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Abstract: Analysis of complex DNA mixtures is limited by the selected genetic markers 
characterized and assay technology. Small panels of short tandem repeats (STRs) are the current 
standards in most countries. Extension of STRs with hundreds of single nucleotide polymorphisms 
(SNPs) is now commercially available. The current set of extension SNPs focus on phenotypic and 
biogeographic ancestry informative SNPs. Larger panels with thousands of SNPs have been 
developed that can identify up to 10 contributors to forensic DNA samples. Herein, multiple sets of 
SNPs were selected with the focus of increasing the upper limit of detectable contributors. Larger 
SNP panel sets with lower minor allele frequency (MAF) alleles can detect large numbers of 
contributors to in silico mixtures of randomly selected profiles from the 1,000 Genomes project. 
These results provide a path to enable characterization of complex DNA mixtures that are currently 
impossible to analyse. 
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Introduction 

DNA mixture analysis can identify up to four and rarely more contributors to complex DNA 
mixtures with STR panels. As the number of mixture contributors increases, a mixture starts to 
‘saturate’ as mixture alleles have increased profile allele matches with non-contributor profiles1. The 
application of SNPs to enhance complex mixture interpretation was proposed by Voskoboinik and 
Darvasi2. A panel of 2,311 SNPs, with selected target minor allele frequencies of 0.05, has identified 
up to and including 10 contributors from an experimentally controlled touched samples3. Applying 
the TranslucentID method to a saturated mixture with 15 contributors enabled the identification of 
12 of these contributors with the 2,311 SNP panel1. Targeting SNP polymorphic microhaplotypes 
enabled identification of up to five contributors in DNA mixtures4. High throughput sequencing of 
SNPs can be applied to small amounts of DNA from forensic samples3. High-density SNP genotyping 
microarrays provide an alternative technology for characterizing forensic samples5. Increasing the 
number of contributors that can be identified from complex DNA mixture samples will enable 
identifying contributors in forensic cases with multiple contributors. 

Statistical analysis of forensic samples is key to identification of mixture contributors and 
excluding non-contributors. Likelihood ratio calculations and probabilistic genotyping methods are 
applied to STR mixtures. Tools like EuroForMix6 can be applied to STR mixtures and SNP mixtures 
with lower number of SNP loci; the computational time required increases as the number of candidate 
contributors increases. Likelihood ratio calculations required hours for panels of hundreds of SNPs 
and multiple contributors7; the compute time for current likelihood ratio implementations is 
currently prohibitive for samples with thousands and tens of thousands of SNP loci. For complex 
mixtures with large number of SNP loci and/or number of contributors, a computationally efficient 
method for calculating the probability of random man (person) not excluded, PRMNE8, 9, has been 
refined and described herein. 
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Expanding the number of SNP loci with different target minor allele frequencies could increase 
the number of contributors that can be identified in complex DNA mixtures. Contributors to forensic 
samples representing 0.5% or more of the forensic sample DNA can be identified by SNP panel 
sequencing3. Herein, equimolar samples are generated to test increasing numbers of contributors. 
Leveraging available genetic profiles in the 1,000 genomes project10, reference profiles of millions of 
SNPs were extracted for ‘rs’ named genetic loci. An in silico equimolar mixture series of millions of 
SNPs was created by combining from 10 to 50 randomly selected SNP profiles. Thirty SNP panels 
were designed with target MAF of 0.01, 0.02, …, 0.05 for 5K, 10K, …, 30K SNPs; these panels each 
characterize small subsets of the SNPs for the reference and mixture profiles. As anticipated, SNP 
panels with MAFs 0.01 and 0.02 enabled identification of larger numbers of contributors across the 
mixture series. Large SNP panels with these lower MAFs have the potential of identifying the 
majority or all of the contributors to complex DNA mixture samples. 

Materials and Methods 

For each profile, millions of SNPs with ‘rs’ names were extracted from 2,503 profiles from the 
1,000 genomes project10. The custom Ruby program vcf_profiles.rb was used to create SNP reference 
profiles from 1,000 genomes project VCF files. Reference sequences and minor allele frequency were 
downloaded from dbSNP11. Chromosome and locus position information were leveraged from the 
1,000 Genomes VCF profiles. SNP panels were selected with spacing selected to spread selected SNPs 
relatively evenly across human autosomes. The minimum genomic distance between candidate SNPs 
considered are 5K: 450,000 base pairs (bp), 10K: 220,000 bp, 15K: 160,000 bp, 20K: 110,000 bp, 25K: 
90,000 bp, and 30K: 80,000 bp. These distances were approximated by dividing the length of the 
autosomes 2.867 billion bp and decreasing to increase the number of SNPs selected to be closer to the 
target number of SNPs for most of the target MAFs. The custom Ruby program make_mixtures.rb 
was used to create equimolar mixtures with 10, 12, …, 50 contributors randomly selected from the 
SNP reference profiles; these mixtures combine the millions of SNP alleles from the selected reference 
profiles. 

SNP Panel Designs 

SNP panels with target numbers of up to 5K, 10K, 15K, 20K, 25K, and 30K loci were selected by 
spacing SNPs across human autosomes with the custom Ruby select_snps.rb program. The five target 
MAF were 0.01, 0.02, 0.03, 0.04, and 0.05 with MAFs. SNPs with minor allele frequency of plus or 
minus 0.005 were considered (e.g., for target MAF of 0.01, the SNPs with MAF in (0.005 to 0.015) were 
candidates). A total of 30 SNP panels were generated. The custom Ruby program fasta_extract.rb was 
used to create SNP panel FASTA files for each SNP panel. The program extracts the target SNP loci 
by name from a dbSNP FASTA file for each of the 30 SNP panels created.  

Linkage Disequilibrium 

Linkage information was pulled from NCBI LDlink12 for adjacent pairs of SNPs. The custom Ruby 
program ldpair.rb creates a command file to query NCBI LDlink for linkage disequilibrium 
information between two nearby SNPs. The linkage disequilibrium (LD) for a panel is defined by 
equation 1 by summing the D’ values for nearest SNP pairs.  

𝐿𝐷 =  ෍ 𝐷′(𝑆𝑁𝑃௜ିଵ: 𝑆𝑁𝑃௜)ே
௜ୀଶ  (1)

Probability of Random Man (Person) Not Excluded – P(RMNE) 

Let N represent the number of mixture loci with no called minor alleles. Let q be the average 
minor allele ratio of these loci. Let p be defined as 1 – q such that p + q = 1. For autosomes with two 
SNP alleles at a locus, the probability for these alleles can be represented as (p+q)2 = p2 + 2pq + q2 = 1. 
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Subtracting p2 from each side of the equation yields: q2 + 2pq = 1 - p2. Let K be the ratio of one 
(major:minor) or two minor alleles (minor:minor) to two major alleles (major:major), equation 2: 𝐾 =  𝑞ଶ + 2𝑝𝑞𝑝ଶ = 1 − 𝑝ଶ𝑝ଶ  (2)

One or more allele mismatches, i, can occur between a reference profile and a mixture profile. These 
mismatches can be represented by the combination equation 3:  𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛(𝑛, 𝑖) =  ቀ𝑛𝑖 ቁ = 𝑛!𝑖! (𝑛 − 𝑖)! = 𝑛(𝑛 − 1) … (𝑛 − 𝑖 + 1)𝑖!  (3)

The probability of random man not excluded, PRMNE, for a mixture compared to a reference profile 
with L mismatches can be represented as equation 4: 𝑃ோ௉ோ(𝐿) = 𝑝ଶ(ேି௅஽) ∗ 𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛(𝑁 − 𝐿𝐷, 𝐿) ∗ 𝐾௅ (4)

For no mismatches, PRMNE (0) simplifies to equation 5: 𝑃ோெோ(0) = 𝑝ଶ(ேି௅஽) ∗ 𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛(𝑁 − 𝐿𝐷, 0) ∗ 𝐾଴ = 𝑝ଶ(ேି௅஽) (5)

For one mismatch, PRMNE (1) simplifies to equation 6: 𝑃ோ௉ோ(1) = 𝑝ଶ(ேି௅஽) ∗ 𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛(𝑁 − 𝐿𝐷, 1) ∗ 𝐾ଵ =  𝑝ଶ(ேି௅஽) ∗ (𝑁 − 𝐸) ∗ 𝐾 (6)

To simplify computations for L and L+1 mismatches, the PRMNE (L+1) formula (8) can be defined 
recursively in leveraging PRMNE (L) equation (7): 𝑃ோ௉ோ(𝐿) = 𝑝ଶ(ேି௅஽) ∗ 𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛(𝑁 − 𝐿𝐷, 𝐿) ∗ 𝐾௅ = 𝑝ଶ(ேି௅஽) ∗ 𝑛(𝑛 − 1) … (𝑛 − 𝐿 + 1)𝐿! ∗ 𝐾௅ (7)

𝑃ோ௉ோ(𝐿 + 1) = 𝑝ଶ(ேି௅஽) ∗ 𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛(𝑁 − 𝐿𝐷, 𝐿 + 1) ∗ 𝐾௅ାଵ           = 𝑃ோ௉ோ(𝐿) ∗ 𝑝ଶ(ேି௅஽) ∗ (𝑁 − 𝐿𝐷 − 𝐿)𝐿 + 1 ∗ 𝐾 
(8)

IdPrism Data Analysis 

The 30 SNP panels were loaded into IdPrism. For each SNP panel, the equimolar SNP mixtures 
were loaded as mixture samples in IdPrism. The SNP pair-wise linkage disequilibrium D’ values 
were loaded into IdPrism for each SNP panel. SNPs in the mixture samples not included in each SNP 
panel are ignored. For each SNP mixture, the included reference profiles were each loaded as 
reference samples in IdPrism for each of the 30 SNP panels. Reference profiles for other mixtures not 
included in a mixture function as non-contributor reference samples. By chance, some references 
were randomly included in more than one mixture. Like mixtures, SNPs in the reference samples not 
included in each SNP panel are ignored. FastID13, integrated into IdPrism, was used to compare 
mixture and reference samples. 

Results 

Linkage disequilibrium information was available for the majority of the SNP pairs; sometimes 
the LDlink results indicated an ‘Internal server error’ or a small number of SNPs were not in dbSNP 
build 155 (GRCh37); this effected number of SNP pairs between 0.2 – 0.3% of the panel loci. Due to 
the minimum genomic distance specified and the available SNPs, less than the target number of SNPs 
were selected automatically for a subset of the SNP panels: M15K05: 13,750, M20K05: 18,008, M25K05: 
20,447, M30K03: 29,940, M30K04: 28,590, and M30K05: 21,947 loci. 

Analysis of each mixture only identified known contributors for the results summarized herein. 
By chance, a few reference samples were randomly selected for two or more mixtures. While loading 
the reference profiles for each mixture, before the set of corresponding contributor reference profiles 
were loaded into IdPrism, any repeated references that were loaded as a reference were detected as 
contributors (the IdPrism system supports multiple reference profiles for contributors).  
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Two parameters were examined for limiting the number of contributors to complex DNA 
mixtures: (1) number of SNP loci and (2) SNP panel target MAF. The 0.05 MAF panels enabled the 
detection of 10 or 10, 12 of 12, 14 of 14, and 16 of 16 contributors for 5K SNPs, and 10 of 10, 12 of 12, 
14 of 14, 16 of 16, and 18 of 18 contributors for 10K, 15K, 20K, 25K, and 30K SNP panels (Figure 1). 
The 0.04 MAF panels could identify from 10 of 10, 12 of 12, …, 20 of 20 contributors for 5K to 30K 
SNP panels (Figure 1). The 0.03 MAF panels could identify up to 10 of 10, 12 of 12, …, 20 of 20 
contributors for 5K and additional 22 of 22, 24 of 24, 26 of 26, and 28 of 28 contributors for 10K to 30K 
SNP panels (Figure 1). The 0.02 MAF panels could identify up to 10 of 10, 12 of 12, ..., 30 of 30 
contributors for 5K to 20K SNP panels and additional 32 of 32, 34 of 34, 36 of 36, and 38 of 38 
contributors for 25K and 30K SNP panels (Figure 1). The 0.01 MAF panels could identify up to 10 of 
10, 12 of 12, …, 44 of 44 contributors for 5K panel and 46 of 46 and 48 of 48 for 10K, and up to 50 of 
50 for 15K, 20K, 25K, and 30K SNP panels (Figure 1). The PRMNE is plotted against the number of 
major:major SNPs in each mixture for all mixtures from 2 to 50 contributors for the 0.01 MAF panels 
15K, 20K, 25K, and 30K (Figure 2). 

 
Figure 1. Number of contributors by SNP panels. 

Discussion 

Analysis of complex DNA mixtures is a difficult task for current DNA forensic methods. As the 
number of contributors to complex DNA mixtures increases, the number of alleles matching non-
contributor profiles also increases. Sequencing SNP microhaplotypes is an option for increasing the 
number of contributors in a mixture that can be characterized4. A 0.05 MAF SNP panel of 2,311 loci 
has identified up to and including 10 touch contributors in complex DNA mixtures3. This article 
considers possible SNP panel design changes to increase the number of contributors to complex DNA 
mixtures beyond the 10 identified contributors currently achieved. SNP panels with 5K, 10K, …, 30K 
loci were designed with target MAF of 0.01, 0.02, 0.03, 0.04, and 0.05 for each of the panel sizes. 
Reference profiles of millions of SNPs were extracted from the available 1,000 Genomes Project 
profiles. Randomly selected reference profiles were combined to create equimolar in silico mixtures 
of 10, 12, …, 50 contributors. The designed 30 SNP panels were able to identify from 16 to 50 
contributors (Figure 1). The major:major SNPs in mixture profiles enable the exclusion of non-
contributors; non-contributors with minor alleles are these SNP loci enable the differentiation 
between mixture contributors and non-contributors. 

One of the considerations for designing SNP panels is the statistical correction for linkage 
disequilibrium between linked SNP loci. For adjacent pairs of SNPs, linkage disequilibrium 
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information was pulled from NIH LDlink site12. For pairs of SNPs with the highest linkage 
disequilibrium of D’ = 1.0, the PRMNE formula effectively treats these as only one SNP not two (i.e., the 
N-LD term in the formula). The PRMNE values for the 0.01 MAF SNP panels 15K, 20K, 25K, and 30K 
are illustrated in Figure 2 for all analysed mixtures for these panels. An example mixture is illustrated 
in Figure 3 for the 0.01 MAF 15K SNP panel with 50 identified contributors; contributor sample, 
HG03195 is selected with the graph illustrating PRMNE with example increasing number of allele 
mismatches (Figure 3). Likewise, the estimated concentrations for the 50 identify contributors for the 
larger 25K SNP panel are illustrated in Figure 4 with contributor HG03112 selected. These results 
provide a roadmap for designing SNP panels and hybrid STR and SNP panels for characterizing 
complex DNA mixtures. The lower limit of detection of contributors within complex DNA mixtures 
is a parameter of the instrument sequencing error rate. Current SNP panels can detect contributors 
down to between 0.25% to 0.5%14. The 0.01 MAF and 0.02 MAF panels or a combination of them have 
the potential to identify the majority of the contributors to complex DNA mixtures involving large 
numbers of contributors. 

 

Figure 2. PRMNE by number of mixture major:major alleles for MAF 0.01 panels 15K, 20K, 25K, and 30K 
SNPs. 
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Figure 3. Panel 15K01 with 50 contributors detected (from IdPrism). An example sample is 
highlighted indicating an estimated 2.0% contribution with P(RMNE) of 6.7e-56 (-56 on Log10 scale 
shown). 

 

Figure 4. Panel 25K01 with 50 contributors detected (from IdPrism). An example sample is 
highlighted indicating an estimated 2.0% contribution with P(RMNE) of 2.2e-91 (-91 on Log10 scale 
shown). 

Summary 

Most forensic samples with multiple contributors remain uncharacterized. High throughput 
sequencing of large SNP panels can identify large number of contributors to complex DNA mixtures. 
The 0.01 and 0.02 MAF SNP panels provide a framework for designing SNP panels for characterizing 
complex DNA mixtures. The 30 SNP panels, reference profiles, and in silico mixtures are provided as 
open data: https://doi.org/10.7910/DVN/DJW92T. 
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