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The ability to provide accurate DNA-based forensic intelligence requires analysis of multiple DNA markers to predict the
biogeographical ancestry (BGA) and externally visible characteristics (EVCs) of the donor of biological evidence. Massively
parallel sequencing (MPS) enables the analysis of hundreds of DNA markers in multiple samples simultaneously, increasing the
value of the intelligence provided to forensic investigators while reducing the depletion of evidential material resulting from
multiple analyses. The Precision ID Ancestry Panel (formerly the HID Ion AmpliSeq™ Ancestry Panel) (Thermo Fisher
Scientific) (TFS)) consists of 165 autosomal SNPs selected to infer BGA. Forensic validation criteria were applied to 95 samples
using this panel to assess sensitivity (1 ng-15 pg), reproducibility (inter- and intra-run variability) and effects of compromised and
forensic casework type samples (artificially degraded and inhibited, mixed source and aged blood and bone samples). BGA
prediction accuracy was assessed using samples from individuals who self-declared their ancestry as being from single popula-
tions of origin (n = 36) or from multiple populations of origin (n = 14). Sequencing was conducted on Ion 318™ chips (TFS) on
the Ion PGM™ System (TFS). HID SNP Genotyper v4.3.1 software (TFS) was used to perform BGA predictions based on
admixture proportions (continental level) and likelihood estimates (sub-population level). BGA prediction was accurate at DNA
template amounts of 125pg and 30pg using 21 and 25 PCR cycles respectively. HID SNP Genotyper continental level BGA
assignments were concordant with BGAs for self-declared East Asian, African, European and South Asian individuals.
Compromised, mixed source and admixed samples, in addition to sub-population level prediction, requires more extensive
analysis.
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Introduction

Biogeographical ancestry (BGA) prediction, as a form of fo-
rensic DNA phenotyping (FDP), is the process of assigning
the unknown donors of DNA samples to specific ancestral
genetic origins. BGA prediction can provide valuable

intelligence from evidential DNA samples when conventional
DNA profiling fails to achieve an identification [1, 2].

Ancestry informative single nucleotide polymorphisms
(AISNPs) are the genetic markers of choice for BGA predic-
tion due to their low mutation rates and abundance in the
genome. [3–8]. The Precision ID Ancestry panel (formerly
the HID Ion AmpliSeq™ Ancestry Panel) is a collection of
165 autosomal AISNPs commercially available from Thermo
Fisher Scientific (TFS) for BGA prediction. The marker set is
combination of the entire Kidd AISNP panel [6] and 123
AISNPs from the Seldin panel [7, 8] with 13 SNPs overlap-
ping between the two constituent panels [9]. It is reported to
have global coverage for major populations including Africa,
Europe, Southwest Asia, South Asia, East Asia, Oceania and
the Americas.

The Precision ID Ancestry panel employs massively paral-
lel sequencing (MPS), specifically the Ion PGM™ or Ion S5
(TFS), based on semiconductor sequencing technology. All
165 SNPs are genotyped in a single reaction, and the use of
unique oligonucleotide barcode sequences (between six and
ten base pairs (bps) in length) enables multiple samples to be
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sequenced simultaneously. The average amplicon size of the
Kidd markers (incorporating primer binding sites and
conjoining sequences) is 130 bps while that of the Seldin
panel is 122 bps [9]. These characteristics provide a cost-
effective approach, minimise the depletion of evidentiary ma-
terial and confer suitability for analysis of compromised fo-
rensic samples. The HID SNP Genotyper v4.3.1 software
(TFS) is used to produce two forms of ancestry prediction:
admixture proportion (at the continental level) and population
likelihood estimates (at the sub-population level). Three vari-
eties of Ion PGM™ semiconductor chips (Ion 314™ v2,
316™ v2 and 318™ v2 chips (Ion Torrent)) can be used to
genotype 6, 30 and 59 samples, respectively, when using the
Precision ID Ancestry panel, depending on the coverage re-
quired [9].

In this study, forensic validation criteria were applied to 95
samples genotyped using the Precision ID Ancestry panel.
These included sensitivity (1 ng–15 pg), reproducibility (inter-
and intra-run variability), genotype concordance, variation in
coverage, analysis of casework-type samples (mixed source,
artificially degraded, artificially inhibited and aged blood and
bone) and BGA prediction accuracy. The latter was assessed
using samples from individuals who self-declared their popu-
lations of origin over three generations (n = 50). Every sample
was sequenced on at least two Ion 318™ v2 chips on the Ion
PGM™, with a total of 48 samples on each chip. HID SNP
Genotyper v4.3.1 software was used to perform BGA predic-
tions based on admixture proportions (at the continental level)
and maximum likelihood estimates (at the sub-population
level).

Methods

Samples

A total of 95 samples were included in this project (Table 1),
50 of which were collected from individuals who self-declared
their BGA over three generations where each grandparent was
assumed to contribute 25% of their DNA to each individual.
Ethics approval for this study was granted by the University of
Canberra Committee for Ethics in Human Research (project
number 11-119 and its extension, 15-64). The 50 samples
were divided into individuals who self-declared their ancestry
over three generations as being from a single population of
origin (n = 36) or frommultiple populations of origin (n = 14).
Three standard reference material DNA templates with a
100% European BGAwere included. These were the 2800M
male human genomic control DNA (Promega), the female
human cell line control DNA 9947A (sourced from the
AmpFlSTR® Identifiler® Kit: Applied Biosystems) and the
male human cell line control DNA 007 (sourced from the
AmpFlSTR® Yfiler® Kit: Applied Biosystems). Five

replicates of 2800M male human genomic control DNA at
1 ng template input amount were included to assess the repro-
ducibility of genotypes produced by the Precision IDAncestry
panel as well as ancestry proportions reported by HID SNP
Genotyper. Sensitivity, genotype concordance and intra-run
variability were assessed using 2800M serially diluted from
1 to 0.015 ng and run in duplicate (2800A and 2800B) (n =
2 × 7 = 14). Genotype concordance was assessed using
2800M, 9947A and 007 at 1 ng. The effect of increased
PCR cycle number was compared at 21 and 25 cycles using
the 2800M sensitivity dilution series.

Samples were analysed in two runs of 48 samples. The first
run was performed using 21 PCR cycles and sequenced in
duplicate on two Ion 318™ v2 chips (chips 1 and 2)
(Table 1). The second run contained lower template and
casework-type samples which were amplified using 25 cycles
(based on manufacturer’s recommendations for low quality/
quantity templates). These consisted of mixed source samples,
artificially degraded and artificially inhibited DNA as well as
aged bone and blood samples and were also sequenced in
duplicate on two Ion 318™ v2 chips (chip 3 and 4)
(Table 1). The same library was run on each duplicate chip.
The viability of the pooled library (generated from the first 48
samples) after 3 months at 4 °C was assessed by repeating the
template preparation using the Ion OneTouch™ 2 System (Ion
Torrent) and then sequencing on a fifth Ion 318™ v2 chip
according to the manufacturer’s protocol.

Seven mixed source samples were prepared by combining
one self-declared European sample with one self-declared
African sample at various ratios: 1:10, 1:4, 1:2, 1:1, 2:1, 4:1
and 10:1. Two samples with self-declared European ancestry
were artificially degraded by exposing to ultra-violet (UV)
light for 30 and 60min intervals. The light was generated from
a 10 W source (Sankyo Denki) at a distance of 13 cm. PCR
amplicons were generated from 1 μL of each irradiated sam-
ple (1 ng DNA template) for each time interval. Two samples
from the same donors (1 ng DNA template) were spiked with
75 and 100 ng humic acid, respectively. Lastly, six samples
from unknown donors provided by the NSW Forensic and
Analytical Science Service (FASS), NSW, Australia, were al-
so included, five of which were bone samples (unknown age)
and the other a blood sample (stored at room temperature for
45 years).

Laboratory analysis

DNA extraction was performed on a BIOMEK® NXp
Workstation (Promega) using the DNA IQ™ System
(Promega), according to the manufacturer’s protocol. DNA
extracts were quantified by real-time PCR analysis in an ABI
PRISM® 7500 Real-Time PCR System (Applied Biosystems)
using the Quantifiler® Human DNA Quantification Kit
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(Applied Biosystems), according to the manufacturer’s
protocol.

The PCRs were prepared using the Precision ID Ancestry
panel according to the manufacturer’s protocol in a total vol-
ume of 20 μL. DNA amplification was performed in a Veriti®
Thermal Cycler (Applied Biosystems), according to the man-
ufacturer’s protocol, at 21 cycles of amplification. Lower tem-
plate (down to 0.015 ng), mixed source and compromised/
degraded samples were also subjected to 25 cycles of ampli-
fication (according to the manufacturer’s recommendation).
Library preparation was performed using the Ion
AmpliSeq™ Library Kit 2.0 (TFS) for all samples. Template
preparation was performed on the Ion Chef™ System (Ion
Torrent) using the Ion PGM™ Hi-Q™ Chef Kit (Ion
Torrent) according to the manufacturer’s protocol. Pooled li-
braries were loaded on Ion 318™ v2 Chips (Ion Torrent), and
sequencing was performed by the Ion PGM™ System using
the Ion PGM™ Hi- Q™ Sequencing Kit (TFS) in accordance
with the manufacturer’s protocol. Signal processing, base call-
ing and the generation of unmapped and mapped BAM files
(hg19 reference genomic sequence) were performed using
Torrent Suite software (version 4.6, TFS). Variant calling
was performed with the Torrent Variant Caller Plugin
(v4.6.0.7). Default somatic low stringency analysis parame-
ters were applied for the Variant Caller plugin. These included
a minimum coverage threshold of 100×, minimum allele fre-
quency of 2% and heterozygote allele frequencies range 35–

65%. Default HID SNP Genotyper parameters were also ap-
plied, including a minimum coverage of 6 reads and a mini-
mum allele frequency of 10% (implying a minimum homozy-
gote allele frequency of 90%).

Statistical tests

Non-parametric statistical tests using the IBM SPSS pack-
age (v. 21) were applied to the data due to the skewed (non-
normal) amplicon coverage distribution. A Mann-Whitney
U test was performed to test the null hypothesis that there
was no difference in coverage between duplicate chips. A
Kruskal-Wallis test was employed to test the null hypothe-
sis that there was no difference in coverage between
amplicons.

HID SNP Genotyper ancestry assignment

The HID SNPGenotyper v4.3.1 software was used to perform
BGA predictions in real time based on likelihood estimates.
This software produces two forms of ancestry prediction: ad-
mixture proportions (at the continental level) and population
likelihood estimates (at the sub-population level). The output
produced by HID SNP Genotyper includes a heat map indi-
cating the likely geographical origin of the DNA donor, con-
fidence levels (high or low), admixture proportions of the
individual at the continental level (with reference to seven root
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Table 1 Samples used in the assessment of the Precision ID Ancestry panel

No. of 
samples

Sample Type Source Self-declared BGA Template 
amount(ng)

PCR cycle no. Chip Study

5 2800M Promega Control DNA (male) 
European

1
21 1 & 2 Reproducibility & genotype 

concordance1 Control 9947A AmpFlSTR Iden�filer Kit (female) 1
1 Control 007 AmpFlSTR Yfiler Kit (male) 1
3
3

2800M Promega Control DNA (male) European

1
0.5

21
25

1 &2
3 & 4

Sensi�vity
Increased PCR cycle number

3 0.25
3
3

0.125
0.6

3 0.03
3 0.015
4

Individuals with single 
popula�on of origin Self-declared

African 1

21 1, 2, 3, & 4 Ancestry predic�on accuracy

8 East Asian 1
8 European 1
2 American 1
5 Southwest Asian 1
6 South Asian 1
3 Oceanian 1
14 Individuals with mul�ple 

popula�ons of origin 
Self-declared Mul�ple (see Fig. 6) 1 21 1, 2, 3, & 4 Ancestry predic�on accuracy

1

[European (EUR): African 
(AFR)] Self-declared

10 EUR :1 AFR 5.5

25 3 & 4 Mixtures

1 4 EUR : 1 AFR 1.25
1 2 EUR : 1 AFR 1.5
1 1 EUR : 1 AFR 1
1 1 EUR : 2 AFR 1.5
1 1 EUR : 4 AFR 1.25
1 1 EUR : 10 AFR 5.5
2 European Self-declared European 1 25 3 & 4 Ar�ficial degrada�on (UV) 
2 European Self-declared European 1 25 3 & 4 Ar�ficial inhibi�on (Humic acid)
1 Blood sample NSW Forensic Analy�cal Science 

Service laboratory Unknown
Undetermined

25 3 & 4 Compromised samples
5 Bone samples Undetermined



populations: African, American, East Asian, European, South
Asian, Southwest Asian (Middle East) and Oceanian) and log
likelihood values of possible sub-population assignments. The
root population ‘American’ refers to sub-populations in the
ALFRED database (https://alfred.med.yale.edu) which are
all derived from Central and South America. Therefore,
‘American’ ancestry, as inferred by HID SNP Genotyper, is
indigenous Central/South American. For comparison pur-
poses, the self-declared ancestries of the individuals in this
study were aligned with the seven root populations as reported
by HID SNP Genotyper. This software references only 151 of
the 165 SNPs assayed based on population data available to
Thermo Fisher Scientific (Sharon Wootton, Thermo Fisher
Scientific, personal communication).

Results

Coverage

The mean depth of coverage for chip 1 and chip 2 (343× and
334×) was higher than the median depth of coverage for both
chips (249× and 253×) respectively, indicating a non-normal
distribution skewed towards lower coverage in each case.
Coverage ranged from zero for both chips to many thousands
(9621× for chip 1 and 7777× for chip 2).

The coverage distribution of SNP amplicons ranked from
lowest to highest coverage was consistent between chips
(Fig. 1). For example, rs1296819 (left most SNP in Fig. 1)
received the lowest coverage on both chips 1 and 2 (medians
of 39× and 43×) while rs3793451 (right most SNP in Fig. 1)
received the highest coverage (medians of 878× and 901×). A
Kruskal-Wallis test indicated a significant difference in cover-
age between amplicons (p = 0.000) while a two-tailed Mann-
WhitneyU test indicated no significant difference in amplicon
coverage between the two chips (p = 0.715). Mean, median,
minimum and maximum coverage for each SNP are shown in
Supplementary Table 1.

Complete SNP profiles of between 98 and 100% were ob-
tained for all individuals across duplicate runs except for one
admixed individual and three individuals (two from
Southwest Asia and one from America) which exhibited par-
tial SNP profiles of 92–94%, 92–93%, 79–81% and 82–84%,
respectively, across both chips. The partial SNP profiles were
characterised by missing genotypes (between 10 and 34 per
profile) and a number of SNP loci with low coverage (between
39 and 76 loci per profile).

Reproducibility and genotype concordance

The depth of coverage of the five replicates of the reference
DNA (2800M) at 1 ng was used to assess the reproducibility
of the Precision ID Ancestry panel across two chips (Fig. 2).

Genotyper predicted 100% European BGA for all five repli-
cates across both chips. Four replicates (predicted with high
confidence by Genotyper) consisted of full SNP profiles while
the fifth replicate (predicted with low confidence by
Genotyper) was 98% complete (162/165 loci). Three SNPs
had missing data (‘NN’ genotypes) with low coverage; thus,
non-concordant genotypes were not observed. Therefore, of
the genotypes present, 100% SNP genotype concordance was
observed among the five replicates. A Kruskal-Wallis test in-
dicated a significant difference in the total coverage distribu-
tion across the five replicates (p = 0.000) while a two-tailed
Mann-Whitney U test showed a significant difference in cov-
erage distribution between the two chips (p = 0.026).

Genotypes were 100% concordant for 007 on chips 1 and 2
and compared to the expected genotype obtained from the
manufacturer. Comparison of 9947A genotypes from chips 1
and 2 revealed 98% concordance due only to missing geno-
types for two SNPs (rs12498138 and rs4833103).

Reproducibility of admixture proportions for 50 indi-
viduals was assessed by analysing them in duplicate (on
chips 1 and 2 or on chips 3 and 4). A two-tailed Mann-
Whitney U test indicated no significant difference in ad-
mixture proportions between the duplicates (p = 0.872).
The admixture proportions were identical for all seven
Genotyper BGAs except for five individuals who differed
by no more than 5% in no more than two BGAs
(Supplementary Table 2).

Sensitivity

Full SNP profiles were generated using 1 ng of DNA tem-
plate. A decrease in template DNA to 0.5, 0.25 and 0.125 ng
resulted in partial SNP profiles of 96–99%, 89–96% and 79–
85% respectively across duplicate runs. Genotyper indicated
‘high’ confidence only with template input amounts of 1 ng
with ‘low’ confidence calls for all other template input
amounts at 21 PCR cycles. However, the correct BGA assign-
ment for 2800M (100% European) was observed down to
125 pg (Fig. 3). Inconsistent BGA assignments, either in the
assigned populations or proportions, were observed between
chips for template input amounts of less than 125 pg and input
amounts of less than 0.06 ng indicated less than 50% concor-
dance. As expected, the depth of coverage decreased as the
amount of DNA input decreased with partial SNP profiles of
70% or less from template input amounts of less than 125 pg.
A two-tailed Mann-Whitney U test indicated no significant
difference in coverage between the two chips (p = 0.270).
Figure 4 shows that the ranking of SNP amplicons from low
to high genotype concordance in the dilution series was con-
sistent between chips. For example, rs12498138 (left most
SNP in Fig. 4) was least concordant on both chips 1 and 2
(in only 2 and 3 samples, respectively).
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To assess intra-run variability with respect to coverage,
each serial dilution series was run in duplicate (2800A and
2800B) on each chip. A Kruskal-Wallis test indicated a sig-
nificant difference in coverage between the dilution series run
on the same chip (p = 0.000).

Increased PCR cycles

The effect of increased PCR cycles on amplicon sequence
coverage, completeness of SNP profiles and the accuracy of
ancestry prediction was assessed by comparing 21 (recom-
mended for 1 ng template input: Sensitivity) and 25 PCR
cycles (recommended for template input of less than 1 ng)
using the sensitivity series (serially diluted 2800M 1–
0.015 ng). The median value of coverage for 25 cycles was

approximately five times higher than for 21 cycles. The mean
depth of coverage for both cycle numbers was higher than the
median depth of coverage, indicating a distribution skewed
towards lower coverage in each case. However, the difference
between the mean and median for 25 cycles was higher. The
depth of coverage for samples amplified with 21 cycles de-
creased as the DNA template input decreased. In contrast, the
depth of coverage peaked at 0.25-ng DNA template amount
for 25 cycles (Fig. 5). At 21 cycles of amplification, a com-
plete SNP profile was only observed for a DNA template input
of 1 ng and less DNA template resulted in partial SNP profiles
of as low as 4%. In comparison, at 25 cycles, all DNA tem-
plate inputs generated full, concordant SNP profiles, except
for the DNA template input of 0.015 ng which had an 86%
partial SNP profile. At 21 amplification cycles, the admixture
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Fig. 1 Coverage distribution across the 165 amplicons in the Precision ID
Ancestry panel for 50 samples from individuals who self-declared their
ancestry. SNP amplicons (horizontal axis) are ordered from low overall
median coverage (left) to high overall median coverage (right) for chip 1
(top) and chip 2 (bottom). Blue bars indicate the range below the median,

and red bars indicate the range above the median. A Kruskal-Wallis test
indicated significant difference in coverage distribution between
amplicons (p = 0.000). A two-tailed Mann-Whitney U test indicated no
significant difference in amplicon coverage between the two chips (p =
0.715)

Fig. 2 Depth of coverage for five
replicates of 2800M at 1 ng to
assess the reproducibility of the
Precision ID Ancestry panel
across two chips. Four replicates
displayed 100% complete SNP
profiles while the fifth was 98%
complete (162/165 loci). Boxes
represent the interquartile range
(25–50%). Whiskers represent
1.5 × interquartile range. Circles
(○) represent data that lie outside
1.5 × interquartile range
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Fig. 4 Genotype concordance for all 14 samples in the 2800M sensitivity
dilution series (1, 0.5, 0.25, 0.125, 0.06, 0.03 and 0.015 ng, all in
duplicate). SNP amplicons (horizontal axis) are ordered from low
overall concordance (left) to high overall concordance (right) for chip 1

(top) and chip 2 (bottom). Non-concordance was a result of either one
allele dropping out or one allele dropping in. Excluded SNPs included
those with a quality score of zero (Q = 0) and those that were missing



proportions predicted for all input amounts indicated 100%
European BGA down to 125 pg. In contrast to HID SNP
Genotyper only indicating ‘high’ confidence using 1 ng at
21 cycles, amplification at 25 cycles achieved ‘high’ confi-
dence for all input amounts except for 0.015 ng. In addition,
100% European BGA was indicated for all template input
amounts at 25 cycles.

Ancestry prediction at the continental level

The accuracy of HID SNP Genotyper ancestry assignments at
the continental level was assessed by comparing the predic-
tions to the self-declared populations of origin of 50 individ-
uals from single or multiple populations over three genera-
tions (as previously defined). At the continental level, HID
SNP Genotyper assigns admixture proportions to the seven
root populations. The prediction accuracy was assessed based
on the major assigned admixture proportion compared to the
self-declared ancestral populations. Figure 6 shows the admix-
ture proportions for individuals self-declared from a single
population of origin (n = 36: left) and individuals self-
declared from multiple populations of origin (n = 14: right)
compared to HID SNPGenotyper assignments. Figure 7 dem-
onstrates that ancestry assignment for individuals self-
declared from a single population of origin at the continental
level was most accurate for East Asians, followed byAfricans,
Europeans and South Asians.

HID SNP Genotyper prediction for East Asian individuals
was highly concordant with self-declared population of origin
at the continental level. Minor contributions from the African,
Southwest Asian, South Asian or Oceanian populations were
observed in half of the self-declared East Asian individuals
(Fig. 6). With the exception of a self-declared Eritrean

individual assigned as 55% African/45% Southwest Asian,
no admixture was assigned in three self-declared African indi-
viduals. South Asian admixture (approx. 30%) and Southwest
Asian admixture (15%) was assigned by Genotyper for three
self-declared European individuals. Minor African and
Oceanian contributions were also assigned with no admixture
assigned in only two self-declared Europeans.

Of the self-declared South Asian individuals, minor (<
15%) admixture proportions from the Southwest Asian,
African, American, East Asian and Oceanian populations
were assigned. However, one self-declared Nepalese indi-
vidual was assigned a Southwest Asian component (> 25%)
with minor European and African components. A self-
declared Tamil individual was assigned an African compo-
nent (approximately 20%) with minor American and
European proportions.

HID SNP Genotyper predictions for two of the five
Southwest Asian individuals were concordant with self-
declared population of origin (with minor East Asian or
African admixture) while high European and South Asian
admixture (> 40%) was predicted in three individuals (2 ×
self-declared Kurdish, 1 × self-declared Turkish).

Genotyper was unable to differentiate self-declared
Oceanian individuals from self-declared East and South
Asians with high admixture (> 40%) observed in the three
self-declared Oceanian individuals. Interestingly, one self-
declared Fijian individual was assigned greater than 80%
South Asian admixture (consistent with Indian migration to
Fiji). Themajor admixture component of the two self-declared
American individuals was European indicating only 5 to 10%
American BGA. Therefore, HID SNP Genotyper predictions
were not concordant with the self-declared, continental level
populations of origin of the American and Oceanian individ-
uals but were consistent with the colonial histories of these
regions.

HID SNP Genotyper predictions for 14 individuals self-
declared from multiple populations of origin were also
assessed. With the exception of the three individuals with
(indigenous) Australian Aboriginal ancestry (which is not rep-
resented in reference data sets), and excluding minor (< 15%)
undeclared admixture contributions, HID SNPGenotyper pre-
diction was concordant with self-declared populations of ori-
gin for one-third of these individuals while the remaining two-
thirds were assigned more admixed ancestry than was
declared.

HID SNP Genotyper BGA assignments were reported with
high confidence on both chips for 86% (31/36) of the individ-
uals self-declared from a single population of origin. Of the
five low confidence predictions, four of these had major BGA
proportions consistent with self-declared populations of
origin. Low confidence predictions were observed for 50%
of the individuals self-declared from multiple populations of
origin.
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Fig. 5 Boxplots showing the depth of coverage (log scale) for two
replicates of seven serially diluted samples ranging between 1 and
0.015 ng at different amplification cycles (21 and 25). Boxes represent
the interquartile range (25–50%). Whiskers represent 1.5 × interquartile
range. Circles (○) represent data that lie outside 1.5 × interquartile range



Ancestry prediction at the sub-population level

Genotyper sub-population BGA assignments (population
likelihood estimates) are only appropriate for individuals
from a single population of origin as they do not include

admixture proportions and only represent relative member-
ship likelihoods. This is consistent with the manufacturer’s
recommendations for the use of population likelihood esti-
mates. Table 2 compares self-declared population of origin
with the five highest likelihood estimates predicted by
Genotyper for the 36 individuals self-declared from single
populations of origin. Sub-population predictions consis-
tent with self-declared population of origin are shown in
bold. For the samples where none of the five highest like-
lihood estimates are consistent with self-declared popula-
tion of origin, prediction of a sub-population which is lo-
cated in close geographic proximity, or a possibly related
sub-population/common language group, is indicated in
normal text. The remainder are indicated in italics. The five
highest likelihood estimates for each sample, correspond-
ing with Table 2, are shown in Supplementary Table 3.

Sub-populations consistent with self-declared populations
of origin were predicted by Genotyper in the five highest
likelihood estimates for approximately 60% of the samples.
Sub-population prediction was accurate for the majority of the
self-declared East Asian individuals with specific sub-
populations such as ‘Lao Loum’ predicted for self-declared
Lao individuals. Of the self-declared African individuals,
‘Hausa’ (language spoken in Ghana) was a consistent sub-
population prediction for the Ghanaian individual; however,
only related, or geographically close, sub-populations were

1588 Int J Legal Med (2018) 132:1581–1594

Fig. 7 Mean Genotyper BGA assignments for the 36 self-declared
African (n = 4), South West Asian (n = 5), European (n = 8), South
Asian (n = 6), East Asian (n = 8), American (n = 2) and Oceanian (n = 3)
individuals

Fig. 6 Comparison of self-declared BGA and Genotyper BGA assign-
ment for individuals self-declared as being from single populations of
origin (n = 36) and multiple populations of origin (n = 14) from the seven

Genotyper root populations. Low confidence Genotyper predictions are
indicated with #



predicted for the remaining African individuals. The self-
declared European individuals were considered to be consis-
tent with the broad groupings ‘European Americans’ or

‘Europeans-HapMap’ but not generally consistent with the
alternative sub-populations predicted. However, Genotyper
correctly assigned two self-declared Greek individuals.

Table 2 Genotyper sub-population predictions for individuals with
(self-declared) single population of origin based on the five highest like-
lihood estimates. Sub-population predictions consistent with self-

declared BGA (bold), related sub-populations (normal) and the remaining
sub-populations (italics) are indicated. Corresponding likelihood esti-
mates are in Supplementary Table 3

Self-declared BGA Population
grouping

Genotyper sub-population predictions (five highest likelihood estimates)

1 2 3 4 5

Ghanaian African Hausa Yoruba-HapMap Ibo Yoruba Chagga
Angolan African IIbo Yoruba Yoruba-HapMap Hausa Lisongo
Angolan African IIbo Yoruba Hausa Yoruba-HapMap Zaramo
Eritrean African Jews, Ethiopian African Americans Negroid Makrani Sandawe Somali
Chinese East Asian Han-HapMap Hakka Koreans Taiwanese Han Japanese
Chinese East Asian Hakka Lao Loum Japanese Japanese-HapMap Koreans
Vietnamese East Asian Lao Loum Ami Han-HapMap Taiwanese Han Japanese
Vietnamese East Asian Ami Atayal Lao Loum Hakka Han-HapMap
Lao East Asian Lao Loum Japanese Cambodians,

Khmer
Hakka Taiwanese Han

Lao East Asian Cambodians,
Khmer

Hakka Lao Loum Han-HapMap Koreans

Indonesian East Asian Han-HapMap Taiwanese Han Hakka Japanese-HapMap Japanese
Japanese East Asian Hakka Japanese-HapMap Han-HapMap Taiwanese Han Japanese
25% English+75%

Caucasian Aus./NZ
European Adygei Europeans-HapMap Russians, Archangel’sk Hungarian European Americans

Austrian European European Americans Hungarian Danes Irish Jews, Ashkenazi
Caucasian Aus./NZ European Danes Komi-Zyrian Hungarian Russians European Americans
25% English + 75%

Welsh
European Europeans-HapMap Chuvash Hungarian Irish Russians

Czech European Europeans-HapMap Irish European
Americans

Danes Finns

Greek European Hungarian Greeks European Americans Europeans-HapMap Jews, Ashkenazi
Greek European Jews, Ashkenazi Hungarian Greeks European Americans Adygei
Serbian European Jews, Ashkenazi European

Americans
Greeks Europeans-HapMap Hungarian

Brazilian American European Americans Hungarian Adygei Europeans-HapMap Russians
Colombian American Chuvash Russians Greeks Hungarian Pashtun
Yemeni Southwest

Asian
Palestinian Jews, Yemenite Druze Negroid Makrani Kuwaiti

Saudi Southwest
Asian

Palestinian Jews, Yemenite Druze Jews, Sephardic Adygei

Turkish Southwest
Asian

Pashtun Mohanna Palestinian Keralite Adygei

Kurdish Southwest
Asian

Jews, Sephardic Greeks Jews, Ashkenazi Adygei Hungarian

Kurdish Southwest
Asian

Adygei Mohanna Chuvash Russians Pashtun

Indian South Asian Pashtun Mohanna Keralite Hazara Kachari
Indian South Asian Kachari Keralite Pashtun Hazara Mohanna
Nepalese South Asian Mohanna Pashtun Keralite Kuwaiti Hazara
Pakistan South Asian Keralite Thoti Kachari Mohanna Pashtun
Tamil South Asian Keralite Kachari Pashtun Thoti Mohanna
50% Indian+50%

Pakistani
South Asian Keralite Kachari Thoti Mohanna Pashtun

Fijian Oceanian Keralite Mohanna Kachari Pashtun Thoti
Cook Islander Oceanian Samoans Micronesians Lao Loum Cambodians,

Khmer
Ami

Cook Islander Oceanian Samoans Micronesians Lao Loum Atayal Hakka

Int J Legal Med (2018) 132:1581–1594 1589



Sub-population predictions for the self-declared South
Asian individuals were consistent with sub-populations such
as Keralite, Kachari and Thoti with the exception of the
Nepalese individual. Keralite and Pashtun were consistent
sub-population predictions for an individual self-declared as
50% Indian (parent from Southern India) and 50% Pakistani.
Of the self-declared Southwest Asian individuals, sub-
population predictions were only consistent with a self-
declared Yemeni and self-declared Kurdish individual. Sub-
population assignments for self-declared Oceanian and
American individuals were not consistent with self-declared
BGA, as observed for continental level ancestry prediction.

Casework-type samples

Mixed source samples were prepared by combining a
European sample (both self-declared and assigned) with an
African sample (both self-declared and assigned) at various
ratios (1:10, 1:4, 1:2, 1:1, 2:1, 4:1 and 10:1). HID SNP
Genotyper predicted BGA was concordant with the popula-
tion of origin of the major contributor (with high confidence)
in the high mixture ratios (i.e. 1:10 and 10:1) (Fig. 8). Large
discrepancies in Genotyper BGA prediction (low confidence)
was observed for the remainder of the mixture ratios. SNP
genotype concordance between the mixed source samples
and the major contributor decreased as the proportion of the
minor contributor increased. However, without the known ge-
notypes of the contributors, and without characterising the
expected coverage of each allele at each locus, it may not have
been possible to determine the major or minor contributions to
the mixture. Therefore, mixture deconvolution is improbable
for the Precision ID Ancestry panel, as is the case for biallelic
SNP genotypes in general [10].

Artificially degraded samples had, on average (between
chips 1 and 2), 34 and 4% complete profiles for 30- and 60-
min UVexposure respectively. The inhibited samples indicat-
ed an average of 81 and 54% complete profiles for 75 and
100 ng humic acid (HA) addition respectively. Approximately
95 and 100% genotype concordance was observed for the
genotypes which were present in artificially degraded samples
and 97 and 100% for artificially inhibited samples. Ancestry
predicted by HID SNP Genotyper correctly indicated high
European BGA (with low confidence). South and/or
Southwest Asian admixture was assigned in all samples ex-
cept for 60-min exposure which may be due to the low cov-
erage in this sample. Figure 9 shows a decrease in coverage
with respect to amplicon length in the artificially inhibited and
degraded samples.

Partial profiles were observed for the blood (35%, average
between chips 1 and 2) and bone (68, 56, 18, 26 and 31%)
samples. Both sample types had non-detectable quantities of
DNA; therefore, less than 1 ng of DNAwas added to the PCR
reaction. BGA prediction indicated high European admixture
proportions. However, all Genotyper predictions were low
confidence. Known genotypes and self-declared populations
of origin were not available for these samples.

Assessment of the pooled library after storage

After 3 months of storage at 4 °C, the pooled library from the
48 samples at 21 cycles underwent template preparation using
the Ion OneTouch™ 2 System and was then sequenced to
assess the viability of the stored library after short-term stor-
age. The mean depths of coverage for the Ion OneTouch™ 2
System and Ion Chef™ System (chip 1 only) (467× and 254×)
were higher than the median depths of coverage for both sys-
tems (357× and 186×) respectively, again indicating a distri-
bution skewed towards lower coverage in both cases. SNP
profile completeness varied between 98 and 100% across both
methods. Admixture proportions predicted for all individuals,
regardless of the degree of admixture, were concordant be-
tween both template preparation methods. A two-tailed
Mann-Whitney U test indicated no significant difference in
admixture proportions between the two methods (p = 0.954).

Discussion

Forensic validation criteria were applied to 95 samples using
the Precision ID Ancestry panel. Coverage analysis indicated
a skewed distribution towards shorter amplicons which is con-
sistent with MPS coverage reported in other studies [11, 12].
Statistical tests confirmed that there was a significant differ-
ence between amplicon coverage within and between samples
indicating that some amplicons received more coverage than
others. rs1296819 had consistently poor coverage across all

1590 Int J Legal Med (2018) 132:1581–1594

Fig. 8 Concordance of SNP genotypes predicted by Genotyper for seven
mixed source samples at various ratios



samples. Pereira et al. [13] also reported non-concordant ge-
notypes for this SNP in 2 of 317 population samples geno-
typed using the Precision ID Ancestry panel, but only from
individuals with Danish, Somali and Greenlandic ancestries.
In contrast, non-concordant genotypes for rs7251928 and
rs7722456 with 13 and 10 non-concordant genotypes respec-
tively were not observed in this study [13]. Low coverage may
be the result of less efficient primer binding, or lower ampli-
fication efficiencies during PCR [14], a finding consistent
with Seo et al. who observed that rs2072422 displayed low
coverage across multiple samples in their study [11].

The panel is optimised for a DNA input amount of 1 ng
amplified with 21 PCR cycles. Partial SNP profiles and low
confidence HID SNPGenotyper predictions were observed for
all template input amounts of less than 1 ng. Amplification
using 25 cycles greatly increased the sensitivity of the panel
with full SNP profiles and high confidence HID SNP
Genotyper predictions down to 30 pg. This provides a useful
option for analysing low template and degraded DNA which
are often encountered in forensic casework [13]. High repro-
ducibility was observed within and between chips with 98%
genotype concordance. The 2% deficit was explained by miss-
ing data rather than non-concordant genotypes. While this
study demonstrated high genotype concordance at low DNA
template input amounts using a low stringency (default) cov-
erage threshold (6 reads), further investigation may assist in
determining optimal minimum coverage thresholds as well as
noise ratios and allelic balance.

Non-admixed individuals are most rigidly defined as
those with no less than a 100% contribution from a single
BGAwhile admixed individuals are those who have at least
a second measurable contribution, regardless of the size of
the proportion. However, in practice, individuals who self-
declare as from a single population of origin may have a
minor BGA contribution from another population. This is

not surprising given the superposition of the large-scale
recent human migrations facilitated by modern travel upon
the ancient human migrations from Africa, into Europe,
across Asia and into the Americas [15–17]. At the conti-
nental level, BGA assignment for individuals with self-
declared single populations of origin indicated a high level
of consistency with self-declared populations for East
Asian, African, European and South Asian individuals,
based on the major admixture proportion as predicted by
HID SNP Genotyper. Assignments for East Asian individ-
uals were highly concordant with self-declared population
of origin at the continental level (but not necessarily the
sub-population level).

High European admixture assigned in self-declared South
West Asian individuals may be related to the relatively recent
gene flow between southern European countries and the
Southwest Asian region [18, 19]. HID SNP Genotyper also
assigned a majority European ancestry with only 5 to 10%
American admixture for two self-declared Americans (self-
declared Colombian and Brazilian individuals). This is indic-
ative of the inherent genetic admixture present as a result of
the colonial history of the Americas. Mathias et al. showed
that populations from Cartagena (Colombia) and Conde
(Brazil) have significant genetic admixture from Europe and
Africa as well as an indigenous American ancestral population
[20]. Therefore, due to the admixed history of this geographic
region, identifying the European and Amerindian components
of Americans requires appropriate reference populations for
each.

Admixture can be the result of parentage from different
ancestral populations; therefore, BGA assignment for individ-
uals from multiple populations of origin is a more complex
task than for individuals from a single population of origin. In
addition, with respect to BGA assignment, individuals may
appear to be admixed as a result of belonging to a BGAwhich
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is not represented by a reference population or as a result of a
lack of suitable markers to differentiate between the contrib-
uting populations. In both cases, admixture proportions of less
than 100%will be predicted which is not necessarily reflective
of the individual’s actual ancestry.

Sub-population level assignment was accurate for over half
of the 36 individuals self-declared as being from single popu-
lations of origin; however, the sub-population most consistent
with the self-declared population did not always have the
highest likelihood estimate. More extensive assessment of
sub-population level prediction is required to accurately inter-
pret the likelihood estimates. In addition, this finding suggests
that continental-level BGA assignments and sub-population-
level likelihood estimates should be examined together to gain
a more comprehensive understanding of an individual’s BGA.
Sub-population level assignments should not be used as the
sole form of classification.

A larger sample set may provide a more accurate represen-
tation of the prediction accuracies for the populations assessed
in this study. This is especially so for the individuals
representing Southwest Asian (n = 5), American (n = 2) and
Oceanian (n = 3) populations.

There are a number of important considerations for the
assessment of an ancestry-informative assay. The prediction
of BGA is heavily reliant, firstly, on the selection of genetic
markers and their ability to distinguish between populations.
This may be influenced by the genetic markers available (i.e.
markers whose genotype frequencies have been characterised
in various reference populations). HID SNP Genotyper pre-
dictions for self-declared Oceanian individuals indicated lim-
itations in differentiating between East Asian and Oceanian
ancestral contributions. Greater resolution may be achieved
through the selection of markers that can improve differentia-
tion between these two populations; however, this may be
limited due to the paucity of reference individuals [21].

Secondly, BGA prediction accuracy is dependent on the
availability and composition of reference populations which
are used to train the ancestry prediction algorithms. Some
ancestral populations can be scattered across multiple regions
(such as the Kurds in the Middle East) while some countries
can be included in multiple continental groupings such as
those in the Middle East that could be associated with
Africa, Europe and/or South Asia. The Southwest Asian
(Middle Eastern) region, for example, has been defined in
various ways [22, 23]. Phillips et al. highlighted difficulties
in assigning (with confidence) individuals from southern
Europe (e.g. Spain) and North Africa (e.g. Morocco and
Algeria) due to the small genetic distance between these pop-
ulations [19]. Likewise, the greater-than-expected admixture
prediction for a self-declared Eritrean individual in this study
could be due to the lack of sufficient markers for this popula-
tion or the limited number of Eritrean samples in the reference
population used. Additionally, Eritrea is close in geographical

proximity to Southwest Asia (Middle East); thus, admixture
may be expected.

Lastly, BGA assignment is dependent on the assignment
algorithm employed. HID SNP Genotyper finds the most
likely combination of seven root populations that best ex-
plains the genotypes observed in the sample of interest [24].
This is achieved by multiple simulations of various ancestry
proportions from members of the root populations with the
final proportion being the one that most often resembles the
observed genotype. It can also calculate a likelihood esti-
mate for various sub-populations by calculating the relative
expected frequency of the observed genotype in reference
populations, assuming independence between loci. As
such, it is a Bayesian classifier, in common with Structure
[25]. These types of Bayesian classifiers have been shown
to be more accurate than other classifiers (multinomial lo-
gistic regression, genetic distance) for non-admixed indi-
viduals [26].

The apparent accuracy of BGA assignment is often reliant
on the accuracy of self-declared population of origin.
Individuals in this study declared their ancestry over three gen-
erations. However, some individuals may declare their affilia-
tion with a particular nationality or ethnic group rather than
their genetic ancestry. In this study, a self-declared Fijian indi-
vidual was predicted by HID SNP Genotyper (with high con-
fidence) to be Southern Indian. Given the large ethnic Indian
population in Fiji, it is possible that this individual declared
their nationality rather than their BGA. Additionally,
Genotyper utilises, and reports, sub-populations with religious
or ethnic affiliations such as Yemenite Jews, Ashkenazi Jews,
Sephardic Jews and Ethiopian Jews. A non-Jewish individual
from Yemen was assigned to the Yemenite Jews sub-popula-
tion. Although it is known that some of these sub-populations
may be genetically distinct from others, as a forensic intelli-
gence tool, it is more appropriate to group individuals based on
their BGA rather than ethnic or religious affiliations to avoid
problematic and inaccurate ancestry predictions. Genetic deter-
mination of BGAwill only ever reveal the ancestral origins of
an individual, not their current geographical location. This
should always be emphasised in any reporting of BGA for
forensic intelligence purposes.

Application of the Precision ID Ancestry panel to
casework-type samples indicated greater performance for ar-
tificially inhibited samples compared to artificially degraded
samples. Humic acid spiking was not as detrimental as expo-
sure to UV light. This may be due to the panel being designed
and optimised to minimise the effect of PCR inhibitors includ-
ing humic acid. BGA predictions consistent with self-declared
European population of origin were generated by Genotyper
(low confidence) but with unexpected South and/or Southwest
Asian admixture, possibly due to the high degree of partial
profiles generated. Therefore, SNP coverage should be con-
sidered in conjunction with BGA prediction, particularly for
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compromised and degraded samples flagged with low confi-
dence HID SNP Genotyper assignments.

Given the low polymorphic nature of biallelic SNPs, it is
difficult to resolve mixtures using this panel. BGA predic-
tions from Genotyper were both reported at high confidence
and consistent with declared population of origin only for
high mixture ratios (10:1). Genotypes consistent with major
contributors were present at high mixture ratios; however,
this conclusion was only possible as the genotypes and
mixture ratios were known. Further work is required to
develop interpretation guidelines for mixture detection in-
cluding characterisation of expected coverage of each allele
at a SNP locus which could be used to detect mixed source
samples.

Conclusion

The Precision ID Ancestry panel has demonstrated high sen-
sitivity and reproducibility for use in forensic casework with
high quality, single source DNA samples [27]. This study also
confirmed the ability of the panel, used in conjunction with the
HID SNP Genotyper plugin, to generate accurate continental-
level BGA assignments for self-declared East Asian, African,
European and South Asian individuals. However, limitations
were observed in its capacity to accurately predict continental
and sub-population level BGA for individuals self-declared
from multiple populations of origin. Improving the perfor-
mance of this panel may be achieved by employing larger
reference populations from under-represented regions, such
as South and Southwest Asia, America and Oceania, as well
as the inclusion of more informative SNP loci. Development
of interpretation criteria will also assist in the assessment of
BGA prediction accuracy.
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