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A B S T R A C T

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− 23 for STRs, 10− 38 for iiSNPs and 10− 60 

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.

1. Introduction

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− 3 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 

evidence [6]. As a result, law enforcement databases have been popu-
lated with evidentiary and reference STR profiles [7]. STRs are also used 
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 
10− 3), 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 [35]. 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 
[30]. 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 

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 D3S1358, vWA, 
D16S539, CSF1PO, TPOX, D8S1179, D21S11, D18S51, D2S441, 
D19S433, TH01, FGA, D22S1045, D5S818, D13S317, D7S820, 
D10S1248, D1S1656, D12S391 and D2S1338. Fig. 1 shows the centi-
morgan (cM) 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 (Hexp), observed heterozygosity (Hobs), power of exclu-
sion (PE), typical paternity index (TPI) and power of discrimination 
(PD).

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

PG =
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 (θ). θ 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: 

θ ≈ F = 1 −
Hobs

Hexp 

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: 

H1: The DNA originated from the person of interest (POI).
H2: 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 iiSNPs and the product of the two calculated for the combined 
LR for the 114 combined identity markers. A θ 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 

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 iiSNP 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 × 1044 (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 × 1030 possible genotypes (Table 1). 
The alleles observed ranged from five alleles for TH01 to 16 alleles for 
D1S1656.

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 S2. The forensic efficiency parameters 
for all STRs and iiSNPs are detailed in Table S3 and Table S4, 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 × 10− 23 for the 20 STRs and 7.77 × 10− 38 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).

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 D8S1179 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 iiSNPs, 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 cM (D22S1045/rs987640) 
to 212.76 cM (rs1355366/rs6444724). 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 ≈ θ 
for large populations with minimal inbreeding, but nevertheless, we 
recommend a conservative θ 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 AmpFlSTR® 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 

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)

D3S1358 8 28
vWA 7 21
D16S539 7 21
CSF1PO 8 28
TPOX 6 15
D8S1179 10 45
D21S11 11 55
D18S51 14 91
D2S441 10 45
D19S433 9 36
TH01 5 10
FGA 10 45
D22S1045 7 21
D5S818 7 21
D13S317 7 21
D7S820 9 36
D10S1248 7 21
D1S1656 16 120
D12S391 14 91
D2S1338 12 66
Total 184 4.30 £ 1030
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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 
D21S11, D19S433 and FGA, where Taylor et al. found seven more alleles 
than in this study. An additional allele was also observed at D1S1656 

(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 × 1040 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 

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 (Hobs); d) expected heterozygosity (Hexp); e) power of 
exclusion (PE); f) typical paternity index (TPI); and g) power of discrimination (PD).
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[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 
rs938283 was the lowest performing in the panel, producing the highest 
PM and the lowest PIC, Hobs, Hexp, PE, PD and TPI; these results were 

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 D8S1179 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, D4S2408, D6S1043, 
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 iiSNPs.

Table 2 
Summary of forensic efficiency parameters calculated for the individual 
identity-informative single nucleotide polymorphism (iiSNP) and short tandem 
repeat (STR) markers.

Forensic 
Efficiency 
Parameter

STR iiSNP

Minimum Maximum Minimum Maximum

PM 0.030 
(D12S391)

0.181 (TPOX) 0.335 
(rs1357617)

0.587 
(rs938283)

PIC 0.613 
(D1S1656)

0.876 
(D1S1656 and 
D12S391)

0.220 
(rs938283)

0.375 (13 
iiSNPs)

Hobs 0.673 
(D5S818)

0.876 (D18S51 
and D12S391)

0.276 
(rs938283)

0.600 
(rs1024116)

Hexp 0.664 
(TPOX)

0.891 
(D1S1656 and 
D12S391)

0.253 
(rs938283)

0.500 (13 
iiSNPs)

PE 0.388 
(D5S818)

0.747 (D18S51 
and D12S391)

0.054 
(rs938283)

0.291 
(rs1024116)

TPI 1.529 
(D5S818)

4.038 (D18S51 
and D12S391)

0.691 
(rs938283)

1.250 
(rs1024116)

PD 0.819 
(TPOX)

0.973 
(D12S391)

0.413 
(rs938283)

0.665 
(rs1357617)

Fig. 3. The fixation index (F) for all short tandem repeat (STR) and identity-informative single nucleotide polymorphism (iiSNP) loci.

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) iiSNPs (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 %
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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 θ 
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 θ 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 
θ 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 θ correction factor of 0.02 for the 94 iiSNPs 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− 38 for SNPs, compared to 10− 23 for STRs. This value is similar to 
that observed by Kiesler et al. (2023), who produced a CPM of 10− 39 for 
the population with European ancestry in the United States, and 
Davenport et al. (2023), who produced a CPM of 10− 38 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− 60 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− 69) and Northeastern Peruvian 
Andes (10− 66) 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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