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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 biogeogra- Accepted 23 March 2025

phical ancestry (BGA) of an unknown individual. There are multiple KEYWORDS

pipelines available that can be used to generate these inferences and Biogeographical ancestry;
provide investigative leads for law enforcement to pursue. It is single nucleotide
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 guidelines 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 coordinate analysis pipe-

line 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 multi-

ple inference pipelines to assist in the development 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'~. 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'2 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)'3. 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'*¢,

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 pIotw. 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?> %’ 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)"3, 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 fora 1.0
ng DNA input template amount. Capillary electrophoresis was performed on the 3500xL
Genetic Analyser (Thermo Fisher Scientific) and genotyped with GeneMapper™ ID-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 Amelogeninm. Samples were diluted based on the SA
target concentration to deliver 1.0 ng in 5pL (0.2 ng/puL) 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)*#33, 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

18,34.

Method

Male Female

Inconclusive

Quantifiler™ Trio
DNA
Quantification
Kit'?

GlobalFiler™ PCR
Amplification
Kit'?

ForenSeq® DNA
Signature Prep
Kit'®

ForenSeq®
Kintelligence
Kit**

Y chromosome target
concentration above
detection threshold

Y chromosome target
concentration below
detection threshold

Amelogenin typed XY and
alleles typed at DYS391

Amelogenin typed XX and
no alleles typed at

and Y indel DYS391 and Y indel
>3 X STRsand >3 Y STRs >3 X STRs and < 3 Y STRs
typed typed

>10 Y SNPs typed No Y SNPs typed and call

rate = 50%

All targets below detection threshold

No alleles detected or the contributor
status is a mixture

Negative control, the contributor
status is a mixture, < 3 X STRs typed
or < 3'Y STRs typed

Negative control, the contributor
status is a mixture or male and
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) %
Specificity or true negative rate (TNR) %
Positive predictive value (PPV) %
Negative predictive value (NPV) TNTFN
Balanced accuracy 14+

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 HirisPlex 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 Kkits.
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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,
Oceanian, 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
Oceanian, 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  If 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 S2 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 HlrisPlex 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
HlirisPlex 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.
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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.



10 J. L. WATSON ET AL.
35
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Inferred

Eye Colour

H Brown

B Brown or Intermediate

Genotypes

M Blue or Intermediate

u Blue

Blue Intermediate Brown
Self-Declared Eye Colour

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

Table 6. Performance metrics for universal analysis software (UAS) and HlrisPlex 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 0.91
HlrisPlex 1.00 0.97 0.97 1.00 0.99
Intermediate UAS 0.00 1.00 0.00 0.77 0.39
HlrisPlex 0.97 0.97 0.97 0.97 0.97
Brown UAS 0.86 0.79 0.70 0.97 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 HlrisPlex 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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Self-Declared Hair Colour

Figure 4. Hair colours inferred using the universal analysis software (UAS) by the self-declared hair
colour of the volunteers.
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Self-Declared Hair Colour

Figure 5. Hair colours inferred using HlrisPlex 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
HirisPlex 1.00 0.94 0.33 1.00 0.67
Blond UAS 0.67 0.80 0.48 0.90 0.69
HirisPlex 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 0.93 0.64 0.79
Black UAS 1.00 0.96 0.50 1.00 0.75
HirisPlex 1.00 0.96 0.93 1.00 0.96
100%
90%
80%
70%
60%
m Inconclusive
50% ® Inconsistent
40% ® Partially Consistent
m Consistent
30%
20%
10%
0%
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 HlrisPlex online
tool and associated published interpretation guidelines provide flexibility for analysing
partial profiles?® %’. While the UAS uses the HIrisPlex 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 HlirisPlex 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
HirisPlex 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 HlirisPlex 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 HlrisPlex 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; HlrisPlex: 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
Studi6527'45'47'48.

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



AUSTRALIAN JOURNAL OF FORENSIC SCIENCES . 15

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.
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