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A B S T R A C T

In a directed search of 1000 Genomes Phase III variation data, 271,934 tri-allelic single nucleotide poly-
morphisms (SNPs) were identified amongst the genotypes of 2,504 individuals from 26 populations. The ma-
jority of tri-allelic SNPs have three nucleotide substitution-based alleles at the same position, while a much
smaller proportion, which we did not compile, have a nucleotide insertion/deletion plus substitution alleles.
SNPs with three alleles have higher discrimination power than binary loci but keep the same characteristic of
optimum amplification of the fragmented DNA found in highly degraded forensic samples. Although most of the
tri-allelic SNPs identified had one or two alleles at low frequencies, often single observations, we present a full
compilation of the genome positions, rs-numbers and genotypes of all tri-allelic SNPs detected by the 1000
Genomes project from the more detailed analyses it applied to Phase III sequence data. A total of 8,705 tri-allelic
SNPs had overall heterozygosities (averaged across all 1000 Genomes populations) higher than the binary SNP
maximum value of 0.5. Of these, 1,637 displayed the highest average heterozygosity values of 0.6-0.666. The
most informative tri-allelic SNPs we identified were used to construct a large-scale human identification panel
for massively parallel sequencing, designed for the identification of missing persons. The large-scale MPS
identification panel comprised: 1,241 autosomal tri-allelic SNPs and 29 X tri-allelic SNPs (plus 46 micro-
haplotypes adapted for genotyping from reduced length sequences). Allele frequency estimates are detailed for
African, European, South Asian and East Asian population groups plus the Peruvian population sampled by 1000
Genomes for the 1,270 tri-allelic SNPs of the final MPS panel. We describe the selection criteria, kinship si-
mulation experiments and genomic analyses used to select the tri-allelic SNP components of the panel.
Approximately 5 % of the tri-allelic SNPs selected for the large-scale MPS identification panel gave three-gen-
otype patterns in single individual samples or discordant genotypes for genomic control DNAs. A likely ex-
planation for some of these unreliably genotyped loci is that they map to multiple sites in the genome - high-
lighting the need for caution and detailed scrutiny of multiple-allele variant data when designing future forensic
SNP panels, as such patterns can arise from common structural variation in the genome, such as segmental
duplications.

1. Introduction

The primary aim of the 1000 Genomes Project was to construct a
comprehensive catalog of human variation using fully evolved high-
throughput sequencing technologies [1]. Single nucleotide poly-
morphisms (SNPs) are by far the most common variant type in the

human genome, amounting to more than 96 % of polymorphic varia-
tion. Amongst the 88 million variants recorded by the project’s final
data release, SNPs comprised 84.7 million variants with minor allele
frequencies> 1 % [2]. The 1000 Genomes project reported the com-
piled variant catalogs in two stages named Phase I [3] and Phase III [2];
producing an initial genome variation map in Phase I based on 1,092
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individuals (from 14 worldwide populations), which then progressed to
the more extensive Phase III variant map from the sequencing of 2,504
individuals (26 populations). We originally developed a simple search
interface for the Phase I data called ENGINES [4] accepting multiple
SNP queries (using rs-number lists), or searches for all the Phase I SNPs
identified within a user-defined chromosome segment or gene. When
ENGINES is queried with SNPs known to have three nucleotide alleles,
commonly termed tri-allelic SNPs [5–12], such as the well-established
forensic markers rs4540055 and rs5030240 [5–9], the Phase I allelic
data returned is binary with just two alleles shown. We interpreted this
variant data to indicate that the sequence analysis used to identify the
1000 genomes Phase I variants took a cautious approach when finding
atypical patterns of nucleotide variation and reserved description of
such loci for more detailed re-sequencing. Consequently, when the
Phase III catalog was released, tri-allelic SNPs had been re-instated at
all previously identified sites, such as rs4540055. These SNP’s poly-
morphisms had now been fully characterized and matched their known
patterns of variation in the main population groups. Multiple allele
SNPs (i.e. including tetra-allelic SNPs [11], as well as tri-allelic SNPs
described here) now made up a significant proportion of the total
variation observed - with approximately 0.32 % of all listed SNPs
showing three alleles in Phase III. Although this is a higher proportion
than might be expected given two separate substitutions must become
fixed in a population to establish such polymorphisms, there is growing
evidence that the substitutions in tri-allelic SNPs are not independent
events and the mutations that create these SNPs occur at a higher fre-
quency than predicted from the distribution of binary SNPs in the
human genome [13,14].

The six genotypes possible in tri-allelic SNPs clearly raises the
overall level of polymorphism per marker compared to binary SNPs,
making tri-allelic variants compelling markers for forensic use, since a
multiplex of such SNPs achieves higher discrimination power, but can
still be based on short amplified fragment sizes not possible with most
mainstream STRs. This study compiled all the detected tri-allelic SNPs
in the 1000 Genomes Phase III catalog and identified the most in-
formative of them. A massively parallel sequencing (MPS) test was
designed which combined the most polymorphic tri-allelic SNPs to
make a single large-scale MPS multiplex for the identification of missing
persons (herein, the MPS Panel). As so many highly polymorphic tri-
allelic SNPs were listed by 1000 Genomes, it was viable to carefully
adjust the chromosomal distribution of the loci to minimize linkage in
closely clustering markers – that could potentially interfere with
probability calculations assuming marker independence in related in-
dividuals [15]. Although an extensive list of candidate identification
markers allows the selection of a p-arm and q-arm location per chro-
mosome, as previously made with forensic ID-SNP panels [16], we
sought to develop a multiplex for MPS on a much larger scale than ∼50
component loci. Simulations based on 1000 Genomes allele frequency
estimates were used to gauge the informativeness of the final MPS
multiplex design when applied to the most difficult kinship testing

scenarios of pairwise comparisons of distant relationships in a deficient
pedigree. This paper reports the genomic data of all tri-allelic SNPs now
listed by 1000 Genomes; the population variation in the most poly-
morphic of these SNPs selected for the MPS Panel; details of apparent
tri-allelic SNPs that were removed from the final panel due to atypical
patterns of allelic variation; and the performance of the SNP set’s
genotype data in simulated kinship testing scenarios typically en-
countered in the identification of missing persons. The development,
optimization and operational application of this large-scale MPS mul-
tiplex for the identification of missing persons, as well as the adaptation
of a sub-set of microhaplotypes and addition of a small set of binary
SNPs in the same panel, are the subject of a separate publication.

2. Materials and methods

2.1. Directed searches of the 1000 Genomes Phase III variant database to
discover tri-allelic SNPs

1000 Genomes Phase III variant data were downloaded from the
project’s FTP site [17] and SNP sites tagged as "MULTI_ALLELIC” were
extracted with a combination of bcftools, sed and grep scripting. The
1000 Genomes VCF data for multiple allele SNPs comprises the re-
ference allele (i.e. RefSeq) with label “0”, and alternative alleles listed
alphabetically are assigned “1” and “2”; plus “3” when all four nu-
cleotide substitution alleles are observed. The VCF header line for each
variant combines the populations of five continental regions into groups
with averaged allele frequency estimates (AMR: admixed Americans;
AFR: Africans; EUR: Europeans; SAS: South Asians; EAS: East Asians).
This frequency data was used to gauge the level of polymorphism in
each population group by simple heterozygosity value estimation. Be-
cause of high levels of admixture in American continent population
samples, only the Peruvians from Lima, Peru (PEL) data was used to
assess Native American variation in the SNPs selected for the MPS Panel
(see the predominantly red AME population structure of PEL in Fig. 2a
of [2]). Note that since the 1000 Genomes project closed, ongoing
human variant data curation has been made by IGSR, the International
Genomes Sample Resource [18] and this organisation also compiles
data from TOPmed (Trans-Omics for Precision Medicine, 9,000 gen-
omes [19]) and gnomAD (Genome Aggregation Database, 4,368 gen-
omes [20]). Although TOPmed and gnomAD only report allele fre-
quencies, they benefit from larger sample sizes than 1000 Genomes and
therefore greater sensitivity to detect very low frequency “2 and 3 al-
ternative alleles”. In this study, all tetra-allelic sites detected were listed
alongside tri-allelic SNPs but excluded from analyses, as they had been
the subject of a separate detailed compilation to identify informative
forensic markers with four alleles [11].

There is not always a direct relationship between the binary SNP
allele data in Phase I and the characteristics listed for the same loci in
Phase III when they are identified to be multi-allelic. Table 1 lists
genomic details of the six tri-allelic SNPs adopted in an MPS forensic

Table 1
Genomic details of six well established tri-allelic SNPs and the contrasting allele frequency estimates from 1000 Genomes Phase I and Phase III (for population CEU:
CEPH Europeans from Utah). Allele frequency estimates from gnomAD (Genome Aggregation Database) are for non-Finnish Europeans (NFE). Chr. chromosome; Ref.
reference (i.e. RefSeq); Alt. alternative.

Locus details 1000 Genomes Phase I 1000 Genomes Phase III gnomAD

SNP ID Chr. GRCh37
position

Gene Ref. Alt. Ancestral Ref. Alt-1 Ref. Alt-1 Alt-2 Ancestral Ref. Alt-1 Alt-2 Ref. Alt-1 Alt-2

rs17287498 10 54530788 MBL2 C A A 0.77 0.23 C A T A (no data listed in 1000
genomes)

0.5661 0.2055 0.2284

rs2069945 20 33761837 PROCR C G C 0.517 0.483 C A G C 0.48 0.101 0.419 0.4348 0.1006 0.4646
rs2184030 1 206667441 – G A C 0.46 0.54 G A C C 0.465 0.515 0.02 0.52611 0.4596 0.0143
rs433342 8 17747876 FGL1 A G A 0.259 0.741 A C G A 0.232 0.04 0.727 0.259 0.028 0.713
rs4540055 4 38803255 TLR1 A C A 0.989 0.011 A C T T 0.793 0.01 0.197 0.7761 0.0256 0.1983
rs5030240 11 32424389 WT1 C A – 0.948 0.052 C A G A 0.712 0.056 0.232 0.6987 0.0927 0.2086
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ancestry analysis panel [9], which illustrates some of the Phase I vs
Phase III disparities that can arise when comparing both variant cata-
logs. First, the alternative allele identified in Phase I is not necessarily
very frequent; alleles rs4540055-C and rs5030240-A are less frequent
than the rs4540055-T and rs5030240-G alt-2 alleles discovered later in
Phase III. Second, alphabetic sorting of 2 or 3 alternative alleles often
leads to re-assignment of the VCF allele numbers, as occurs for
rs2069945-G and rs433342-G. Lastly, the identification of the ancestral
nucleotide can also be affected by the discovery of multiple alleles at a
SNP site, as shown by the shift in rs4540055 from an A to a T ancestral
allele.

Table 1 also shows that rs17287498 has no Phase III variant data,
with just gnomAD allele frequencies listed by 1000 Genomes. There-
fore, this study’s reliance on Phase III data sources led to an extensive
but slightly incomplete catalog of human multi-allelic SNPs. We also
queried the gnomAD v2.1.1 genome and v2.1.1 exome databases using
in-house scripts (available on request), although no formal comparisons
were made in this study between both databases to assess the degree of
allele frequency concordance of the multi-allelic SNPs identified in
1000 Genomes. Finally, for the subset of SNPs selected for the MPS
Panel, population variation beyond the main 1000 Genomes con-
tinental population groups listed above, was compiled from Simons
Foundation Genome Diversity Project (SGDP) sequence analysis of 263
individual genomes [21], from which we took 44 Native American and
21 Oceanian samples. Although limited in size, these SGDP samples
enabled an initial assessment of any collective population divergence
present in the component SNPs of the MPS Panel.

2.2. Selection of tri-allelic SNPs for the MPS Panel and rules used to
minimize linkage between SNPs

All human tri-allelic SNPs identified were ranked by overall het-
erozygosity (i.e. based on the average 1000 Genomes allele frequencies
of 2,504 samples given in the VCF header) in lists per chromosome. All
loci with overall heterozygosity values greater than 0.5 were brought
together into a single candidate set of 3,426 autosomal SNPs and 264 X-
Chromosome SNPs. Candidate SNPs tended to have similar average
heterozygosities between different population groups, but SNPs with
strong contrasts in allele frequency distributions between population
groups were discarded despite often having high average hetero-
zygosity levels. For example, Fig. 1 shows the allele distributions in
rs1695865, which has an average heterozygosity of 0.5124, but is a SNP
better suited to ancestry inference; with strong contrasts in allele fre-
quency between Europeans vs Africans and East Asians.

Loci were selected from positions on each chromosome that occu-
pied a 1–5 megabase (Mb) segment and were a minimum 1 centimorgan
(cM) map distance to the next SNP site, running from the 5′-most po-
sition to the following position in the 3′ direction. All cM map distances

were estimated using the HapMap recombination map, applying the
system outlined by Phillips et al. [22]. Therefore, in regions with low
recombination rates such as around the centromere, physical distance
between selected tri-allelic SNPs was often much longer than average,
although the cM value between sites did not fall below one (with only 7
exceptions of less than 1 cM spacing for a set of SNPs on the X chro-
mosome).

2.3. Sequence quality checks of MPS Panel candidate SNPs

Brief preliminary sequence quality screening was applied to candi-
date tri-allelic SNPs for the MPS Panel, which consisted of: (i) a brief
visual inspection of the sequence with the Ensembl and Santa Cruz
genome browsers [23,24] to discard candidates showing sequence
characteristics that could hinder alignment, including long poly-tracts,
repetitive regions, Indels and structural variants close to the target SNP
site; and (ii) sequences aligning to multiple genomic positions in nu-
cleotide BLAST [25] to avoid duplicated regions. Although a small
proportion of SNPs were removed and replaced with slightly less in-
formative but closely sited alternatives having better flanking sequence,
the bulk of the candidate SNPs were submitted for MPS assay design by
QIAGEN, who applied their QIAseq primer design pipelines to assemble
the final large-scale PCR multiplex.

2.4. Kinship testing simulations

Simulations were run to assess the statistical power of tri-allelic SNP
sets for analyzing complex kinship testing scenarios. Pairwise re-
lationship tests were made, which compared two individuals in the
absence of a pedigree (i.e. with no other family members for reference)
and included full siblings; half siblings; first cousins; and second cou-
sins. The simulation model implemented in FamLink [26] was applied
to obtain distributions of likelihood ratios (LRs) for each kinship hy-
pothesis (H1) vs the values for the unrelated hypothesis (H2), per panel.
Fixed allele frequencies were used to generate artificial SNP sets and
European allele frequency estimates from 1000 Genomes were used to
simulate genotype data for the set of 1,377 autosomal SNPs selected to
go into the final MPS identification panel. These allele frequencies
dictated the simulated genotypes in 5,000 cases to generate an LR each
time, calculated as: LR=Pr(DNA|H1)/Pr(DNA|H2), where Pr is the
probability of the genotype combinations given H1 (for each of the four
relationships explored), compared to the probability given H2. For the
analysis of the kinship informativeness of the MPS Panel, the cM esti-
mates, as described in Section 2.2. were applied using the ILIR linkage
adjustments in FamLink, as previously outlined [15,26]. LR distribu-
tions were estimated using the density plot function in the ggplot2 li-
brary [27] in R (www.r-project.org). Exceedance probabilities (i.e. the
probability to obtain an LR larger than a given threshold) were

Fig. 1. The tri-allelic SNP rs1695865 has an overall heterozygosity of 0.5124, which is higher than the binary SNP maximum value of 0.5. Although listed as a
potential candidate for the MPS Panel, it has a highly imbalanced allele frequency distribution and a much lower than average European heterozygosity, so was not
considered further. However, the rs1695865 allele frequencies in five 1000 Genomes population groups reveal it would be an informative forensic ancestry marker.
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estimated using the method described by Kruijver [28].

2.4.1. Simulations with artificial SNP sets to assess the impact of different
allele frequency distributions

As a large proportion of the tri-allelic SNPs we compiled had a low
frequency allele-3, we decided to explore the informativeness of a set of
such SNPs compared to “perfect” tri-allelic SNPs that consist of three
equally frequent alleles. While a balanced allele distribution appears to
be the most informative type of polymorphism for kinship analyses,
when a very large panel can be used, potentially as much power could
be gained from having a small number of SNPs disproportionately
contributing to the relationship likelihood when the rarest allele is the
one shared between putative related individuals. To test this hypoth-
esis, we constructed a 300-SNP artificial dataset with perfect distribu-
tions of 0.33-0.33-0.34 and another with rare allele-3 distributions of
0.5-0.45-0.05 and ran simplified simulations for half sibling and parent-
child pair tests.

2.4.2. Simulations with allele frequency data of tri-allelic SNPs selected for
the MPS Panel

For the kinship testing simulations of the MPS Panel tri-allelic SNPs,
European allele frequency estimates for the original candidate pool of
autosomal loci were used, i.e. the 1,377 ‘cM parsed’ autosomal SNPs
listed in Table 2, column 9; not the 1,241 autosomal loci that gave
problem-free genotypes during MPS Panel development, and excluding
the 34 X SNPs selected as candidates. Evaluations of the power of such a
panel to enhance kinship tests were made by a direct comparison with
an artificial dataset consisting of the same number of perfect binary
SNPs (0.5:0.5 allele frequencies).

2.5. Evaluation of the ancestry inference capabilities of MPS Panel SNPs

Although the tri-allelic SNPs incorporated into the MPS Panel were
selected to have low levels of allelic divergence between the 1000
genomes population groups, larger than average-scale panels of SNPs
potentially offer population differentiation power equivalent to much
smaller panels of carefully chosen ancestry informative SNPs (AIMs).
We assessed the ability of the autosomal SNPs of the MPS Panel to as-
sign ancestry to six continentally-defined population groups using 1000
Genomes allele frequency data for: AFR; EUR; SAS; EAS; plus a com-
bination of Native American samples from SGDP and twenty 1000
Genomes Peruvians (PEL Peruvians from Lima) that lacked non-
American co-ancestry (see Section 2.1); plus a total of 21 Oceanian
samples from SGDP.

Population analyses to identify genetic clusters used STRUCTURE
v.2.3.4 [29] consisting of three iterations of 100,000 burnin steps and
100,000 MCMC steps, correlated allele frequencies under the Ad-
mixture model at K=6. Cluster membership proportion plots were
constructed with CLUMPAK v.1.1 [30]. MDS analysis and construction
of Neighbor-joining trees was implemented using R software v.3.5.0
[31] over an allele-distance matrix computed using the R package pegas
[32].

3. Results and discussion

3.1. Genome-wide compilation of tri-allelic SNPs from 1000 Genomes data

In the Phase III variant data of 1000 Genomes, 271,934 SNPs have
three alleles at varied frequencies (down to the lowest value of 0.0002
for single observations). Table 2 outlines the numbers found on each

Table 2
Left hand columns: total multiple-allele, tri-allelic and tetra-allelic SNPs collected per chromosome from 1000 Genomes Phase III variant data; numbers of tri-allelic
SNPs with overall (i.e. 1000 Genomes-wide) Heterozygosity above the binary maximum value of 0.5, between 0.5–0.6, and greater than 0.6. Right hand columns:
large scale MPS multiplex candidate SNPs with average Heterozygosity (Av. Het. combined average African-European-East Asian values) above 0.5 taken from most
informative SNPs (col. 5); reduced by parsing to ensure evenly distributed cM spacing; 141 SNPs in columns 10–13 discarded from the multiplex due to low coverage,
high levels of non-specific reads, discordant genotype calls or other MPS issues such as alignment problems; to produce the final optimum, balanced MPS multiplex of
1,270 tri-allelic SNPs. Chr. Chromosome; Het. Heterozygosity; cM centimorgan; QC quality control.

1000 Genomes Phase III variant compilations Large-scale MPS multiplex construction

Chr. Total
multiple-
allele SNPs

Total tri-
allelic
SNPs

Total
tetra-
allelic
SNPs

Tri-allelic
SNPs with
overall
Het. > 0.5

Tri-allelic
SNPs
with
overall
Het.
0.5–0.6

Tri-allelic
SNPs with
overall
Het. > 0.6

Candidate
pool with 3-
group Av.
Het. > 0.5

Parsed for
balanced
cM spacing

Very low
sequence
coverage

Three
alleles per
individual

Discordant
control DNA
genotypes

Other
MPS
QC
issues

Final
MPS
Panel

1 18,883 18,756 127 631 502 129 263 113 3 3 2 3 100
2 21,412 21,261 151 651 537 114 210 104 2 1 1 3 97
3 17,849 17,758 91 588 477 111 233 91 0 1 2 0 88
4 18,273 18,180 93 610 513 97 239 96 1 3 0 6 86
5 16,756 16,686 70 560 463 97 209 88 2 1 3 0 82
6 15,942 15,847 95 598 484 114 328 78 1 3 1 1 72
7 14,719 14,635 84 481 372 109 217 79 1 3 1 3 71
8 16,369 16,284 85 558 435 123 218 81 2 2 2 4 71
9 11,893 11,821 72 404 324 80 150 67 1 4 3 2 57
10 12,770 12,705 65 462 373 89 188 80 0 2 2 2 74
11 13,397 13,319 78 406 330 76 163 58 0 0 3 1 54
12 11,541 11,469 72 353 292 61 122 61 0 2 1 5 53
13 8,665 8,627 38 280 233 47 105 44 2 1 0 1 40
14 8,479 8,421 58 237 195 42 77 40 0 1 0 1 38
15 7,723 7,673 50 248 194 54 114 56 1 1 2 8 44
16 10,552 10,482 70 324 271 53 113 48 1 2 3 1 41
17 7,197 7,145 52 227 181 46 73 35 4 1 0 0 30
18 7,000 6,944 56 240 188 52 98 43 1 2 0 4 36
19 6,258 6,216 42 214 169 45 94 41 1 0 1 1 38
20 5,585 5,545 40 159 131 28 47 29 0 1 0 1 27
21 3,892 3,869 23 137 109 28 67 21 0 1 0 1 19
22 4,062 4,024 38 132 111 21 47 24 0 2 0 1 21
X 14,349 14,267 82 205 184 21 43 34 0 1 2 2 29
Sum: 273,566 271,934 1,632 8,705 7,068 1,637 3,415 1,411 23 38 29 51 1,270
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chromosome, except the Y chromosome. Due to the scale of the variant
data compiled, we have processed the full VCF file into 23 detailed
Excel tables listing all multiple-allele SNPs discovered, i.e. including the
previously compiled 1,632 tetra-allelic SNPs [11]; provided as in-
dividual files per chromosome. Individual Excel files per chromosome
are available at Mendeley Data (Mendeley Data V1, “A compilation of
human tri-allelic SNPs from 1000 Genomes”, DOI: 10.17632/

46srpvw9xb.1). Each Excel file provides the SNP’s GRCh37 genome
build location; rs-number; the 2,504 genotypes of 1000 genomes sam-
ples; and overall heterozygosity values estimated from all genotypes.
Each Excel file can be processed easily to identify tri-allelic SNPs that
would be suitable for either forensic identification or forensic ancestry
inference purposes. It should be noted that tri-allelic SNPs are not ne-
cessarily more informative for ancestry than the best binary SNP AIMs

Fig. 2. Density plots of multiple-allele SNPs identified in the human genome. Each dark gray bar on the left represents total SNP counts per megabase of chromosome
sequence. Y SNP data was not collected. Dark blue regions are facultative heterochromatin; light blue constitutive heterochromatin. Regions where SNPs were
compiled but not selected for the MPS panel are PAR1/2: the pseudo-autosomal regions on X, and MHC: the major histocompatibility complex on C6. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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or microhaplotype loci [33]; although dedicated searches for tri-allelic
SNPs applicable to forensic ancestry analysis were not part of this study.

Fig. 2 displays the distribution of the compiled SNPs on each
chromosome in the form of density bar charts representing total SNP
counts per Mb. Some distributions match known patterns of human SNP
variability; e.g., the broad peak of hypervariability observed for all
SNPs around the major histocompatibility complex (MHC) on C6. Other
high-density SNP peaks seen for the tri-allelic SNPs patterns; e.g. at the
q-arm telomere of C14, or p-arm and q-arm telomeres of C16, may
indicate regions with higher than average levels of segmental duplica-
tion. All other tri-allelic SNP densities are quite evenly distributed, and
SNP deserts generally align with the position of constitutive and/or
facultative heterochromatin on each chromosome, with the exception
of the X centromere and some displacement on C6 and C18, which
might be accounted for by inaccurate positioning of the centromeres on
some ideograms used in the figure.

Remarkably, all the SNPs identified to be tri-allelic and assembled in
the 1000 Genomes Phase III variant data release, have assigned rs-
numbers. The only exceptions were 358 tri-allelic SNPs on C12 with
interim “ss” numbers (e.g. the 5′-most tri-allelic SNP without an rs-
number has been assigned ss1388022860; ss1388022861 temporary
descriptors), and 612 X chromosome loci currently identified by co-
ordinates only (e.g. X:144916948). One highly polymorphic SNP
identified by such numbers: ss1388042575; ss1388042576 at
12:7645262 (GRCh37), was selected for inclusion in the MPS Panel.

Proportions of tri-allelic SNPs with a nucleotide substitution allele
seen in just one genotype (more accurately described as a mutation
rather than an allele at the variant site) were observed at a consistent,
but very low level in all the autosomes. Values ranged from 1.02 %
singleton alleles observed amongst all tri-allelic SNPs detected on C7,
up to 1.47 % on C16. The X chromosome showed a completely con-
trasting pattern, with single allele-3 genotypes seen in 4,631 of 14,267
tri-allelic SNPs, and single allele-2 and allele-3 genotypes seen in a
further 1,594: totalling ∼43.6 % of tri-allelic SNPs on the X. This could
be partly due to the lower SNP density in general on the X compared to
the autosomes or may relate to the way SNPs were characterized in
hemizygous males of 1000 Genomes and compared to female patterns.
It may also be relevant that the X shows lower levels of SNP poly-
morphism across the chromosome as a whole - we note the proportion
of SNPs with heterozygosity levels> 0.6 on C7 is 5-fold higher than in a
similar number of tri-allelic SNPs on the X: 109 of 14,635 (0.74 %) vs
21 of 14,267 (0.15 %).

From the 271,934 tri-allelic SNPs identified, more than 3 % (4,234)
had overall heterozygosity values higher than the binary SNP maximum
of 0.5, while a total of 1,637 SNPs had the highest variation levels of
0.6–0.666 heterozygosity (i.e. column 7, Table 2). This data creates a
rich source of highly polymorphic SNPs for forensic applications, which
can provide short amplicon PCR, and in many loci, additional scope for
population differentiation from doubling the number of potential gen-
otypes, which may more often vary in frequency between populations
through random genetic drift. We concentrated on the use of the most
polymorphic tri-allelic SNPs found in 1000 Genomes for forensic
identification purposes and recognize that these loci also offer a more
secure system for detecting mixed DNA, from the presence of three
alleles in a proportion of the tri-allelic SNPs in a large forensic multi-
plex.

3.2. Relationship test simulations

3.2.1. Kinship informativeness of 1,377 autosomal tri-allelic SNPs
Note the results of the kinship simulations described below were

based on autosomal loci only (i.e. 1,411 – 34 X SNPs=1,377 SNPs).
Likelihood distributions from relationship test simulations to eval-

uate the informativeness of the 1,377 SNP set parsed for cM spacing are
shown for full siblings, half siblings, first cousins and second cousins in
Fig. 3. For full siblings, half siblings and first cousins the likelihood

distributions clearly separate related and unrelated individuals, de-
monstrating that such relationship scenarios would be readily dis-
tinguished using such a panel. For the second cousin test, the medians
of the H1:H2 LRs were different for related and unrelated individuals,
but distributions overlapped to some extent - indicating that a pro-
portion of second cousin tests would be inconclusive: unable to dis-
tinguish related and unrelated hypotheses. Using an arbitrary threshold
of 10,000 for the LR, the exceedance probabilities were estimated to be
1.000, 1.000, 0.9885, and 0.1056 for full sibling, half sibling, first
cousin and second cousin tests, respectively.

We briefly explored the effect of taking linkage into account when
calculating kinship LRs from 1,377 tri-allelic SNPs, by using the ILIR
framework of FamLink developed by Tillmar and Phillips [15]. Linkage
adjustments were applied for the two scenarios of full siblings vs un-
related pairs and first cousins vs unrelated pairs, and the LRs produced
were compared to identical calculations ignoring linkage. The resulting
pairwise LR comparison plots are shown in Supplementary Fig. S1
(plots A and C: log10 LR accounting for linkage plotted against log10 LR
ignoring linkage; plots B and D: log10 LR accounting for linkage plotted
against log10 [LR ignoring linkage/LR accounting for linkage]). The
plots in Supplementary Fig. S1 indicate that accounting for linkage has
a strong effect on LR calculations: lowering the LR values in unrelated
pairs (i.e. bringing them closer to zero), while reducing their spread of
values. In contrast, simulated related pairs have increased LR values
and in the case of first cousins, when accounting for linkage there is no
overlap with unrelated pairs, but when ignoring linkage significant
levels of LR overlap occur. Since the cM-parsed SNP set had an average
spacing of 2.5 cM for loci on the same chromosome, it is not unexpected
that adjustment for linkage has a major effect on the distribution of LR
values shown in Supplementary Fig. S1, and we assert the need to apply
these linkage adjustments in relationship testing using such a dense SNP
set as the MPS Panel.

3.2.2. Binary SNPs vs tri-allelic SNPs
The likelihood distributions from relationship test simulations ex-

ploring the power of 1,377 tri-allelic SNPs compared to the same
number of perfect binary SNPs are shown in Fig. 4. The 1,377 auto-
somal SNPs used for the simulations gave much higher likelihoods in
analyses of full sibling, half sibling, and first cousin relationship sce-
narios, but were only slightly higher for the second cousin tests. Despite
the lack of power to adequately test the most challenging second cousin
relationships, SNPs with more than two alleles per locus are evidently
more efficient in separating IBD-alleles (identity by descent) from IBS-
alleles (identity by state). For this reason, SNPs developed for forensic
identification can give similar discrimination power to STRs when
sufficient numbers are analysed (approximately 50 SNPs can match the
power of 16 STRs); but for relationship testing where allele sharing, not
genotype sharing, is the basis for the statistical tests used, many more
SNPs are needed to reach the power of an STR multiplex in such tests. In
the identification of missing persons, relationship testing is critical in
establishing links between the missing and their surviving relatives, yet
longer STR amplicons will commonly fail in degraded DNA. Therefore,
the assembly of a large number of tri-allelic SNPs in an MPS-based assay
consisting of short amplified fragments, represents a major step forward
in this field.

3.2.3. Balanced tri-allelic SNP allele frequencies vs loci with one low
frequency allele

The impact of tri-allelic SNP allele frequency distributions on re-
lationship testing likelihoods are shown in Fig. 5. In general, the like-
lihoods indicate it is more efficient to use a uniform allele frequency
distribution compared loci with one allele at a relatively low frequency.
However, these differences are only slight, and the data suggests that
having a proportion of SNPs with low allele-3 frequencies has a
minimal effect on the relationship testing power of the MPS Panel we
designed for the purpose. No noticeable differences could be observed
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for the sizes of the SNP sets or for the different case scenarios. Although
we avoided SNPs with this pattern in one or more 1000 Genomes po-
pulation groups, the loss of power is minimal from their use in large-
scale panels.

3.3. Construction of the MPS Panel: a large-scale massively parallel
sequencing assay of the most polymorphic tri-allelic SNPs

To compile a candidate set of the most polymorphic tri-allelic SNPs,
all loci with an average heterozygosity greater than 0.5, calculated from
1000 Genomes African-European-East Asian population data, were
identified. The South Asian heterozygosities tended to be higher than
these average values, but lower in Americans, leading to many poten-
tially useful SNPs with quite skewed allele frequencies. Numbers of
compiled candidate SNPs per chromosome are shown on the right-hand
pane of Table 2, which totalled 3,372 autosomal SNPs plus 43 X SNPs.

The full list of selected tri-allelic SNPs is given in Supplementary Table
S1A.

As a significant number of SNP clusters of closely sited loci were
detected amongst the candidates, the minimum-cM-separation parsing
step reduced the candidates to 1,411 SNPs. These SNPs were submitted
to Qiagen for custom primer design for the QIAseq MPS system, with all
SNPs successfully targeted with the QIAseq primer designs. The
genomic positions of the 1,411 SNPs selected for the MPS Panel are
shown in Fig. 6. The reduced list of candidate SNPs sent for QIAseq
primer design after cM parsing is given in Supplementary Table S1B.

Despite a complete set of QIAseq primer designs, almost 10 % of the
SNPs gave one of a range of sequencing or genotype issues. These were
classified as: very low sequence coverage; detection of all three nu-
cleotide substitution alleles in single individuals; discordant genotypes
with control DNAs; and other MPS quality issues, including alignment
problems due to polymeric tracts close to the target site and general

Fig. 3. Log LR distribution plots obtained from
5,000 simulations of relationship tests using
European allele frequencies of 1,411 autosomal
tri-allelic SNPs compiled for the MPS panel (i.e.
after cM parsing but including SNPs discarded
for sequence quality reasons). Relationship tests
comprised full siblings vs unrelated (upper left),
half sibs vs unrelated (upper right), first cousins
vs unrelated (lower left) and second cousins vs
unrelated (lower right). All distributions were
separated from the zero line of balanced odds of
H1/H2, apart from second cousins with
∼10–15 % of LR values giving erroneous as-
signments.

Fig. 4. The same Log LR plots as Fig. 3 shown
with distributions from an equivalent number
of perfect binary (0.5:0.5 bi-allelic) SNPs for
each relationship testing scenario. While the
binary SNP distributions are less separated,
only second cousins have significant propor-
tions of LRs that cross the zero line with both
SNP sets, but there are approximately twice as
many erroneous assignments from binary loci.
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flanking sequence quality problems. Total numbers in each class of
discarded SNP are given in Table 2, with the 23 SNPs showing low
sequence coverage used to calculate the QIAseq MPS assay conversion
rate (ACR) of 98.4 %. An additional 51 SNPs with genotypes discounted
due to flanking sequence issues are detailed in Supplementary File S1C,
and because they were not strictly defined as loci that failed in MPS
library preparation, were treated as ‘converted to assay’ in the above
ACR calculation. With so many original candidate SNPs removed from
the cM parsing step, it would have been relatively straightforward to
replace the failing SNP with another from the same linkage cluster, but
as the multiplex scale was still very high, we did not pursue this process
further. Details of the individual issues in each SNP are given in Sup-
plementary Table S1D; comprising 23 SNPs with low coverage (al-
though this was observed in additional SNPs that had other sequence
quality issues); 38 with three alleles per individual DNA genotyped; 29
with discordant genotypes in control DNAs; and 51 with other se-
quencing issues.

Such sequence quality issues are commonplace in any MPS test and
can be expected - particularly in such a large multiplex. However, the
observation of three alleles in some sequenced individuals in 38 SNPs
and discordant genotypes in a further 29 raises more important con-
cerns about the specificity of the genomic segments carrying some of
the tri-allelic SNP sites we identified; i.e. whether they represent single
positions in the genome or are the same SNP site on segmental dupli-
cations/multiple copy replications. Divergence of one of the replicated
SNP alleles from allele-2 to a new allele-3, could mimic a single poly-
morphism with three alternative alleles, although it would be expected
to be detected by the detailed scrutiny of 1000 Genomes data, albeit at
lower coverage levels than those typical of MPS. In all 38 three-allele
SNPs the detected nucleotide substitutions at the target site matched
those expected from the 1000 Genomes genotype data. Despite BLAST
analysis of candidate SNPs, the observation of three-allele patterns or
genotype discordancy in over 5 % of sequenced loci indicates this
proportion of tri-allelic SNPs are likely to represent non-specific
genomic sites, or something unusual about the SNP variation at the
targeted site, and many of these may escape detection with traditional
sequence specificity checks. Fortunately, the 1,270 remaining SNPs
were specific with no discernable MPS sequence quality issues, and
assuming random failure regarding levels of polymorphism per SNP,
the final multiplex design retained an estimated 89 % of the differ-
entiation power of the original 1,411 SNP set, 1,377 of which were

assessed in the kinship simulations. The 141 unreliably genotyped SNPs
had primers kept in the PCR multiplex but their target site data was not
retained and therefore these loci do not strictly form part of the final
panel.

The distribution of average heterozygosity values amongst the
1,270 tri-allelic SNPs retained in the final MPS Panel is shown in Fig. 7.
A total of 145 (11.4 %) had the highest values exceeding 0.6 (mid blue
bars); 1,105 (87 %) had values above the binary SNP maximum of 0.5
(light blue bars); and only 20 (1.6 %) had average values slightly below
0.5 (pink bars). For comparison, the 46 microhaplotypes that were also
incorporated into the MPS Panel are shown on the right side of Fig. 7.
Microhaplotypes are generally more informative per locus than tri-al-
lelic SNPs as most, although not all, of them have more than three
common haplotypes. The equivalent average heterozygosity ranges for
these loci were 21 (45.6 %); 8, (17.4 %) and 2 (4.4 %). An additional 15
(32.6 %) had average heterozygosity values exceeding the tri-allelic
maximum value of 0.666, indicating the best microhaplotypes are
worth incorporating into such a panel, albeit in much smaller numbers
than can be compiled for tri-allelic SNPs.

3.4. Ancestry informativeness of the MPS panel

The detailed tri-allelic SNP genotypes from the combination of 1000
Genomes and SGDP population data for the 1,270 markers (1,241 au-
tosomal) of the final MPS Panel are given in Supplementary Table S2A.
Allele frequency estimates are provided for the six main population
groups studied from SGDP, to which estimates from a limited number of
Middle East population samples were added. The STRUCTURE input
data is given in Supplementary Table S2B, and comprised the genotypes
of Supplementary Table S2A, but removing Middle East, Central South
Asian and North East Asian (Siberia) genotypes for clarity.

Assessments of the ancestry informativeness of the MPS Panel are
summarized in Fig. 8A–C, the optimum cluster number from CLUMPAK
analysis of STRUCTURE data was K:6 (Fig. 8A). The South Asian po-
pulations and SGDP sample set of mainly Pakistani populations are
labelled, as this was the most varied set of genetic cluster patterns.
Individual sample cluster membership proportions are listed in Sup-
plementary Table S2C, with atypical values highlighted in red.

We adopted the simple approach of treating the 1000 Genomes data
from the four population groups and SGDP data from American and
Oceanian populations as representative of their origins, while including

Fig. 5. Log LR plots from relationship test si-
mulations exploring two contrasting allele
frequency distributions in tri-allelic SNPs. A
10-SNP panel (upper) and 300-SNP panel
(lower) were analyzed each with balanced al-
lelic distributions of 0.34, 0.33, 0.33 fre-
quencies, and one rarer allele of 0.5, 0.45, 0.05
frequencies. Generally, the differences in LRs
were much smaller than might be expected,
given the reduced polymorphism levels of
SNPs with a rare allele-3. Note the two Parent-
child test simulations on the right gave un-
related Log LR values too small to show, so the
differences between balanced and one-rare-al-
lele SNP LRs are slightly exaggerated.
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a widely dispersed set of other SGDP population samples from AFR,
EUR, EAS and SAS regions. The bulk of samples gave very high STR-
UCTURE cluster membership proportions> 98 % to a single cluster and
matching patterns in STRUCTURE, MDS analysis and Neighbor-joining
tree positions. In the 1000 Genomes and SGDP AME−OCE samples the
average cluster membership proportions were: AFR=0.989 (min.
0.911, max. 0.999); EUR=0.981 (0.82–0.998); EAS= 0.989
(0.877–0.999); SAS= 0.934 (0.562–0.934); AME=0.963 (0.73-
0.999); OCE=0.958 (0.657–0.958).

Most SGDP SAS samples had lower cluster membership proportions
than their 1000 Genomes counterparts, as these represented mainly
HGDP-CEPH Pakistani population samples which are divergent to
varying degrees from other Indian sub-continental populations. The
three sets of samples representing population outliers are indicated by
numbers 1–3 in the Neighbor-joining tree plot of Fig. 8C, as these are
easier to point out than atypical MDS positions or STRUCTURE cluster
proportions (individual columns are thin). Group 1 of SAS points in
EUR comprises SGDP Balochi (0.5–0.6 SAS cluster proportions); Brahmi

Fig. 6. Genomic positions of 1,411 tri-allelic SNPs selected for the MPS panel, scaled to the same chromosome ideograms as Fig. 2.
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(0.5); Burusho (0.6–0.7); Kalash (0.5); Makrani (0.4–0.6) and Sindhi
(0.5–0.7) all from Pakistan, (note several points overlay each other).
Group 2 of SAS points in OCE comprises SGDP Hazara (0.2–0.37 SAS
cluster) and Khonda Kusunda (0.4–0.5) from Pakistan and Nepal re-
spectively. Group 3 of OCE points in EAS are SGDP Igorot from Phi-
lippines (there are two pink columns in the right side of the OCE
clusters). A further two SGDP Iglirit population samples were wrongly
labelled as AME (as they share the same name as a Native North
American population from Canada), when they are actually from Cen-
tral Asia, but are not evident on the Neighbor-joining tree, although
with zero AME membership proportions.

Although just representing a snapshot of the ancestry inference
capacity of 1,241 autosomal tri-allelic SNPs in the final MPS Panel, the
patterns of population divergence the above analyses detected, notably
in SGDP samples, follow the known demographics of many of these
samples and indicates that a large-scale panel, despite being a SNP set
selected to have low population differentiation, actually provides useful
levels of ancestry information when analyzed as one substantial dataset
of variation.

4. Concluding remarks

The original searches for tri-allelic SNPs that this study made of the
1000 Genomes Phase I variant database were informed by the SNPs we
had already identified, adopted for forensic use and comprehensively
characterized by capillary electrophoresis (CE) - which confirmed their
tri-allelic status [5,8]. In addition, a dedicated forensic CE test to gen-
otype established tri-allelic SNPs has since been developed [34].
However, these established tri-allelic SNPs represent just a handful of
loci, and the need to create a better framework for mixed DNA analysis
in forensic SNP genotyping tests, and to gain more information per
marker, provided the motivation to screen 1000 Genomes Phase I data

in detail. It was soon apparent that this stage of the project was re-
porting SNPs known to have tri-allelic variation as bi-allelic loci and we
put further searches aside. It is likely that so much variant data was
generated in the Phase I whole-genome sequencing (sample numbers
were 1,092 individuals, yielding 36.7M SNP sites [3]) that it was not
viable at that stage of the 1000 Genomes project to distinguish true tri-
allelic SNPs from sequencing or alignment artefacts. For example, the
juxtaposition of a binary SNP substitution site with a single nucleotide
deletion at the adjacent 5′ or 3′ position is a common cause of incorrect
identification of three alleles at the SNP site. The absence of tri-allelic
SNP data from other large-scale variant discovery programs (e.g. EGDP:
Estonian Biocentre Genome Diversity Panel analyses [35]) is ex-
acerbated by the widespread use of PLINK [36], a toolbox for proces-
sing sequence and variant data. PLINK removes tri-allelic SNP genotype
calls with the inference that the majority of such variant sites are likely
to be misalignment, base misincorporation or dual SNP-Indel artefacts.
EGDP has applied PLINK and reports no tri-allelic sites in their sequence
analysis of 402 individual genomes in 126 populations [35].

The search for tri-allelic SNPs potentially useful for forensic analysis
was resumed when Complete Genomics published whole-genome se-
quences for 427 individuals [37] and reported three alleles in the for-
ensic SNPs known to be tri-allelic (Table 1). As Complete Genomics had
used the same population samples sequenced in 1000 Genomes Phase I,
it was possible for both projects to cross-check their variant calls across
the whole genome of each individual. Therefore, when the 1000 Gen-
omes Phase III variant data was released, it was evident that many of
the previously discounted tri-allelic SNPs were now described, in-
cluding those we had validated with CE genotyping. Phase III analyses
had the additional advantage that more populations were added (no-
tably five from South Asia), allowing the expanded identification of tri-
allelic SNPs with population specific, but often low frequency, allele-3
variants.

Fig. 7. Distribution of average heterozygosity values amongst 1,270 tri-allelic SNPs (bars left to center) and 46 microhaplotypes (bars on the far right), selected for
the final MPS Panel. Of the tri-allelic SNPs, 145 (11.4 %) had the highest values exceeding 0.6 (mid blue bars); 1,105 (87 %) had values above the binary SNP
maximum of 0.5 (light blue); and only 20 (1.6 %) were slightly below 0.5 average heterozygosity (pink). The microhaplotypes had 21, 8 and 2 (45.6 %, 17.4 %, 4.4
%) of loci in the equivalent heterozygosity ranges plus an additional 15 (32.6 %) with average heterozygosity exceeding the tri-allelic maximum value of 0.666 (green
bars). (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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The full compilation of human tri-allelic SNPs presented here
complements the study made of human tetra-allelic SNPs [11], which
identified 961 loci passing sequence QC thresholds in 1000 Genomes
Phase III data. Although only a handful of SNPs from this study had
forensically useful levels of polymorphism, the fact that more than 280-
fold higher numbers of tri-allelic SNPs have now been collected from
1000 Genomes means a much larger pool of tri-allelic SNPs can be
assembled. These are then easily ranked by heterozygosity to identify
the most informative markers for forensic identification tests. We were
not expecting so many SNPs to be incorporated into the prototype MPS
Panel built around QIAseq chemistry. Given the size of this multiplex,
the>98 % ACR to assemble more than 1,300 loci (including micro-
haplotype markers) with sufficient sequence coverage was a major
achievement from the Qiagen primer design team. The need to discard
some 5 % of the selected SNPs because of indications of unreliable
genotyping performance, or their non-specific sequences from what are
likely to be multiple positions in the genome, should not be surprising.
About 20 % of the tetra-allelic SNPs we have analyzed further in MPS
tests since their discovery give indications of non-specific positions
(personal communication, Peter de Knijff, Leiden University, Nether-
lands). These findings highlight the need for caution when scrutinizing
the sequence characteristics and mapping details of tri-allelic variants,
as such patterns can be caused by common structural variation in the
genome.

Nevertheless, assembling 1,270 of the most polymorphic tri-allelic
SNPs into a single MPS multiplex represents a significant development
in the application of this sensitive and data-rich sequencing technology
to forensic identification.
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