
Forensic Science International: Genetics 54 (2021) 102557

Available online 20 June 2021
1872-4973/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Case report 

Investigative DNA analysis of two-person mixed crime scene trace in a 
murder case 

Arwin Ralf, Manfred Kayser * 

Department of Genetic Identification, Erasmus MC, University Medical Center Rotterdam, Rotterdam, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Criminal case 
Case report 
Appearance DNA prediction 
Forensic DNA Phenotyping 
DNA mixture 
Massively parallel sequencing 
Non-human DNA 

A B S T R A C T   

It has been advocated before that appearance prediction of unknown suspects from crime scene DNA, in the 
context of Forensic DNA Phenotyping (FDP), is mostly suitable for single source DNA samples, whereas FDP from 
DNA mixtures to which more than one person contributed, is viewed challenging. With this report on a murder 
case, we practically demonstrate the feasibility of appearance DNA prediction of an unknown suspect from a 
mixed crime scene trace, to which the unknown suspect and the known victim had contributed. From this two- 
person DNA mixture, we successfully predicted eye, hair and skin color of the unknown suspect with the 
HIrisPlex-S system by applying targeted massively parallel sequencing (MPS). We argue that at least three factors 
benefit appearance DNA prediction of unknown suspects from mixed crime scene traces, which were met in this 
murder case: i) SNP genotype knowledge from reference DNA analysis for one of the two persons in the mixture 
(here the known victim), ii) about equal DNA contributions by both donors to the mixed crime scene stain, and 
iii) the use of MPS allowing quantitative SNP analysis. Moreover, we show that additionally analyzing animal 
DNA in this mixed crime scene trace provides further investigative information. We envision that the investi-
gative DNA strategy that we applied here for analyzing a two-person mixed crime scene trace in a murder case, 
will be applied in the future to more criminal cases with two-person DNA mixtures, for instance sexual assault 
cases.   

1. Introduction 

Investigative DNA analysis in forensics, such as the prediction of 
appearance traits, or bio-geographic ancestry, or age of an unknown 
suspect from evidence DNA with the aim to lead police in their search for 
unknown perpetrators of crime, is an emerging subfield of forensic ge-
netics often referred to as Forensic DNA Phenotyping (FDP) [1–5]. FDP 
grew out of the realization of one of the major principal limitations of 
forensic DNA profiling for individual identification, namely that only 
those crime scene sample donors are identifiable via forensic DNA 
profiling who were previously known with their forensic DNA profiles to 
the investigative authorities, while unknown persons cannot be identi-
fied. It has been advocated before [2,4,6] that FDP is mostly suitable for 
single source crime scene stains, while in forensic practice, many crime 
scene traces contain DNA from more than one person. Accurately 
matching genotypes of single nucleotide polymorphisms (SNPs) to in-
dividual contributors of DNA mixtures has been viewed difficult, both 
within and outside the context of FDP [4,7–10]. The rationale for this 
assumption is based on the bi-allelic nature of SNPs, resulting in a high 

probability that the different contributors to the mixed crime scene trace 
share the same allele at a given bi-allelic SNP. 

In this case report, we demonstrate that investigative DNA analysis 
on predicting appearance traits of an unknown suspect from a mixed 
crime scene trace is practically feasible. The prime sample prerequisite 
that enabled successful mixture deconvolution in this case was that the 
mixture was equally produced by two persons of which one was the 
known victim with genotype knowledge being available from reference 
DNA analysis and the other was the unknown suspect. Moreover, we 
show that by analyzing animal DNA that this mixed crime scene stain 
additionally contained, extra information on animal species identifica-
tion potentially relevant for the police investigation to find the unknown 
perpetrator could be revealed. The prime technological prerequisite that 
enabled our findings in this case was the use of massively parallel 
sequencing (MPS), which allowed both, quantitative SNP analysis for 
appearance prediction as the key for mixture deconvolution, as well as 
qualitative animal DNA analysis. 
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2. Case description and results from forensic STR profiling of 
mixed crime scene trace 

A man was violently assaulted, which ultimately led to his unnatural 
death. The perpetrator of unknown identity had fled from the crime 
scene and eyewitnesses who had seen the unknown perpetrator were not 
available. A packing strap was found in close proximity to the location 
where the lethal assault is assumed to have happened. The strap had 
some traces of blood, which were suspected to have originated from the 
victim, as was later confirmed by DNA analysis. A sample taken from one 
end of this strap was collected and used for DNA extraction and subse-
quent forensic STR-profiling with the NGM Detect kit (Thermo Fisher 
Scientific) targeting 16 STRs. This demonstrated that the crime scene 
trace contained DNA of the known victim, as established by comparative 
STR profiling of a reference DNA sample taken from the death victim, 
and of an unknown male suspect. Traces of DNA from this unknown 
suspect were also detected via forensic STR-profiling on the victim’s 
jacket, which was found slightly further away from the crime scene. 
Based on peak height estimation in the sample collected from the strap, 
an approximate 1:1 ratio for the DNA contributed by both individuals 
was concluded. From the mixed STR-profile obtained from the mixed 
crime scene trace, and by accounting for alleles belonging to the victim 
as known from reference DNA analysis, an STR profile was generated. Of 
the 16 STRs in the NGM Detect kit, this STR profile contained 13 STRs of 
which both alleles were not attributed to the known victim and three 
STRs of which one allele was not attributed to the known victim, which 
was therefore were attributed to the unknown suspect. Searching this 
STR-profile attributed to the unknown suspect against the national 
forensic DNA database did not reveal a match. 

Police investigation in the case revealed that the dead victim was an 
active person involved in various businesses; hence, in theory, the lethal 
assault could have come from different directions, making police 
investigation complex, as it would be time and resource intensive. Na-
tional law in the country where the case occurred allows DNA-analysis 
on eye, hair, and skin color, but not on biogeographic ancestry. 
Hence, only the former without the latter was applied to the mixed DNA 
samples, which limits the retrievable investigative information. From an 
investigative and scientific perspective, as also argued elsewhere [4], it 
makes perfect sense to combine appearance prediction with biogeo-
graphic ancestry inference (and with age prediction) in FDP applica-
tions, but legal regulations in a country determine what can be done in 
practice in a given criminal case. 

3. HIrisPlex-S MPS-analysis for eye, hair, and skin color of mixed 
crime scene trace 

The DNA extract from the mixed crime scene stain was PCR- 
quantified at 40 pg/ul, which refers to the combined DNA of both do-
nors. A fraction of 12 µL of the quantified DNA extract was used as DNA 
input for the HIrisPlex-S MPS analysis. The victim’s reference DNA was 
quantified at ~1 ng/ul and 1 ng of input DNA was used for HIrisPlex-S 
MPS analysis. We deliberately decided to apply the recently developed 
and validated Ion Torrent AmpliSeq MPS assay of the HIrisPlex-S system 
targeted 41 eye and/or hair and/or skin color informative SNPs [10], 
instead of the two previously developed and validated SNaPshot assays 
[11], because the fully quantitative SNP analysis available with MPS 
(but not with SNaPshot) is particularly suitable for DNA mixture anal-
ysis. This follows the previously concluded advantage of MPS for 
forensic STR-profiling from DNA mixtures [12]. Notably, the amount of 
480 pg from the mixed DNA sample is well above the 100 pg sensitivity 
threshold established by Breslin et al. for the Ion Torrent AmpliSeq 
HIrisPlex-S MPS assay used [10]. Both DNA samples were processed 
using the AmpliSeq library preparation as described previously [10]; 
here the templating and sequencing were performed using Ion S5 Pre-
cision ID Chef & Sequencing Kit, an Ion Chef system, an Ion Genestudio 
S5, and 530 chips (Thermo Fisher Scientific). 

Both, mixed crime scene DNA and victim’s reference DNA delivered 
high-coverage HIrisPlex-S sequencing profiles regarding all 41 eye, hair, 
and skin color predictive DNA markers included in the HIrisPlex-S sys-
tem. As expected, all alleles observed in the victim’s reference DNA 
samples were also seen in the mixed crime scene DNA, where in addition 
other alleles were observed. This finding agreed with the assumption, 
developed based on forensic STR-profiling, that the crime scene stain 
included DNA of the known victim and one additional person i.e., the 
unknown suspect. 

3.1. Mixture deconvolution of HIrisPlex-S SNP profile obtained from 
mixed crime scene trace 

To infer the most probable genotype of the unknown suspect from 
the MPS data for every one of the 41 HIrisPlex-S DNA markers, we used 
the relative frequency of the SNP alleles observed in the mixed DNA 
sample and the SNP genotypes obtained from the victim’s reference 
DNA sample. We performed the inference under two assumptions i) both 
persons contributed to the mixture approximately the same amount of 
DNA, as previously concluded based on forensic STR analysis, and ii) 
one of these two persons in the mixture is the unknown suspect while the 
other is the known victim, for which we had HIrisPlex-S data from 
reference sample analysis. In the following, we provide three illustrative 
examples to exemplify the logic behind this inference. 

Example 1. For a given SNP, the victim’s reference DNA displayed a 
homozygote AA-genotype, while in the mixed crime scene DNA an A- 
allele and a T-allele were observed in similar ratios, with the ratios 
retrieved via similar sequence coverage obtained for both alleles. 
Inference Example 1: Given the two persons 1:1 mixture ratio expected 
for the mixed crime scene DNA, of which one person is the known 
victim, the most plausible interpretation is that the unknown suspect has 
a TT-genotype, since the victim’s reference DNA lacks any T-allele and 
the unknown donor shall not have even one A-allele, because the A- 
allele and the T-allele were observed with similar sequence coverage in 
the mixed crime scene DNA. 

Example 2. For a given SNP, the victim’s reference DNA displayed a 
homozygote AA-genotype, while in the mixed crime scene DNA an A- 
allele at ~75% and a T-allele at ~25% were observed, with the ratios 
retrieved from sequence coverage obtained for both alleles. Inference 
Example 2: Given the two persons 1:1 mixture ratio expected for the 
crime scene DNA, of which one is the known victim, the most plausible 
interpretation is that the unknown suspect has an AT-genotype, where 
2/3 of the A-alleles come from the victim, who is known from reference 
DNA analysis to be AA homozygote, and 1/3 of the A-alleles come from 
the unknown DNA-donor, while all the T-alleles come from the unknown 
DNA-donor, because the victim’s reference DNA lacks any T-allele. 

Example 3. For a given SNP, the victim’s reference DNA displayed a 
heterozygote AT-genotype, while in the mixed crime scene DNA both an 
A-allele and a T-allele were observed in similar ratios, with the ratios 
retrieved via similar sequence coverage obtained for both alleles. 
Inference Example 3: Given the two persons 1:1 mixture ratio expected 
for the crime scene DNA, of which one is the known victim, the most 
plausible interpretation is that the unknown suspect has an AT- 
genotype, where half of the A-alleles and half of the T-alleles come 
from the victim, who is known from the reference DNA analysis to be AT 
heterozygote, while the other halves of both the A- and the T-alleles 
come from the unknown DNA-donor. 

By applying this rationale, we generated from the HIrisPlex-S DNA 
profile obtained from the mixed crime scene trace the most likely 
HIrisPlex-S profile of the unknown suspect (Table 1). As a rule of thumb, 
SNPs of which at least 95% of the sequencing reads assigned to a single 
allele were considered to indicate both contributors having a homozy-
gote genotype for that allele. If 65–85% were assigned to a single allele 
and 15–35% to the opposite allele, it was considered that one of the two 
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contributors was homozygote for the dominant allele and the other was 
heterozygote. If both alleles were observed in the range of 40–60%, it 
was considered that both alleles were present equally, indicating either 
that both contributors were homozygote, or alternatively each contrib-
utor being homozygote for one of the opposite alleles. Frequencies 
outside of these ranges were considered inconclusive and led to alter-
native HIrisPlex-S SNP profiles. 

For all of the analyzed 41 HIrisPlex-S DNA markers except one, our 
mixture deconvolution approach resulted in a single, most probable, 

genotype for the unknown suspect (Table 1). Two SNPs showed read 
counts that did not meet our calling criteria; however, one of them, 
rs1042602, showed a heterozygote genotype in the victim’s reference 
sample, leaving a homozygote C- allele the only plausible genotype for 
the unknown suspect. For the other one, rs1393350, and given the ho-
mozygote G-allele found in the victim’s reference DNA, it is most likely 
that the 12% of reads belonging the A-allele indicate the unknown 
suspect having a heterozygote genotype for this SNP. However, in our 
subsequent analysis, for this marker, we also considered the less-likely 

Table 1 
Mixture deconvolution of a HIrisPlex-S profile obtained from mixed crime scene trace to which two persons contributed equally. Deconvolution was carried out under 
the assumption that the known victim, whose reference DNA has been analyzed separately, and an unknown suspect contributed to this mixed sample in a 1:1 ratio, as 
was concluded from prior autosomal forensic STR-profiling of the DNA mixture.  

Alleles with a frequency > 95% are marked in green; alleles with a frequency between 85% and 65%; and alleles with a frequency between 15% and 35% are marked in 
orange; alleles with a frequency between 40% and 60% are marked yellow. Alleles with frequencies > 5% and not fitting in any of the previous categories were marked 
in red. 
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alternative, in which the A-allele reads would be considered as 
sequencing artefacts (Table 1). 

Notably, the approach we applied here is somewhat different from 
the mixture interpretation tool recently reported by Breslin et al. [10]. 
For instance, while our approach applies specifically to equally 
contributed two-person mixtures, where the genotypes of one of the two 
contributors are known from reference DNA analysis, the Breslin et al. 
mixture tool can be applied on a range of mixture ratios and in cases 
where both contributors are unknown. As a direct comparison, we 
analyzed the MPS mixture data also with the Breslin tool. For 36 of the 
41 SNPs analyzed, both approaches yielded the same outcome, while for 
5 SNPs (i.e., rs28777, rs16891982, rs1800407, rs2238289, and 
rs1426654) the Breslin tool concluded differently. For all these five 
SNPs, more than 95% of the sequencing reads showed the same allele, 
respectively. In consequence, our approach concluded that both persons, 
who are assumed to have contributed equally to the analyzed DNA 
mixture, having the same homozygote allele for each of these five SNPs. 
The Breslin tool, however, interpreted these five SNPs as being 
explained by one contributor being homozygote for the dominant allele, 
while the other being heterozygote. It is our belief that in the 
equal-ratio, two-person DNA mixture analyzed here, the very low per-
centage of divergent alleles are more likely the result of technical errors 
than representing true alleles from one of the two contributors, thereby 
favoring the conclusions from our approach. The data from rs1393350, 
which was the only SNP where our approach left room for an alternative 

interpretation, was concluded by the Breslin tool as most likely resulting 
from one homozygote and one heterozygote contributor, in line with the 
primary interpretation based on our approach (Table 1). 

3.2. Pigmentation prediction from deconvoluted HIrisPlex-S profile 
obtained from mixed crime scene trace 

Next, we employed the previously established prediction models for 
eye, hair, and skin color prediction to the most probable SNP profiles of 
the unknown suspect as established via mixture deconvolution from the 
crime scene DNA sample (Figs. 1 and 2), as well as to the SNP profile we 
generated from the victim’s reference DNA samples (Fig. 3). In partic-
ular, we applied the IrisPlex model for eye color prediction based on 6 
SNPs [13], the HIrisPlex model for hair color prediction based on 22 
SNPs [14], and the HIrisPlex-S model for skin color prediction based on 
36 SNPs [11], all in their updated versions available at http://hirisplex. 
erasmusmc.nl. This allowed us to establish probabilities for three eye 
color, four hair color, and five skin color categories, and thereby 
concluding the most likely natural eye, hair, and skin color phenotypes 
for both the unknown suspect deconvoluted from the mixed crime scene 
trace, and the known victim from the reference sample. 

For eye color, we revealed for the unknown suspect that the highest 
probability was for blue eye color at 88.4%, while the probability for 
intermediate eye color was low at 7.3% and the probability for brown 
eye color was low at 4.4% (Fig. 1). Taking all obtained eye color 

Fig. 1. Probability estimation outcomes for the unknown suspect established from the mixed crime scene DNA sample using the inferred probable genotypes of the 
41 eye, hair, and/or skin color informative HIrisPlex-S DNA markers and applying the eye, hair, and skin color prediction models available via https://hirisplex.era 
smusmc.nl. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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probability values into account suggest that the unknown suspect most 
likely has blue eye color, although intermediate eye color cannot be 
excluded. For hair color, we established for the unknown suspect that 
the highest probability was for blond hair at 62.9%, followed by brown 
hair at 30.9%, while the probability for black hair was low at 3.7% as 
was the probability for red hair at 2.5% (Fig. 1). Additional model-based 
prediction of hair color shade revealed a high probability of 94.9% for 
light shade, while the probability for dark shade was low at 5.1% 
(Fig. 1). Taking all hair color and shade probability values into account, 
and employing a previously developed hair color prediction guide [14], 
we concluded that the unknown suspect most likely has blond to 
dark-blond natural hair color. For skin color, we established for the 
unknown suspect that the highest probability was for pale skin color at 
71.1%, followed by intermediate at 24.7%. Very pale skin color had a 
low probability at 3.9%, while the probabilities of black and dark black 
were close to zero at 0.1% and 0.2%, respectively (Fig. 1). Taking all 
obtained skin color probability values into account, and employing a 
previously developed skin color prediction guideline [11], we concluded 
that the unknown suspect most likely has pale skin color. 

Next, we additionally performed eye, hair and skin color prediction 
using the alternative genotype we inferred for rs1393350 (Fig. 2B), and 
additionally by excluding this SNP completely given the uncertainty of 
the inferred genotype (Fig. 2C). As evident from Fig. 2, both alterations 
only had a minor effect on the obtained probabilities, which did not lead 

to a different predicted phenotype category and conclusion. 
For the known victim, the eye, hair, and skin color categories pre-

dicted from the HIrisPlex DNA profile obtained from the reference DNA 
(Table 1) were largely different from those inferred for the unknown 
suspect from the DNA mixture analysis. For the known victim, we 
revealed most likely natural brown eye color, dark-brown hair color, and 
intermediate skin color (Fig. 3). Notably, these DNA-predicted pheno-
types are in close agreement with the victim’s true eye, hair, and skin 
color phenotypes as could be verified by investigators during the au-
topsy and from photographs of the victim while he was alive. 

4. Animal DNA analysis from mixed crime scene trace 

During a routine visualization of some of the sequencing data using 
the Broad Institute’s Integrated Genome Viewer (IGV) [15], we noticed 
in one of the sequenced amplicons from the MC1R gene (MC1R amplicon 
4, rs1805009 amplicon), the presence of a haplotype with a remarkable 
variation compared to the human reference genome (i.e., 12 variations 
in a 104 bp amplicon); this haplotype made up approximately 25% of 
the sequencing reads for this amplicon (Fig. 4). Since we had never seen 
such a divergent sequence before, and because this sequence was not 
present in the victim’s reference DNA sample, it was decided to search 
for information about its origin using NCBI’s blastn-algorithm on the full 
nucleotide collection (nr/nt). The hundred best hits were selected for 

Fig. 2. Probability estimation outcomes for the unknown suspect established from the mixed crime scene DNA sample using the initially inferred genotype for 
rs1393350 (A), the alternative genotype for rs1393350 (B), and excluding rs1393350 (C), (see Table 1) by applying the eye, hair, and skin color prediction models 
available via https://hirisplex.erasmusmc.nl. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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taxonomic investigation (Fig. 5). Strikingly, all these sequencing hits 
were attributed to the family of Bovidae, and within this family the 
species with the highest alignment score and most sequence hits was 
Ovis aries, the domestic sheep. Other animal species with high scores and 
multiple hits were Antidorcas marsupialis (springbok) and Capra hircus 
(goat). 

Because of this observation, we visually inspected all other ampli-
cons in IGV and found one more amplicon with a substantial presence of 

a remarkably divergent haplotype. This second amplicon was located in 
the TYR gene (rs1042602 amplicon) and represented approximately 
30% of the total reads with 7 variations compared to the human refer-
ence in a 61 bp amplicon. The BLAST search results obtained were more 
diverse, but the hits with the highest scores were all from even-toed 
ungulate, to which the family of Bovidae also belongs. It appears, how-
ever, that this sequence of the respective region of the TYR gene is 
conserved in more animal species compared to the observed MC1R 

Fig. 3. Probability estimation outcomes for the known victim using the genotypes of the 41 eye, hair, and/or skin color informative HIrisPlex-S DNA markers as 
established from the victim’s reference DNA sample and applying the eye, hair, and skin color prediction models available via https://hirisplex.erasmusmc.nl. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Screenshot from a region within the MC1R-gene (MC1R amplicon 4) of the MPS data obtained from the mixed crime scene sample that showed a remarkable 
high number of variants in a part of the sequence we attributed to animal DNA in the mixture. 
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amplicon 4. Notably, in the publication originally describing the 
HIrisPlex-S MPS assay used here [10], these two amplicons showed the 
highest number of sequencing read counts of all amplicons in a pig DNA 
sample, and the rs1042602 TYR amplicon also showed the highest read 
count in a dog DNA sample. 

Although these observations were coincidental, and ideally an 
amplicon based MPS-assay would be fully specific to human DNA, in this 
case the lack of specificity provided information potentially useful for 
the police investigation to find the unknown suspect in addition to the 
eye, hair, and skin color information inferred from the sample’s human 
DNA component. It could be argued that testing for the presence of 
animal DNA in crime scene stains is a blind spot in current forensic 
genetic investigations and should be done more often especially in cases 
with unknown suspects where investigative DNA analysis is carried out. 

5. State of case investigation 

Our results were used in practice to focus the police investigation by 
prioritizing individuals with the pigmentation phenotype categories we 
predicted from the crime scene trace. Based on the outcomes of our 
prediction analysis, several potential suspects that matched the pre-
dicted pigmentation phenotypes were STR-profiled, but were all 
excluded from crime involvement, because their autosomal STR-profiles 
did not match that of the crime scene trace. 

Moreover, although DNA testing for bio-geographic ancestry could 
not be applied in this case because of lacking legislation in the country 
where the case occurred, our high probability predictions of blue eyes 
and pale skin indirectly allowed excluding the involvement of in-
dividuals of Sub-Saharan African ancestry. Notably, people of Subs- 
Saharan African ancestry were previously taken into consideration by 
the police as possible group of suspects, because of their known inter-
action with the victim prior to his killing. Our appearance predictive 
DNA analysis therefore freed members of a group of people from being 
possible case suspects, who represent a minority group in the country 
where this case occurred, thereby preventing this minority group from 
further police investigation. However, we would like to emphasize here 
that in principle, DNA-based appearance prediction and bio-geographic 
ancestry inference from DNA should be performed with different sets of 
predictive DNA markers that were ascertained for these two different 
purposes specifically and separately. Pigmentation traits represent a 
special case of appearance with a strong ancestry relationship, because 
they evolved via positive selection on factors that were different in 
distinct geographic regions. Moreover, indirectly concluding bio- 

geographic ancestry from pigmentation prediction outcomes is only 
possible when specific combinations of predicted pigmentation traits are 
obtained, such as in the case presented here. For instance, the prediction 
of pale skin together with brown eyes and black hair would not allow 
indirect bio-geographic ancestry inference, because this pigmentation 
trait combination exists in all of Eurasia, comprising Europe, Middle 
East, and Asia and also in Native Americans. 

The observation of the animal DNA in the mixture was noted by the 
investigative authorities but did not yet provide useful investigative 
leads. Despite the investigative information derived from the mixed 
DNA sample and already used in the police investigation, at the time 
when this paper went into print, the unknown perpetrator has yet to be 
identified. 

6. Conclusions and future relevance 

In summary, this case report practically demonstrates that targeted 
MPS allows appearance DNA prediction of an unknown suspect from a 
two-person mixed crime scene stain of low DNA quantity, provided that 
a reference DNA sample of the second person in the mix, here the 
deceased victim, is available for DNA analysis, and the two persons 
contributed rather similar amounts of DNA to the mixed crime scene 
stain. We expect that there will be other forensic cases where these 
specifications are met and for which MPS-based appearance (and bio- 
geographic ancestry, if legally allowed) prediction of unknown sus-
pects from mixed crime scene stains can be performed successfully. This 
will widen the practical applications of Forensic DNA Phenotyping 
beyond forensic cases where single source crime scene stains are avail-
able for analysis. 
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