
Forensic Science International: Genetics 22 (2016) 81–88
Research paper

The Global AIMs Nano set: A 31-plex SNaPshot assay of
ancestry-informative SNPs

M. de la Puentea, C. Santosa, M. Fondevilaa, L. Manzoa, The EUROFORGEN-NoE
Consortium, Á. Carracedoa,b, M.V. Lareua, C. Phillipsa,*
a Forensic Genetics Unit, Institute of Forensic Sciences, University of Santiago de Compostela, Spain
bCenter of Excellence in Genomic Medicine Research, King Abdulaziz University, Jeddah, Saudi Arabia

A R T I C L E I N F O

Article history:
Received 7 October 2015
Received in revised form 20 January 2016
Accepted 21 January 2016
Available online 25 January 2016

Keywords:
SNPs
AIMs
Biogeographical ancestry
SNaPshot
Population-specific Divergence

A B S T R A C T

A 31-plex SNaPshot assay, named ‘Global AIMs Nano’, has been developed by reassembling the most
differentiated markers of the EUROFORGEN Global AIM-SNP set. The SNPs include three tri-allelic loci
and were selected with the goal of maintaining a balanced differentiation of: Africans, Europeans, East
Asians, Oceanians and Native Americans. The Global AIMs Nano SNP set provides higher divergence
between each of the five continental population groups than previous small-scale AIM sets developed for
forensic ancestry analysis with SNaPshot. Both of these characteristics minimise potential bias when
estimating co-ancestry proportions in individuals with admixed ancestry; more likely to be observed
when using markers disproportionately informative for only certain population group comparisons. The
optimised multiplex is designed to be easily implemented using standard capillary electrophoresis
regimes and has been used to successfully genotype challenging forensic samples from highly degraded
material with low level DNA. The ancestry predictive performance of the Global AIMs Nano set has been
evaluated by the analysis of samples previously characterised with larger AIM sets.
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1. Introduction

Although STR profiling has been successfully applied to the
majority of forensic DNA analyses for many years, there are still
situations when STR typing is unable to inform criminal
investigations, for example, with no matching profile found in
DNA database searches or when no suspect is apprehended. For
this reason, there is interest in developing DNA tests that can
provide investigative leads, focused on panels of single nucleotide
polymorphisms (SNPs) to predict external visible characteristics
(ECVs), including common variation in pigmentation [1], or to infer
an individual's biogeographical ancestry [2].

With the recent availability of bench-top systems for massively
parallel sequencing (MPS) that are applicable to forensic DNA
analysis, it is now possible to assemble multiplexes of 400–500
markers [3]. Such enlarged forensic multiplexes can include a
portion of carefully chosen ancestry informative markers (AIMs),
e.g., the Illumina ForenSeq panel [4], or can be exclusively
composed of AIMs [5–7]. Both approaches raise the level of
geographic resolution that can be obtained from tests that keep the
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necessary forensic sensitivity. However, the forensic community
will take time to adopt, optimise and validate MPS technology as a
routine analysis system. Therefore, it is important to continue to
develop small-scale AIM sets suited to short-amplicon marker
genotyping with validated, universally applicable capillary elec-
trophoresis (CE) analysis regimes [8–10]. However, one drawback
with use of small-scale AIM sets is the potential for over-
estimation of co-ancestry proportions in individuals with admixed
ancestry, stemming from the analysis of genotypes strongly
differentiated for some populations but not others. The phenome-
non of biased estimation of co-ancestry components was detected
in a study of Bolivian populations [11] using 46 ancestry-
informative Indels [8] compared with a much larger panel of
446 AIM-SNPs [12]. The Indel set consistently over-estimated
European co-ancestry and under-estimated Native American co-
ancestry using STRUCTURE-based analyses, indicating that the
higher European differentiation of the Indel genotypes inflated the
estimates of European co-ancestry proportions. Bearing in mind
this effect, construction of a dedicated AIM-SNP set for MPS by the
EUROFORGEN Consortium [5] sought to carefully balance the
cumulative population-specific Divergence values for the five
continental population groups of Africa, Europe, East Asia, Native
America and Oceania.
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The emphasis on keeping balanced population group Diver-
gence values provided the main focus for the new ancestry
informative SNP panel reported here. We took the most
differentiated AIM-SNPs from the EUROFORGEN Global AIMs
panel [5] and assembled a compact 31-plex assay genotyped with
SNaPshot1 single base extension technology. The SNP set, named
‘Global AIMs Nano’ (herein Nano) was designed to be applicable to
forensic analyses where several different admixture combinations
may be commonly encountered, e.g. in Australia; where compar-
isons of European, Oceanian and East Asian co-ancestry compo-
nents will be routinely necessary. As well as preserving a
comparable level of differentiation amongst the five population
groups, the Nano assay aimed to provide a single CE-based test that
is sufficiently informative for all five groups.

2. Materials and methods

2.1. Reference population SNP genotype data and DNA samples

SNP variation data from representative populations without
high levels of admixture was obtained from 1000 Genomes Phase
III [13] and from the Stanford University HGDP-CEPH SNP analysis
[14] using the SPSmart frequency browser [15]. SNP genotype data
was compiled from 108 YRI Africans (AFR: Yoruba in Ibadan,
Nigeria); 99 CEU Europeans (EUR: Utah Residents with North and
Western European ancestry); 103 CHB East Asians (EAS: Han
Chinese in Beijing, China); 28HGDP-CEPH Oceanians (OCE:
17 Papuan from New Guinea and 11 Melanesian from Bougain-
ville); and 64 HGDP-CEPH Native Americans (AMR: 14 Karitiana,
8 Surui from Brazil; 21 Maya, 14 Pima from Mexico; and 7 Piapoco
from Colombia). Phase III 1000 Genomes populations were also
analysed, comprising: as a test set, 99 AFR LWK (Luhya in Webuye,
Kenya); 113 AFR GWD (Gambian in Western Divisions in the
Gambia); 85 AFR MSL (Mende in Sierra Leone); 99 AFR ESN (Esan in
Nigeria); 107 EUR TSI (Toscani in Italia); 99 EUR FIN (Finnish in
Finland); 91 EUR GBR (British in England and Scotland); 107 EUR
Table 1
Description, reference allele frequencies and population-specific/pairwise Divergence va
from genome build 37.1 (GRCh37). SNPs are ranked according to their Pop vs. Other Po
IBS (Iberian Population in Spain); 104 EAS JPT (Japanese in Tokyo,
Japan); 105 EAS CHS (Southern Han Chinese); 99 EAS KHV (Kinh in
Ho Chi Minh City, Vietnam); 93 EAS CDX (Chinese Dai in
Xishuangbanna, China); plus admixed populations 61 ASW
(Americans of African Ancestry in SW USA); 96 ACB (African
Caribbeans in Barbados); 104 PUR (Puerto Ricans from Puerto
Rico), 94 CLM (Colombians from Medellin, Colombia); 64 MXL
(individuals with Mexican Ancestry from Los Angeles USA); 85 PEL
(Peruvians from Lima, Peru).

To evaluate the forensic sensitivity of the Nano assay,
challenging casework samples plus control DNAs were analysed,
comprising: (i) five DNA samples each from separate population
groups, previously used in an ancestry analysis collaborative
exercise [10]; (ii) highly degraded skeletal DNA extracts; (iii) a
doubling dilution series of 1 ng/mL; 0.5 ng/mL; 0.25 ng/mL;
0.125 ng/mL; 0.064 ng/mL; 0.032 ng/mL; and 0.016 ng/mL of the
9947A forensic kit DNA standard.

2.2. AIM-SNP selection and SNaPshot assay design

Ancestry-informative SNPs were selected directly from the
EUROFORGEN Global AIM-SNP set according to the following
criteria: (i) differentiation of five population groups to comparable
levels to produce population-specific Divergence (PSD) values as
balanced as possible (use of capitalised Divergence distinguishes
the metric from the phenomenon of population divergence); (ii)
inclusion of certain informative tri-allelic SNPs to allow a level of
mixed DNA detection; (iii) genomic separation of component SNPs
by a minimum inter-marker distance of 1 Mb to minimise the
effects of linkage on likelihood calculations that assume indepen-
dence for the loci analysed.

From the selected SNPs, a 31-plex SNaPshot1 single base
extension assay was designed and optimised following established
guidelines [16]. Locus details and summary allele frequencies for
component SNPs are summarised in Table 1. PCR and single base
extension (SBE) primers are detailed in Supplementary Table S1.
lues (In) of the 31 Nano SNPs. Chr: chromosome; RA: reference allele. All positions
p In (highlighted in grey) inside each population informative (Informat.) group.
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PCR reactions comprised: 1 mL Buffer II (100 mM Tris–HCl, pH
8.3, 500 mM KCl); 1.8 mL 25 mM MgCl2; 0.1 mL AmpliTaq Gold1

DNA Polymerase (at 5 U/mL); 0.4 mL of GeneAmp1 10 mM dNTP
Mix with dTTP (Applied Biosystems, AB); 1 mL of 3.2 mg/ml bovine
serum albumin; 1.5 mL PCR primer mix (Supplementary Table S1);
1 ng of target DNA adjusted to total reaction volume of 10 mL. PCR
cycling with GeneAmp1 PCR System 9700 or 2700 (AB)
thermocyclers used conditions: 10 min at 95 �C, 32 cycles of 30 s
at 95 �C, 40 s at 62 �C and 1 min at 72 �C with a final extension of
20 min at 72 �C. PCR primer clean up combined 2.5 mL PCR product
with 1 mL of 1 in 3 diluted IllustraTM ExoStarTM 1-Step (GE
Healthcare) then incubation at 37 �C for 45 min and enzyme
inactivation at 85 �C for 15 min. SBE reactions comprised: 1.25 mL
of 1 in 2 diluted SNaPshot1 Multiplex Ready Reaction Mix; 0.75 mL
SBE primers (Supplementary Table S1) and 1 mL purified PCR
product in a total volume of 3 mL. SBE cycling used conditions: 33
cycles of 10 s at 96 �C, 5 s at 59 �C and 30 s at 60 �C. SBE primer clean
up combined the full SBE volume with 1 mL of 1 in 2 diluted
IllustraTM Shrimp Alkaline Phosphatase (GE Healthcare) then
incubating at 37 �C for 80 min and enzyme inactivation at 85 �C for
15 min. Purified SBE products were then prepared for CE detection
by adding 1 mL of product to 9.5 mL of Hi-DiTM Formamide (AB) and
0.25 mL of GeneScanTM-120 LIZ1 Size Standard (AB). Electropho-
resis was performed in an ABI Prism 3130xl Genetic Analyser, with
36 cm capillary arrays and POP-4TM polymer using standard
Biallelic 
SNPs

Homozygous population specific informative allele

Homozygous other allele

Heterozygous No data
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Fig. 1. Raster plot summarising the allele frequency distributions of the Nano SNPs in fiv
AMR: Native American.
conditions. Electropherograms were visualised using AB Gen-
eMapper1 ID Software v. 3.2.1.

2.3. Analysis of population variation in the selected SNPs

Population-specific Divergence and simple pairwise Divergence
values were calculated using the Snipper cross-validation option
(http://mathgene.usc.es/snipper/analysispopfile2_new.html) by
marking SNP genotype profiles as AFR and non-AFR, etc., or by
comparing each pair of population groups in turn. Output from
Snipper lists Shannon’s Divergence values for each SNP from the
comparisons made by cross-validation [17]. These values were
converted to the more widely-used Rosenberg’s informativeness-
for-assignment metric: In [18], by multiplication with 0.693 (i.e.,
converting the natural log to log(2)). The Snipper portal was also
used to cross-validate the reference population data or calculate
classification likelihood ratios (LRs) by uploading an Excel file of
reference data (provided ready to use as Supplementary File S1) or
by choosing analysis options available in the portal.

Population analyses with STRUCTURE v. 2.3.4 [19] were
performed following recommendations outlined previously [20].
Parameters comprised: five iterations (for K = 1 to K = 9) of
100,000 burnin steps and 100,000 MCMC steps, correlated allele
frequencies under the Admixture model (no POPFLAG for just
reference populations and POPFLAG for analyses of reference
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populations plus test or admixed populations). The optimum K
value was estimated by computing results with STRUCTURE
HARVESTER [21] and following previous guidelines [22]. Ancestry
membership plots were constructed with CLUMPAK v. 1.1 [23] or a
combination of CLUMPP v. 1.1.2 [24] and distruct v. 1.1 [25]. PCA
analysis was performed using R software v. 3.1.2 [26] and executing
a homemade script. FST calculations and graphics were computed
using Arlequin v. 3.5 [27].

To assess the ancestry inference performance of the Nano SNP
set, comparisons were made with two previously developed
biallelic AIM sets comprising 46 Indels [8] and 34 SNPs [9], by
applying STRUCTURE and PCA analyses of the same 1000 Genomes
African, European and East Asian genotypes plus HGDP-CEPH
Native American and Oceanian genotypes compiled from each set
(data used from 44 of 46 Indels currently listed by 1000 Genomes
Phase III).

3. Results

3.1. Characteristics and PSD balance of the Nano SNP set

The 31 SNPs selected showed highly contrasting allele
frequency distributions. In each of the 28 biallelic SNPs one allele
was close to fixation (allele frequencies between 0.9 and 1) in at
least one population group, as shown by the raster plot of Fig. 1.
Population group summary allele frequency pie charts are also
shown in Supplementary Fig. S1. All SNPs were distributed in the
genome with sufficient distance between syntenic marker sets to
be free from the effects of close physical linkage (Supplementary
Fig. S2).

With the reduction in scale from an MPS multiplex of 128 SNPs
to the SNaPshot 31-plex, it is important to ensure the cumulative
PSD values remain at comparable levels for each group. Reference
population comparisons produced the cumulative PSD values
listed in Table 1 and summarised in Fig. 2. These indicate the
reduced East Asian PSD of 3.39 was noticeably lower than the
average of 4.18 and the African PSD of 4.74 was the highest but
comparable to three population groups. The reduced differentia-
tion of East Asians from Native American and Oceanian popula-
tions is illustrated by their similar allele frequency distributions for
many SNPs, exemplified by rs4657449 and rs9809818. The close
relationship of East Asian and Native American population
variability is highlighted by Fig. 1, with little divergence between
the two groups evident in rs3827760, rs6437783 and rs12594144.
Fig. 2. Bar charts indicating cumulative, population
This suggests one or two extra East Asian-informative SNPs could
address this slight PSD imbalance in future adjustments of the
Nano SNP set.

The FST and pairwise genotype difference data from Arlequin
analyses are summarised in Supplementary Fig. S3. Results
indicate a high average number of pairwise genotype differences
between the population groups and consequently FST values are
low within-groups and high between-groups. Admixed popula-
tions from 1000 Genomes give high within-population average
number of pairwise genotype differences and FST values, as would
be expected from the complex patterns of variation that are
characteristic of population admixture.

3.2. Ancestry inference capabilities of the Nano SNP set

Cross-validation of reference populations gave 100% ancestry
assignment success (Supplementary Table S2). Additionally,
assignment success remained at 100% for all populations when
excluding the 14 most informative SNPs (those with highest overall
Divergence values), indicating this marker set maintains a high
level of informativeness even when many components fail to be
reliably genotyped, e.g., analysing low-level DNA.

STRUCTURE analysis of reference population data (no POPFLAG)
produced a pattern of five distinct clusters matching the known
origin of the individuals. The 34 SNP and 46 Indel forensic ancestry
assays with which Nano was compared also distinguish the five
genetic clusters, but in contrast, both give estimated optimum
numbers of clusters below five (Supplementary Fig. S4). The PCA
plots shown in Fig. 3A reveal improved separation and clustered-
ness of populations from the Nano set compared to the other two
assays. This is especially evident in the PC2 vs. PC3 plots for Nano
genotypes, where no set of points overlap and the five population
groups have almost equidistant cluster positions.

Analysis of other genotype data from 1000 Genomes which
were marked as ‘study populations’ (POPFLAG = 0) gave patterns
consistent with analyses made during the development of the 128
Global ancestry set [5] or subsequent analysis of admixed
1000 Genomes ACB, ASW, PEL, MXL, PUR, CLM samples using
the same SNPs (Fig. 7 in [2]). The STRUCTURE cluster plots (Fig. 3B)
in particular match well with results of both previous analyses
using many more SNPs, indicating PEL have the highest Native
American co-ancestry proportions and PUR show predominantly
European co-ancestry. The PCA plots arranged individually along
with STRUCTURE cluster plots for the six admixed 1000 Genomes
-specific and pairwise In values for Nano SNPs.



Fig. 3. (A) Three AIM panels compared with PCA analyses (triallelic SNPs not included in analyses, so Nano = 28 SNPs, 34-plex = 32 SNPs and AIM-indels = 44 markers) for
reference samples. PC: principal component; AFR: African; EUR: European; EAS: East Asian; OCE: Oceanian; AMR: Native American. Control samples with known ancestry are
shown as black points. (B) STRUCTURE analysis for admixed and non-admixed populations included in the study. (C) Mixed populations are represented below in black in the
corresponding PCA analyses (PC1 vs PC2). AFR: African; EUR: European; EAS: East Asian; OCE: Oceanian; AMR: Native American. The 18 individual 1000 Genomes population
abbreviations: ACB; ASW; CDX; CHS; CLM; ESN; FIN; GBR; GWD; IBS; JPT; KHV; LWK; MSL; MXL; PEL; PUR; and TSI are described in Section 2.1.
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Table 2
Ancestry assignment likelihood ratios from a five-population group comparison in Snipper for control samples A–E of known ancestry. All assignments were correct except for
Sample A misclassified as AMR with 34-plex data. Data for 34-plex, AIM-indel markers and the 80 markers combined was obtained directly using the Snipper portal options
and for Nano AIMs, by applying the data in Supplementary File S1 as a custom training set.

Assignment likelihood ratios (from two highest likelihoods)

Sample Known Ancestry 34-plex AIM indels 80 Markers G-AIMs Nano
A East Asian (EAS) 6.8E + 00

more likely to be AMRa
5.5E + 06
more likely to be EAS

9.7E + 06
EAS

2.9E + 16
EAS

B European (EUR) 4.4E + 16
EUR

1.7E + 11
EUR

1.0E + 28
EUR

1.3E + 29
EUR

C Oceanian (OCE) 1.0E + 07
OCE

4.0E + 07
OCE

1.5E + 14
OCE

1.5E + 16
OCE

D Native American (AMR) 1.0E + 05
AMR

1.2E + 09
AMR

1.1E + 14
AMR

4.2E + 08
AMR

E African (AFR) 6.1E + 19
AFR

2.8E + 21
AFR

3.6E + 40
AFR

2.0E + 29
AFR

aLikelihood ratio of AMR/EAS likelihoods.
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populations in Fig. 3C also give very similar cluster distributions
that are positioned between, or close to, the expected population
admixture contributor clusters.

As an additional simple gauge of the ancestry informativeness
of the 31 Nano SNPs, this assay was used to analyse the control
DNAs used in a collaborative EDNAP exercise that assessed the
34 SNPs and 46 Indels described above. The five control DNAs each
have confirmed ancestry from one of the five continental regions
and they were analysed using Bayes analyses and PCA in Snipper.
The five control DNAs are positioned in the middle of their
respective population group clusters describing the correct
Fig. 4. Electropherogram of 31 Nano SNP genoty
ancestry in each case. The Bayes analysis likelihoods obtained
from Snipper are listed in Table 2. Moreover, as shown in
Supplementary Fig. S5, high likelihood ratio values can be obtained
from partial profiles even when the fourteen most informative
markers are missing.

3.3. Forensic performance of the Nano SNPs set

A typical SNaPshot profile from analysis of 1 ng of the 9947A
control DNA with the Nano assay is shown in Fig. 4. The dilutions
series of 9947A gave full profiles with 0.5, 0.25, 0.125 and 0.064 ng
pes obtained from the control DNA 9947A.
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of DNA. Locus and allele drop out occurred with 0.032 and 0.016 ng
of input DNA, however >80% profile completeness was obtained for
these analyses.

The sensitivity of the Nano assay was assessed with paternity
test samples, comprising biopsy, bones (cranium, femur and tibia)
and teeth identified as degraded or PCR-inhibited (�35–95% STR
profile completeness). Nano profile completeness ranged from
�20% to 70% and produced ancestry assignment likelihoods above
60,000.

4. Discussion

When originally rebuilding a SNP-based forensic ancestry
multiplex for MPS analysis, we started to recognise subsets of the
most informative markers that would be well suited to develop-
ment of smaller SNaPshot tests. The present study describes the
compilation of 31 SNPs, mainly representing the most informative
markers from the full set of 128 Global AIMs. These SNPs maintain
the capacity to differentiate five continentally-defined population
groups. Therefore, the Nano assay extends the three group
comparisons possible with existing SNaPshot forensic ancestry
tests [9,28–30] to the two additional population groups of Native
Americans and Oceanians. Each of these population groups
contribute to admixture patterns commonly seen in large parts
of the regions they occupy. For this reason, we prioritised the
preservation of balanced PSD, although this was difficult to
maintain when accomplishing the 75% reduction in multiplex size.
One outcome of this process was a disproportionate lowering of
the East Asian cumulative PSD compared to the other groups that
we aim to address by careful choice of 1–2 additional AIMs.

The selection of SNPs informative for Native American and
Oceanian populations requires use of much smaller population
sample sizes from the HGDP-CEPH panel compared to those of
1000 Genomes. Therefore, SNP ascertainment bias could reduce
the power of the 31 SNPs to differentiate novel populations not yet
characterised from each of these regions. However, such bias is
unlikely to lead to the discovery of new SNPs as divergent as the
22 Native American informative and 28 Oceanian informative SNPs
assembled in the original 128-plex set. The inclusion in the 31-plex
Nano set of the five most informative SNPs for both Native
Americans and Oceanians, comprising SNPs with alleles near to
fixation, ensures the Nano set is almost equally informative for all
five groups and the assignment likelihoods obtained for popula-
tions from the two additional population groups exceed the values
possible with previous AIM-SNP sets developed for SNaPshot
genotyping.

When the same control samples with known ancestries are
tested with established multiplexes of 34 SNPs, 46 Indels and the
Nano 31-plex, higher assignment likelihoods are obtained for the
31 SNPs than 80 markers combined in three of five population
groups, and all likelihoods exceed those obtained from 34-plex SNP
data by considerable margins (between 3 and 16 orders of
magnitude). Therefore, for the bulk of forensic samples that
require an ancestry analysis in laboratories without MPS systems
in place, the Nano SNP set represents the best option as a stand-
alone CE test. The use of the Nano SNPs alongside Indels, with their
enhanced capacity to detect mixed DNA profiles [8], will provide a
particularly powerful approach to forensic ancestry analysis from
the use of conventional capillary electrophoresis techniques,
already optimised for routine DNA analyses in every forensic
laboratory.

In conclusion, the Nano ancestry assay has brought together a
highly informative set of markers with well-balanced population-
specific Divergence for the five population groups it is designed to
analyse. This characteristic minimises the co-ancestry proportion
estimation bias when analysing admixed samples. Moreover, the
single SNaPshot reaction shows high sensitivity (complete profiles
obtained down to 64 pg of input DNA), with the potential to analyse
degraded samples, making it an ideal forensic ancestry assay for
the full range of casework applications where DNA is analysed with
capillary electrophoresis.
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