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A B S T R A C T

The association of body fluids/cell types and donors in mixed biological traces is an important, but challenging
task required to evaluate the value of evidence given forensic propositions concerning the source of the DNA.
The linking of a DNA profile with evidence from presumptive tests or RNA analysis is not straightforward.
Coding region SNPs (cSNPs) are a novel type of evidential markers that are both cell type specific and
individual specific. They thereby provide a direct link between a donor and a body fluid in mixed biological
stains. In this proof-of-concept paper we consider the evaluation of cSNP profiles given source level propositions
and explore the use of the open-source software EuroForMix to compute likelihood ratios. The discrimination
power of the cSNPs for various body fluids is investigated with simulations. We provide case examples where
the type of biological material is questioned and where cSNP profiles can be used to assign a donor to a body
fluid, and discuss how the results can be reported in court.
1. Introduction

In mixed biological stains from a crime scene, it may be crucial
not only to identify the body fluids present but also to assign each
cell type to the correct donor. Following the hierarchy of propositions
framework [1], courts are mainly interested in propositions at the
activity level, such as ‘‘Mr X sexually assaulted Ms Y’’. However, the
forensic geneticist is usually restricted to make statements about the
evidence given propositions at the sub-source level such as ‘‘Mr X
is the donor of the DNA’’, where the strength of evidence is based
upon analysis of DNA profiles (usually STRs). The focus of this paper
is evaluation of evidence given source level propositions which are
concerned with the cell type that the DNA is derived from, such as
‘‘Mr X is the donor of blood’’. The DNA commission of the ISFG [2]
provides guidelines for formulation and evaluation of evidence related
to propositions at different levels, and points out that a likelihood ratio
calculated given propositions at the sub-source level cannot be carried
over to propositions at the source level. This means that a likelihood
ratio calculated for a DNA profile to assess the value of the evidence in
support of the ‘identity’ of the DNA donor, cannot be used in statements
about the donor of blood, unless it is obvious that the DNA originates
from blood and not some other cell type. In a case presented by Gill [3]
(wrongful arrest of Adam Scott) a man was accused of rape because his
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DNA profile, originating from an undetected saliva contamination, was
automatically assumed to derive from the detected semen in the stain.

Traditionally, presumptive tests have been used to identify the
presence of certain body fluids. Some of these tests are of limited
specificity [4] and there are no reliable tests for vaginal secretion and
menstrual blood, two commonly observed forensic body fluids. Over
the last few years RNA has been shown to be a good predictor of the
body fluids present in a stain. mRNA profiling relies on the differential
expression of mRNAs in different tissues. A number of mRNA markers
have been identified for forensically relevant body fluids/cell types,
i.e. blood, saliva, semen, vaginal secretion, menstrual blood, sweat,
nasal mucosa, nasal blood and skin [5–16]. Expression of body fluid
specific transcripts is abundant in the respective body fluid, but not
necessarily absent in others. Therefore, scoring systems or statistical
prediction tools are used to interpret the RNA results [11,17–19].

Although RNA or presumptive tests may contribute important ev-
idence regarding the source of the DNA, when there is a mixture,
the task of assigning a donor to a specific body fluid is not straight-
forward. Harteveld et al. [20] investigated whether the height of DNA
and RNA signals may guide association of donor and cell type in a
mixture. Clearly, the gender-specificity of certain body fluids (semen,
vaginal secretion, menstrual blood) can be instructive. However, the
authors discourage associating cell types and donors based on signal
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Table 1
Probability of identity (PI) for each body fluid, where 𝐿 is the number of cSNPs.

Blood Saliva Semen Vaginal Menstrual Skin
(𝐿 = 11) (𝐿 = 3) (𝐿 = 8) (𝐿 = 3) (𝐿 = 3) (𝐿 = 7)

3.88 × 10−4 0.258 1.65 × 10−3 0.176 0.136 2.66 × 10−3

heights when performing combined RNA and DNA analyses. Their
conclusion was also supported by our own experiments using read
counts from massively parallel sequencing (MPS). We observed that the
mixture ratios could vary greatly between DNA and RNA [21]. Several
publications propose the use of Bayesian networks to combine DNA and
body fluid evidence when propositions at the source level are consid-
ered [22–24]. These studies mainly focus on the use of presumptive
tests to identify body fluids, and in addition a large number of casework
samples are needed to assign the conditional probabilities for such a
network.

In a previous paper [21] we introduced a set of 35 coding region
SNPs (cSNPs) in body fluid specific transcripts analysed with MPS to
assign a body fluid in a mixture to a specific individual. These cSNPs
were chosen specifically for each of the six forensically interesting
body fluids/cell types blood, saliva, semen, vaginal secretion, menstrual
blood and skin, with the aim of being highly discriminating among
individuals. cSNPs can be derived both from DNA in reference profiles
and from RNA in crime stains. The cSNPs in a stain can be compared
to the cSNPs in a reference profile, and consequently there is a direct
link between body fluid and donor that can be quantified.

Here we consider the evaluation of cSNP profiles given source level
propositions, both in scenarios where the donors have contributed
different body fluids, and where they have contributed the same body
fluid. We explore the use of the STR mixture software EuroForMix [25]
for computation of likelihood ratios to quantify the evidence provided
by the cSNP results. EuroForMix takes peak heights/read counts into
account and has previously been successfully applied to SNP mixtures
analysed with MPS [26]. Since the number of cSNP markers and
their sensitivity and specificity differ among the six body fluids, we
use simulations to highlight the theoretical discriminatory power of
the different body fluids. Finally, we compute likelihood ratios for a
number of real stains and present some mock case examples.

2. Methods

2.1. cSNPs

Our cSNP panel consists of 35 coding region SNPs situated in body
fluid/cell type specific transcripts [21]. Among the 35 cSNPs there
are 11 blood, 8 semen, 3 saliva, 3 vaginal secretion, 3 menstrual
blood and 7 skin specific markers (Supplementary Table S1). A cSNP
profile derived from RNA in a crime stain should only expose cSNPs
specific for the body fluid(s) present in the stain. In addition to being
body fluid specific, the cSNPs were chosen to be discriminatory among
individuals. A link between a body fluid and a donor can be made by
comparing a reference cSNP profile with the stain cSNP profile. Ref-
erence cSNP profiles are derived directly from DNA and consequently
show genotypes in all body fluids. We hereby refer to the stain profile
as the RNA-cSNP profile and the reference profile as the DNA-cSNP
profile. The allele frequencies for the 35 cSNPs are estimated from
188 individuals as described in [21]. Table 1 shows the probability of
identity (PI), i.e. the probability that two unrelated individuals have
the same genotype, for the set of cSNPs for each body fluid. The PI is
calculated per locus as the sum of the squared genotype frequencies,
and multiplied over all loci for the given body fluid [27,28].

Fig. 1 shows a constructed example of a 1:1 mixture where donor 1
has contributed saliva and donor 2 has contributed vaginal secretion.
Only the saliva and vaginal secretion specific markers are expressed
in the RNA-cSNP profile from the stain, hence only these markers are
2

Fig. 1. A toy example of a saliva–vaginal secretion mixture. The table displays the
DNA-cSNP profiles of the body fluids in question for the two donors. Donor 1 has
contributed saliva (blue markers) and donor 2 has contributed vaginal secretion (green
markers). The barplot shows the corresponding read counts in the RNA-cSNP profile
relative to the total number of reads per marker. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

shown. The donors can be distinguished based on their DNA-cSNP
reference profiles. Fig. 2 shows a constructed example where both
donors in a 1:1 mixture have contributed semen. The read counts for
the RNA-cSNP profile indicate that it is a mixture; the heterozygous
markers show allele ratios that deviate from the expected 1:1 in a single
donor stain.

Figs. 1 and 2 show idealised mixture stains; the mixture proportion
(𝑀𝑥) is 0.5, all donor alleles are present and there are no unspecific
reads or heterozygous imbalance. In our previous paper [21] we noted
that some cSNPs were prone to allelic dropout in the RNA-cSNP profile.
In addition, some drop-in alleles were observed.

2.2. Evaluation of RNA-cSNP profiles

We consider individually the two scenarios where: (1) the donors
have contributed different body fluids and (2) the donors have con-
tributed the same body fluid. In the first scenario where there is one
donor per body fluid, the RNA-cSNP profile can be evaluated similarly
to a single source STR profile. In the second scenario where there
are two or more donors of one body fluid, the RNA-cSNP profile can
be evaluated similarly to a mixed STR profile. Since the RNA-cSNP
markers are specific to a body fluid/cell type, we evaluate each body
fluid separately. We assume throughout this paper that the markers
carry independent information, however in the discussion we consider
the issue with linked markers.

2.2.1. Conditioning on sub-source results
In casework, before the results of tests are known, the activity level

propositions are set by the mandating authorities [29]. In order to
help the court address the activity level, it is necessary to evaluate
the evidence at both the sub-source and source levels (here we do
not consider the activity level itself). Before source level propositions
are formulated, we assume that the court has agreed with sub-source
level propositions regarding the identity of the DNA donors [2]. As
an example, assume that the sub-source level propositions are 𝐻𝑝: The
DNA came from the victim and the suspect and 𝐻𝑑 : The DNA came from
the victim and an unknown. Based on the STR results a very high LR
is calculated, and 𝐻𝑝 is accepted by both parties. This means that the
suspect and victim are accepted as the only donors to the stain and
we can discount any unknowns in the source level propositions. On the
other hand, if the sub-source propositions are 𝐻𝑝: The DNA came from
the suspect and an unknown and 𝐻𝑑 : The DNA came from two unknowns,
and 𝐻 is accepted by both parties, the source level propositions will
𝑝
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Fig. 2. A toy example where both donors have contributed semen. The table shows the DNA-cSNP profiles of the donors in the semen markers, and the barplot shows the read
counts per allele in the RNA-cSNP profile relative to the total number of reads per marker.
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Fig. 3. Hierarchy of propositions and evaluated data. (1) Sub-source propositions are
efined. (2) The STR profile is evaluated given the sub-source propositions. (3) The
NA donors present in the stain, i.e. the number of contributors and any known donors,
re agreed upon. (4) Source propositions are defined conditioned on the DNA donors,
nd alternatively on body fluid information from presumptive tests/RNA analysis. (5)
he cSNP profile is evaluated given the source propositions.

nclude an unknown. The results at sub-source level together with body
luid information from mRNA analysis or presumptive tests and/or
ther case specific information, form the basis for the source level
ropositions. See Fig. 3 for an overview of the hierarchy.

Another important assumption we make, based on our experience,
s that cSNPs are less sensitive than STRs. Although two DNA donors
re accepted at sub-source level, we may observe a cSNP profile for
nly one of the donors. The second DNA donor may have contributed
body fluid/tissue not among the six defined in our cSNP assay, or

he body fluid is present in such small amounts that it is not detected.
n the other hand, we may also observe cSNP profiles for three body
3

fluids in a two-person DNA mixture, if one (or both) of the donors has
contributed several body fluids.

2.2.2. Source level likelihood ratio
Let 𝑅 denote the RNA-cSNP profile extracted from a stain. 𝑅 can

e divided into six body fluid specific profiles (blood, saliva, semen,
aginal secretion, menstrual blood and skin), where 𝑅𝑗 denotes the
rofile for body fluid 𝑗. Assuming no unspecific reads, 𝑅 will be empty
n markers specific to body fluids not present in the stain. Further, let
denote the DNA-cSNP reference profile of a person of interest. Since
is derived from DNA it contains genotype information in all the body

luid specific markers, however we only consider the markers specific
o the body fluid in question, denoted 𝑔𝑗 . The DNA-cSNP profiles of
ny undisputed donors of the body fluid are denoted collectively by 𝐼𝑗 .
iven two source level propositions 𝐻𝑝 and 𝐻𝑑 , the likelihood ratio

hat evaluates the cSNP profile for body fluid 𝑗 is defined as

𝑅𝑗 =
𝑃 (𝑅𝑗 , 𝑔𝑗 ∣ 𝐻𝑝, 𝐼𝑗 )
𝑃 (𝑅𝑗 , 𝑔𝑗 ∣ 𝐻𝑑 , 𝐼𝑗 )

=
𝑃 (𝑅𝑗 ∣ 𝐻𝑝, 𝑔𝑗 , 𝐼𝑗 )𝑃 (𝑔𝑗 ∣ 𝐻𝑝, 𝐼𝑗 )
𝑃 (𝑅𝑗 ∣ 𝐻𝑑 , 𝑔𝑗 , 𝐼𝑗 )𝑃 (𝑔𝑗 ∣ 𝐻𝑑 , 𝐼𝑗 )

. (1)

Assuming that information on genotyped individuals does not vary
between the prosecution and defence propositions (individuals are
assumed to be unrelated), the LR simplifies to

𝐿𝑅𝑗 =
𝑃 (𝑅𝑗 ∣ 𝐻𝑝, 𝑔𝑗 , 𝐼𝑗 )
𝑃 (𝑅𝑗 ∣ 𝐻𝑑 , 𝑔𝑗 , 𝐼𝑗 )

. (2)

Typically, the propositions dispute the donor of a given body fluid, e.g.
𝐻𝑝: The person of interest contributed body fluid 𝑗,
𝐻𝑑 : An unknown individual contributed body fluid 𝑗.

If it has been concluded at sub-source level that the person of interest
and one or more unknown individuals have contributed, then 𝐻𝑑 may
postulate that one (or more) of the unknowns contributed this body
fluid (and the person of interest did not). If there are, besides the person
of interest, other known individuals whose contribution is undisputed,
then 𝐻𝑑 may postulate that one (or more) of them contributed body
fluid 𝑗 (and the person of interest did not).

With a continuous model, 𝑅𝑗 will be accompanied by read counts
for the observed alleles. Following the approach in Bleka et al. [25] we
analysed the cSNP profiles with the continuous model in EuroForMix
v3.1.0 [26] without a degradation or stutter model. Likelihood ratios
were calculated with the maximum likelihood approach with Fst=0.01,
a drop-in probability of 0.05, and the parameter for modelling the
reads of drop-in alleles (𝜆) set to 0.01. The drop-in values were set
to the default values in EuroForMix since we lack statistics on drop-in
events in cSNP data. In addition, the step tolerance parameter was set
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to 1e–6 (default value is 1e–3) to make the optimisation more robust.
A minimum detection threshold of 50 read counts was applied.

Theoretically, a set of propositions could be formulated and an
LR could be computed for each body fluid present in an RNA-cSNP
profile, and the court could be presented with a number of body fluid
specific likelihood ratios. A more plausible scenario, however, is that
one specific body fluid is of interest to the case.

2.2.3. Confirmatory tests in the likelihood ratio framework
In certain types of cases the likelihood ratio cannot be quantified,

however it can be used as a confirmatory test. Confirmatory tests are
used to positively identify a body fluid, see e.g. [4] for a review.
Although these tests are able to ascribe the presence of a body fluid,
they cannot assign the body fluid to a given individual in mixed
samples. The advantage of cSNPs is the ability to associate a given body
fluid to a given contributor.

One example of confirmatory tests arises in single source stains
where it is accepted at sub-source level that the person of interest is
the only contributor. Another example is a two-person mixture where a
male and a female donor are accepted as the only contributors, but the
body fluid of interest is gender specific. In both scenarios there are no
alternative donors of the body fluid, and the propositions would dispute
the body fluid rather than the donor, e.g.:
𝐻𝑝: The person of interest contributed body fluid 𝑗,
𝐻𝑑 : The person of interest contributed some other body fluid/cell

type.
If the cSNPs are highly body fluid specific, meaning that detection of an
𝑅𝑗 happens with probability almost zero if no one has contributed body
fluid 𝑗, then these can be used to conclude the presence of a body fluid,
when detected. Hence, if the propositions differ in whether or not body
fluid 𝑗 was contributed to the stain, then the LR approaches infinity in
favour of the proposition that states that body fluid 𝑗 is present.

2.2.4. Example 1: Confirmatory test
The following example is based upon the case of Regina v. Weller

[30] described in Gill [3, pp. 43–46]. The suspect (Mr S) and victim (Ms
V) were at a party. Ms V became drunk and was partially incapacitated.
She claimed that she was digitally penetrated by Mr S. He denied this,
saying that he only looked after her while she was ill. A mixed profile
was found under the fingernails of the suspect’s left hand comprising
the suspect and victim (the latter was a minor contributor). There was
no evidence of the body fluid type; at court the possible methods of
transfer were discussed:

(a) contact with the hair of the victim,
(b) touching the victim whilst putting her to bed,
(c) insertion of fingers into vagina.

The prosecution asserted that the latter proposition was most likely
whilst the defence asserted (a) and (b). If the source of the victim’s
DNA was not vaginal cells, then (c) cannot be supported. In the absence
of a test, evaluation was carried out according to the expectations of
finding a given quantity of DNA, if the activities mentioned above
were true. No direct evidence was adduced to show that vaginal cells
were present; the presentation was non-probabilistic, relying upon the
scientist’s experience instead. The defendant was found guilty.

Here we rework the Weller case to show how the formulation of
propositions would follow with source level. The evaluation is based
on constructed cSNP data. The following activity level propositions are
considered:
𝐻𝑝: Mr S sexually assaulted Ms V by digital penetration and had social

interaction,
𝐻𝑑 : Mr S did not assault Ms V, he only had social interaction and
4

helped her when she was ill.
Table 2
Constructed cSNP data in the reworked Weller case example showing the cSNP profile
recovered from underneath fingernails of Mr S (RNA-cSNP) and reference profiles
(DNA-cSNP) of Ms V and Mr S.

Marker Body fluid RNA-cSNP DNA-cSNP

Allele Read count Ms V Mr S

CYP2A7_1 Vaginal C 5241 C/C A/C
CYP2A7_2 Vaginal T 4829 T/T C/T
DKK4 Vaginal A/G 2698/2417 A/G G/G

COL17A1_1 Skin C 5241 C/C C/C
COL17A1_2 Skin C 4829 C/C C/C
COL17A1_3 Skin A/G 2698/2417 A/A A/G
KRT77_1 Skin A/C 2377/2581 A/C A/C
KRT77_2 Skin C/T 2304/1900 T/T C/T
LCE1C_1 Skin A 5391 A/A A/A
LCE1C_2 Skin G 5267 A/G G/G

Upon analysis, a full mixed STR profile was found underneath the
fingernails of Mr S that supported the proposition that the donors were
Mr S and Ms V (the latter was the minor contributor). However, the
sub-source statistic is of little benefit, since it was common ground that
social interaction had occurred at the party. Therefore, by itself, this
does not help the court. The next level in the hierarchy of propositions
is the source level. Since Mr S and Ms V were accepted as the only
contributors at sub-source level, Ms V is the only possible vaginal
secretion donor. This leads to the propositions:
𝐻𝑝: Vaginal cells from Ms V were recovered from underneath finger-

nails of Mr S,
𝐻𝑑 : Some other cell type from Ms V was recovered from underneath

fingernails of Mr S.
The source level describes the critical difference of positions between
prosecution and defence.

Table 2 presents the RNA-cSNP profile obtained from underneath
the fingernails of Mr S, and DNA-cSNP reference profiles of both Ms V
and Mr S. Note that Mr S’s reference profile also includes the vaginal
secretion markers since the reference profiles are based on DNA. The
RNA-cSNP profile shows genotypes for the vaginal secretion and skin
markers, which suggests the presence of both cell types. No other
body fluids appear in the profile. Ms V’s reference profile ‘matches’
the vaginal secretion markers, but not the skin markers. Mr S’s profile
‘matches’ the skin markers. Let 𝑅𝑣𝑎𝑔 denote the alleles in the vaginal
secretion markers in the RNA-cSNP profile and 𝑔𝑣𝑎𝑔 denote Ms V’s DNA-
cSNP profile in the vaginal markers. There are no undisputed donors
present in the profile, i.e. 𝐼𝑣𝑎𝑔 is empty. The source level likelihood
ratio is

𝐿𝑅𝑣𝑎𝑔 =
𝑃 (𝑅𝑣𝑎𝑔 ∣ 𝐻𝑝, 𝑔𝑣𝑎𝑔)
𝑃 (𝑅𝑣𝑎𝑔 ∣ 𝐻𝑑 , 𝑔𝑣𝑎𝑔)

. (3)

Since Ms V is the only possible vaginal secretion donor, it follows that
𝑃 (𝑅𝑣𝑎𝑔 ∣ 𝐻𝑝, 𝑔𝑣𝑎𝑔) ≈ 1 and 𝑃 (𝑅𝑣𝑎𝑔 ∣ 𝐻𝑑 , 𝑔𝑣𝑎𝑔) ≈ 0. The LR approaches
infinity and the cSNPs confirm Ms V as the donor of vaginal fluid.

Note that in this example it was a prerequisite that the number of
contributors to the stain was restricted to the two known contributors
Mr S and Ms V, because this was agreed upon by both parties at sub-
source level. If the sub-source results had indicated the presence of
an unknown female contributor, a likelihood ratio could have been
computed, as is demonstrated in Section 2.2.5.

The source level does not address the activity level propositions,
i.e. the LR calculated at source level cannot be carried over. This is
because the activity level incorporates probabilities of transfer, per-
sistence and recovery of body fluids. In particular, we would need to
consider the probability of secondary transfer and/or contamination.
This evaluation will lead to a different LR that is unrelated to the
source level. In order to carry out such an assessment, different data are
needed, e.g. incidence of the body fluid as background on the hands or
clothing of the victim and an assessment of whether secondary transfer
to the fingers of Mr S is possible. This is beyond the scope of this paper.
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2.2.5. Example 2: Likelihood ratio — one donor per body fluid
We extend the example in Section 2.2.4 to assume that a mixture of

three people was found underneath the suspect’s fingernails: Mr S, Ms
V and an unknown female. Mr S claims that he had consensual sexual
activity with a girlfriend prior to the party, but this girlfriend is not
available for a reference profile. The sub-source propositions:
𝐻𝑝: The DNA came from Mr S, Ms V and an unknown contributor,
𝐻𝑑 : The DNA came from Mr S and two unknown contributors,

resulted in an LR of 1 billion. Assuming the court has accepted the 𝐻𝑝
sub-source proposition, there is no dispute about the presence of Ms V’s
DNA. That leads to the following source level propositions:
𝐻𝑝: Vaginal cells from Ms V only were recovered from underneath

fingernails of Mr S,
𝐻𝑑 : Vaginal cells from an unknown female were recovered from un-

derneath fingernails of Mr S. Ms V contributed some other cell
type.

We used the data as shown in Table 2. The allele ratios of about 1:1 in
the heterozygous markers suggest only one donor of vaginal secretion,
however the donor could be the unknown female, as is proposed by the
defence. Let 𝑅𝑣𝑎𝑔 denote the alleles (with corresponding read counts) in
the vaginal markers in the RNA-cSNP profile and 𝑔𝑣𝑎𝑔 denote the DNA-
cSNP profile of Ms V in the vaginal markers. There are no undisputed
persons present in the profile, i.e. 𝐼𝑣𝑎𝑔 is empty. The likelihood ratio of
interest is

𝐿𝑅𝑣𝑎𝑔 =
𝑃 (𝑅𝑣𝑎𝑔 ∣ 𝐻𝑝, 𝑔𝑣𝑎𝑔)
𝑃 (𝑅𝑣𝑎𝑔 ∣ 𝐻𝑑 , 𝑔𝑣𝑎𝑔)

.

For a single source profile with no dropout and drop-in, the LR is
approximately equal to 1 divided by the random match probability,
i.e. the probability that a random person in the population has this
particular vaginal secretion cSNP profile. The analysis with EuroForMix
concluded that it is 38 times more likely to observe the cSNP vaginal
secretion profile if Ms V is the donor rather than if an unknown female
is the donor (Supplementary Figure S1).

Note that a separate likelihood ratio could be computed with the
skin markers as evidence, given a suitable set of propositions. However,
the vaginal secretion markers are the incriminating evidence, and the
presence of Ms V’s skin cells would not diminish the value of this
evidence.

2.2.6. Example 3: Likelihood ratio — two donors per body fluid
A woman (Ms V) was raped during a party at her boyfriend’s flat.

She was intoxicated and could not remember details from the assault.
The boyfriend’s roommate (Mr S) is a suspect, but he denies the incident
and claims that he only had social interaction with her. Before the
party Ms V had consensual intercourse with her boyfriend (Mr B). The
activity level propositions are:
𝐻𝑝: Ms V had consensual intercourse with Mr B at time 𝑡1 and was

raped by Mr S at time 𝑡2,
𝐻𝑑 : Ms V had consensual intercourse with Mr B at time 𝑡1 and was

raped by an unknown at time 𝑡2. Ms V and Mr S only had social
interaction.

The offence was reported two days after the crime, so no vaginal swab
was taken. However, a stain on the victim’s underwear gave a positive
result for semen with a presumptive test. The Y-STR profile recovered
from the stain showed a mixture of three males: a major profile which
‘matched’ the Y-STR profile of Mr B, a minor profile that ‘matched’ that
of Mr S and a minor unknown profile. The sub-source propositions:
𝐻𝑝: The DNA came from Mr B, Mr S and an unknown contributor,
𝐻𝑑 : The DNA came from Mr B and two unknown contributors,

resulted in a high LR. Provided that the court accepts the evidence,
the presence of Mr S’s DNA is not disputed. The following source level
propositions were considered:
𝐻𝑝: Mr B and Mr S contributed semen,
𝐻𝑑 : Mr B and an unknown contributed semen; Mr S contributed skin
5

cells or another body fluid.
Table 3
cSNP profile in the rape case example showing the alleles and read counts in the stain
(RNA-cSNP) and the reference profiles of Mr B and Mr S (DNA-cSNP).

Marker Body fluid RNA-cSNP DNA-cSNP

Allele Read count Mr B Mr S

KLK3 Semen G 4949 G/G G/G
SEMG1 Semen A/T 854/4146 T/T A/T
SEMG2_1 Semen A/C 2626/2418 A/C A/C
SEMG2_2 Semen A 4679 A/A A/A
TGM4_1 Semen G/T 2930/2054 G/T G/G
TGM4_2 Semen G 4439 G/G G/G
TGM4_3 Semen C/G 2487/2447 C/G C/G
TGM4_4 Semen A/G 3021/1791 A/G A/A

Note that under 𝐻𝑝, the unknown donor is assumed to have contributed
some other body fluid than semen.

Table 3 shows constructed cSNP data for this example: DNA-cSNP
reference profiles for Mr B and Mr S in addition to the RNA-cSNP
profile from the victim’s underwear. The RNA-cSNP profile only shows
genotypes in the semen cSNPs. Thus, if Mr S has not contributed semen
to the stain, the source of his DNA must be an undetected body fluid or
cell type. The same is implied for the unknown donor. The table also
displays the RNA read counts for each observed allele. The allele ratios
in the heterozygous markers differ from the expected 1:1 for a single
source profile, which suggests more than one donor. Let 𝑅𝑠𝑒𝑚 denote the
RNA-cSNP profile in the semen markers, 𝑔𝑠𝑒𝑚 denote Mr S’s genotype
and 𝐼𝑠𝑒𝑚 denote Mr B’s profile who is an undisputed donor. The source
level likelihood ratio was calculated as

𝐿𝑅𝑠𝑒𝑚 =
𝑃 (𝑅𝑠𝑒𝑚 ∣ 𝐻𝑝, 𝑔𝑠𝑒𝑚, 𝐼𝑠𝑒𝑚)
𝑃 (𝑅𝑠𝑒𝑚 ∣ 𝐻𝑑 , 𝑔𝑠𝑒𝑚, 𝐼𝑠𝑒𝑚)

.

The likelihood ratio evaluates the probability that a random person
in the population has a semen cSNP profile that fits with the RNA-
cSNP profile. Analysis with EuroForMix concluded that it is 4291
times more likely to observe the cSNP semen profile if the stain is a
mixture of Mr B and Mr S rather than if it is a mixture of Mr B and
an unknown contributor (Supplementary Figure S2). Under 𝐻𝑝, the
mixture proportions were estimated as 0.72:0.28 for Mr B:Mr S.

2.3. Simulations

We used simulations to investigate the distribution of likelihood
ratios that can be expected for cSNP profiles, with the purpose of
highlighting the theoretical discriminatory power of the different body
fluids. Each body fluid was considered separately. To carry out the
simulations we made the simplifying assumption that all cSNPs within
a body fluid have the same expected read counts. No unspecific reads
were simulated. We used the function genDataset() in the Eu-
roForMix R package to simulate cSNP profiles based on real allele
frequencies. This function generates random read counts from the
gamma distribution based on the provided expected read count (𝜇) and
coefficient of variation (𝜎). These parameters were estimated from the
heterozygous single-contributor alleles in the 29 mixture stains in Table
S2 (described in Section 2.4). In the simulations we used a drop-in prob-
ability of 0.05, 𝜆 for modelling the reads of drop-in alleles set to 0.01,
and no stutter or degradation. The same parameter values were used in
the computation of likelihood ratios. A minimum detection threshold of
50 read counts was applied and the step tolerance parameter was set
to 1e–6. Fst correction was not applied because the simulation function
does not have the option to simulate data with population substructure.

To evaluate the different body fluids’ ability to discriminate between
the propositions 𝐻𝑝 and 𝐻𝑑 , we used Receiver Operating Character-
istics (ROC) curves [31]. For a chosen threshold 𝑡, a true positive is
defined as the event where LR ≥ 𝑡 when 𝐻 is true. Likewise, a false
𝑝
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positive is defined as the event where LR ≥ 𝑡 when 𝐻𝑑 is true. The true
ositive rate (TPR) is calculated as

PR(𝑡) = 1
𝑁

𝑁
∑

𝑖=1
𝐼
(

𝐿𝑅𝑖 ≥ 𝑡
)

(4)

here 𝐼 is 1 if 𝐿𝑅𝑖 > 𝑡 and 0 otherwise, and 𝐿𝑅𝑖 is the likelihood ratio
omputed from simulation 𝑖 = 1,… , 𝑁 . Since events under 𝐻𝑑 where
R ≥ 𝑡 are rare for large values of 𝑡, we used importance sampling to
ompute the false positive rate (FPR):

PR(𝑡) = 1
𝑁

𝑁
∑

𝑖=1
𝐼
(

𝐿𝑅𝑖 ≥ 𝑡
)

⋅
1

𝐿𝑅𝑖
, (5)

here 𝐿𝑅𝑖 is the likelihood ratio computed from simulation 𝑖 = 1,… , 𝑁
nder 𝐻𝑝 [32]. One ROC curve was constructed per body fluid. For each
OC curve we estimated the area under the curve (AUC). AUC = 1 in-
icates a perfect discrimination between propositions, while AUC = 0.5
ndicates that we are not able to discriminate between propositions
ith the given body fluid markers.

.3.1. One donor per body fluid
Read counts for 𝑁 = 1000 one-contributor RNA-cSNP samples were

imulated separately for each body fluid. We assume that it has been
ccepted at sub-source level that there is a second, unknown DNA donor
n the stain. For each sample we calculated the likelihood ratio for the
ollowing set of propositions:
𝐻𝑝: The true donor contributed the body fluid,
𝐻𝑑 : The unknown second donor contributed the body fluid.

.3.2. Two donors per body fluid
Read counts for 𝑁 = 1000 two-contributor RNA-cSNP mixtures

ere simulated for each body fluid. The expected read count was
et to 2𝜇. The mixture ratios used were 1:1 (both donors are equal
ontributors), 3:1 (donor 1 is a major contributor and donor 2 is a
inor contributor) and 1:3 (donor 1 is a minor contributor and donor
is a major contributor). We assume that it has been accepted at sub-

ource level that there is a third, unknown DNA donor in the stain. For
ach sample we computed the likelihood ratio for the following set of
ource level propositions:
𝐻𝑝: Donor 1 and donor 2 contributed the body fluid,
𝐻𝑑 : Donor 1 and the unknown third donor contributed the body fluid.
ote that for the samples with mixture ratio 3:1 we condition on the
ajor contributor in the propositions, and with mixture ratio 1:3 we

ondition on the minor contributor.

.4. Real data

The real data samples analysed here are described in Ingold et al.
21]. The data set consists of RNA-cSNP profiles from 29 two-person
ixtures where the donors have contributed different body fluids and
5 two-person mixtures where the donors have contributed the same
ody fluid (Supplementary Tables S2 and S3). These mixture stains
onsist of varying amounts of blood, semen, saliva, vaginal secretion,
enstrual blood and skin. Reference DNA-cSNP profiles were generated

rom buccal swabs or from other body fluids. Sequencing was carried
ut on an Illumina MiSeq FGx platform and the results were presented
s read counts per cSNP position.

.4.1. One donor per body fluid
For the 29 two-person mixtures with one donor per body fluid

Supplementary Table S2), each body fluid component was analysed
eparately as a single source profile in EuroForMix. Let donor 1 be the
ontributor of component 1, and donor 2 the contributor of component
. We assume that it was accepted at sub-source level that donor 1,
onor 2 and a third, unknown donor contributed DNA. For each body
luid component we evaluated the data given two sets of source level
ropositions. For component 1, where donor 1 is the true donor, the
6

ource level propositions were:
𝐻𝑝: Donor 1 contributed the body fluid,
𝐻𝑑 : Donor 2 contributed the body fluid,

and
𝐻𝑝: Donor 1 contributed the body fluid,
𝐻𝑑 : The unknown third donor contributed the body fluid.

We refer to the likelihood ratios as 𝐿𝑅12 and 𝐿𝑅1𝑢, respectively.
For component 2, where donor 2 is the true donor, the source level
propositions were
𝐻𝑝: Donor 2 contributed the body fluid,
𝐻𝑑 : Donor 1 contributed the body fluid,

and
𝐻𝑝: Donor 2 contributed the body fluid,
𝐻𝑑 : The unknown third donor contributed the body fluid,

resulting in the likelihood ratios 𝐿𝑅21 and 𝐿𝑅2𝑢, respectively.

2.4.2. Two donors per body fluid
The 15 mixtures with two donors per body fluid (Supplementary

Table S3) were evaluated as two-person mixtures in EuroForMix. Let
donor 1 and donor 2 denote the two contributors. We assume that it
was accepted at sub-source level that donor 1, donor 2 and a third,
unknown donor contributed DNA. The following sets of source level
propositions were considered:
𝐻𝑝: Donor 1 and donor 2 contributed the body fluid,
𝐻𝑑 : Donor 1 and the unknown third donor contributed the body fluid,

and
𝐻𝑝: Donor 1 and donor 2 contributed the body fluid,
𝐻𝑑 : Donor 2 and the unknown third donor contributed the body fluid.

We denote the corresponding likelihood ratios 𝐿𝑅2|1 and 𝐿𝑅1|2, where
𝐿𝑅𝑖|𝑗 is the LR for donor 𝑖 conditioned on the presence of donor 𝑗.

3. Results

3.1. Simulations

Based on real data we estimated the following expected read counts
(𝜇) per body fluid: blood = 1200, saliva = 830, semen = 1245, vaginal
secretion = 460, menstrual blood = 2650 and skin = 1080. The esti-
mated coefficients of variation (𝜎) were: blood = 1.75, saliva = 1.89,
semen = 1.32, vaginal secretion = 2.47, menstrual blood = 1.09 and
skin = 1.15. These values were used as input in the simulations. Many
of the generated profiles had a considerable amount of dropout; the
vaginal secretion cSNPs showed a large number of dropout alleles even
in the major contributor in the two-person mixtures (see Supplementary
Tables S4 and S5).

3.1.1. One donor per body fluid
Fig. 4 shows the ROC curve for each body fluid based on the

simulations with one donor per body fluid. At threshold 𝑡 = 1, blood (11
markers), semen (8 markers) and skin (7 markers) have a true positive
rate close to 1 and a false positive rate below 0.05. Saliva and vaginal
secretion (3 markers each) have a true positive rate of 0.86 and 0.75,
respectively, and a false positive rate of around 0.35 at this threshold.
At 𝑡 = 10, the true positive rate for blood, semen and skin is still around
0.9, while for saliva and vaginal secretion it has dropped considerably,
as has the false positive rate. At 𝑡 = 100, blood, semen and skin still
have a true positive rate in the range 0.59–0.68, while at 𝑡 = 1000 the
rates have dropped to 0.14–0.18.
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Fig. 4. ROC curves and AUC values for simulations of one donor per body fluid. For
range of thresholds 𝑡, the true positive rate refers to the proportion of LR ≥ 𝑡 given
𝑝 true, and the false positive rate refers to the proportion of LR ≥ 𝑡 given 𝐻𝑑 true.

Thresholds 𝑡 = 1, 𝑡 = 10, 𝑡 = 100 and 𝑡 = 1000 are indicated in the curves, and exact
values are given in Supplementary Table S6. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.1.2. Two donors per body fluid
Fig. 5 shows ROC curves based on simulations with two donors per

body fluid, in different mixture proportions. As expected, the ability to
discriminate between 𝐻𝑝 and 𝐻𝑑 for these two-person mixtures is lower
than for the single source stains in the previous section. For the 1:1
mixtures, the three best performing body fluids, blood, semen and skin,
all have true positive rates above 0.9 at 𝑡 = 1, however the false positive
rates are also high (around 0.2). LRs above 100 are rather unlikely for
all body fluids. With mixture ratio 3:1, where we conditioned on the
major contributor, the three best body fluids obtain true positive rates
of around 0.8 at 𝑡 = 1, but the false positive rates are high. Both saliva
and vaginal secretion have AUC values just above 0.5. With mixture
ratio 1:3, where we conditioned on the minor contributor, blood, semen
and skin obtain true positive rates around 0.95 and false positive rates
around 0.12. Saliva and vaginal secretion have true positive rates of
0.56 and 0.54 and false positive rates of 0.37 and 0.39. With 𝑡 = 10 the
false positive rates are low for all body fluids, and blood, semen and
skin all have true positive rates around 0.65.

3.2. Real data

3.2.1. One donor per body fluid
Table 4 shows the results of the 29 two-person mixtures with one

donor per body fluid analysed with EuroForMix. In the table, a dropout
is defined as an allele in the reference profile with less than 50 reads
in the RNA-cSNP profile. Dropout in homozygous markers counts as
two alleles. Since the number of markers differs between the body
fluids, a per sample dropout value was calculated as 𝑥∕(2𝐿) where 𝑥
is the number of dropped out alleles and 𝐿 is the number of loci. For
the mixtures that contained gender specific body fluids and a male
and a female donor, the likelihood ratio functioned as a confirmatory
test. Note that some LRs are ‘NA’, which means that EuroForMix did
not return a result. Mainly, the reason was that all alleles for this
component had dropped out (as indicated by ‘DO = 1’). For semen
in sample 14 and menstrual blood in sample 21 the model did not
converge.

Some false negative results (𝐿𝑅 < 1) were observed. For many
samples this can be explained by a large proportion of dropout alleles
(samples 1, 2, 4, 7 and 23). For the body fluids with only three markers
(saliva, vaginal secretion and menstrual blood) even one dropout is
a considerable loss of information (samples 3 and 19). The very low
7

d

Table 4
Results of EuroForMix analysis of the 29 samples with one donor per body fluid
(Supplementary Table S2). ‘Component 1’ and ‘Component 2’ correspond to the first
and second body fluid component of the mixture (red = blood, blue = saliva, yellow =
semen, green = vaginal secretion, magenta = menstrual blood, brown = skin). Donor
1 is the true donor of component 1 and donor 2 is the true donor of component 2.
‘DO’ is the proportion of dropout alleles for the true donor. ‘𝐿𝑅12 ’ compares donor 1
(true donor) to donor 2, and ‘𝐿𝑅1𝑢 ’ compares donor 1 to an unknown. ‘𝐿𝑅21 ’ compares
donor 2 (true donor) to donor 1, and ‘𝐿𝑅2𝑢 ’ compares donor 2 to an unknown. For
certain components, one donor could be excluded because of gender (denoted by ‘–
’). ‘NA’ denotes that EuroForMix did not give a result. For the mixtures of blood and
menstrual blood (marked with *) we expect the menstrual blood donor to also appear in
the blood markers together with the blood donor. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.

Component 1 Component 2
Sample DO 𝐿𝑅12 𝐿𝑅1𝑢 DO 𝐿𝑅21 𝐿𝑅2𝑢

1 0.59 2.45 1.38e–05 0 1 2.35
2 0 5.14e+18 3,505 0.33 3.21 0.04
3 0 1.39e+27 8,347 0.17 7.39e+18 0.21
4 0.55 1.35e+17 3.21 0.31 4.83e+33 0.15
5 0 5.31e+29 2,409 0 – 403
6. 1 NA NA 0.81 39.3 4.23
7 0.59 2.74 0.46 1 NA NA
8 0.86 5.15 1.87 1 NA NA
9 0.27 0.11 3.43e–09 1 NA NA
10* 0.36 130,538 2.54 1 NA NA
11* 0 2.76e–05 9.18e–26 0 1 4.53
12* 0.59 0.41 2.34 0 1.96e+14 10.3
13 0.67 2.37 1.33 0.06 7.88e+50 90.1
14 0.67 1 1.33 0.06 – NA
15 0.67 2.38 1.34 0.12 6.11e+18 4.51
16 1 NA NA 0.67 1 1.09
17 1 NA NA 0 26.4 5.37
18 0.5 0.28 1.04 0.17 0.50 0.42
19 0.33 1 1.71 0.17 20.8 0.18
20 0.33 1 1.83 0 – 13.2
21 0.67 1 2.84 0 NA NA
22 0 1 2.33 0.71 5.27 2.67
23 0.94 – 0.66 0.67 – 1.09
24 0.12 – 9.48 0.67 – 1.09
25 0.12 – 0.29 0.67 – 1.09
26 0.44 – 3.08 1 – NA
27 0.62 – 2.18 1 – NA
28 0.25 – 6.36 0.33 – 2.14
29 0.19 – 0.53 0 – 4.56

value for 𝐿𝑅1𝑢 for the blood component in sample 1, is caused by
one allele in the locus AMICA1_2 with 1800 reads that is not found
in the donor’s genotype. If a DNA contamination has occurred, the
contaminating profile must by chance have the exact same genotype as
the donor in all the other blood markers except AMICA1_2, which seems
very unlikely. This is essentially a drop-in we have no explanation for.
The blood component in sample 9 fits better as a mixture of the blood
donor and the vaginal secretion donor, which could be explained if the
vaginal secretion sample was contaminated with blood. Samples 11 and
12 are mixtures of blood and menstrual blood; both have 𝐿𝑅12 < 1,
ndicating that the blood markers fit better to donor 2 (the menstrual
lood donor) than to donor 1 (the blood donor). It is expected that the
enstrual blood donor appears in the blood markers together with the

lood donor. For sample 12, the high likelihood ratio for the menstrual
lood component (𝐿𝑅21) indicates that menstrual blood is consistent
ith donor 2. In samples 25 and 29 the low LR is likely caused by some
nbalanced alleles. In addition, these samples have several dropout
lleles in the markers TGM4_2, TGM4_3 and TGM4_4.

Moreover, Table 4 shows that in the three mixtures with blood and
aginal secretion, all the vaginal secretion alleles dropped out. Also in
ixtures with semen, vaginal secretion had a large number of dropout

lleles. Further, there are two saliva–vaginal secretion mixtures where
ll saliva alleles dropped out. In two of the menstrual blood components
ll menstrual blood alleles dropped out, one in a mixture with blood
nd one in a mixture with semen. In one blood–semen mixture all blood
lleles dropped out, however, semen also had a large proportion of

ropout alleles in this sample.
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Fig. 5. ROC curves and AUC values based on the simulations of two donors per body fluid, with mixture proportions 1:1, 3:1 (LR conditioned on major contributor) and 1:3 (LR
conditioned on minor contributor). Plotted for a range of thresholds 𝑡, the true positive rate is the proportion of LR ≥ 𝑡 given 𝐻𝑝 true, and the false positive rate is the proportion
of LR ≥ 𝑡 given 𝐻𝑑 true. Thresholds 𝑡 = 1, 𝑡 = 10 and 𝑡 = 100 are indicated in the curves and exact values are presented in Supplementary Table S7. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 5
Results of EuroForMix analysis of the 15 samples with two donors
per body fluid (Supplementary Table S3). ‘𝑀𝑥 ’ is the designed mixture
proportion for donor1:donor2, while ‘Est 𝑀𝑥 ’ is the estimated mixture
proportion. ‘𝐿𝑅2|1 ’ compares ‘donor 1 + donor 2’ to ‘donor 1 + unknown’,
while ‘𝐿𝑅1|2 ’ compares ‘donor 2 + donor 1’ to ‘donor 2 + unknown’. ‘DO’
denotes the proportion of dropout alleles in donor1:donor2. The samples
are coloured according to body fluid (red = blood, blue = saliva, yellow
= semen). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Sample 𝑀𝑥 Est 𝑀𝑥 DO 𝐿𝑅2|1 𝐿𝑅1|2

30 0.5:0.5 0.34:0.66 0.09:0 104 71
31 0.5:0.5 0.54:0.46 0:0 138 614
32 0.5:0.5 0.48:0.52 0.18:0.14 93 38
33 0.1:0.9 0.32:0.68 0.18:0.14 1.25 1.98
34 0.1:0.9 0.17:0.83 0:0 2311 247
35 0.5:0.5 1:0 0.67:0.83 1.00 1.23
36 0.5:0.5 0.95:0.05 0.33:0.33 1.00 3.45
37 0.5:0.5 0.34:0.66 0.17:0 0.93 0.89
38 0.1:0.9 0.26:0.74 0.17:0 1.22 1.13
39 0.1:0.9 NA:NA 0.67:0.67 NA NA
40 0.5:0.5 0.52:0.48 0.12:0.12 9.77e–05 4.38e–03
41 0.5:0.5 0.4:0.6 0.19:0.12 3.08e–03 2.36
42 0.5:0.5 NA:NA 0.06:0 NA NA
43 0.1:0.9 0.08:0.92 0.19:0 312 54
44 0.1:0.9 0:1 0.62:0.38 7.04 1.00

3.2.2. Two donors per body fluid
Table 5 shows the results of the 15 mixtures with two donors per

body fluid analysed with EuroForMix. Only blood, semen and saliva
are represented among these samples. Sample 39 (saliva) only had one
read count above the threshold, and EuroForMix returned no result.
For sample 42 (semen), the model did not converge. Overall, the saliva
samples had the most dropout alleles. This body fluid also had the most
imprecise mixture proportions and lowest LRs, which is expected since
this is the body fluid with the fewest markers. A few false negatives
were observed. In sample 37 (saliva) there was one dropout among only
three markers. For sample 40 (semen), an allele present in both donors
had dropped out in the markers TGM4_2 and TGM4_3. For sample 41
(semen) where 𝐿𝑅2|1 < 1, the allele balance for some of the markers
id not fit very well with donor 2’s profile.

.3. Mock casework examples

.3.1. Sexual assault
This mock example is based on the semen–saliva mixture in sample
8

3 (Supplementary Table S2).
Table 6
Data from the mock casework semen–saliva mixture showing the alleles and read counts
in the stain (RNA-cSNP), and the reference profile of Mr S (DNA-cSNP). The RNA-cSNP
profile only had reads in the saliva and semen markers. Alleles in parentheses fall below
the threshold of 50 read counts and are not considered in the LR calculation.

Marker Body fluid RNA-cSNP DNA-cSNP

Allele Read count Mr S

MUC7_1 Saliva (C) (40) C/T
MUC7_2 Saliva C 1697 C/G
PRB3 Saliva (G) (2) G/G
KLK3 Semen A/G 7462/53 A/A
SEMG1 Semen A/T 3020/3477 A/T
SEMG2_1 Semen A/C 1843/529 A/C
SEMG2_2 Semen A/G 1923/874 A/G
TGM4_1 Semen G 1416 G/G
TGM4_2 Semen G 3269 A/G
TGM4_3 Semen G 1719 G/G
TGM4_4 Semen G 4108 G/G

A man is accused of sexual assault, but he denies the offence
and says that he only spoke to the ‘victim’ Ms V. The activity level
propositions are:
𝐻𝑝: The suspect sexually assaulted Ms V,
𝐻𝑑 : An unknown sexually assaulted Ms V, the suspect only talked to

her.
The evidence is a stain from the victim’s T-shirt. A presumptive test
for semen was positive and Y-STR analysis revealed a mixture of two
males. The sub-source level propositions:
𝐻𝑝: The DNA came from Mr S and an unknown contributor,
𝐻𝑑 : The DNA came from two unknown contributors,

resulted in a high LR. Assuming that the court has accepted the 𝐻𝑝
sub-source proposition, and since semen is the body fluid of interest,
the following source level propositions are formulated:
𝐻𝑝: Mr S contributed semen,
𝐻𝑑 : The second (unknown) donor contributed semen; Mr S con-

tributed saliva or another body fluid/cell type.
A cSNP analysis was performed, and read counts for all the 35 cSNPs
in the RNA-cSNP profile can be seen in Fig. 6. The reads are pre-
dominantly in the semen markers, but also one saliva marker has a
considerable amount of reads. All other body fluids can be disregarded
when we use a minimum threshold of 50 read counts.

Table 6 displays the read counts in the RNA-cSNP profile and

the suspect’s DNA-cSNP profile for the saliva and semen markers. If
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he suspect is the semen donor, there must have been a dropout in
arker TGM4_2 (allele A), and a drop-in in KLK3 (allele G with 53

eads). Evaluation of the cSNP profile for the eight semen markers
n EuroForMix resulted in an LR of 90. The evidence supports the
ource level proposition that the semen came from Mr S rather than the
nknown donor. To address the activity level propositions, a different
alculation would be required that is not considered here.

.3.2. Physical assault
This mock casework example is based on the blood–blood mixture

n sample 32 (Supplementary Table S3).
Mr Y is accused of violence against Mr X. He did not see his attacker,

ut Mr Y is a suspect because they had a heated argument earlier that
ay. The following activity level propositions are formulated:
𝐻𝑝: Mr Y assaulted Mr X,
𝐻𝑑 : Mr X was assaulted by someone other than Mr Y; Mr Y and Mr X

only had social interactions earlier that day.
TR analysis of a blood stain from Mr X’s clothes revealed a three-
erson mixture. The sub-source propositions:
𝐻𝑝: The DNA came from Mr X, Mr Y and an unknown contributor,
𝐻𝑑 : The DNA came from Mr X and two unknown contributors,
esulted in an LR larger than 1 billion. The presence of Mr Y’s DNA
s thus not disputed, however there is an expectation under 𝐻𝑑 that

the DNA contribution from Mr Y came from saliva due to talking or
another cell type via social interaction. The following propositions are
considered at source level:
𝐻𝑝: Mr X and Mr Y contributed blood,
𝐻𝑑 : Mr X and an unknown contributed blood; Mr Y contributed saliva

or another body fluid/cell type.
Fig. 7 shows read counts in the RNA-cSNP profile from the stain for
all the 35 cSNPs. The read counts are mainly in the blood markers,
however semen and saliva also have spurious reads. The data for the
11 blood markers are given in Table 7. Using a minimum read count
threshold of 50, both donors have a dropout in ANK1_4 (allele G)
and the marker CD93_3 has no read counts. Evaluation of the cSNP
blood markers with EuroForMix resulted in an LR of 93. The estimated
mixture ratio was 0.48:0.52 for Mr X:Mr Y. The evidence supports the
proposition that both Mr X and Mr Y donated blood, rather than Mr X
and an unknown being the blood donors. The activity level assessment
is a separate analysis, not attempted here.

4. Discussion

We have investigated the interpretation of coding region SNPs for
9

the association of body fluids and donors in mixed biological stains in h
Table 7
Data from the mock casework blood–blood mixture showing the alleles and read counts
in the stain (RNA-cSNP), and the reference profiles of Mr X and Mr Y (DNA-cSNP).
The marker CD93_3 had no reads. Only the blood markers are shown since this is the
contested body fluid. Alleles in parentheses fall below the threshold of 50 read counts
and are not considered in the LR calculation.

Marker Body fluid RNA-cSNP DNA-cSNP

Allele Read count Mr X Mr Y

AMICA1_1 Blood G/A 5764/2221 G/G A/G
AMICA1_2 Blood T/C 5591/2382 C/T T/T
ANK1_1 Blood G/(A) 7979/(3) G/G G/G
ANK1_2 Blood G/A 3332/693 G/G A/G
ANK1_3 Blood T/C 1470/624 C/T C/C
ANK1_4 Blood A/(G) 955/(6) G/G A/G
CD3G Blood A/G 2722/1153 A/A A/G
CD93_1 Blood G/(A) 2753/(4) G/G G/G
CD93_2 Blood C/T 2284/683 C/T C/C
CD93_3 Blood – – A/G A/A
SPTB Blood T/C 676/585 C/T C/C

a likelihood ratio framework. RNA-cSNP data provides information on
the origin of the biological fluid through the presence of body fluid
specific markers, but also on the identity of the donor through com-
parison with a DNA-cSNP reference profile. cSNPs therefore provide a
direct link between a donor and a body fluid.

4.1. Computational considerations

Since the interpretation of cSNP profiles is similar to that of STR
profiles, we used the STR mixture software EuroForMix to calculate
likelihood ratios for the cSNP mixtures. With EuroForMix we are con-
strained to consider source level propositions and cSNP data for only
one body fluid at a time. If we would consider different body fluids
under 𝐻𝑝 and 𝐻𝑑 , different cSNP markers would have to be analysed
nder each proposition, which would not be a valid comparison. On the
ther hand, if the whole RNA-cSNP profile was to be used as evidence in
uroForMix, all the markers that are not expressed would be considered
s dropout. This would again reduce the expected signal, which would
ot be an appropriate assumption. For source level propositions where
here are no alternative donors of the body fluid in question, we showed
hat we could assign a donor to a body fluid with a confirmatory test.

When simulating cSNP read counts we made two simplifying as-
umptions. First, we assumed that all cSNPs within a body fluid have
he same expected read count, meaning that they are equally ‘good’
arkers. From our experience with real data we note that this is not

he case [21]. Nevertheless, without making this assumption we would

ave to estimate the average read count and variance for each marker
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Fig. 7. Total read counts per marker in the RNA-cSNP profile of the mock casework blood–blood mixture.
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separately, which we do not have sufficient data for. In addition, large
variation between markers within the same body fluid was reflected in
the estimated variance within a body fluid. The other assumption was
that the cSNPs are completely specific for one body fluid. This implied
that we only simulated read counts for the cSNPs associated with the
body fluid in question. This does not fully reflect reality as we expect
some non-specific reads in the cSNP profiles. However, since we analyse
only the cSNPs for the body fluid involved in the propositions, read
counts in cSNPs associated with other body fluids would not influence
the likelihood ratio.

4.2. Discrimination power and specificity

The simulations reflected that the number of markers, the expected
read counts and the variation between and within markers for the same
body fluid all influence the discrimination power of the different body
fluids (Figs. 4 and 5). Blood, semen and skin, the body fluids with
the most markers, performed best; they were most likely to provide
an LR that supported the true hypothesis. Saliva and vaginal secretion
have only three markers each, and performed rather poorly for the
mixtures with two donors per body fluid. Vaginal secretion had the
lowest estimated read count and the highest variation, and also the
lowest discrimination power. Although menstrual blood only has three
markers, it had a higher estimated read count and lower variance, and
performed considerably better than saliva and vaginal secretion.

Similar results were observed with the real data. For the mixtures
with one donor per body fluid (Table 4), blood and semen were
the body fluids with the fewest inconclusive results (NA or LR=1),
nevertheless some false negatives (LR<1) could be observed. Vaginal
secretion, saliva and menstrual blood all had a large number of incon-
clusive results, however, menstrual blood had no false negatives. For
the mixtures with two donors per body fluid (Table 5), the best results
were obtained with blood. All the blood samples gave support to the
true hypothesis, while the saliva and semen samples showed varying
results. For a few of the semen stains in Tables 4 and 5, EuroForMix was
not able to fit a model to the data, although the read counts were high.
A plausible explanation is that the very small variation in read counts
between the markers resulted in a very small estimate of the coefficient
of variation of the read counts (𝜎). In this case the model becomes very
strict in accepting which genotype combinations are allowed. Semen,
vaginal secretion and menstrual blood donors can in some cases be
excluded because of gender.

The comparison of EuroForMix on real and simulated data indicates
that the simulations overestimate the discrimination power; the real
data LRs were lower than we would expect from the ROC curves.
10
For instance, the ROC curve for one-person blood samples (Fig. 4)
estimates the true positive rate (TPR) at 𝑡 = 1 to be 0.99. For the
lood components in the real samples with one donor per body fluid
Table 4), only 7 out of 12 LRs that compare the true donor to an
nknown (𝐿𝑅1𝑢) are above 1. This corresponds to an observed TPR of
.58. Similarly, the estimated TPR for semen at 𝑡 = 1 is 0.99, while

the observed TPR in the real semen samples is only 8∕13 = 0.62.
Menstrual blood has an estimated TPR of 0.96 and an observed TPR of
5∕9 = 0.56. Some inconsistencies between the observed and estimated
discrimination power could also be seen in the samples with two donors
per body fluid. For 1:1 semen mixtures the estimated TPR at 𝑡 = 1
is 0.91 (Fig. 5), while only 4 out of the 10 LRs that compare both
donors to one donor and an unknown (𝐿𝑅1∣2 and 𝐿𝑅2∣1) are above
1. This corresponds to an observed TPR of 4∕10 = 0.4. For the blood
samples the opposite could be observed. The estimated TPR at 𝑡 = 10
for 1:1 blood mixtures is 0.41, while 8 out of the 10 LRs were above 10,
resulting in an observed TPR of 0.8. We note that the amount of dropout
is significantly larger in the real samples compared to the simulated
samples (Supplementary Tables S4 and S5), with the exception of the
two-person blood samples. One explanation for these inconsistencies
would be that the simulated data does not mimic the observed data
very well, since they are based on the EuroForMix model.

Due to the natural composition of menstrual blood, we expect reads
also in vaginal secretion and blood cSNPs for stains where menstrual
blood is present. This could be observed in some of the real mixtures of
blood and menstrual blood in Section 3.2.1 where the menstrual blood
donor also showed expression of blood. Therefore, in a stain where one
donor has contributed blood and the other has contributed menstrual
blood, it may be more appropriate to evaluate the evidence in the blood
cSNPs as a two-person mixture, assuming that both the blood donor
and the menstrual blood donor is present. The same applies for the
evidence in the vaginal secretion cSNPs in mixtures of vaginal secretion
and menstrual blood.

Although the cSNPs are body fluid specific, they are not as specific
as RNA markers designed merely for the purpose of discriminating
between body fluids [21]. Some of the discriminatory body fluid spe-
cific mRNA markers do not contain suitable cSNPs, or the cSNPs are
located deep inside a large exon, and therefore no RNA-specific primers
(spanning an intron or located on an exon–exon-boundary) can be
designed. However, body fluid specific and cSNP mRNA markers can be
incorporated into one targeted MPS assay. Nevertheless, RNA analysis
or presumptive tests for body fluid identification is an important step
before cSNP analysis, as the results can assist in the formulation of

source level propositions.
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4.3. cSNP artefacts

The analysis of two-component body fluid mixtures in Table 4
suggested that there may be an interaction and/or interference between
different body fluids in a mixture, which may cause one body fluid
to be dominant. We observed for instance that when vaginal secretion
was mixed with blood, all vaginal secretion alleles had dropped out. In
mixtures with saliva, the vaginal secretion markers were more visible.
A similar phenomenon was observed in Dørum et al. [19] where a
prediction model was used to identify body fluid components in mRNA
mixtures. Several of the mRNA markers used there overlap with our
cSNP markers (Supplementary Table S8), although different primer sets
are used to incorporate the cSNPs. The reasons for this phenomenon
are unknown but may be due to a combination of biological and
technical factors. Biochemical interactions could involve differences in
the composition and stability of the cellular and extra-cellular RNA
present in the constituent body fluid samples comprising the mixture.
It may be that one of the body fluid samples has a higher concentration
of extracellular RNA transcripts that are more susceptible to hydrolytic
degradation compared to the other sample and/or that one of the body
fluids has a higher concentration of extracellular nucleases. Variation
in the expression of tissue specific transcripts between different body
fluids as well as inter- and intra-individual differences in gene expres-
sion of the same body fluid may also contribute to finding an apparent
interaction between body fluids. Sample preparation effects may also
confound the expected results with mock mixtures. For example, even
if mixtures are designed to be 1:1, e.g. 50 μl of blood and 50 μl of
aliva, they may contain very different amounts of RNA. Or if the major
omponent is present in high excess, titration of the critical library
reparation and PCR reagents may result in the second (minor) com-
onent not being detected. Note that this possible interaction between
ody fluids was not taken into account in the simulations, however it
ould have been incorporated by e.g. assuming different expected read
ounts for vaginal secretion when mixed with semen and when mixed
ith saliva. The estimation of such mixture specific read counts would

equire a larger data set.
Another phenomenon observed in the analysis of real data was drop-

n and dropout alleles at the RNA level. A reason for dropout in the
NA results could be the monoallelic or preferential expression of one
llele [33,34]. In particular, this was observed in the cSNPs TGM4_2,
GM4_3, and TGM4_4 (also previously reported [21]). We suppose
hat this is a biological rather than a technical issue [35]. Monoallelic
xpression differs from regular dropout in that it is not related to
ow read counts. It would make the (true) heterozygous genotype
ess likely, thus reducing the LR. This phenomenon is not modelled
n EuroForMix. Further, allelic drop-in is possibly due to stochastic
ample amplification during PCR. In sample 1 (Table 4) there was a
lood marker with a large unexplained drop-in. More investigations are
eeded, but it is possible that the drop-in distribution in EuroForMix
eeds adjustments to accommodate cSNP specific artefacts.

We have assumed throughout this paper that all the cSNPs carry
ndependent information, while in fact several of the 35 cSNPs are
ituated on the same genes. Linkage may have an effect on match
robability calculations for close relatives [36]; but this is only relevant
f kinship is in the propositions. A further result of closely linked loci
ay be linkage disequilibrium (LD), which can be observed as non-

andom association between alleles at different loci on a population
evel. In our previous paper [21] we found LD between several of
he cSNPs. Laurie and Weir [37] showed that by ignoring LD one
nderestimates the match probability. A conservative subpopulation
orrection may however prevent overestimation of the likelihood ra-
io [36]. Alternatively, one could consider haplotype frequencies rather
han allele frequencies when estimating match probabilities. Further,
ne could envisage a continuous likelihood ratio model that handles
inked markers by modelling the peak heights/read counts of haplo-
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ypes rather than alleles, which is not possible in EuroForMix. However,
this is beyond the scope of this paper where the focus is on establishing
a general framework for evaluation of cSNP profiles. There is currently
ongoing work to improve the set of cSNP markers, and the final set
of cSNPs may not have the same issues with linkage and LD as the
preliminary set of markers presented here.

4.4. Conditioning on sub-source results

Thus far we have only considered LR calculations for cSNP profiles
where the number of contributors is the same under both propositions.
However, if we regard the propositions as logical consequences of
scenarios put forward by prosecution and defence, it may be that
the scenarios happen to have a different number of contributors. This
point of view was also supported by the recommendations on the
interpretation of mixtures by the ISFG DNA commission [38]. Consider
the case example presented in Section 2.2.6 where we evaluated a
semen RNA-cSNP profile. Assume that the STR profile only showed
a two-person mixture, and that it was accepted at sub-source level
by both the prosecution and defence that Mr B and Mr S were the
only contributors to the stain. Following this, the natural source level
propositions become
𝐻𝑝: Mr B and Mr S contributed semen,
𝐻𝑑 : Mr B only contributed semen; Mr S contributed skin cells or a

different body fluid.
Analysis of the semen cSNPs with EuroForMix results in an LR of 363
million. The large likelihood ratio reflects the fact that the RNA-cSNP
profile does not resemble a single contributor profile as is conditioned
on under 𝐻𝑑 , and the model describes a two-person profile better.
However, both parties had already accepted at sub-source level that Mr
B and Mr S were the only contributors to the stain, so under 𝐻𝑑 there
was no conceivable second semen contributor. The likelihood under
𝐻𝑑 approaches 0 and the LR becomes a confirmatory test. If we would
have included an unknown semen donor under 𝐻𝑑 , we would implicitly
assume that it is possible to detect a cSNP profile for a contributor
that was not detected in the STR profile. This contradicts with our
assumumption that the STRs are more sensitive than the cSNPs (as
stated in Section 2.2.1).

On a different note, if analysis of the semen cSNPs with EuroForMix
resulted in a low LR, thus supporting the proposition that Mr S did not
contribute semen, then the LR for semen is not, on its own, the whole
source-LR. If a sufficient amount of DNA supports his STR profile but
none of the five other body fluids were detected, the most plausible
scenario is that Mr S has left some other body fluid/cell type not
covered by the cSNPs. Although the cSNPs do not contribute a direct
link between a body fluid and the suspect in this case, they still carry
some evidential value.

4.5. Hierarchy of propositions framework

The ISFG DNA commission has published recommendations regard-
ing the evaluation of evidence [2,39]. The hierarchy of propositions
framework is fundamental, and it is pertinent to carry out a brief
review of the framework here. The hierarchy of propositions is divided
into three main levels: sub-source, source and activity. The sub-source
relates to the DNA profile itself; source level addresses the body fluid
and the activity level describes the ‘how’ and ‘when’ the body fluid
became evidential. The highest-level propositions deal with offence,
however findings at this level are not addressed by the scientist. It
is an important precept that each level in the hierarchy is a separate
consideration that requires a different LR.

Addressing source level in casework adds significant value to the
interpretation of a case. Several examples are provided in Sections 2.2
and 3.3. One of the described cases (Regina v. Weller [30], Sec-
tion 2.2.4) was considered by the appeal court of England and Wales,
where source level was the main consideration. There was alleged

sexual assault by digital penetration; contact between the suspect and
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victim was not denied. Consequently, there is an a priori expectation
to find epithelial cells from the victim underneath the fingernails of the
suspect. In court, the prosecution successfully argued that the evidence,
based upon the likelihood of observing a full DNA profile from the
victim and the scientist’s experience with such cases, supported their
contention that the DNA was from vaginal cells, rather than from ep-
ithelial cells or vomit. However, there was no quantitative assessment
at source level, i.e. no evidence that vaginal cells were actually present,
hence the assessment was subjectively based. In contrast, the applica-
tion of cSNP profiling removes the need to rely upon the scientist’s
‘experience’. By providing a quantitative assessment of the evidence,
it would greatly assist a court with deliberations in complex cases such
as Weller, that are dependent upon source level assessment.

Taylor et al. [22] introduced a Bayesian network to answer ques-
tions like these using criteria such as visual appearance of a stain,
quantification of DNA, results of presumptive tests such as Hema-
Stix, and the value of the evidence at sub-source level. Because many
factors are considered, the resulting Bayesian networks are complex.
Conversely, the advantage of cSNP profiling is that it offers a much-
simplified approach, that requires fewer assumptions, and is therefore
both more robust and arguably easier to adopt in casework. If labora-
tories adopt the same procedures, then standardisation follows. This
has been greatly assisted by several EDNAP/EUROFORGEN studies
that show the successful application of mRNA profiling for body fluid
identification [40–45] and cSNP profiling [35] in the participating
laboratories.

4.6. Reporting

A consideration of a level in the hierarchy of propositions requires
acceptance of the previous level by the court [2]. To explain, a caveat
is needed in the statement to go from sub-source to source level:

‘‘Provided that it is accepted that the DNA came from Mr S, I can
consider the evidence of the body fluid attribution’’.

A similar caveat will be needed if activity level is addressed. It is
important to note that there is an essential distinction to make between
source level and activity level reporting. Source level will address
propositions relating to the cell type in a stain and can address its
association with a particular DNA profile. Therefore, in the Weller
example above, where samples are taken from underneath the suspect’s
fingernails, source level propositions can be formulated as follows in a
statement:

‘‘I have been asked to consider two alternative propositions:

𝐻𝑝: Vaginal cells from Ms V were recovered from underneath finger-
nails of Mr S,

𝐻𝑑 : Some other cell type from Ms V was recovered from underneath
fingernails of Mr S.

Provided that it is accepted by the court that Ms V was a contributor
of DNA to the sample, I can carry out an evaluation of the evidence in
relation to the body fluid source. To do this I carried out a confirmatory
test using cSNP profiling. The confirmatory test provides either a positive
or negative result (note that a negative result can occur if there is
insufficient body fluid present to test — it does not definitively ‘exclude’
its presence). My conclusion is that the cSNP evidence supported the
proposition that vaginal cells from Ms V were recovered from underneath
fingernails of Mr S’’.

In the extended version of this case presented in Section 2.2.5, there
was also an unknown donor present under the fingernails of the suspect.
In this case the likelihood ratio could be quantified, and the results
could be reported somewhat differently:

‘‘I have considered two alternative propositions:
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𝐻𝑝: Vaginal cells from Ms V were recovered from underneath finger-
nails of Mr S,

𝐻𝑑 : Vaginal cells from an unknown female were recovered from un-
derneath fingernails of Mr S. Ms V contributed some other cell
type.

The evidence is X times more likely if the first proposition is true rather
than if the alternative were true’’.

However, this does not directly address the ‘activity level’. The distinc-
tion is subtle, but it does require a separate assessment of the evidence.
Hence, in this case example, the activity level propositions are the same
as described in Section 2.2.4:
𝐻𝑝: Mr S sexually assaulted Ms V by digital penetration and had social

interaction,
𝐻𝑝: Mr S did not assault Ms V, he only had social interaction and

helped her when she was ill.
To assess the activity level propositions requires an understanding of
the various modes that DNA transfer can occur and relevant data. If
the prosecution proposition is true, then digital penetration occurred.
However, if the defence proposition is true, it is necessary to consider
the alternatives. These are:

(a) Secondary/tertiary transfer: The suspect’s contact with the defen-
dant’s hands, clothing of the victim, or from the local environ-
ment e.g. her bed.

(b) Contamination: accidental transfer of materials from one item to
another during collection and analysis (e.g. miscarriage of justice
of Farah Jama [3, pp. 27–30].

Whereas secondary transfer has been addressed in the literature (see
reviews [46,47]) with respect to DNA, there is a gap in literature
with respect to mRNA i.e. there are no studies that ascertain levels
of prevalent (known individuals) and background (unknown individ-
uals) mRNA in the environment. Until such studies become available,
reporting scientists will need to explain the limitations of the evidence
to avoid inadvertent carry-over of the source level LR to the activity
level. A caveat can be applied to the statement:

‘‘My assessment is limited to a consideration of the value of the evidence
relating to the body fluid/cell type taken from the item. I have not
addressed the activity that led to its deposition. This is a separate
consideration that requires a different analysis. To evaluate, I would
need to take account of possible alternative methods of transfer of DNA
and mRNA, such as contamination and levels of background RNA in the
environment. Currently, there are insufficient data to assist me with this
task’’.

Once data become available it will be possible to report activity level
using Bayesian networks such as those described by Gill et al. [39].

5. Conclusion

The aim of this paper was to establish a framework for evaluation of
cSNP data given source level propositions in a likelihood ratio setting.
More specifically, we wanted to explore the use of the continuous
model in EuroForMix for analysis of cSNP mixtures. The results in-
dicate that saliva, vaginal secretion and menstrual blood, with only
three markers each, are not informative enough to properly assess the
applicability of EuroForMix. Blood, semen and skin have more cSNPs
and better discrimination power, but based on the inconsistencies
between results from simulated and real data, more experiments should
be conducted to assess if EuroForMix can be applied to cSNP data.
Phenomena in cSNPs that do not occur in STRs, such as unspecific
reads, monoallelic expression and the fact that cSNPs for some body
fluids appear to be silenced by other body fluids, need to be better
investigated and understood, and different models should be tested
to find the optimal way of evaluating these data. Nevertheless, we
have demonstrated that cSNPs can contribute valuable information in
assigning a donor to a body fluid in mixed biological stains in a range
of different scenarios.
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