunteers of the family group. The methods
include the UAS 10X, default UAS 20X and the optimised analytical method
(OM).

Analysis Method UAS 10X UAS 20X oM
Detected Relationships 31 29 31
Missed Matches (< Fifth Degree) 1 3 1
Missed Matches (> Fifth Degree) 7 7 7
Detection Rate 79.49% 74.36% 79.49%
Detection Rate (< Fifth Degree) 96.77% 90.32% 96.77%
Accuracy Rate (Exact) 80.65% 89.66% 90.32%
Accuracy Rate ( + 1 degree) 100% 100% 100%
Average Overlapping SNPs 9743 9593 9615
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the blood sample and primary tooth resulted in the same number of
detected relatives and predicted the same degree of kinship as their
corresponding buccal swab. This included identifying the buccal swab as
“self” (i.e. originating from the same DNA donor).

The upload of the AncestryDNA® profile for Family 8 also resulted in
the same relatives detected with the same degree of kinship prediction as
the uploaded Kintelligence profile for the Family 8 donor. This included
identifying the uploaded Kintelligence profile as “self”. These matches
were made despite the large difference in SNP densities, with the
AncestryDNA® profile being comprised of over 500,000 SNPs compared
to the 10,230 SNPs of the Kintelligence Kit. Furthermore, there were an
average of 9623 SNPs overlapping between the Kintelligence Kit (ana-
lysed with OM) and AncestryDNA® profile,

4. Discussion

The Kintelligence Kit has been shown to be successful in typing a
variety of forensic sample types to produce high quality genotypes and
the internal validation has satisfied the relevant SWGDAM criteria. Our
optimised analysis thresholds produce higher concordance rates than
both the default UAS 20X analysis method and the lowered UAS 10X
analysis method, especially at lower DNA inputs (0.1 ng). It has also
been demonstrated that increasing the number of samples in the library
preparation batch has not compromised sequencing. In a previous study,
the sequencing plexity was increased from three to up to 32 samples,
with no impact on profile quality; however, there was a significant
reduction in SNPs typed which impacted on the kinship detection range
[54.55]. The optimised protocol modifications developed in this vali-
dation have improved library preparation efficiency, while maintaining
confidence in the final genotype with negligible loss of genotyped SNPs
and concordance.

This assessment performed similarly to other evaluations of the
Kintelligence Kit [56-58]. Their sensitivity studies support the conclu-
sions of this study that, despite the recommended input of 1.0 ng of
DNA, a DNA input of 0.1 ng still produces nearly complete profiles [56,
57]. Peck et al. [56] sequenced DNA template as low as 0.05 ng and still
retrieved over 90% of SNPs; however, the lower heterozygosity indi-
cated an increased rate of allele dropout. Studies not included in the
other evaluations of the kit included the occurrence of genotyping errors
and locus and allele dropout. Unexpected alleles were likely caused by
cytosine deamination, a base substitution of cytosine to thymine (C>T)
or guanine to adenine (G>A) on the opposite DNA strand. Mutations
resulting from cytosine deamination have been observed to largely
contribute to the background noise of MPS, likely as a biological phe-
nomenon or an artefact of thermocycling [59]. The trends observed in
this study for locus dropout show that samples are less likely to lose
highly informative SNPs such as those used to predict BGA and EVCs. As
these inferences rely on high representation of a smaller number of SNPs
than those used to infer kinship, it is critical that these SNPs have low
rates of locus dropout.

Lower rates of contamination were observed in this study as opposed
to others, with most NC samples having fewer than 10 SNPs typed and a
maximum of 27 SNPs. This was substantially lower than other studies
that observed 64 SNPs [57] and up to 92 SNPs [56]. However, none of
the NCs from this study were indicative of widespread contamination as
all called SNPs were single alleles with very low coverage (less than
0.02% of the average coverage per locus for other samples) and there-
fore would be eliminated by the MAF threshold during sample analysis.

A range of casework-type samples have been genotyped in various
studies with varying success [56,58]; however, this study focused on
sample types typical of unidentified and missing persons casework.
Subsequently, mixtures were untested due to the expectation of
single-source profiles; although, there have been varying rates of success
in the deconvelution of mixed samples analysed with the Kintelligence
Kit to date [56,60]. The UAS predicts contributor status for each sample
based on a number of criteria related to X SNP and Y SNP detection, as
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Table 16
Confusion matrix for kinship predictions using the optimised analytical method (OM),
True Kinship Degree
st 2nd 3rd ath 5th 6th 7th 8th
Predicted Kinship Degree 1st 6
2nd 4
3rd 6
4th 1 8
5th 1 4 1
6th
7th
8th
Undetected 1 2 2 3
Totals 6 4 7 9 5 3 2 3

@ 'mdsgeereimon () 2 degree reison ) Waeges ranon () 4T cegres reatn () S degres reston () 600 Segres relnon

@ 7" cegree retanon

Fig. 13. Familial relationships with shared centimorgan (cM) ranges defined by GEDmatch PRO™ [26].

well as overall heterozygosity. In this study, the contributor status for
two female volunteer samples was inconclusive due to the drop-in of two
Y SNPs. All remaining samples were determined to be single-source. Of
the 34 casework-type and reference-type samples, all 16 of the reference
buccal swabs and 13 bone and teeth samples produced high quality
profiles with call rates exceeding 95%. The remaining samples of
different tissue types had call rates greater than 90% with the exception
of the hair sample. Peck et al. [56] tested 11 bone samples ranging from
0.1 to 1.0 ng of input DNA, including from cremated and embalmed
remains, and reported high recovery rates of over 96.9% for seven of
these samples (63.6%). The lower DNA input samples were more sus-
ceptible to locus and allele dropout; however, most bone samples were
able to meet the recommended input target. Staadig et al. [58] reported
high concordance between bone samples sequenced with the Kintelli-
gence Kit but observed lower call rates than other TAS panels.

While 74% of inferred BGAs were consistent with self-declared an-
cestries, the use of the PCA in the UAS is limited by the small number of
population clusters represented in a two-dimensional PCA. This com-
plicates the inference of BGA from individuals outside of European,

15

Asian and African populations and the interpretation of admixture [61,
62]. The predictions derived from the Kintelligence Kit could be
improved by testing alternative BGA pipelines which have additional
population groups and are able to infer admixture [63]. One such
alternative is the Structure model-based likelihood estimator for infer-
ring admixture proportions from ancestral population clusters [20,21].

‘Where predictions could be made by the UAS, all individuals with
self-declared intermediate eye colour were incorrectly predicted as more
likely to have brown or blue eye colour. Previous EVC studies have re-
ported substantially lower success rates associated with the correct
prediction of intermediate eye colours than that of predicting brown and
blue eye colour predictions [64,65]. The majority of inconsistencies for
predicting hair colour resulted from predicting brown as blond and dark
brown as black. It is possible the incorrect hair colour predictions result
from imperfect knowledge of the genetic pathways (and SNPs) associ-
ated with melanin expression and/or imprecise self-declaration of hair
colour. The UAS also restricts the ability to make EVC predictions from a
partial SNP profile.

The Kintelligence Kit genotypes analysed on GEDmatch PRO™
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demonstrated that this panel is effective for detecting and predicting
kinship out to the fifth degree. Furthermore, all predictions were within
1 degree of the true relationship. Snedecor et al. (2022) demonstrated
that locating shared, uninterrupted haplotypes using kinship coefficients
in “windows™ across the genome was able to correctly identify first
through third degree relatives using simulated Kintelligence Kit geno-
types uploaded to GEDmatch PRO™, with reasonable performance
observed for fourth degree relatives [66]. Kinship inference for a buccal
swab was consistent with that for blood and primary tooth from the
same donor, Furthermore, upload of the AncestryDNA® profile (con-
taining over 500,000 SNPs), resulted in the same detected relatives with
the same degree of kinship. There were no predicted relationships
further than one degree from the true relationship and these inaccura-
cies did not affect first and second degree relationships.

5. Conclusions

The Kintelligence Kit has been validated and optimised for opera-
tional use in the AFP Program’s accredited forensic laboratory as a new
capability for extended kinship analysis, including FIGG, to aid select
UHR cases where STR profiling (or other non-genetic identification
methods) have not led to an identification. The kit is highly sensitive
down to 0.1 ng of DNA input (albeit with some loss of SNP genotypes)
and produces high quality SNP profiles from a range of forensic samples
with sufficient call rates for bioinformatic analysis using pipelines
within the UAS. Several modifications have been made to the
throughput and analytical pipelines to improve efficiency in the labo-
ratory and confidence in the resulting genotype. The BGA and EVC
pipelines could be further evaluated and compared to existing pipelines
outside of the UAS for improved prediction accuracy. The use of the
Kintelligence Kit with GEDmatch PRO™ provides Australian law
enforcement with an accessible tool for FIGG, with the capacity to detect
and accurately predict kinship out to the fifth degree. Additional genetic
information can be generated for uniparental lineage using Y SNPs and
identity using II SNPs, and this will be the focus of future studies. The
Kintelligence Kit presents the AFP Program with a fit for purpose solu-
tion for the in-house application of TAS technology for biological sex,
BGA, EVCs and extended kinship analysis to advance unresolved un-
identified and missing persons cases.
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mother (PGM). Refer to Table S6 for ancestry codes used for the decla-
rations.; Table 56: Codes used to declare population and sub-population
ancestry.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.fsigen.2023.102972,
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Table S1. Quantification results and degradation indices (DI) for all casework-type and reference-type samples.

Small Autosomal Large Autosomal B
. 2 Male DNA Target Degradation
Sample Target Concentration Target Concentration Coricentration {ng/ul) Index (DI)
(ng/uL) (ng/ut)

Family 1 2.895 3.588 0.000 0.81
Family 2 0.020 0.006 0.000 3.33
Family 3 0.043 0.037 0.043 1.15
Family 4 0.726 0.443 0.461 1.64
Family 5 0.297 0.203 0.293 1.46
Family 6 0.221 0.095 0.000 2.32
Family 7 0.066 0.058 0.072 1.14
Family 8 6.262 5.388 0.000 1.16
Family 9 3.907 3.996 0.000 0.98
Family 10 3.137 4.758 0.000 0.66
Unrelated 1 14.410 16.208 0.000 0.89
Unrelated 2 2.322 3.564 0.000 0.65
Unrelated 3 1.859 1.939 0.000 0.96
Unrelated 4 3.978 3.053 0.000 1.30
Unrelated 5 9.525 9.913 0.000 0.96
Unrelated 6 1.813 2.747 0.000 0.66
Hair 1 0.000 0.000 0.000 N/AY
Blood 1 0.312 0.293 0.000 1.06
Blood 2 8.500 14.400 0.000 0.59
Tooth 1 0.038 0.007 0.000 5.79
Tooth 2 0.408 0.379 0.000 1.08
Bone 1 0.327 0.322 0.286 1.01
Bone 2 0.037 0.016 0.038 2.28
Bone 3 0.016 0.006 N/A2 2.67
Bone 4 5.372 1.08 5.647 4.96
Bone 5 0.705 0.009 0.650 82.94
Bone 6 0.548 0.277 0.000 1.98
Bone 7 0.703 0.131 0.000 5.36
Bone 8 0.305 0.133 0.000 2.30
Bone 9 0.314 0.065 0.393 4.85
Bone 10 0.151 0.085 0.169 1.78
Nail 1 1.366 0.956 0.982 1.43
Nail 2 0.939 0.747 1.072 1.26

1 DNA was not detected, therefore DI could not be calculated.

2 Male DNA quantification data unavailable.
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Table S2. Comparison of biological sex predictions from the Universal Analysis System (UAS) and validated pipeline with the self-declared or

reported biological sex.

Saigie Biological Sex : .UAS Pipeline . V.alidated Pipeline
Prediction Comment Prediction Comment
PC1 Male Male Consistent Male Consistent
PC2 Male Male Consistent Male Consistent
PC3 Male Male Consistent Male Consistent
PC4 Male Male Consistent Male Consistent
PCS5 Male Male Consistent Male Consistent
PC6 Male Male Consistent Male Consistent
PC7 Male Male Consistent Male Consistent
pPCs8 Male Male Consistent Male Consistent
PC9 Male Male Consistent Male Consistent
PC 10 Male Male Consistent Male Consistent
NA24385 Male Male Consistent Male Consistent
0.5ng (1)
NA24385
0.5ng (2) Male Male Consistent Male Consistent
NA24385 ) _
0.1ng (1) Male Male Consistent Male Consistent
NA24385 ] _
0.1ng (2) Male Male Consistent Male Consistent
gpﬁ:sé? Male Male Consistent Male Consistent
Family 1 Female Female Consistent Female Consistent
Family 2 Female Inconclusive - Female Consistent
Family 3 Male Male Consistent Male Consistent
Family 4 Male Male Consistent Male Consistent
Family 5 Male Male Consistent Male Consistent
Family 6 Female Female Consistent Female Consistent
Family 7 Male Male Consistent Male Consistent
Family 8 Female Female Consistent Female Consistent
Family 9 Female Inconclusive - Female Consistent
Family 10 Female Female Consistent Female Consistent
Unrelated 1 Female Female Consistent Female Consistent
Unrelated 2 Female Female Consistent Female Consistent
Unrelated 3 Female Female Consistent Female Consistent
Unrelated 4 Female Female Consistent Female Consistent
Unrelated 5 Female Female Consistent Female Consistent
Unrelated 6 Female Female Consistent Female Consistent
Blood 1 Female Female Consistent Female Consistent
Blood 2 Female Female Consistent Female Consistent
Tooth 1 Female Female Consistent Female Consistent
Tooth 2 Female Female Consistent Female Consistent
Bone 1 Male Male Consistent Male Consistent
Bone 2 Male Male Consistent Male Consistent
Bone 4 Male Male Consistent Male Consistent
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Bone 5 Male Male Consistent Male Consistent
Bone 6 Female Female Consistent Female Consistent
Bone 7 Female Female Consistent Female Consistent
Bone 8 Female Female Consistent Female Consistent
Bone 9 Male Male Consistent Male Consistent
Bone 10 Male Male Consistent Male Consistent
Bone 11 Male Male Consistent Male Consistent

Nail 1 Male Male Consistent Male Consistent
Nail 2 Male Male Consistent Male Consistent
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Table $3. The p-values generated by the Universal Analysis System (UAS) for each sample categorised by hair colour. If a prediction could not

be generated, the UAS reported the results as inconclusive.

Sample Brown Red Black Blond
Family 1 0.90 0.04 0.05 0.01
Family 2 Inconclusive Inconclusive Inconclusive Inconclusive
Family 3 0.83 0.09 0.02 0.06
Family 4 0.53 0.00 0.10 0.36
Family 5 0.64 0.01 0.09 0.27
Family 6 0.14 0.12 0.01 0.73
Family 7 0.10 0.11 0.00 0.78
Family 8 0.35 0.00 0.52 0.12
Family 9 0.61 0.00 0.12 0.27
Family 10 0.61 0.00 0.29 0.09
Unrelated 1 0.22 0.00 0.77 0.01
Unrelated 2 0.67 0.21 0.04 0.08
Unrelated 3 0.11 0.00 0.89 0.00
Unrelated 4 0.09 0.00 0.90 0.00
Unrelated 5 0.18 0.00 0.82 0.00
Unrelated 6 0.15 0.00 0.01 0.84
Blood 1 0.90 0.04 0.05 0.01
Tooth 1 Inconclusive Inconclusive Inconclusive Inconclusive
Tooth 2 0.11 0.00 0.01 0.88
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Table S4. The p-values generated by the Universal Analysis System (UAS) for each sample categorised by eye colour. If a prediction could not
be generated, the UAS reported the results as inconclusive.

Sample Intermediate Brown Blue
Family 1 0.21 0.63 0.16
Family 2 Inconclusive Inconclusive Inconclusive
Family 3 0.07 0.02 0.91
Family 4 0.11 0.21 0.68
Family 5 0.12 0.83 0.05
Family 6 0.07 0.04 0.89
Family 7 0.04 0.02 0.94
Family 8 0.05 0.94 0.01
Family 9 0.14 0.76 0.10
Family 10 0.19 0.72 0.09
Unrelated 1 0.01 0.99 0.00
Unrelated 2 0.22 0.66 0.12
Unrelated 3 0.00 1.00 0.00
Unrelated 4 0.00 1.00 0.00
Unrelated 5 0.00 1.00 0.00
Unrelated 6 0.05 0.03 0.92
Blood 1 0.19 0.72 0.09
Tooth 1 Inconclusive Inconclusive Inconclusive
Tooth 2 0.05 0.03 0.92
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Table 55 C:

of the

ancestry

grandfather [PGF) and paternal grandmother (PGM). Refer to Table 56 for ancestry codes used for the declarations.

with the self-declared ancestries of the donar’s self (S), mother (M), father (F), maternal grandfather (MGF), maternal grandmather (MGM), paternal

" luded luded Declarations
Samela Populations | Populations 5 M F MGF MGM PGF PGM Comments
Family 1 i::i:s‘a Europe AUSS | AUSE | AUSB | AUS8 | AUS3 | AUSS | AUSS | Consistent
East Asia i
Family 2 Africa Europe AUS8 AUs8 AUsS8 AUS8 AUS8 AUs8 AUS8 Consistent
i East Asia N
Family 3 Africa Europe AUS8 AUSE AUSE AUS8 ANC1 AUSE AUS8 Consistent
) East Asia i
Family 4 Affiea Europe AUS8 AUS8 AUS8 AUS8 ANC1 AUS8 AUS8 Consistent
East Asia
Family 5 Africa Europe AUS8 AUSE AUSE AUS8 AUS8 AUSE AUS8 Consistent
ast Asia
Family 6 Africa Europe AUS8 | AUS8 | AUSB | AUS8 |ANC1 | AUS8 | AUS8 | Consistent
Fast Asla
Family 7 Africa Europe AUS8 AUSE AUSE AUS8 AUS8 AUSE AUSS Consistent
Europe
Family 8 East Asia SEA4 | AUS8 | SEA4 | ANC1 | ANC1 | SEA4 | NWE2 | Inconclusive
Africa
East Asia
Family 9 i Europe AUSB | AUSB [ AUS8 | AUS8 | AUS8 | AUSB | AUS8 | Consistent
as! ia
Family 10 | africa Europe AUSS AUSE SEUL | AUS8 | Consistent
East Asia
Unrelated 1 | Africa CAS2 CAS2 CAS2 CAS2 CAS2 CAS2 CAS2 Inconclusive
Europe
East Asia ibuti
Unrelated 2 | africa Europe AUSS AUS8 MEAL ANC3 ANC3 MEAL SEUL Pam_a\ly consistent, the European contribution to
admixture was predicted
EUrope N
Unrelated 3 | Africa East Asia NEA1 | NEAL [ NEA1 | NEAL | NEAl | NEAL | NEAl | Consistent
Europe
Unrelated 4 Africa East Asia SEA2 SEAZ SEA2 SEA2 SEA2 SEAZ SEA2 Consistent
East Asia
Unrelated5 | Africa AUS14 | OCE1l OCE1 OCE1 OCE1l OCE1 OCE1 Inconclusive
Europe
East Asia i i ibuti
Unrelated 6 . Bt ausia | Aust |auss |Auss |Ausi | anca |[ancy | Pertislly consistent, the Eurapean contribution to
Africa admixture was d
East Asia ”
Blood 1 Africa Europe AUSB | AUSB | AUSB | AUS8 |AUSB | AUs8 | Ausg | Consistent
EastASia
Tooth 1 Africa Europe AUS8 | AUSE | AUS8 | AUS8 | AUS8 | AUSE | AUS8 | Cansistent
East Asia
Tooth 2 Africa Europe AUSB | AUSB | AUSB | AUS8 | AUSB | AUSB | AUS8 | Consistent
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Table S6. Codes used to declare population and sub-population ancestry.

Population Sub-Population Code
South Africa SSA1
Zimbabwe SSA2
Mauritius SSA3
Kenya SSA4
" Ethiopia SSAS5
Sub-Saharan African Rigetia SSAG
Somalia SSA7
Gambia SSA8
Ghana SSA9
Other (specify) SSA10
Egypt NAF1
Sudan NAF2
Libya NAF3
North African Morocco NAF4
Algeria NAF5
Tunisia NAF6
Other (specify) NAF7
Lebanon MEA1
Iraq MEA2
Iran MEA3
Turkey MEA4
Middle Eastern Syna. MR
Saudi MEA6
Israel MEA7
United Arab Emirates MEAS
Libya MEA9
Other (specify) MEA10
Italy SEU1
Greece SEU2
Malta SEU3
Southern European Cypris o
Portugal SEUS
Spain SEU6
Gibraltar SEU7
Other (specify) SEU8
Poland EUE1
Croatia EUE2
Macedonia EUE3
Bosnia/Herzegovina EUE4
Russia EUES
Serbia EUE6
Hungary EUE7
Romania EUE8
Eastern European Ukraine EUE9
Czech EUE10
Slovenia EUE11
Slovakia EUE12
Latvia EUE13
Bulgaria EUE14
Albania EUE15
Lithuania EUE16
Estonia EUE17
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Belarus EUE18
Montenegro EUE19
Other (specify) EUE20
England ANC1
Scotland ANC2
Ireland ANC3
; Wales ANC4
Aaglo/Celile Channel Islands ANC5
Jersey ANC6
Isle of Man ANC7
Other (specify) ANC8
Germany NWE1
Netherlands NEW2
France NWE3
Austria NWE4
Switzerland NWES
North/West European Sweden NWE6
Denmark NWE7
Finland NWE8
Belgium NWE9
Norway NWE10
Other (specify) NWE11
India SAS1
Sri Lanka SAS2
South Asian Bangladesh SAS3
Maldives SAS4
Other (specify) SAS5
Pakistan CAS1
Nepal CAS2
Afghanistan CAS3
Bhutan CAS4
P — Kazakhstan CASS
Uzbekistan CAS6
Armenia CAS7
Azerbaijan CAS8
Georgia CAS9
Other (specify) CAS10
China/Taiwan NEA1
Korea NEA2
North/East Asian Japan NEA3
Mongolia NEA4
Other (specify) NEAS5
Philippines SEA1
Vietnam SEA2
Malaysia SEA3
Indonesia SEA4
; Thailand SEAS
South East Asian Singapore SEAG
Cambodia SEA7
Myanmar SEA8
Laos SEA9
Other (specify) SEA10
Oceanian l OCEL
Papua New Guinea OCE2
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Samoa OCE3
Tonga OCE4
Cook Islands OCES
Solomon Islands OCE6
New Caledonia OCE7
Vanuatu OCE8
Maori OCE9
Other (specify) OCE10
American European AME1
American African AME2
American Hispanic AME3
Brazil AME4
Chile AMES
Columbia AME6
Argentina AME7
American El Salvador AMES8
Peru AME9
Uruguay AME10
Venezuela AME11
Mexico AME12
Ecuador AME13
West Index AMEL4
Other (specify) AMELS
Australian Aboriginal AUS1
Torres Strait Island AUS2
Australian African AUS3
Australian North African AUS4
Australian Middle Eastern AUS5
Australian Southern European AUS6
Australian Eastern European AUS7
. Australian Anglo/Celtic AUS8
Australasian Australian North/West European AUS9
Australian South Asian AUS10
Australian Central Asian AUS11
Australian North/East Asian AUS12
Australian South East Asian AUS13
Australian Oceanian AUS14
Australian American AUSIS5
Other (specify) AUS16
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5. CHAPTER FIVE

CHARACTERISATION OF IDENTITY-INFORMATIVE GENETIC
MARKERS IN THE AUSTRALIAN POPULATION WITH
EUROPEAN ANCESTRY
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Identity-informative single nucleotide polymorphisms (iiSNPs) are valuable genetic markers for human identi-
fication and kinship testing in forensic casework, especially when the quality and quantity of DNA evidence is not
suitable for routine short tandem repeat (STR) profiling. This study analysed 105 buccal samples representing the
Australian population with European ancestry in order to assign allele frequencies and conduct population ge-
netic analyses for 94 iiSNPs and 20 STRs. The markers were assessed by calculating relevant forensic statistics
and testing for deviations from Hardy-Weinberg and linkage equilibrium. No linkage of statistical significance
was observed between any of the pair-wise combinations of the combined 114 identity-informative markers and
only one STR exhibited deviation from Hardy-Weinberg equilibrium (D8S1179). The probability of matching
genotypes being observed within this population was of the order of 10~ for STRs, 10~® for iiSNPs and 10
for the combined identity-informative marker panel, improving the ability to discriminate between individuals
when calculating likelihood ratios in direct or indirect matching scenarios. Further, the addition of iiSNPs will
facilitate identifications when suboptimal STR profiles are recovered from compromised or challenging samples
and aid comparisons to genetic relatives for familial or kinship testing.

Human identification
Massively parallel sequencing
Short tandem repeat

1. Introduction evidence [6]. As a result, law enforcement databases have been popu-

lated with evidentiary and reference STR profiles [7]. STRs are also used

First introduced in the 1990s, short tandem repeats (STRs) are seg-
ments of repeated DNA motifs consisting of two to six bases dispersed
throughout the genome [1]. STRs located on the autosomal chromo-
somes are the most common genetic marker currently targeted for
forensic DNA profiling applications [2]. Differentiation between in-
dividuals is made possible by the combination of alleles inherited from
each biological parent, with each allele defined by the number of times
the DNA motif is repeated within an STR [3.4]. The combination of
multiple STRs within one profile increases the discrimination power and
uniqueness of the profile. Their highly polymorphic nature is due in
some part to their high mutation rates of the order of 10 % per meiosis
[3].

STR profiling is the gold standard forensic genetic method for human
identification and is typically used in criminal and coronial in-
vestigations to identify a person of interest [5]. In the majority of ju-
risdictions, STRs have been the only genetic marker acknowledged by
the Court as a sound method of DNA profiling and able to be used as

routinely for the identification of human remains in coronial in-
vestigations, incorporating missing persons and disaster victim identi-
fication (DVI) efforts [8,9].

Single nucleotide polymorphisms (SNPs) are single base genetic
variants [10]. In the human genome, the average person will have
approximately 5 million SNPs [2,11], For the last 20 years, SNPs have
been investigated as an alternative marker to STRs, but SNP genotyping
is yet to become common practice in forensic genetic laboratories
[12-14]. As biallelic genetic markers such as SNPs are less polymorphic,
their discrimination power is significantly lower than that for STRs [9,
15]. In order to produce profiles with a similar discrimination power,
larger SNP panels are required [16]. Kidd et al. proposed that at least 45
SNPs would have the equivalent discrimination power of the 13 CODIS
STRs [15]. However, the mutation rates for autosomal SNPs are
approximately 100,000 times lower than in STRs (10 8 compared to
1073, making SNP genotypes more stable than STRs across multiple
generations and thereby reducing the risk of mutations confounding
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typing [13,15]. SNPs are less prone to degradation due to their shorter
amplicon sizes compared to STRs.

The most common genotyping technology currently available for
STRs involves fragment length analysis. The targeted DNA regions are
amplified with primers containing fluorescent dye labels. When the DNA
fragments are separated by size during capillary electrophoresis (CE),
fluorescent imaging generates an electropherogram consisting of fluo-
rescent signals (peaks) representing the alleles within each dye channel
[17,18]. Whereas CE only provides information on the size of DNA
fragments, massively parallel sequencing (MPS) is capable of deter-
mining the actual DNA sequence [19]. MPS is a genotyping capability
that sequences millions of DNA fragments from multiple samples in one
sequencing run. This technology can be applied to both STR and SNP
genotyping.

Identity-informative SNPs (iiSNPs) are a category of SNP that have
characteristics most beneficial for individualisation of a genotype.
iiSNPs require high heterozygosity and should also ideally have low
allele frequency heterogeneity to minimise the difference in allele fre-
quencies between populations [20]. SNP allele frequency databases
have currently been developed for population and subpopulation groups
in Europe, Asia, North America and South America [21-29].

Allele frequency databases are important to develop as these fre-
quencies will tend to vary in different populations as a result of genetic
drift [30]. The allele frequencies, reflecting the genetic diversity within
a population, can be used to determine the random match probability
(RMP) of a particular genotype in a forensic investigation [4]. This can
be used to calculate a likelihood ratio (LR), the most commonly
employed statistical method to compare an unknown and known DNA
profile [31]. This is a ratio of two conditional probabilities for the same
observations under alternative hypotheses [32]. It is also possible to
calculate a combined LR by combining multiple DNA marker panels [33,
34].

In order to be suitable for forensic use, identity-informative markers
should: 1) be in Hardy-Weinberg equilibrium (HWE) to ensure that ge-
notype frequencies can be inferred from allele frequencies (within locus
independence); 2) be in linkage equilibrium (LE) to ensure that locus
genotypes are independently inherited and that LRs from individual loci
can be multiplied together (between locus independence); 3) have high
heterozygosity to increase the discrimination power of the panel; and 4)
the first three conditions should apply across subpopulations [351. If a
locus has significant deviation from HWE, it means a process is influ-
encing the distribution of alleles and genotype frequencies within a
population (e.g. inbreeding, hidden population structures, natural se-
lection) [36]. LE tests assess the probability that the alleles of any two
loci are inherited independently as a result of recombination and are
usually influenced by the physical proximity between the pair [37].

Taylor et al. (2017) published STR allele frequencies in Australian
and New Zealand populations for the GlobalFiler™ PCR Amplification
Kit (Thermo Fisher Scientific, Waltham, MA, USA), including those
whose members declared Aboriginal, European and Asian ancestries
[20]. However, there has been no published study on the suitability of a
SNP panel for population groups relevant to Australia or establishment
of a SNP allele frequency database for this region to date. Furthermore,
studies have primarily examined each class of identity marker separately
and not assessed the LE between SNPs and STRs or the power of
discrimination for a profile containing both marker types [21,23,33 38].
In this study, we examine the suitability of the 94 iiSNPs included in the
ForenSeq® DNA Signature Prep Kit (Verogen, Inc., San Diego, CA, USA;
now a QIAGEN company) and the ForenSeq® Kintelligence Kit (Vero-
gen, Inc.) for use in the Australian population with European ancestry.

2. Methods
2.1. Ethics approval and sample procurement

Ethics approval for this research was granted by the University of

Forensic Science International: Genetics 74 (2025) 103169

Technology Sydney (UTS) Human Research Ethics Committee (HREC)
(UTS HREC NO. ETH21-5821 and amendments ETH21-6606 and
ETH23-8117 relate). All volunteers provided a buccal swab with
informed consent. A questionnaire was completed to provide self-
declared biogeographical ancestry (BGA) for each participant, as well
as their parents and grandparents. A total of 105 volunteers with self-
declared Australian European ancestry provided self-administered
buccal swabs.

Additional casework-type samples (two teeth and eight bones) were
sourced from the Australian Facility for Taphonomic Experimental
Research with ethics approval (UTS HREC NO. ETH18-2999) and
approved research samples submitted to the Australian Federal Police
National DNA Program for Unidentified and Missing Persons.

2.2. Sample preparation

DNA from the buccal swabs was manually extracted using the EZ1®
DNA Investigator Kit (QIAGEN, Hilden, Germany) [39]. For the bone
and tooth samples, 500 mg of pulverised powder underwent total
demineralisation lysis, concentration using the Amicon® 30 K Ultra
Centrifugal Filter (Sigma-Aldrich, St. Louis, MO, USA) and extraction
with the MinElute® PCR Purification Kit (QIAGEN). Samples were
quantified with the Quantifiler™ Trio DNA Quantification Kit (Thermo
Fisher Scientific) [40] on a QuantStudio™ 5 Real-time PCR System
(Thermo Fisher Scientific) [41]. All protocols were performed according
to the manufacturers’ recommended protocols unless otherwise
specified.

2.3. Library preparation and sequencing

There were two MPS panels utilised in this study; the ForenSeq®
DNA Signature Prep Kit and the ForenSeq® Kintelligence Kit, each with
the same 94 iiSNPs [42,43]. For both kits, the recommended DNA input
for library preparation is 1.0 ng. For samples that required dilution and
were degraded (with a degradation index (DI) greater than 1), the large
autosomal (LA) target concentration was used to determine DNA input.
If the samples were not degraded (with a DI equal to or less than 1), the
small autosomal (SA) target concentration was used to avoid over-
diluting the DNA extract.

For 99 buccal swab samples, libraries were prepared using the
ForenSeq® DNA Signature Prep Kit with primer mix B according to
either the manufacturer’s recommended protocol (n = 42) [42] or an
automated library preparation method utilising a quantitative poly-
merase chain reaction (QPCR) normalisation protocol (n = 57) [44].
Sequencing was performed on the MiSeq® FGx Sequencing System
(Verogen, Inc.) using the MiSeq® FGx Reagent Kit (Verogen, Inc.) and
standard flow cell according to the manufacturer's recommended pro-
tocol [45]. Each ForenSeq® DNA Signature Prep sequencing batch
consisted of a positive control (2800 M), negative control and 14 sam-
ples. Different index combinations were used on successive sequencing
runs to limit sample cross-contamination between batches. The profiles
were analysed on the Universal Analysis Software v1.3 (UAS; Verogen,
Inc.) using the default analytical and interpretation thresholds and the
STR and SNP genotypes exported in Sample Details Reports [46].

For the remaining six buccal swabs and 10 casework-type samples,
libraries were prepared following a modified protocol for the ForenSeq®
Kintelligence Kit [47]. Sequencing was performed on the MiSeq® FGx
Sequencing System using the MiSeq® FGx Reagent Kit and standard flow
cell according to the manufacturer’s recommended protocol [45]. The
ForenSeq® Kintelligence Kit sequencing batches consisted of three
samples per flow cell, with a positive control (NA24385) and negative
control for each library preparation batch of 12 libraries. The SNP
profiles were exported in Sample Reports from the UAS v2.5 and ana-
lysed according to the optimised thresholds published by Watson et al.
(2023) [47,48].
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2.4. STR profiling

For buccal swab samples (n = 6) and casework-type samples (n = 10)
sequenced with the ForenSeq® Kintelligence Kit, STR profiles were
generated using the GlobalFiler™ PCR Amplification Kit [49]. The
buccal swab samples were amplified on the Veriti"™ 96-Well Fast
Thermal Cycler (Thermo Fisher Scientific) with a 29 cycle amplification
using the LA target for DNA input. The casework-type samples were
amplified with a 30 cycle method. Capillary electrophoresis was per-
formed on the 3500xL Genetic Analyser (Thermo Fisher Scientific) ac-
cording to the manufacturer's recommended protocols [50]. The
resulting electropherogram profiles were analysed using the Gene-
Mapper™ ID-X v1.6 software. To distinguish between background noise
and the detected peaks in the DNA profile, the analytical threshold was
set to 250 relative fluorescence units (RFU) for the buccal swab samples
amplified at 29 cycles and 60 RFU for the casework-type samples
amplified at 30 cycles. For both amplification methods, the homozygous
threshold was set to 1000 RFU.

2.5, Statistical analysis

Statistical analysis was performed on the iiSNPs and a subset of STRs,
consisting of the 20 STRs in common between the GlobalFiler™ and
ForenSeq® DNA Signature Prep panels. This included D351358, vWA,
D1658539, CSF1PO, TPOX, D8S1179, D21S11, DI18S51, D25441,
D19§433, THO1, FGA, D2251045, D5S818, D13S8317, D7S820,
D10S1248, D151656, D128391 and D251338. Fig. | shows the centi-
morgan (¢M) positions of the STRs and SNPs on each chromosome.

Forensic efficiency parameters and allele frequencies for the iiSNP
genotypes were generated using the STR Analysis for Forensics (STRAF)
v2.1.5 program [51]. This included calculating the probability of
matching (PM), polymorphism information content (PIC), expected
heterozygosity (Heyp), observed heterozygosity (Hops), power of exclu-
sion (PE), typical paternity index (TPI) and power of discrimination
(PD).

Forensic Science International: Genetics 74 (2025) 103169

The number of possible genotypes (PG) for each locus was calculated
based on the number of observed alleles (N) following:

N(N+1)
2

LE and HWE tests were conducted for all iiSNPs and STRs with the
Arlequin v3.5.2.2 software [52]. For both tests, a sequential Bonferroni
correction was applied in order to account for false positives that would
arise as a result of multiple comparisons [53].

In large populations with minimum inbreeding, the fixation index (F)
is approximately equivalent to the coancestry coefficient (0). 0 is the
probability that two homologous alleles, one drawn from each of the two
individuals, are identical by descent (IBD) [55]. This was calculated for
each locus following:

Hoys
Heyp

PG

a

F=1-
For each of the 10 casework-type samples, an LR was calculated
comparing the single-source casework profile and a theoretical match-
ing single source reference profile using the following propositions:

Hj: The DNA originated from the person of interest (POI).
Hz: The DNA originated from someone other than, and unrelated to,
the POI in the Australian population with European ancestry,

The Balding-Nichols formulae (National Research Council (NRC)
Recommendation 4.2 Equation 4.10a and 4.10b) were used to calculate
the match probabilities [35]. The iiSNP allele frequencies determined in
this study and the STR frequencies in the Australian European popula-
tion published by Taylor et al. (2017) were used in a bespoke
Excel-based workbook [30]. Single-source LRs were produced for the 20
STRs, 94 {iSNPs and the product of the two calculated for the combined
LR for the 114 combined identity markers. A 6 of 0.02 was used as
recommended by Buckleton et al. (2016) and Taylor et al. (2017) to be
consistent with current practice for STRs in the Australian population
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Fig. 1. Chromosome map with the positions of single nucleotide polymorphisms (SNPs; black) and short tandem repeats (STRs; red) in centimorgans (cM), as derived

from HapMap [54].
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with European ancestry [30,56].

3. Results

3.1. Observed alleles and possible genotypes

For the 105 individuals with self-declared European ancestry that
were genotyped, no off-ladder microvariant alleles were observed in the
STR profiles or tri-allelic genotypes in the STR and 1iSNP profiles. Full
STR and iiSNP profiles were obtained for the majority (90 %) of samples;
locus dropout of one or two iiSNPs or STRs was observed for nine
samples (9 %), and one sample produced a partial profile with combined
call rate of 93 %.

As all iiSNPs targeted by the ForenSeq® Kintelligence and Fore-
nSeq® DNA Signature Prep Kits are biallelic (N = 2), there are only three
possible genotypes for each locus which indicates a low degree of
polymorphism. When all 94 iiSNPs are taken into account, the number
of possible genotypes is 7.07 x 10* (assuming no linkage), enhancing
the potential for individualising DNA profiles. However, STRs are highly
polymorphic and will have multiple alleles observed for each locus. The
total number of observed alleles across the 105 STR profiles was 184
corresponding with a total of 4.30 x 10°° possible genotypes (Table 1).
The alleles observed ranged from five alleles for THO1 to 16 alleles for
D181656.

3.2. Forensic efficiency parameters

The allele frequencies for the iiSNPs in the Australian population
with European ancestry are in Table S1. The allele population fre-
quencies for the STRs are in Table 52, The forensic efficiency parameters
for all STRs and iiSNPs are detailed in Table 53 and Table 54, respec-
tively. Summaries of the forensic efficiency parameters are provided in
Fig. 2 and Table 2.

Although for individual loci the PM was always higher for iiSNPs
than for STRs (Fig. 2a), the combined probability of matching (CPM)
was calculated to be 1.71 x 10”2 for the 20 STRs and 7.77 x 10 *® for
the 94 iiSNPs. Therefore, the probability that any two genotypes will
match at all 114 loci within the population is negligible. For the PIC, PE,
TPI and PD parameters calculated for all markers, SNPs produced lower
values on average when compared to STRs (Fig. 2).

Table 1

Number of observed alleles and possible genotypes for short tandem repeats
(STRs) in common between the GlobalFiler™ PCR Amplification Kit and the
ForenSeq® DNA Signature Prep Kit.

STR Locus Observed Alleles (N) Possible Genotypes (PG)
D381358 -] 28
vWA 7 21
D165539 7 21
CSF1PO 8 28
TPOX 6 15
D851179 10 45
D21511 11 55
D18851 14 91
D25441 10 45
D195433 9 36
THO1 5 10
FGA 10 45
D2251045 7 21
D55818 7 21
D138317 7 21
D75820 9 36
D1081248 7 21
D1S1656 16 120
D128391 14 91
D281338 12 66
Total 184 4.30 x 10%
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3.3. Within locus (HWE) and between locus (LE) independence tests

To assess locus independence, HWE tests were conducted for all STRs
and iiSNPs. Of the 94 iiSNPs, four loci (rs1357617, rs4374205,
rs6955448 and rs1335873) returned p-values below 0.05 that indicated
deviation from HWE. However, it is likely that approximately 5 % (0.05
%94 = 4.7) of the total tests will deviate from HWE by chance due to
multiple comparisons. After a sequential Bonferroni correction was
applied, no significant deviation was observed at any locus. For the
STRs, only D851179 showed deviation from HWE (p < 0.05) and it
remained statistically significant after applying the sequential Bonfer-
roni correction, implying that the locus should be excluded when using
the STR frequencies derived from this dataset.

LE tests were performed for inter-locus independence on all 6441
pairwise combinations of STRs and 1iSNPs, of which 256 were syntenic
pairs. There were 379 pairs (5.88 %) that were in disequilibrium (p <
0.05) consisting of 243 SNP/SNP pairs, 132 STR/SNP pairs and 4 STR/
STR pairs. Of these, 14 pairs were located on the same chromosome with
the distance between loci ranging from 7.59 ¢M (D2251045/rs987640)
to 212.76 cM (rs1355366,/1s6444724). However, after a sequential
Bonferroni correction was applied, all pairs were found to be in LE.

3.4. Accounting for population sub-structure

In a population with no inbreeding, F would equal 0, indicating that
the number of observed and expected heterozygous genotypes are the
same. In this study, F was calculated for each STR and iiSNP locus. The
overall population had an average F of —0.002 across all loci, suggesting
that there is little evidence of population sub-structure [55]. Some
variation were observed, with F values ranging from —0.21 (rs1024116)
to 0.35 (rs1357617; Fig. 3). However, this variation, with some values
falling slightly above or below 0, is likely a result of sampling error. F =~ 0
for large populations with minimal inbreeding, but nevertheless, we
recommend a conservative 0 correction factor of 0.02 for an Australian
population with European ancestry to be consistent with the recom-
mendations of Buckleton et al. (2016) and Taylor et al. (2017) for STRs
[30,56].

3.5. Likelihood ratio calculations

The 10 casework samples yielded combined call rates ranging from
96.49 % to 100 %, with locus dropout only occurring for iiSNPs
(Table 3). The logarithm of the LRs had an average of 23.70 + 1.29 for
the STR panel and 38.79 + 1.43 for the iiSNP panel (Fig. 4). As these
markers are in LE, inter-locus independence is ensured and the LRs can
be combined into an overall LR. The average logarithm of the combined
LR was 62.49 + 1.65, meaning the likelihood of the combined genotype
being shared with a randomly selected member of the Australian pop-
ulation with European ancestry is negligible.

4. Discussion

STR allele frequency data for the Australian population has previ-
ously been studied using the AmpFISTR® Profiler Plus and GlobalFiler™
assays [30,57,58]. When compared to the latter and more widely
adopted GlobalFiler™ STR study, Taylor et al. (2017) collected DNA
from seven subpopulation groups in Australia and New Zealand with
2274 samples, of which 528 were identified as “Australian Caucasian”
(assumed to be congruent with our DNA donors who declared European
ancestry) [30]. Guidelines for genetic population data suggest a mini-
mum of 500 individuals are required to generate reliable allele fre-
quencies due to the high degree of polymorphism in STRs [59].
However, far fewer are required for bi-allelic SNPs which are far less
polymorphic. There are dissimilarities between the STR analyses in this
study and that by Taylor et al. (2017), likely due to the smaller samples
size employed in this study [30]. As such, the Australian Caucasian STR
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Fig. 2. Forensic efficiency parameters for all individual identity-informative single nucleotide polymorphism (iiSNP) and short tandem repeat (STR) markers: a)
probability of matching (PM); b) polymorphism information content (PIC); c) observed heterozygosity (Hp.); d) expected heterozygosity (He,p); ) power of
exclusion (PE); f) typical paternity index (TPI); and g) power of discrimination (PD).

frequencies published by Taylor et al. (2017) were used for the calcu-
lation of LRs in this study (because of the larger sample size) and are
recommended for forensic use for the Australian population with Eu-
ropean ancestry [30].

The first difference between this study and the Australian Caucasian
data by Taylor et al. (2017) was highlighted in the number of observed
alleles; an additional 40 alleles were observed by Taylor et al. (2017)
across 16 loci [30]. The largest differences were at each of the loci
D21511, D19S433 and FGA, where Taylor et al. found seven more alleles
than in this study. An additional allele was also observed at D151656

(allele 19) in this study that was not observed in the larger published
dataset by Taylor et al. (2017) [30]. The added alleles increased the
number of possible genotypes to 2.57 x 10* from 274 observed alleles,
compared to the 184 alleles that were observed in this study.

This study demonstrated that established STR allele frequency data
generated with CE could be combined with iiSNP data to improve the
discriminatory power of a DNA profile. The majority of STR profiles
produced in this study were sequenced using MPS technology, for which
sequence-based allelic frequencies could have higher discrimination
power than the length-based allelic frequencies determined with CE
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Table 2

Summary of forensic efficiency parameters calculated for the individual
identity-informative single nucleotide polymorphism (iiSNP) and short tandem
repeat (STR) markers.

Forensic STR HSNP
Efficiency P Mini
Parameter
PM 0.030 0.181 (TPOX)  0.335 0.587
(D125391) (rs1357617)  (rs938283)
pIC 0.613 0.876 0.220 0.375 (13
(D1S1656)  (DIS1656and  (rs938283) iiSNPs)
D125391)
Hope 0.673 0.876 (D18S51  0.276 0.600
(D55818) and D125391)  (1s938283) (rs1024116)
Hexp 0.664 0.891 0.253 0.500 (13
(TPOX) (D1S1656 and  (1s938283) fiSNPs)
D125391)
PE 0.388 0.747 (D18S51  0.054 0.291
(D55818) and D125391)  (rs938283) (rs1024116)
TPI 1.529 4.038(D18S51  0.691 1.250
(D55818) and D125391)  (rs938283) (rs1024116)
PD 0.819 0.973 0.413 0.665
(TPOX) (D125391) (rs938283) (rs1357617)

[60]. Using a panel such as the ForenSeq® DNA Signature Prep Kit al-
lows for the generation of iiSNPs and STRs with sequence-based varia-
tion in alleles. However, the use of sequence-based allele frequencies for
STRs is not commonly practiced in Australian laboratories at the time of
publication,

SNP studies have been published for a number of population and
subpopulation groups, but there has not yet been a study on the
Australian population [21-29], While a minimum of 500 individuals is
recommended to adequately assess STR allele frequencies, substantially
fewer are required for biallelic SNPs [23,27,28,59]. In this study, the
most informative loci were rs717302 and rs1498553. The locus
15938283 was the lowest performing in the panel, producing the highest
PM and the lowest PIC, Hobs, Hexp, PE, PD and TPI; these results were

0.4

03

0.2

0.1
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-0.1

-0.3
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congruent with the findings for populations with European ancestry in
studies in the United States, France and the United Kingdom [21,22,26].

When assessing intra- and inter-locus independence, all SNPs in this
study were in HWE and LE for the Australian population with European
ancestry. Furthermore, when combining these identity-informative SNP
markers with the existing suite of STRs, pairwise tests showed all 114
loci were in LE. Only one STR, D8S1179, was found to be out of HWE.
However, when compared to Taylor et al. (2017), there were variances
in the p-values produced by up to 0.78 that were likely due to sampling
error and D851179 was not out of equilibrium [30]. SE33 was not
assessed in this study as only a few samples were profiled with the
GlobalFiler™ PCR Amplification Kit and SE33 is not included in the
ForenSeq® DNA Signature Prep panel. Similarly, D452408, D651043,
D9S1122, D17S1301, D20S482, PentaD and PentaE were also not
assessed as these markers were not included in the GlobalFiler™ panel.
These STRs would require additional analysis to determine whether they
are in LE with each other and with the 94 {iSNPs.

Table 3

Locus call rates (%) of casework-type samples for short tandem repeats (STRs)
with the GlobalFiler™ PCR Amplification Kit and identity-informative single
nucleotide polymorphisms (iiSNPs) with the ForenSeq® Kintelligence Kit. The
call rates for the combined identity markers (20 STRs plus 94 iiSNPs) are also
reported.

Sample STRs (20) 1iSNPs (94) ‘Combined Identity Markers (114)
Tooth 1 100.0 % 95.7 % 96.5 %
Tooth 2 100.0 % 100.0 % 100.0 %
Bone 1 100.0 % 97.9% 98.3 %
Bone 2 100.0 % 97.9% 98.3 %
Bone 3 100.0 % 98.9 % 99.1 %
Bone 4 100.0 % 100.0 % 100.0 %
Bone 5 100.0 % 100.0 % 100.0 %
Bone 6 100.0 % 100.0 % 100.0 %
Bone 7 100.0 % 98.9 % 99.1 %
Bone 8 100.0 % 95.7 % 96.5 %
L]

°

Fig. 3. The fixation index (F) for all short tandem repeat (STR) and identity-informative single nucleotide polymorphism (iiSNP) loci.
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Fig. 4. Logarithm of the likelihood ratios (LR) generated for casework-type samples using short tandem repeats (STRs) with the GlobalFiler™ PCR Amplification Kit,
identity-informative single nucleotide polymorphisms (iiSNPs) with the ForenSeq#® Kintelligence Kit and the combined identity markers (20 STRs plus 94 {iSNPs).

The overall F for the Australian population with European ancestry
was —0.002, indicating there is little evidence of population sub-
structure [55]. Regardless, the NRC II recommendations specify the
importance of accounting for population sub-structure by applying a 0
correction factor between 0.01 (minimal inbreeding) and 0.03 (excess
inbreeding) [35]. For STRs, Buckleton et al (2016) and Taylor et al.
(2017) recommended using a 0 correction factor of 0.02 for an Austra-
lian population with European ancestry as a conservative measure when
calculating the RMP [30.56]. In accounting for possible inbreeding, the
0 correction factor raises the RMP and lowers the subsequent LR so as
not to over-estimate the weight of the evidence [35]. The application of
a conservative 6 correction factor of 0.02 for the 94 {iSNPs is consistent
with the use of this value for STRs.

The LRs calculated with the iiSNPs for single source profiles were
orders of magnitude larger than those calculated with STRs, with a CPM
of 10" for SNPs, compared to 10> for STRs. This value is similar to
that observed by Kiesler et al. (2023), who produced a CPM of 1037 for
the population with European ancestry in the United States, and
Davenport et al. (2023), who produced a CPM of 10~3® for the “White
British” subpopulation in the United Kingdom [26]. Due to their inde-
pendence, a combined LR can be calculated from the combination of
STRs and iiSNPs with a CPM of 10~% which would produce astronom-
ical LRs for complete, matching single source profiles, far beyond the
maximum LR reported in Australian forensic laboratories currently (100
billion) [61]. Similar CPMs for combined iiSNP and STR profiles were
seen in population studies for French (10 6"] and Northeastern Peruvian
Andes (107%%) populations [21,23].

The combined LR may be beneficial for samples that produce partial
STR profiles where iiSNPs could provide supplementary information to
improve discrimination between individuals. The more powerful LRs
could also impact kinship calculations, potentially extending the appli-
cability of STRs beyond first order relationships (i.e. parent/offspring
and full siblings) if their relatively high mutation rates can be accounted
for [33,38].

5. Conclusions

This study has confirmed the forensic applicability of the 94 Fore-
nSeq® iiSNPs in the Australian population with European ancestry, as
well as the combined power of identity markers consisting of both iiSNPs
and STRs for improved discrimination between individuals for forensic
casework. By themselves, iiSNPs can produce LRs that exceed those
produced with the established STRs, and their combined power may aid
in identifying persons of interest through indirect matching to their
genetic relatives or from challenging or compromised samples that have
produced suboptimal partial profiles. This study has facilitated the
creation of a SNP allele frequency database in Australia, starting with
individuals of European ancestry. In order to expand the potential uses
of iiSNP markers in routine casework, these loci should be evaluated in
other Australian subpopulations including those with Aboriginal and
Torres Strait Islander and Asian self-declared ancestries.
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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 (%r) 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.! &y 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.>® Fr values between sub-populations

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

¢ 0.00 —0.05: little genetic drift
o 0.05-0.15: moderate genetic drift
e 0.15-0.25: great genetic drift

e 0.25 and above: very great genetic drift

An inbreeding coefficient (fs) can also be defined as a measure of heterozygote
deficiency due to inbreeding in each subpopulation.® 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 Fr and As in these populations.®®
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.® 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 Delest et al. Kiesler et al. Davenport et
(2024) ° (2020) © (2023) ® al. (2023) 7
Australian with American
Population European French C ; White British
aucasian
Ancestry
iISNPs 94 92 94 94
Population 105 169 361 204
Size

The expected heterozygosity of all populations (/) was calculated following:
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Hr =2Xpxq
where p is the frequency of the reference allele over all populations and g is the
frequency of the alternative allele over all populations. p was calculated following:
5= i Diny
2in;
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 iiISNPs were biallelic, g

was calculated as 1 — p.
The locus-specific Fr was calculated within each population following:

HT - Hexp

Forr =
ST HT

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

Hobs

Fig=1-
IS Hexp

Statistical tests were used to determine significant differences by population for the
locus-specific Fr and As values in R v4.2.1 using the Kruskal-Wallis H test.”® The locus-
specific Fr and Fs values were averaged across the population to generate the

population-specific Fr and Fs.
54 Results

The locus-specific Fr values were similar between the population groups and were not
significantly different (x? = 0.84, p = 0.84; Table 5.2; Figure 5.1). The population-specific
Fsr values were subsequently similar; the American Caucasian population had the
highest Fsr at 0.050 and the Australian with European Ancestry population had the lowest
at 0.041 (Table 5.2).

Similarly, the locus-specific As values were not significantly different between population
groups (x? = 0.85, p = 0.84; Table 5.3; Figure 5.2). The population-specific As 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 Fr values for each population. The population-specific Fst values are

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

Australian with

SNP European9 French © 2;1‘;?:;2'}3 White British 7
Ancestry
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 0.0M -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 0.0M 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 Fr 0.041 0.042 0.050 0.047
0.6
0.5 o
0.4 °
0.3 E [
0.2 __ T 1
- 0.1
-0.1 p— R —
-0.2 °
-0.3

W Australian with European Ancestry (Watsonet al. (2024)) [ French (Delest et al. (2020))

Il American Caucasian (Kiesler et al. (2023))

[l White British (Davenport et al. (2023))

Figure 5.1 Locus-specific /s values ordered by population group.

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

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

Australian with Caucasian
SNP European French © Ameri 8 White British 7
0 merican
Ancestry
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
rs69554438 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 As values ordered by population group.
5.5 Discussion and Conclusions

This analysis demonstrates that there is little difference between the Fs values between
the populations and that the means are close to zero, suggesting negligible inbreeding
and that a 6 correction for genotype frequencies close to zero is appropriate. There is
also little difference between the Fr 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 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
iiISNPs.
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5.7

Table S1. Allele population frequencies for the 94 identity-informative single nucleotide

Supplementary Material

polymorphisms (iiSNPs) in the Australian population with European ancestry.

Locus A Cc G T N

rs1490413 0.419 0.000 0.581 0.000 210
rs560681 0.719 0.000 0.281 0.000 210
rs1294331 0.000 0.643 0.000 0.357 210
rs10495407 0.291 0.000 0.710 0.000 210
rs891700 0.514 0.000 0.486 0.000 210
rs1413212 0.000 0.681 0.000 0.319 204
rs876724 0.000 0.700 0.000 0.300 210
rs1109037 0.576 0.000 0.424 0.000 210
rs993934 0.605 0.000 0.395 0.000 210
rs12997453 0.438 0.000 0.562 0.000 210
rs907100 0.000 0.429 0.571 0.000 210
rs1357617 0.524 0.000 0.000 0.476 210
rs4364205 0.000 0.000 0.552 0.448 210
rs2399332 0.000 0.000 0.700 0.300 210
rs1355366 0.000 0.381 0.000 0.619 210
rs6444724 0.000 0.419 0.000 0.581 210
rs2046361 0.519 0.000 0.000 0.481 210
rs279844 0.543 0.000 0.000 0.457 208
rs6811238 0.000 0.000 0.543 0.457 210
rs1979255 0.000 0.529 0.471 0.000 210
rs717302 0.500 0.000 0.500 0.000 210
rs159606 0.348 0.000 0.652 0.000 210
rs13182883 0.362 0.000 0.638 0.000 210
rs251934 0.610 0.000 0.391 0.000 210
rs338882 0.466 0.000 0.534 0.000 208
rs13218440 0.362 0.000 0.638 0.000 210
rs1336071 0.000 0.514 0.000 0.486 210
rs214955 0.000 0.576 0.000 0.424 210
rs727811 0.000 0.000 0.433 0.567 210
rs6955448 0.000 0.692 0.000 0.308 208
rs917118 0.000 0.724 0.000 0.276 210
rs321198 0.000 0.624 0.000 0.376 210
rs737681 0.000 0.610 0.000 0.391 210
rs763869 0.495 0.000 0.505 0.000 210
rs10092491 0.000 0.514 0.000 0.486 210
| rs2056277 | 0000 | 0781 | 0000 | 0219 | 210
rs4606077 0.000 0.776 0.000 0.224 210
rs1015250 0.000 0.205 0.795 0.000 210
rs7041158 0.000 0.652 0.000 0.348 210
rs1463729 0.000 0.433 0.000 0.567 210
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rs1360288 0.000 0.671 0.000 0.329 210
rs10776839 0.000 0.000 0.552 0.448 210
rs826472 0.000 0.638 0.000 0.362 210
rs735155 0.000 0.576 0.000 0.424 210
rs3780962 0.376 0.000 0.624 0.000 210
rs740598 0.586 0.000 0.414 0.000 210
rs964681 0.000 0.448 0.000 0.552 210
rs1498553 0.000 0.500 0.000 0.500 210
rs901398 0.000 0.238 0.000 0.762 210
rs10488710 0.000 0.524 0.476 0.000 210
rs2076848 0.519 0.000 0.000 0.481 210
rs2107612 0.710 0.000 0.291 0.000 210
rs2269355 0.000 0.514 0.486 0.000 210
rs2920816 0.602 0.000 0.398 0.000 206
rs2111980 0.000 0.548 0.000 0.452 210
rs10773760 0.548 0.000 0.452 0.000 210
rs1335873 0.581 0.000 0.000 0.419 210
rs1886510 0.510 0.000 0.491 0.000 210
rs1058083 0.305 0.000 0.695 0.000 210
rs354439 0.471 0.000 0.000 0.529 210
rs1454361 0.495 0.000 0.000 0.505 210
rs722290 0.000 0.514 0.486 0.000 210
rs873196 0.000 0.352 0.000 0.648 210
rs4530059 0.376 0.000 0.624 0.000 210
rs1821380 0.000 0.505 0.495 0.000 210
rs8037429 0.000 0.443 0.000 0.557 210
rs1528460 0.000 0.314 0.000 0.686 210
rs729172 0.000 0.000 0.605 0.395 210
rs2342747 0.324 0.000 0.676 0.000 210
rs430046 0.000 0.605 0.000 0.395 210
rs1382387 0.714 0.286 0.000 0.000 210
rs9905977 0.300 0.000 0.700 0.000 210
rs740910 0.671 0.000 0.329 0.000 210
rs938283 0.000 0.148 0.000 0.852 210
rs8078417 0.000 0.705 0.000 0.295 210
rs1493232 0.671 0.329 0.000 0.000 210
rs9951171 0.438 0.000 0.562 0.000 210
rs1736442 0.000 0.623 0.000 0.378 204
rs1024116 0.000 0.443 0.000 0.557 210
rs719366 0.605 0.000 0.395 0.000 210
rs576261 0.567 0.433 0.000 0.000 210
rs1031825 0.337 0.664 0.000 0.000 208
rs445251 0.000 0.476 0.524 0.000 210
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rs1005533 0.471 0.000 0.529 0.000 210
rs1523537 0.000 0.462 0.000 0.538 210
rs722098 0.800 0.000 0.200 0.000 210
rs2830795 0.781 0.000 0.219 0.000 210
rs2831700 0.619 0.000 0.381 0.000 210
rs914165 0.376 0.000 0.624 0.000 210
rs221956 0.000 0.681 0.000 0.319 210
rs733164 0.310 0.000 0.691 0.000 210
rs987640 0.423 0.000 0.000 0.577 208
rs2040411 0.643 0.000 0.357 0.000 210
rs1028528 0.776 0.000 0.224 0.000 210
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Table S2. Allele population frequencies for the 20 short tandem repeats (STRs) in the Australian population with European ancestry.

Locus 5 & 7 B 8.1 9 93 10 10.1 n 11.3 12 13 13.2
CSF1PO o Li] L] 0.014286 o 0.019048 [i] 0.228571 1] 0.338095 i} 0.280952 | 0.066667 ]
D1051248 o 0 0 o 0 0 1] 1] 0 1] 1} 0.038005 | 0.27619 o
D12539 o o L] o 4] 0 o 0 a 0 i} 1] 1] ]
D13sN7 0 [v] L] 0.104762 v} 0.057143 ] 0.028571 0 0.32857 i} 0.314286 | 0.1285M o
D165539 L] 1] a 0.009524 V] 0.138095 0 0.07619 0 0.27619 1] 0.271429 | 0.219048 0
D18s51 o 1] 0 o 1] 0 1] 0.004762 1] 0.009524 0 0.142857 | 0.133333 v}
D195433 o 0 0 o o 1] 1] L] 1] 0.004762 0 0.1 0.233333 | 0.014286
DiS1656 o 4] 0 o o 0 1] 1] 4] 0.038462 o 0.158654 | 0.057692 o
p215M o o 0 o o 0 1] 0 1] L] 0 a o i)
D2251045 0 i] L] ] V] 1] 1] 0 1] 0139423 0 0.004808 1] o
D251338 o 1] a 0 0 0 [1] a 1] 0 ] L] ] ]
D25441 o o ] ] 0 0.004762 v] 0.180952 | 0004762 | 0.380952 | 0.052381 | 0.033333 | 0.042857 o
D351358 1] 1] 1] o 0 1] 1] 4] 1] 0.004762 0 [1] 0.009524 o
D55818 ] [i} 0 0.004808 ] 0.009615 ] 0.048077 [1} 0.418269 o 0.346154 | 0.163462 o
D75820 o o 0.042857 | 0.204762 | 0.004762 | 0152381 ] 0.219048 0 0.133333 0 0185714 | 0.047619 0
DBsS1179 o 0 0 0.028571 ] 0.009524 ] 0.090476 0 0.066667 0 0.157143 | 0.338095 o
FGA 0 o L] ] V] 1] ] 0 1] 1] 0 (1] ] o
THO1 o 0190476 | 0.204762 | 0.090476 0 0.138095 | 0.37619 0 0 0 1] 0 0 0
TPOX 0.004762 li] 0 05 li] 0.119048 0 0.057143 [i] 0.261905 1] 0.057143 0 o
VWA i} o 1] o 0 (1] i} i} 1] 1] 0 1] o 1]
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Locus 14 14.2 143 15 152 153 16 16.3 17 174 173 18 183 19
CSF1PO | 0.047619 0 1] 0.004762 0 0 0 0 0 o 0 0 0 ]
D1051248 | 0323371 o 1] 0.180952 0 0 0.142857 0 002851 1] 0 0 0 0.009524
012339 0 0 o 0.033333 0 ] 0.014286 0 0.138095 ] 0.014286 | 0171429 | 0.014286 01
D13s317 | 0.038095 o o 0 o L] a o ] 1] 0 0 ] a
D165539 | D.009524 o o 0 0 ] 0 0 o o 0 0 0 ]
D18ss 017619 L] 1] 0171429 o ] 0.114286 0 0.104762 o 0 0.066667 ] 0.033333
D195433 | 0.280952 | 0.028571 [ 0.252381 | 0.052381 0 0.033333 0 0 [ a 0 0 o
D151656 | D.067308 o 0.004808 0125 0 0.043269 | 0.129808 | 0.057692 | 0057692 | 0.004808 | 0.1875 | 0.004808 | 0.052885 | 0.004808
p21sMm 0 0 1] 0 0 0 0 0 ] 0 0 0 0 0
D2251045 | 0.028846 1] 1] 0.389423 0 ] 0.331731 0 0.096154 1] ] 0.009615 0 [1]
D2s1338 0 o 1] 0 0 ] 0.052381 0 0.195238 1] 0 01 0 0104762
D2sam 0.242857 ] 1] 0.052381 0 ] 0.004762 0 0 1] 0 0 ] (1]
D351358 | 0.128571 o 1] 0.28574 0 1] 0z 0 0233333 1] 0 0.133333 0 0.004762
D55818 | D.OD9E1S o 1] 0 0 o ] 0 o o 0 0 0 ]
D75820 | 0.009524 ] ] 0 0 ] 0 0 o o 0 0 0 U]
D8s1179 | 0.180952 1] 1] 0.104762 0 0 0.019048 0 0004762 1] 0 0 0 1]
FGA 0 0 o 0 o 0 0 0 0 o Q 0.028571 0 0085714
THO1 0 0 1] 0 0 0 0 0 ] 0 0 0 0 0
TPOX 0 ] 1] 0 o 0 1] 0 o 1] 0 0 ] 0
VWA 0145631 Q 0 0.087379 0 1} 0.203883 o 0218447 0 0 0242718 0 0.082524
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Locus 20 21 22 22 23 24 25 26 27 28 29 30
CSF1PO 0 0 o 0 0 o /] 1] o 0 0 0
D1051248 o 0 o ] ] o 1] ] o 0 a o
D12539 0714286 0.1285M 0.1 Q 0109524 0.02381 0014288 0 o 1} 0 ]
D13sn7 o 0 o 0 ] 0 ] 0 0 [i} ] 0
0165539 ] 0 o a ] o ] ] o 0 U] o
D18S51 0.02857 0.004762 0.004762 0 0.004762 o ] 0 o Q 0 0
0195433 0 0 o 0 0 o o ] o 0 ] ]
D151656 ] 0 o o ] o 0 ] o 0 0 ]
D151 0 0 1] 0 0 o o 0 0.028346 0.149038 0.192308 0.283654
D2251045 ] 0 1] 0 1] [1] 0 0 [1] [i} ] 0
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Table $3. Forensic parameters and Hardy-Weinberg equilibrium p-values for short tandem repeats (STRs).

Locus Chr Position (cM) PM PD Hobs Hexp PIC PE TPI p-value
D351358 3 67.049 0.084 0.916 0.838 0.793 0.757 0.672 3.088 0.455
vWA 12 15.412 0.060 0.940 0.767 0.820 0.790 0.539 2.146 0.187
D165539 16 125.578 0.089 0.911 0.790 0.781 0.741 0.581 2.386 0.205
CSF1PO 5 154.386 0.108 0.892 0.676 0.751 0.705 0.392 1.544 0.193
TPOX 2 1.668 0.181 0.819 0.762 0.664 0.613 0.530 2.100 0.449
D851179 8 135.203 0.079 0.921 0.800 0.807 0.780 0.599 2.500 0.462
D21511 21 14.636 0.054 0.946 0.846 0.840 0.817 0.687 3.250 0.323
D18S51 18 84.630 0.039 0.961 0.876 0.875 0.857 0.747 4.038 0.238
D25441 2 94.709 0.102 0.898 077 0.758 0.720 0.547 2.188 0.147
D195433 19 51.725 0.082 0.918 0.800 0.792 0.756 0.599 2.500 0.328
THO1 11 3.782 0.103 0.897 0.790 0.757 0.716 0.581 2.386 0.113
FGA 4 159.115 0.041 0.959 0.857 0.867 0.847 0.709 3.500 0.909
D2251045 22 45.240 0.129 0.871 0.712 0712 0.659 0.446 1.733 0.909
D55818 S 126.909 0.165 0.835 0.673 0.679 0.617 0.388 1.529 0.825
D135317 13 78.633 0.097 0.903 0.810 0.764 0.725 0.617 2.625 0.327
D75820 7 101.330 0.059 0.941 0.857 0.834 0.808 0.709 3.500 0.286
D1051248 10 171.638 0.10 0.899 0.781 0.767 0.726 0.564 2.283 0.575
D151656 1 248.508 0.030 0.970 0.875 0.891 0.876 0.745 4.000 0.790
D125391 12 27.417 0.027 0.973 0.876 0.891 0.876 0.747 4.038 0.941
D251338 2 228.168 0.033 0.967 0.857 0.880 0.863 0.709 3.500 0.413

Chr: chromosome

M cemimongan

PM: probability af matehing

PD: power of discrimination

Hobs: observed hoterozygosity

Hexp: expected heterozygosity

PIC: polymorphism information content
PE: power of exchusion

TPI: typecal paternity index



Table $4. Forensic parameters and Hardy-Weinberg equilibrium p-values for identity-informative
single nucleotide polymorphisms (iiSNPs).

Locus Chr | Position (cM)}| PM PD Hobs | Hexp| PIC PE TPl | p-value
rs1490413 1 10.344 0.431| 0.569| 0.571| 0489 0.368| 0.258 1.167| 0437
rs560681 1 173.519 0.434| 0.566| 0.390| 0.406| 0322| 0.108 0820 1.000
rs1294331 1 252.689 0.401| 0.599| 0.467| 0.461| 0.354| 0.160| 0938 0607
rs10495407 1 264.510 0.426| 0.574| 0.390| 0414| 0327 0.108 0820 1.000
rs891700 1 266.757 0.373| 0627| 0495 0502| 0.375| 0183 0.991| 1.000
rs1413212 1 275112 0.417| 0.583| 0.447| 0.436| 0.340| 0.141| 0.895 1.000
rs876724 2 0.054 0427| 0.573| 0.429| 0.422| 0332| 0132 0875 1.000
rs1109037 2 25.846 0.359| 0641 0429 0491 0369 0132 0875 0175
rs993934 2 143.139 0.360 | 0.640| 0.390| 0.480| 0.364| 0.108 0820 0139
rs12997453 2 196.669 0413| 0.587| 0.552| 0.495| 0371| 0238 1117 0621
rs907100 2 261.368 0.367| 0.633| 0.457| 0.492| 0370 0153 0921 0.449
151357617 3 1.267 0.335| 0.665| 0.324| 0501| 0374| 0.074| 0739 0.004
rs4364205 3 56.460 0.438| 0.562| 0.590| 0.497| 0372 0280 1.221| 0.041
rs2399332 3 12067 0.448 | 0.552| 0.486| 0422 0332| 0175 0972 0.562
rs1355366 3 209.799 0.385| 0.615| 0.457| 0.474| 0360 0153 0921 0454
rs6444724 3 214.028 0.386| 0.614| 0.495| 0.489| 0368 0183 0991 0464
rs2046361 4 26.496 0.343| 0.657| 0.410| 0.502| 0375 0120 0847 0458
15279844 a 68.752 0.352| 0.648| 0.433| 0499 0373 0135 0881 0121
rs6811238 4 174391 0.368| 0632| 0476 0499 0373 0.168 0955 0825
151979255 4 213.055 0.344| 0.656| 0410| 0501 0374| 0120 0847 0077
rs717302 5 6712 0.399| 0.601| 0.543| 0.502| 0375 0.228| 1.094| 0461
rs159606 5 33.526 0.434| 0.566| 0.524| 0456 0351 0.209 1.050| 0477
rs13182883 5 139.768 0.388| 0.612| 0.438| 0.464| 0355 0139 089 0780
rs251934 5 191.986 0.380| 0.620| 0.457| 0478 0363 0.153 0921 0807
rs338882 5 199.640 0.405| 0.595| 0.548| 0.500| 0.374| 0.233| 1.106| 1.000
rs13218440 6 26.505 0.394| 0.606| 0457 0.464| 0355 0153 0921 1.000
rs1336071 6 100.651 0.364| 0.636| 0.476| 0.502| 0375 0.168 00955 1.000
rs214955 3 159.848 0.359| 0.641| 0.429| 0491| 0369 0132 0875 1.000
rs727811 6 180.057 0.356| 0.644| 0.429| 0493 0371| 0132 0875 0323
rs6955448 7 6.160 0.410| 0.500| 0.288| 0.428| 0335 0.059 0703 0.012
15917118 7 7.494 0.440| 0.560| 0.400| 0.402| 0320| 0114 0833 1.000
rs321198 7 145.378 0.430| 0.570| 0.543| 0472 0359| 0.228 1.094| 0074
rs737681 7 181.920 0.374| 0.626| 0.438| 0478 0363 0139 0890 1.000
rs763869 8 1.957 0.405| 0.595| 0.552| 0.502| 0.375| 0.238| 1.117| 0818
rs10092491 8 56.017 0.350| 0.650| 0.438| 0502 0375| 0.139| 0890 1.000
152056277 8 156.441 0.492| 0.508| 0.362] 0.344| 0284 0.092| 0784 1.000
rs4606077 8 166.567 0.488| 0.512| 0.371| 0.349| 0.287| 0097 0.795 1.000
rs1015250 ] 4.302 0.508| 0.492| 0.333] 0327 0273| 0.078| 0750 1.000
rs7041158 9 53.006 0.446| 0.554| 0.543| 0456 0351| 0.228 1.094| 0410
rs1463729 9 136.053 0377 | 0623 | 0.486| 0493 | 0371| 0.175| 0572 1.000
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rs1360288 9 137.914 0412 | 0588 | 0448 | 0.443| 0344 0746 0.905| 1.000
rs10776839 9 155.845 0378 0.622| 0495| 0.497| 0.372| 0183 099 1.000
rs826e472 10 3.569 0382 0.618| 0419 | 0.464| 0.355| 0.126| 0861| 0129
rs735155 10 6.796 0399 | 0601 | 0.524| 0491 0369 0209| 1.050| 1.000
rs3780962 10 38.187 0408 | 0592| 0505| 0.472| 0359 0.392| 1.010| 0.466
rs740598 10 143.729 0.402| 0598 | 0.524| 0.488 | 0368 0209| 1.050| 0.466
rs964681 10 175.669 0.369 | 0.631| 0476 0.497| 0372| 0.68| 0.955| 0.606
rs1498553 11 11.572 0.360 | 0.640 | 0467 | 0.502| 0.375| 0.160| 0.938 0146
rs901398 1 20.235 0471 0.529| 0343 | 0.365| 0.297| 0.083| 0.761| 0725
rs10488710| 11 119.996 0357 | 0.643| 0457| 0.501| 0.374| 0.153| 0.521| 0.633
rs2076848 n 157.844 0.400 | 0.600| 0.543| 0.502| 0375 0.228| 1.094| 0318
12107612 12 2.140 0.430| 0570| 0410| 0.414| 0327 0.720| 0.847| 0745
rs2269355 12 17.707 0373 | 0627 | 0495| 0.502| 0375| 0.183| 0.991| 1.000
rs2920816 12 56.272 0.420| 0.580| 0.544 | 0.482| 0364 0229| 1.096| 1.000
rs2111980 12 124.518 0382 | 0618 0.505| 0.498| 0373| 0192| 1.010] O0.819
rs10773760| 12 168.442 0357 | 0643 | 0448 | 0.498| 0373 0.746| 0.905| 0157
151335873 13 2118 0353 | 0647 | 0400 0.489| 0368| 0114| 0833] 0.024
rs1886510 13 4.799 0412 | 0588 | 0562 | 0.502| 0.375| 0.248| 1.141| 0137
rs1058083 13 94.111 0.421| 0579| 0.419| 0426 0334| 0726| 0.861| 1.000
rs354439 13 107.295 0.407 | 0599 | 0,543 | 0.501| 0374| 0228| 1.094] 0316
rs1454361 14 17.199 0356 | 0.644| 0457 | 0.502| 0375| 0.153| 0921| 0229
rs722290 14 47.503 0357 | 0.643| 0457 | 0.502| 0.375| 0.153| 0921 0627
rs873196 14 104.004 0.408| 0.592| 0.476| 0.459| 0352| 0.168| 0.955| 0812
rs4530059 14 114.517 0.408 | 0.592| 0.505| 0.472| 0.35%| 0192| 1.010| 0.788
rs1821380 15 53.240 0.405| 0.595| 0,552 | 0.502| 0.375| 0.238| 1.117| 0610
rs8037429 13 64.450 0.406 | 0.594| 0.543| 0.496| 0372| 0.228| 1.094| 0339
51528460 15 66.372 0.433| 0567 | 0476 0.433| 0338| 0.168| 0.955| 0433
rs729172 16 11.313 0.421| 0579 0,543 | 0.480| 0364 0228| 1.094| 0792
rs2342747 16 11.861 0.435| 0.565| 0495| 0.440| 0342 0183 099 0.447
rs430046 16 97.209 0390 | 0610 0486 | 0.480| 0.364| 0175| 0972| 0793
rs1382387 6 103.726 0.429| 0577 | 0381 | 0.410| 0325 0703| 0.808| 0.566
rs9905977 17 8.280 0433 | 0.567 | 0448 | 0422| 0.332| 0.146| 0.905 1.000
rs740910 17 13.409 0412 | 0.588| 0448 | 0.443| 0344 0746 0.905| 1.000
rs938283 ik 120.308 0.587 | 0.413| 0276 | 0.253| 0220 0.054| 0.691| 1.000
rs8078417 17 127.751 0.440 | 0.560| 0457 | 0.418| 0330 0153| 0921 0.772
rs1493232 18 3.667 0397 | 0603| 0390 0.443| 0344 0708| 0.820| 05637
rs9951171 18 28.534 0372| 0628 0476| 0495| 0371 0.168| 05855 1.000
rs1736442 8 74,557 0.405| 0.595| 0.500| 0.472| 0360, 0.188| 1.000| 0773
rs1024116 18 112.789 0.447 | 0553 | 0,600 | 0.496) 0372| 0291 1.250| 02371
rs719366 19 49.407 0399 | 06071 | 0,505| 0.480| 0.364| 0.192| 1.010| 1.000
rs576261 19 63.837 0377 0623 | 0486 0493 0371 0175| 0872 0792
rs1031825 20 12.795 0.419| 0581 | 0481 | 0.449| 0347 0371| 0.963| 0757
rs445251 20 35.366 0374 | 0626 0.495| 0.501| 0.374| 0.183| 0991 O0.600
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rs1005533 20 58.015 0.389 | 0.6771 | 0.524 | 0,507 | 0.374 | 0.209 | 1.050 | 1.000
rs1523537 20 77.584 0.371 | 0.629 | 0.486 | 0.499 | 0.374 | 0.175 | 0.972 | 0.469
rs722098 21 4.540 0.513 | 0.487 | 0324 | 0.322 | 0.269 | 0.074 | 0.739 | 1.000
rs2830795 21 27.348 0.495 | 0.505 | 0387 | 0.344 | 0.284 | 0.103 | 0.808 | 1.000
rs2831700 21 29.397 0.411 | 0.589 | 0.514 | 0.474 | 0.360 | 0.200 | 1.029 | 0613
rs914165 21 50.554 0391 | 0.609 | 0.467 | 0.472 | 0.359 | 0.160 | 0.938 | 0.613
rs221956 21 54.769 0418 | 0.582 | 0.448 | 0437 | 0.340 | 0.146 | 0.905 | 1.000
rs733164 22 31.366 0.415 | 0.585 | 0.410 | 0.429 | 0.336 | 0.120 | 0.847 | 0777
rs987640 22 37.654 0.397 | 0.603 | 0.519 | 0.4971 | 0.369 | 0.205 | 1.040 | 0.592
rs2040411 22 62 887 0.379 | 0.621 | 0.390 | 0.461 | 0.354 | 0,108 | 0.820 | 1.000
rs1028528 22 64.137 0486 | 0.574 | 0333 | 0.349 | 0.287 | 0.078 | 0.750 | 0.193
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ABSTRACT ARTICLE HISTORY
Single nucleotide polymorphism (SNP) data can be used to infer the Received 3 February 2025
biological sex, externally visible characteristics (EVCs) and biogeo- Accepted 23 March 2025

graphical ancestry (BGA) of an unknown individual. There are multi-

fezlle \ KEYWORDS

ple pipelines available that can be used to generate these Biogeographical ancestry;
inferences and provide investigative leads for law enforcement to single nucleotide
pursue. It is important for inference pipelines to be evaluated within polymorphism; externally

a population representative of the intended jurisdiction prior to visible characteristics;
casework implementation. This study presents the performance of biological sex; forensic DNA
several pipelines using an Australian study population with self- phenotyping
declared biological sex, eye colour, hair colour and recent ancestry.

The proportion of consistent results for EVC inference was higher

for the HirisPlex online tool using published interpretation guide-

lines for eye colour (97%) and hair colour (80%) when compared to

the MiSeq FGx® Universal Analysis Software (UAS) for eye colour

(74%) and hair colour (69%). For inferring BGA, a principle coordi-

nate analysis pipeline produced the most consistent results when

compared to self-declared data (86%). This was improved to 90%

when inconclusive results obtained from admixed individuals were

analysed with Structure. This study highlights the strengths and

limitations of multiple inference pipelines to assist in the develop-

ment of interpretation and reporting guidelines for Australian

applications.

1. Introduction

Forensic genomics can be utilized to generate DNA intelligence when database searches
fail to identify a DNA sample of an unknown individual, thus providing new investigative
leads'2. Single nucleotide polymorphisms (SNPs) are single base pair variants that can be
used to infer the biological sex, externally visible characteristics (EVCs) and biogeogra-
phical ancestry (BGA) of an individual. Using massively parallel sequencing (MPS), it is
possible to sequence millions of reads from multiple samples in a single run and derive
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a single DNA genotype containing various classes of SNPs that can be analysed to
generate various intelligence information®.

For the generation of DNA intelligence, phenotype-informative SNPs (piSNPs) and
ancestry-informative SNPs (aiSNPs) are increasingly considered to offer investigative
leads for forensic casework applications. For example, by inferring an unknown person’s
biological sex, eye colour, hair colour and recent ancestry, physical traits such as pigmen-
tation can be incorporated into a craniofacial reconstruction of unidentified human
remains, narrowing the pool of potential candidates®™. There are several forensic DNA
panels available that assess multiple classes of SNPs, allowing for these inferences to be
generated in a single workflow”™'".

The biological sex of an unknown individual can be inferred through routine forensic
DNA techniques such as DNA quantification and short tandem repeat (STR) typing. A DNA
quantification workflow typically includes a male-specific target from the Y chromosome
to indicate the presence of male DNA'% Autosomal STR typing kits incorporate biological
sex inference through the amplification of an insertion/deletion (indel) in the Amelogenin
gene, which has different variants on the X and Y chromosomes, as well as the inclusion of
Y chromosome STRs (Y STRs)'>. Many MPS panels also include a selection of Y STRs and/or
X chromosome STRs (X STRs) to infer the biological sex of the DNA donor®'°.

In order to infer an individual's BGA, ancestry-informative SNPs (aiSNPs) with low
heterozygosity and high population heterogeneity are required'”. Ideally, these SNPs
have alleles that are shared by individuals within a population group but not with other
population groups'*'>. BGA inference requires a panel of these aiSNPs, a reference
database consisting of populations with genotypes of individuals who have known
ancestry and a prediction algorithm that compares an unknown person’s genotype to
the reference database. The Kidd Lab Panel of 55 aiSNPs is the most widely used set for
BGA inference, and its utility has been demonstrated using a number of prediction
algorithms'*16.

Multidimensional scaling (MDS) or dimensionality reduction methods use eigenvalue
decomposition to reduce the genotypes of a collection of individuals to two or three
coordinates in a two- or three-dimensional (2D or 3D) space to explain the variance
amongst genotypes'”. Principle component analysis (PCA) requires a numerical represen-
tation of genotypes and is limited to biallelic genotypes to preserve the genetic distances
between variants'®'?, The resulting scatter plot visualizes the samples and their genetic
distances from one another based on the derived coordinates. The Universal Analysis
Software (UAS; Verogen) has an inbuilt PCA algorithm that generates a 2D plot'2, In this
plot, individuals with genetic similarity will cluster together, reflecting different popula-
tion groups.

However, clusters that cannot be differentiated in a 2D plot, like that produced by the
UAS, may become differentiated by plotting a third dimension. Principle coordinate
analysis (PCoA) requires an input matrix of genetic distances which can account for tri-
and tetra-allelic SNPs, allowing for more flexibility than the PCA method®. As for PCA,
a 2D or 3D plot can then be generated and individuals with genetic similarity will cluster
together.

Another category of BGA prediction algorithms are model-based likelihood estimators
which are more appropriate for inferring admixture'”. Structure is an algorithm that
estimates the proportion of genetic contributions to a matrix of genotypes from
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K multiple ancestral population groups®'?%. Using a Bayesian updating framework,
Markov chain Monte Carlo (MCMC) simulations adjust model parameters until the like-
lihood function for the genotype matrix is maximized®'2 The estimated ancestral
population contributions for the questioned genotype are compared with those for
reference genotypes with known ancestry in order to infer the BGA of the questioned
genotype'’.

The Forensic Research/Reference on Genetics-knowledge base (FROG-kb) is
a forensic application of the Allele FREquency Database (ALFRED) that calculates the
probability of observing a genotype within each population in the database, com-
monly known as a random match probability (RMP)?*?*. The populations are ranked
by RMP, with genotypes more likely to be observed in populations exhibiting higher
RMPs.

The inference of externally visible characteristics (EVCs) has similar requirements
to BGA: a panel of piSNPs, a reference database consisting of genotypes of
individuals with known phenotypes, and a prediction algorithm. For EVC inference,
the HirisPlex panel, which consists of 24 piSNPs, can be used to infer hair and eye
colour®*?7, EVCs are inferred using a multinomial logistic regression (MLR) model
that associates categorical phenotype (i.e. hair colour, hair shade and eye colour)
with reference genotypes that have known EVCs. The probability of each pheno-
type is reported as a p-value (not to be confused with statistical significance). The
UAS has an inbuilt MLR algorithm with a fixed reference database of individuals
with known EVCs and reports p-values for hair and eye colours'®. Similarly, the
HirisPlex System also uses MLR and a private database to report p-values for hair
and eye colours, as well as hair shades® %',

In this study, DNA from several individuals with varying eye colour, hair colour and
ancestry was genotyped to evaluate the application of these inference pipelines in an
Australian population. The inferences were compared against the self-declared informa-
tion provided by the volunteers to assess the suitability of various inference algorithms for
generating reliable and actionable DNA intelligence that could assist in identifying an
unknown individual.

2. Methods
2.1. Ethics approval and sample procurement

This research was approved by the University of Technology Sydney (UTS) Human
Research Ethics Committee (HREC; UTS HREC NO. ETH21-5821). Volunteers pro-
vided self-administered buccal swabs and completed a questionnaire to provide
their self-declared biological sex, eye colour, hair colour (at 20years old) and
ancestry (of themselves, their parents and their grandparents; Supplementary
Material 1). DNA was extracted following the manufacturer's recommended proto-
cols with the EZ1® DNA Investigator Kit (QIAGEN) on the EZ1® Advanced XL
(QIAGEN)?®. Extracted DNA was subject to DNA quantification, STR profiling and
SNP genotyping as indicated in Table S1.
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2.2. DNA quantification

All samples were quantified using the Quantifiler™ Trio DNA Quantification Kit (Thermo
Fisher Scientific) on the QuantStudio™ 5 Real-Time PCR System (Thermo Fisher
Scientific) following the manufacturer's recommended protocols'*?°. This kit quanti-
fied 80 bp small autosomal (SA), 214 bp large autosomal (LA) and 75 bp male-specific
targets and a degradation index (DI) was calculated from the ratio of SA and LA target
concentrations.

2.3. STR profiling

Some samples underwent STR profiling using the GlobalFiler™ PCR Amplification Kit
(Thermo Fisher Scientific; n = 25)'%. Amplification was performed on the Veriti™ 96-Well
Fast Thermal Cycler (Thermo Fisher Scientific) with a 29 cycle protocol. The SA target
concentration was used to calculate the required input volume of extracted DNA for a 1.0
ng DNA input template amount. Capillary electrophoresis was performed on the 3500xL
Genetic Analyser (Thermo Fisher Scientific) and genotyped with GeneMapper™ [D-X
v1.6°%3!, The analytical threshold was 225 RFU and the homozygous threshold was
1000 RFU.

2.4. Library preparation and sequencing with the ForenSeq® DNA Signature Prep
Kit

The ForenSeq® DNA Signature Prep Kit (QIAGEN) targets 24 piSNPs, 56 aiSNPs (of
which two are also piSNPs), 24 Y STRs, 7 X STRs, 27 autosomal STRs, 94 identity-
informative SNPs (iiSNPs) and Amelogenin'®, Samples were diluted based on the SA
target concentration to deliver 1.0 ng in 5pL (0.2 ng/pL) and underwent manual
library preparation following the manufacturer’s recommended protocol with primer
mix B (n=57). Samples were prepared in batches of 14 samples with a positive
control (PC; 2800 M Control DNA (Promega)) and a negative control (NC; nuclease-
free water). Sequencing was performed on the MiSeq® FGx Sequencing System
(QIAGEN) using the MiSeq® FGx Reagent Kit (QIAGEN) with a standard flow cell
(SFC)**23. The results were analysed on the UAS v1.3 using the default analytical
and interpretation thresholds and exported in the Sample Details Report and
Phenotype Estimation Report®*.

2.5. Library preparation and sequencing with the ForenSeq® Kintelligence Kit

The ForenSeq® Kintelligence Kit (QIAGEN) targets the same piSNPs, aiSNPs and
iiSNPs as the ForenSeq® DNA Signature Prep Kit, as well as an additional 85
Y SNPs, 106 X SNPs and 9,687 kinship-informative SNPs**>, Samples were diluted
based on the SA target concentration to deliver 1.0 ng in 25 puL (0.04 ng/uL) and
libraries were prepared following a modified protocol (n=16)*°. Samples were
prepared in batches of up to 12 samples with a PC (NA24385 Control DNA
(Coriell Institute)) and NC (nuclease-free water) and sequenced in batches of 3
samples on the MiSeq® FGx Sequencing System with the MiSeq® FGx Reagent Kit
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Table 1. Criteria for inferring biological sex for each genotyping assay. The criteria for the ForenSeq®
DNA signature prep kit and ForenSeq® kintelligence kit are as defined by the manufacturer'®**,

Method Male Female Inconclusive

Quantifiler™ Trio Y chromasome target Y chromosome target All targets below detection threshold
DNA concentration above concentration below
Qulazntiﬁcation detection threshold detection threshold
Kit

GlobalFiler™ PCR  Amelogenin typed XY and Amelogenin typed XX and  No alleles detected or the contributor
Amplification alleles typed at DYS391 no alleles typed at status is a mixture
Kit" and Y indel DYS391 and Y indel

ForenSeq® DNA >3 X STRsand >3 Y STRs >3 X STRsand < 3 Y STRs  Negative control, the contributor
Signature Prep typed typed status is a mixture, < 3 X STRs typed
Kit'® or < 3Y STRs typed

ForenSeq® >10 Y SNPs typed No Y SNPs typed and call Negative control, the contributor
Kintelligence rate > 50% status is a mixture or male and
Kit** female criteria are not met

and SFC. The results were exported from the UAS v2.5 in Sample Reports and
analysed using published optimized thresholds with a Microsoft Excel macro®.
The SNP profiles were manually edited on the UAS to be consistent with the
genotypes generated with the optimized thresholds and the Phenotype and
Ancestry Reports were exported.

2.6. Inference of biological sex

Biological sex was inferred from results obtained from quantification, STR profiling and
SNP profiling. Table 1 defines the criteria for inferring whether the DNA donor was
biologically male or female, or whether the biological sex was inconclusive.

2.7. Inference of hair and eye colour

EVCs were inferred for each sample using either the ForenSeq® DNA Signature Prep
Kit or the ForenSeq® Kintelligence Kit as the same 24 piSNPs are targeted by both
kits. The in-built UAS MLR pipeline was assessed using the exported Phenotype
Estimation Report (UAS v1.3, ForenSeq® DNA Signature Prep Kit) and Phenotype &
Ancestry Report (UAS v2.5, ForenSeq® Kintelligence Kit). The EVC inferences were
made with maximum p-value for each category of eye colour (blue, intermediate
and brown) and hair colour (red, blond, brown and black). P-values were unable to
be generated by the UAS unless all 24 piSNPs were typed.

The piSNPs were uploaded to the HlrisPlex online tool to report p-values and
area under the receiver operating characteristic curve (AUC) values to account for
information loss in partial profiles®”. As a result, samples that only yielded partial
piSNP profiles were able to be analysed with the HIrisPlex online tool. Hair colour
was inferred from the p-values for the hair colours (red, blond, brown and black)
and hair shade (light and dark) using the Enhanced Model Version 1 Prediction
Guide by Walsh et al.; the final inferences were either red, blond, blond or brown,
brown, brown or black or black?’. If maximum eye colour p-value exceeded 0.9,
that eye colour was inferred. However, if the maximum eye colour p-value was less
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Table 2. Counts of self-
declared hair colours of

volunteers.
Hair Colour Count
Red 2
Blond 5
Dark Blond 1"
Brown 32
Dark Brown 20
Black 3

Table 3. Counts of self-
declared eye colours of

volunteers.
Eye Colour Count
Blue 30
Grey® 2
Green® 8
Hazel® 9
Brown 24

*Categorised as blue.
PCategorised as intermediate.

Table 4. Performance metrics used to assess EVC
inferences. p=number of volunteers with
a particular EVC (positive); N = number of volunteers
without a particular EVC (negative); TP = number of
P for which EVC was correctly inferred (true positive);
TN =number of N for which EVC was correctly
inferred (true negative); FN = number of P for which
EVC was incorrectly inferred (false negative); FP =
number of N for which EVC was incorrectly inferred
(false positive).

Metric Formula
Sensitivity or true positive rate (TPR) r
Specificity or true negative rate (TNR) o
Positive predictive value (PPV) e
Negative predictive value (NPV) e
Balanced accuracy 1@E+

than 0.9, it was inferred that the DNA donor could have that eye colour or an
intermediate eye colour.

The EVC inferences were compared to the self-declared hair and eye colours of the
volunteers for consistency (Tables 2 and 3). The UAS and HlrisPlex pipelines were assessed
by calculating the performance metrics in Table 4.

2.8. Inference of biogeographical ancestry

BGA was inferred for each sample using either the ForenSeq® DNA Signature Prep Kit
or ForenSeq® Kintelligence Kit as the same 56 aiSNPs are targeted by both kits.
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Table 5. Population groups and inclusion criteria for each biogeographical ancestry (BGA) inference

method.

Method

Population Groups

Inclusion Criteria

Inconclusive Criteria

Universal Analysis
Software (UAS)

Principle
Coordinate
Analysis (PCoA)

African, East Asian and
European®

Sub-Saharan African, Middle
Eastern/North African,
QOceanian, American,
European, South Asian and
East Asian

Questioned genotype is closer
to the population cluster
centroid than at least one
other reference genotype
from that population

Questioned genotype is closer
to the population cluster
centroid than at least one
other reference genotype
from that population

Questioned genotype is
further from the population
cluster centroid than all
other reference genotypes
from that population

Questioned genotype is
further from the population
cluster centroid than all
other reference genotypes
from that population

Structure Sub-Saharan African, Middle A population is inferred as N/A
Eastern/North African, a major (> 50%) or a minor
QOceanian, American, (10-50%) contributor
European, South Asian and
East Asian
Forensic Resource  Sub-Saharan African, Middle  Populations included until the N/A
Reference on Eastern/North African, RMP decreases by at least
Genetics — Oceanian, American, a factor of 3
Knowledge Base European, South Asian, East
(FROG-kb) Asian, Asian®
Optimised Pipeline  Sub-Saharan African, Middle I sample is inconclusive with N/A

Eastern/North African,
Oceanian, American,
European, South Asian and
East Asian

PCoA, the sample is analysed
with Structure

?Admixed American not considered in this study.
"The 161 populations on FROG-kb for the KiddLab 55 aiSNPs were organized into eight population groups based on
geography and ethnicity. See Table 52 for population groupings.

Inferences were generated using four pipelines: UAS (PCA), PCoA, Structure and
FROG-kb (Table 5). The in-built PCA algorithm on the UAS plots the sample in
relation to three population groups (African, East Asian and European); however,
the Admixed American group was determined not to be relevant to an Australian
population and excluded from this study'®. Two principle coordinates were
considered.

For PCoA and Structure, reference population data was compiled from 2,262
individuals with known ancestries from 1000 Genomes, the HGDP-CEPH database
and the Simons Genome Diversity Project®>*™*'. PCoA was performed using the ‘ape:
Analyses of Phylogenetics and Evolution’ package in R and three principle coordi-
nates were considered*?***, The reference and questioned genotypes were
imported into the Structure software and analysed with the following parameter
settings: 10000 burnin repetitions 10,000 MCMC repetitions after burnin, Admixture
Model, Allele Frequencies Correlated and computation of the probability of the
data (for estimating K, the number of ancestral populations)?'?***, When running
the simulations, K was set to seven and with 10 iterations. Finally, the aiSNPs were
uploaded to FROG-kb in the format for the ‘KiddLab - Set of 55 Al SNPs’ to
generate RMP values for each population in the database®®?*.

The population groups and interpretation criteria for each BGA inference
method are detailed in Table 4. An ‘Optimised Pipeline’ was derived where samples
were analysed with PCoA and, if the results were inconclusive, the sample was
analysed with Structure.
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The inferences were compared to the self-declared ancestry of the volunteers
and determined to be consistent if all and only self-declared population(s) were
inferred, partially consistent if some of the self-declared population(s) were inferred
or all self-declared population(s) and additional populations were inferred, incon-
sistent if no self-declared population(s) were included or inconclusive if an infer-
ence could not be generated.

3. Results
3.1. Biological sex

The biological sex inferred by the samples analysed with the Quantifiler™ Trio
Quantification Kit (n=73), GlobalFiler™ PCR Amplification Kit (n=25) and ForenSeq®
DNA Signature Prep Kit (n=57) were consistent between methods and with the self-
declared sex (Table S2). However, the inference was inconclusive for two (12.5%) of the
samples analysed with the ForenSeq® Kintelligence Kit (n = 16) for which volunteers self-
declared as biologically female. Both profiles had two Y SNPs called with the coverage
ranging from 22 to 40 reads per SNP. The quantification and STR profiling of these
samples did not indicate contamination or a mixture that would result in an inconclusive
biological sex inference.

3.2. Eye colour

When analysed with the UAS, 74% of inferences were consistent with the self-
declared eye colour of the volunteers, while 23% were inconsistent (Figure 1, Table
S3). Of the inconsistencies, 94% were inferred as more likely to have brown or blue
eye colour when the individuals self-declared as having intermediate eye colour
(Figure 2). The remaining inconsistency was for an individual with self-declared
brown eye colour and all of the p-values reported by the UAS were less than 0.5
with blue eye colour having the maximum p-value (blue eye colour p=0.41,
intermediate eye colour p=0.25, brown eye colour p=0.34; Figure 2). There were
two samples with partial piSNP profiles (call rate of 80%) and the UAS was unable
to generate p-values.

The HlrisPlex pipeline generated more consistent inferences than the UAS, with
97% of genotypes resulting in eye colour inferences consistent with the self-
declared information (Figure 1, Table S3). Only two inferences were inconsistent:
one sample was inferred as brown eye colour by both HirisPlex and UAS (p=0.94),
despite the individual self-declaring intermediate eye colour (Figure 3); the second
inconsistency involved an individual with self-declared brown eye colour, where
the HIrisPlex pipeline inferred likely blue or intermediate eye colour and the UAS
pipeline inferred likely blue eye colour (Figure 3). Notably, 88% of the samples that
were inconsistent with the UAS pipeline produced consistent inferences with the
HirisPlex pipeline.

Table 6 shows the calculated sensitivity and specificity for each pipeline by eye colour.
For all eye colours, these values were equal to or higher for HirisPlex than for the UAS, with
the exception of specificity for intermediate eye colour.
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Figure 1. Externally visible characteristic (EVC) inference consistency with self-declared information of
the volunteers by method: universal analysis software (UAS) and HlrisPlex.

35

30
25
a Inferred
20
2 Eye Colour
2
E W Brown
15
Q u Blue
10
5

Blue Intermediate Brown
Self-Declared Eye Colour

Figure 2. Eye colours inferred using the universal analysis software (UAS) by the self-declared eye
colour of the volunteers.
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35

Inferred
Eye Colour

u Brown

® Brown or Intermediate

Genotypes

M Blue or Intermediate

H Blue

Blue Intermediate Brown
Self-Declared Eye Colour

Figure 3. Eye colours inferred using the HlrisPlex by the self-declared eye colour of the volunteers.

Table 6. Performance metrics for universal analysis software (UAS) and HIrisPlex methods by eye
colour category.

Sensitivity ~ Specificity Positive Predictive Negative Predictive Balanced

Eye Colour Method (TPR) (TNR) Value (PPV) Value (NPV) Accuracy
Blue UAS 1.00 0.83 0.82 1.00 091
HirisPlex 1.00 0.97 0.97 1.00 0.99
Intermediate  UAS 0.00 1.00 0.00 0.77 0.39
HirisPlex 0.97 0.97 0.97 0.97 0.97
Brown UAS 0.86 0.79 0.70 097 0.84
HlrisPlex 0.97 0.97 0.97 0.97 0.97

3.3. Hair colour

Hair colour inferences were less consistent than eye colour inferences for both pipelines
(Figure 1, Table S4). With the UAS, 69% of inferences were consistent with the self-
declared hair colour, while 80% were consistent when analysed with the HlrisPlex pipe-
line. The two samples with partial piSNP profiles that were unable to generate results in
the UAS pipeline and were therefore inconclusive, produced consistent inferences with
the HirisPlex pipeline.

All inconsistent inferences generated by the HlrisPlex pipeline were also inconsis-
tent for the UAS pipeline, of which 10 samples were from volunteers with self-declared
brown or dark brown hair colour and five were from those with self-declared blond or
dark blond hair colour (Figures 4, 5). An additional six samples had UAS inferences that
were inconsistent with the self-declared hair colour, of which five had self-declared
brown hair colour and one had self-declared red hair colour (Figure 4). For all hair
colours, the sensitivity and specificity for the HlrisPlex method was equal to or higher
than the UAS (Table 7).
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Figure 4. Hair colours inferred using the universal analysis software (UAS) by the self-declared hair
colour of the volunteers.
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Figure 5. Hair colours inferred using HirisPlex by the self-declared hair colour of the volunteers.

3.4. Biogeographical ancestry

The inferences generated using the PCoA pipeline had the highest consistency (86%) with
the self-declared data, followed by the UAS pipeline (84%; Figure 6). The inferences that
were partially consistent with the self-declared data (6% for PCoA, 8% for UAS) were due
to only one of the admixed populations being detected; for the UAS pipeline, this was due
to the population not being represented in the reference data (Figure 6, Table 8). Both
MDS methods yielded inconclusive results for six samples each (8%), with four samples in
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Table 7. Sensitivity and specificity for universal analysis software (UAS) and HIrisPlex methods by hair
colour category.

Hair Sensitivity ~ Specificity Positive Predictive Negative Predictive Balanced
Colour Method (TPR) (TNR) Value (PPV) Value (NPV) Accuracy
Red UAS 0.50 0.94 0.20 0.98 0.59
HlrisPlex 1.00 0.94 033 1.00 0.67
Blond UAS 0.67 0.80 0.48 0.90 0.69
HlrisPlex 0.71 0.89 0.67 0.91 0.79
Brown UAS 0.69 0.85 0.92 0.52 0.72
HirisPlex 0.81 0.86 093 0.64 0.79
Black UAS 1.00 0.96 0.50 1.00 0.75
HlrisPlex 1.00 0.96 0.93 1.00 0.96
100%
90%
80%
70%
60%
= Inconclusive
50% W Inconsistent
40% ® Partially Consistent
m Consistent
30%
20%
10%
0%
UAS PCoA Structure FROG-kb Optimised
Pipeline

Figure 6. Biogeographical ancestry (BGA) inference consistency with self-declared ancestry of the
volunteers by method: universal analysis software (UAS), principle coordinate analysis (PCoA), struc-
ture, forensic resource reference on genetics — knowledge base (FROG-kb) and the optimised pipeline.

Table 8. Categorization of biogeographical ancestry (BGA) results that were partially consistent with
the self-declared ancestry of the volunteers by method: universal analysis software (UAS), principle
coordinate analysis (PCoA), structure, forensic resource reference on genetics — knowledge base
(FROG-kb) and the optimized pipeline.

Optimised
Partially Consistent Inference UAS  PCoA Structure FROG-kb  Pipeline
Some populations from self-declared admixed individuals 0 0 1 5 1
detected and additional population(s) detected (1.37%) (6.85%)  (1.37%)
All populations from self-declared admixed individuals detected 0 0 2 3 2
and additional population(s) detected (2.74%)  (4.11%) (2.74%)
Population from self-declared non-admixed individual detected 0 0 18 37 0
and additional population(s) detected (24.66%) (50.68%)
Some populations from self-declared admixed individual 6 4 2 1 4
detected (8.22%) (5.48%) (2.74%) (1.37%)  (5.48%)
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common between the pipelines. All inconclusive results were derived from volunteers
with self-declared admixture.

The Structure pipeline produced consistent BGA inferences for 67% of samples, with 32%
being partially consistent and one sample exhibiting an inconsistent inference (Figure 6). In
one instance, structure inferred the BGA as likely Middle Eastern ancestry with over 90%
contribution, which was inconsistent with the self-declared European ancestry. FROG-kb was
the least consistent, with only 37% of inferences being consistent with the self-declared
ancestry and the remaining 62% being partially consistent. The majority of partially consistent
inferences were samples with self-declared non-admixed ancestry, with the results inferring
the self-declared population as well as additional populations (Table 8).

The optimized pipeline involved application of PCoA followed by Structure ana-
lysis for only those genotypes with inconclusive PCoA results, which improved the
overall proportion of consistent results to 90%. The remaining samples were partially
consistent with the self-declared ancestry and all inconclusive results were elimi-
nated. Three samples that were inconclusive with PCoA produced consistent infer-
ences for the self-declared admixed ancestry when analysed with Structure, while
the other three samples were partially consistent (Table 8). Overall, the inferences
were consistent across the five pipelines for 32% of the samples, with an additional
26% producing consistent inferences with UAS, PCoA, Structure and optimized
pipelines.

3.5. Discussion

In agreement with previous studies of non-Australian populations, the HirisPlex online
tool and associated published interpretation guidelines provide flexibility for analysing
partial profiles**?7, While the UAS uses the HlrisPlex model in an offline format and
generates similar p-values to the online tool, its functionality for inferring EVCs is limited
to samples with full piSNP profiles. Furthermore, additional information is provided by the
online tool to assist with interpretation, such as AUC values for each category and
p-values for hair shade® %,

Relatively high error rates for eye colour have been observed in other studies that rely
on the maximum p-value approach®*”*>%, These error rates were reduced following
recommendations to only make inferences when the maximum p-value exceeds 0.7;
however, this approach increases the likelihood of obtaining an inconclusive result®”*°,
In this study, uncertainty was incorporated by inferring both the highest p-value eye
colour and intermediate eye colour if the highest p-value did not exceed 0.90, increasing
the reliability of the inference pipeline. For reporting purposes, the conclusion that ‘the
eye colour of the individual is likely to be brown or intermediate’ could alternatively be
written as ‘the eye colour of the individual is not likely to be blue’.

In previous studies, intermediate eye colours were the most difficult to infer as p-values
tend to favour blue or brown eye colours®”°, In this study, 17 individuals self-declared
green or hazel eye colours. The p-values generated by the HirisPlex online tool for
intermediate eye colour ranged from 0.05 to 0.34 and were never the maximum p-value
produced. The sensitivity and specificity for inferring intermediate eye colour using the
HlrisPlex online tool with the maximum p-value approach at the time of writing was 0.001
and 0.999, respectively®”. However, after applying the additional thresholds in this study
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to incorporate the possibility of intermediate eye colour in the inference, both sensitivity
and specificity metrics were 0.97.

Inferring hair colour of an individual was more difficult than for eye colour and the
consistency with self-declared data was lower. Prediction guidelines published by Walsh
et al. incorporate a spectrum of hair colours®”. Unlike the UAS, the HirisPlex online tool
generates p-values for inferring light and dark hair shades which can be used to further
refine the hair colour inference with the published decision tree (i.e. dark blonde, light
brown and dark brown hair colour inferences)?’. These additional categories increased
the consistency of the hair colour inferences generated by the HirisPlex online tool
compared to the in-built UAS tool.

The majority of volunteers in this study (93%) self-declared having blond or brown hair
colour at 20 years old, reducing the impact of environmental and age-related hair colour
changes. Both pipelines generated similar results, with the majority of inferences indicat-
ing blond or brown hair (UAS pipeline: 83%; HIrisPlex: 85%). Red hair colour had the
lowest PPV for both pipelines (UAS: 0.20; HirisPlex: 0.33), as four individuals with self-
declared blond or brown hair colour were incorrectly inferred as likely having red hair. The
proportion of individuals with self-declared blonde or brown hair colour who were
inferred as having red hair was higher in this study than observed in previous
studies27454748

Other studies have previously shown a correlation between pigmentation for hair, eye
and skin colour and BGA*?*°. The majority (81%) of volunteers in this study had self-
declared European ancestry with no recent admixture. Other self-declared populations
included East Asian (2.7%), South Asian (2.7%) and individuals with self-declared recent
admixture (13%). The most important component of BGA inference is the suitability of the
reference database for the jurisdiction. The UAS was designed primarily for American
populations, with a 2D PCA plot of three super populations and one superimposed
population representing admixed American individuals. This latter population was not
deemed relevant for an Australian application of this pipeline.

The MDS approaches (UAS and PCoA) produced BGA inferences most consistent with
the self-declared ancestries of the volunteers but were unable to infer admixture. The
bespoke reference database used for PCoA represented a greater number of population
groups and allowed for an additional PC, which was important for distinguishing between
clusters®'. BGA inferences for individuals with self-declared recent admixture, when
analysed with PCoA, were either inconclusive (60%) or partially consistent (40%). The
partially consistent inferences included the major ancestral contributor, where three
grandparents were from the same population group and the fourth was from
a different population group. The Structure and FROG-kb pipelines were more likely to
infer multiple population contributions. When applying the same bespoke reference
database as for PCoA, Structure helped to interpret the inconclusive results using PCoA
in the optimized pipeline proposed in this study.

One limitation of BGA inferences is that they are currently restricted to continental
population groups. Inference of subcontinental BGA will require the selection of DNA
markers designed to reflect fine scale genetic distances within these populations®?.
Furthermore, Structure and FROG-kb often inferred both European and Middle Eastern
ancestry for individuals with self-declared European ancestry only, likely due to the close
geographic proximity of these regions. Use of these inferences in forensic casework will
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require careful consideration of the risks associated with potential misinterpretation and
misuse of the intelligence.

4. Conclusions

Where an identification cannot be achieved through direct comparison or database
searching with STR profiles, inferences of biological sex, EVCs and BGA from SNP genotypes
can assist law enforcement in reducing a pool of potential candidates for either a coronial
or criminal investigation. The in-built UAS algorithms for hair and eye colour inference did
not perform as well as the HirisPlex online tool due to the limitation that all piSNPs must be
typed in order to generate p-values. For BGA inferences, the PCoA method using our
curated reference database was the highest performing pipeline but was unable to infer
admixture. However, Structure was effective in refining BGA inferences for individuals with
self-declared admixture that produced inconclusive results using PCoA, when integrated
into an optimized analysis pipeline. By combining these inference methods, the interpreta-
tion and reporting of DNA intelligence can be improved for Australian jurisdictions.

Acknowledgments

The authors would like to thank the volunteers for providing their DNA and associated meta data for
this study.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This research was funded by the Australian Federal Police (AFP) Innovation Fund and the AFP
National DNA Program for Unidentified and Missing Persons. Jessica L Watson is supported by an
Australian Government Research Training Program Scholarship.Institutional Review Board
Statement.This study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Ethics Committee of University of Technology Sydney (UTS) Human Research
Ethics Committee (HREC) (UTS HREC NO. ETH21-5821).

ORCID

Jessica L Watson (2} http://orcid.org/0000-0002-4649-3395
Kelly Grisedale (i) http://orcid.org/0009-0000-3869-2725
Jodie Ward (i) http://orcid.org/0000-0001-9359-9806
Dennis McNevin (2) http://orcid.org/0000-0003-1665-3367

Author contributions

Conceptualization: J.LW, D.M., KG. and JW.; Methodology: JLW., D.M. KG. and JW.; Formal
Analysis: J.LW, D.M. and K.G,; Writing - Original Draft Presentation: J.LW, Writing — Review &
Editing: J.LW., D.M,, K.G. and J.W,; Supervision: D.M. and J.W.; Funding Acquisition: J.W.

Page | 177



16 (&) J.L WATSON ET AL.

Informed consent statement

Written informed consent was obtained from all volunteer sample donors involved in this study.

Data availability statement

Data are stored at the Australian Federal Police and may be made available to approved entities
upon written request and subject to consent provisions.

References

1. Kayser M, Branicki W, Parson W, Phillips C. Recent advances in forensic DNA phenotyping of
appearance, ancestry and age. Forensic Sci Int Genet., 2023;65:102870. doi:10.1016/jfsigen.
2023.102870

2. Kayser M, De Knijff P. Improving human forensics through advances in genetics, genomics
and molecular biology. Nat Rev Genet. 2011;12(3):179-192. doi:10.1038/nrg2952

3. Novroski NMM. The use of massively parallel sequencing in forensic DNA typing: what will the
future hold? Forensic Sci Virtual Event Ser 2020. 2020. https://www.labroots.com/webinar/
massively-parallel-sequencing-forensic-dna-typing-future-hold?srsltid=
AfmBOopADFEeqo4piWgzUQ5ulPoEtq7Qbft9aav8ZpBoFEW_SJ6D4Fse

4. Chaitanya L, Iz P, Walsh S, J B, Zupanc T, Kayser M. Bringing colour back after 70 years:
predicting eye and hair colour from skeletal remains of world war ii victims using the hirisplex
system. Forensic Sci Int Genet. 2017;26:48-57. doi:10.1016/j.fsigen.2016.10.004

5. Draus-Barini J, Walsh S, Pospiech E, Kupiec T, Glab H, Branicki W, Kayser M. Bona fide colour:
DNA prediction of human eye and hair colour from ancient and contemporary skeletal
remains. Investig Genet. 2013;4(1):3. doi:10.1186/2041-2223-4-3

6. Watherston J, McNevin D, Gahan ME, Bruce D, Ward J. Current and emerging tools for the
recovery of genetic information from post mortem samples: new directions for disaster victim
identification. Forensic Sci Int Genet. 2018;37:270-282. doi:10.1016/j.fsigen.2018.08.016

7. lon ampliseq ngs panels for targeted sequencing. 2024. [accessed 2024 14 March]. https://
www.thermofisher.com/au/en/home/life-science/sequencing/next-generation-sequencing
/ion-torrent-next-generation-sequencing-workflow/ion-torrent-next-generation-sequencing
-select-targets/ampliseq-target-selection.html

8. 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. Genes. 2021;12(12):1968. doi:10.1101/2021.11.30.470354

9. Antunes J, Walichiewicz P, Forouzmand E, Barta R, Didier M, Han Y, Perez JC, Snedecor J,
Zlatkov C, Padmabandu G. 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

10. Verogen. Forenseq DNA signature prep reference guide. ForenSeq DNA signature prep kit.
2020.

11. Verogen. Forenseq imagen kit. 2022.

12. Thermo Fisher Scientific. Quantifiler™ hp and trio DNA quantification kits user guide. Life
Technologies. 2017.

13. Thermo Fisher Scientific. Globalfiler pcr amplification kits. Life Technologies. 2019.

14. Kidd JR, Friedlaender FR, Speed WC, Pakstis AJ, La Vega Fm D, Kidd KK. Analyses of a set of 128
ancestry informative single-nucleotide polymorphisms in a global set of 119 population
samples. Investig Genet. 2011;2(1):1. doi:10.1186/2041-2223-2-1

15. Sanchez JJ, Phillips C, Bersting C, Balogh K, Bogus M, Fondevila M, Harrison CD, Musgrave-
Brown E, Salas A, Syndercombe-Court D, et al.A multiplex assay with 52 single nucleotide
polymorphisms for human identification. Electrophoresis. 2006;9(27):1713-1724. doi:10.
1002/elps.200500671

Page | 178



20.

21.

22.

23.

24,

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.
35.

36.

37.

AUSTRALIAN JOURNAL OF FORENSIC SCIENCES 17

. Kidd KK, Speed WC, Pakstis AJ, Furtado MR, Fang R, Madbouly A, Maiers M, Middha M,

Friedlaender FR, Kidd JR. Progress toward an efficient panel of SNPs for ancestry inference.
Forensic Sci Int Genet. 2014;10:23-32. doi:10.1016/j.fsigen.2014.01.002

. McNevin D. Forensic inference of biogeographical ancestry from genotype: the genetic

ancestry lab. Wiley Interdiscip Rev. 2020;2(2):e1356. doi:10.1002/wfs2.1356

. Verogen. 2021. Universal analysis software v2.0 and above, reference guide. Universal analysis

software.

. Gaspar HA, Breen G. Probabilistic ancestry maps: a method to assess and visualize population

substructures in genetics. BMC Bioinf. 2019;20(1):1-11. doi:10.1186/512859-019-2680-1
Paradis E, Claude J, Strimmer K. Ape: analyses of phylogenetics and evolution in r language.
Bioinformatics. 2004;20(2):289-290. doi:10.1093/biocinformatics/btg412

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus
genotype data. Genetics. 2000;155(2):945-959. doi:10.1093/genetics/155.2.945
Porras-Hurtado L, Ruiz Y, Santos C, Phillips C, Carracedo A, Lareu MAn overview of structure:
applications, parameter settings, and supporting softwareFron Genet. 2013;4(98): 1-13.
doi:10.3389/fgene.2013.00098

Kidd KK, Soundararajan U, Rajeevan H, Pakstis AJ, Moore KN, Ropero-Miller JD. The redesigned
forensic research/reference on genetics-knowledge base, frog-kb. Forensic Sci Int Genet.
2018;33:33-37. doi:10.1016/j.fsigen.2017.11.009

Rajeevan H, Soundararajan U, Pakstis AJ, Kidd KK. Introducing the forensic research/reference
on genetics knowledge base, frog-kb. Investig Genet. 2012;3(1):18. doi:10.1186/2041-2223-
3-18

Chaitanya L, Breslin K, Zufiiga S, Wirken L, Pospiech E, Kukla-Bartoszek M, Sijen T, Knijff PD,
Liu F, Branicki W, et al. The hirisplex-s system for eye, hair and skin colour prediction from
DNA: introduction and forensic developmental validation. Forensic Sci Int Genet.
2018;35:123-135. doi: 10.1016/j fsigen.2018.04.004

Walsh S, Chaitanya L, Breslin K, Muralidharan C, Bronikowska A, Pospiech E, Koller J, Kovatsi L,
Wollstein A, Branicki W. Global skin colour prediction from DNA. Hum Genet. 2017;136
(7):847-863. doi:10.1007/s00439-017-1808-5

Walsh S, Chaitanya L, Clarisse L, Wirken L, Draus-Barini J, Kovatsi L, Maeda H, Ishikawa T,
Sijen T, De Knijff P, et al. Developmental validation of the hirisplex system: DNA-based eye
and hair colour prediction for forensic and anthropological usage. Forensic Sci Int Genet.
2014;9:150-161. doi:10.1016/j.fsigen.2013.12.006

QIAGEN. 2022. Ez1&2 DNA investigator kit.

Thermo Fisher Scientific. Quantstudio™ 5 real-time pcr instrument (for human identification)
user guide. Life Technologies. 2017.

Thermo Fisher Scientific. Applied biosystems 3500/3500x| genetic analyzer user guide. Life
Technologies. 2010.

Genemapper™ id-x software v1.6. 2024. [accessed 2024]. https://www.thermofisher.com/
order/catalog/product/A39975.

Verogen miseq fgx sequencing reagents. 2024. [accessed 2024 15 August]. https://www.
giagen.com/us/products/human-id-and-forensics/nextgeneration-sequencing/verogen-
miseq-fgx-sequencing-reagents

Verogen. 2021. Miseq fgx sequencing system reference guide. MiSeq FGx sequencing system.
Verogen. 2021. Universal analysis software v1.3, reference guide. Universal analysis software.
Verogen forenseq kintelligence kit. 2024. [accessed 2024 24 May]. https://www.giagen.com/
us/products/human-id-and-forensics/nextgeneration-sequencing/verogen-forenseq-
kintelligence-kit.

Watson JL, McNevin D, Grisedale K, Spiden M, Seddon S, Ward JOperationalisation of the
forenseq® kintelligence kit for Australian unidentified and missing persons casework. Forensic
Sci Int Genet. 2023;68: 102972. doi: 10.1016/j.fsigen.2023.102972

Hirisplex-s eye, hair and skin colour DNA phenotyping webtool. 2022. [accessed 2023 19
Aprill. https://hirisplex.erasmuscmc.nl.

Page | 179



18 (&) J.L WATSON ET AL.

38. Sudmant PH, Rausch T, Gardner EJ, Handsaker RE, Abyzov A, Huddleston J, Zhang Y, Ye K,
Jun G, Fritz M H-Y, et al. An integrated map of structural variation in 2,504 human genomes.
Nature. 2015;526(7571):75-81: doi: 10.1038/nature15394

39. Auton A, Abecasis GR, Altshuler DM, Durbin RM, Abecasis GR, Bentley DR, Chakravarti A,
Clark AG, Donnelly P, Eichler EE. Genomes Project Consortium. A global reference for human
genetic variation. Nature. 2015;526(7571):68-74. doi:10.1038/nature15393

40. Cann HM, De Toma C, Cazes L, Legrand MF, Morel V, Piouffre L, Bodmer J, Bodmer WF, Bonne-
Tamir B, Cambon-Thomsen A. A human genome diversity cell line panel. Science. 2002;296
(5566):261-262. doi:10.1126/science.296.5566.261b

41. Mallick S, Li H, Lipson M, Mathieson I, Gymrek M, Racimo F, Zhao M, Chennagiri N,
Nordenfelt S, Tandon A, et al. The Simons genome diversity project: 300 genomes from 142
diverse populations. Nature. 2016;538(7624):201-206. doi:10.1038/nature18964

42. R Core Team2020R: a language and environment for statistical computing, Vienna, Austria.

43. Paradis E, Bolker B, Claude J, Cuong HS, Desper R, Durand B, Dutheil J, Gascuel O, Heibl C,
Lawson D, et al. Ape: analyses of phylogenetics and evolution. R package version 5.5. 2021.

44, Pritchard JK. Structure software 2.3.4. California, United: Pritchard Lab, Stanford University;
2012. https://web.stanford.edu/group/pritchardlab/structuresoftware/releaseversions/v2.3.
4/html/structure.html

45. Salvo NM, Janssen K, Kirsebom MK, Meyer OS, Berg T, Olsen G-H. Predicting eye and hair
colour in a Norwegian population using Verogen's ForenSeq™ DNA signature prep kit.
Forensic Sci Int Genet. 2021;56:102620. doi:10.1016/j.fsigen.2021.102620

46. Walsh S, Liu F, Ballantyne KN, van Oven M, Lao O, Kayser M. Irisplex: a sensitive DNA tool for
accurate prediction of blue and brown eye colour in the absence of ancestry information.
Forensic Sci Int Genet. 2011;5(3):170-180. doi:10.1016/j.fsigen.2010.02.004

47. Walsh S, Liu F, Wollstein A, Kovatsi L, Ralf A, Kosiniak-Kamysz A, Branicki W, Kayser M. The
hirisplex system for simultaneous prediction of hair and eye colour from DNA. Forensic Sci
Int Genet. 2013;7(1):98-115. doi:10.1016/j.fsigen.2012.07.005

48. Carratto TMT, Marcorin L, Do Valle-Silva G, de Oliveira MLG, Donadi EA, Simbes AL, Castelli EC,
Mendes-Junior CT. Prediction of eye and hair pigmentation phenotypes using the hirisplex
system in a Brazilian admixed population sample. Int J Legal Med. 2021;135(4):1329-1339.
doi:10.1007/s00414-021-02554-7

49. Palmal S, Adhikari K, Mendoza-Revilla J, Fuentes-Guajarde M, de Cerqueira Ccs, Bonfante B,
Chacén-Duque JC, Sohail A, Hurtado M, Villegas V. Prediction of eye, hair and skin colour in
Latin americans. Forensic Sci Int Genet. 2021;53:102517. doi:10.1016/j.fsigen.2021.102517

50. CCSd C, Hiinemeier T, Gomez-Valdés J, Ramallo V, Volasko-Krause CD, Barbosa AAL, Vargas-
Pinilla P, Dornelles RC, Longo D, Rothhammer F, et al. Implications of the admixture process in
skin color molecular assessment. PLoS One. 2014;9(5):e96886. doi:10.1371/journal.pone.
0096886

51. Cheung EY, Gahan ME, McNevin D. Predictive DNA analysis for biogeographical ancestry. Aust
J Forensic Sci. 2018;50(6):1-8. doi:10.1080/00450618.2017.1422021

52. Schneider PM, Prainsack B, Kayser M. The use of forensic DNA phenotyping in predicting
appearance and biogeographic ancestry. Deutsches Arzteblatt Int. 2019;116(51):873. doi:10.
3238/arztebl.2019.0873

Page | 180



6.1

Supplementary Material

Supplementary Table 1: Quantification, STR profiling and SNP sequencing results for inferring biological sex

Quantification Results (QuantiFiler Trio)

STR Profiling Results
(GlobalFiler)

Self-Declared
Sample ID Small Large
R Autosomal Autosomal ‘;: ;‘St D":;ﬁn " Bi nll:::idsa: Amelogenin DYS391
Target (ng/pL) | Target (ng/L) H
Individual 1 Female 0.291 0.359 0.000 0.810 Female XX Absent
Individual 2 Female 0.020 0.006 0.000 3.333 Female XX Absent
Individual 4 Male 0.043 0.037 0.043 1.150 Male XY Present
Individual 5 Female 0.099 0.053 0.000 1.864 Female XX Absent
Individual 6 Male 0.726 0.443 0.461 1.637 Male XY Present
Individual 8 Male 0.297 0.203 0.293 1.465 Male XY Present
Individual 11 Female 0.221 0.095 0.000 2.317 Female XX Absent
Individual 13 Male 0.066 0.058 0.072 1.144 Male XY Present
Individual 14 Male 20.449 15.095 16.548 1.355 Male XY Present
Individual 15 Female 6.262 5.388 0.000 1.162 Female XX Absent
Individual 16 Female 3.907 3.996 0.000 0.978 Female XX Absent
Individual 21 Female 4.903 2.962 0.000 1.655 Female N/A N/A
Individual 23 Female 3.137 4758 0.000 0.659 Female XX Absent
Individual 40 Female 14.410 16.208 0.000 0.889 Female XX Absent
Individual 41 Female 6.774 7.607 0.000 0.891 Female N/A N/A
Individual 42 Male 7.617 6.902 7.938 1.104 Male N/A N/A
Individual 43 Female 21.095 31.369 0.000 0.672 Female XX Absent
Individual 44 Female 2.322 3.564 0.000 0.651 Female XX Absent
Individual 45 Female 1.859 1.938 0.000 0.959 Female XX Absent
Individual 46 Male 3.022 3.807 3.041 0.794 Male N/A N/A
Individual 47 Male 4.013 6.046 5.722 0.664 Male N/A N/A
Individual 48 Female 8.295 10.944 0.000 0.758 Female N/A N/A
Individual 49 Female 4.412 3.920 0.000 1.125 Female N/A N/A
Individual 50 Female 3.978 3.053 0.000 1.303 Female XX Absent
Individual 51 Male 3.508 3.367 3.287 1.042 Male N/A N/A
Individual 52 Female 14.156 14.547 0.000 0.973 Female N/A N/A
Individual 53 Female 9.525 9.913 0.000 0.961 Female XX Absent
Individual 55 Female 20.087 17.082 0.000 1.176 Female N/A N/A
Individual 56 Female 1.183 2.747 0.000 0.431 Female XX Absent
Individual 60 Female 1.165 1.332 0.000 0.874 Female N/A N/A
Individual 61 Female 1.339 0.811 0.000 1.652 Female N/A N/A
Individual 62 Female 1.887 2.289 0.000 0.824 Female N/A N/A
Individual 63 Female 5.520 7.049 0.000 0.783 Female N/A N/A
Individual 64 Male 1.633 1.426 1.406 1.145 Male N/A N/A
Individual 65 Female 1.052 1.260 0.000 0.836 Female N/A N/A
Individual 66 Female 1.925 0.657 0.000 2931 Female XX Absent
Individual 67 Female 0.351 0.329 0.000 1.070 Female XX Absent
Individual 68 Female 1.102 1.070 0.000 1.030 Female XX Absent
Individual 70 Female 1.336 0.494 0.000 2.706 Female XX Absent
Individual 71 Female 6.399 7.852 0.000 0.815 Female N/A N/A
Individual 72 Female 5.838 6.511 0.000 0.897 Female N/A N/A
Individual 73 Female 4.973 7.137 0.000 0.697 Female N/A IN/JA
Individual 74 Female 8.651 11.737 0.000 0.737 Female N/A N/A
Individual 75 Female 6.840 11.933 0.000 0.573 Female N/A N/A
Individual 76 Female 1.914 211 0.000 0.907 Female N/A N/A
Individual 77 Female 2.976 3.470 0.000 0.858 Female N/A N/A
Individual 78 Female 4.691 5.048 0.000 0.929 Female N/A N/A
Individual 79 Male 3.474 5.331 3.262 0.652 Male N/A N/A
Individual 80 Female 6.975 8.368 0.000 0.834 Female N/A N/A
Individual 81 Male 7.894 12.112 7.813 0.652 Male N/A N/A
Individual 82 Male 2.519 2.823 2.569 0.892 Male N/A N/A
Individual 83 Female 5.844 9.555 0.000 0.612 Female N/A N/A
Individual 84 Female 7.726 9.007 0.000 0.858 Female N/A N/A
Individual 85 Female 5.510 6.886 0.000 0.800 Female N/A N/A
Individual 86 Male 5.380 4.258 7.499 1.263 Male N/A N/A
Individual 87 Female 2.457 2.593 0.000 0.947 Female N/A N/A
Individual 88 Female 8.221 13.237 0.000 0.621 Female N/A N/A
Individual 89 Female 8.348 12.979 0.000 0.643 Female N/A N/A
Individual 90 Female 4.619 6.629 0.000 0.697 Female N/A N/A
Individual 91 Female 9.841 14.308 0.000 0.688 Female N/A N/A
Individual 92 Female 8.980 8.298 0.000 1.082 Female N/A N/A
Individual 93 Male 10.384 10.998 10.833 0.944 Male N/A N/A
Individual 94 Male 0.028 0.002 0.028 11.387 Male N/A N/A
Individual 95 Female 2.029 1.460 0.000 1.390 Female XX Absent
Individual 96 Female 2.529 3.164 0.000 0.799 Female N/A N/A
Individual 97 Male 9.256 10.533 9.958 0.879 Male N/A N/A
Individual 98 Female 10.112 10.572 0.000 0.956 Female N/A IN/A
Individual 99 Female 7.128 9.977 0.000 0.714 Female N/A N/A
Individual 100 Female 4.360 5.532 0.000 0.788 Female XX Absent
Individual 101 Female 9.606 12.608 0.000 0.762 Female N/A N/A
Individual 102 Male 5.874 6.086 5341 0.965 Male N/A N/A
Individual 103 Female 4.440 7.161 0.000 0.620 Female N/A N/A
Individual 104 Male 4.211 5.022 4.508 0.839 Male N/A N/A
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STR Profiling Results

(GlobalFiler) STR Profiling Results (DNA Signature Prep) SNP Results (Kintelligence)
Inferred X STRs Call Y STRs Call Inferred XSNPsCall | YSNPs cCall Inferred
Yindel | Biglogical sex | AMelogenin Rate Rate  |BiologicalSex|  Rate Rate | Biological Sex
Absent Female N/A N/A N/A N/A 98.11% 0.00% Female
Absent Female N/A N/A N/A N/A 94.34% 2.34% Inconclusive
Present Male N/A N/A N/A N/A 96.23% 92.94% Male
Absent Female XX 100.00% 0.00% Female N/A N/A N/A
Present Male N/A N/A N/A N/A 100.00% 100.00% Male
Present Male N/A N/A N/A N/A 100.00% 98.82% Male
Absent Female N/A N/A N/A N/A 100.00% 0.00% Female
Present Male N/A N/A N/A N/A 99.06% 100.00% Male
Present Male N/A N/A N/A Male 100.00% 100.00% Male
Absent Female N/A N/A N/A N/A 100.00% 0.00% Female
Absent Female N/A N/A N/A N/A 94.34% 2.35% Inconclusive
N/A N/A XX 100.00% 0.00% Female 100.00% 0.00% Female
Absent Female N/A N/A N/A N/A N/A N/A N/A
Absent Female N/A N/A N/A N/A 100.00% 0.00% Female
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
Absent Female IN/A N/A N/A N/A 100.00% 0.00% Female
Absent Female XX 100.00% 0.00% Female N/A N/A N/A
Absent Female N/A N/A N/A N/A 100.00% 0.00% Female
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
Absent Female N/A N/A N/A N/A 100.00% 0.00% Female
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
Absent Female N/A N/A N/A N/A 100.00% 0.00% Female
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
Absent Female N/A N/A N/A N/A 100.00% 0.00% Female
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
Absent Female N/A N/A N/A Female 100.00% 0.00% Female
Absent Female N/A N/A N/A Female 98.11% 0.00% Female
Absent Female N/A N/A N/A Female 100.00% 0.00% Female
Absent Female N/A N/A N/A Female 99.06% 0.00% Female
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XY 85.71% 54.17% Male N/A N/A N/A
Absent Female XX 100.00% .00% Female N/A N/A N/A
N/A N/A XX 100.00% .00% Female N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female IN/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
Absent Female XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
N/A N/A XX 100.00% 0.00% Female N/A N/A N/A
N/A N/A XY 100.00% 100.00% Male N/A N/A N/A
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Supplementary Table 2. The population groups made based on geography and ethnicity
of the 161 populations in the ‘KiddLab — Set of 55 AISNPs’ on Forensic Resource

Reference on Genetics — Knowledge Base (FROG-kb).

Population Group

Population

Admixed

African American(ASW)

African Americans

Afro-Ecuadorian

Sub-Saharan Africa

Biaka

Chagga

Esan(ESN)

Ethiopian Jews

Gambian(GWD)

Hausa

Ibo (Af

Lisongo

Luhya(LWK)

Masai

Mbuti

Mende(MSL)

Sandawe

Somali

Somalis

Yoruba

Yoruba(YRI)

Zaramo

Middle East / North
Africa

Arabs from Northern Irag

Chaldeans

Druze

Hazaras

Iranians

Iranians

Kairoun_Tunisia

Kerkennah,Tunisia

Kesra_Tunisia

Kurds

Kuwaiti

Lybia

Media_Tunisia

Nebeur_Tunisia

Palestinian Arabs

Pathan

Qatari

Samaritans

Saudi

Shabaks

Smar_South Tunisia

Sousse_Tunisia

Southern Tunisians

Syriacs

Turkish

Turkmen

Turks

UAE_Arabs

Yazidis

Yemenite Jews
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Population Group

Population

Europe

Adygei

Ashkenazi Jews

Basque

British(GBR)

Chuvash

Danes

Danes

Finns

Finns(FIN)

Greek Cypriots

Greeks

Hungarians

Iberian(IBS)

Irish

Khanty

Komi-Zyrian

Mixed Europeans

Mixed Europeans(CEU)

Norwegians

Roman Jews

Russians

Russians,Archangel'sk

Sardinian

Toscani(TSI)

Turkish Cypriots

Central Asia

Kazak

Khazaks

Kirghiz

Mohannas

Negroid Makrani

Tajiksr

South Asia

Bengali(BEB)

Gujarati(GIH)

Kachari

Keralite

Punjabi(PJL)

Sri Lankan Tamil(STU)

Telugu

Thoti

Va(Burma)

East Asia

Ami (East

Atayal

Bai (East

Baima Dee

Cambodian

Chengdu Tibetans

Chinese Dai(CDX)

Dai (East

Dong(Guangxi)

Hakka

Hakka(Meizhou)

Han Chinese(CHB)

Han Chinese(CHS)

Han(Guangdong)

Han(Guangxi)

Han(Guangzhou)
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Population Group

Population

East Asia

Han(Shaanxi)

Han(Shandong)

Han(Yunnan)

Hui(Ningxia)

Inner Mongolians

Japanese

Japanese

Jing(Guangxi)

Khamba Tibetan

Koreans

Koreans

Li (Asia

Liangshan Tibetan

Mainland Japanese

Malaysians

Miao(Guangxi)

Miao(Guizhou)

Mongols(Inner Mongolia)

Okinawa Japanese

Outer Mongolians

Qiang

Qinghai Tibetans

San Francisco Chinese

Taiwanese Han

Tibetan(Tibet)

Tibetans

Tsaatan

Tu (East

Va(Yunnan)

Vietnamese(KHV)

Xibo (East

Yi (East

Yi(Sichuan)

Oceania

Aboriginals

Micronesians

Nasioi speakers

Papuan New Guinean

Samoans

America

Ecuadorian Mestizo

Greenlanders

Guihiba speakers

Karitiana

Kichwa

Maya_Yucatec

Mexican Pima

Peruvian Quechuan

Peruvian(PEL)

Plains Amerindians

Southwest Amerindians

Surui,Rondonia

Ticuna

Yavapai
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Supplementary Table 3: Results for inferring eye colour
L

Analysi HirisPlex
Self-Declared =
S Eye Colour | Blue p-value i Brown p-value G Blue p-value i Brown p-value Inferred Eye Colour
p-value Colour p-value
Individual 1 Brown 0.16 0.21 0.63 Brown 0.08 .19 0.73 Brown or Intermediate
Individual 2 Hazel Inconclusive | Inconclusive | Inconclusive | Inconclusive 0.21 .23 0.56 Brown or Intermediate
Individual 4 Grey 0.91 0.07 0.02 Blue 0.90 .07 0.02 Blue
Individual 5 Brown 0.14 0.16 0.70 Brown 0.14 0.15 0.71 Brown or Intermediate
Individual 6 Hazel 0.68 0.11 0.21 Blue 0.65 0.12 0.23 Blue or Intermediate
Individual 8 Brown 0.05 012 0.83 Brown 0.08 0.11 0.84 Brown or Intermediate
ndividual 11 Green 0.89 0.07 0.04 Blue 0.88 0.07 0.04 Blue or Intermediate
ndividual 13 Blue 0.94 0.04 0.02 Blue 0.93 0.05 0.02 Blue
ndividual 14 Brown 0.01 0.05 0.94 Brown 0.01 0.05 0.94 Brown
Individual 15 Hazel 0.01 0.05 0.94 Brown 0.01 0.05 0.94 Brown
Individual 16 Brown 0.10 0.14 0.76 Brown 0.10 0.13 0.77 Brown or Intermediate
Individual 21 Blue 0.09 0.19 0.72 Brown 0.08 0.19 0.73 Brown or Intermediate
Individual 23 Green 0.92 0.05 0.03 Blue 0.91 0.06 0.03 Blue
Individual 40 Brown 0.00 0.01 0.99 Brown 0.00 0.01 0.99 Brown
Individual 41 Blue 0.93 0.05 0.02 Blue 0.93 0.06 0.02 Blue
Individual 42 Brown 0.08 0.14 0.79 Brown 0.07 0.13 0.79 Brown or Intermediate
Individual 43 Hazel 0.33 0.24 0.42 Brown 0.32 0.25 0.43 Brown or Intermediate
Individual 44 Brown 0.12 0.22 0.66 Brown 0.12 0.21 0.67 Brown or Intermediate
Individual 45 Brown 0.00 0.00 1.00 Brown 0.00 0.00 1.00 Brown
Individual 46 Blue 0.92 0.05 0.03 Blue 0.91 0.06 0.03 Blue
Individual 47 Blue 0.97 0.03 0.01 Blue 0.97 0.03 0.01 Blue
Individual 48 Brown 0.05 .12 0.83 Brown 0.05 .11 0.84 Brown or Intermediate
Individual 49 Brown 0.01 .19 0.79 Brown 0.01 .19 0.80 Brown or Intermediate
Individual 50 Brown 0.00 .00 1.00 Brown 0.00 .00 1.00 Brown
Individual 51 rown 0.28 .25 0.47 Brown 0.28 .24 0.48 Brown or Intermediate
Individual 52 Hazel 0.81 .08 0.12 Blue 0.78 .09 0.13 Blue or Intermediate
Individual 53 rown 0.00 .00 1.00 Brown 0.00 .00 1.00 Brown
Individual 55 Blue 0.94 .04 0.0 Blue 0.93 .05 0.0 Blue
Individual 56 Blue 0.92 .05 0.0 Blue 0.91 .06 0.0 Blue
Individual 60 Blue 0.95 .03 0.0 Blue 0.95 .04 0.02 Blue
Individual 61 Grey 0.95 0.04 0.01 Blue 0.94 0.05 0.01 Blue
Individual 62 Brown 0.16 0.21 0.63 Brown 0.16 0.21 0.63 Brown or Intermediate
Individual 63 Green 0.27 0.34 0.39 Brown 0.27 0.34 0.40 Brown or Intermediate
ndividual 64 Blue 0.93 0.05 0.02 Blue 0.93 0.06 0.02 Blue
ndividual 65 Blue 0.95 0.03 0.02 Blue 0.95 0.04 0.02 Blue
ndividual 66 Brown 0.05 0.12 0.83 Brown 0.05 0.11 0.84 Brown or Intermediate
Individual 67 Green 0.21 0.32 0.46 Brown 0.21 0.32 0.47 Brown or Intermediate
Individual 68 Blue 0.93 0.05 0.02 Blue 0.93 0.06 0.02 Blue
Individual 70 Blue 0.95 0.04 0.01 Blue 0.94 0.05 0.01 Blue
Individual 71 Blue 0.88 0.08 0.03 Blue 0.88 0.09 0.03 Blue or Intermediate
Individual 72 Brown 0.05 0.12 0.83 Brown 0.05 0.11 0.84 Brown or Intermediate
Individual 73 Blue 0.92 0.05 0.03 Blue 0.91 0.06 0.03 Blue
Individual 74 Brown 0.05 0.12 0.83 Brown 0.05 0.11 0.84 Brown or Intermediate
Individual 75 Hazel 0.12 0.22 0.66 Brown 0.12 0.21 0.67 Brown or Intermediate
Individual 76 Blue 0.97 0.03 0.00 Blue 0.97 0.03 0.00 Blue
Individual 77 Brown 0.25 0.16 0.58 Brown 0.25 0.16 0.59 Brown or Intermediate
Individual 78 Blue 0.96 0.04 0.01 Blue 0.96 0.04 0.01 Blue
Individual 79 Green 0.15 0.23 0.62 Brown 0.14 0.23 0.63 Brown or Intermediate
Individual 80 Blue 098 .02 0.00 Blue 0.98 .02 0.00 Blue
Individual 81 Blue 092 0.0 Blue 091 .06 0.0 Blue
Individual 82 Blue 095 1 0.0 Blue 0.9 .04 0.0 Blue
Individual 83 Green 0.88 .01 0.0 Blue 0. .09 0.0 Blue or Intermediate
Individual 84 Hazel 0.88 .01 0.0 Blue 0. .09 0.0 Blue or Intermediate
Individual 85 Green 0.26 .24 0.51 Brown 0.25 .24 0.51 Brown or Intermediate
Individual 86 Blue 0.93 0.05 0.02 Blue 0.93 0.06 0.02 Blue
Individual 87 Blue 0.92 0.05 0.03 Blue 0.91 0.06 0.03 Blue
Individual 88 Blue 091 0.07 0.02 Blue 0.90 0.07 0.02 Blue
Individual 89 Blue 0.92 0.05 0.03 Blue 0.91 0.06 0.03 Blue
Individual 90 Green 0.27 0.22 0.51 Brown 0.27 0.22 0.51 Brown or Intermediate
Individual 91 Brown 0.41 0.25 0.34 Blue 0.41 0.25 0.35 Blue or Intermediate
ndividual 92 Brown 0.05 0.12 0.83 Brown 0.05 0.11 0.84 Brown or Intermediate
[_Individual 93 Blue 0.95 0.04 0.01 Blue 0.94 0.05 0.01 Blue
[_Individual 94 Blue Inconclusive | Inconclusive | Inconclusive | Inconclusive 0.93 0.05 0.01 Blue
Individual 95 Blue 0.92 0.05 0.03 Blue 0.91 0.06 0.03 Blue
Individual 96 Blue 0.94 0.04 0.02 Blue 0.93 0.05 0.02 Blue
Individual 97 Brown 0.09 0.14 0.77 Brown 0.08 0.14 0.78 Brown or Intermediate
Individual 98 Brown 0.10 0.14 0.76 Brown 0.10 0.13 0.77 Brown or Intermediate
Individual 99 Blue 0.97 0.02 0.00 Blue 0.97 0.03 0.00 Blue
Brown 0.00 0.01 0.99 Brown 0.00 0.01 0.99 Brown
Hazel 0.89 0.07 0.04 Blue 0.88 0.07 0.04 Blue or Intermediate
Hazel 0.21 0.32 0.46 Brown 0.21 0.32 0.47 Brown or Intermediate
Blue 0.86 0.08 0.06 Blue 0.85 0.09 0.06 Blue or Intermediate
Blue 0.94 0.05 0.01 Blue 0.93 0.06 0.01 Blue
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Supplementary Table 4. Results for inferring hair colour

Self-D Universal Analysi:
ozl Hair Colour | Black p-value | Brown p-value | Blond p-value | Red p-value mg:::a“
Individual 1 Brown 0.05 0.90 0.01 0.04 Brown
Individual 2 Brown Inconclusive | Inconclusive | Inconclusive | Inconclusive | Inconclusive
Individual 4 Brown 0.02 0.83 0.06 0.09 Brown
Individual 5 Brown 0.13 0.55 0.31 0.00 Brown
Individual 6 Dark Brown 0.10 0.53 0.36 0.00 Brown
Individual 8 Brown 0.09 0.64 0.27 0.01 Brown
Individual 11 Brown 0.01 0.14 0.73 0.12 Blond
Individual 13 Red 0.00 0.10 0.78 0.11 Blond
Individual 14 | Dark Brown 0.46 0.40 0.14 0.00 Black
Individual 15 | Dark Brown 0.52 0.35 0.12 0.00 Black
Individual 16 | Dark Brown 0.12 0.61 0.27 0.00 Brown
Individual 21 Dark Blond 0.29 0.61 0.09 0.00 Brown
Individual 23 | Dark Brown 0.01 0.15 0.83 0.00 Blond
Individual 40 Black 0.77 0.22 0.01 0.00 Black
Individual 41 Brown 0.02 0.64 0.33 0.01 Brown
Individual 42 Brown 0.12 0.49 0.39 0.00 Brown
Individual 43 Dark Brown 0.09 0.44 0.47 0.00 Blond
Individual 44 | Dark Brown 0.04 0.67 0.08 0.1 Brown
Individual 45 Black 0.89 0.11 0.00 0.00 Black
Individual 46 | Dark Brown 0.02 0.16 0.82 0.00 Blond
Individual 47 | Dark Brown 0.07 0.59 0.32 0.01 Brown
Individual 48 Dark Brown 0.02 0.37 0.34 0.26 Brown
Individual 49 | Dark Brown 0.07 0.86 0.06 0.00 Brown
Individual 50 | Dark Brown 0.90 0.09 0.00 0.00 Black
Individual 51 Dark Brown 0.03 0.57 0.30 0.10 Brown
Individual 52 | Dark Brown 0.12 0.45 0.42 0.00 Brown
Individual 53 | Dark Brown 0.82 0.18 0.00 0.00 Black
Individual 55 Dark Blond 0.01 017 0.70 0.12 Blond
Individual 56 Brown 0.01 0.15 0.84 0.00 Blond
Individual 60 Dark Blond 0.03 0.25 0.72 0.00 Blond
Individual 61 Brown 0.01 0.06 0.03 0.91 Red
Individual 62 Brown 0.08 0.69 0.17 0.07 Brown
Individual 63 | Dark Brown 0.15 0.67 0.17 0.00 Brown
Individual 64 Brown 0.01 0.47 0.35 017 Brown
Individual 65 | Dark Blond 0.01 0.19 0.30 0.50 Red
Individual 66 Brown 0.12 0.58 0.30 0.00 Brown
Individual 67 Brown 0.03 0.77 0.09 0.11 Brown
Individual 68 Brown 0.08 0.66 0.26 0.00 Brown
Individual 70 Blond 0.07 0.61 0.31 0.01 Brown
Individual 71 Brown 0.14 0.64 0.20 0.02 Brown
Individual 72 Brown 0.16 0.53 0.29 0.01 Brown
Individual 73 | Dark Blond 0.01 0.18 0.63 0.18 Blond
Individual 74 Brown 0.03 0.47 0.31 0.18 Brown
Individual 75 | Dark Brown 0.22 0.63 0.15 0.00 Brown
Individual 76 Brown 0.05 0.78 0.16 0.00 Brown
Individual 77 Dark Brown 0.07 0.63 0.28 0.02 Brown
Individual 78 Brown 0.14 0.44 041 0.01 Brown
Individual 79 Brown 0.15 0.41 0.44 0.00 Blond
Individual 80 Dark Blond 0.03 0.41 0.55 0.00 Blond
Individual 81 Brown 0.01 0.24 0.73 0.02 Blond
Individual 82 Blond 0.02 0.22 0.76 0.01 Blond
Individual 83 Brown 0.03 0.47 0.36 0.14 Brown
Individual 84 Dark Blond 0.10 0.53 0.35 0.02 Brown
Individual 85 Blond 0.00 0.00 0.00 1.00 Red
Individual 86 Brown 0.03 0.48 0.12 0.37 Brown
Individual 87 Dark Blond 0.01 0.17 0.82 0.00 Blond
Individual 88 Red 0.00 0.18 0.08 0.74 Red
Individual 89 Brown 0.04 0.33 0.62 0.01 Blond
Individual 90 Brown 0.09 0.67 0.23 0.00 Brown
Individual 91 Brown 0.12 0.43 0.44 0.01 Blond
Individual 92 Brown 0.09 0.51 0.39 0.01 Brown
Individual 93 Brown 0.06 0.41 0.47 0.06 Blond
Individual 94 Dark Blond Inconclusive | Inconclusive | Inconclusive | Inconclusive | Inconclusive
Individual 95 Blond 0.01 0.13 0.86 0.00 Blond
Individual 96 Dark Blond 0.03 0.29 0.67 0.01 Blond
Individual 97 Dark Brown 0.41 0.42 0.17 0.00 Brown
Individual 98 Brown 0.00 0.09 0.15 0.75 Red
Individual 99 Brown 0.07 0.54 0.38 0.01 Brown
Individual 100 Black 0.74 0.26 0.00 0.00 Black
Individual 101 Brown 0.07 0.22 0.71 0.00 Blond
Individual 102 | Dark brown 0.11 0.60 0.24 0.05 Brown
Individual 103 Blond 0.01 0.31 0.68 0.01 Blond
Individual 104 | Dark Blond 0.02 0.68 0.03 0.26 Brown
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HirisPlex

Black p-value | Brown p-value | Blond p-value | Red p-value | Light p-value | Dark p-value Inferred Hair Colour
0.04 0.91 0.01 0.03 0.25 0.75 Brown/Dark Brown
0.21 0.69 0.10 0.00 0.32 0.68 Dark Brown/Black
0.02 0.83 0.05 0.10 0.77 0.23 Brown/Dark Brown
0.12 0.61 0.27 0.00 0.72 0.28 Dark Brown/Black
0.08 0.63 0.28 0.00 0.78 0.22 Dark Brown/Black
0.07 0.67 0.25 0.01 0.69 0.31 Dark Brown/Black
0.01 0.16 0.72 0.11 0.99 0.01 Blond
0.00 0.00 0.00 1.00 0.99 0.01 Red
0.45 0.47 0.08 0.00 0.36 0.64 Dark Brown/Black
0.42 0.47 011 0.00 0.23 0.77 Dark Brown/Black
0.11 0.64 0.24 0.00 0.68 0.32 Dark Brown/Black
0.25 0.66 0.09 0.00 0.23 0.77 Dark Brown/Black
0.02 0.22 0.76 0.00 0.99 0.01 Blond
0.55 0.44 0.01 0.00 0.01 0.99 Black
0.02 0.66 0.31 0.01 0.93 0.07 Brown/Dark Brown
0.11 0.55 0.34 0.00 0.73 0.27 Dark Brown/Black
0.08 0.49 0.42 0.00 0.86 0.14 Brown/Dark Brown
0.03 0.68 0.09 0.20 0.65 0.35 Dark Brown/Black
0.84 0.16 0.00 0.00 0.01 0.99 Black
0.02 0.21 0.77 0.00 0.98 0.02 Blond
0.06 0.60 0.32 0.01 0.79 0.21 Dark Brown/Black
0.02 0.38 0.33 0.27 0.93 0.07 Brown/Dark Brown
0.07 0.86 0.06 0.00 0.39 0.61 Brown/Dark Brown
0.78 0.22 0.00 0.00 0.00 1.00 Black
0.03 0.62 0.25 0.10 0.94 0.06 Brown/Dark Brown
0.14 0.57 0.29 0.00 0.80 0.20 Brown/Dark Brown
0.62 0.37 0.00 0.00 0.00 1.00 Black
0.01 0.21 0.65 0.14 0.99 0.01 Blond/Dark Blond
0.01 0.19 0.80 0.00 0.99 0.01 Blond
0.03 0.28 0.69 0.00 0.95 0.05 Blond/Dark Blond
0.00 0.03 0.02 0.94 0.87 0.13 Red
0.07 0.72 0.14 0.07 0.77 0.23 Brown/Dark Brown
0.14 0.70 0.16 0.00 0.51 0.49 Brown/Dark Brown
0.01 0.51 0.35 0.13 0.98 0.02 Brown/Dark Brown
0.00 0.16 0.27 0.56 0.98 0.02 Red
0.12 0.60 0.28 0.00 0.63 0.37 Dark Brown/Black
0.03 0.78 0.10 0.09 0.69 0.31 Brown/Dark Brown
0.07 0.66 0.26 0.00 0.73 0.27 Dark Brown/Black
0.05 0.63 0.30 0.01 0.78 0.22 Dark Brown/Black
0.11 0.66 0.21 0.02 0.48 0.52 Dark Brown/Black
0.14 0.58 0.27 0.01 0.65 0.35 Dark Brown/Black
0.01 0.19 0.61 0.19 0.99 0.01 Blond/Dark Blond
0.03 0.51 0.28 0.18 0.88 012 Brown/Dark Brown
0.17 0.68 0.14 0.00 0.39 0.61 Dark Brown/Black
0.06 0.78 0.16 0.00 0.70 0.30 Brown/Dark Brown
0.05 0.65 0.28 0.02 0.73 0.27 Dark Brown/Black
0.14 0.48 0.38 0.01 0.78 0.22 Dark Brown/Black
0.14 0.49 0.37 0.00 0.77 0.23 Dark Brown/Black
0.04 0.44 0.52 0.00 0.93 0.07 Blond/Dark Blond
0.01 0.27 0.70 0.02 0.99 0.01 Blond
0.02 0.26 0.72 0.01 0.98 0.02 Blond
0.02 0.45 0.41 0.12 0.91 0.09 Brown/Dark Brown
0.09 0.54 0.35 0.02 0.76 0.24 Dark Brown/Black
0.00 0.26 0.00 0.74 0.75 0.25 Red
0.03 0.44 0.13 0.40 0.83 0.17 Brown/Dark Brown
0.02 0.21 0.78 0.00 0.98 0.02 Blond
0.00 0.15 0.06 0.79 0.97 0.03 Red
0.04 0.39 0.57 0.01 0.95 0.05 Blond/Dark Blond
0.09 0.7 0.20 0.00 0.69 0.31 Brown/Dark Brown
0.09 0.45 0.44 0.01 0.72 0.28 Dark Brown/Black
0.09 0.56 0.34 0.01 0.83 017 Brown/Dark Brown
0.06 0.42 0.45 0.07 0.89 0.11 Dark Blond/Brown
0.00 0.09 0.75 0.16 1.00 0.00 Blond
0.01 0.19 0.80 0.00 0.99 0.01 Blond
0.03 0.35 0.61 0.01 0.96 0.04 Blond/Dark Blond
0.31 0.56 0.13 0.00 0.37 0.63 Dark Brown/Black
0.00 0.11 0.16 0.73 0.99 0.01 Red
0.06 0.55 0.38 0.01 0.81 0.19 Brown/Dark Brown
0.64 0.36 0.00 0.00 0.01 0.99 Black
0.07 0.26 0.67 0.00 0.93 0.07 Blond/Dark Blond
0.11 0.61 0.24 0.04 0.68 0.32 Dark Brown/Black
0.01 0.34 0.64 0.01 0.98 0.02 Blond/Dark Blond
0.02 0.59 0.04 0.35 0.55 0.45 Dark Brown/Black
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Supplementary Table 5. Results for inferring biogeographical ancestry

Self-Declared Biogeographical Ancestry

Universal Analysis

Maternal Crandfath " uded Ponul
Maternal Grandfather e Paternal Paternal Pop

Individual 1 Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 2 Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 4 Australian Anglo Celtic England Australian Anglo Celtic|Australian Anglo Celtic European
Individual 5 Australian Anglo Celtic|Australian Anglo Celtic England Australian Anglo Celtic European
Individual & Australian Anglo Celtic England Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 8 Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 11 Australian Anglo Celtic England Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 13 |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 14 England England Indonesia Netherlands Inconclusive
Individual 15 England England Indonesia Netherlands Inconclusive
Individual 16 | Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 21 Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic Italy European
Individual 23 | Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 40 Nepal Nepal Nepal Nepal Inconclusive
Individual 41 | Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 42 |Australian Anglo Celtic|Australian Anglo Celtic England Australian Anglo Celtic European
Individual 43 Switzerland Australian Anglo Celtic Italy Australian Anglo Celtic European
Individual 44 Ireland Ireland Lebanon Italy European
Individual 45 China China China China East Asian
Individual 46 Ireland Australian Anglo Celtic|Australian Anglo Celtic England European
Individual 47 England England England England European
Individual 48 Hungary West Indes France France Inconclusive
Individual 49 | Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 50 Vietnam Vietnam Vietnam Vietnam East Asian
Individual 51 | Australian Anglo Celtic|Australian Anglo Celtic| Australian Anglo Celtic|Australian Anglo Celtic, European
Individual 52 Italy Italy England Australian Anglo Celtic European
Individual 53 Fiji Fiji Fiji Fiji Inconclusive
Individual 55  |Australian Anglo Celtic| Aboriginal Australian Ireland England European
Individual 56 Aboriginal Australian [Australian Anglo Celtic| Australian Anglo Celtic|Australian Anglo Celtic European
Individual 60 Brazil Brazil Brazil Brazil European
Individual 61 Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 62 | Australian Anglo Celtic|Australian Anglo Celtic| Australian Anglo Celtic|Australian Anglo Celtic, European
Individual 63 England Ireland Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 64 | Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 65 England Finland Australian Anglo Celtic| Aboriginal Australian European
Individual 66  |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
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Principle Coordinate

Structure 1o
. onG e P Optimised Pipeline
Major Populati Minor Population (10 Py bt o e ]
Included Populations (>50%) 50%) Pop Pop
European European Middle Eastern European, Middle Eastern European
European European European, Middle Eastern European
European European European European
European European Middle Eastern European, Middle Eastern European
European Middle Eastern European European, Middle Eastern European
European Middle Eastern European European, Mmd“.’ Eastarn, European
Central Asian
European European European, Middle Eastern European
European European European European
Inconclusive European, East Asian,|European, Middle Eastern, South| European, Middle
Middle Eastern Asian, East Asian, Central Asian| Eastern, East Asian
. . European, Middle Eastern, South .
Inconclusive European East Asian Asian, East Asian, Central Asian European, East Asian
European Middle Eastern European European, Middle Eastern European
European Middle Eastern European European, M'dd‘e. Eastern, European
Central Asian
European European European European
South Asian South Asian Oceanian South Asian, M'dd.le Eastern, South Asian
Central Asian
European European Middle Eastern European, Middle Eastern European
European European European, Middle Eastern European
European Middle Eastern European, Middle Eastern European
European Middle Eastern European European, M'dd‘e. Eastern, European
Central Asian
East Asian East Asian East Asian East Asian
European European European European
European European European European
Inconclusive European African, Middle Middle Eastern European, M!ddle
Eastern Eastern, African
European European European, Middle Eastern European
East Asian East Asian East Asian East Asian
European European European, Middle Eastern European
European European Middle Eastern European, Middle Eastern European
South Asian South Asian South Asian South Asian
European European European, Middle Eastern European
European European European, Middle Eastern European
European Middle Eastern European European, Middle Eastern European
European European European European
European European Middle Eastern European European
European European European European
European European European, Middle Eastern European
European European European, Middle Eastern European
European European Middle Eastern European, Middle Eastern European
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Self-Declared Biogeographical Ancestry

Sample ID Software
- Maternal
Maternal Grandfather L Paternal fatk Paternal imott luded Popul,
Individual 67  |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 68 Scotland Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 70 |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 71 American White American European Scotland Australian Anglo Celtic European
Caribbean
Individual 72 England Malta Egypt Malta European
L South )
Individual 73 Africa/Netherlands South Africa Netherlands Netherlands European
Individual 74 | Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 75 Ireland Ireland England England European
Individual 76  |Australian Anglo Celtic|Australian Anglo Celtic| Australian Anglo Celtic|Australian Anglo Celtic European
Individual 77 |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 78 | Australian Anglo Celtic|Australian Anglo Celtic| Australian Anglo Celtic|Australian Anglo Celtic European
Individual 79 South Africa South Africa South Africa South Africa European
Individual 80  |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 81  |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 82 | Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 83 England England England England European
Individual 84 American European Germany England England European
Individual 85 Scotland Scotland Netherlands Netherlands European
Individual 86 | Australian Anglo Celtic|Australian Anglo Celtic Poland Poland European
Individual 87 Auslrag::ﬂﬁ:l:/\'\lest Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 88 | Australian Anglo Celtic|Australian Anglo Celtic Scotland Australian Anglo Celtic European
Individual 89 |Australian Anglo Celtic Scotland Australian Anglo Celtic Ireland European
Individual 90 Lithuania Lithuania England England European
Individual 91 Macedonia Macedonia Australian Anglo Celtic|Australian Anglo Celtic European
Individual 92 |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 93 China China Australian Anglo Celtic|Australian Anglo Celtic European
Individual 94 | Australian North/West | - Australian Southern |, o\ iy Anglo Celtic|Australian Anglo Celtic European
European European
Individual 95  |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
Individual 96 | Australian Anglo Celtic|Australian Anglo Celtic Ausuag:?o:ig::mem Australian Anglo Celtic European
Individual 97 Ukraine Ukraine Australian Anglo Celtic Japan European
Individual 98  |Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic! European
Individual 99 Finland Germany Australian Anglo Celtic|Australian Anglo Celtic European
Individual 100 China China England Scotland Inconclusive
Individual 101 Poland Australian Anglo Celtic|Australian Anglo CelticAustralian Anglo Celtic European
Individual 102  |Australian Anglo Celtic|Australian Anglo Celtic England England European
Individual 103 South Africa South Africa England England European
Individual 104 | Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic|Australian Anglo Celtic European
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Principle Coordinate Fi ic Resource .
Structure
Analysis on Genetics - Knowledge Base =T
Major Popul Minor Popul (10 (et Lt ncludad Lati
Included Populations (>50%) 50%) p F
European European European, Micdle Eastern, European
P P Central Asian P
European European European European
European European European, Middle Eastern European
European European European European
European Middle Eastern European European, Middle Eastern European
European European Middle Eastern European, Middle Eastern European
European European European European
European European European, Middle Eastern European
European European European, Middle Eastern European
European European European, Middle Eastern European
European European European European
European European European, Middle Eastern European
European European European European
European European Middle Eastern European, Middle Eastern European
European European European European
European European European European
European European European, Middle Eastern European
European European European, Middle Eastern European
European European European, Middle Eastern European
European European European, Middle Eastern European
European European European, Middle Eastern European
European European Middle Eastern European, Middle Eastern European
European European Middle Eastern European, Middle Eastern European
European European Middle Eastern European, Middle Eastern European
European European Middle Eastern European, M'dd‘e. Eastern, European
Central Asian
Inconclusive European East Asian European, Middle Eastern European, East Asian
European European European European
European European European European
European European Middle Eastern European, Middle Eastern European
Oceanian, Middle . European, Oceanian,
Inconclusive Eastern, European European, Middle Eastern Middle Eastern
European European European, Middle Eastern European
European European European European
Inconclusive East Asian, Middle East Asian, Central Asian East ;_\swan, European,
Eastern, European Middle Eastern
European European European European
European European European European
European European European European
European European European European
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Extended Kinship Inference Part 1: Evaluation of Short
Tandem Repeats and Single Nucleotide Polymorphisms
Using Likelihood Ratios and Haplotype Matching
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Abstract

Medium- and long-range kinship analysis using single nucleotide polymorphism (SNP) genotyping allows
law enforcement to generate investigative leads by identifying an unknown individual through their
close and distant genetic relatives, Short-range kinship inference can be conducted through calculation
of likelihood ratios (LRs) using population allele frequency data and the degree of similarity between
two DNA profiles but has historically been limited to short tandem repeat (STR) profiles, Alternatively,
identical by descent (IBD) segment matching algorithms can be used to detect shared DNA haplotypes
between two genetically related individuals that have been inherited from a common ancestor. The
ForenSeq” Kintelligence Kit enables law enforcement and forensic laboratories to utilize medium-density
SNP sequencing technology for extended kinship inference by analyzing 10,230 SNPs. In this study, DNA
from two pedigrees was used to compare the ability of STR profiles, identity-informative SNP (iiSNP) pro-
files, Kintelligence profiles and Kintelligence and direct-to-consumer profiles available on public genetic
genealogy databases to detect and classify genetic relationships. The DNA profiles were analyzed using
DBLR™ software to calculate kinship LRs or uploaded to GEDmatch PRO™ for IBD segment matching with
either database searching or one-to-one comparisons. The LRs calculated for STR and iiSNP profiles were
able to correctly infer first degree relationships (i.e., parent, offspring, and full sibling), with the combined
discrimination power able to distinguish between second degree relationships. LRs calculated for the
Kintelligence profiles exceeded one million for 93% of full sibling to fifth degree relationships tested.
IBD segment matching was effective for detecting first to fifth degree relatives when Kintelligence
profiles were searched on the GEDmatch PRO™ database. The results of this study demonstrate that
the Kintelligence Kit is a valuable tool for law enforcement and forensic investigators, offering an

advanced method for medium-range kinship testing using either LRs or IBD segment matching.

Keywords: single nucleotide polymorphism, human identification, targeted amplicon sequencing, forensic

investigative genetic genealogy, kinship, short tandem repeat
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Introduction

Kinship inference is a valuable identification tool to gen-
erate investigative leads from an unknown DNA sample
where other forensic identification methods have been
unsuccessful. This has been applied to the identification
of persons of interest (Pols) in criminal investigations
and unidentified human remains in missing person inves-
tigations, The technique involves uploading an unknown
DNA profile to a relevant database and collating a list of
any DNA profiles that partially match the unknown
DNA profile (a kinship match) that could be genetic rela-
tives or directly comparing the unknown DNA profile
with a known family reference sample.'? Depending on
the genetic marker panel, first (e.g., parent/offspring) to
ninth (e.g., fourth cousins) relationships can be detected
and classified as possible genetic relatives.

Alleles in common between two DNA profiles are
identical by state (IBS). However, if the alleles are inher-
ited from a common ancestor, they are also identical by
descent (IBD).® Statistical support for relatedness
between two individuals can be calculated using the like-
lihood ratio (LR) approach. This is the ratio of two con-
ditional probabilities for observing IBS alleles in the
DNA profiles under alternative hypotheses about the
genetic relationship between the individuals.*>

Short tandem repeat (STR) markers, the most com-
monly used marker type in forensic genetics and
accepted in many jurisdictions as a scientific method for
identification, have facilitated short-range kinship testing
since 2002.*%7 However, STR profiles have only been
routinely applied to first degree relationships (parents,
offsprings, and full siblings), as more distant genetic rel-
atives are difficult to distinguish from unrelated individu-
als with the limited number of markers targeted by STR
panels.® In contrast, single nucleotide polymorphism
(SNP) panels target more markers and can therefore
expand the reach of kinship inference to detect more dis-
tant relationships.>”

It is possible that two alleles are IBS not because they
are IBD but because of mutations occurring in different
lineages independently. This can be accounted for with
medium- to high-density SNP panels that target SNPs in
close proximity to each other on the genome. These
markers are less likely to be separated during recombina-
tion and therefore co-inherited, forming a haplotype or
IBD segment.'®'" Algorithms can compare dense SNP
profiles to detect shared IBD segments and calculate the
amount of shared DNA in centimorgans (¢cM). The num-
ber, size, and total length of these IBD segments can
then be used to infer the type of rcluliunship.' .

IBD segment matching algorithms have been imple-
mented by public genetic genealogy databases where

individuals can upload their DNA profiles to find their
relatives.'” These databases are populated with direct-to-
consumer (DTC) profiles with hundreds of thousands of
SNPs generated by privale genetic testing companies.]3
There are two such databases accessible to law enforce-
ment for forensic investigative genetic genealogy
(FIGG). These are GEDmatch PRO™, the law enforce-
ment accessible portal for the GEDmatch™ database,
maintained by QIAGEN and Bode Technology, and
FamilyTreeDNA, maintained by Othram Inc., both of
which have over two million profiles.'*!'® However,
these profiles are not accessible to law enforcement for
database searching unless the owner of the profile has
opted in to law enforcement :;e.'n'ching.""'N

The ForenSeq™ Kintelligence Kit is a targeted ampli-
con sequencing (TAS) panel developed by Verogen
Inc. (a QIAGEN subsidiary) to allow in-house extended
kinship analysis of forensic samples.'®% It targets 10,230
SNPs across the human genome: 106 X chromosome SNPs,
85 Y chromosome SNPs, 56 ancestry-informative SNPs,
24 phenotype-informative SNPs, 94 identity-informative
SNPs (1iSNPs), and 9,867 kinship-informative SNPs
(kiSNPs). Kintelligence profiles are compatible with
upload to GEDmatch PRO™ for IBD segment matching
with either the one-to-one comparison with known pro-
files or using the one-to-many database searching func-
tion."” These tools have a windowed kinship algorithm
that locates shared IBD segments using modified PC-AiR
and PC-Relate tools that calculate kinship coefficients for
the segments rather than identifying stretches of identical
SNP alleles on homologous chromosomes.?! The Kintel-
ligence Kit has been validated and employed for case-
work by a number of law enforcement, academic, and
private laboratories.'>*%2°

Current FIGG guidelines require that once a putative
identification has been made by law enforcement, addi-
tional genetic and nongenetic testing is required to confirm
the results.?” With extended kinship inference, LR calcula-
tions could provide statistical support for such identifica-
tions, especially when suitable direct or close family
reference samples are unavailable. This study sampled
two pedigrees to investigate the application of STRs and
SNPs for extended kinship inference using LRs and IBD
segment matching. This paper presents part one of the
study, which focuses on assessing the power of medium-
density SNP profiling for extending the capabilities of kin-
ship inference beyond the use of STRs.

Methods

Ethics approval and sample procurement

Ethics approval for this research was granted by the Uni-
versity of Technology (UTS) Human Research Ethics
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Committee (HREC) (UTS HREC NO. ETH21-5821).
Volunteers from Pedigree Group 1 (Individuals 1-12)
provided self-administered buccal swabs with informed
consent for DNA profiling with the Kintelligence Kit.
Profiles were subsequently uploaded to GEDmatch
PRO™ (Fig. 1). Volunteers from Pedigree Group 2 (Indi-
viduals A- L) provided the kit numbers of pre-existing
DTC kits uploaded to GEDmatch™ with informed con-
sent to match against Kintelligence profiles uploaded to
GEDmatch PRO™ (Fig. 2; Table 1)." The central indi-
vidual for Pedigree Group 2 (Individual A) also provided
a self-administered buccal swab for sequencing with the
Kintelligence Kit. All volunteers completed a form map-
ping their genetic relationships with the other volunteers
in the study.

DNA extraction and quantification

DNA was extracted from the buccal swabs manually
using the QIAamp DNA Investigator” Kit (QIAGEN)
following the manufacturer’s protocols for Omni Swabs
with an elution volume of 100 uL.*® Quantification was
performed using the Quantifiler™ Trio DNA Quantifica-
tion Kit (Thermo Fisher Scientific) on a QuantStudio™
5 Real-Time PCR System (Thermo Fisher Scientific) fol-
lowing the manufacturer’s promcols?g'm A degradation
index (DI) was calculated for each sample as the ratio of
concentrations of the small autosomal (SA) target and
the large autosomal (LA) target.

STR profiling

STR profiles were generated for Pedigree Group 1 sam-
ples using the GlobalFiler™ PCR Amplification Kit
(Thermo Fisher Scientific).?' The samples were ampli-
fied for 29 cycles on the Veriti™ 96-Well Fast Thermal
Cycler (Thermo Fisher Scientific). The LA target was
used to dilute the extracted DNA to the required input
amount of 1.0 ng. Capillary electrophoresis was per-
formed on the 3500xL. Genetic Analyzer (Thermo Fisher
Scientific) following the manufacturer’s ]:u'nlncols:.’2 The
electropherograms were analyzed with GeneMapper™
ID-X v1.6 with an analytical threshold of 225 relative
fluorescence units (RFU) and homozygous threshold of
1,000 RFU.*

Library preparation and sequencing
Libraries were prepared manually with the Kintelligence
Kit following a modified [;)rnlm:nl.z";"‘4 DNA input was

*The use of DTC data for research was in compliance with the terms and conditions
at the time the respective data were downloaded by the volunteers. All volunteers
were notified at the conclusion of the study so they could opt out of law enforcement
searching or remove their DNA data from GEDmatch™ to ensure that future use of
their data is in compliance with their preferences and relevant terms and conditions.

calculated using the LA target concentration if the DI
was >1 to avoid overdiluting degraded samples, other-
wise the samples were diluted using the SA target con-
centration. Library preparation was performed in batches
of 12 libraries including a positive control (NA24385;
provided with the Kintelligence Kit) and a negative con-
trol (nuclease-free water). The libraries were normalized
to 0.75 ng/uL using the QuantiFluor” ONE dsDNA Sys-
tem (Promega) on the Quantus™ Fluorometer (Promega)
and pooled in batches of three libraries for sequenc-
ing.”'y’ Sequencing was performed on the MiSeq FGx"™
Sequencing System (QIAGEN) using a standard flow
cell 3738

The Kintelligence Sample Reports were exported
from the Universal Analysis Software (UAS) v2.5 (QIA-
GEN) and analyzed according to optimized thresholds in
a Microsoft Excel macro described by. > This included
a total read threshold of 20 reads and relative minor
allele frequency thresholds for homozygotes (0.95-1.00),
heterozygotes (0.10-0.90), sequencing error (<0.05), and
ambiguous variants (with relative frequencies in ranges
0.05-0.10 and 0.90-0.95).

Extended kinship analysis

STR, iiSNP (included in the Kintelligence Kit), com-
bined identity marker (STR and iiSNP), and entire Kin-
telligence profiles were generated for all individuals in
Pedigree Group 1. Profiles were compared using Kinship
LR calculation and IBD segment matching on GED-
match PRO™. A Kintelligence profile was generated for
Individual A of Pedigree Group 2. This profile was com-
pared with DTC profiles of individuals in Pedigree
Group 2 using IBD segment matching on GEDmatch
PRO™,

LR calculations. To calculate LRs, two alternative
hypotheses were tested for each pair-wise combination
of individuals in Pedigree Group 1. For unrelated pairs
of individuals (19 pairs), the first hypothesis (H,) pro-
posed a relationship ranging from first (parent/offspring
or full sibling) to eighth degree relationships and the
alternative hypothesis (H,) proposed that the individuals
were unrelated. For the genetically related pairs of indi-
viduals, H; proposed the true relationship of the individ-
uals and H, proposed that they were unrelated. For
example:

H,: Individual 1 and Individual 2 are parent/offspring.
H,: Individual 1 and Individual 2 are unrelated members
of the European population.

For each pair-wise genotype comparison, G,G,, LRs

were calculated using the Kinship module in DBLR™
v1.3 (STRmix™)* according to:
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group.
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O {71 Deceased mate

o 0 Unrelated individual

FIG. 1. Pedigree Group 1, with numbers corresponding to Individuals 1 through 12. Individuals
included in the study are filled in (black), with living relatives linking the family members not filled
{white). Deceased relatives are crossed out. Individual 12 is unrelated to all other individuals in the

Q’ Deceased female
[] unsampled mate
O Unsampled female
. Sampled male

@ sampled female

P(G.G,|H,)

LR= ————~=
P(G.G.lH.)

DBLR™ does not report log;, LRs that exceed 300
(LR > ll')"m) and return the log,o LR as infinite (D:).‘m
When the relationship is impossible (LR = 0), the log;,
LR results are given as negative infinity (=2).*° The
verbal scale for statistical support provided by log;y LR
results is provided in Table 2.

As all individuals in this study self-identified as
Australian with European ancestry, population allele fre-
quency data for each genetic marker panel were obtained
from the sources in Table 3. A Kintelligence Kit linkage
map was constructed using the Map Interpolator of the
Rutger’s Map v.3 with sex-averaged ¢cM positions and
imported into DBLR™ to account for linkage.*!

IBD segment matching. The Kintelligence profiles
were manually edited on the UAS to be consistent with
the genotypes generated with the additional thresholds in
the Microsoft Excel macro. GEDmatch PRO Reports
were exported from the UAS and uploaded to GEDmatch
PRO™ as laboratory validation samples. Database
searching was conducted using the One-to-Many Kinship
tool and matches were assessed in the high confidence
and expanded match lists (Table 4). For samples that

were not returned in either match list, the One-to-One
Kintelligence DNA Comparison tool was used to directly
compare the pair of samples with their unique kit
numbers.

The estimated shared cM values, average IBD seg-
ment length, number of IBD segments, and number of
overlapping SNPs between kits were analyzed. The theo-
retical values were estimated using the equations of
Speed & Balding (2015), modified for total length of
DNA in c¢M, rather than Mb (Supplementary Data).*
This determined the expected values for shared ¢cM, aver-
age IBD segment length, and number of IBD segments
for all relationship levels tested in this study (Table 5). It
should be recognized, however, that there is not a perfect
correlation between ¢cM and Mb and so the expected ¢cM
values are only approximate.

Results

DNA profiles

Table 6 outlines the call rates for the different profiles
obtained for Pedigree Group 1. The average call rates
exceeded 98% (STRs: 98.4 + 1.2; 1iSNPs: 98.3 £ 0.6;
combined identity markers: 98.7 + 0.5; Kintelligence:
98.4 £ 0.7). The Kintelligence profile for Individual A of
Pedigree Group 2 had a call rate of 99.4%.
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@ uncewsted indiviauat

FIG. 2. Pedigree Group 2, with letters corresponding to Individuals A through L. Individuals included in
the study are filled in (black), with living relatives linking the family members not filled (white). Deceased
relatives are crossed out. Individual L is unrelated to all other individuals in the group.

IZ Deceased male
/@’ Deceased female
[:I Unsampled male
O Unsampled female
. Sampled male

. Sampled female
A, Monozygotic twins

LR calculations with identity-informative genetic
markers (Pedigree Group 1)

STR profiles.  Figure 3 shows the log,,, LRs for the true
related and unrelated pairwise comparisons in Pedigree
Group 1. For the first degree relationships, the parent/off-
spring log;y LRs ranged from 6.0 to 9.1 and the full sib-
ling log;o LRs from 2.6 to 8.5, all providing very strong
statistical support for the true relationship (H,) as
opposed to the pairs being unrelated (H,). Log,q LRs for
the second degree relationships ranged from 0.3 to 4.4,
providing limited statistical support H, for an avuncular
relationship (Individual 1 and Individual 4, log,o LR = 0.3)

Table 1. Direct-to-consumer Kits Available for Individuals
A Through L in Group 2

and grandparent/grandchild (Individual 10 and Individ-
ual 11, log;y LR =0.9).

The log,o LRs generated for the unrelated pairs pro-
vided strong statistical support for the pairs being unre-
lated as opposed to being first or second degree relatives.
The range of true full sibling log,y LRs was 2.5 to 8.5
(Fig. 3). There was a false positive in the unrelated pairs
with H; proposing a full sibling relationship (Individual 1
and Individual 12, log, LR = 2.1), indicating it was app-
roximately 120 times more likely to observe the STR pro-
files if the individuals were full siblings than if they were
unrelated. Parent/offspring log,o LRs for the unrelated pairs
were unable to be calculated because P(G,G, | Hy) =0 as

Table 2. Verbal Scale for Log;, LR Results and the
Statistical Support for Each Hypothesis®

Sample ID  AncestryDNA  FamilyTreeDNA 23andMe Living DNA  Log,, LR Interpretation
Individual A I 'd I d > <5 Very strong statistical support for Hy
Individual B L I - I -4 Strong statistical support for Hy

Ll I » » =3 Moderately strong statistical support for H,

X 1% X X -2 Moderate statistical support for Hy

I - X X -1 Limited st; cal support for Hy

X I X X 0 Uninformal
Individual G I’ - X X 1 Limited statistical support for H;
Individual H I I X X 2 Moderate statistical support for H,
Individual 1 - P X X 3 Moderately strong statistical support for H,
I al J X - X X 4 Strong statistical support for H;
Individual K X - X X 25 Very strong statistical support for H,
Individual L - X X X

LR, likelihood ratio.
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Table 3. Population Allele Frequency Data Utilized for Each Marker Set: Short Tandem Repeat, Identity-Informative Single
Nucleotide Polymorphism, Combined Identity Markers (STRs and iiSNPs), and All Kintelligence SNPs

Market set Panel Markers Population data Source

STRs GlobalFiler™ PCR Amplification Kit*! 21 Australian Caucasian Taylor et al. (2017)"7

1ISNPs ForenSeq" Kintelligence Kit 94 Australian with European Watson et al. (2024)*
Ancestry

Combined Identity Markers GlobalFiler™ PCR Amplification Kit and
ForenSeq™ Kintelligence Kit"'*

Kintelligence SNPs ForenSeq” Kintelligence Kit™

114* Australian Caucasian (STR)
Australian with European
Ancestry (iiSNP)
10,039" European

Taylor et al. (2017) and
Watson et al. (2024)*¢57

1000 Genomes™

$E33 was excluded as linkage equilibrium tests could not be performed between SE33 and iiSNPs.*
"X and Y SNPs were excluded from the Kintelligence Kit for likelihood ratio calculations.
STR, short tandem repeat; 1iSNP, identity-informative single nucleotide polymorphism.

there were no alleles in common for at least one STR,
implying LR =0 (log,y LR = —%) and therefore, the rela-
tionship is impossible,

For third degree relationships and beyond, the log,,
LRs were insufficient for inferring relatedness. While
some of the third degree relationships generated moder-
ate statistical support for relatedness, the majority of
log o LRs fell below 1 and some even below (). The aver-
age log;y LR generated for the pairs of true third to
eighth degree relatives was 0.21 + 0.08 and uninforma-
tive for determining if the pair were more likely to be
related or unrelated. The log,y LRs calculated for the
unrelated pairs proposing third to eighth degree relation-
ships were in similar ranges to the truly related pairs at
these degrees, with an average log;o LR of —0.06 + 0.02,
and could not be differentiated from the results produced
for pairs of true relatives. Of these unrelated pairs testing
third to eighth degree relationships, 44% produced log o
LRs above 0.

iiSNP profiles. The log;, LRs calculated with the 94
iiSNPs were less variable by degree than STRs for the
true related pairs. However, the unrelated pairs had more
variable log;y LRs that were typically higher than the
logg LRs calculated with the corresponding STR pro-
files. The log,y, LRs were informative for true first and
second degree relationships, with log;, LRs ranging
from 4.6 to 9.4 for parent/offspring pairs, 4.8 to 7.2 for
full sibling pairs, and 1.0 to 1.9 for second degree rela-
tionships (Fig. 4). One parent/offspring pair (Individual 3

Table 4. Shared Centimorgan Thresholds Applied in the
GEDmatch PRO™ One-to-Many Kinship Tool Match Lists
Based on the Number of Overlapping SNPs

Shared ¢M threshold

Overlapping SNPs  High confidence mateh list ~ Expanded match Iist

9.000 170 120
8,000 190 140
6,000 200 160

For all threshold levels, the longest identical-by-descent (IBD) segment
needs to be at least 30 cM."7

and Individual 5) resulted in a log;y LR of - due to no
alleles being in common at the 11ISNP rs1493232 (Individ-
ual 3 typed CC from 27 reads; Individual 5 typed AA
from 58 reads).

The unrelated pair observed as a false positive in the
full sibling test with STRs (Individual 1 and Individual
12) also appeared as a false positive with 1iSNP profiles,
producing a higher log,, LR of 2.3. This provided mod-
erate support for Hy, that these individuals were more
likely related as full siblings than unrelated. There was
an overlap in the log,q LRs calculated for true and false
second degree relationships, with the log, LRs for unre-
lated pairs ranging from -2.5 to 1.5.

As observed with the STR profiles, the log,q LRs did
not provide statistical support for relatedness for third
degree relationships and beyond, with an average log,o
LR of 0.04 = 0.04. This was not distinguishable from the
log o LRs calculated for the unrelated pairs, also produc-
ing an average log,o LR of 0.03  0.02 across the third to
eighth degree relationships.

Combined identity markers. The combined identity
marker log;, LRs were calculated for both STRs
(excluding SE33) and iiSNPs. This resulted in an
increased statistical power compared with the individual
panels and extended the informativeness of the kinship
log,oy LRs to include second degree relationships. The
log,y LRs ranged from 11.0 to 18.5 for true parent/off-
spring pairs, 7.8 to 15.7 for full siblings, and 1.4 to 6.0
for second degree relationships (Fig. 5). Due to no typed
allele in common at rs1493232, as previously discussed
in the i1ISNP profiles, the log,o LR was — for a parent/
offspring relationship (Individual 3 and Individual 5).
The false positive observed in the unrelated STR and
1ISNP profile tests for full siblings provided strong statis-
tical support for H, (Individual 1 and Individual 12,
logio LR =4.7), inferring it is 23,410 times more likely
to observe the combined STR/iiSNP profiles if the indi-
viduals were full siblings than if they were unrelated.
This was lower than the smallest log,, LR observed for a
true full sibling relationship (log,, LR = 7.8). Of the 10
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Table 5. Expected Values for Total Shared Centimorgan, Average Identical by Descent (IBD) Segment Length, and Number

of IBD Segments Calculated for Different Relationships

Kinship degree Relationship Total shared cM Average IBD segment length (eM) Number of IBD segments
1 Parent / offspring 3,300 61.3 538
1 Full sibling 3,300 38.6 85.6
2 Avuncular 1,650 28.1 58.7
2 Grandparent / grandchild 1,650 38.6 428
3 First cousin 825 221 373
4 First cousin once removed 4125 18.2 226
5 Second cousin 206.3 15.5 133
6 Second cousin once removed 103.1 13.5 76
7 Second cousin twice removed 516 11.9 4.3
8 Third cousin once removed 258 10.7 24
N/A Unrelated 0 0 0

Values were calculated with the equations in Supplementary Data.

true third degree relationships tested, half of the calcu-
lated log o LRs provided only limited statistical support
for H,, whereas 2 log;, LRs provided limited statistical
support for Hy. The average log,o LRs for testing third to
eighth degree relationships was 0.25 + 0.08 for the true
related pairs and —0.03 £ 0.03 for the unrelated pairs.

Extended kinship analysis between kintelligence
profiles (Pedigree Group 1)

LR calculations. When calculating log,, LRs using
10,039 autosomal SNPs available in the Kintelligence
Kit, there was no overlap in log,, LRs for the related and
unrelated pairs (Fig. 6; Table 7). All pairwise compari-
sons with H, proposing a parent/offspring relationship
produced log,, LR = —. Across the four pairs of true
parent/offspring pairs, a total of 58 loci had no alleles in
common and 97% were kiSNPs. All of these SNPs were
typed homozygous in both profiles and the number of
loci without a common allele ranged from 6 (Individual 6
and Individual 9) to 30 (individual 3 and Individual 5).
The log,, LRs for the true full sibling relationships
exceeded 300 (LR > 10%%%), resulting in DBLR™

Table 6. Call Rates for the DNA Profiles Generated for Each
Sample in Pedigree Group 1; Calculated for Short Tandem
Repeats (21), Identity-Informative SNPs (94), Combined
Identity Markers (114), and Autosomal Kintelligence SNPs
(10,039)

Combined identity

Sample ID  STRs (%) USNPs (%)  markers (I114)  Kintelligence (%)

Individual 1 100.00 100.00 100.00 99.86
100.00 100.00 100.00 99.82
100.00 96.81 98.25 96.96
100.00 95.74 96.49 97.85
85.71 97.87 97.80 96.18
100.00 100.00 100.00 99.76
100.00 98.94 99.12 99.76
100.00 100.00 100.00 99.95
100.00 98.94 99.12 99.74
95.24 9255 93.86 92.02
100.00 100.00 100.00 99.79

Individual 12 100.00 98.94 99.12 99.41

representing the log;, LR as infinite. For unrelated pairs
tested with the full sibling hypothesis, the average log;q
LR was -58.6 £ 0.5, providing strong statistical support
for H, (Table 7).

The smallest log,, LRs produced for second to fifth
degree relationships was 10.32 for a fifth degree relation-
ship (Individual 3 and Individual 10). Where H, tested
second to fifth degree relationships, the log,q LRs pro-
duced for true relationships were distinguishable from
those produced when testing the unrelated pairs (Table 7).
Of the related pairs spanning sixth to eighth degree rela-
tionships, 63% produced log,, LRs exceeding 4.0, pro-
viding strong statistical support for H,;. These values
were highly variable, with some related pairs providing
limited probative value: Individual 2 and Individual 11
with a log,y LR of 1.9 (eighth degree relatives), Individ-
ual 5 and Individual 10 with a log,e LR of 1.3 (sixth
degree relatives), and Individual 5 and Individual 11
with a log,y LR of 0.05 (eighth degree relatives).

The log;o LRs produced for the unrelated pairs did not
provide support for H, until proposing seventh degree
relationships, with 16% of seventh degree and 42% of
eighth degree relationship tests exceeding a log,, LR of
0 (Fig. 6). These tests were uninformative, producing an
average log;y LR of 0.08 £+ 0.02. There was an outlier
that was an exception to this (Individual 10 and Individ-
ual 12, log, LR = 1.1), providing limited statistical sup-
port where H; proposed an eighth degree relationship.
The false positive observed for the STR and iiSNP tests
(Individual 1 and Individual 12) produced a log,o LR of
—60.0 when evaluating the Kintelligence SNP profiles,
showing that STRs and iiSNPs on their own are not
always reliable for first degree relationship testing.

IBD segment matching. The database search using the
One-to-Many Kinship tool detected 81% of the true rela-
tionships (n = 47) between the individuals in Pedigree
Group 1 in either the high confidence or expanded match
lists. The majority of these were fifth degree relationships
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FIG. 3. Logo LR generated using the short tandem repeats (STRs) in the GlobalFiler™ PCR Amplification
Kit for each relationship degree for true related pairs (n = 47) and all relationship degrees for unrelated pairs
{n =152) in Pedigree Group 1. The dotted red line marks uninformative results (log;o LR = 0). Unrelated
pairs have not been plotted for parent/offspring tests (log;q LR = -5¢). PO: parent/offspring; FS: full sibling.
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or closer, of which 95% of possible first to fifth degree
relationships were detected. A fourth degree relationship
(Individual 2 and Individual 8) and a fifth degree rela-
tionship (Individual 4 and Individual 9) fell below the
database searching thresholds (Table 4). Of the eight
relationships greater than the fifth degree, only a sixth
degree relationship (Individual 2 and Individual 10) was
detected in the database search. The unrelated pairs in
Pedigree Group 1 did not appear in the high confidence
or expanded match lists as possible genetic relatives,
The undetected related pairs were directly compared in
the One-to-One Kintelligence DNA Comparison tool
and the fourth to seventh degree relationships could be
distinguished from the true unrelated pairs. However,
the eighth degree relationships (n = 3) could not be dis-
tinguished from the 19 unrelated pairs tested based on
the estimated shared cM values and the number and
length of IBD segments detected. Between all Kintelli-
gence profiles compared, there was an average overlap
of 9,647 + 43 SNPs.

The estimated shared cM decreased with increased
genetic distance between the pairs, with 89% of the unre-
lated pairs having an estimated shared ¢cM of 0 (Fig. 7).

The two unrelated pairs with a single detected 1BD seg-
ment were Individual 9 and Individual 11 (32 ¢M) and
Individual 1 and Individual 12 (25 ¢M). Although full
sibling relationships were expected to share approxi-
mately 3,300 c¢M in total, the three full sibling relation-
ships tested produced much lower estimated shared ¢cM
values (2,295-2,569 ¢M). Full sibling and parent/off-
spring relationships, both first degree relationships, could
be differentiated as the parent/offspring estimated shared
cM values were closer to the expected shared ¢cM
(3,033-3,194 ¢M). The difference between the observed
and expected total shared ¢M values decreased with
increasing genetic distance between the samples. For
relationship degrees beyond third order, the expected
total shared ¢M values were within the ranges of the
observed estimated shared cM values.

The types of second degree relationships (avuncular
and grandparent/grandchild) could not be differentiated
from the estimated shared cM value; however, they
could be distinguished by examining the number of IBD
segments and their average length (Fig. 8, Fig. 9). The
avuncular relationships had an average of 28.3 IBD seg-
ments with an overall average length of 51.4 ¢cM. This is
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a greater number of IBD segments than detected in the
grandparent/grandchild relationship (Individual 10 and
Individual 11) with 19 IBD segments detected. However,
the IBD segments were longer for the grandparent/grand-
child results with an average length of 74.9 ¢cM. While
these observed values were smaller and larger than the
expected values for average length and number of IBD
segments, respectively, they were consistent with regard
to grandparent/grandchild relationships having fewer
IBD segments of greater length (Table 5).

The average length of the IBD segments detected by the
GEDmatch PRO™ algorithms decreased with increased
genetic distance (Fig. 8). For the pairs of seventh and
eighth degree relatives, and the unrelated pairs where
only one IBD segment was detected, the length of that
segment was recorded, The observed average length was
greater than the expected average length for all rela-
tionships, with the exception of an eighth degree rela-
tionship (Individual 5 and Individual 11) where no IBD
segments were detected. The largest difference between
the observed and expected values was for parent/offspring

relationships, with the average length for the four tested
pairs ranging from 95 to 112 ¢M, compared with an
expected average length of 61 cM.

The number of IBD segments detected between all
pairs is shown in Figure 9, where there was low variabil-
ity observed within the relationship degrees. The IBD
segment count decreased with increased genetic distance
between the individuals. The observed number of IBD
segments was lower than the expected number, but this
difference decreased with increased genetic distance.
The largest difference between the observed and
expected IBD segment count was for the full siblings,
where the results ranged from 29 to 38 IBD segments as
opposed to the expected 86 IBD segments.

Extended kinship analysis between kintelligence
and DTC kits (Pedigree Group 2)

The individuals in Group 2 had up to four DTC kits each
that were available for comparison to the Kintelligence
profile for Individual A. All DTC kits for the known
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relatives of Individual A were detected in the database
search on GEDmatch PRO™ in the high confidence
match list. There was little variability in the results pro-
duced between the comparison of the Kintelligence pro-
file and any of the DTC kits. Figure 10 shows the
estimated shared ¢cM by individual for each DTC kit and
similar results were obtained for the parent/offspring,
full sibling, second degree relatives and the unrelated
pairs when compared with the Kintelligence results for
Pedigree Group 1. The FamilyTreeDNA profiles pro-
duced slightly lower estimated shared ¢cM values than
Ancestry for 71% of individuals with both kits (n = 7);
there was no variation observed for DTC kits of Individ-
ual A (self; 4 kits) and Individual B (parent/offspring;
4 kits). As observed in the Pedigree Group | study, the
estimated shared cM values were lower than the expected
total shared cM values calculated in Table 4.

There was little difference among DTC kits in the
average length and number of IBD segments identified
by the GEDmatch PRO™ algorithm (Fig. 11, Fig. 12).
As observed with Pedigree Group 1, the average length
of the IBD segments were higher and the number of IBD

segments were lower than the expected values calculated
(Table 4). All four DTC kits for Individual A had an
average IBD segment length of 151.9 ¢cM (Fig. 11).
The difference in IBD segment lengths across DTC kits
for other individuals ranged from 1.5 cM (Individual G)
to 8.6 ¢cM (Individual C). The number of IBD segments
detected for matches varied by only one segment between
the DTC kits for an individual, showing low variability
by DTC kit type (Fig. 12). There were three individuals
whose DTC kits varied by two IBD segments; the Living
DNA profiles for Individual B and Individual C (parent/
offspring) and the Ancestry and FamilyTreeDNA profiles
for Individual G (full sibling).

There was no variability in the comparisons with the
DTC kits for Individual A except for the number of
overlapping SNPs; the 23andMe profile had 7.879
SNPs available for comparison with the Kintelligence
profile, whereas the other three profiles had a minimum
of 9,700 SNPs. Excluding this outlier (the 23andMe kit),
the average number of SNPs overlapping between the
Individual A Kintelligence profile and the 24 DTC kits
was 9687 £ 13 SNPs.
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Discussion

The Kintelligence Kit provides an in-house solution for
forensic laboratories with massively parallel sequencing
technology to expand their kinship inference capabilities.

Table 7. Average Log,, LR Calculated for Each Relationship
Degree for the True Related and Unrelated Pairs of Group 1

Relationship degree Related pairs Unrelated pairs
1* (full siblings) >300 -58.61 £047
o 112.21-250.26 -31.02+040
3t 10445+ 549 -12.58£0.29
4™ 42.85+3.65 -5.07+0.20
5t 1588 +2.77 -2.12+0.16
6" 1.31-12.32 -0.91+0.10
™ 5.16-5.71 -0.31 £0.10
g 0.05-4.55 -0.12+0.04

The range of log;, LRs has been given when there were fewer than five
pairs tested. Parent/offspring tests were excluded (logyq LR = —).

Whereas STR profiles have been historically limited to
short-range kinship analysis for first degree relationships,
sequencing several thousand SNPs enables medium-
range kinship analysis to reliably distinguish between
related and unrelated pairs out to the fifth degree (e.g.,
second cousins) for both IBD segment matching and LR
calculations. The medium-density genotypes generated
with the Kintelligence Kit can be analyzed using the tra-
ditional LR approach, providing statistical support for
relatedness in accordance with international recommenda-
tions.*> Alternatively, IBD segment matching can be
applied using a windowed kinship algorithm to facilitate
FIGG by estimating shared haplotype distributions.'”*!
Furthermore, this analytical method allows profiles
derived from forensic samples to be compared with
DTC profiles uploaded by members of the public that
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have given permission for them to be searched by law
enforcement.

The current guidelines for kinship analysis recom-
mend calculating LRs for first degree relatives (i.e., par-
ent, offspring, and full sibling) using routine STR
profiling."* The basis for this approach is that first
degree relatives will share more alleles than unrelated
individuals,>*® Searching law enforcement databases for
indirect matches allows testing of the propositions that a
pair of DNA donors are parent/offspring or unrelated, or
that the pair are full siblings or unrelated."*

Several studies have recommended prioritizing parent/
offspring familial reference samples over full siblings
as the direct inheritance of chromosomes ensures at
least one allele in common at every locus.***° This rec-
ommendation is supported by the STR analysis in this
study, which produced strong log,, LRs supporting
relatedness for the parent/offspring pairs. However, the
false positive results observed when testing a full sib-
ling relationship between unrelated individuals demon-
strated that STRs and iiSNPs alone are not always
reliable for this relationship. Kinship analysis using the
94 iiSNPs performed similarly to STRs, with the result-
ing kinship LRs only slightly more powerful with the

iiSNPs. This is consistent with a study that assessed the
discriminating power of STRs and 1iSNPs for direct
comparisons of casework-type samples, where the
average log,o LR was 23 for STRs and 38 for the 94
iiSNPs.*®

For both STRs and iiSNPs, there were too few markers
to differentiate more distant genetic relatives from unre-
lated individuals in this study. The unrelated pairs typi-
cally produced higher log,q LRs when comparing iiSNP
profiles as opposed to STR profiles; this was not unex-
pected due to the biallelic nature of the 94 iiSNPs in this
study, resulting in only three possible genotypes at a
locus and increasing the probability of alleles being
identical by chance. "’ Pajnic¢ et al. (2023) proposed com-
bining the LRs of STRs and SNPs to improve Kinship
probabilities for partial profiles obtained in an ancient
DNA case study.‘” Similarly, this study showed a sub-
stantial increase in the log,, LRs when combining iden-
tity markers. The range of kinship analysis could be
expanded to include second degree relationships when
applying the combined identity marker panel; however,
this still produced a false positive result for the full sib-
ling tests between an unrelated pair. This approach can
be applied to short-range kinship analysis to test first
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and second degree relationships and improve the statisti-
cal support for relatedness when comparing partial
profiles.

When LRs were calculated with 10,039 autosomal
SNPs targeted by the Kintelligence Kit, powerful statis-
tical support allowed for true full siblings to fifth
degree relatives (e.g., second cousins) to be differenti-
ated from unrelated individuals. Log,q LRs could not
be calculated for the parent/offspring relationships with
the Kintelligence genotypes because at least one locus
had no shared alleles between the profiles. This is
because DBLR™ applies a binary approach to test par-
ent/offspring relationships, requiring a shared allele at
every locus. Genotyping errors, resulting in allele drop-
out, are expected with a panel of this size, with up to
30 SNPs (0.3% of the profile) showing no shared
alleles between true parent/offspring pairs in this
study.“ It may be possible to apply a probabilistic
model that accounts for genotyping error when calcu-
lating LRs, such as that published by.'w

The majority of the relationships spanning full sibling
to seventh degree (93%) produced log,, LRs that

exceeded the extremely strong support threshold (log o
LR = 6) and 98% exceeding the very strong support
threshold (log;, LR = 5).** These results are concordant
with the findings of simulations of medium-density SNP
panels to test kinship LR calculations.®**? Gettings et al.
(2024) simulated Kintelligence data for first to fifth
degree relationships and produced similar results, calcu-
lating median log,o LRs of 1,300 for first degree, 300 for
second degree, 120 for third degree, 50 for fourth degree,
and 20 for fifth degree relationships. Notably, 95% of
fifth degree relationship log o LRs exceeded 4, providing
strong support for relatedness.*’

A study simulating 6,600 SNPs for second to sixth
degree relatives with direct lineage or one or two com-
mon ancestors concluded that while denser marker sets
can produce more powerful LRs, they also increase the
number of false positive relationships.® In this study, the
unrelated pairwise comparisons with the Kintelligence
profiles did not produce log,, LRs that falsely supported
a relationship, except for one test hypothesizing a seventh
degree relationship. However, this provided only limited
support for relatedness and could be differentiated from
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the log,y LRs generated for the true seventh degree rela-
tionships. Furthermore, the false positive result support-
ing a full sibling relationship between an unrelated pair
with STRs and iiSNPs was eliminated when using Kintel-
ligence genotypes.

IBD segment matching algorithms have become
increasingly common tools for kinship analysis in foren-
sics, particularly with the use of FIGG for long-range
kinship lesling.12 The windowed kinship algorithm on
GEDmatch PRO™ infers IBD segments by first assess-
ing stretches of SNPs with at least one allele in common,
followed by a second pass to identify SNPs within those
segments that share both alleles.®' While the algorithm
was originally developed and validated for first to fourth
degree relationships, this study found it was also capable
of detecting fifth degree relatives in database searches, as
well as facilitating direct comparisons to known profiles
for sixth and seventh degree relatives. Furthermore, the
number and average length of the detected IBD segments
can be taken into account to differentiate relationships
within the same degree, as demonstrated in this study
with second degree relationships (avuncular and grand-
parent/grandchild). These variations are attributed to the

number of meioses separating the queried individuals,
with additional meiosis leading to smaller IBD segments
being shared between them.''*

When developing the windowed kinship algorithm, it
was concluded that the estimated shared ¢M values pro-
duced by this algorithm would be, on average, 7% lower
than those produced by the GEDmatch™ algorithm,
which was developed for high-density SNP data analy-
sis.?! In this study, the estimated shared ¢M values were,
on average, 16% lower than the expected values. It was
not unexpected that the observed shared ¢M, average
length of IBD segments and number of IBD segments
were different to the expected values. This is because the
calculations were based on the entire genome of approxi-
mately three billion nucleotides, whereas the Kintelli-
gence Kit targets only 10,230 SNPs or approximately
0.00034% of the human genome. While the kiSNPs
were selected to target linked SNPs along the chromo-
somes that would correlate with IBD segments, this is
still an estimation, and the available data are more lim-
ited compared with microarray or WGS approaches.
Microarrays, which are commonly employed by DTC
companies for their genetic testing, target anywhere
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from 500,000 to 2,500,000 nucleotides, while WGS
aims to sequence the entire human genome of three bil-
lion nucleotides.'?

The theoretical values calculated with the modified
equations by Speed and Balding were lower than those
published on the Shared ¢cM Project 4.0 Tool v4 with
the exception of full siblings.*>***! The values pub-
lished on this tool are based on data uploaded to the
website by the public as opposed to calculations with
sex-averaged recombination numbers per meiosis. The
observed shared ¢M values for the full sibling relation-
ships in this study were closer to those published on the
Shared c¢M Project 4.0 than the expected shared cM
values calculated, It is also important to note that there
is not a perfect correlation between ¢cM and Mb and so
the expected ¢M values calculated by modifications to
the equations of Speed and Balding (in Mb) are only
approximations but should be reasonable approxima-
tions for average values.*> The expected number of
IBD segments, however, should not depend on the unit
chosen for IBD segment length.

GEDmatch PRO™ provides expected ¢cM ranges and
the average c¢M in the Generation Chart as part of the
One-to-Many Kinship tool, which are generally lower
than the values published on the Shared c¢cM Pro-
ject.'75253 However, the Generation Chart groups first
degree relationships together, giving the expected range

of 2,328 to 3,065 ¢M with an average of 2,697 cM. The
Shared ¢M Project separates parent/offspring (range of
2,376-3,720 cM, average of 3,485 c¢cM) and full sibling
(range of 1,613-3,488 cM, average of 2,613 cM) values
and, while there is an overlap in the expected ranges for
these relationships, the parent/offspring relationships are
typically several hundred ¢M higher.r""‘;z'53 The esti-
mated shared ¢cM observed in this study for the first
degree relationships fell within the broad ranges observed
by the Shared cM Project.52'53 However, some results
did not fall within the ranges provided by the Genera-
tion Chart on GEDmatch PRO™.'7 This study supports
differentiation of the parent/offspring and full sibling
expected shared cM in the Generation Chart for classi-
fication of first degree relationships.

The results obtained when Kintelligence profiles were
compared with either other Kintelligence profiles (Pedi-
gree Group 1) or DTC kits (Pedigree Group 2) were con-
sistent, with no observable impact from the company
providing the DTC testing service. Other studies assess-
ing Kintelligence and microarray results have observed
minimal variation in the estimated shared cM across dif-
ferent sequencing methods, confirming the Kintelligence
Kit is reliable for detecting and classifying first to fourth
degree relationships.”>* This lack of variation is due to
the Kintelligence Kit being specifically designed to target
SNPs common to various DTC kits and those used by
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Pedigree Group 2. PO: parent/offspring; FS: full sibling; 2nd: second degree relative; UR: unrelated.

the existing GEDmatch™ algorithm for high-density Kling & Tillmar (2019) observed that the IBD seg-
SNP data.'”?' This allows for public databases and pro- ment matching approach for kinship analysis was more
files uploaded by the public to be leveraged for extended effective at excluding unrelated individuals, while LR
kinship analysis, eliminating the need for the creation of calculations were able to classify related individuals
a new law enforcement database containing reference more accurately in simulations using high-density SNP
SNP profiles. proﬁle:;."j However, in this study, the expanded match list
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FIG. 12. Number of identical-by-descent (IBD) segments detected by GEDmatch PRO™ between the
Kintelligence profile for Individual A and the direct-to-consumer kits from Pedigree Group 2. PO: parent/
offspring; FS: full sibling; 2nd: second degree relative; UR: unrelated.
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generated following a database search on GEDmatch
PRO™ often included individuals who were not known
genetic relatives of the volunteers. Previous studies have
concluded that, while absolute determination of a rela-
tionship is not possible, it is crucial to assess which rela-
tionship is most probable.* While the LR approach
requires testing multiple sets of hypotheses to infer the
most likely relationship between individuals, the degree
of relatedness can be inferred from the total amount of
DNA shared, the average shared IBD segment length,
and the number of shared IBD segments using the IBD
segment matching approach.

The Kintelligence Kit has been successfully used to
resolve both criminal and unidentified human remains
cases around the world, relying on genetic genealogy
databases and IBD segment matching algorithms. How-
ever, FIGG requires confirmatory testing of the proposed
identification using either a direct match with a Pol or
partial matches and kinship LR calculations with STR
profiles from first degree relatives of the Pol.>>>® This
study demonstrates that applying the LR approach to
Kintelligence profiles is a suitable alternative when these
preferred family reference samples are unavailable,
allowing for confirmation of identity using more distant
relatives with statistical support. Ideally, it would be
preferable to provide support for genetic relationships on
more than one lineage of a pedigree. However, forensic
casework samples are often of poor quality and further
evaluation is required to determine how extended kinship
analysis should be approached with partial profiles. Part
two of this study, published separately, assesses how
genotyping error and information loss impact the ability
to calculate LRs and detect IBD segmcnls.sg

Conclusions

This study demonstrates that the Kintelligence Kit can
extend kinship inference beyond short-range familial
searches using STR profiles. While identity-informative
markers such as STRs and iiSNPs are suitable for first
degree relationships, the Kintelligence Kit can be applied
for kinship analysis of first to fifth degree relationships
using kinship LR calculations and IBD segment match-
ing. The SNP genotypes can be analyzed with kinship
LRs to provide statistical support for hypotheses of relat-
edness or uploaded to law enforcement accessible
genetic genealogy databases for analysis using the win-
dowed kinship algorithm to infer IBD segments. Part

gence Kit and various kinship analysis methods, explor-
ing the impact of suboptimal Kintelligence profiles,
locus dropout, and allele dropout on kinship analysis.
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71 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."

The average IBD segment length that two individuals share is:

3300 (1)
G, +G,
2

Average IBD Segment Length =
22 4+ (40.7 + 22.9) x

where the numerator is the total length of DNA in cM; A is the number of most recent
common ancestors shared between the individuals; G; and G, 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:

1
Expected Shared cM = A X P %X 3300 @)

The number of IBD segments that two individuals share is:

22 + (40.7 + 22.9) x # (3)

2G1+GZ—1

Number of IBD Segments = A X

Reference

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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Abstract

Medium-density single nucleotide polymorphism (SNP) profiles enable law enforcement to infer close
and distant genetic relationships. Part one of this study demonstrated that the ForenSeq” Kintelligence
Kit, which targets 10,230 SNPs, can facilitate extended kinship inference through kinship likelihood ratio
(LR) and identical by descent (IBD) segment matching methods. However, if SNPs are not detected, or
are incorrectly called, the ability to detect genetic relatives and accurately classify the relationship may
be compromised. The Kintelligence profiles for the central individuals of two pedigrees described in Part
One were edited to simulate information loss through locus and allele dropout. LRs were calculated with
DBLR™ and SNP profiles were uploaded to GEDmatch PRO™ for database searching or direct compari-
son. The LRs decreased with increasing information loss but still provided strong statistical support for
relatedness. LRs exceeded 100,000 for all full sibling to fifth degree relationships for up to 30% locus and
allele dropout. Locus dropout did not significantly impact the ability to infer first to fifth degree relation-
ships with IBD segment matching. Allele dropout had a greater impact, with 30% allele dropout impair-
ing the ability to classify relationships to their correct degree. When allele dropout was greater than
10%, the fifth degree relative was no longer detected in the database search. This study highlights the
robustness of LR calculations and the GEDmatch PRO™ IBD segment matching algorithms and the suit-
ability of the Kintelligence Kit for medium-range kinship inference, with the algorithm maintaining the
ability to infer relationships despite increasing information loss.

Downloaded by Jodic Ward from www.licheripub.com at 03/22/25, For personal use only

Keywords: single nucleotide polymorphism, human identification, targeted amplicon sequencing, forensic
investigative genetic genealogy, kinship

Introduction criminal investigations and unidentified human remains
Extended kinship inference can be applied to forensic in missing persons investigations.'™ However, forensic
casework using single nucleotide polymorphism (SNP) samples collected during an investigation may be
profiles for the identification of persons of interest in  degraded, inhibited or have low quantities of DNA. This
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can result in suboptimal DNA profiles being produced,
limiting the ability to find direct or indirect matches (for
short-range kinship testing) in a database or generate
genetic intelligence, such as inferred biogeographical
ancestry, externally visible characteristics, or distant
genetic relatives of the DNA donor.*”’

There are two common methods used to assess genetic
relationships between individuals: kinship likelihood
ratio (LR) calculations and identical by descent (IBD)
segment matching. LRs provide statistical support for
alternative propositions about the genetic relationship
between two individuals based on the probabilities of
observing alleles identical by state (IBS) in the DNA
pmﬁles.2 IBD segment matching algorithms compare
medium- and high-density SNP profiles to infer haplo-
types or IBD segments that are shared between genetic
relatives and co-inherited from a common ancestor,'*

The ForenSeq” Kintelligence Kit (Verogen Inc.,
QIAGEN) targets 10,230 SNPs across the human
genome in a medium-density targeted amplicon sequenc-
ing panel.®” The size of this panel facilitates kinship
analysis using the LR calculation method or IBD seg-
ment matching using a database search or direct compar-
ison ™11 Kintelligence profiles are compatible with
upload to the law enforcement accessible genetic geneal-
ogy databases GEDmatch PRO™ and FamilyTreeDNA,
allowing for comparison with over two million profiles
uploaded by consenting members of the public on each
database.'*!?
telligence profiles yielded LRs that provided very strong
statistical support (log;o LR > 5) for relatedness between
full siblings and fifth degree relatives.'* The IBD seg-
ment matching tools on GEDmatch PRO™ could also
detect all known first to fifth degree relatives available
in the database.

Some studies have evaluated how locus dropout impacts
kinship analysis for different SNP panels; however, further
work is required to assess suboptimal profiles yielded from
compromised forensic samples.z's‘“ Partial profiles could
appear as locus dropout, where loci are not detected during
sequencing or fall below the analytical thresholds, or allele
dropout, where a heterozygote is incorrectly called as
homozygote. This paper presents part two of the study,
which focuses on evaluating the Kintelligence profiles for
central individuals of two pedigrees with simulated locus
and allele dropout. This study aims to guide the interpreta-
tion of extended kinship inference results using LR calcu-
lations and IBD segment matching for partial profiles that
could result from compromised forensic samples.

Part one of this study demonstrated Kin-

Methods
Ethics approval for this research was granted by the Uni-
versity of Technology (UTS) Human Research Ethics

Committee (HREC) (UTS HREC NO. ETH21-5821 and
amendment ETH21-6606). The methods for sample pro-
curement, DNA extraction, quantification, library prepa-
ration, sequencing, LR calculation, and IBD segment
matching are described in part one of this sn.u:ly.I4

For the calculation of LRs for unrelated pairs of individ-
uals (19 pairs), the first hypothesis (H;) proposed a rela-
tionship ranging from first (parent/offspring or full sibling)
to eighth degree relationships and the alternative hypothe-
sis (H) proposed that the individuals were unrelated. For
the genetically related pairs of individuals, H, proposed
the true relationship of the individuals and H, proposed
that they were unrelated. The statistical support for the
hypotheses is presented using the verbal scale based on
the log, LR results (Table 1). Pedigree Group 1 (Individ-
uals 1-12) provided buccal swabs for DNA profiling with
the Kintelligence Kit (Fig. 1). Pedigree Group 2 (Individ-
uals A-L) provided the kit numbers for pre-existing
direct-to-consumer (DTC) data uploaded to GEDmatch™
and the central individual (Individual A) provided a buc-
cal swab for DNA profiling with the Kintelligence Kit
(Fig. 2; Table 2)." All Kintelligence profiles were
uploaded to GEDmatch PRO™ as laboratory validation
samples,

For both pedigrees, the Kintelligence profiles of the
central individual (Individual 1 from Pedigree Group 1;
Individual A from Pedigree Group 2) were manually
edited using the Universal Analysis Software (Verogen,
Inc.) to simulate varying degrees of locus and allele
dropout. Table 3 outlines the call rates and autosomal
heterozygosity for the generated Kintelligence profiles.
Call rates were calculated as the number of typed
SNPs out of a possible 10,230 SNPs for Individual 1
(male) and 10,145 SNPs for Individual A (female).
Autosomal heterozygosity was calculated as the pro-
portion of typed autosomal SNPs (up to 10,039 SNPs)
that were heterozygous.

Locus dropout was assessed in increments of 5% with a
minimum call rate of 70% generated for the profiles. SNPs
were removed based on the frequency of locus dropout as
observed by Watson et al. (2023)."° After this list of SNPs
was exhausted, SNPs were removed by increasing the total
coverage threshold required to call a SNP. Allele dropout
was calculated as the proportion of heterozygous autosomal
SNPs that were called as heterozygous and changed to
homozygous, across the testing range of 5% to 30% allele
dropout. The minor allele of each heterozygous SNP was
removed from the final genotype.

“The use of DTC data for research was in compliance with the terms and conditions
at the time the respective data were downloaded by the volunteers. All volunteers
were notified at the conclusion of the study so they could opt out of law enforcement
searching or remove their DNA data from GEDmatch™ to ensure that future use of
their data is in compliance with their preferences and relevant terms and conditions.
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Table 1. Verbal scale for log;, LR results and the statistical
support for each hypothesis'®

Logo LR Interpretation

<5 Very strong statistical support for Hy

-4 Strong statistical support for Hy

-3 Moderately strong statistical support for Hy
-2 Moderate statistical support for Hy

-1 Limited statistical support for H,

0 Uninformative

1 Limited statistical support for H,

2 Moderate statistical support for H,

3 Moderately strong statistical support for H,
4 Strong statistical support for H,

25 Very strong statistical support for H;
Results

Impact of locus dropout

LR calculations between Kintelligence profiles (Pedigree
Group 1). Increasing locus dropout in the Kintelligence
profile of Individual 1 resulted in the log,, LRs decreas-
ing for all relationships greater than the first degree
tested within Pedigree Group 1 (Fig. 3). The results for
the first degree relationships were unaffected by locus
dropout. As noted in part one, when a relationship is
impossible (LR = 0), the log,y LR results are given as
negative infinity (—0).13 Alternatively, DBLR™ does
not report log;, LRs that exceed 300 (LR > 10°") and
return the log, LR as infinite ().

The parent/offspring relationship (Individual 2) pro-
duced a log;y LR of —=, inferring the relationship was
impossible, for all levels of dropout due to the profiles
failing to have at least one allele in common at every
SNP. The full sibling relationship (Individual 3) was
not observably impacted by locus dropout, with the
LRs exceeding 10°" and remaining incomputable by
DBLR™, returning a log;o LR of % and inferring H,
was impossible. The greatest decrease was observed in
the second degree relationships (Individual 4 and Indi-
vidual 5). For locus dropout ranging from 0% to 30%,
the log,y LR decreased from 232 to 160 for Individual
4 and from 250 to 176 for Individual 5. This repre-
sented an average decrease of 12 in the log,y LR for
every 5% of SNPs lost. However, these values all pro-
vided very strong statistical support for H, and the
decreases in log,o LRs with locus dropout do not have
any practical significance.

For the third degree relationships (Individual 6, Indi-
vidual 7, and Individual 8), the log, LR decreased stead-
ily by approximately 7.2 for every 5% interval of locus
dropout tested (Fig. 3). The exception was Individual 8,
which saw the log,o LR increase from 86 to 88 when the
call rate of Individual 1 was first reduced to 95%.

For the fourth and fifth degree relationships (Individ-
ual 9 and Individual 10, respectively), a small decrease

central individual (Individual 1) is circled in red.

gl o
I
O [ Decessed mate

®

FIG. 1. Pedigree Group 1, with numbers corresponding to Individuals 1 through 12."* Individuals
included in the study are filled in (black), with living relatives linking the family members not filled
(white). Deceased relatives are crossed out. Individual 12 is unrelated to all individuals in the group. The

,@ Deceased female
[] unsampled mate
(O Unsampled female
- Sampled male

. Sampled female
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individual (Individual A) is circled in red.

@ ureetsted individual

FIG. 2. Pedigree Group 2, with letters corresponding to Individuals A through L.'* Individuals included
in the study are filled in (black), with living relatives linking the family members not filled (white).
Deceased relatives are crossed out. Individual L is unrelated to all individuals in the group. The central

z Deceased male
g Deceased female
[[] unsampled male
O Unsampled female
. Sampled male

@ sampled female
A\ Menozygotic twins

in the log, LR was observed with increasing locus drop-
out. For the fourth degree relationship, the log,, LR
decreased from 43 to 28, with an average loss of 2.5 per
5% increment of locus dropout. The log, LRs decreased
by an average of 1.4 per 5% increment for the fifth
degree relationship, from 22 to 17, still providing very
strong statistical support for relatedness.

The seventh degree relationship (Individual 11) provided
very strong statistical support for the proposed relation-
ship when there was no locus dropout (log;o LR = 5.2).
However, locus dropout resulted in a substantial drop in
statistical support for relatedness when the call rate
dropped to 70%, producing a log;o LR of 0.92. This

Table 2. Direct-to-consumer Kits available for Individuals A
through L in Group 2"

Sample ID  AncestryDNA  FamilyTreeDNA 23andMe Living DNA

Individual A I 4 4 »
Individual B I I I I
Individual C I %4 %4 »
Individual D X L X X
Individual E - I X X
Individual F X 4 X X
Individual G - I X X
Individual H I I X X
Individual 1 I %4 X X
Ing ual J X » X X
Individual K X I X X
Individual L I X X X

means that, at this level of dropout, it is only 8.35 times
more likely to observe these Kintelligence profiles if the
individuals are seventh degree relatives than if they are
unrelated. This was not distinguishable from the log;,
LRs obtained from testing unrelated pairs of individuals,

When calculating the kinship LRs between the Indi-
vidual 1 profiles and the unrelated individual (Individual
12), the log;o LRs increased as the rate of locus dropout
increased (Fig. 4). However, this increase plateaued for
all relationship degrees at 20% locus dropout. When test-
ing H, for first to fourth degree relationships, there was
very strong statistical support for H,, consistent with the
true unrelated status of this pair. When testing H, for
fifth to seventh degree relationships, only limited to mod-
erate statistical support was provided for H,. Positive
log o LRs that statistically supported H; were produced
for fifth degree at 20% locus dropout and greater, sixth
degree at 15% locus dropout and greater, and seventh
degree at 10% locus dropout and greater. The strongest
statistical support for an incorrect inference of related-
ness occurred at 20% locus dropout, where H, proposed
a sixth degree relationship with a log;, LR of 1.5. The
logio LRs, when testing H, for fifth to seventh degree
relationships, could not be distinguished from the results
obtained from true seventh degree relationships when
locus dropout was greater than 10%.
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Table 3. Call rate and autosomal heterozygosity for Individual 1 (Pedigree Group 1) and Individual A (Pedigree Group 2) for
the full Kintelligence profile, profiles generated with locus dropout ranging from 5% to 30% and profiles generated with allele

dropout ranging from 5% to 30%

Individual 1 Individual A
Prafile Call rate (%) Autosomal heterozygosity (%) Call rate (%) Autosomal heterozygosity (%)
Full profile 99.85 48.04 99.41 47.51
5% locus dropout 95.00 48.19 95.00 47.52
10% locus dropout 90.00 48.26 90.00 47.94
15% locus dropout 85.00 48.55 85.00 47.90
20% locus dropout 80.00 48.28 80.00 47.68
25% locus dropout 75.00 48.36 75.00 47.56
30% locus dropout 70.00 4847 70.00 47.42
5% allele dropout 99.85 45.64 99.41 45.14
10% allele dropout 99.85 43.24 99.41 42.77
15% allele dropout 99.85 40.84 9941 40.39
20% allele dropout 99.85 38.44 99.41 38.02
25% allele dropout 99.85 36.03 99.41 35.63
30% allele dropout 99.85 3364 99.41 33.26

IBD segment matching between Kintelligence profiles
(Pedigree Group 1).  For the first to fourth degree rela-
tionships, all appeared in either the high confidence or
expanded match lists for all levels of locus dropout
tested. For Individual 1 profiles with call rates from 70%
to 85%, the fifth degree relationship (Individual 10)
results did not appear in the high confidence match list
and only appeared in the expanded match list. The sev-
enth degree relationship (Individual 11) and the unre-
lated individual (Individual 12) were not detected in
the database search and were directly compared with
Individual 1 using the One-to-One Kintelligence DNA
Comparison tool.

As locus dropout increased, additional matches were
identified by the One-to-Many Kinship tool that were not
known genetic relatives of Individual 1 (Fig. 5). Very
few of these matches were listed in the high confidence
match list and those that were had an estimated shared
cM over 200 (average: 205 = 1 ¢M). The additional
matches in the expanded match list had an average esti-
mated shared ¢cM of 160 £ 5 ¢M. No additional matches
appeared in the high confidence match list when locus
dropout was less than 15% or at 25% locus dropout.
With the exception of the 25% locus dropout test, the
number of additional matches in the extended match list
increased as locus dropout increased. Furthermore, these
additional matches tended to appear in the match list for
the next level of locus dropout tested.

The Individual 1 profiles with lower call rates were
able to match to the Individual 1 Kintelligence profiles
with varying levels of locus dropout (0-30%) in the
One-to-Many Kinship tool as likely “self,” regardless of
the number of SNPs being compared. All 21 pairwise
comparisons resulted in high estimated shared cM val-
ues, with an average of 6,559 + 4 ¢M, These values all
fell within the range provided by GEDmatch PRO™ as
likely to be self (6464-6684 cM).

There was minimal variability in the estimated shared
cM for the relationships tested in Group 1 as locus drop-
out increased (Fig. 6). The standard deviations for the
estimated shared cM values were calculated across the
locus dropout tests for each individual and averaged to
calculate the overall variance. The overall variance for
the estimated shared cM values was 29.3 ¢cM.

The average IBD segment length decreased with
increasing locus dropout for first degree relationships
(Individual 2 and Individual 3) and increased for the sec-
ond degree relationships (Individual 4 and Individual 5;
Supplementary Fig. S1). There was no discernible
impact of locus dropout on the average IBD segment
lengths for the other relationships. The overall variance
in the average segment length was 2.9 ¢cM.

The number of IBD segments detected by the algo-
rithm increased with locus dropout for Individual 2, Indi-
vidual 3, Individual 8, Individual 9, and Individual 10
but decreased for Individual 5 (Supplementary Fig. S2).
The greatest impact of locus dropout on the number of
IBD segments detected occurred for the parent/offspring
relationship (Individual 2), where five additional seg-
ments were identified across the locus dropout range,
and for the second degree relationship (Individual 5),
which lost five segments (Supplementary Fig. S2). The
overall variance in the number of IBD segments detected
was 1.1 segments.

The unrelated individual (Individual 12) could not be
distinguished from the seventh degree relationship (Indi-
vidual 11) when considering the estimated shared ¢M
and the average length and number of IBD segments
detected. A single IBD segment was detected between
Individual 1 and Individual 12 on chromosome 4
(24.5 cM) that dropped out at 15% locus dropout. A dif-
ferent IBD segment was detected on chromosome 13 at
20% locus dropout (24.1 ¢M) that increased in size for
25% and 30% locus dropout (43.1 ¢M), and a second
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FIG. 3. Logo LRs generated with locus dropout of Individual 1 ranging from 0% to 30% for all true
relationships in Pedigree Group 1. The H, proposition was that the pair were related according to the
true relationship degree. The H, proposition was that the pair were unrelated. The parent/offspring
(Individual 2) was not plotted (log,o LR = —=). The full sibling (Individual 3) has not been plotted (log;q
LR = =). 2nd: second degree relative; 3rd: third degree relative; 4th: fourth degree relative; 5th: fifth

degree relative; 7th: seventh degree relative.

IBD segment only appeared when testing 25% locus
dropout on chromosome 14 (22.5 ¢cM).

IBD segment matching between Kintelligence and
DTC kits (Pedigree Group 2). As observed with Pedi-
gree Group 1, there was minimal variability in the results
when comparing Individual A with varying degrees of
locus dropout and the DTC profiles from Pedigree Group
2. The majority of DTC kits from genetically related
individuals were included in the high confidence or
expanded match lists. Only the Individual A 23andMe
kit did not appear in the One-to-Many Kinship results at
30% locus dropout, as fewer than 6,000 overlapping

SNPs were detected, failing to meet the threshold for
inclusion in the database match list. Despite this, the
direct comparison of this kit to the Individual A Kintelli-
gence profile produced results that were consistent with
all other DTC kits for Individual A.

All IBD segment matching results were consistent
between the different types of relationships tested, as
well as between the DTC kits for each individual. Locus
dropout did not significantly impact the estimated shared
cM (Fig. 7). The average IBD segment length and num-
ber of IBD segments detected decreased with increasing
locus dropout for some individuals while increasing for
others (Supplementary Fig. S3 and Supplementary Fig. S4,
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FIG. 4. Logo LRs generated with locus dropout of Individual 1 ranging from 0% to 30% and a true
unrelated individual (Individual 12). The H, proposition was that the pair were related according to a
specific relationship degree. The H;, proposition was that the pair were unrelated (true). Parent/offspring
tests have not been included (log,o LR = —x). 1st: first degree relative; 2nd: second degree relative; 3rd:
third degree relative; 4th: fourth degree relative; 5th: fifth degree relative; 6th: sixth degree relative; 7th:

—8— 1st
—8—2nd
—8—3rd
—8—4th
—@— 5th
~—@8—6th

——Tth

20% 25% 30%

respectively). The overall variances across locus dropout
tests were 25.2 ¢cM for the estimated shared cM, 3.4 cM
for the average IBD segment lengths, and 1.3 for the num-
ber of IBD segments.

The greatest degree of variability in results due to
increasing locus dropout was observed in the number of
IBD segments detected (Supplementary Fig. $4). For the
parent/offspring relationship (Individual C), several IBD
segments were lost, with the AncestryDNA kit decreas-
ing by five segments and the FamilyTreeDNA kit by

only two segments. IBD segments were lost for both kits
for one full sibling relationship (Individual G) after addi-
tional IBD segments were detected at 15% locus dropout
for the AncestryDNA kit and 5% for the Family-
TreeDNA kit; by 30% locus dropout, the number of IBD
segments detected for the AncestryDNA kit decreased
by five segments, whereas the FamilyTreeDNA kit
decreased by only two segments. In contrast, for the full
sibling relationship (Individual I), additional IBD seg-
ments were detected as locus dropout increased, with the
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FIG. 5. Additional matches included in the high confidence and expanded match lists on GEDmatch
PRO™ that were not known genetic relatives of Individual 1 at various degrees of locus dropout.
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AncestryDNA kit increasing by six segments and the
FamilyTreeDNA kit by five segments.

The unrelated individual (Individual L) had only a sin-
gle IBD segment detected (28.2 ¢cM) when compared
with the full Individual A Kintelligence profile. How-
ever, this segment was not detected when comparing
Individual L with any of the profiles with locus dropout.

Impact of allele dropout

LR calculations between Kintelligence profiles (Pedigree
Group 1). The log;, LR decreased with increasing
allele dropout of the Individual 1 profile (Fig. 8). As
observed in the locus dropout study, the impact of allele
dropout on the log,, LRs for the first degree relationships
was unable to be evaluated, The log,o LRs remained at =
for the full sibling relationship (Individual 3) as log,
LRs exceeding 300 are not reported by DBLR™. As
there was already allele dropout observed in the compari-
son of full profiles for the parent/offspring relationship
(Individual 2), the log,, LRs were represented as —,
inferring the relationship was impossible. The second
degree relationships showed the greatest rate of decrease
in log;y LRs at an average of 22.5 between each 5%
increment of allele dropout tested, with those from Indi-
vidual 4 decreasing from 232 to 111 and those from Indi-
vidual 5 decreasing from 250 to 176,

The log,p LRs decreased in a similar pattern for the
third degree relationships (Individual 6, Individual 7, and
Individual 8), with minimal change between 15% and
20% allele dropout and between 25% and 30% allele

dropout. Although Individual 6 and Individual 7 pro-
duced similar values, the log,, LRs for Individual 8 were
lower but still provided very strong statistical support for
relatedness. The log,, LR for the fourth degree relation-
ship (Individual 9) decreased from 43 to 11, with an
average reduction of 5.3 per 5% increment of allele drop-
out. The log,y LR for the fifth degree relationship (Indi-
vidual 10) decreased from 22 to 4.7 at 30% allele
dropout but still provided strong statistical support for
H,. Finally, the log,, LRs calculated for the seventh
degree relationship (Individual 11) decreased from 5.2 at
0% allele dropout to being uninformative, where a log,,
LR is at 0 and neither hypothesis is supported, at 15%
allele dropout (log;, LR = 0.1) and provided limited sta-
tistical support for H, at 30% allele dropout (log,, =
-0.5).

For the unrelated individual (Individual 12), allele
dropout resulted in a decrease in the log,o LR (Fig. 9).
The highest log,y LR across all tests was the H, proposi-
tion for a seventh degree relationship with no allele drop-
out (log;o LR =—0.1), which provided limited statistical
support for Ha. All first to fourth degree relationship tests
provided very strong statistical support for H,, with only
limited to moderate statistical support for H, for fifth to
seventh degree relationships.

IBD segment matching between Kintelligence profiles
(Pedigree Group 1). In contrast to the locus dropout
study, a gradual decrease was observed in almost all
results obtained from the IBD segment matching algo-
rithm with increasing allele dropout. Allele dropout
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FIG. 6. Estimated shared centimorgan (cM) values shared between the Kintelligence profile of
Individual 1 and other Kintelligence profiles in Pedigree Group 1 with locus dropout ranging from 0% to
30%. The ranges indicated for kinship degrees are as included in the generation chart on GEDmatch
PRO™.'? 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.

J

resulted in the more distant genetic relatives not being
included in the match lists when searching the database.
The fifth degree relationship (Individual 10) did not
appear in the high confidence or expanded match lists
using the One-to-Many Kinship tool when allele dropout
exceeded 10%. As a result, the remaining comparisons
for the fifth degree relationship were performed using the
One-to-One Kintelligence DNA Comparison tool. Simi-
larly, the comparisons for the seventh degree relationship
(Individual 11) and unrelated individual (Individual 12),
across all degrees of allele dropout tested, were con-
ducted using the One-to-One Kintelligence DNA Com-
parison tool.

No additional matches were included in the high con-
fidence match list that were not already known genetic
relatives of Individual 1. However, several additional
matches were observed in the expanded match list, with

fewer than 10 matches for each version of the profile
with varying allele dropout (Fig. 10). The average esti-
mated shared ¢M for these matches was 139 £4 cM. The
number of additional matches did not correlate with the
allele dropout rate and the matches did not appear in any
other match lists for different levels of allele dropout
tested.

When comparing the full Kintelligence profile to
those with increasing amounts of allele dropout, the
estimated shared ¢cM values showed a sharp decline
after 5% allele dropout (Table 4). At 5% allele dropout,
the estimated shared ¢cM remained within the range pro-
vided by GEDmatch PRO™ for self (6,464-6,684 cM)
but decreased and plateaued around 3400 c¢M after 10%
allele dropout. This suggests that, beyond 5% dropout,
the profiles are more likely to represent first degree rel-
atives rather than originating from the same individual.
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FIG. 7. Estimated shared centimorgan (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%.
The ranges indicated for kinship degrees are as included in the generation chart on GEDmatch
PRO™.'2 PO: parent/offspring; FS: full sibling; 2nd: second degree relative; UR: unrelated; FTDNA:

FamilyTreeDNA.

Despite this decrease in shared cM, the number of IBD
segments (22) and average IBD segment length (152 ¢cM)
remained consistent across the comparisons and allows
for differentiation between self with allele dropout and
true parent/offspring relationships. However, there were
increasing numbers of SNPs where both alleles were not
in common between the profiles, resulting in the decreased
estimated shared cM. For all 21 pairwise comparisons of
Individual 1 profiles, the estimated shared ¢cM values were
within the range for self if the allele dropout rates were
within 5% (Table 4).

Figure 11 illustrates the gradual decrease in the esti-
mated shared cM between Individual 1 and the individu-
als in Pedigree Group 1 as allele dropout increased.
There was no observable impact on the parent/offspring
relationship (Individual 2), with a variance of 35.6 cM.
In contrast, the full sibling relationship (Individual 3)
showed a decrease in the estimated shared ¢cM from an
average of 2,530 = 40 cM (0-15% allele dropout) to
2298 ¢M at 20%, dropping below the range for first
degree relationships (2,328-3,065 ¢M). The estimated
shared ¢cM decreased for second degree relationships
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FIG. 8. Log;, LRs generated with allele dropout of Individual 1 ranging from 0% to 30% for all true
relationships in Pedigree Group 1. The H; proposition was that the pair were related according to the true
relationship degree. The H, proposition was that the pair were unrelated. The parent/offspring was not
plotted (log,o LR = —). The full sibling has not been plotted (log,, LR = =). 2nd: second degree relative;
3rd: third degree relative; 4th: fourth degree relative; 5th: fifth degree relative; 7th: seventh degree relative.
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(Individual 4 and Individual 5) after 20% allele dropout,
falling within the range for third degree relationships
(448-1,081 cM) at 30% allele dropout.

There was greater variability observed in the third degree
relationships. The estimated shared ¢M for Individual 7
remained stable until 30% allele dropout, while the esti-
mated shared cM values for Individual 6 decreased from an
average of 686 £ 30 (0-15% allele dropout) to 522 + 6 cM
(20-30% allele dropout). However, Individual 8 produced
consistent results up to 20% allele dropout (average = 600
+ 29 ¢M) before dropping sharply to 143 ¢M, the great-
est decrease observed across all allele dropout tests.

Overall, allele dropout had minimal impact on the esti-
mated shared ¢cM values for relationships of fourth
degree and greater, except when no IBD segments were
detected, i.e., no estimated shared ¢cM (Fig. 11). The esti-
mated shard cM for the fourth degree relationship (Indi-
vidual 9) steadily increased from 285 c¢M (0% allele
dropout) to a peak of 357 ¢cM (15% allele dropout),
before decreasing to 169 cM (30% allele dropout).
Despite not appearing in the match lists, there was mini-
mal variability observed in the estimated shared cM for
the fifth degree relationship (Individual 10, variance =
46.6 cM) and seventh degree relationship (Individual 11,
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FIG. 9. Log,, LRs generated with allele dropout of Individual 1 ranging from 0% to 30% and a true
unrelated individual (Individual 12). The H, proposition was that the pair were related according to a
specific relationship degree. The H, proposition was that the pair were unrelated (true). Parent/offspring
tests have not been included as (log,o LR = —). 1st: first degree relative; 2nd: second degree relative;
3rd: third degree relative; 4th: fourth degree relative; 5th: fifth degree relative; 6th: sixth degree relative;

7th: seventh degree relative.

variance = 16.8 ¢cM). However, at 30% allele dropout, no
IBD segments were detected for the seventh degree
relationship.

The single IBD segment detected between the Individ-
ual 1 and the unrelated individual (Individual 12) on
chromosome 4 (24.5 ¢cM) was identifiable when testing
the Kintelligence profile with 0% to 10% allele dropout.
At higher levels of allele dropout, no IBD segments were
detected and the estimated shared cM was 0.

The average length of the IBD segments typically
increased with increasing allele dropout for several rela-
tionships (Supplementary Fig. S5). This trend was observed

in the full sibling (Individual 3), a second degree (Individ-
ual 4), some third degree (Individual 6 and Individual 7),
and the fourth degree (Individual 9) relationships. However,
there was minimal variability observed in the parent/
offspring (Individual 2), other second degree (Individual 5),
and seventh degree (Individual 11) relationships, until no
IBD segments were detected at 30% allele dropout for the
latter. An exception was Individual 8, which showed an
increase in the average IBD segment length up to 20%
allele dropout before dropping at 25%. The overall variance
in the average IBD segment length across all relationships
tested was 5.4 cM.
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FIG. 10. Additional matches included in the expanded match list on GEDmatch PRO™ that were not
known genetic relatives of Individual 1 at various degrees of allele dropout.

30%

Increasing allele dropout generally resulted in fewer
IBD segments shared between relatives being detected
(Supplementary Fig. S6). However, the parent/offspring
(Individual 2) and fourth degree (Individual 9) relation-
ships showed a greater number of IBD segments being
detected with increasing allele dropout. For the former,
an additional six IBD segments were detected across the
allele dropout range tested. The latter saw a large
increase of nine IBD segments from 0% to 20% allele
dropout, before dropping to only four IBD segments at
30% allele dropout. Excluding these individuals, the
overall variance in the number of IBD segments detected
was 2.6 segments.

IBD segment matching between Kintelligence and
DTC kits (Pedigree Group 2). Similar trends to those
observed in Pedigree Group 1 were seen when compar-
ing the Kintelligence profile of Individual A with varying
amounts of allele dropout and the DTC kits from Pedi-
gree Group 2. There was a greater impact of allele

dropout on the results than for locus dropout. All DTC
kits from the true genetic relatives were detected in the
high confidence or expanded match lists using the One-
to-Many Kinship tool: only the unrelated individual
(Individual L) was not detected in the database search
and required direct comparison using the One-to-One
Kintelligence DNA Comparison tool.

When comparing the Kintelligence profile to the DTC
kits for Individual A, there was no observable impact of
5% allele dropout on the estimated shared cM (Fig. 12).
However, after this, the estimated shared cM decreased
substantially until plateauing at approximately 3,400 ¢cM
when allele dropout was 15% or higher. This result was
similar to those of the Individual 1 Kintelligence profiles,
indicating that the relationship between the Individual A
profiles was more likely to be of the first degree rather
than self. Despite the impact on the estimated shared ¢cM
between Individual A profiles, no variation was observed in
the average length of IBD segments (152 ¢M: Supplemen-
tary Fig. §7) or the number of IBD segments (22 segments;

Table 4, Estimated shared centimorgan (¢M) results between the Individual 1 Kintelligence profiles with allele dropout

ranging from 0% to 30%

Allele dropout 0% 5% 10% 15% 20% 25% 30%
0% 6,631.3 5.061.6 3,490.7 33415 33415 33415
5% 6,631.3 6,661.7 5,1943 34937 33415 33415
10% 5.061.6 6.661.7 6,681.4 5.024.3 34935 33415
15% 3,490.7 5.194.3 6,681.4 6,683 52238 3.598.5
20% 33415 3,493.7 5,024.3 6,683 6,683 4.900.7
25% 33415 33415 34935 52238 6,683 6,683
30% 33415 33415 33415 3.598.5 4,900.7 6,683
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FIG. 11. Estimated shared centimorgan (cM) values shared between the Kintelligence profile of
Individual 1 and other Kintelligence profiles in Pedigree Group 1 with allele dropout ranging from 0% to
30%. The ranges indicated for kinship degrees are as included in the generation chart on GEDmatch
PRO™.'? 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.

Supplementary Fig. S8) with increasing allele dropout.
Both the average length and number of IBD segment results
support that the relationship is self with allele dropout as
opposed to a parent/offspring relationship.

There was a decrease in the estimated shared cM
when comparing the Individual A Kintelligence profiles
to the DTC kits of the first and second degree relatives
with increasing allele dropout (Fig. 12). The relationship
with the least variability across the range of allele drop-
out was a parent/offspring relationship (Individual B.
variance = 30.4 cM), with no differences observed
between the different DTC kits. The other parent/off-
spring relationships decreased by approximately 200 ¢cM
once allele dropout exceeded 25%, bringing the overall
variance for parent/offspring relationships to 92.7 cM.
There was a steady decrease in the estimated shared ¢cM

values for full sibling relationships with increasing allele
dropout. Individual G had the greatest reduction, with an
average loss of 138 ¢M for every 5% interval of allele
dropout tested. There was no observable impact for one
of the second degree relationships (Individual J); how-
ever, the estimated shared cM for the other second
degree relationship (Individual K) steadily decreased by
127 ¢M per 5% interval of allele dropout, before drop-
ping by 303 ¢M between 25% and 30% allele dropout.
There was generally low variability in the relation-
ships for the average length of IBD segments with an
overall variance of 3.3 cM (Supplementary Fig. S7). The
number of IBD segments showed a general decrease
with increasing allele dropout and had an overall var-
iance of 1.6 segments (Supplementary Fig. S8). Further-
more, no difference were observed between the DTC kits
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FIG. 12. Estimated shared centimorgan (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%. The
ranges indicated for kinship degrees are as included in the generation chart on GEDmatch PRO™.'? PO:
parent/offspring; FS: full sibling; 2nd: second degree relative; UR: unrelated; FTDNA: FamilyTreeDNA.

for each individual. The greatest variability in the aver-
age length of IBD segments was observed in the parent/
offspring relationships, whereas there was a slight increase
in the average segment length for full sibling relationships
and a second degree relationship (Individual K; Supple-
mentary Fig. S7).

There were two individuals where allele dropout
impacted the number of IBD segments detected (Supple-
mentary Fig. 88). The results for both DTC kits for Indi-
vidual G varied; the first 5% of allele dropout caused the
loss of six IBD segments for the AncestryDNA kit that
were not lost for the Family TreeDNA kit and up to four
IBD segments were lost for each 5% interval. Individual

K also showed a loss of IBD segments with increasing
allele dropout, losing up to four IBD segments per 5%
increment and a total of 16 IBD segments by 30% allele
dropout.

Discussion

The Kintelligence Kit is a robust panel capable of pro-
ducing extended kinship inferences with both LR calcu-
lations and IBD segment matching algorithms, even with
suboptimal partial profiles. When testing locus and allele
dropout, both kinship inference methods produced suffi-
cient statistical support for relatedness, extending to fifth
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degree relationships (e.g.. second cousins). Both methods
allow for direct comparison of DNA profiles between
putative genetic relatives and the windowed Kinship
algorithm on GEDmatch PRO™ facilitates IBD segment
matching for medium-density SNP profiles, enabling the
identification of possible genetic relatives present in the
database. In cases where other forensic techniques are
unable to provide an identification, extended kinship
inference can provide law enforcement with investigative
leads. This method is particularly useful beyond the
short-range kinship inference offered by short tandem
repeat profiles, which are typically limited to first degree
relationships.

The LR calculations were negatively impacted by
both forms of information loss tested in this study but
still provided at least very strong statistical support
(log,y LR > 5) for all full sibling to fifth degree relation-
ships.lﬁ For both the locus and allele dropout studies. the
parent/offspring relationship could not be calculated, as
there had to be at least one allele in common at every
SNP. This was also the case in part one of this study, and
the application of a probabilistic model is recommended
to account for genotyping error due to the large size of
the Kintelligence panel."' The ability to infer the full sib-
ling relationship was not practically impacted by locus or
allele dropout. As the log,, LRs exceeded 300, DBLR™
returned the log,y LR at % for all full sibling tests. The
first to fifth degree relationships could be differentiated
from the unrelated individual for all levels of locus and
allele dropout tested in this study. However, the seventh
degree relationship could not be distinguished from the
unrelated individual once locus dropout exceeded 20%
or allele dropout exceeded 10%.

Partial medium-density SNP profiles have been eval-
uated for the impact of locus dropout on LR calculations
in previous studies.>!" Gettings et al. (2024) observed a
median log;o LR of approximately 780 for first degree,
200 for second degree, 70 for third degree, 30 for fourth
degree, and 5 for fifth degree relationships using simu-
lated partial Kintelligence profiles.'' The results gener-
ated in this study with Pedigree Group | supported these
findings for second to fourth degree relationships but
produced log;o LRs exceeding 300 for full siblings and
log;o LRs exceeding 13 for fifth degree relationships.
This indicates very strong statistical support for all full
sibling to fifth degree relationships tested with up to 30%
locus dropout. In contrast, 97% of fourth degree and
81% of fifth degree relationships produced LRs that pro-
vided strong statistical support (log;o LR > 4) in the
study by Gettings et al. (2024).'"'°

Locus dropout was also evaluated by Kling (2019)
when constructing a 6,600 SNP panel for extended
kinship inference.” By reducing the original panel of

approximately 10,000 SNPs to 6,600, the log;o LRs
decreased for real-world third and fifth degree relatives
by approximately half. This magnitude of loss in the
statistical support for relatedness was similar to the
findings in this study when testing the loss of 30% of
available SNPs in the Kintelligence Kit. However, both
of these other studies only assessed locus dropout as a
factor influencing extended kinship inference.”'" In
contrast, this study observed that allele dropout had a
greater impact on the LR calculations and it is likely
that Kintelligence profiles obtained from compromised
forensic samples will likely contain a combination of
both locus and allele dropout. Despite 30% of heterozy-
gous SNPs being incorrectly called as homozygous, all
logyo LRs for full sibling to fifth degree relationships
exceeded 5, providing very strong statistical support
for relatedness.'®

The results obtained from IBD segment matching
were less impacted by information loss than the LR cal-
culations. Locus dropout had no observable impact on
the ability to infer relatedness with up to 30% loss of the
profile and first to fifth degree relatives could be differen-
tiated from unrelated individuals at all levels of locus
dropout tested. When the call rate of a Kintelligence pro-
file is less than 70%, the profile is no longer compatible
with upload to GEDmatch PRO™.'? This limit was rec-
ommended by Snedecor et al. (2022) in the development
of the windowed kinship algorithm, which tested locus
dropout at intervals of 2,000 SNPs.® Their simulations
found that locus dropout could not exceed 20% to reli-
ably infer fifth degree relationships, 40% for fourth
degree relationships and 60% for third degree relation-
ships.® This study observed that the fifth degree relation-
ship was still detectable at 30% locus dropout, but there
was a greater number of potential matches listed in the
database search that were not known genetic relatives.

Similar to the LR calculations, allele dropout had a
greater impact on IBD segment matching but did not sig-
nificantly impair the ability to detect first to fourth degree
relationships and differentiate them from unrelated indi-
viduals, with only the fifth degree relative failing to
appear in the database match list after 10% allele drop-
out. Allele dropout also complicated the ability to distin-
guish profiles originating from the same person from
those of their first degree relatives; however, the average
length and number of IBD segments can assist with dif-
ferentiating self from a parent/offspring relationship as
these values did not vary with allele dropout. Snedecor
et al. (2022) simulated 5% to 100% allele dropout on the
windowed kinship algorithm and concluded that the
results were sufficient to infer first to third degree rela-
tionships up to 20% allele dropout and first to second
degree relationships up to 40%.° However, the specificity
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of extended kinship inference was not impacted and false
positives were not introduced by reducing profile hetero-
zygosity.® These findings were supported by the present
study, where <10 matches were returned that were not
known genetic relatives of the individual.

Furthermore, there were consistent findings between
Pedigree Group 1 and Pedigree Group 2 for the first and
second degree relationships, as well as comparisons with
known unrelated individuals. This indicates that compar-
ing Kintelligence profiles with either DTC kits uploaded
by the public or other Kintelligence profiles does not
impact the results.

Conclusions

This study demonstrated that partial medium-density
SNP profiles generated with the Kintelligence Kit are
suitable for extended kinship inference using both LR
calculation or IBD segment matching. While both meth-
ods were impacted by information loss, allele dropout
had a greater effect than locus dropout. Despite this, first
to fifth degree relationships could still be detected and
differentiated from unrelated individuals with the maxi-
mum dropout levels applied. LR calculations provided
strong statistical support for full siblings to fifth degree
relatives, excluding parent/offspring relationships where
an allele must be in common at every SNP. The perform-
ance of the windowed kinship algorithm on GEDmatch
PRO™ was maintained across all levels of locus dropout
tested, whereas the accuracy of IBD segment matching
results decreased with increasing allele dropout. Both
extended Kinship inference methods can therefore be
employed for forensic samples that produce partial Kin-
telligence profiles.
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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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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." 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.?® McNevin et al.
(2025) evaluated and compared the ForenSeq® Kintelligence Kit and various lon
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.% 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 lon 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.”®

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.'®'® Furthermore, the MiSeq i100 and MiSeq i100
Plus Sequencing Systems were released in 2024 by Illlumina 2024 and generate a higher
sequencing output in less time than the MiSeq Sequencing System (lllumina).™ 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.® 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.>'® 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.'® °

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.' 2 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.?° 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.?! 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.?> 2 This research presented the first
characterisation of these iiISNPs 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.?4 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.?® 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.?”- 2

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.?°
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 2019.3%-32 This technique
has been applied to numerous cases to identify human remains, living ‘Doe’ individuals
and suspects of serious crimes.® 3334 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.® In jurisdictions where short-range kinship analysis is permitted for familial or

kinship searching of databases, a kinship LR is required.3¢ 37

There have been few studies comparing kinship LR calculations with IBD segment
matching results to infer relatedness between genetically related individuals.®® Several
studies have confirmed that the ForenSeq® Kintelligence Kit can accurately detect
relationships out to the fifth degree.® ® ' 3 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).% '3 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).*°

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.*' 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.
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Section 1: Ethics Portal

Select your application type
What type of application are you looking for?
Pl ange your application type without first consulting with the Ethics Secretariat (9514 9772).*

® New application (including scope-checking for nil/negligible risk research)
O Ratification of existing approval

O Transfer of existing approval

O Evaluation of teaching and learning activities

O Amendment to existing approval

O Program approval

You have selected "new application (including scope checking for nil/negligible risk research)".
This option allows you to create a new form. The system will check if your application can be
approved by the Faculty or whether it requires full ethics approval by the HREC. Please click
"save" before continuing.

What should T know before I start?
Would you like more information on:
O This system
Q The ethics process
® Purpose of the ethics review process

Purpose of the Human Research Ethics Review Process

The ethical review process is valuable as it:

Provides the opportunity to reflect on the research methodology;

Ensures the research integrity of the work and

Increases the trust levels of the research participants and the publishers about the output of the
research project.

The online ethics application simplifies the process:

« The form is intuitive so you won't need to answer every question just those that are applicable to
your research

Some parts of the form are auto-populated

You can save the form and return to it later to complete and submit it

Guidelines and instructions are incorporated into the form

Reduced paper handling.

of ethics
Regardless of the level of risk, all staff and students are expected to abide by the standards outlined in the
National Statement, the Australian Code, and guidelines established by the UTS Human Research Ethics
Committee (HREC). It is the responsibility of researchers, both staff and students, to familiarise themselves with these.

Section 1A: Risk evaluation

Risk A
Determining the level of risk and review

Please answer each guestion carefully and consecutively.

For assistance with answering these questions please refer to the National Statement on Ethical Conduct in Human Research as per the chapters listed below.

1f you need to contact the Research Ethics Officer you can call (02) 9514 9772

Click on the help buttons (?) for more information

You can save your application at any time by clicking on the save button on the left hand side in the toolbar. For further information and help in completing your application
go to gur website.

Does your research involve:

Projects involving covert observation, active or of partici

e.g. covert observation of the hand-washing behaviour of hospital employees, undisclosed role-playing by a researcher, etc. Does NOT include observation in a
public place WITHOUT the use of photographs, images, video or audio footage (Chapter 2.3, p.19)

-

O Yes
@ No
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g recr t or of data(?) from any of the groups listed below (or where any of these groups are likely to be significantly over-represented in
the group being studied)

» Women who are pregnant and the human fetus (Chapter 4.1, p. 61)
# Children and young people (under 18 years) (Chapter 4.2, p. 65)
e People in dependent or unequal relationships (e.qg. lecturer/student [except T&L], doctor/patient, employer/employee) (Chapter 4.3, p.68)
# People highly dependent on medical care who may be unable to give consent Chapter 4.4, p.68)
* People with a cognitive impairment, an intellectual disability, or a mental illness (may include the disadvantaged/homeless) (Chapter 4.5, p. 70)
* People who may be involved in illegal activities (including those affected e.qg. victims of domestic violence) (Chapter 4.6, p.73)
e Aboriginal and Torres Strait Islander Peoples (Chapter 4.7, p.77)
*
O Yes
@® nNo

Targeted recruitment of people in / from countries that score <50 on the Corruption Perception Index (CPI) (check here)
This includes any cohorts from these countries, i.e. it is not restricted to marginalised groups within these countries*

O Yes
@® No

Collection, use or disclosure of personal information without consent of the participant(?)

+* a record which may include your name, address and other details about the participant (e.g. date of birth, financial information etc.)
« photographs, images, video or audio footage
e fingerprints, blood or DNA samples

*

O Yes
@® No

Collection, use or dit e of health information(?)

personal information that is information or an opinion about
the physical or mental health or a disability (at any time) of an individual; or
an individual's expressed wishes about the future provision of health servi
a health service provided, or to be provided, to an individual or

other personal information collected to provide, or in providing, a health service, or

other personal information about an individual collected in connection with the donation, or intended donation, of a individual's body parts, organs, body substances, or

other personal information that is genetic information about an individual arising from a health service provided to the individual in a form that is or could be predictive of the

health (at any time) of the individual or of a genetic relative of the individual, or

healthcare identifiers

>5 to him or her, or

N.B Includes information collected through physiological testing or assessment. Examples include but are not limited to EEG, EMG, BMI, blood pressure, DEXA, etc.*
@ ves
QO No

Collection, use or disclosure of sensitive information
Racial, ethnic information, political, religious and philosophical beliefs, sexual activity or identity, and trade union membership
*

@® Yes
O No

Activity that potentially infringes the privacy or professis I of ici provid or isati

e.g. observation in the workplace, collection of commercially confidential information, etc.

Commercially confidential information = Any information which is not in the public domain or publicly available, and where disclosure may undermine the
economic interest or competitive position of the owner of the information (TGA adopted definition from European Medicines Agency (EMA)).

N.B. if canvassing opinion via consensus methods i.e. Delphi (?), answer "No” here
*

O Yes
@ No

of a register or of identifiable data for possible use in future research projects (Chapter 3.2, p.27) (2)

*

@ Yes
QO No

Collectis (?) and/or banking of human bi il
e.g. tissue, blood, urine, sputum etc.(?)

*

@ Yes
O No
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Any significant alteration to routine care or service provided to participants
e.g. deviation from standard care or usual practice
*

O ves
® No

Prospective assignment of human participants or groups of humans to one or more health-related interventions to evaluate the effects on health outcomes(?)
(Chapter 3.14-3.17) *

O ves
@ nNo

Potential for participants to experience harm (i.e. anything more than discomfort)(?)
e.g. physical, psychological, devaluation of personal worth, social, economic and/or legal (Chapter 2.1, p.12)
*

O Yes
® No
High Risk

Section 2: Project information

Project title

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Application 1D (automatically generated):

ETH21-5821

Application Title:*

Genetic identification of unidentified human remains

Please note that the HREC is now granting a standard approval period for the research proposals.
The approval period for your project will be specified in your approval letter.

Please also note that research should not commence until ethics approval has been granted. The Committee
cannot grant retrospective approval for data that has already been collected.

Ethics category code (automatically selected): *

Human

Is this a resubmission of a previous application?*
® Yes
O No

Is this a pilot study? *
O Yes
® No

Has a pilot study been conducted as part of this project? *
O Yes
@ No

Please save and continue to the next page

Consultation

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Have you undertaken any consultation in preparing this application?*

10/06/2021 Page 4/ 26

Page | 256



@ Yes
QO No

Please describe*

The project will fall under the National DNA Program for Unidentified and Missing Persons, situated within the Australian Federal Police. The
project has been discussed ively with key stakeholders within the AFP including the Chief Forensic Scientist (Dr Sarah Benson), the
Biometrics Coordinator (Rachael Kennedy), the Lead Scientist of the Massively Parallel Sequencing Project (Dr Paul Roffey), the Research and
Innovation Coordinator (Dr Nathan Scudder) and the National Missing Persons Coordination Centre Coordinator (Jodie McEwan).

Please save and continue to the next page

Section 3: Personnel

Investigators

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Are there external investigators or personnel listed on this protocol?*
O Yes
@ nNo

Is this application for a student project?*
O Yes
@ No

Positions in the personnel table

| Position type: In the personnel table use the following positions from the drop-down list:

|[Chief 1nvestigator/Supervisor [1Chief Investigator (students must not be listed as Chief Investigator)
||3Assoc. Investigator

Co Investigator

Co Supervisor ||Co-Supervisor
|[Research Student ||SResearch Student
Project Administrator _|7Project Administrator

Note: Further options are available in the drop down list.

In; i h nel H

. Click on "Add"

. Start typing the details (first name, last name or Staff ID) in the search bar.

. Click on "Add selected"

. The extra information panel will open, select their position from the drop-down list. If they are the primary contact (e.g. Chief Investigator/Supervisor), tick "Yes" under
‘Primary contact' and then select "OK"

pwn

* Student research: Students must add their supervisors to their application and must mark their prim rvisor hief Investigator an rim: Nt
Students must be listed as "SResearch student” under the column 'Position’ to ensure the application is properly submitted to their supervisor.

Ratifications/Transfers: If this list differs from that of the original application, you must provide evidence that any additional investigators have been added via
amendment to the lead/external HREC [attach relevant amendments and evidence of approval].

Internal personnel listed on this ethics protocol:*
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1 Primary Yes
D |
Surname McNevin
Given Name Dennis
Full Name Prof Dennis Blair McNevin
Position Chief Investigator
Type Internal
AOU SCI.5chool of Mathematical and Physical Sciences
Managing Unit Science
Email Address Dennis.McNevin@uts.edu.au
Work Number
2 | Primary No
D |
Surname Ward
Given Name Jodie
Full Name A/Prof Jodie Ward
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Jodie.Ward@uts.edu.au
Work Number
3 | Primary
D L
Surname Watson
Given Name Jessica
Full Name Miss Jessica Lee Watson
Position SResearch Student
Type Internal
AOU
Managing Unit
Email Address Jessica.Watson@uts.edu.au
Work Number

If any details are incorrect or missing please contact the Ethics Secretariat on (02) 9514 9772 or by email.

Please provide additional (or preferred) contact details of any of the people listed on the project if
necessary (4000 character limit)

This question is not answered.

Please provide details of any formal qualifications (REF NS 1.1(e)) of each person listed on the project
(4000 character limit)*

Dennis McNevin
PhD in Biochemical Engineering (University of Sydney) Graduate Diploma of Education (University of Western Sydney)
Bachelor of Engineering with Honours Class 1 (University of NSW)

Jodie Ward

PhD in Forensic Molecular Biology (Australian National University) Graduate Certificate in Management (Charles Sturt University) Graduate
Certificate in Higher Education (University of Canberra)

Bachelor of Science with Honours Class 1 (Australian National University)

Jessica Watson
Bachelor of Forensic Science with Honours Class 1 and University Medal (University of Technology Sydney)

Please outline the experience of each person listed on this project relevant to this application
(4000 character limit)*
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Dennis McNevin is Professor of Forensic Genetics in the Centre for Forensic Science (CFS) at UTS. He has also been an academic at the University
of Sydney, the Australian National University and the University of Canberra. Dennis has published widely in the forensic genetics literature and
has established an international reputation for innavation in the use of massively parallel sequencing (MPS) for forensic genetics, the use of
preservatives for room temperature storage of DNA and extraction of DNA from difficult substrates such as hair and bone. He supervises a range
of higher degree by research students, graduated 11 PhD students (five as primary supervisor) and 33 Honours students (25 as primary
supervisor). His graduates have found employment in the Australian Federal Police (AFP) graduate program as well as in AFP Forensics, NSW
Forensic and Analytical Science Service (FASS) and Victoria Police Forensic Services Department (FSD). He has held two ARC Linkage Grants and
currently manages the program wide ethics for the CFS.

Jodie Ward is the Program Lead of the Australian Federal Police (AFP) National DNA Program for Unidentified and Missing Persons. In addition, she
is Director of the Australian Facility for Taphonomic Experimental Research (AFTER) and an Associate Professor in the Centre for Forensic Science
at UTS. This unique Joint Appointment sees her lead the research, development and application of DNA based human identification techniques
for missing persons casework in Australia. For the last decade, Jodie has focused on acquiring specialised skills in the recovery, analysis and
interpretation of DNA from compromised and skeletonized human remains. Previously, she has held operational forensic DNA specialist roles with
the AFP and NSW Palice Force, and academic roles with the National Centre for Forensic Studies in Australia. Jodie manages the program wide
ethics for AFTER, the National DNA Program's research strategy and a number of PhD and Honours students.

Jessica Watson is the PhD student associated with this project. She completed her Honours on “"DNA identification of compromised human
remains”. She is co-author of a paper on “An in-field evaluation of rapid DNA technology for disaster victim identification”, submitted to the
International Journal of Legal Medicine.

Primary AQU*
SCI.School of Mathematical and Physical Sciences

Managing Unit

Science

Please save and continue to the next page

Section 4: Funding

Funding details

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Have you received funding in relation to this research?*
® Yes
O No

Do you have a RM 'My Proposals' ID number?*
O Yes
® nNo

List the source of funding (e.g. funding body / type)
(REF NS Page 8 "When is ethical review needed?", 2.2.6(h), 3.3.5(a), 3.3.18(b), 4.8.6, 5.2.7, and 5.7)
(2000 character limit)*

Australian Federal Police (AFP) National DNA Program for Unidentified and Missing Persons and an AFP Innovation Grant ‘

Total amount of funding obtained, including in-kind contribution (please indicate which is applicable)
*

$50,000 ‘

What is your relationship to the funding source? (e.g. grant recipient, industry partner, contractor, employee,
office-bearer, personal, other)*

The Australian Federal Police (AFP) is both an industry partner and employer for the chief investigators.

A/Prof Ward holds the following joint appointments:
* Director, Australian Facility for Taphonomic Experimental Research, School of Mathematical & Physical Sciences, Faculty of Science, UTS
* Program Lead, National DNA Program for Unidentified and Missing Persons, Specialist Protective Command, AFP

Professor McNevin is seconded at 0.5 FTE by the AFP for the National DNA Program for Unidentified and Missing Persons, Specialist Protective
Command, AFP, to lead the research and development of new genetic technologies for Program use.

Please save and continue to the next page

Funding continued

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website
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Is there any potential conflict of interest for you as a researcher because of the funding or commercial arrangements?*
O Yes
@ No

Are there any constraints on the research as a result of the funding arrangements, e.g. to intellectual property,
publication, etc? (Section 4, The Code)*

@® Yes
QO No

Please provide details of any constraints on the research as a result of the funding arrangements*

The AFP reserves the right to review and approve any research articles prior to publication.

Please save and continue to the next page

Section 5: Methodology

Description
We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

The purpose of this section is to place your research in context for the HREC and demonstrate your
ability to conduct the research. The HREC may only approve research which is methodologically
sound. Remember to use simple language that can be understood by people from a variety of
backgrounds. Avoid jargon and acronyms.

What are the hypotheses/goals/aims/objectives of your research? Please include a brief description using plain English explaining your research aims (approximately 100 words)
(4000 character limit)*

The aim of the research is to evaluate and apply new genetic technologies to identify unidentified human remains as part of the Australian
Federal Police (AFP) National DNA Program for Unidentified and Missing Persons.

Note: Clinical Trials, Recruitment of Participants and Data Collection are dealt with later in the application so you do not need to describe them in detail below

Please provide a brief description of the research design including research questions and proposed methods for conducting the research (approximately 250 words) (4000
character limit)*

We aim to understand the relationship between genotype and (a) biogeographical ancestry (BGA), (b) externally visible characteristics (EVCs)
and (c) familial relationships in order to provide information for future missing persons investigations. The project will involve application of the
following technologies to the identification of unidentified human remains:

* Advanced DNA extraction methods

* Whole mitochondrial genome, Y chromosome and X chromosome sequencing for lineagebased searching

* Autosomal DNA sequencing for short range familial searching, and prediction of BGA and EVCs

* Whole genome and/or medium-high density kinship informative SNP genotyping for long range familial searching (forensic genetic genealogy)

We propose to test the ability of genetic technologies to predict the (a) BGA, (b) EVCs and (c) familial relationships of fully informed and
consenting participants. This information will be obtained from questionnaires and then predicted from genotypes derived from the DNA
voluntarily donated by the participants. The predictions will be compared with the questionnaire data. We will also test the abilities of these
genetic technologies to be applied to decomposed and skeletonised human remains from the Australian Facility for Taphonomic Experimental
Research (AFTER) for which a separate program wide ethics approval already exists (ETH182999). Human remains present unique challenges for
genotyping because the DNA is often of a low quality and quantity. It is important to evaluate, and subsequently optimise, these new
technologies with authentic forensic samples such as bones to ensure that genotypes can be obtained from these types of samples for future
missing persons investigations. Finally, the optimised and validated genetic technologies will be applied to unidentified human remains sourced
(with permission) from police and coronial agencies of Australia’s States and Territories as part of the National DNA Program for Unidentified and
Missing Persons.

What do you hope the outcome(s) of this research will be? (4000 character limit)*

The outcomes of this research will be validated genetic methods for the identification of Australia’s unidentified human remains.

Who do you think will benefit from this research? (4000 character limit)*

This research will benefit the relatives of deceased missing persons who will be given definitive knowledge of the fate of their missing relatives. It
will also benefit the coronial systems of Australia's States and Territories which may have many unsolved missing persons cases resolved,

Please provide a brief description of the significance of your research (approximately 100 words)
(4000 character limit)*
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Many Australian families live in a perpetual trauma because they are unaware of the fate of a missing relative. The extent of the problem is such
that the Australian Federal Police (AFP) have instigated a National DNA Program for Unidentified and Missing Persons. Some of these families will
never see their relative again but they may be able to have the fate of their relative confirmed, if they are deceased. A very small but
nevertheless important consolation for these families is to at least have certainty.

DNA is considered to be the gold standard for forensic identification. For many missing persons cases involving unidentified human remains, DNA is
difficult to obtain because of the highly degraded nature of the remains. By using advanced DNA extraction methods (for DNA extraction from
bones and teeth, for example), DNA may be recovered in cases where there has been no success using standard methods in the past.

Once DNA has been extracted, a DNA profile has traditionally been generated using polymerase chain reaction (PCR) followed by capillary
electrophoresis for fragment length analysis of short tandem repeats (STRs) which are short, repetitive lengths of DNA. In this project,
application of massively parallel sequencing (MPS) to produce DNA sequences should provide greater sensitivity for profiling low abundance,
degraded DNA.

DNA sequences will then be used to identify unidentified human remains by:

* Comparing whole mitochondrial genome sequences with putative maternal relatives

* Comparing Y chromosome sequences with putative male paternal relatives

* Comparing autosomal DNA and X chromosome sequences with putative relatives

* Uploading medium and high density SNP genatypes to genealogy databases to identify putative relatives

It is estimated that only 2% of the population need to be represented in genealogy databases in order to identify at least one third cousin for
any suitable unknown SNP genotype. This global reach offers the potential to identify the hundreds of missing persons that cannot be identified
using the Australian law enforcement DNA database and that remain as cold cases in Australia's coronial system.

Please save and continue to the next page

Literature review & references

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Please give a brief literature review. The aim is to explain how your research fits

into the context of other research in the area (REF NS 1.1(c)) (4000 character limit with spaces)
Please note that you cannot paste links into the online form

*

Capillary electrophoresis (CE) has been the method of choice for the detection of fluorescently labelled forensic DNA markers for over 15 years
[1,2]. 1t has been applied to short tandem repeat (STR) genotyping and single nucleotide polymorphism (SNP) detection [3,4]. CE is limited by
the number of markers that can be reliably multiplexed within a single PCR assay as well as available fluorophores with nonoverlapping emission
spectra to distinguish multiple amplicons in a single sample. Although CE is reliable and has revolutionised DNA analysis of evidential samples, higher
throughput platforms are now available and are capable of detecting hundreds to thousands of markers simultaneously without depleting large
quantities of the DNA extract [57].

Forensic STR profiles are useful for identification if there is a reference profile available for comparison. If there is no such reference, we can
obtain other useful information. DNA obtained from biological evidence is no longer limited to STR analysis for forensic identity and is being used
to infer biogeographical ancestry (BGA) and externally visible characteristics (EVCs) using SNPs. Further, STR databases can be interrogated to
find close genetic relatives of any unknown DNA donor, a process known as short range familial searching [8,9]. The relatively high mutation rates
for STRs (relative to SNPs) means that this approach is only reliable for close genetic relatives (siblings, parents, children).

Very recently, the reach of familial searching has been greatly extended with the advent of forensic genetic genealogy (FGG) or long range
familial searching. Two genetic relatives will share a distribution of uninterrupted haplotypes of various lengths, depending on their degree of
relationship. The longer the lengths shared between two individuals and the more of them, the shorter the lineage paths between them (via
most recent common ancestors: MRCAs) [10]. This approach requires either high density genatypes of the type produced by hybridisation arrays
(microarrays) or whole genome sequences of the type produced by massively parallel sequencing (MPS).

MPS, widely used in the medical research and diagnostics fields, is a promising technology candidate for forensic DNA analysis [5,6,11,12]. MPS
enables the detection of every nucleotide within a target region of DNA and therefore allows analysis of polymorphism variants with single base
pair resolution. Thousands of genetic markers can be genotyped simultaneously, thereby reducing the amount of evidential sample required. A
number of MPS platforms have been developed which differ in their degree of accuracy, coverage, read lengths, throughput and versatility [13-
15]. These can all be applied to the identification of unidentified human remains by predicting BGA, EVCs and putative relatives.

A limitation of applying FGG to unidentified human remains is that the techniques have historically required a large amount of reasonably high
quality DNA. The quantity and quality of DNA retrieved from decomposed and skeletonised human remains is much less than usually required for
MPS. New FGG assays have been developed to improve the ability to recover the thousands of SNPs required for effective kinship analysis from
challenging forensic samples. Such approaches can provide sufficient SNP density to apply FGG to unidentified human remains. As an example,
Professor McNevin has employed targeted amplicon sequencing to a number of challenging samples [16,19] and this research aims to extend
their use for FGG.

Please list the references only used in the literature review and cited in your application
NOTE: Do not include references you have not used in this application (4000 character limit)
*
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We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

In order to consider your research, the HREC will need to know what it will involve for your participants (REF NS 3.1)

What kinds of methods and methodologies will you use in your research? (More than one box may be checked)*
[ Quantitative
& Qualitative

Does your research involve collection and/or use of secondary data? (e.qg. existing / routinely collected data etc.)*
@© ves
QO No

Please provide a description of the secondary data source(s) below*
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The research will involve generation of deidentified DNA profiles from:

* Fully informed and consenting DNA donors

* Cadavers from the Australian Facility for Taphonomic Experimental Research (AFTER) for which a separate program wide ethics approval already
exists (ETH182999)

* Unidentified human remains sourced (with permission) from police and coronial agencies of Australia’s States and Territories

Where permission has been granted, a limited subset of de-identified genetic data will be uploaded to forensic databases for comparison with
database profiles:

* EMPOP mitochondrial DNA database (https://empop.online/), maintained by the University of Innsbruck. This database predicts maternal
lineage relative to representative populations from around the world.

* YHRD Y chromosome marker database (https://yhrd.org/), maintained by Charité Universit dizin Berlin. This database predicts paternal
lineage relative to representative populations from around the world.

* FROGkb database (http://frog.med.yale.edu/FrogkB/), maintained by Yale University. This database predicts genetic ancestry relative to
representative populations from around the world.

* Snipper app suite (http://mathgene.usc.es/snipper/), maintained by the University of Santiago de Compostela. This database predicts genetic
ancestry relative to representative populations from around the world.

* Hlrisplex-S webteol (https://hirisplex.erasmusmc.nl/), maintained by Erasmus MC, Rotterdam. This database predicts eye, hair and skin colour.

Where permission has been granted, a limited subset of de-identified genetic data will also be uploaded to DNA databases that will match parts of
donors’ DNA to the DNA of any genetic relatives also present on the databases (this genetic data is reconfigured, anonymised and/or encrypted
when uploaded and will not be visible to any other database user):

* DNASolves (https://dnasolves.com/), maintained by Othram (https://othram.com/), a forensic genomics vendor

* GEDmatch (https://www.gedmatch.com), maintained by Verogen, Inc. (https://verogen.com), a forensic genomics vendor.

* FamilyTreeDNA (https://www.familytreedna.com/), maintained by Gene By Gene (https://genebygene.com), a genetic genealogy vendor.

Any search results in these databases (eg. ancestry and/or phenotype predictions, familial relations) or genetic relationships with other
participants will not be disclosed to donors or their familial relations. DNA profiles generated as part of this research will not be uploaded to
criminal law enforcement DNA databases (eg. National Criminal Investigation DNA Database). However, where permission has been granted, a
limited subset of de-identified genetic data will be uploaded to internal AFP databases as reference purposes.

Please save and continue to the next page

Quantitative
We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Section 1: Quantitative Methodologies*
& Experimental

] Quasi-experimental

[ correlational research

O Survey Design

O Meta analysis

O Other *(Please describe below)

Section 2: Quantitative methods*
O written survey

O online survey/research

O other* (please describe below)
O Pre-post/testing

O Telephone survey

& Questionnaires

O Access to records

O Clinical trial

[ Statistical analysis

O content analysis

O Physiological testing/assessment

What quantitative methodology and methods will you be using in this research? More than one box may be checked.

Please save and continue to the next page

Qualitative

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

What qualitative methodology and methods will be using in this research?

Section 1: Quali

e methodology*
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a Auto-ethnography

O Historical research

[ Other *(Please describe below)
O Action research

O Narrative enquiry

O Biographical research

O case study

O phenomenology

O 1ndigenous research paradigm
O piscourse analysis

O Grounded theory

Please describe other methodologies*

There will be three types of samples employed in the research.

From consenting and fully informed genetic relatives, DNA will be used to verify familial relationships by:
* Comparing maternal genetic lineage from mitochondrial DNA whole genome sequences and upload to the EMPOP database

* Comparing paternal genetic lineage from Y chromosome sequences (if male) and upload to the YHRD database

* Comparing autosomal and X chromosome DNA sequences

* Upload to the GEDmatch, Othram, Family Tree DNA, EMPOP and YHRD databases as described previously.

The individuals in this group represent known familial relationships. Although there is a possibility that they may not know true genetic
relationships, they will serve as controls against which to test the ability of genetic technologies to predict familial relationships.

From consenting and fully informed (unrelated) DNA donors, DNA will be used to predict:

* maternal genetic lineage from mitochondrial DNA whole genome sequences and upload to the EMPOP database

* paternal genetic lineage from Y chromosome sequences (if male) and upload to the YHRD database

* biogeographical ancestry (BGA), from autosomal DNA sequences and upload to the FROGKb database and Snipper app suite

* externally visible characteristics (EVCs), from autosomal DNA sequences and upload to the HirisPlex-S database

The individuals in this group will be asked to complete a questionnaire relating to their BGA and EVCs. Although there is a possibility that they
may not know their true BGA, they will serve as contrals against which to test the ability of genetic technologies to predict maternal lineage,
paternal lineage, BGA and EVCs.

From DNA extracted from human remains, DNA will be used to determine suitability (DNA quantity and quality) for prediction of:

* maternal genetic lineage, from mitochondrial DNA whole genome sequences and upload to the EMPOP database

* paternal genetic lineage, from Y chromosome sequences (if male) and upload to the YHRD database

* father-daughter, motherson or motherdaughter relationships, from X chromosome sequences

* BGA, from autosomal DNA sequences and upload to the FROGkb database and Snipper app suite

* EVCs, from autosomal DNA sequences and upload to the HlrisPlex-S database

* putative genetic relatives, by upload to GEDmatch, Othram, Family Tree DNA, EMPOP and YHRD databases as described previously. The
sources of the remains will be:

* The Australian Facility for Taphonomic Experimental Research (AFTER) at UTS (for which a program wide ethics approval already exists: ETH18 -
2999). This group will be used to test the ability of genetic technologies to obtain genetic DNA from degraded, decomposed and skeletonised
human remains and to subsequently predict maternal lineage, paternal lineage, BGA, EVCs and genetic relatives,

* Various Australian police and coronial agencies (with their permission) submitted to the National DNA Program for Unidentified and Missing
Persons. This group represents operational casework for which new genetic technologies can aid the human identification process.

Section 2: Qualitative methods*

O Participants observation

O covert observation

O Life story or oral history

O Focus groups

O structured interviews

O semi-structured interviews

O unstructured interviews

[ other * (Please describe below)
O on-line research

O Ppsychological testing/assessment
O verbal protocol

0O Journaling

O Artifact analysis

O pocument/Palicy analysis

O Access to records

O Audio/video recording

Please describe other methods being used. and provide as much information as possible including how this method will be conducted, how many participants will be involved (from
each participant group if there is more than one group/cohort), the amount of time required of participants for this, whether it will be recorded, and any other information
applicable (4000 character limit)*

The methods are as described above. The numbers of participants are justified by a statistical power calculation, below.

Please save and continue to the next page

Section 6: Research participants/subjects part 1

Recruitment of participants

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website
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In line with the National Statement, the definition of participants includes not only those humans
who are the primary focus of the research but also those who will be affected by the research.
The HREC regards the principle of respect for persons as of paramount importance,

(REFNS 1.1 (d), 1.6-1.9,1.10, 2.1).

How will you initially select and contact your participants? More than one box may be checked, if appropriate*
© Advertisement/flyer

& E-mail

O Telephone

[ Internet

=4 Organisation

[ Personal contact

O Letter

O other contact method to be used

Outline how you will obtain participants' contact details*

Participants will be recruited from the staff and students at UTS, staff at AFP, members of the forensic community, and families and friends of
the researchers (or other participants). Some participants may be familiar to the researchers, Email lists and social media advertisements (eg.
posts from UTS Centre for Forensic Science or Australian and New Zealand Forensic Science Society social media accounts) will be employed,
inviting voluntary participation.

Email lists will be, for example staff and student lists at UTS and staff lists at AFP. These lists are held by management (eg. Science Faculty at
UTS, Forensic Management Team at AFP Majura). They were created to disseminate work-related or study-related information to staff and
students respectively. The lists are moderated and recruitment emails must be approved by management before dissemination.

Social media advertisements will not be targeted. All followers will be able to view recruitment notices.

Please describe your recruitment plan/strategy*

In the event someone wishes to participate after receiving a recruitment notice, they may (voluntarily) initiate contact with the researchers
(using the contact details provided) and further information (the participant information sheet) will be provided so that they may make an
informed decision, prior to scheduling their attendance at collection locations. Recipients of the recruitment notices may also (voluntarily) share it
with colleagues, friends and relatives who, in turn, may (voluntarily) te contact with the researchers.

Participation in this research is voluntary and participants will need to actively contact the researchers in order to participate (no targeted
recruitment of students or employees is to occur).

Participants will be recruited in this order:

* Firstly, recruit participants from the AFP via staff email distribution lists

* If insufficient participant numbers are obtained, participants will then be recruited from the UTS Faculty of Science (Dean of Science approved)
via Science email distribution lists and social media (e.g. UTS Science Facebook and Twitter pages;

* If there are still insufficient participant numbers obtained, participants will be recruited from the general public using available social media
platforms (e.g. Forensic Science Society Facebook and Twitter pages)

* If there are still insufficient participant numbers obtained, participants will be recruited from whole of UTS via relevant UTS email distribution lists
and social media (e.g. UTS Facebook and Twitter pages) (NOTE: if this is necessary, the researchers will seek consent from the Deputy Vice-
Chancellor, Education & Students, beforehand)

Samples and questionnaire responses will ideally be sourced from participants who are local to Sydney and Canberra and at this time there is no
intention to provide compensation for travel costs between the participants home and collection locations. Ideally, collection will occur during
normal attendance at UTS campus(es) and the AFP Forensics Complex. In some cases, the researchers may travel to participants (with their
permission) in order to collect tissue samples and questionnaire responses. When there are no other options, participants in remote locations may
have a participant information sheet, consent form, questionnaire and buccal swab mailed to them and they may return their consent form,
tissue sample and questionnaire responses by mail.

How many participants do you intend to recruit? (If you are intending to recruit different groups of participants,
please answer all relevant questions for each group, e.q. control group, test group, etc)
(4000 character limit)*

We will require no more than 250 consenting and fully informed unrelated DNA donors (to be sourced from staff and students at UTS, staff at
AFP, members of the forensic community and associated family/friends). Any genetic relatives of these participants who are themselves fully
informed and consenting participants will form a second group of related DNA donors. The numbers of these relatives who volunteer to
participate will then dictate the number of familial relationships we can test, including:

* Siblings

* Parent / child

* Grandparent / grandchild

* Great grandparent / great grandchild

* Uncle or aunt / niece or nephew

* Great uncle or aunt / great niece or nephew

* First cousins

* Second cousins

* First cousins once removed

* Second cousins once removed

Explain how and why you have chosen this number. If the research is quantitative, explain the
power calculations; if the research is qualitative, explain why the proposed number is likely to result in
adequate data). For guidance, check ourFact Sheets.*
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To test for differences between any two categorical independent variables (eg. European versus non European biogeographical ancestry), a
statistical power calculation assuming unequal variances between the two variables (the worst case scenario) reveals that the number of samples
required Is given by a function depending on the standard deviations of the continuous dependent variables (eg. percentage European BGA),
the means of the continuous dependent variables for the two independent variables and test statistic thresholds for significance (a) and power
(B), respectively. Any measured differences should be at least as great as the standard deviation. Because there will be multiple comparisons, we
choose a conservative a (high significance). For a twotailed test with 99 % significance (a = 0.99) and 80 % power (B = 0.8), we require at
least 25 samples for each comparison in order to achieve 80 % power. The number of comparisons will be most for biogeographical ancestry
(BGA) including:
1. African versus nonAfrican BGA
2 European versus nonEuropean BGA

ian versus nc h ian BGA
4 SouthAsian versus nonsouthAsian BGA
5. NorthAsian versus nonnorthAsian BGA
6. EastAsian versus noneastAsian BGA
7. SoutheastAsian versus nonsoutheastAsian BGA
8. Oceanian versus nonOceanian BGA
9. NorthAmerican versus nonnorthAmerican BGA
10. SouthAmerican versus nonsouthAmerican BGA
This means we will need a total of 10 x 25 = 250 samples from unrelated DNA donors.

We will also test for differences between familial relationships (eg. sibling versus not related). The relationships to be tested include:

* Siblings

* Parent / child

* Grandparent / grandchild

* Great grandparent / great grandchild

* Uncle or aunt / niece or nephew

* Great uncle or aunt / great niece or nephew

* First cousins

* Second cousins

* First cousins once removed

* Second cousins once removed

Again, we will need 25 comparisons for each relationship (if we assume that, in the worst-case scenario, there are no more than two participants
in any one family). This means that we may need another 250 genetic relatives in addition to the ones above. However, this number will be
reduced if there are more than two participants in any one family group. We can also reduce the number of relationships we test in the event
that we don't recruit enough family members,

Describe your inclusion and exclusion criteria for participants*

DNA donors will be restricted to fully informed and consenting adults over the age of 18 years old.

Please save and continue to the next page

Participant involvement

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

What time commitment will the research mvolve for your participants?
NOTE: This must be i d in any to parti
(4000 character limit)*

DNA donors will be asked to prowde a noninvasive tissue sample (eg. buccal or inner cheek swab, hair, nail clippings, previously extracted wisdom
tooth) and answer a about their b ical ancestry (BGA) and externally visible characteristics (EVCs) in the presence of a
researcher. The whole process will take apprcxlmatelv 15 minutes.

DNA donors from the same family group will additionally be asked to declare their familial relationship with other fully informed and consenting
family members.

In what location will the research/data collection take place"
NOTE: This i must be included in any i ion to parti
(4000 character limit)*

DNA collection will be conducted in two locations:
1. Centre for Forensic Science, Building 4, Level 5, UTS, Ultimo, NSW
2. Australian Federal Police Forensic Complex, Majura, ACT

In addition and when required, collection of tissue samples and questionnaire responses may also be conducted in participants’ homes or a
location convenient to the participant.

What travel, |f any, does the research |nvu\ve for your participants?
NOTE: This must be i n any i to partici
(4000 character limit)*

There is no travel required by participants. Participants may elect to post their selfadministered tissue sample, questionnaire responses and
consent form if they are remote to the locations above and if a researcher is unable to visit them.

Please include any additional information relating to participants that vnu think relevant
NOTE: This i must be included in any to par
(4000 character limit)*
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Participation in the research will be purely voluntary.

The collection of tissue samples and administration of the questionnaire will be performed according to the standard operating procedures (SOPs)
developed for an existing program wide ethics approval (ETH182521 Collection of biological samples and associated phenotypes for forensic
analysis).

DNA and questionnaire data will be deidentified. They will not be associated with the donor's name or any other personal information that may
be used to identify the sample or data. The DNA and questionnaire data will only be associated with a unique sample code.

Participants may withdraw from the project at any time by quoting the unique sample code. In this case, their DNA and any information derived
from it will be destroyed, unless the data has been incorporated into amalgamated data.

Describe and justify any benefit, payment or compensation the participants will receive. For research
being conducted with Aboriginal and Torres Strait Islander People, the described benefits from
research should have been discussed with and agreed to by the Aboriginal or Torres Strait Islander
research stakeholders. (REF NS 2.1) and 4.7.8 & 4.7.9)

(4000 character limit)*

There will be no benefit to the participants beyond the experience of being involved in experimental genetic research.

There will be no payment or compensation for the participants.

Please save and continue to the next page

Consent

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Will you be obtaining written consent?*
@® Yes
O nNo

Please provide sample documents in attachments list at the end of the application form
Please use the following HREC templates when creating an information sheet and consent form: HREC templates

Do you believe there will be any special issues relating to consent in your research? (REF NS 1.13, 2.2, 2.3, Chapter 4)*

@ Yes
O No

Please describe what special issues may be related to consent in your research (4000 character limit)*

Participants in family groups may not have the genetic relationships to family members which they had presumed (eg. a parent may not be a
biological parent). Genetic relationships or any other information derived from their DNA will not be disclosed to participants.

By obtaining whole genome sequences, it is possible that incidental healthrelated information may be obtained by someone who is trained to do
so. This project does not aim to identify or analyse genetic markers for healthrelated information and the researchers are not qualified to do so. If
any healthrelated information were to be (accidently or incidentally) made known to the researchers, this information would not be disclosed to
participants.

Are the participants able to consent fully? (REF NS Chapter 2, 4.4, 4.5)*
® Yes
O No

Please save and continue to the next page

Limited disclosure

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Does this research involve limited disclosure to participants? (REF NS 2.3)*

O Yes
@ No

Please save and continue to the next page

Ethical iderations specific to p
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We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Indicate if your research will involve the following populations (as per the National Statement) other than as incidental participants
(i.e. they are not included in the design of the project but may be participants) (REF NS Chapter 4)
*

O women who are pregnant and the human foetus

O children and young people

O People in dependent or unequal relationships

O People highly dependent upon medical care who may be unable to give consent
O People with a cognitive impairment, an intellectual disability or a mental illness

O people who may be involved in illegal activities

O people who are incarcerated

O Aboriginal and Torres Strait Islander Peoples

O people in other countries

[ None of the above

If your research is being conducted in Australia, does
O Yes
® No

nvolve Culturally and Linguistically Diverse (CALD) People (other than incidentally)?*

Does your research involve Defence or the Department of Veteran Affairs in any way?*
O Yes
@ nNo

Please save and continue to the next page

Section 7: Research participants/subjects part 2

Risk/harm

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Risk or harm could be described as damage or hurt to the wellbeing, interests or welfare of an
individual, institution or group. Harm could range from physical hurt or damage sucll as illness or

injury, to psychological or emotional hurt or such as

Please note that as a researcher, you are not necessarily immune from risk vourself and
should give careful ation to this g (REF NS 2.1).

NOTE:

It is really important that you carefully consider all potential risks that could occur, even if they seem negligible.
Please do not provide one-word answers to any of the questions below.

Describe, as best as you can, any possible risks to resear(h pam(\pants subjects and related grou

NOTE: This infi ion must be included in any infq to partici (4000 character limit)*

We will store deidentified DNA profiles in a secure, password protected environment at UTS and at the AFP but it is always possible that DNA

profiles may be stolen by hacking. In such a case, it is possible that samples may be re-identified. This would require someone to compare a de-
identified DNA profile with an overlapping profile known to be from the DNA donor. Because the field of genetics is constantly evolving, there is
always a risk that the raw data of any genetic tests may reveal information from which a qualified person may extract health-related information.

If participants opt to have their deidentified DNA profile uploaded to one or more of the specified DNA databases then, again, it is always possible

that their DNA profile may be stolen by hacking.

If participants opt to have their DNA profile compared with genetic relatives, there is a risk that they may find out about genetic relationships (or
the absence of genetic relationships) of which they were not aware. This information will not be disclosed to the participants.

By obtaining whole genome sequences, it is possible that incidental healthrelated information may be obtained by someone who is trained to do

s0. This project does not aim to identify or analyse genetic markers for healthrelated information and the researchers are not qualified to do so. If

any healthrelated information were to be (accidently or incidentally) made known to the researchers, this information would not be disclosed to
participants.

How would you categorise the magnitude of potential risk? (e.g. inconvenience, discomfort, harmful, painful)
Explain why you believe this is so (4000 character limit)*
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Having a DNA profile accessed without consent is a serious breach of privacy. DNA contains personal and sensitive information about the donor if
it is able to be associated with them. Examples of information that could be revealed in this case include:

* Medical conditions and risks

* Ancestral origin

* Physical traits

* Genetic relationships with other individuals

* Unknown or unexpected children, parents, or siblings

* Biological sex

If participants opt to have their DNA profile compared with genetic relatives, discovering genetic relationships (or the absence of genetic
relationships) of which they are not aware can be distressing. For example, they may find that a parent is not a biological parent.

If any healthrelated information were to be (accidently or incidentally) made known to the participants’, this may breach their right "not to
know" about health-related information derived from their DNA.

How would you categorise the likelihood of risk? (i.e. slight, possible, likely, probable, unavoidable)
Explain why you believe this is so (4000 characters)*

While posing a significant breach of privacy, the risk of having DNA stolen from AFP or UTS password protected data storage is very small.
External databases (GEDmatch, Othram, FamilyTreeDNA, EMPOP, YHRD, FROG-kb, Snipper app suite and HIrisplex-S webtool) may be less secure
and hacking represents more of a risk. However it is important to note that many law enforcement and forensic agencies use these platforms for
forensic casework, after having undertaken appropriate privacy and risk assessments, Othram conducts all laboratory and analysis work in-house
and has secure chain-of-custody and data handling procedures that are isolated from the internet. GEDmatch and FamilyTreeDNA reconfigure,
anonymise and/or encrypt genetic data once uploaded and prevent visibility of ‘research’ data (once labelled as such on upload) to other users of
the databases and to members of the general public. EMPOP, YHRD, FROG-kb, Snipper and HIrisPlex-S only accept limited subsets of de-identified
genetic data. These data are not unique to a particular individual and could not be used to re-identify a DNA donor.

If participants opt to have their DNA profile compared with genetic relatives, discovering genetic relationships (or the absence of genetic
relationships) of which they are not aware is possible. However, this information will not be disclosed to participants by the researchers so the risk
is low.

This project does not aim to identify or analyse genetic markers for healthrelated information and the researchers are not qualified to do so. If
any healthrelated information were to be (accidently or incidentally) made known to the researchers, this information would not be disclosed to
participants. Therefore, the risk of healthrelated information being known to participants is low.

What strategies will you use to minimise and/or manage the risks? (4000 character limit)*

All DNA, questionnaire responses and any derived data will only be associated with a unique sample code for each donor. That is, it will be de-
identified at the point of collection. It will not be possible for the researchers or anyone else to associate the donor with their DNA, questionnaire
responses and any derived data. If the data were to be stolen, it could only be reidentified by comparison with another profile from a (known)
donor.

Participants will be informed that if they opt to have their DNA profile compared with presumed genetic relatives, any genetic relationships (or
the absence of genetic relationships) of which they were not previously aware will not be disclosed to them.

This project does not aim to identify or analyse genetic markers for healthrelated information and the researchers are not qualified to do so. If
any healthrelated information were to be (accidently or incidentally) made known to the researchers, this information would not be disclosed to
participants.

Discuss likely or possible risk to researchers (including yourself), and your strategies for minimising such
risks (4000 character limit)*

There is some risk that the researchers may feel uncomfortable asking colleagues, friends and family members for DNA samples. This risk will be
minimised by putting the onus on any potential participant to (voluntarily) initiate contact with the researchers after receiving a recruitment
notice. They will then receive a participant information sheet to help them decide what (if anything) they would like to consent to.

Please save and continue to the next page

Pre-existing relationships

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button,
For further information and help in completing your application go to our website

Are there likely to be any pre-existing relationships with research participants? (e.g. employer/employee,
colleague, friend, relation, student/teacher, etc) (REF NS 4.3)*

@® Yes
O No

Please describe (4000 character limit)*

Participants will be recruited from staff and students at UTS, staff at AFP, members of the forensic community and family and friends of the
researchers (or other participants). Some may be familiar to the researchers. Email lists and social media adverti: will also

inviting voluntary participation. Participants in family groups will be known to each other and will, in most cases, be genetically related to each
other.

Email lists will be, for example staff and student lists at UTS and staff lists at AFP. These lists are held by management (eg. Science Faculty at
UTS, Forensic Management Team at AFP Majura). They were created to disseminate work-related and study-related information to staff and
students respectively.

Social media advertisements will not be targeted. All followers will be able to view recruitment notices.
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How might these relationships influence their decision to participate, be affected by the proposed research or create potential ethical conflict? Please describe strategy for dealing

with this (4000 character limit)*

It may be perceived by staff at AFP and staff and/or students at UTS that participation in the research is a requirement of their employment or
that nonparticipation may adversely affect their employment or assessment. It will be made clear in the recruitment notice and Participant
Information Sheet that this is not the case.

Family members may feel obligated to participate in the research if approached. It will be made clear that their participation is completely
voluntary.

The decision to participate will require any potential participant to (voluntarily) initiate contact with the researchers after receiving a recruitment
notice.

Describe how you will ensure that student assessment, employee security, etc., will not be adversely
affected by participation in this research (4000 character limit)*

The research will be completely divorced from student assessment and employee security. Neither student assessment nor employee security are
influenced be participation (or not) in this research. There is no policy or practice linking participation in this research with either student
assessment nor employee security.

Will you be recruiting UTS staff and/or students as research participants?*

@ Yes
O No

You must obtain approval from the Dean or their nominee. Please attach a letter of support on the attachments page

Please save and continue to the next page

External organisations

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Indicate if your research will involve any of the following:*
O 1nstitution

[ organisation

O community Group

O none of the above

Please describe what type(s) of institution / organisation / community group will be involved and how many
will be invalved (4000 character limit)*

The research is associated with the Australian Federal Police National DNA Program for Unidentified and Missing Persons. Associate Professor Ward
is the Program Lead and Professor McNevin is seconded by the program (0.5 FTE). As such, they are AFP employees for the purposes of the
research. There will also be a UTS PhD student (Jessica Watson) associated with the project.

Was the research generated from within the institution / organisation / community group?*
@ Yes
O No

Please provide details of how the research was generated from within the institution / organisation /
community group (4000 character limit)*

Associate Professor Ward has been awarded an Australian Federal Police Innovation Grant of $50,000 in order to support a research and
development program within the National DNA Program for Unidentified and Missing Persons, including sponsoring a PhD student to undertake a
component of this research. The proposed research will contribute towards the aims of the program.

Please save and continue to the next page

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Have you sought appropriate approval or support from the institution / organisation / community group involved?*
@® ves
O No

Please attach a copy of any letter of approval/agreement at the end of this form
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Do you intend to feed the research results back to the institution / organisation fcommunity group?*
@® Yes
O No

Please describe how (4000 character limit)*

The results of the research will be the subject of internal AFP reports as well as publications in international, peer reviewed journals.

Does this research involve any contracts, including cc ity agreements? (REF NS 3.2.12, 3.5.6)
Section 2.5 and 4, The Code)*

@ Yes

O No

Is your contract finalised?*
@® Yes
QO No

Please detail any particular conditions that might have ethical implications for the research (e.g. access to
data, publication, etc) NOTE: You should attach an electronic copy of your contract to your ethics
application (4000 character limit)*

All work produced by the research, and copyright of that work, will be owned by the Commonwealth of Australia as represented by the AFP.

Please save and continue to the next page

Section 8: Data

Data collection & use

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

Does your research involve access to student records at this University?*
O Yes
@ No

Provide an analysis plan outlining how the aims/objectives will be met, the statistical methods to be used, and who will be carrying out the analysis. *
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The first stage of the project will involve testing the ability of genetic technologies to predict:

* maternal lineage, by comparison with questionnaire responses

* paternal lineage, by comparison with questionnaire responses

* biogeographical ancestry (BGA), by comparison with questionnaire responses

* externally visible characteristics (EVCs), by comparison with questionnaire responses

* genetic relatives, by comparison with declared familial relationships in families

This will involve DNA collected from fully informed and consenting participants, some of whom may be in the same family. DNA collected from
these participants will be subject to the following analyses:

* Autosomal and Y chromosome short tandem repeat (STR) profiling using polymerase chain reaction (PCR) and both capillary electrophoresis and
massively parallel sequencing (MPS)

* Whole mitochondrial genome sequencing using MPS

* Whole autosomal genome sequencing using MPS

* Targeted amplicon sequencing of the autosome and X and ¥ chromosomes for STRs and single nucleatide polymorphisms (SNPs) using MPS

Autosomal STR profiles will be subject to short range familial searching by comparison with fully informed and consenting genetic relatives.

¥ chromosome STR profiles will be used to determine paternal lineage by:
* Comparison with fully informed and consenting genetic relatives
* Uploading to the YHRD Y STR database

¥ chromosome SNP profiles will be used to determine paternal lineage by:
* Comparison with fully informed and consenting genetic relatives

* Comparison with published Y haplotypes

* Uploading to the YHRD Y SNP database

X chromosome STR profiles will be used to determine certain parental lineages by comparison with fully informed and consenting genetic relatives

Whale mitochondrial genome sequences will be used to determine maternal lineage by:
* Comparison with fully informed and consenting genetic relatives

* Comparison with published mtDNA haplotypes

* Uploading to the EMPOP mitochondrial DNA database

Autosomal SNP profiles will be subject to long range familial searching (genetic genealogy) by:
* Comparison with fully informed and consenting genetic relatives

* Uploading to the GEDmatch database, maintained by Verogen

* Uploading to FamilyTreeDNA, maintained by Gene By Gene

* Uploading to DNASolves, maintained by Othram

Autosomal SNP profiles will be subject to ancestry analysis by comparison with publicly available reference population databases using the following
statistical tools:

* Multidimensional scaling (MDS) approaches including principle components analysis (PCA) and principle coordinates analysis (PCoA)

* Structure population genetic software

* Construction of phylogenetic trees

* Upload to the FROGkb database

* Upload to the Snipper app suite

Classification success rates will be used to produce confusion matrices for population assignment. Autosomal SNP profiles will be subject to
phenotype analysis by using the Hlrisplex-S webtool.

The second stage of the project will involve testing the ability of forensic genetic technologies to be applied to decomposed and skeletonised
human remains from the Australian Facility for Taphonomic Experimental Research (AFTER) for which a separate programwide ethics approval
already exists (ETH182999). DNA will be extracted from donated human bodies using boutique DNA extraction methods and used to optimise
and validate the genetic analyses described above. These samples reflect the DNA gquality and quantity of the types of forensic samples
encountered in missing persons investigations.

The third and final stage of the project will involve application of optimised and validated methods to unidentified human remains cases (with
permission) as part of the National DNA Program for Unidentified and Missing Persons.

Describe any foreseeable future use of this data; such as sharing with other researchers, secondary use for related research, publishing for unrelated research and non-research
purposes and any other possible uses. Please note this information must be included in the participant information sheet.*

We propose to add the DNA extracted from samples collected in this research and questionnaire responses from fully informed and consenting
participants to the bank of samples and responses collected under an existing ethics application (ETH182521: Collection of biological samples and
associated phenotypes for forensic analysis).

We also propose to add a limited subset of deidentified genetic data from fully informed and consenting participants to population databases as
follows:

* mitochondrial SNP genotypes to EMPOP

*Y STR and Y SNP profiles to YHRD

* Autosomal, X and Y STR and SNP profiles to internal reference databases maintained by the AFP for casework.

None of these are criminal DNA databases and they cannot be used to identify the participants nor reveal any information about them. Increasing
the number of de-identified reference samples in these databases that are representative of the Australian population will contribute to a
valuable resource for investigative forensic casework nationally and internationally.

Do you have a research data management plan?*
@ Yes
QO No

Please save and continue to the next page

Section 9: Additional information

Other ethical issues

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website
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1f there are any additional ethical issues which you do not believe have been covered by this form,
please explain them for the HREC: (4000 character limit)*

We are not aware of any other ethical issues.

Please save and continue to the next page

Section 10: Attachments

Attachments

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

1 have attached the following supporting documents

Budget page from funding application*
@© ves
O n/a

Relevant contracts/agreements*
® Yes
O n/A

Participant Information Sheet(s)*
@® Yes
O No

Informed consent form(s)*
@ Yes
O n/a

Evidence of approval from external institution, organisation or community group*®
@® Yes
O nja

Explanations of any technical terms used *
Q Yes
@ n/aA

Evidence of support from the Dean to use UTS staff/students as participants. If advertising university-wide, please provide evidence of support from the Deputy Vice-Chancellor
(Education & Students)*

® Yes
O n/A

Research data management plan (RDMP)*
@® Yes
O No

Standard Operating Procedures

N.B. May include a distress or disclosure protocol [see UTS HREC Disclosure Guidelines] under University policies and guidelines, Faculty of Health Low Risk protocol; procedures for
participant screening, physiological, or biclogical sampling and/or laboratory or safety procedures where relevant.

*

@® Yes
O No

Documents attached to this application:
How to attach documents

1. Click on 'Add"
Ensure the fields are as follows:
© Document type- soft copy
© Name: Include the document name and version number
© Description: This field is optional
2. You can then either select the file you want to upload OR drag and drop it where it says 'Drop file here'
3. Click on 'OK'

Note: Please use the following HREC templates when creating an information sheet, consent form, verbal script, etc.: HREC templates. All submitted documents should be titled,
and have have version control included in the footer.*
T
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1 | Document type Soft copy
Name Evidence of support from the Dean of Science
Reference (Document Title) 21001 Human Ethics Application - Dennis McNevin.pdf
Description
2 Document type Soft copy
Name AFP Innovation Grant funding
Reference (Document Title) Successful funding bid_Email.pdf
Description
3 | Document type Soft copy
Name AFP funding approval
Reference (Document Title) 2020 21 Innovation Fund Approved Projects.pdf
Description
4 Document type Soft copy
Name AFP National DNA Program for Unidentified & Missing Persons
Reference (Document Title) National DNA Program_Summary for Media.pdf
Description
5 Document type Soft copy
Name Research Data Management Plan
Reference (Document Title) RDMP.pdf
Description
6 | Document type Soft copy
Name SOPs for ETH18-2521
Reference (Document Title) ETH18-2521 SOPs.pdf
Description
7 Document type Soft copy
Name Recruitment notice
Reference (Document Title) ETH21-5821 Recruitment.pdf
Description
8 Document type Soft copy
Name Informed consent form
Reference (Document Title) ETH21-5821 Consent.pdf
Description
9 Document type Soft copy
Name Questionnaire
Reference (Document Title) ETH21-5821 Questionnaire.pdf
Description
10 | Document type Soft copy
Name Participant information sheet
Reference (Document Title) ETH21-5821 Participant information. pdf
Description
11 | Document type Soft copy
Name Project budget
Reference (Document Title) Project budget.pdf
Description
12 | Document type Soft copy
Name ETH21-5821 - MCNEVIN - MREC outcome and comments 22 April 2021
Reference (Document Title) ETH21-5821 - MCNEVIN - MREC outcome and comments 22 April 2021.docx
Description
13 | Document type Soft copy
Name Responses to MREC
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Reference (Document Title)

ETH21-5821 - MCNEVIN - Responses to MREC.pdf

Description

14 | Document type Soft copy
Name Revised RDMP
Reference (Document Title) RDMP revised.pdf
Description

15 | Document type Soft copy

Name

Revised recruitment notice

Reference (Document Title)

ETH21-5821 Recruitment v5.docx

Description

16 | Document type

Soft copy

Name

Revised participant information sheet

Reference (Document Title)

ETH21-5821 Participant information v6.docx

Description

17 | Document type

Soft copy

Name

Revised informed consent form

Reference (Document Title)

ETH21-5821 Consent v6.docx

Description

18 | Document type

Soft copy

Name

Revised questionnaire

Reference (Document Title)

ETH21-5821 Questionnaire v2.docx

Description

Reminder to di . .

wawN e

. Please note that once your application is submitted it will go directly to your supervisor and not to the Committee.
We strongly recommend notifying your supervisor that you have submitted your application in case of any technical issues, to avoid potential delays in the review process.
Once your supervisor endorses your application it will go to your Local Research Office for endorsement before coming to the Ethics Secretariat for review.

. Your electronic application must be endorsed by your supervisor by the j If
Please also ensure that the Primary AOU listed at the end of the Investigators page is updated to your supervisor's AOU.

'. This will show in the table under 'Internal

personnel listed below', once you add them. If you need any assistance with this please contact Research.Ethics@uts.edu.au or call 9514 9772. Please note that this is
particularly important if you have a dual role as a staff/student as your application could go to the wrong faculty for review through the automated process.

Declaration

Declaration

1 have answered all questions in the risk assessment truly and completely to the best of my knowledge

T will notify the UTS Human Research Ethics Committee of any variation to this research that may alter the level of risk associated with it

This research will be undertaken in compliance with the UTS Research Ethics and Integrity Policy or any replacement or amendment thereof

This research will be undertaken in compliance with the A Code for the R ible Conduct of Research and National Statement on Ethical Conduct in Human Research
Please click on the "Submit" button in the Actions menu.
Confirmation
Confirmation by Local Research Office High Risk
Application type*
Research (staff project)
Internal personnel listed on this ethics protocol®
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1 | Primary Yes
o] |
Surname McNevin
Given Name Dennis
Full Name Prof Dennis Blair McNevin
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Dennis.McNevin@uts.edu.au
Work Number

2 | Primary No
D ]
Surname Ward
Given Name Jodie
Full Name AJProf Jodie Ward
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Jodie.Ward@uts.edu.au
Work Number

3 | Primary
o] L]
Surname Watson
Given Name Jessica
Full Name Miss Jessica Lee Watson
Position 5Research Student
Type Internal
AOU
Managing Unit
Email Address Jessica.Watson@uts.edu.au
Work Number

Checked by:*
| Lisa Merry

Date of review:*

| 22/03/2021

The Research Office has confirmed that: All information in this application and supporting documentation is correct and as complete as possible *

@© ves
QO No

Confirmation by ADR
Application type
Human

Internal personnel listed on this ethics protocol
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1 | Primary Yes
o] I
Surname McNevin
Given Name Dennis
Full Name Prof Dennis Blair McNevin
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Dennis.McNevin@uts.edu.au
Work Number
2 | Primary No
D |
Surname Ward
Given Name Jodie
Full Name AJProf Jodie Ward
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Jodie.Ward@uts.edu.au
Work Number
3 | Primary
i} |
Surname Watson
Given Name Jessica
Full Name Miss Jessica Lee Watson
Position 5Research Student
Type Internal
AOU
Managing Unit
Email Address Jessica.Watson@uts.edu.au
Work Number

Date of LRO review

23/03/2021

Declaration:
« 1 am aware that this research is being conducted within this Faculty/School/Centre.
« 1 am satisfied that the researchers have met all Faculty/School/Centre requirements in relation to this research
# This research will be undertaken in compliance with the UTS Research Ethics and Integrity Policy or any replacement or amendment thereof
« This research will be undertaken in compliance with the ian Code for the ible Conduct of Research and National Statement on Ethical Conduct in Human

Research

*

@® Yes

QO No

Comments

This question Is not answered.

Research Office use only

Research Office use only
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Application Status

| Approved ]

Approval Purpose

| Research (staff project) ]

Current Committee

OHealth and Medical Research Ethics
Committee (Human)

TRIM number
| RES21/412

Start date
| 09/0612021 |

End date
| 09/06/2026 ]

Date received
| 31/03/2021 ]

Date Approved
| 09/06/2021 ]

Date Reviewed
| 15/04/2021 ‘

Date Withdrawn

| |

This question is not answered.

Special conditions*
| NA
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Appendix 2. Ethics approval from UTS HREC under project number ETH21-6606

I’f@ ResearchMaster

Application ID :
Application Title :

Date of Submission :
Primary Investigator :

Other Personnel :

Ethics Application

ETH21-6606

Genetic identification of unidentified human remains
21/10/2021

Prof Dennis Blair McNevin (Chief Investigator)

Miss Jessica Lee Watson (5Research Student)
A/Prof Jodie Ward (Chief Investigator)

8/11/2021
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Section 1: Ethics Portal

Select your application type
What type of application are you looking for?
Please do not change your application type without first consulting with the Ethics Secretariat (9514 9772).*
New application (including scope-checking for nil/negligible risk research)
Ratification of existing approval
Transfer of existing approval
Evaluation of teaching and learning activities
Amendment to existing approval
Program approval

O®000O0

You have selected "amendment application”. This option allows you to amend

an existing UTS HREC approved protocol EXCEPT for approved negligible risk declarations. If you want to update an approved negligible risk declaration, please submit a
new application.

Please click "save" before continuing.

Please refer to the amendment table on our website regarding the requirements for amendments to existing approval before continuing.

Please indicate the risk classification of the original ethics approval?*
O NilfNeg risk

O Low risk

@ High risk

What should I know before I start?
Would you like more information on:
O This system
O The ethics process
@© Purpose of the ethics review process

Purpose of the Human Research Ethics Review Process
The ethical review process is valuable as it:

+ Provides the opportunity to reflect on the research methodology;

* Ensures the research integrity of the work and

« Increases the trust levels of the research participants and the publishers about the output of the
research project.

The online ethics application simplifies the process:

# The form is intuitive so you won't need to answer every question just those that are applicable to
your research

Some parts of the form are auto-populated

You can save the form and return to it later to complete and submit it

Guidelines and instructions are incorporated into the form

Reduced paper handling.

I of ethics di

Regardless of the level of risk, all staff and students are expected to abide by the standards outlined in the

National Statement, the Australian Code, and guidelines established by the UTS Human Research Ethics

Committee (HREC). It is the responsibility of researchers, both staff and students, to familiarise themselves with these.

Section 1A: Risk evaluation

Risk A
Determining the level of risk and review

Please answer each question carefully and consecutively.

For assistance with answering these questions please refer to the National Statement on Ethical Con in Human R rch as per the chapters listed below.

If you need to contact the Research Ethics Officer you can call (02) 9514 9772

Click on the help buttons (?) for more information

You can save your application at any time by clicking on the save button on the left hand side in the toolbar. For further information and help in completing your application
go to our website.

e e s

Does your research involve:

Projects involving covert observation, active or ion of particij

e.g. covert observation of the hand-washing behaviour of hospital employees, undisclosed role-playing by a researcher, etc. Does NOT include observation in a
public place WITHOUT the use of photographs, images, video or audio footage (Chapter 2.3, p.19)

*
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O vYes
@ nNo

g recrui or of data(?) from any of the groups listed below (or where any of these groups are likely to be significantly over-represented in
the group being studied)
Women who are pregnant and the human fetus (Chapter 4.1, p. 61)
Children and young people (under 18 years) (Chapter 4.2, p. 65)
People in dependent or unequal relationships (e.q. lecturer/student [except T&L], doctor/patient, employer/employee) (Chapter 4.3, p.68)
People highly dependent on medical care who may be unable to give consent Chapter 4.4, p.68)

People with a cognitive impairment, an intellectual disability, or a mental iliness (may include the disadvantaged/homeless) (Chapter 4.5, p. 70)
People who may be involved in illegal activities (including those affected e.g. victims of domestic violence) (Chapter 4.6, p.73)
Aboriginal and Torres Strait Islander Peoples (Chapter 4.7, p.77)

*

O ves

® No

Targeted recruitment of people in / from countries that score <50 on the Corruption Perception Index (CPI) (check here)
This includes any cohorts from these countries, i.e. it is not restricted to marginalised groups within these countries*

O ves
@ nNo

Collection, use or disclosure of personal information without consent of the participant(?)

* a record which may include your name, address and other details about the participant (e.g. date of birth, financial information etc.)
« photographs, images, video or audio footage
o fingerprints, blood or DNA samples

*

O ves
® No

Collection, use or discl e of health information(?)

personal information that is information or an opinion about
the physical or mental health or a disability (at any time) of an individual; or
an individual's expressed wishes about the future provision of health services to him or her
a health service provided, or to be provided, to an individual or

o other personal information collected to provide, or in providing, a health service, or
= other personal information about an individual collected in connection with the donation, or intended donation, of a individual's body parts, organs, body substances, or
e other personal information that is genetic information about an individual arising from a health service provided to the individual in a form that is or could be predictive of the

health (at any time) of the individual or of a genetic relative of the individual, or
# healthcare identifiers

N.B Includes information collected through physiological testing or assessment. Examples include but are not limited to EEG, EMG, BMI, blood pressure, DEXA, etc.*

@ ves
QO Mo

Collecti

use or of sensitive
Racial, ethnic information, political, religious and philosophical beliefs, sexual activity or identity, and trade union membership
*

@© ves
O No

Activity that potentially infringes the privacy or p i of ici provi or isati

e.g. observation in the workplace, collection of cnmmercnal\v cnnﬁdent:al information, etc.

Commercially confidential information = Any information which is not in the public domain or publicly available, and where disclosure may undermine the
economic interest or competitive position of the owner of the information (TGA adopted definition from European Medicines Agency (EMA)).

N.B. if canvassing opinion via consensus methods i.e. Delphi (?), answer "No” here
*

O Yes
@ nNo

of a reg or of identifiable data for possible use in future research projects (Chapter 3.2, p.27) (?)

*

@ vyes
QO No

Collection, transfer(?) and/or banking of human biospecii
e.g. tissue, blood, urine, sputum etc.(?)

*
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@ ves
QO No

Any significant alteration to routine care or service provided to participants
e.g. deviation from standard care or usual practice
*

O ves
@ nNo

(Chapter 3,14-3.17) *

O ves
@ No

Potential for participants to experience harm (i.e. anything more than discomfort)(?)
e.g. physical, psychological, devaluation of personal worth, social, economic and/or legal (Chapter 2.1, p.12)
*

O ves
@ nNo

of human particij or groups of humans to one or more health-related interventions to evaluate the effects on health outcomes(?)

High Risk

Section 2: Project information

Project title

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.

For further information and help in completing your application go to our website

Application 1D (automatically generated):

ETH21-6606

Application Title:*

Genetic identification of unidentified human remains

Ethics category code (automatically selected):*

Human

Please search for your original ethics application by clicking on 'More criteria'.

Please note that you can only search for previously submitted applications where personnel listed on
this application were also listed on the original one.

*

1 | Ethics Category Human
Ethics Application Code ETH21-5821
Ethics Title Genetic identification of unidentified human remains
Start Date 09/06/2021
End Date 09/06/2026
Review Date 15/04/2021
Application Status Approved
Other Comments

Please save and continue to the next page

Section 3: Personnel

Investigators

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.

For further information and help in completing your application go to our website
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Please note that for amendment applications you only need to add the Chief Investigator/Supervisor, student(s) and any new personnel

Have new external investigators been added to this protocol?*
O ves
@ nNo

Is this application for a student project?*
@ ves
O No

Student applicants:
. Please note that once your application is submitted it will go directly to your supervisor and not to the Committee.

1

2. We strongly recommend notifying your supervisor that you have submitted your application in case of any technical issues, to avoid potential delays in the review process.
3. Once your supervisor endorses your application it will go to your Local Research Office for endorsement before coming to the Ethics Secretariat for review
4
5

. Your electronic application must be endorsed by your supervisor by the I

Local Research Office (LRO) submission deadline.

. Please also ensure that the Primary AOU at the end of this page is updated to your supervisor's AOU. This will show in the table under 'Internal personnel listed below',
once you add them. If you need any assistance with this please contact Research.Ethics@uts.edu.au or call 9514 9772. Please note that this is particularly important if you

have a dual role as a staff/student as your application could go to the wrong faculty for review through the automated process.

Are the student(s) listed on this protocol new to the protocol? (e.g. being added as part of the amendment application)*
O ves
@ nNo

Positions in the personnel table

Position type: In the personnel table use the followin sitions from the drop-down list:
Chief Investigator/Supervisor |1Chief In‘vestiéator students must not be listed as Chief Investiéatori

Co Investigator 3Assoc. Investiaator

Co Supervisor Co-Supervisor
Research Student ||SResearch Student
Project Administrator ||7Project Administrator
Note: Further options are available in the drop down list.

Instructions on how to add a person to the personnel tabl

1< Click on "Add"
. Start typing the details (first name, last name or Staff ID) in the search bar.
3. Click on "Add selected”

4. The extra information panel will open, select their position from the drop-down list. If they are the primary contact (e.g. Chief Investigator/Supervisor), tick "Yes" under
'Primary contact' and then select "OK"

Student research: Students must add their supervisors to their application and must mark their primary supervisor as a Chief Investigator and as a primary contact.
Students must be listed as "SResearch student” under the column 'Position’ to ensure the application is properly submitted to their supervisor.

Ratifications/Transfers: If this list differs from that of the original application, you must provide evidence that any additional investigators have been added via
amendment to the lead/external HREC [attach relevant amendments and evidence of approval].

Internal personnel listed on this ethics protocol:*
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1 | Primary No
D |
Surname Watson
Given Name Jessica
Full Name Miss Jessica Lee Watson
Position SResearch Student
Type Internal
AOU SCI.5chool of Mathematical and Physical Sciences
Managing Unit Science
Email Address Jessica.Watson@student.uts.edu.au
Work Number
2 | Primary No
D |
Surname Ward
Given Name Jodie
Full Name A/Prof Jodie Ward
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Jodie.Ward@uts.edu.au
Work Number
3 | Primary Yes
D L
Surname McNevin
Given Name Dennis
Full Name Prof Dennis Blair McNevin
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Dennis.McNevin@uts.edu.au
Work Number

If any details are incorrect or missing please contact the Ethics Secretariat on (02) 9514 9772 or by email.

Please provide additional (or preferred) contact details of any of the people listed on the project if

necessary (4000 character limit)

This question is not answered.

Primary AOU*

| SCI.School of Mathematical and Physical Sciences

Managing Unit

| Science

Please save and continue to the next page

Student details

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.

For further information and help in completing your application go to our website

8/11/2021
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Degree being undertaken (500 character limit)*

Doctor of Philosophy (Faculty of Science). My supervisors are Jodie Ward and Dennis McNevin.

Have you been successful in your doctoral/masters assessment? *
O ves
@ nNo

Please indicate why you are applying for ethics approval at this stage, and when you will be seeking
assessment or re-assessment? (4000 character limit)*

The original ethics application was made by my supervisor prior to my enrolment as a PhD student while T waited for the application to be
processed. While in meetings with my supervisors and discussing the validation plans for the technology, we decided to submit an amendment.

1 have not yet had my stage 1 assessment. It is due in May 2022.

Students, please read carefully: Once you have completed this application and followed the submission instructions, your application will go to your supervisor for review.
Once your supervisor has reviewed and endorsed your application it will come to the Ethics Secretariat for a pre-review. This pre-review process helps ensure that your application
is complete, has all necessary attachments, and that the quality of responses to the questions meets the Committee's expectations. Your application should therefore be

submitted as early as possible, If you do not submit your application in time, it may be delayed and held off until the next closing date.

Section 5: Amendment form

Amendment details

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our

Has your project title changed?*
O Yes
@ nNo

Please provide a brief summary of your research proposal based on your original ethics application and specify what stage the research is at (e.qg. recruitment, data collection, etc).
*

This research aims to understand the relationships between biogeographical ancestry (BGA), externally visible characteristics (EVCs), and familial
relationships to provide information for future missing persons investigations. This will involve the application of the following technologies to the
identification of unidentified human remains:

* Advanced DNA extraction methods

* Whole mitochondrial genome, Y chromosome and X chromosome sequencing for lineage-based searching

* Autosomal DNA sequencing for short-range familial searching, and prediction of BGA and EVCs

* Whole genome and/or medium-high density kinship informative SNP genotyping for long-range familial searching (forensic genetic genealogy)

We propose to test the ability of genetic technologies to predict the BGA, EVCs and familial relationships of fully informed and consenting
participants. This information will be obtained from questionnaires and then compared to the information predicted from genotypes derived from
the DNA voluntarily donated by the participants. We will also test the abilities of these genetic technologies to be applied to decomposed and
skeletonised human remains from the Australian Facility for Taphonomic Experimental Research (AFTER) for which a separate program-wide ethics
approval already exists (ETH18-2999). The optimised and validated genetic technologies will be applied to unidentified human remains sourced
(with permission) from palice and coronial agencies of Australia’s States and Territories as part of the National DNA Program for Unidentified and
Missing Persons.

The research is currently in the recruitment stage where we are collecting biological samples voluntarily donated by participants. The laboratory
and data analysis protocols are being written for the first validation study.

Does your amendment involve any of the following changes:*
Change to completion date

Change to personnel

Change to research instruments/participant material
Change to research methodology

Change to recruitment of participants

Other

DREROO

Does your amendment involve the addition of children as participants? (not as incidental)*
O Yes

Will changes include research be conducted using UTS staff and/or students? (not previously approved for)*
O ves
® No

What changes to your original ethics application are you proposing? (1500 character limit)*

8/11/2021
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We are proposing updating the methodology to include a comparison of our laboratory-generated genetic data against existing direct-to-
consumer genetic data uploaded voluntarily by the participants to GEDmatch (a public genealogy database).

As a consequence, we have amended the participant's information forms and included an appendix with instructions for how to upload their
genetic data, as well as the consent form and guestionnaire. Our research methodology has been amended to include a comparative analysis of
these data types for the accuracy of familial relationship detection.

We will be asking participants to voluntarily upload any of their existing direct-to-consumer genetic profiles to GEDmatch for the purposes of
comparing with data produced with our new forensic tests if they have not previously done so. We have already notified volunteers that we
would be uploading a limited subset of their genetic data to GEDmatch in the original ethics application forms. If they have a file already on
GEDmatch, they are able to leave the data on the database or, should they not wish us to use the data, change their privacy settings to public
or remove the data completely. If they have one or more direct-to-consumer genetic profiles, we have provided instructions on how to
download it and upload it to GEDmatch, including account creation instructions. We do not ask the participants to pursue direct-to-consumer
DNA profiling - we only ask them to upload pre-existing profiles.

If they are willing to have their direct-to-consumer genetic profile included as a part of this research, they can indicate this on the consent form
and provide the GEDmatch ID profile (alias) on the questionnaire. GEDmatch provides the option for an alias for an individual's account which
takes the place of their real name; we have recommended they use the unique sample code provided for their donated sample to remain de-
identified and maintain their privacy.

Why do you wish to make these changes?*

In a missing persons investigation, family members of missing persons can elect to submit their DNA for direct-to-consumer profiling and upload
the data to public genetic databases such as GEDmatch. This would only be useful in cases where there are no close relatives of the missing
person in question as routine short tandem repeat (STR) genotyping can be used for short-range familial searching (parents, children and
siblings).

Samples from unidentified human remains will be analysed using a forensic-specific kit called Kintelligence that contains a subset of the single
nucleotide polymerphisms (SNPs) included in direct-to-consumer profile (10,000 SNPs versus up to 1 million SNPs). We wish to determine if this
reduced number of SNPs provides genetic linkages to relatives with the same accuracy as the much larger direct-to-consumer profiles. If there
are participants in this study with pre-existing direct-to-consumer profiles who are willing to make them available for comparison with
Kintelligence, then we will have a point of comparison.

The original ethics application only allowed for comparison between relatives with genetic profiles generated from Kintelligence. If the research
participants were to upload their direct-to-consumer DNA profiles to GEDmatch, we would be able to conduct mock searches of the profiles
produced by Kintelligence against direct-to-consumer profiles, which would be the case in a real investigation.

Please save and continue to the next page

Impact of amendment on research participants part 1

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

This section requires you to consider the ways in which your proposed amendments may impact upon
the ethical issues raised on your original application. Specifically, we ask you to outline the effects (if

any) of your on the g areas, and how you intend to deal with them. Does your
amendment affect any of the following:

Qutcome of your research?

Note: If you are making changes to data collection instruments, please specify what your intention is for the data which has already been collected. If the data which has already
been included will still be used, how will this be analysed with new data, and how might this impact the validity of results / impact originally stated outcomes?*

@© ves

O No

Please provide further information on how your amendment effects the outcome of your research*

The proposed changes to the ethics application do not affect data already collected. They will augment this data with a DNA profile that more
closely resembles scenarios that would occur in reality. Upload of DNA profiles to GEDmatch allows estimation of the degree of relationship
between two individuals through kinship coefficients and shared segments of DNA that are identical by descent. The original ethics application
included assessing the accuracy of these relationships by comparing the DNA profiles generated inside the forensic laboratory by the researchers
with a limited number of genetic markers (10,000).

Accuracy can also be assessed by comparing the forensic laboratory profiles against existing direct-to-consumer data uploaded to GEDmatch,
consisting of many more genetic markers (in the order of one million). This is the scenario most likely in practice. The comparison of these two
different kinds of profiles will allow us to determine the efficacy of comparing forensic-generated data against direct-to-consumer data to identify
previously unidentified human remains.

Current or future applications for funding?*
O ves
® No

Recruitment of participants (quantity, methods)*
@ ves
O No

Please provide further information on how your amendment effects the recruitment of participants (quality, methods).
Note: If changes are made to your recruitment strategy (e.g. inclusion criteria) will they be applied retrospectively?*
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Changes to our recruitment strategy will be made retrospectively. Participants will be asked if they would consider uploading any existing genetic
data from direct-to-consumer testing (e.g. Family Tree DNA, AncestryDNA, MyHeritage, 23andMe) to GEDmatch and make it available for law
enforcement searching. We will not be requesting that participants provide their DNA for direct-to-consumer testing specifically for this project.
Instructions will be provided for downloading their existing genetic data and uploading it to GEDmatch.

Anticipated risk or harm to participants and/or researchers?*
@ ves
O No

Please explain how do you propose to minimise these risks*

The risk for participants who upload their direct-to-consumer genetic data to GEDmatch and make it available for law enforcement searching is
that law enforcement officers from anywhere in the world will see their profile name (alias) and email address. This would occur if they are
genetically related to a suspected offender or unidentified human remains. These officers will not be able to access the actual DNA profile. Other
users of GEDmatch who could conduct searches where the participant is matched include genealogists and distant relatives.

Participants will be informed of this fact and are under no obligation to upload their genetic data. In the participant's information form and
appendix, we have recommended that they use their participant 1D for the GEDmatch profile ID. While GEDmatch requires a name on the
account, they provide an option for an alias (GEDmatch profile ID), which would be visible to any user who finds a link to their profile as a result
of a genetic relationship. In the creation of a GEDmatch account, users are required to provide an email address. We have advised that this email
address could be used by law enforcement, genealogists or distant relatives to contact the participant.

At the conclusion of the study, they can opt to be notified so they can change their privacy settings or remove their data from GEDmatch.

Relationships (if any) between researchers and participants?*
O ves
® No

Please continue to the next page

Impact of amendment on research participants part 2

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.
For further information and help in completing your application go to our website

This section requires you to consider the ways in which your proposed amendments may impact upon
the ethical issues raised on your original application. Specifically, we ask you to outline the effects (if
any) of your d on the following areas, and how you intend to deal with them. Does your
amendment affect any of the following:

Consent from Participants? *
© ves
O No

Please provide further information on how your amendment effects the consent from participants. Please attach revised consent form and information sheet if applicable (using
tracked changes).*

The consent form has been updated to include a check box for the participant to mark whether they are willing to upload existing direct-to-
consumer genetic data onto GEDmatch and make it available for law enforcement searching. The participant information form has been amended
to advise of the consequences of doing so. Participants have the option to include contact information (email address) if they would like to be
notified of the conclusion of the study so that they can remove their profile from GEDmatch or make it unavailable for law enforcement
searching. The revised participant information and consent forms are attached.

Data collection, interpretation, storage and/or disposal? *
O vYes
@ nNo

Privacy and confidentiality of participants?*
®© ves
O No

Please provide further information on how your amendment effects the privacy and confidentiality of participants?*

Genetic data uploaded to GEDmatch and made available to law enforcement searching will mean the individual's profile name will be available to
law enforcement searching internationally. The participation information document has been updated to include that only their alias would be
made available to law enforcement, not their genetic data, and would only be seen if they are genetically related to the individual being searched
in the database. It has been recommended that participants who upload existing genetic data to GEDmatch use their participant ID for the
GEDmatch profile ID. This will maintain their privacy in this study.

If law enforcement does obtain a match against a volunteer's online genetic data, they might be emailed in order to verify their identity. Law
enforcement might require such verification for their genealogy research to build family trees and identify who could potentially be the person of
interest. Without an Australian police warrant, participants are under no obligation to verify their identity to law enforcement or anyone else.

Are you required to submit requests for amendment to any external bodies to UTS? (e.g. an Area Health Service, other university)*

O Yes
@ no
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Are there any other relevant ethical issues in relation to the proposed amendment? *
O Yes
@ No

Please continue to the next page

Amendment attachments

We recommend you save your application regularly while editing. You can save your application at any time by clicking on the save button.

For further information and help in completing your application go to our website

1 have attached the following supporting (track changed) documents that require amendment from the approval of my original application:*

[ consent form/information letter(s)

[ surveys/questionnaires/outline of questions

O instruments for data collection

O approval for amendment from other institution
[ other relevant attachments

Please list any other relevant attachments*

* Appendix to Participant Information Sheet (How to Upload to GEDmatch)

Documents attached to this application:

How to attach documents

1. Click on 'Add"
Ensure the fields are as follows:
© Document type- soft copy
© Name: Include the document name and version number
© Description: This field is optional

2. You can then either select the file you want to upload OR drag and drop it where it says 'Drop file here'

3. Click on 'OK'
*
1 | Document type Soft copy
Name Consent Form
Reference (Document Title) ETH21-6606 Consent.docx
Description Consent form updated with GEDmatch profile details.

2 | Document type

Soft copy

Name

Participant Information Form

Reference (Document Title)

ETH21-6606 Participant Information.docx

Description

Participant information form outlining the project and what will happen with samples
volunteered. Updated to include uploading to GEDmatch and the risks associated.

3 | Document type

Soft copy

Name

Participant Information Appendix A

Reference (Document Title)

ETH21-6606 Participant Information Appendix A.docx

Description

Appendix to the participant information form with how to upload genetic data to
GEDmatch.

4 | Document type

Soft copy

Name

Questionnaire

Reference (Document Title)

ETH21-6606 Questionnaire.docx

Description

Questionnaire updated with GEDmatch profile ID.

Please continue to the next page

Declaration

Declaration

8/11/2021
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1 have answered all questions in the risk assessment truly and completely to the best of my knowledge
1 will notify the UTS Human Research Ethics Committee of any variation to this research that may alter the level of risk associated with it

This research will be undertaken in compliance with the UTS Research Policy or any replacement or amendment thereof

This research will be undertaken in i with the A ian Code for the ible Conduct of Research and National Statement on Ethical Conduct in Human Research

Please click on the "Submit" button in the Actions menu.

Confirmation

Confirmation by Local Research Office High Risk

Application type*

Amendment to existing approval

Internal personnel listed on this ethics protocol®

1 | Primary No
o) —
Surname Watson
Given Name Jessica
Full Name Miss Jessica Lee Watson
Position 5Research Student
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Jessica.Watson@student.uts.edu.au
Work Number
2 | Primary No
o) |
Surname Ward
Given Name Jodie
Full Name A/Prof Jodie Ward
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Jodie.Ward@uts.edu.au
Work Number
3 | Primary Yes
jio] K|
Surname McNevin
Given Name Dennis
Full Name Prof Dennis Blair McNevin
Position Chief Investigator
Type Internal
AOU SCI.5chool of Mathematical and Physical Sciences
Managing Unit Science
Email Address Dennis.McNevin@uts.edu.au
Work Number

Please indicate the risk classification of the original ethics approval?*

8/11/2021
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QO Nil/Neg risk
O Low risk
® High risk

Please contact the Ethics Secretariat.

Checked by:*

Lisa Merry

Date of review:*
14/10/2021

The Local Research Office has confirmed that: All information in this application and supporting documentation is correct and as complete as possible *
@ ves
O No

Confirmation by ADR
Application type

Human

Internal personnel listed on this ethics protocol
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1 | Primary No
o] I
Surname Watson
Given Name Jessica
Full Name: Miss Jessica Lee Watson
Position SResearch Student
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Jessica. Watson@student.uts.edu.au
Work Number
2 | Primary No
o] |
Surname Ward
Given Name Jodie
Full Name A/Prof Jodie Ward
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Jodie.Ward@uts.edu.au
Work Number
3 | Primary Yes
D |
Surname McNevin
Given Name Dennis
Full Name Prof Dennis Blair McNevin
Position Chief Investigator
Type Internal
AOU SCI.School of Mathematical and Physical Sciences
Managing Unit Science
Email Address Dennis.McNevin@uts.edu.au
Work Number

Date of LRO review

14/10/2021

Declaration:

Research
*

@ ves
QO No

Comments

1 am aware that this research is being conducted within this Faculty/School/Centre.
1 am satisfied that the researchers have met all Faculty/School/Centre requirements in relation to this research

This research will be undertaken in compliance with the UTS Research Ethics and Integrity Policy or any replacement or amendment thereof

This research will be undertaken in compliance with the ian Code for the ible Conduct of Research and National Statement on Ethical Conduct in Human

This question Is not answered.

Research Office use only

Research Office use only

8/11/2021
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Application Status

| Approved

Approval Purpose

Amendment to existing approval

|

Current Committee

(Human)

3-Expedited Review Committee

TRIM number

| RES21/412/1

Date received

| 2171012021

Date Reviewed

| 02/11/2021

Date Approved

| 08/11/2021

Start date

| 08/11/2021

End date

This question is not answered.

Date Withdrawn

This question Is not answered.

Special conditions

|NA

8/11/2021
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PARTICIPANT INFORMATION SHEET
ETH21-5821 GENETIC IDENTIFICATION OF UNIDENTIFIED HUMAN REMAINS

WHO IS DOING THE RESEARCH?

My name is Jessica Watson and | am a PhD student at the University of Technology Sydney (UTS). My
project is part of the Australian Federal Police (AFP) National DNA Program for Unidentified and Missing
Persons. My supervisors are Associate Professor Jodie Ward and Professor Dennis McNevin.

WHAT IS THIS RESEARCH ABOUT?

This research aims to find out about new and better methods for the genetic identification of unidentified
human remains. This will include prediction of ancestral origin, physical traits and genetic relationships
with other people. It will aid future missing persons investigations by providing investigative leads when
all traditional methods and avenues of enquiry have been exhausted.

FUNDING
Funding for this project has been received from the National DNA Program for Unidentified and Missing
Persons and an AFP Innovation Grant.

WHY HAVE | BEEN ASKED?

You have been invited to participate in this study because we need to understand the relationship
between genotype (the DNA code) and (a) ancestry, (b) physical appearance and (c) familial
relationships. You have been contacted because you are on a student/staff email list, you have
subscribed to receive certain social media notifications, you are a colleague/friend/family member of
another participant or you are known to us in some other capacity.

IF | SAY YES, WHAT WILL IT INVOLVE?

« |f you decide to participate, you will be invited to provide a tissue sample (e.g. self administered buccal

or inner cheek swab, hair, nail clippings, previously extracted tooth) for a range of genetic (DNA) tests

and answer a questionnaire about your ancestry and physical appearance. These will all be de-

identified, that is, your tissue sample and questionnaire responses will only be associated with a

unigue participant ID known only to you and the researchers. It will not be associated with any

identifying information (i.e. your name). This will take approximately 15 minutes of your time.

* You may also opt to have a limited subset of your de-identified genetic data uploaded to the following
databases (this genetic data is not unigue to a particular individual and could not be used to identify
you):

o EMPOP mitochondrial DNA database (https://empop.online/), maintained by the University of
Innsbruck. This database will predict your maternal lineage relative to representative populations
from around the world.

o YHRD Y chromosome marker database (https:/yhrd.org/) maintained by Charité
Universitatsmedizin Berlin. This database will predict your paternal lineage relative to
representative populations from around the world.

o FROGKkb database (http:/frog.med.yale.edu/FrogKB/), maintained by Yale University. This
database will predict your genetic ancestry relative to representative populations from around the
world.

o Snipper app suite (http://mathgene.usc.es/snipper/), maintained by the University of Santiago de

Compostela. This database will predict your genetic ancestry relative to representative populations

from around the world.
o Hirisplex-S webtool (https:/hirisplex.erasmusme.nl/), maintained by Erasmus Medical Centre,
Rotterdam. This database will predict your eye, hair and skin colour.

» You may also opt to have a limited subset of your de-identified genetic data permanently submitted to

forensic reference population databases (EMPOP, YHRD and/or internal AFP reference databases
maintained by the researchers) for future forensic casework purposes.

* You may also opt to have your DNA and/or questionnaire responses used for future research
purposes that are an extension of this project.

« |f you have a relative who is also participating, you may also opt to:
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o have your DNA profile compared with known genetic relatives, if they also participate and consent,
in order to correlate DNA with familial relationships

o have your de-identified DNA sequenced for kinship informative markers by Othram
(https://othram.com/), a private, US based forensic genomics vendor (the entire laboratory and
analysis process is performed in-house with secure chain-of-custody and data handling procedures
that are isolated from the internet)

« If you have a relative who is also participating, you may also opt to have a limited subset of your de-
identified genetic data uploaded to the following DNA databases which will match parts of your DNA to
the DNA of any genetic relatives also present on the databases (this genetic data is reconfigured,
anonymised and/or encrypted when uploaded and will not be visible to any other database user):

o DNASolves (https://dnasolves.com/), maintained by Othram.

o GEDmatch (https://www.gedmatch.com), maintained by Verogen, Inc. (https:/verogen.com), a
private, US based forensic genomics vendor.

o FamilyTreeDNA (https//www.familytreedna.com/), maintained by Gene by Gene
(https://genebygene.com), a private, US based genetic genealogy vendor.

« If you have a relative who is also participating and you have a DNA profile from a direct-to-consumer
company (e.g. Ancestry.com, 23andMe, MyHeritage, FamilyTreeDNA), would you consider migrating
your data to GEDmatch (https://gedmatch.com) and making it available to law enforcement searching?
Instructions on how to do this are in Appendix A. In order to identify the profile on GEDmatch and
maintain your privacy, we recommend using the provided unique sample code as your GEDmatch
profile ID.

» Your DNA profile will not be used in any active missing persons investigations or uploaded to any law
enforcement criminal DNA database.

The participation process is summarised in a separate flowchart (see below).

ARE THERE ANY RISKS/INCONVENIENCE?

Yes, there are some risks/inconvenience.

We will store your de-identified DNA profile in a secure, password protected environment at UTS and the
AFP for the purposes of this research only. It is always possible, however, that your DNA profile may be
stolen by hacking. If you opt to have your de-identified DNA profile uploaded to a DNA database then,
again, it is always possible that your DNA profile may be stolen by hacking. In such a case, it is also
possible that your DNA profile could be compared with another DNA profile of yours in order to re-identify
it. This could result in personal, sensitive or health information about you to become known to a third
party, but only if they could re-identify your DNA.

If you opt to have your DNA profile compared with known genetic relatives, it is possible that that the
presumed relationship is not genetic (e.g. a parent may not be a biological parent). Any genetic
relationship derived from your DNA will not be disclosed to you. Some genetic tests may produce genetic
data that contains health-related information about you. This project does not aim to identify or analyse
genetic markers for health-related information and the researchers are not qualified to interpret this
information. If any health-related information were to be (accidently or incidentally) made known to the
researchers, this information would not be disclosed to you.

If you upload your direct-to-consumer profile to GEDmatch and it is available for law enforcement
searching, law enforcement officers from anywhere in the world will see your profile name but will not be
able to access your actual DNA profile. Your profile name could be linked to that of a suspected offender,
if you are genetically related. If your unique sample code is your GEDmatch profile ID, law enforcement
will have more trouble identifying you, while allowing the researchers to easily find your de-identified
profile.

In summary, because the field of genetics is constantly evolving, there is always a risk that the raw
genetic data of any genetic tests may reveal information from which a qualified person may extract
personal, sensitive or health data, including:

* Medical conditions and risks

= Ancestral origin

» Physical traits

« Genetic relationships with other individuals

* Unknown or unexpected children, parents, or siblings

» Biological sex
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DO | HAVE TO SAY YES?

Participation in this study is voluntary. It is completely up to you whether or not you decide to take part.

WHAT WILL HAPPEN IF | SAY NO?

If you decide not to participate, it will not affect your relationship with the researchers, with other

participants or with the UTS or AFP. If you wish to withdraw from the study once it has started, you can do

so at any time without having to give a reason, by contacting me (jessica.watson@uts.edu.au) and

quoting your unigue sample code.

If you withdraw from the study, the following will be destroyed:

* Your tissue sample and any DNA extracted from it

» Any data derived from your DNA (unless they have been aggregated in a de-identified form)

* Your questionnaire responses

= Any data derived from questionnaire responses (unless they have been aggregated in a de-identified
form)

It may not be possible to withdraw your data from the study results if these have already been aggregated

and had your unique sample code removed.

CONFIDENTIALITY

By signing the consent form you consent to the research team collecting and using personal information
about you for the research project. All this information will be treated confidentially. Your DNA,
questionnaire responses and any derived data will only be associated with a unique sample code. That
is, it will be de-identified. By default, it will not be possible for the researchers or anyone else to associate
you with your DNA, questionnaire responses and any derived data so it is impaortant to retain this code if
you wish to withdraw from the project.

If you upload your direct-to-consumer genetic data, you may be contacted by police or genealogists to
ask for your identity via the email address linked to your GEDmatch profile.

With your permission, we would like to store your information for future use in research projects that are
an extension of this research project. They will be maintained in accordance with an existing ethics
approval (ETH18-2521: Collection of biological samples and associated phenotypes for forensic
analysis). In all instances, your information will be treated confidentially.

We plan fo publish the results in internal AFP reports and in international, peer reviewed academic
journals.

WHAT IF | HAVE CONCERNS OR A COMPLAINT?

If you have concerns about the research that you think the researchers can help you with, please feel free
to contact me or my supervisors (jodie.ward@uts.edu.au, dennis.mcnevin@uts.edu.au).

You will be given a copy of this form to keep.

YOUR UNIQUE SAMPLE CODE

Please retain your unique sample code, below, in case you wish to withdraw from the project at any time:
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NOTE:
This study has been approved in line with the University of Technology Sydney Human Research Ethics Committee

[UTS HREC] guidelines. If you have any concerns or complaints about any aspect of the conduct of this research,
please contact the Ethics Secretariat on ph.: +61 2 9514 2478 or email: Research.Ethics@uts.edu.au], and quote the
UTS HREC reference number. Any matter raised will be treated confidentially, investigated and you will be informed

of the outcome.
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ETH21-5821 GENETIC IDENTIFICATION OF UNIDENTIFIED HUMAN REMAINS — PARTICIPATION PROCESS

Commercial molecular

biology assays (AFP):

= STR* genotyping

= SNP® genotyping

= mitochondrial
genome® sequencing

export (SNPs® only)
related participants

UNIVERSITY
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SYDNEY

Haplogroup®
frequency data for
law enforcement

retention on
lineage
databases*®

Lineage databases:
« EMPOP (maternal lineage)
* YHRD (paternal lineage)

*

(SNPs® only)*

Ancestry & phenotype webtools:
* FROG-kb (ancestry)

* Snipper (ancestry)

* HirisPlex-S (pigmentation)

only)*
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* DNASolves
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ETH21-5821 GENETIC IDENTIFICATION OF UNIDENTIFIED HUMAN REMAINS - FOOTNOTES

*You may opt in or out of any of these steps

"You may share the recruitment email with other colleagues, friends and relatives who can independently initiate contact
with the researchers

2You will be asked to provide a tissue sample and questionnaire responses in the presence of one of the researchers
3Tissue samples may include buccal (inside cheek) swabs, plucked hairs, nail clippings, previously extracted tooth, etc.
4STR = short tandem repeats: repetitive parts of your DNA that are used to generate forensic DNA profiles

5SNP = single nucleotide polymorphisms: single base pair changes in your DNA that are used to generate forensic
DNA profiles

SMitochondrial genomes are complete mitochondrial DNA sequences located in the mitochondria of your cells that are
inherited directly from your biological mother and used to generate forensic DNA profiles

"Whole genomes are complete DNA sequences that make up your entire set of chromosomes located in the nucleus
of your cells that are inherited from your biological mother and father and used to generate forensic DNA profiles

2A haplogroup is a group of people who have similar genetic origins

9An allele is a unit of DNA inherited directly from one of your biological parents
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Appendix A: How to Upload Your Genetic Data to GEDmatch

DOWNLOAD RAW DATA FROM ANCESTRYDNA

il

2. On the menu located at the top of the screen, under 'DNA’, click on 'Your DNA Results
Summary'.

3.

4.

Login to your Ancestry.com account (hitps://www.ancestry.com.au/account/signin).

ancestry

Your DNA Results Summary

cestry

Last Viewed Match (Lael Ehlers)
Activate A Test prory

Buy Another Test

P

Click on the settings button €& on the top right of the screen.

£} Settings

wn to matche:

In the ‘Actions’ box on the right, choose ‘Download Raw DNA Data’.
Actions

Download Raw DNA data

Complete security steps to protect your
information and download your data.

What is Raw DNA data?

Download Raw DNA Data

Delete test results from AncestryDNA

Prior to deleting the DNA test results, we
will ask you to enter your password.

Delete Test Results

Input your password and email address and click the box acknowledging that you are
responsible for your download; your raw DNA will be sent to this email address.

‘test admin.

In the email, click on ‘Confirm Data Download’; this will take you back to AncestryDNA and

download a zip file.

UNIVERSITY
OF TECHNOLOGY
O.' SYDNEY
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DOWNLOAD RAW DATA FROM FAMILYTREEDNA

1. Login to your FamilyTreeDNA account (https://www.familytreedna.com/sign-in).
2. From the FamilyTreeDNA dropdown menu, under ‘Family Finder’, click on ‘Download Raw
Data’.

~-
FamilyTree DNA

@& myDashboard

% myDNA v
Family Finder
Matches
myOrigins
Chromosome Browser

Matrix

Advanced Matches

Download Raw Data

mtDNA

Y-DNA

& Family Tree

£ Other Results v
myGroups v
B Tools & Apps v

3. In the download menu, select both ‘Build 37 Autosomal Raw Data’ and ‘Build 37 X
Chromosome Raw Data’ files to download.
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DOWNLOAD RAW DATA FROM 23ANDME

1. Login to your 23andMe account (https:/www.23andme.com/en-int/).

2. On the menu located at the top of the screen, under ‘Tools', click on ‘Browse Raw Data’.

Yo o P yons — - o

3. Click on the ‘Download’ tab at the top of the screen.

e « o I

S——

X Howe serours :

Your Raw Data

4. Scroll down to the ‘Request Your Raw Data Download’ and click on ‘Submit Request’; your
raw DNA will be sent to your registered email address.

5. In the email, click on ‘Download Raw Data’ and input your 23andMe username and
password.

6. Click on ‘Download Raw Data'.
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»

DOWNLOAD RAW DATA FROM MYHERITAGE DNA

1. Login to your MyHeritage DNA account (https://www.myheritage.com/login).
2. On the menu located at the top of the screen, under ‘DNA’, click on ‘Manage DNA Kits’.

OMyHeritage Home Family tree Discoveries DNA Photos Research

3. On the kit that you want to download, click the three dots i on the right side of the screen,
click on ‘Download’.

OMyHeritage Home Family tree Discoveries Photos Research

Manage DNA kits

4. A window will pop up with information on what you are going to download, click on
‘Continue’.

5. A new window will pop up asking you to accept the MyHeritage Terms of Service and Privacy
Policy; if you elect to accept, tick the box and click on ‘Continue’.

6. An email will be sent to your registered email address.

7. In the email, click on the download link ‘Click Here to Continue with the Download’; this will
redirect you to the MyHeritage website.

8. Enter your MyHeritage password and click ‘Download’.
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UPLOAD YOUR RAW DATA TO GEDMATCH

1. On the GEDmatch home page, click on ‘New User’ (https:/aedmatch.com).

Login

Email Address * @

Password * @

LOGIN

Not yet registered? Click Here!

Forgot Password?

Site policy: Click HERE

2. Fill out the required form: your name, alias, email address, and password. The alias takes the

place of your name real name; we recommend using the unique sample code provided. When

providing an email address, understand this email address will be visible to law enforcement

and could be used to contact you by police, genealogists and distant relatives from around

the world.

Check your email for a confirmation code.

Add the code from your email to the GEDmatch site to complete registration.

In the ‘File Uploads’ box, select your DNA testing company.

You will be taken to a data upload page for your appropriate DNA testing company. Enter the

required information.

Under the privacy options, select the bubble for ‘Opt-in’; this will allow your genetic data to be

searched against all genetic data on the GEDmatch database.

8. At the bottom of the page, select ‘Choose File' and click on the downloaded zip file. Click on
‘Upload'.

9. [FamilyTreeDNA Only] Follow the same procedure to upload your XDNA data by selecting
‘FTDNA X-DNA'.

@ oA W

N

For ease of identification and your privacy, we recommend using

your provided unique sample code as your GEDmatch profile ID

(alias). This will enable us to link your genetic data with the DNA
profile produced in this research project.
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CONSENT FORM

ETH21-5821 GENETIC IDENTIFICATION OF UNIDENTIFIED HUMAN REMAINS

| agree to participate in the research project Genetic
identification of unidentified human remains (ETH21-5821) being conducted by Jessica Watson from the
University of Technology Sydney (UTS) at the Australian Federal Police (AFP)
(jessica.watson@uts.edu.au). | understand that funding for this research has been provided by the AFP
National DNA Program for Unidentified and Missing Persons and an AFP Innovation Grant.

| have read the Participant Information Sheet or someone has read it to me in a language that | understand.

| understand the purposes, procedures and risks of the research as described in the Participant Information
Sheet.

| have had an opportunity to ask questions and | am satisfied with the answers | have received.

| freely agree to participate in this research project as described and understand that | am free to withdraw
at any time without affecting my relationship with the researchers from UTS or the AFP.

| understand that | will be given a signed copy of this document to keep.

| agree to provide the following sample types for genetic analyses (please v what you consent to and x
what you do not consent to):

[J Buccal (inner cheek) swab

[ Hair

[ Nail clippings

[ Other (please specify)

| agree to (please v what you consent to and * what you do not consent to):

[] Answer a questionnaire on my ancestry and physical appearance

[] Have my DNA compared with known genetic relatives (who also consent)

[] Have my DNA sequenced by Othram (https:/othram.com/) for kinship informative markers

[J Have my DNA used for future research purposes

[J Have my questionnaire responses used for future research purposes

[ I agree to migrate my existing direct-to-consumer genetic data onto GEDmatch (hitps://gedmatch.com)
and make it available for law enforcement searching

[ ' would like to be notified when the study has concluded to remove my profile from GEDmatch or
change my settings on GEDmatch

Email:

| agree to have a limited subset of my de-identified genetic data uploaded to (please v" what you consent
to and x what you do not consent to):
[J EMPOP mitochondrial DNA database (https://empop.online/), maintained by the University of

Innsbruck
[J YHRD Y chromosome marker database (https://yhrd.org/), maintained by Charité Universitatsmedizin
Berlin

[] FROG-kb database (http:/frog.med.yale.edu/FrogKB/), maintained by Yale University
[] Snipper app suite (hitp:/mathgene.usc.es/snipper/), maintained by the University of Santiago de

Compostela
[J Hirisplex-S webtool (hitps:/hirisplex.erasmusme.nl/), maintained by Erasmus Medical Centre,
Rotterdam

[[] DNASolves (https:/dnasolves.com/), maintained by Othram (https://othram.com/)
[[] GEDmatch (https:/www.gedmatch.com), maintained by Verogen, Inc. (https:/verogen.com)
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[J Family Tree DNA (https://www.familytreedna.com/), maintained by Gene by Gene
(https://genebygene.com)

To aid future forensic casework, | agree to have a limited subset of my de-identified genetic data
permanently included on (please v what you consent to and * what you do not consent to):

[J EMPOP mitochondrial DNA database (https:/empop.online/

[ YHRD Y chromosome marker database (https:/yhrd.org/)

[ Internal AFP databases

| am aware that | can contact Jessica Watson (jessica.watson@uts.edu.au) or her supervisors
(jodie.ward@uts.edu.au, dennis.mcnevin@uts.edu.au) if | have any concerns about the research.

S S
Name and Signature [participant] Date
_
Name and Signature [researcher or delegate] Date
Participant consent — 2021 09 27 Page 2 of 2
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QUESTIONNAIRE

ETH21-5821 GENETIC IDENTIFICATION OF UNIDENTIFIED HUMAN REMAINS

YOUR UNIQUE SAMPLE CODE

Below is your unique sample code. This is the only identifying information associated with your
questionnaire responses and DNA. This number is not linked to your personal identity. If at any time you
wish to withdraw them, please quote this code.

GEDMATCH PROFILE
If you have opted to migrate existing genetic data to GEDmatch, then please provide your GEDmatch
profile ID. For your privacy and data security, it is recommended you use your unigue sample code.

Participant questionnaire — 2021 09 27 Page 1 of 8
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YOUR RELATIVES

»*

- UNIVERSITY
¥ OF TECHNOLOGY
< SYDNEY

If you have opted to declare your familial relationship with other consenting participants, then please
complete the table below. Please be as specific as possible about the relationship, eg:

Brother

Half-sister

Mother

Son

Uncle on mothers’ side
First cousin on father's side

Sample code

Relation to you

BIOGEOGRAPHICAL ANCESTRY

Participant questionnaire — 2021 09 27

Page 2 of 8
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Please indicate the ancestry of your grandparents, your parents and yourself by filling in the boxes below
using the codes on the next page. For example, both Peta's parents were born in Australia. Her
maternal grandparents were Indian and her mother considers herself to be of Indian decent. Her paternal
grandfather was of English descent and her grandmother was French. Peta and her father both consider
themselves to be Australian. Her ancestral chart could be completed as follows:

MGF MGM PGF PGM
SAS1 SAS1 ANC1 NWE3
h S . /4/_./ - ‘ \ ) /
Mother| SAS1 AUS9 | Father

AUS1
Peta
Please complete your ancestral chart...
MGF MGM PGF PGM
~. " =
™~ e g
- o - \

Mother Father

You

Sub-population codes:

Participant questionnaire — 2021 09 27 Page 3 0f 8
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Sub-Saharan African

SSA1 South Africa; SSA2 Zimbabwe; SSA3 Mauritius; SSA4 Kenya; SSAS5 Ethiopia; SSA6 Nigeria;
SSA7 Somalia; SSA8 Gambia; SSA9 Ghana; SSA10 Other (specify)

North African

NAF1 Egypt; NAF2 Sudan; NAF3 Libya; NAF4 Morocco; NAF5 Algeria; NAF6 Tunisia; NAF7 Other
(specify)

Middle Eastern

MEA1 Lebanon; MEAZ2 Irag; MEA3 Iran; MEA4 Turkey; MEAS Syria; MEA6 Saudi; MEATY Israel;
MEA8 UAE; MEA9 Libya; MEA10 Other (Specify)

Southern European

SEU1 ltaly; SEU2 Greece; SEU3 Malta; SEU4 Cyprus; SEUS5 Portugal; SEU6 Spain; SEU7 Gibraltar;
SEUS Other (specify)

Eastern European

EUE1 Poland; EUE2 Croatia; EUE3 Macedonia; EUE4 Bosnia/Herzegovina; EUES Russia; EUE6
Serbia; EUE7 Hungary; EUE8 Romania; EUE9 Ukraine; EUE10 Czech; EUE11 Slovenia; EUE12
Slovakia; EUE13 Latvia; EUE14 Bulgaria; EUE15 Albania; EUE16 Lithuania; EUE17 Estonia; EUE 18
Belarus; EUE19 Montenegro; EUE20 Other (specify)

Anglo/Celtic

ANC1 England; ANC2 Scotland; ANC3 Ireland; ANC4 Wales; ANC5 Channel Islands; ANC6 Jersey;
ANC? Isle of Man; ANC8 Other (specify)

North/West European

NWE1 Germany; NWE2 Netherlands; NWE3 France; NWE4 Austria; NWES Switzerland; NWE6 Sweden;
NWE7 Denmark; NWE8 Finland; NWE9 Belgium; NWE10 Norway; NWE11 Other (specify)

South Asian

SAS1 India; SAS2 Sri Lanka; SAS3 Bangladesh; SAS4 Maldives; SAS5 Other (specify)

Central Asian

CAS1 Pakistan; CAS2 Nepal; CAS3 Afghanistan; CAS4 Bhutan; CAS5 Kazakhstan; CAS6 Uzbekistan;
CAST Armenia; CAS8 Azerbaijan; CAS9 Georgia; CAS10 Other (specify)

North/East Asian

NEA1 China/Taiwan; NEA2 Korea; NEA3 Japan; NEA4 Mongolia; NEAS Other (specify)

South East Asian

SEAT1 Philippines; SEA2 Vietnam; SEA3 Malaysia, SEA4 Indonesia; SEAS5 Thailand; SEA6
Singapore; SEAT Cambodia; SEA8 Myanmar; SEA9 Laos; SEA10 Other (specify)

Oceanian

OCE?1 Fiji; OCE2 Papua New Guinea; OCE3 Samoa; OCE4 Tonga; OCE5 Cook Islands; OCE6 Solomon
Islands; OCE7 New Caledonia; OCE 8 Vanuatu; OCE 9 Maori; OCE 10 Other (specify)

American

AME1 American European; AME2 American African; AME3 American Hispanic; AME4 Brazil; AMES
Chile; AME6 Columbia; AMEY Argentina; AMES El Salvador; AMES Peru; AME10 Uruguay; AME11
Venezuela; AME12 Mexico; AME13 Ecuador; AME14 West Indies; AME 15 Other (specify)
Australasian

AUS1 Australian Aboriginal; AUS2 Torres Strait Island; AUS3 Australian African; AUS4 Australian North
African; AUS5 Australian Middle Eastern; AUS6 Australian Southern European; AUS7 Australian Eastern
European; AUS8 Australian Anglo/Celtic; AUS9 Australian North/West European; AUS10 Australian
South Asian; AUS11 Australian Central Asian; AUS12 Australian North/East Asian; AUS13 Australian
South East Asian; AUS14 Australian Oceanian; AUS15 Australian American; AUS16 Other (specify)

Please answer as many of these questions as possible. You can choose not to answer any question.

Participant questionnaire — 2021 09 27 Page 4 of 8
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What is your height in centimetres (cm)?

What is your weight in kilograms (kg)?

What is your age in years?

What is your shoe size?

Your biological gender is:
[ Male
[J Female

Which of the following best describes your natural eye colour?

[ Blue [ Confirmation by collector
[J Grey

[] Green

[] Hazel

[ Brown

Which of the following best describes your skin colour on areas never exposed to the sun at age 20
(or now if you are not yet 20 years old)?

[ Very pale [ Confirmation by collector

[] Pale

[J Intermediate

[ Dark

[ Dark to black

Which of the following best describes your hair texture at age 20 (or now if you are not yet 20 years
old)?

[] Straight [ Confirmation by collector

[J wavy

[ Curly

[] Extremely curly (“frizzy”)

What percentage of grey hair do you now have (choose the closest)?

0% [ Confirmation by collector
0O 10%
[1 25%
O 50%
O 75%
0 100%

Participant questionnaire — 2021 09 27 Page 5 of 8
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In which of the following age brackets did you first notice that your hair was starting to go grey?
[ never

[J20to 30

[]30to 40

[J 40 to 50

[ 50 to 60

[J60to70

[ after 70

. Which of the following best describes your natural hair colour at age 18?7

[J Black [ Confirmation by collector
[] Dark brown
Brown
[] Dark blond
[ Blond
[J Red
[ Grey

Which of the following best describes your natural hair colour now?

[J Black [ Confirmation by collector
[] Dark brown

[ Brown

[] Dark blond

[ Blond

[ Red

[ Grey

Your chin is best described as:
[J Cleft [J Not cleft [J Not sure

[ Confirmation by collector

Your ear lobes are best described as:
[ Attached [ Not attached [J Not sure

[J Confirmation by collector

Which hand do you usually use to write a letter legibly?
[ Left

[ Either

O Right

Participant questionnaire — 2021 09 27 Page 6 of 8
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16: If you are a male, tick or cross the box which best describes your hair (loss) at the present time.

»
*
»
a

Vi

®
»

&

PP P

IVa

D'a 98

I

)

®

v

[ Confirmation by collector
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[J No widow's peak [] Not sure

17. Which image below best describes your hairline:
[J Widow’s peak

[ Confirmation by collector

Thank you for your time and co-operation!
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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 (Dl). The chapters that include the samples are indicated.

Sample | gampletyps | SATaroet | LATarger | MLl R |, chapter
(ng/hL) 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 v
Famiy 1 | Reference-type, buccal | g 591 0.359 0.000 0.81 v|vlv
Family 2 Sﬁ;ﬂence'type’ buccal | ¢ 020 0.006 0.000 3.33 v v|v
Family 3 Eﬁ;‘ﬂence*ype’ buccal | ¢ 043 0.037 0.043 115 v v|v
Family 4 Eﬁ;ﬂe”w'type’ buccal | ¢ 796 0.443 0.461 164 v v
Family 5 gﬁ;irence'type’ buccal 0.297 0.203 0.293 1.46 viv|v
Family 6 Sﬁ;ﬂence'type’ buccal | 5 5p4 0.095 0.000 2.32 v|v|v
Family 7 Eﬁ;‘ﬂe”w'type’ e Y 0.058 0.072 114 v v|v
Family 8 Eﬁ;ﬂe”w'type’ buccal | g 960 5.388 0.000 116 v v
Famiyg | Reference-type, buccal | 5 997 3.996 0.000 0.98 vl
Family 10 Sﬁ;ﬂence'type’ buccal | 3 137 4758 0.000 0.66 lv|v|v
Family 11 Eﬁ;ﬂence'type' buccal | 54 449 15.095 16.548 135 v v
Eqpizl- | Reference-type, buceal | ¢ ggg 0.053 0.000 1.86 v| v
izl | Reference-type, buccal | 4 903 2.962 0.000 166 v| v
Eanz | Referencetype, buccal | 44410 16.208 | 0.000 0.89 v
Eaer | Reference-type, buccal | 774 7.607 0.000 0.89 v| v
i | Reference-type, buceal | 7647 6.902 7.938 110 v| v
el | Referencetype, buccal | 21005 | 31.369 | 0.000 0.67 v| v
ey, | Reference-type, buccal | 5 322 3.564 0.000 0.65 v
Eaiel | Reference-type, buccal | 4 gsg 1.938 0.000 0.96 v
5;2":2_1;3 Sﬁ:{e”ce'type’ buccal | 3 022 3.807 3.041 0.79 V| v
i | Reference-type, buccal | 4 13 6.046 5.722 0.66 v| v
Elriel | Reference-type, buccal | g 295 10.944 | 0.000 0.76 v| v
Eli2l | Reference-type, buccal | 4 412 3.920 0.000 113 v| v
5;2":2;0 Sﬁ:{e”ce'type’ buccal | 5 978 3.053 0.000 1.30 v
izl | Reference-type, buccal | 3 508 3.367 3.287 1.04 v| v
Eiiel | Reference-type, buccal | 14156 | 14.547 | 0.000 0.97 v| v
Eri2l | Reference-type, buccal | g 525 9.913 0.000 0.96 v
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EE-BI-;Z;S SI‘?‘zg-:l-)rence-type, buccal 20.087 17.082 0.000 118 »
5;212-;5 Evs;irence-type, buccal 1183 5747 0,000 043 >
Eg;%;b Ev\e/;irence-type, buccal 1165 1332 0.000 0.87 »
Eg;2;1 SRV?;;%ence-type, buccal 1339 0.811 0.000 165 1
Eg;2;2 SI‘?‘zg-:l-)rence-type, buccal 1887 2288 0.000 0.62 B
Eg;%gé Evs;irence-type, buccal 5,520 7 049 0.000 078 ue
Eg;2;4 SRV?;;%ence-type, buccal 1633 1.4%6 1406 115 e
Egzl'f;s SRV?;;%ence-type, buccal 1,052 1.960 0.000 084 1
E;;Z_éé Evs;irence-type, buccal 1925 0.657 0.000 593 ue
5;52-(13-7 Evs;ebrence-type, buccal 0.351 0.329 0.000 107 ue
5;212(138 SR\z:abrence-type, buccal 1102 1.070 0.000 103 M
E;;Z;O SR\z:abrence-type, buccal 1336 0.494 0.000 ” 71 T
E;'ZI':Z_;; Evs;ebrence-type, buccal 6.399 7 852 0.000 081 pe
E;'ZI'E;-Z Evs;ebrence-type, buccal 5838 6.511 0.001 0.90 »
E;;Z;3 SR\z:abrence-type, buccal 4973 7137 0.000 0.70 »
E;;Z;4 SR\z:abrence-type, buccal 8.651 11.737 0.000 074 B
Eaael | Reference-type, buccal | g 840 11.933 0.000 0.57 vl v
E;ZI—E;E% Evs;ebrence-type, buccal 1914 2111 0.000 0.91 ye
E;;Z;7 SR\zgabrence-type, buccal 2976 3.470 0.000 0.86 M
E;;Z;B Sﬁgirence-type, buccal 4691 5,048 0.000 0.93 B
E;—Z'-E;;) Sﬁgirence-type, buccal 3.474 5.331 3262 0.65 »
E;';Z_;b SR\z‘f;brence-type, buccal 6.975 6.366 0.000 0.83 ye
izl | Reference-type, buccal | 7804 12112 7.813 0.65 vl v
el | Reference-type, buccal | 5 519 2.823 2.569 0.89 vl v
E;—Z'-E;EB Sﬁgirence-type, buccal 5 844 0.555 0.000 061 ye
E;—;%;A SR\z‘f;brence-type, buccal 7796 0.007 0.000 0.86 ye
5;212-;-5 S\z;irence-type, buccal 5510 6.886 0.000 0.80 B
izl | Reference-type, buccal | 5 380 4.258 7.499 1.26 vl v
E;;Z_;-? sI'?\z;ebrence-type, buccal 2457 2503 0.000 0.95 uP
izl | Reference-type, buceal | g 5p1 13237 | 0.000 0.62 vl v
izl | Reference-type, buccal | g 348 12979 | 0.000 0.64 vl v
E;;Z_;E) sI?\z:;ebrence-type, buccal 4619 6,629 0.000 0.70 e
Eg;lz_;; sRvi;irence-type’ buceal 9.841 14.308 0.000 0.69 Vi v
E;';Z_;-Z S\S;ebrence-type, buccal 8.980 8.298 0.000 108 uP
ezl | Referencetype, buccal | 40334 10.998 10.833 0.94 v
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ety | Reference-type, buccal | ¢ 028 0.002 0.028 11.39 v| v
Eaaca. | Reference-type, buccal | 5 029 1460 0.000 139 v| v
ezl | Reference-type, buccal | 5 529 3.164 0.000 0.80 v v
Eaniels | Reference-type, buccal | g 756 10533 | 9.958 0.88 v
Eaniey | Reference-type, buccal | 40,112 10572 | 0.000 0.96 v| v
EaaCas | Reference-type, buccal | 7 128 9.977 0.000 0.71 v|v
Eg;flbo gz:ge”°e4ype’b“°°a' 4.360 5.532 0.000 0.79 v
Eg;f]61 gz:ge”°e4ype’b“°°a' 9.606 12.608 0.000 0.76 v
et | Reference-type, buccal | 5 g74 6.086 5.341 0.97 vl v
5;52_]63 Eﬁ;‘ﬂe”w'type’ buccal | 4 449 7.161 0.000 0.62 v
5;2":210 . gﬁ;irence'type’ buccal 4.211 5.022 4.508 0.84 viv
Hair 1 Casework-type, hair 0.000 0.000 0.000 N/A v

Blood 1 Casework-type, blood 0.311 0.293 0.000 1.06 v v
Blood 2 Casework-type, blood 8.500 14.400 0.000 0.59 v v
Nail 1 Casework-type, nail 1.366 0.956 0.982 1.43 v v
Nail 2 Casework-type, nail 0.939 0.747 1.072 1.26 Vi v v
Tooth 1 Casework-type, tooth 0.038 0.007 0.000 5.79 VIiv|iv|Vv
Tooth 2 Casework-type, tooth 0.408 0.379 0.000 1.08 Vv vV
Bone 1 Casework-type, bone 0.327 0.322 0.286 1.01 VIiv|v|Vv
Bone 2 Casework-type, bone 0.037 0.016 0.038 2.28 2041
Bone 3 Casework-type, bone 0.016 0.006 N/A 2.57 v

Bone 4 Casework-type, bone 5.372 1.082 5.674 4.96 v

Bone 5 Casework-type, bone 0.705 0.009 0.650 82.94 v

Bone 6 Casework-type, bone 0.548 0.277 0.000 1.98 28R4t
Bone 7 Casework-type, bone 0.703 0.131 0.000 5.36 ViV v
Bone 8 Casework-type, bone 0.305 0.133 0.000 2.30 2041
Bone 9 Casework-type, bone 0.314 0.065 0.393 4.85 28R4t
Bone 10 Casework-type, bone 0.151 0.085 0.169 1.78 2041
Bone 11 Casework-type, bone 0.972 0.553 0.941 1.76 2041
gﬁggp' gz:gence4ype’b“°°a' 0.247 0.232 0.289 1.06 v
gﬁ%ﬁp' Sﬁ:ﬂence4ype'b“°°a' 0.231 0.226 0.221 1.02 v
gﬁ%gp' Sﬁ:ﬂence4ype'b“°°a' 0.416 0.410 0.000 1.01 v
gﬁ%gp' Sﬁ:ﬁe”°e4ype’b“°°a' 0.242 0.220 0.000 1.10 v
gﬁ%ﬂp' gz:gence4ype’b“°°a' 0.527 0.627 0.000 0.84 v
gﬁzgp' sz:gence4ype'b“°°a' 0.321 0.323 0.372 0.99 v
gﬁ%gp' Sﬁ:ﬂence4ype'b“°°a' 0.367 0.371 0.381 0.99 v
gﬁ%ﬁp' Sﬁ:ﬁe”°e4ype’b“°°a' 0.312 0.368 0.000 0.85 v
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IDSNP- Reference-type, buccal v
P408 swab 0.688 0.669 0.000 1.03

IDSNP- Reference-type, buccal v
P409 swab 0.173 0.185 0.000 0.94

IDSNP- Reference-type, buccal 0413 0397 0.566 1.04 v
P410 swab

IDSNP- Reference-type, buccal 0.255 0.321 0.381 0.79 v
P412 swab

IDSNP- Reference-type, buccal

P413 swab 0.111 0.131 0.175 0.85 v
IDSNP- Reference-type, buccal 0652 0717 0.808 0.91 v
P414 swab

IDSNP- Reference-type, buccal 0.384 0.445 0.000 0.86 v
P415 swab

IDSNP- Reference-type, buccal 0.296 0172 0.000 172 v
P416 swab

IDSNP- Reference-type, buccal

P47 swab 0.205 0.314 0.381 0.65 v
IDSNP- Reference-type, buccal 0.180 0.169 0.199 1.07 v
P419 swab

IDSNP- Reference-type, buccal v
P420 swab 0.249 0.286 0.310 0.87

IDSNP- Reference-type, buccal 0.252 0.148 0.000 1.70 v
P421 swab

IDSNP- Reference-type, buccal

P422 swab 0.287 0.241 0.275 1.19 v
IDSNP- Reference-type, buccal

P423 swab 0.376 0.328 0.430 1.14 v
IDSNP- Reference-type, buccal v
P44 swab 0.513 0.600 0.711 0.86

IDSNP- Reference-type, buccal v
P425 swab 0.314 0.375 0.000 0.84

IDSNP- Reference-type, buccal

P426 swab 0.219 0.254 0.284 0.86 v
IDSNP- Reference-type, buccal

P47 swab 0.101 0.146 0.000 0.69 v
IDSNP- Reference-type, buccal v
P439 swab 0.392 0.487 0.492 0.81

IDSNP- Reference-type, buccal

P440 swab 1.996 0.891 0.000 2.24 v
IDSNP- Reference-type, buccal

P44 swab 2.654 1.037 0.000 2.56 v
IDSNP- Reference-type, buccal

P442 swab 0.166 0.207 0.272 0.80 v
IDSNP- Reference-type, buccal v
P443 swab 0.307 0.416 0.478 0.74

IDSNP- Reference-type, buccal

P444 swab 0.075 0.069 0.148 1.07 v
IDSNP- Reference-type, buccal

P445 swab 0.083 0.084 0.000 0.99 v
IDSNP- Reference-type, buccal

P446 swab 0.074 0.099 0.148 0.75 v
IDSNP- Reference-type, buccal v
P447 swab 0.109 0.166 0.211 0.65

IDSNP- Reference-type, buccal

P448 swab 0.069 0.120 0.178 0.58 v
IDSNP- Reference-type, buccal

P449 swab 0.406 0.566 0.000 0.72 v
IDSNP- Reference-type, buccal 0244 0306 0.000 0.80 v
P450 swab

IDSNP- Reference-type, buccal 0.100 0.166 0.000 0.60 v
P451 swab

IDSNP- Reference-type, buccal

P452 swab 0.137 0.221 0.000 0.62 v
IDSNP- Reference-type, buccal v
P453 swab 0.136 0.167 0.000 0.81

IDSNP- Reference-type, buccal

PA56 swab 0.173 0.245 0.295 0.71 v
IDSNP- Reference-type, buccal v
P458 swab 0.394 0.567 0.621 0.70
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IDSNP-

Reference-type, buccal

0.058

0.095

0.103

0.61

P572 swab

IDSNP- Reference-type, buccal 0198 0.329 0.000 0.60 v

P573 swab

IDSNP- Reference-type, buccal

P576 swab 0.066 0.113 0.123 0.59 v

IDSNP- Reference-type, buccal 0.429 0773 0.683 0.55 v

P578 swab

IDSNP- Reference-type, buccal v

P579 swab 0.217 0.295 0.380 0.74

IDSNP- Reference-type, buccal 0.169 0.248 0.222 0.68 v

P580 swab

IDSNP- Reference-type, buccal 0.186 0297 0.318 0.63 v

P598 swab

IDSNP- Reference-type, buccal 0.092 0.170 0.208 0.54 v

P605 swab

IDSNP- Reference-type, buccal v

P607 swab 0.142 0.195 0.264 0.73

IDSNP- Reference-type, buccal v

P608 swab 0.113 0.158 0.186 0.72

IDSNP- Reference-type, buccal 0.101 0.130 0.163 0.78 v

P610 swab

IDSNP- Reference-type, buccal 0.243 0334 0.433 0.73 v

P611 swab

IDSNP- Reference-type, buccal v

P613 swab 0.093 0.145 0.000 0.64

IDSNP- Reference-type, buccal 0.082 0.119 0.134 0.70 v

P615 swab

Individual Microarray data uploaded v
B to GEDmatch™ N/A N/A N/A N/A

Individual Microarray data uploaded v
c to GEDmatch™ N/A N/A N/A N/A

Individual Microarray data uploaded

D to GEDmatch™ N/A N/A N/A N/A v
Individual Microarray data uploaded

E to GEDmatch™ N/A N/A N/A N/A v
Individual Microarray data uploaded v
F to GEDmatch™ N/A N/A N/A N/A

Individual Microarray data uploaded v
G to GEDmatch™ N/A N/A N/A N/A

Individual Microarray data uploaded

H to GEDmatch™ N/A N/A N/A N/A v
Individual Microarray data uploaded

| to GEDmatch™ N/A N/A N/A N/A v
Individual Microarray data uploaded v
J to GEDmatch™ N/A N/A N/A N/A

Individual Microarray data uploaded v
K to GEDmatch™ N/A N/A N/A N/A

Individual Microarray data uploaded v
L to GEDmatch™ N/A N/A N/A N/A
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