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ARTICLE INFO ABSTRACT

Keywords: To compile a new South Asian-informative panel of forensic ancestiy SNPs, we changed the strategy for selecting

SNPs the most powerful markers for this purpose by targeting polymorphisms with near absolute specificity — when the

South ‘fma . South Asian-informative allele identified is absent from all other populations or present at frequencies below

]lzz;eizltcl;n:;?j; :Izll;flselz 0.001 (one in a thousand). More than 120 candidate SNPs were identified from 1000 Genomes datasets satisfying

1000 Genomes an allele frequency screen of > 0.1 (10 % or more) allele frequency in South Asians, and < 0.001 (0.1 % or less)

HGDP-CEPH in African, East Asian, and European populations. From the candidate pool of markers, a final panel of 36 SNPs,
widely distributed across most autosomes, were selected that had allele frequencies in the five 1000 Genomes
South Asian populations ranging from 0.4 to 0.15. Slightly lower average allele frequencies, but consistent
patterns of informativeness were observed in gnomAD South Asian datasets used to validate the 1000 Genomes
variant annotations. We named the panel of 36 South Asian-specific SNPs Eurasiaplex-2, and the informativeness
of the panel was evaluated by compiling worldwide population data from 4097 samples in four genome variation
databases that largely complement the global sampling of 1000 Genomes. Consistent patterns of allele frequency
distribution, which were specific to South Asia, were observed in all populations in, or closely sited to, the Indian
sub-continent. Pakistani populations from the HGDP-CEPH panel had markedly lower allele frequencies, high-
lighting the need to develop a statistical system to evaluate the ancestry inference value of counting the number
of population-specific alleles present in an individual.

1. Introduction SNPs have proved to be a useful set for supplementing other forensic

ancestry panels that have a stronger emphasis on differentiating the five

We developed the original Eurasiaplex forensic single nucleotide
polymorphism (SNP) ancestry panel in 2013 [1] specifically to enhance
the distinction of European and South Asian ancestries. These popula-
tion groups are more closely positioned geographically and lack physical
barriers to migration, so consequently are genetically less well differ-
entiated than other continentally defined population groups. For a
sizeable proportion of their genomic variation, populations of the Indian
sub-continent show allele frequencies with variability positioned in the
middle of an allele frequency cline running between Europe and East
Asia. Key additional patterns of variation are defined by differing ratios
of variability from the inferred founding populations of Ancestral North
Indians and Ancestral South Indians [2,3]. Such variation therefore
tends to have limited informativeness for distinguishing South Asian
individuals from Europeans or East Asians. Nevertheless, the Eurasiaplex
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continentally based population groups of Africa, Europe, East Asia,
America, and Oceania [4-6]. When considering the development of a
new set of South Asian-informative SNPs to improve the power of
massively parallel sequencing (MPS) ancestry tests for forensic use, we
decided to revise the strategy for selecting optimum AIMs. This was
accomplished by a change of focus away from allele frequency contrasts
between South Asia and Europe and/or East Asia, towards selecting
SNPs with near-absolute population specificity, defined in this respect as
variants with zero or extremely low allele frequencies in population
groups outside the targeted region. Therefore, despite the new variants
identified having allele frequencies as low as 0.1 in South Asian pop-
ulations, in all other regions the allele frequency of the specific allele is
generally considerably lower, with values of 0.001 (1-in-1000) or less.
Although an allele frequency of 0.1 is seemingly uncommon variation,
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18 % of genotypes will be heterozygotes with the specific allele, and
when specific allele frequencies are as high as 0.4, 64 % of genotypes in
total carry that allele. These frequencies of a specific allele at any one
locus contrast with those in individuals from other regions, including
areas neighbouring South Asia, of less than 1 in 1000. As a result, when
panels of thirty or more markers with near-absolute specificity are
compiled, between 12 and 18 specific-allele genotypes are detected in
individuals from the target population group, compared to a maximum
of one, two or, much more rarely, three genotypes in individuals from
elsewhere,

To develop a second-generation forensic AIMs panel for the analysis
of South Asian ancestry, which we called Eurasiaplex-2, approximately
120 candidate SNPs were compiled with absolute or near-absolute
specificity to South Asia, a region extending from the Indian sub-
continent into Afghanistan in the northwest, and Myanmar along with
closely sited parts of the SE Asian archipelago in the east. We used the
five 1000 Genomes populations with South Asian origins to detect SNPs
with specific alleles that had frequencies ranging from 10 % to 40 % in
these populations but contrasting with zero frequencies or in the range
of 1-in-200 to 1-in-1000 in the project’s populations from East Asia,
Europe, and Africa. Once identified, the best markers were compiled
into a smaller panel of 36 AIMs suitable for inclusion in future globally
applicable ancestry panels for SNP genotyping using MPS. The 36 SNPs
selected for the Eurasiaplex-2 panel were cross-checked for consistent
South Asian-specific allele frequency patterns amongst the widely
dispersed population sampling of five other whole-genome-sequence
human diversity projects.

2. Methods and materials

2.1. Changing the concept of population informativeness when selecting
forensic ancestry SNPs

Fig. 1 details three ancestry SNPs of potential interest for inclusion in
a panel of South Asian-informative markers. SNP rs10008492 was
chosen for the original Eurasiaplex panel as there is evident differenti-
ation in the rs10008492-C allele frequencies (blue segment) between
South Asian and European populations, although it is also evident that
this allele only very weakly differentiates East Asian populations. This is
reflected in the contrasting pairwise I, values of 0.16 and 0.02,
respectively, shown for each population comparison. The I, divergence
metric is widely used to gauge population differentiations [7] and was
the basis for the first Eurasiaplex SNP selection process (Fig. 1 of [1]).
Another simple metric often used and indicative of ancestry inference
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power, is the allele frequency differential (5); the absolute difference of
one population’s allele frequency from another - in this case, the
European-South Asian § is 0.5, a comparatively high wvalue. SNP
156053171 provides very good differentiation between Europeans and
East Asians, and South Asians have intermediate frequencies for both
alleles, consequently giving high I, and 8, comparing South Asians to
both other populations. This SNP was chosen in a study by Pfaffelhuber
et al. in 2020 [8] as part of a set of twelve loci to compile an optimum
ancestry SNP set for distinguishing African, European, East Asian and
South Asian populations, selected using a supervised feature selection
system [8]. However, given a South Asian heterozygosity of 48 %, over
half of genotypes are homozygous TT or GG and therefore these in-
dividuals are not distinguished from Europeans (69 % of TT homozy-
gotes) or from East Asians (31 % of GG). The third SNP rs371763923 has
the lowest I, and & values of all three loci, so would not be amongst the
top selections as an ancestry marker. However, the power of this type of
SNP’s allele frequency distribution lies in the zero frequency for the
1$371763923-G allele (yellow segment) in both Europeans and East
Asians. In the 33 % of South Asians where the G allele is detected as a
heterozygote, or the 4 % as a homozygote, these genotypes strongly
signal origins from this population group as they are not observed
elsewhere. Supplementary Fig. S1 details all the individual population
allele frequencies in each SNP, indicating there are also zero
1s371763923-G allele frequencies in African, Native American, Ocean-
ian and Middle East populations, making this SNP universally specific
for South Asia. Only one population, 1000 Genomes KHV (Kinh in Ho
Chi Minh City, Vietnam) has two individuals with rs371763923-G al-
leles, representing < 1 % overall frequency. We selected multiple,
well-spaced SNPs on each chromosome that display this kind of highly
specific frequency distribution, by applying the strict criterium of the
lowest possible specific allele frequency across all populations outside of
South Asia. In all cases, the South Asian-specific allele was the Reference
Sequence (RefSeq) alternative allele, not the reference allele (herein, Alt
and Ref alleles, respectively).

2.2. Marker selection

BCFtools was used to make selections of suitable candidate SNPs
from publicly available 1000 Genomes Phase I1I variant catalogues [9].
The chromosome based VCF data from the 1000 Genomes FTP site was
searched using the simple allele frequency intersect of: ‘> 0.1 in South
Asian, < 0.01 in African, East Asian, European and admixed American
population sample’ frequency cut-offs. Multiple-allele variants were
excluded, and X-/Y-chromosome variants were identified but not

Fig. 1. Three different types of ancestty SNP with poten-
tially South Asian-informative allele frequency distribu-
tions. The well-established I, Divergence measurement of
population diversity are shown for each pairwise compar-
ison: European-South Asian left, and South Asian-East
Asian right. SNP 1510008492 was part of the original Eur-
13% asiaplex panel and is informative for the differentiation of
Ewropeans, but not for East Asians. SNP 156053171 has
high Divergence values, but South Asian homozygotes are
uninformative for either Europeans or East Asians. Only
SNP 15371763923 is equally informative for both compar-
isons and despite relatively low Divergence values, over 33

South Asian
Heterozygosity

48% % of genotypes would be highly informative heterozygotes
or GG homozygotes that are not found in the other
populations.

33%
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compiled into the final candidate lists for each chromosome. Lists of
candidate SNPs were assembled in Excel per chromosome, for further
allele frequency comparisons of allele frequencies in African, East Asian,
European, and American population samples to maximise the level of
South Asian specificity. It should be emphasised that we routinely
compile 1000 Genomes variant data from the high sequence coverage
datasets generated by the NYGC sequencing of the project’s sample set,
which has greatly improved the quality of SNP genotype calls across the
human genome [10]. The SNP rs3857620 is illustrative of the problem of
performing searches for ancestry markers using variant catalogues based
on low coverage sequencing data, and which may continue to harbour
incorrectly called genotypes. This SNP was identified by Zhao et al., in
2019 [11] as a South Asian-informative marker suitable for a small-scale
forensic ancestry panel proposed to consist of 36 SNPs in total. SNP
183857620 was also adopted for the VISAGE Enhanced Tool for Ancestry
and Appearance in a much larger set of SNPs genotyped with MPS [12].
However, the currently listed genotypes in the 1000 Genonies Ensembl
portal [13] indicating a 46 % frequency of the A-allele in South Asian
populations vs. 0-13 % in the other population groups, contradicts an
A-allele frequency estimate across all 1000 Genomes populations
sequenced at high coverage, of less than 1 %. For this reason, we
cross-checked all current human genome variant databases to ensure
each SNP of interest showed consistent patterns across all datasets.

Once compiled, single SNPs were selected from each cluster of
markers on any one chromosome segment showing near-identical allele
frequency patterns, to optimise the genomic distribution of the final
marker set. An exception was made to this rule for chromosome 16,
which had a very large extended haplotype of markers with high South
Asian specificity at 16p11.2-q11.2. In this case, multiple SNPs were
chosen at widely dispersed positions which were clearly part of a large-
scale chromosome segment where haplotypes of specific SNP variants
had been preserved at very high frequencies in many South Asian
populations.

2.3. Human genome variant databases accessed

The SNP variant catalogue of 1000 Genomes Phase 11l was interro-
gated with the South Asian-targeted allele frequency intersect described
in Section 2.2. All genotypes were cross-checked for accuracy with the
NYGC high sequence coverage dataset for each candidate SNP in turn.
To further check accuracy of allele frequency estimates made from each
set of 1000 Genomes genotypes, the gnomAD (Genome Aggregation
Database [14]) v.3.1.2 dataset was checked for all Eurasiaplex-2 candi-
date SNPs. The gnomAD database is the largest publicly available
collection of population variation compiled from large-scale human
genome sequencing projects. It only reports allele frequencies per pop-
ulation but compiles the most up-to-date data from 1000 Genomes (i.e.,
the NYGC high sequence coverage variant data); whole-genome
sequence data for the widely used HGDP-CEPH diversity panel, as well
as more than 152,000 samples from large-scale African, European
(Finnish and non-Finnish compiled separately), East Asian, South Asian,
Middle Eastern, Latino (admixed American), Ashkenazi Jewish and
Amish population samples. Studies of patterns of human variation on
this scale provide very accurate allele frequency estimates, and gnomAD
data is particularly sensitive to very rare variation such as a tri-allelic
polymorphism where a second alternative allele (Alt-2) at a SNP site is
present in one population at a very low frequency. Genotypes from the
HGDP-CEPH panel were obtained from this project’s FTP site [15].

Human variant data from Simons Foundation human genome di-
versity project (herein, SGDP [16]) offers information on geographic
areas outside of those covered by 1000 Genomes or the HGDP-CEPH
sampling regimes; in particular, Northeast Asia (broadly, Siberia east
towards the Bering Straits); Southeast Island Asia; and Central South
Asia (broadly, the Caucasus, east towards the central Asian Steppe
immediately north of the Hindu Kush, Kashmir, and Tibet). There are
278 samples with genome-wide SNP datasets, of which 22 overlap with
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1000 Genomes and 133 overlap with the HGDP-CEPH panel samples,
leaving 123 unique samples, from 67 populations, but each a very
limited number of 1, 2 or 3 samples per population. The Estonian Bio-
centre genome diversity panel (herein, EGDP [17]) largely mirrors the
sampling regimes of SGDP by being mainly samples of 1, 2 or up to 6
individuals per population or region. EGDP has 402 individual samples
from 121 populations that almost all complement the SGDP samples by
providing extensive geographic coverage of Siberian, Northeast Asian,
Eastern European, and Central South Asian regions. We compiled the
123 SGDP-unique genotype datasets and 402 EGDP genotype datasets
for the candidate Eurasiaplex-2 SNPs.

Lastly, we collected genotypes for the Eurasiaplex-2 final selection of
36 SNPs from the Singapore Genome Variation Project (herein SGVP), a
whole-genome sequencing study from 2014 which included 36 in-
dividuals of Indian descent residing in Singapore, plus 96 Malays in
Singapore [18,19].

2.4. Statistical considerations

To emphasise the power of specific variation to signal a particular
population, Bayes analysis which generates a likelihood ratio (LR) be-
tween two possible populations-of-origin starts to build very high cu-
mulative probabilities in SNPs with specific alleles at even moderate
frequencies. The highest likelihood ratio for an rs10008492-TT or
1$6053171-GG homozygote comparing South Asian and European allele
frequencies (shown in Fig. 1) produces a probability of —4.7 times more
likely South Asian. The same likelihood test for an rs371763923-AG
heterozygote, and applying a conservative ‘global’ G allele frequency
of 1 % for all non-South Asian populations, produces a probability of
16.75 times more likely South Asian. Given most populations outside of
South Asia have a zero frequency for the specific allele of most of the
SNPs chosen for Eurasiaplex-2, Snipper avoids zero-value numerators in
LR calculations by applying the default value of 1/n + 1; where n is the
sample size for that population.

We explored the application of Bayes analysis using the Snipper
multiple profiles SNP classifier [20], which accepts multiple SNP pro-
files and generates principal component analysis (PCA) plots in the same
test. Allowance was made for non-independence of linked SNPs when
applying the chromosome 16 haplotype SNPs by choosing the ‘Hardy—
Weinberg principle need not apply’ option in Snipper, which adjusts for
association of allele frequencies amongst closely sited SNPs on the same
chromosome. Additionally, estimations were made of likely recombi-
nation rates amongst the haplotype component SNPs by measuring the
recombination fraction values between these markers using the HapMap
genetic map for this chromosome, as previously described [21].

An alternative to Bayes LR tests and PCA is to run a genetic cluster
algorithm such as STRUCTURE [22]. Since we were only compiling
markers specific to one population group, there is limited information
that can be obtained from STRUCTURE analyses seeking two genetic
clusters (i.e., setting analysis runs for a K value of 2). Nevertheless, we
performed a simple comparison of STRUCTURE analyses of 1000 ge-
nomes populations using Eurasiaplex and Eurasiaplex-2 SNP sets to
explore the extra power potentially gained from alleles with absolute
specificity to a single population group.

A much simpler and potentially informative alternative to all three of
the established population analysis systems, is to simply count the
number of specific alleles found in any one individual and assess if these
match the patterns observed across the whole region of interest. This
was done in the current study on a large scale with the five South Asian
1000 Genomes sample sets and included HGDP-CEPH samples plus
those on a much smaller scale, but geographically dispersed and
covering a wide range of different populations from the Indian sub-
continent samples of SGDP and EGDP.
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3. Results

3.1. Screening South Asian-specific candidate SNPs

A total of 123 candidate South Asian-specific SNPs were compiled by
applying the allele frequency intersect to the 1000 genomes Phase III
variant catalogue. The full candidate SNP set is listed with summary
genomic details and complete genotype data (including 1000 Genomes
NYGC high coverage, HGDP-CEPH, SGDP and EGDP genotypes) in
Supplementary Tables S1IA and S1B, respectively. Genotype concor-
dance was checked by comparing the currently published 1000 Ge-
nomes Phase III data used for the allele frequency screening, with the
high coverage genotype calls from the NYGC re-sequenced 1000 Ge-
nomes samples. The 2,505 sample-by-sample comparisons for each of
the 123 candidate SNPs are listed in Supplementary Table S1C.

An initial filter set was applied to exclude SNPs that had one of three
characteristics: i. genotype discordancy rates higher than 20 in-
compatibilities (approximately 1 % or more differences in genotype
calls); ii. SNPs that lost the expected specific allele pattern when the
NYGC genotypes of South Asian samples were compared to those of the
other populations; iii. SNP pairs which were physically well separated
on the same chromosome segment, but which showed identical allele
frequencies indicating they were in linkage disequilibrium - in such
cases, one SNP was chosen. Note that the third screening rule was not
applied to SNPs in the chromosome-16 extended haplotype. Fig. 2A
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shows the ten SNPs with more than 20 discordant genotypes, excluded
from further consideration. No suitable SNPs were identified on chro-
mosomie 21, and the single SNP on chromosome 22, rs113693449, was
excluded due to a high level of genotyping discordancy. Fig. 2B provides
summary allele frequency charts for the SNPs that were expected to have
South Asian-specific alleles in searches of the 1000 Genomes Phase II1
data, which were not detected in the high coverage NYGC data:
153857620, 15199671447 and rs113693449. The NYGC data for SNP
rs11103281 maintained the allele expected in South Asian samples, but
it was also detected in the other population groups so lacked specificity.
All four of the above SNPs had zero South Asian-specific allele fre-
quencies in the Gujarati in Houston US (GIH), which suggested dis-
crepancies in the way these SNPs had been genotyped - notably that the
GIH population samples were originally studied by HapMap, and this
data may simply have been merged with the South Asian populations
added to 1000 Genomes Phase III studies. SNP rs9915709 had a much
higher frequency in African samples than South Asians, therefore
although this SNP was listed, in practice it would be less informative
than other SNPs with zero, or near-zero allele frequencies across all non-
South Asian populations. Finally, SNP rs371441513 had the highest
level of genotype discordancy, which suggests it has sequencing issues,
meaning it is unlikely to be reliably genotyped with any assay developed
for Eurasiaplex-2 SNPs.
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Fig. 2. (A) Ten Eurasiaplex-2 candidate SNPs with discordant genotypes between the current 1000 genomes Phase III data (2-3x sequence coverage) and the high
coverage (30x) NYGC re-sequenced samples. Although the top four have relatively low numbers of discordant genotypes, the other six indicate sequence alignment
problems or complex sites (e.g., with closely positioned Indels) and all were rejected to minimise the 1isk of genotyping problems using MPS. (B) Three Eurasiaplex-2
candidate SNPs with misleading allele frequency information in the current 1000 Genomes Phase III variant dataset (upper left-hand pie charts for South Asian
populations and population group summaries), contrasting with the allele frequency information from the higher coverage sequence analysis data for the same
samples, plus gnomAD South Asian data, where frequency estimates are based on ~4800 samples (upper right-hand charts). Lower pie charts show additional
problems of insufficient specificity in 1s9915709 (South Asian-specific allele at a higher frequency in African populations) and 1511103281 (all population groups
have the South-Asian specific allele at >0.05 frequencies), plus SNP 1s371441513 with the highest recorded genotype discordancy rate indicating a potentially

complex variant site.
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3.2. Selecting a core set of South Asian-specific SNPs for Eurasiaplex-2

3.2.1. Patterns of South Asian-specific genotype distributions

Table 1 outlines genomic details and summary allele frequencies of
the 36 SNPs selected for Eurasiaplex-2. It is noteworthy that only the two
SNPs 1577510889 and rs17158407 were previously identified in the
1000 Genomes Phase 1 variant catalogue (accessible in the SPSmart
ENGINES genome browser [23]). This is mainly due to an absence of
South Asian population samples in this first 1000 Genomes SNP geno-
typing project phase, so a SNP with the Alt allele only present in South
Asian populations would consist entirely of Ref allele homozygotes in all
Phase I populations and thus not be identified as a variant. SNPs were
given internal codes based on their chromosome and RefSeq 5' to 3’
locations, from 1A to 20 (i.e., one SNP on this chromosome). Generally,
gnomAD South Asian-specific allele frequencies were slightly lower than
most or all of those in 1000 Genomes. With the exception of
1s374908464, the CEPH Pakistani allele frequencies averaged across the
eight populations, are substantially lower than either 1000 Genomes or
gnomAD South Asian samples. The overall average South Asian-specific
allele frequency of 0.085 in CEPH Pakistani samples is two- to
three-times lower, and for 27 of the 36 SNPs would not meet the se-
lection criteria of > 0.1 allele frequencies.

The full list of genotypes and summary allele frequency estimates for
the 36 SNPs in each population group are listed in Supplementary Table
S1D. For each of the 4097 samples listed in this table, numbers of South
Asian-specific genotypes and alleles were counted. The individual South
Asian-specific genotype counts are plotted as blue bars in Fig. 3A (the
four 1000 Genomes population groups), and Fig. 3B (all other samples
from HGDP-CEPH, SGDP, EGDP and SGVP SNP databases), with the
small CEPH Uyghur and EGDP Roma population samples highlighted as
red bars for clarity. Aligned above each set of bar plots in Fig. 3A and B
are graphic representations of South Asian-specific allele homozygotes
(red lines) and heterozygotes (orange lines), with non-specific allele
homozygotes in grey. All 36 of these non-specific alleles are the RefSeq
reference allele. These graphics highlight the large number of informa-
tive genotypes recorded in the 1000 Genomes South Asians, with only
1577510889 (internal code ‘SNP 10') indicating a higher-than-average
number of South Asian-specific genotypes in 1000 Genomes African
and CEPH African populations. Note that there are four SNPs not gen-
otyped in EGDP, five in SGVP Singapore Indian, and two in Singapore
Malay genome datasets. In each of the other databases, South Asian
samples are clearly indicated by blue bars with prominent heights and
the corresponding dense patterns of orange and red lines. The average
number of informative genotypes per individual is given above each
South Asian population box (values for the individual CEPH Pakistani
populations below the bar plots). The contrast is evident between the
CEPH Pakistani populations and 1000 Genomes South Asian pop-
ulations, with an average of —14 specific genotypes per individual in
BEB, ITU, GIH, STU populations, dropping to less than 12 in PJL, Punjabi
from Lahore, Pakistan. The CEPH Pakistani populations have much
lower average numbers of informative genotypes per individual, which
range from ~8 in the Sindhi to ~2 in the Hazara samples. In the other
datasets, the SGDP and EGDP South Asian, plus SGVP Singapore Indian
samples have close to an average of 11 informative genotypes per in-
dividual (adjusted for the missing SNPs), which can be taken to repre-
sent an overall median number of informative genotypes for this target
population group in the 36 SNPs selected. The other 1000 Genomes
population groups have the expected very low average informative ge-
notype value of less than 0.2, allowing a degree of differentiation to be
made between East Asians and the South Asian-related samples of CEPH
Uyghur, occupying regions to the northeast of the Indian sub-continent;
and EGDP Roma, a trans-national cultural isolate suggested to have
originated from a proto-Romani population living in northwest India
[24]. The Uyghur have relatively low average informative genotype
levels of 1.8, but the Roma, although only five individuals and based on
32/36 SNPs, show a high average value of ~6.7 informative genotypes.
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3.2.2. South Asian-specific allele frequency estimates from Eurasiaplex-2
SNP genotypes

Although genotype frequencies provide indications of the population
informativeness of the SNPs selected for Eurasiaplex-2, examination of
allele frequencies allows a clearer overview of how the SNP variability is
distributed across the Indian sub-continent. When population-wide
average South Asian-specific allele frequencies are calculated for each
of the 36 SNPs from 1000 Genomes combined South Asian populations,
gnomAD samples (approximately 5000 South Asians, with no specific
geographic data provided), and CEPH Pakistani datasets, the contrast
between Pakistan and the rest of South Asia is further underlined. Fig. 4
gives bar plots for the South Asian-specific average allele frequencies per
SNP in each dataset, ranking the markers from most informative to least,
left to right. The Fig. 4 plots suggest a close match in frequency estimates
between 1000 Genomes and gnomAD data, but much lower specific
allele frequency estimates for Pakistanis that are between 10 % and 25 %
of the other dataset values. The reciprocal bar plots in Fig. 4 use a 100-
fold smaller scale and show most South Asian-specific allele frequencies
in other parts of the world rarely exceed 0.001-0.003, or a maximum of
1 in 300. The boxed values for rs77510889 indicate high frequencies for
the G-allele outside of South Asia, which exclude population data where
this allele was at a particularly high frequency - notably the HGDP-CEPH
hunter-gatherer populations of San, Mbuti Pygmies and Biaka Pygmies.
South Asian-specific alleles in the rest of the world for rs186371551 and
15184748067 also had higher-than-average frequencies but were more
widely dispersed.

Although there are very different sample sizes between the pop-
ulations sampled by 1000 Genomes, CEPH, SGDP and EGDP (approxi-
mately 100, 25, 2-3, and 2-6, respectively), it is instructive to map the
distribution of South Asian-specific allele frequencies in all the pop-
ulations studied which are located in, or near, the Indian sub-continent.
Fig. 5 provides pie charts of the average percentage of South Asian-
specific alleles in each population sample in 1000 Genomes, CEPH,
SGDP and EGDP ( percentage values adjusted for four missing SNPs in
EGDP) from in or near the Indian sub-continent, mapped to their
approximate geographic locations. The UK-resident 1000 Genomes In-
dian Telugu (ITU) and Sri Lankan Tamil (STU); and US-resident Gujarati
(GIH) populations are placed in their approximate locations of origin,
and the EGDP Roma have no sampling location described. The CEPH
Cambodian and EGDP Aeta from the Philippines are also too distant
from the centre of South Asia to be easily placed on this map. Note that
the average percentage of South Asian-specific alleles in all other pop-
ulation samples not shown in Fig. 5 was less than 0.5 %, except the two
SGVP samples: Indians in Singapore = 20 %; Malays in Singapore = 0.76
%. Patterns of average allele frequency distributions in the 31 popula-
tion samples shown in Fig. 5 indicate a high percentage value in most
populations within India and Bangladesh, but a sharp drop in these
values in populations from regions northwest and east of this country. A
notable exception is the 1000 Genomes Punjabi from Lahore, Pakistan,
with this population group occupying the most easterly part of Pakistan
at the northwest corner of India. The smallest recorded average per-
centage of South Asian-specific alleles were observed in the most
geographically distant Iranians in the West (1.38 %), Uyghur in the
north (2.5 %) and Cambodians in the east (2 %).

3.3. Analysis of the six Eurasiaplex-2 SNPs on chromosome 16

Six SNPs chosen from chromosome 16 (C16) had the highest levels of
South Asian specificity and three were clustered around the centromere,
potentially meaning they could show full or high levels of allelic asso-
ciation due to reduced recombination, precluding their use as inde-
pendent loci. Table 2 summarises the recombination rates between the
six SNPs using the HapMap genetic map database to estimate map dis-
tances in Centimorgans (cM) and Kosambi-adjusted recombination
fractions (Rec). The Re estimates in Table 2 indicate the three 5 SNPs
15368479296-rs376893831-1rs370130302 show minimal linkage with
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Fig. 3. (A) South Asian-specific genotype distributions and total number of informative genotypes in each 1000 Genomes sample; specific allele homozygotes marked
in red and heterozygotes in orange (both genotypes counted singly) of 36 Eurasiaplex-2 SNPs in twenty 1000 Genomes populations. The average number of infor-
mative genotypes are shown as group-wide values for Africans, Europeans, and East Asians, and for individual populations for South Asians. Internal codes are used
to label each SNP, which are detailed in B. (B) South Asian-specific genotype distributions and total number of informative genotypes in four whole-genome-
sequencing human diversity projects, additional to 1000 Genomes: HGDP-CEPH diversity panel; Simons Foundation genome diversity project (SGDP); Estonian
Biocentre diversity project (EGDP); Singapore genome variation project. HGDP-CEPH Uyghur and EGDP Roma geographic outlier samples are marked in red. The
average number of informative genotypes are shown individually for eight HGDP-CEPH Pakistani populations and HGDP-CEPH Uyghur; SGDP South Asian samples;
EGDP South Asian, SE Asian and Roma samples; SGVP Singapore Indian and Singapore Malay samples. Note EGDP lacks data for four SNPs, SGVP lacks data for five
in Singapore Indian and two in Singapore Malay samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 4. Allele frequency spectra of the 36 Eurasiaplex-2 SNPs. Markers are arranged in descending 1000 Genomes South Asian-specific average allele frequency and
show bars for 1000 Genomes South Asians, gnomAD South Asians and CEPH Pakistanis. Rest-of-the-World average frequencies are compiled from 1000 Genomes
African, European, and East Asian average frequencies, plus gnomAD and HGDP-CEPH average non-South Asian population data. The Rest-of-the-World axis shows
1/100th allele frequency values compared to those of South Asian populations. The boxed values of 1s77510889 exclude high frequencies for the South Asian-specific
allele amongst HGDP-CEPH African Khoisan, Biaka Pygmies and Mbuti Pygmies (1s77510889-G allele frequency of 0.23 in HGDP-CEPH African hunter-gatherer

populations vs. 0.06 in HGDP-CEPH Pakistani populations).

32 % and 11 % recombination fractions, but the other three 3’ centro-
meric SNPs rs368738705-rs368538881-rs377323011 have a much
lower level of recombination of —0.35 % across the 3-SNP span. The top
half of Fig. 6 outlines the structural landscape of these three C16
centromeric SNPs and the common genotype combinations they form in
South Asian vs. other populations.

To explore the possibility of association between the rs368479296-
1s376893831-rs370130302 SNPs, we decided to treat them as a haplo-
type and gauge haplotype diversity in the 1000 Genomes samples
(excluding admixed samples). Although the Rc values between these
SNPs are very low, the physical distances in megabases (Mb) are much
bigger, with the 12.35 Mb span between 15368738705 and rs368538881
alone representing nearly 14 % of the total C16 length. Therefore, it
would not be possible for 1000 Genomes to accomplish accurate phasing
of alleles for this series of SNPs over such distances. We decided to
convert any localised phasing (i.e., a SNP allele’s phase with reference to
its immediate neighbours) made by 1000 Genomes of rs368479296-
1$376893831-rs370130302 heterozygotes, into alphabetic order,
respectively: TC>CT, TC>CT, GA>AG. This created the root haplotype
of CCA - universally present in all 1000 Genomes non-South Asian
samples, plus the South Asian-specific TTG haplotype, exclusively
confined to these populations in 1000 Genomes. In this way, any 3-SNP
genotypes which are not CC-CC-AA; TT-TT-GG; or, CT-CT-AG, represent
disruptions to the South Asian-specific haplotypes which signify reduced
allelic association. We counted the derived haplotypes amongst South
Asian individuals as homozygous genotypes in each SNP, specifically (in
bold): CC-CT-AG and TT-CT-AG in rs368479296; CT-CC-AG and CT-TT-
AG in 1s376893831; CT-CT-AA and CT-CT-GG in rs370130302. These
patterns can be interpreted to indicate disrupting recombination be-
tween 1s5368479296-1s376893831, double recombination berween
15368479296-1s376893831 and rs376893831-rs370130302, or recom-
bination between rs376893831-rs370130302, respectively. Although
true phasing cannot be achieved, the extent to which the above six
derived haplotypes occur in 1000 Genomes populations will indicate the
level of disruption of allelic association amongst the three SNPs. The
15368479296-1s376893831-1rs370130302 inferred haplotypes for all
population samples are listed in Supplementary File S1E and the
numbers of each haplotype in 1000 Genomes populations are summar-
ised in the lower half of Fig. 6. Except for a singleton CCG haplotype
(present as CC-CC-AG genotypes in a Vietnamese KHV sample), all 3,021
non-South Asian samples from 1000 Genomes had the CCA root haplo-
type. Amongst the South Asian samples, 206 were inferred to have

specific TTG haplotypes and 464 non-specific CCA haplotypes, but a
significant number of South Asian specific haplotypes, a total of 308,
were derived, i.e., inferred to be different combinations of alleles to
either CCA or TTG. This would suggest there is very little association
between the centromeric C16 SNPs. Furthermore, levels of recombina-
tion between these three SNPs are likely to be higher, given the South
Asian individuals with CT-CT-AG genotypes (88 of 489, 18 %) cannot be
reliably phased.

3.4. Statistical analyses

3.4.1. Conventional Bayes analysis of South Asian population variability
The results of the Bayes analysis likelihood assessments and PCA
patterns generated by Snipper, are summarised in Supplementary File
S1. First, evaluations were made of pairwise cumulative Divergence (Iy)
values calculated for South Asian vs. European, and vs. East Asian
populations, using 1000 Genomes data and comparing the 23 SNPs of
the original Eurasiaplex with the 36 of Eurasiaplex-2 panel. Supplemen-
tary File §1.1 shows the cumulative I, for South Asians vs. Europeans at
the point of 23 SNPs have similar values in Eurasiaplex (1.87) compared
to Eurasiaplex-2 (2.01), but for South Asian vs. East Asian variation
Eurasiaplex only reaches 0.77, compared to 1.99 from 23 Eurasiaplex-2
SNPs. This highlights how frequencies for the specific alleles of zero, or
near zero outside of the targeted population, produce almost identical I,
values in all populations comparisons and for each SNP added. This is
expressed in the cumulative I, chart in Supplementary File S1 as two
diverging and flattening curves in Eurasiaplex, compared with the two
straight lines with identical trajectories in Eurasiaplex-2. Therefore,
when the final cumulative values are calculated for 36 Eurasiaplex-2
SNPs, each population comparison has almost identical values of 2.84
(vs. Europe) and 2.79 (vs. East Asia). When population specific SNPs are
combined in the future to differentiate all the main population groups, it
will be straightforward to balance the I, values for each comparison as
this will just entail adjustment of the number of SNPs needed to reach a
final cumulative value that can be matched across all populations.
Second, the distribution of likelihood ratios (LR) from the compari-
son of 1000 Genomes South Asian and African likelihoods (Africans
produced the second highest likelihoods in five population comparisons)
using Bayes analyses in Snipper, was compiled in a chart of ranked LRs
shown in Supplementary File S1.2. These values are generally much
higher than those observed with alternative ancestry SNPs [4,6], with
the bulk of samples producing LR values in excess of 1E+ 12 or ‘1 in a
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Fig. 5. The average percentage of South Asian-specific alleles (from a total of 72) in each population sample with a recorded value higher than 0.5 %. All such
populations are located within or closely sited to the Indian sub-continent apart from the CEPH Cambodian and EGDP Aeta of the Philippines. Populations to the
west, east and north of India tend to show much lower average percent specific alleles compared to the maximum value of 24 % seen in the 1000 Genomes STU and
ITU population samples. These population samples based in the UK, and the GIH in the US, are positioned in their approximate geographic location. EGDP Roma

samples have no stated sampling location.

trillion times more likely to be from South Asia than Africa’. Never-
theless, five individuals had LR values below ‘2000 times more likely’,
that all corresponded to samples with the lowest number (6) of South
Asian-specific alleles. Third, two PCA plots are shown in Supplementary
File §1.3 from analyses in Snipper of 1000 Genomes YRI, CEU, CHB, and
CEPH Native American, Oceanian populations compared with CEPH
Pakistanis (Plot 1), and compared with 1000 Genomes GIH (plot 2).
These plots illustrate the very tightly distributed set of PCA points in
populations outside of South Asia obtained with Eurasiaplex-2 SNPs. The
target population PCA point distributions are different between

Pakistanis and GIH, with Pakistanis equally diffuse in distribution, but
overlapping with the much smaller area of the 2D plot occupied by
populations outside of South Asia. While PCA itself would not be a
system of choice for assigning ancestry and this represents analysis with
a single set of population-specific markers, it is interesting that zero or
near-zero allele frequencies in most populations causes samples, even in
large numbers, to occupy a very small area of the PCA plot.
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Table 2

HapMap genetic map analysis of the six chromosome 16 South Asian-specific
SNPs in Eurasiaplex-2. The map distance was estimated in Centimorgans (cM)
and the recombination fraction (Rec) calculated from the cM values using
Kosambi adjusted data. The 5" SNPs 1s368479296-1s376893831-1s370130302
show very little linkage with 32 % and 11 % recombination fractions, but the
other three 3’ SNPs 1s368738705-15s368538881-1s377323011 (in bold) have a
much lower level of recombination of less than 0.3 %.

Internal SNP GRCh37 GRCh38 cM inter- Kosambi-
D position position SNP adjusted
distance Re

16A 15368479296 3178971 3128970

16B 15376893831 23053815 23042494 38.681 0.324515
16C 15370130302 28588059 28576738 11.3898 0.111968
16D rs368738705 33921593 34119126 1.793 0.017922
16E 15368538881 46499858 46465946 0.0422 0.000422
16F rs377323011 48327788 48293877 0.3118 0.003118

3.4.2. Genetic cluster analysis with STRUCTURE comparing Eurasiaplex
and Eurasiaplex-2 SNPs

Supplementary File S1.4 shows the cluster plots from separate
STRUCTURE analysis of 1000 Genomes populations using the original
23 Eurasiaplex SNPs and the 36 Eurasiaplex-2 SNPs. Patterns show that
the Eurasiaplex-2 SNP set clearly distinguishes South Asians from all
other 1000 Genomes populations at K:2, with a clean set of columns and
some minor mixed cluster proportions in the PJL. As there is almost no
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genetic variation present in non-South Asian samples for Eurasiaplex-2
SNPs, no other genetic clusters are identified at K:3, K:4, or higher K
values (data not shown). It is noteworthy that the South Asian-specific
1577510889-G allele detected in African populations did not produce
an African cluster for any higher K values analysed. In contrast, the 23
Eurasiaplex SNPs distinguish Europeans as the first major genetic cluster
at K:2, then Africans at K:3, with South Asians only emerging as a
differentiated population group at K:4. To some degree, these patterns
are likely to reflect the selection of the original Eurasiaplex SNPs that had
strongly contrasting allele frequencies between Europeans and other
population groups, including small, but above-average allele frequency
differences between Europeans and South Asians.

3.4.3. Exploration of a simple South Asian-specific allele counting system

Arguably, a much more straightforward system of population
assignment than Bayes analysis can be achieved by simply counting the
number of South Asian-specific Eurasiaplex-2 alleles in an individual.
Fig. 3 illustrating the worldwide distribution of genotype counts, and
Fig. 5, those of allele counts greater than 0.5 %, show they are both
almost completely confined to the Indian sub-continent and adjoining
areas. These patterns show that highly contrasted allele counts in in-
dividuals from South Asia vs. individuals from other regions will give
strong indications of origins from the regions targeted by Eurasiaplex-2,
provided there is no overlap between minimum and maximum counts
from each set of populations. Fig. 7 plots the distribution of South Asian-
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C T G 43 0 cC T A 31 0 cC C G 45 1"

T C A 40 0 T ¢ G 34 0 T T A 115 0

(counting SNP 4
rs368738705 CC or
TT homozygotes)

(counting SNP 5
rs368538881 CC or
TT homozygotes)

(counting SNP 6
rs377323011 AA or
GG homozygotes)

Fig. 6. The six SNPs of Chromosome 16 (red bars) and the haplotype landscape around SNPs 4-6 [1s368738705-1s368538881-15377323011] closest to the
centromere, where Centimorgan (cM) genetic map distances are particularly small (red box). As all three SNPs have alphabetic ordering for the Ref and Alt (South
Asian-specific) alleles - i.e., CT, CT, AG, respectively, all 1000 Genomes heterozygous genotypes were alphabetised, and homozygote genotypes counted in order to
record recombination between the root haplotype CCA and the South Asian-specific haplotype TTG. In this way 15368738705 CC or TT homozygote genotypes
indicated recombination between 1s368738705-15368538881 (‘4 x 5 x 6'); 15377323011 AA or GG indicated recombination between 1s368538881-15377323011 (‘4
5 x 6); and double sequential recombination events (‘4 x 5 x 6') were recorded as 15368538881 AA or CC homozygotes. Counts are given for the 1000 Genomes
South Asians (1KG SAS) vs. all other 1000 Genomes populations (1KG Other, excluding admixed individuals), indicating widespread disruption of CCA and TTG
haplotypes and likely minor levels of association amongst the South Asian-specific alleles of these three SNPs. The single CCG haplotype recorded in a non-South
Asian individual was inferred from CC-CC-AG genotypes. Mb: megabase; KHV: Kinh in Ho Chi Minh City, Vietnam.

10



C. Phillips et al.

specific allele counts in the four 1000 Genomes population groups plus
CEPH Pakistanis. In the 1000 Genomes Africans, Europeans and East
Asians, the majority of samples, some 80-90 %, have no specific alleles
present in any genotypes. Africans have 16 % of genotypes with a single
specific allele, mainly due to the rs77510889-G allele in these pop-
ulations, but that represents the upper limit of specific allele counts in
this population group. Only East Asians have a few individuals with
more than one specific allele, with five samples having two alleles and a
singleton with a maximum of three. The lower limit of specific alleles in
South Asians is 5, with a singleton sample with this number, and then
ten with 6 alleles, meaning there is no overlap in counts between the
South Asians of 1000 Genomes and all individuals from the other pop-
ulation groups. Although a count of three, four or five specific alleles
might be considered ambiguous, such a small number of individuals
could stay unassigned. Therefore, there would be a very low probability
of incorrect assignment of individuals using a lower limit of six specific
alleles to signal South Asian origins.

The CEPH Pakistanis show a distribution with a greater degree of
overlap with populations outside of South Asia, which is not unexpected,
but strict adherence to a minimum six specific alleles means just over
half of Pakistanis (88 of 168 with five or less South Asian-Specific al-
leles) are not assigned as South Asian. We intend to develop a statistical
system for the handling of population-specific allele counts, based on
hypothesis testing where the null hypothesis represents origins in the
specific-allele target population. This will be more easily accomplished
when a globally applicable set of population-specific SNPs has been
compiled for all population groups.

4. Discussion

By constructing a SNP panel composed of a completely new type of
ancestry marker focused on variation that is specific to the single tar-
geted South Asia population group, rather than using SNPs with highly
contrasting but shared variation across multiple populations, we have
identified a characteristic signature of South Asian origin in almost all
individuals from the Indian sub-continent. This specific-allele signature,
illustrated by the dense pattern of orange and red bars in Fig. 3, is clearly
observed across a large, broadly-based collection of South Asian samples
taken from across the world. Apart from rs77510889, that showed a
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relatively high frequency of the South Asian-specific G-allele in Africans,
all other SNP alleles chaosen to be specific to South Asia had frequencies
below 0.005 (0.5 %) in populations outside this region. Applying the
same allele frequency intersect to other 1000 Genomes population
groups plus Oceanian, American, and Middle East populations repre-
sented in the HGDP-CEPH panel, will allow the compilation of a global
population-specific ancestry marker set, with marker numbers appro-
priate for MPS-scale SNP multiplexes. The process of building a large
MPS multiplex requires some adjustments of targeted SNPs with poor
context sequence or flanking region variation that interferes with
sequence alignments or primer binding. For this reason, we chose to
report a full list of suitable South Asian-specific candidate loci, rather
than build a small-scale multiplex of 30-40 markers, as we have done for
many forensic SNP panels previously [1,25,26]. The near-equal cumu-
lative Divergence values between South Asians vs. East Asians and vs.
Europeans shown by the 36 SNPs in Eurasiaplex-2, will make the process
of balancing SNPs specific for each population group relatively
straightforward, as the number of markers can be adjusted to produce a
comparable average number of population-specific alleles per individual
from that population.

The variant data and its statistical treatment that we have briefly
explored in this study, requires a rethink of how best to adapt highly
population-specific SNP allele patterns of variation into a forensic
ancestry prediction framework. We do not feel that Bayes analysis or
PCA will provide the necessary detailed assessments of the number of
alleles specific to a given population that are detected in an individual.
We expect STRUCTURE to be more sensitive to specific-allele patterns as
well as being able to efficiently analyse co-ancestry in individuals with
admixed backgrounds [6,12]. Until a global panel of population-specific
SNPs is constructed this will need to be explored in-silico once enough
candidate SNPs for each population group have been compiled. It is also
useful to begin to develop a statistical framework that centres on formal
testing of hypotheses for H1: originating from the target population vs.
H2: originating from another.

An ancestry SNP selection process that enriches for markers with
near-absolute specificity is more likely to detect variation present in the
targeted population due to less common evolutionary genetic processes
than those that underlie traditionally compiled ancestry sets (i.e., nat-
ural selection and genetic drift). These processes might include recent

Fig. 7. Disuibution of South Asian-specific
allele counts in the four 1000 Genomes popu-
lation groups, showing a bell-shaped distribu-
tion of specific alleles in the South Asian
populations, and the lowest value represented
by a single South Asian individual with five
specific alleles. There is no overlap with the
distribution of specific allele counts in the other
1000 Genomes populations with a single East
Asian individual with a maximum three specific
alleles. CEPH Pakistani samples show a degree
of overlap with a single individual having no
specific alleles, but more than half of Pakistani
samples having less than a nominal six specific
alleles lower limit to signify South Asian
origins.

1000 Genomes East Asians

1000 Genomes South Asians

19 20 21 22 23 24 25 26
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mutation events creating new SNP variants confined to a specific
geographic region [27]; gene flow from Hominin introgression taking
place in a particular locality [28,29]; localised selective sweeps, which
might favour certain low frequency variants which then become
region-specific [30]. Any of these processes could have occurred after
the South Asian root populations of Ancestral North Indians and
Ancestral South Indians [2,3] separated from other Eurasian groups of
populations [31]. There is also the additional complexity of the caste
system in Indian populations creating highly stratified distributions of
variability across the sub-continent (e.g., the Brahmin caste has higher
Iranian ancestry than other Indian castes and this differentiation would
be maintained by reduced outbreeding across castes [32]). The silk
roads provided a strong driver of East-West gene flow across the central
parts of Eurasia, but these were largely routed to the north of the
Himalayas which acted as a lengthy barrier to mass movements into the
Indian sub-continent. Overall, the South Asian SNP variation we have
identified and compiled represents only a very small proportion of total
genomic variability, but the markers have maintained their high levels
of specificity by consistently showing zero, or near zero allele fre-
quencies in every region outside of the Indian sub-continent studied so
far.
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