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The open-source software LRmix can be used to analyse SNP mixtures
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A B S T R A C T

A series of two- and three-person mixtures of varying ratios were prepared and analysed with Life
Technologies’ HID-Ion AmpliSeqTM Identity Panel v2.2 using the Ion PGMTM massively parallel
sequencing system. This panel includes 136 autosomal SNPs and 33 Y-chromosome SNPs. Using the
reference samples of the mixture donors, we evaluated the strength of evidence with likelihood ratio (LR)
calculations using the open-source LRmix program. This program was designed for multi-allelic STRs, but
can be extended to bi-allelic SNPs without modification. We conditioned on each donor in turn, as the
person of interest (POI) in the numerator. The LR tests showed that two-person mixtures typically gave
LRs of the order of >108 whereas three-person mixtures were highly variable in results. Approximately
50% of results were exclusionary or neutral. The remainder provided LRs ranging between 103–108. We
further evaluated these mixtures using diagnostic non-contributor tests. Our preliminary work shows
that simple two-person mixtures can be readily analysed with LRmix, but the performance of three- or
more person mixtures is less predictable and may fail to provide probative evidence. However, if a higher
number of loci were multiplexed, the analysis of mixtures would be improved, particularly if less
frequent variation (allele frequencies below 0.1) was targeted in identity SNP selection.
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1. Introduction

The study described is the first demonstration to indicate SNP
genotypes of a set of mixed-source samples, analysed with Life
Technologies’ HID-Ion AmpliSeqTM Identity Panel v2.2 and using
the Ion PGMTM massively parallel sequencing system [1], can be
reliably interpreted using the complex mixture interpretation
software LRmix [2].

The program LRmix follows the recommendations of the ISFG
DNA commission on the interpretation of STR mixtures [3]. SNP
mixtures can be evaluated in the same way since SNPs behave in
the same way as two-allele STRs, albeit with many more loci to
consider, but with the advantage that there are no stutters to
consider.
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2. Materials and methods

Mixtures were prepared from three individuals, labelled CT, MG
and CQ. A series of mixtures were prepared in the proportions
indicated in Table 1.

Two person mixtures comprised the ratios of 1:1, 1:3 and
1:9 plus reverse ratios of 3:1, 9:1. For each possible combination of
contributors this provided a total of ten likelihood ratios to analyse.
For three person mixtures, the ratios utilised were 1:1:1, 1:1:5,
1:5:1, 1:5:5, 5:1:1, 5:1:5 and 5:5:1. For three contributor arrange-
ments per mixture ratio, there were a total of 21 likelihood ratios to
analyse. All mixture ratios were analysed in duplicate.

The likelihood ratios tested were:

Two � person mixture : LR ¼ S; UjHp
U; UjHd:

Three � person mixture : LR ¼ S; U; UjHp
U; U; UjHd:
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Table 1
A list of mixtures prepared from three different individuals (CQ, MG and CT) in ratios indicated in the left hand column. LRs (log10) are provided, along with non-contributor
statistics summarised from one million simulations of random man.

Results of 1 million non contributor tests

Mixture Proposition LR (log) Min 0.01 0.05 0.5 0.95 0.99 Max

1MG:1CT CT,U 9.597 �59 �42 �37 �26 �15 �11 4.5
1:1 MG,U 8.374 �100 �73 �65 �46 �29 �21 �1.3
1_3 CT,U 9.597 �59 �42 �38 �26 �15 �11 3.02
1_3 MG,U 8.377 �60 �42 �38 �26 �15 �11 2.3
1_9 CT,U 9.597 �59 �42 �38 �26 �15 �11 2.5
1_9 MG,U 8.377 �59 �42 �38 �26 �15 �11 2.8
3_1 CT,U 9.597 �59 �42 �38 �26 �15 �11 2.09
3_1 MG,U 8.377 �59 �42 �38 �26 �15 �11 3.23
9_1 CT,U 1.342 �33 �32 �30 �22 �14 �11 �10
9_1 MG,U 14.01 �46 �34 �30 �22 �13 �10 2.3

1MG:1CQ:1CT CT,U,U 2.11 �32 �23 �19 �10.5 �2.4 1.3 3.16
1:1:1 MG,U,U 1.76 �32 �23 �19 �10.5 �2.4 �1.3 3.18
1:1:1 CQ,U,U 1.62 �16.5 �11 �9 �4.5 �0.34 1.2 3.9
1:1:5 CT,U,U �4.5 �20 �13 �11 �6.5 �2 �0.51 5.06
1:1:5 MG,U,U 8.159 �20 �12 �11 �6.6 �2.5 �0.88 4.27
1:1:5 CQ,U,U 5.269 �30 �20 �17 �11 �5.3 �3 3.94
1:5:1 CT,U,U �7.715 �27 �19 �16 �10 �4 �1.7 5.3
1:5:1 MG,U,U 6.077 �21 �13 �11 �7 �2.4 �0.68 4.35
1:5:1 CQ,U,U 6.033 �21 �13 �11 �7 �2.4 �0.7 4.91
1:5:5 CT,U,U 4.197 �20 �13 �11 �6 �1.7 �0.01 4.15
1:5:5 MG,U,U �7.722 �50 �34 �29 �18 �7.5 �3.4 4.3
1:5:5 CQ,U,U 3.505 �20 �13 �11 �6 �1.7 0.01 4.2
5:1:1 CT,U,U 2.132 �32 �23 �19 �11 �2.4 1.3 3.3
5:1:1 MG,U,U 1.764 �32 �23 �19 �10.5 �2.4 1.3 3.1
5:1:1 CQ,U,U 1.47 �20 �14 �11 �6 �0.8 1.26 3.45
5:1:5 CT,U,U 4.798 �15.5 �10 �8.5 �5 �1 0.33 3.9
5:1:5 MG,U,U 4.33 �19 �12 �10 �5.5 �1.4 0.11 4.9
5:1:5 CQ,U,U �14.28 �57 �39 �34 �21 �9 �4.5 4.7
5:5:1 CT,U,U �27 �48 �34 �30 �20 �11 �8 3.16
5:5:1 MG,U,U 8.34 �27 �18 �16 �10.5 �5 �3 4.6
5:5:1 CQ,U,U 7.829 �22 �16 �14 �8.5 �4 �2 4.3
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Where S is the ‘suspect’, comprising either CT, MG, or CQ in turn,
and U is an unknown (unrelated) individual conditioned under the
prosecution hypothesis (Hp) or the alternative defence hypothesis
(Hd).

LRmix was used without any modification, using European
allele frequencies as described by [4] and Fst = 0.01; Pr (drop-
in) = 0.05. Non contributor tests (1 million) were carried out as
described by Gill et al. [5]. These tests substitute a simulated
random man for the ‘suspect’, designated as ‘S’ in the numerator of
the likelihood ratio. We naturally expect that a true contributor
should provide a high LR, whereas a false contributor (provided by
a random man) should give a much lower LR.

3. Results and discussion

For a complete review of the software used to interpret
mixtures see Gill et al. [6].

Amongst the observations made using LRmix to interpret SNP
genotypes, the increased number of loci did not affect computation
speeds. Two person mixtures gave LRs > log10(8) with one exception
(CT,U) where the LR = log10(1.3). However this was a 9:1 (U:CT)
mixture, where there was significant dropout of CT alleles in this
sample. Three person mixtures proved to be much more variable.
Several LRs were less than 1 (exclusionary), and not all were
coincident with mixtures where the conditioned individual in the
numerator was a minor contributor. Apart from allelic and locus
dropout, the LR may be substantially reduced by the effect of ‘allelic
saturation’ which is an inevitable consequence of increasing the
number of contributors to the mixture. This results in heterozygote
(ab) crime-stain profiles matching all reference individuals in a
population (aa, ab or bb) hence the strength of the evidence tends
towards neutrality. This is amply illustrated by the 1:1:1 mixtures in
Table 1 where all LRs recorded were very low.
Nevertheless, approximately 50% of three person profiles gave
LRs > log10(4) with a maximum observed of log10(8). It is also clear
from the non-contributor tests that samples providing high LRs
gave correspondingly low non-contributor distributions, which
indicates that a LR which provides a probative strength of evidence
is reliable. We are now carrying out research to discover if the
‘coverage’ per allele (analogous to peak height in STRs) provides
additional useful information.
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