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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.

ã 2016 Elsevier Ireland Ltd. All rights reserved.

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

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

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.

Table 1
Description, reference allele frequencies and population-specific/pairwise Divergence values (In) of the 31 Nano SNPs. Chr: chromosome; RA: reference allele. All positions
from genome build 37.1 (GRCh37). SNPs are ranked according to their Pop vs. Other Pop In (highlighted in grey) inside each population informative (Informat.) group.
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