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Resumo

A érea da genética é responsavel pelo estudo da transmissdo e expressdo dos genes. Na populacdo
humana, existe uma imensa diversidade genética. Esta variabilidade genética permite o uso da técnica
de anélise de perfis de DNA por geneticistas forenses.

Um perfil de DNA consiste no conjunto de gendtipos de multiplos loci. A andlise de perfis de DNA é
utilizada na identificacdo de individuos. O perfil de DNA pode ligar um individuo especifico a uma
amostra recuperada numa cena de crime. Dos diversos marcadores de DNA existentes, o mais indicado
para se utilizar na analise de perfis de DNA sdo os STR, Short Tandem Repeat. Estes correspondem as
caracteristicas necessarias para este tipo de andlise: sdo extremamente polimdrficos, sdo de facil
caraterizacdo e permitem uma leitura simples dos perfis de DNA.

A andlise de amostras forenses é conhecida pelos seus desafios. Este tipo de amostras € suscetivel a
alteracOes analiticas devido a diversos fatores, desde a sua natureza bioldgica, substrato e contaminagao.
Estes fatores poderdo afetar a qualidade do DNA e o resultado final da analise. Quando se realiza as
andlises a perfis de DNA existe uma elevada probabilidade de dete¢do de misturas de DNA. Estes perfis
de DNA possuem mais de um contribuidor de DNA, possuindo multiplos gendtipos. Estas misturas de
DNA acarretam uma dificuldade maior na andlise deste tipo de perfil de DNA. EuroForMix é um
programa de interpretacdo de misturas de DNA que facilita a analise de perfis de DNA, e fornece
informacédo como o valor de Likelihood Ratio (LR) — medida que compara dois cenarios e indica qual o
mais provavel.

O DNA recolhido numa cena de crime deve ser analisado em diferentes niveis. Nesta dissertacdo
estamos a estudar o nivel de atividade, que diz respeito as questfes de como e quando o vestigio foi
depositado na cena de crime.

Os mecanismos de DNA, transferéncia, persisténcia, prevaléncia e recuperagdo (DNA-TPPR) possuem
um grande impacto na qualidade e quantidade de DNA.

O DNA pode ser transferido, principalmente, por dois modos, transferéncia direta (primaria) e por
transferéncia indireta (secundéaria). O modo como o DNA foi transferido para a cena de crime possui
consequéncias na interpretacio do perfil de DNA. E importante ter em consideragio a existéncia de
‘Background DNA’ e ‘Shedder Status’. ‘Background DNA’ corresponde a DNA que nao estad
relacionado com o ato criminal, mas que esta presente antes de o crime ocorrer. Este é inevitavel e afeta
a transferéncia de DNA. ‘Shedder Status’ corresponde a quantidade de DNA que nés depositamos
quando tocamos num objeto, este fator é influenciado pelo género, idade, suor, doengas de pele e habitos
de cada pessoa. Determinados fatores possuem impacto na transferéncia DNA: o tipo de substrato do
objeto, a origem do material bioldgico e o tipo de contacto entre as superficies.

A persisténcia do material bioldgico é afetada por fatores ambientais que podem acelerar o processo de
degradacdo, pelo tipo de substrato do objeto e se 0 objeto € um objeto pessoal ou partilhado por diversas
pessoas.

A prevaléncia do DNA pode ser perturbada por diversas questdes anteriormente mencionadas, como o
‘Background DNA’ e se 0 objeto é um objeto pessoal ou partilhado.



A recuperacdo do DNA pode influenciar a qualidade dos resultados das analises futuras. A escolha do
método mais adequado de recuperacdo € um fator importante. Os métodos mais utilizados sdo os
esfregacos e a fita.

Atualmente, em Portugal temos vindo a assistir um aumento dos nimeros de casos relacionados com
narcaticos, com apreensdes cada vez maiores de estupefacientes. Este aumento também é uma realidade
na Noruega, onde as taxas de casos de narcdticos tém vindo a aumentar nos ultimos anos. Uma grande
parte das amostras que vém para os laboratérios forenses sdo embalagens de drogas para analisar e
conectar a um potencial suspeito.

O DNA tem sido contestado mais frequentemente em tribunal. Especificamente a atividade ou a altura
dos acontecimentos que resultaram na transferéncia do DNA. Em muitos casos, a defesa dos suspeitos
tenta dar uma explicacdo alternativa sobre como o DNA do suspeito foi transferido. Pois um perfil de
DNA pode apenas fornecer informagdes sobre a identidade do dador, ndo diz como e quando ocorreu a
deposicéo deste.

O principal objetivo desta dissertagdo € obter um maior conhecimento sobre os mecanismos de
transferéncia, persisténcia e recuperacdo de DNA, de modo que no futuro seja mais facil para os
cientistas forenses interpretar questdes relacionadas com a atividade em casos relacionados com drogas.

Foram realizados dois tipos de experiéncia: simulacdo de manuseamento de embalagens de droga e
‘Shedder status’. A simulacdo de manuseamento de embalagens de droga englobou trés experiéncias
diferentes: simulacgdo de transferéncia direta (em que os participantes manusearam multiplas vezes uma
embalagem de droga); simulacgdo de transferéncia indireta (participantes colocaram uma embalagem de
droga numa mala previamente usada) e por Gltimo simulacdo do empacotamento de uma embalagem de
droga (esta experiéncia realizou-se aos pares, em que o primeiro participantes manuseou o rolo de fita
cola, e 0 segundo participante embalou um pedaco de cartdo com o rolo de fita cola). Na experiéncia de
determinacdo do ‘Shedder status’, os participantes manusearam trés tubos de pléastico em diferentes
alturas.

Os métodos utilizados para anélise sdo os métodos padrdo usados em laboratérios forenses. Apds a
recolhas das amostras através de esfregacos, foi utilizada a extracdo de DNA Chelex® 100 (Laboratérios
Bio-Rad), sequido por quantificacdo através de PowerQuant® (Promega) e amplificagdo com Promega
Fusion®6C Kit. Por dltimo, a analise de fragmentos foi realizada no sistema de eletroforese capilar
(CE). Na experiéncia de determinacdo do ‘Shedder status’ optou-se por realizar uma amplificacdo direta
com Promega Fusion®6C Kit, em vez de se realizar a extragdo de DNA. A amplificacdo foi seguida
pela realizagdo de eletroforese capilar.

Na primeira experiéncia em que os participantes manusearam diretamente as embalagens de droga, foi
obtida a maioria dos perfis de DNA dos participantes. Na experiéncia de transferéncia secundaria através
da mala, foram obtidos perfis de DNA parciais e perfis nulos. Na experiéncia de simulagdo do
empacotamento de uma embalagem de droga obteve-se misturas de perfis de DNA. Com base nos
resultados da experiéncia de ‘Shedder status’, foi possivel classificar os participantes em baixo, medio
e alto ‘shedders’. Tendo em conta a classificacdo atribuida aos participantes, os resultados das
experiéncias anteriores foram analisados. Na primeira experiéncia foi observada uma correlacdo entre
os valores de LR e RFU (Relative Fluorescence Unit) obtidos e a classificagdo dos participantes, tal
como na terceira experiéncia, empacotamento de uma embalagem de droga. Na segunda experiéncia,
transferéncia secundaria através da mala, ndo foi observada uma correlagdo entre os valores de LR e
RFU e a classificacdo atribuida aos participantes.



Em suma, observou-se uma maior detecdo de DNA apds transferéncia direta do que por transferéncia
indireta. Foi mais frequentemente detetado o DNA do participante que realizou o empacotamento da
droga do que 0 DNA do participante que manuseou o rolo de fita cola. Com base nos resultados obtidos
foi possivel classificar os participantes em baixo, médio e alto ‘shedders’, tendo sido, a maioria dos
participantes, classificados como medio ‘shedders’. Os dados que foram obtidos nesta dissertacéo
fornecem informag&o que pode ajudar os cientistas forenses na avaliacdo de questdes relativas ao nivel
de atividade. Tendo em conta a base de dados, criada com os resultados obtidos, foi formulado um caso
ficticio, de forma a comprovar se a base de dados criada pode ajudar na analise de questfes ao nivel de
atividade do vestigio depositado na cena de crime. Com este caso demonstramos que o valor de LR
referente ao nivel de atividade de um caso, pode ser calculado através da nossa base de dados.

Palavras-Chave: transferéncia, persisténcia, DNA, embalagens de droga



Abstract

DNA profiling is an instrumental aid in the investigation of illegal activities. Nowadays, the explanation
on how DNA evidence was deposited in the crime scene is particularly important in court. The quantity
and quality of DNA traces are affected by the mechanisms: transfer, persistence, prevalence and
recovery (DNA-TPPR). DNA traces can be transferred directly during the illegal activity or indirectly,
where an intermediary has transferred DNA. The existence of high levels of background DNA on the
surface may decrease the detection of transferred DNA. The persistence of DNA can be affected by
environmental conditions the object is exposed to in that period of time, as well by the nature of the
substrate of the object. Hands are a well-known vector when considering transfer of DNA. All these
possible sources of DNA in a sample can produce a mixed profile when analysing the results. A large
portion of the samples that come to the Norwegian forensic laboratories are drug wrappings to analyse
and link it to a person of interest. We simulated drug wrappings in different scenarios, from direct
transfer, indirect transfer from inside of a pre used bag and the packing of drug wrappings (one
participant handled the tape, a second participant packed the drug wrap). We also determined de shedder
status of the participants. It was observed a higher detection of DNA after direct transfer in comparison
with the indirect transfer results. The DNA from the participant that packed the drug wrap was more
frequently detected than the DNA from the participant that previously handled the tape. Based on a tube
holding experiment we were able to categorise the participants as high, low and medium shedders. The
majority of the participants was classified as medium shedders.

Key words: transfer, persistence, DNA, drug wrappings
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1 Introduction

Currently, the activity level evaluation of the DNA evidence has a vast significance in court. In many
cases questions are raised about how the DNA evidence was deposited; during the criminal activity, by
direct or secondary transfer, or if does not relate do the illicit event.

Forensic scientists should provide an unbiased opinion regarding the activity level of the evidence, DNA
evidence is evaluated according to different propositions, from the defence and prosecution.

Due to this, the study of the mechanisms transfer, and persistence of DNA is exceptionally important.

1.1 Basic Principles

The basic unit of life is the cell, which we have trillions of. Within the nucleus of our cells, we can
encounter nuclear DNA, deoxyribonucleic acid. DNA contains the informational code for duplicating
the cell and building the necessary proteins. Nuclear DNA is divided into chromosomes (longer DNA
molecules, that store the information required for cellular development, proliferation and function), and
protection proteins called histones. The human genome consists of 22 matched pairs of autosomal
chromosomes and 2 sex determining chromosomes, males are termed XY and female XX [1, 2].

DNA is composed by nucleotide units that consist in three parts, a nucleobase or base, a five-carbon
sugar and phosphate. The base inputs the variation in each nucleotide unit, while the phosphate and
sugar parts form the structure of the DNA molecule. DNA uses four bases, purines, adenine (A) and
guanosine (G) and the pyrimidines, cytosine (C) and thymine (T) [1, 3].

Each DNA molecule is composed of two strands of four different nucleotides, by hybridization.
Individual nucleotides pair up with their complementary base, as followed, A hybridize to T and C
hybridize to G. Directionality of the DNA sequence is provided by defining the five-prime (5”) end and
the three-prime (3’) end. The two strands of the DNA molecule are anti-parallel, one is in the 5’ to 3’
orientation and the other in the 3’ to 5’ [1, 3].

The genome can be divided into different categories of DNA based on the structure and function of the
sequence The DNA material in chromosomes is composed of coding and non-coding regions. The
coding regions are known as genes, nucleotide sequences required to make a protein or RNA product.
A gene can range from a few thousands to tens of thousands of base pairs in size. Genes consist of exons
(protein coding portions) and introns (intervening sequences). Genes only make for approximately 5%
of our chromosomal material [1, 4].

Individuals differ throughout the non-coding regions of the human genome, there are variable
polymorphic markers between individuals. The position of a gene or DNA marker in a non-coding
region is referred as locus or loci (plural). The possible variants for a locus are termed alleles, if the two
alleles on homologous are different they are termed heterozygous, if the alleles are identical in a specific
locus they are termed homozygous [1].



Most of the genome, approximately 75%, is extragenic. Around 20% of the genome is single copy DNA,
which in most cases does not have any known function. The majority of the 75% corresponds to
repetitive DNA (54%), where 45% of the repetitive DNA is interspersed and only 9% corresponds to
tandemly repeated DNA, which can be divided into satellite DNA, microsatellite and minisatellite.
Tandemly repeated DNA have major varieties of polymorphisms, which is helpful in forensic science,
allowing to differentiate different people (Figure 1.1) [5, 6].
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Figure 1.1: The human genome can be divided into different types of DNA based on its function and structure. From: [5]



1.2 DNA profiling

In the begin of the 20" century, Karl Landsteiner, gave the first step in forensic haemogenetics, by
describing the ABO blood grouping. This allowed developments of molecular biology that enabled
scientists to examine DNA sequences. In 1985, Dr. Alec Jeffreys showed the potential that DNA has in
forensics by describing ‘DNA profiling’ or ‘DNA typing’ [5, 7].

DNA profiling is a technique employed by forensic geneticists to assist in the identification of
individuals or samples by their respective DNA profiles, so it is the process of determining the genotype
present at specific locations along the DNA molecule. A DNA profile is the combination of genotypes
obtained for multiple loci [1, 8].

The first use of DNA profiling occurred in the 80’s. Two young girls were sexually assaulted and then
brutally murdered in 1983 and 1986. Both murders occurred in Leicestershire, England, with similar
features, leading the police to suspect that the same man had committed both crimes. Under public
pressure, police obtained a confession from a local man to killing one of the girls. His blood was
compared to semen recovered from the crime scenes, but the DNA did not match DNA evidence from
either crime. A mass screening to collect blood for DNA testing from all adult men in three local villages
was conducted in an exhaustive search for the serial killer. More than 4000 men were tested, without a
positive result. About a year later a woman at a bakery overheard lan Kelly bragging about how he had
given a blood sample for a friend named Colin Pitchfork. The police interviewed Pitchfork and collected
a blood sample from him and found that his DNA profile matched semen from both murder scenes. He
was subsequently convicted and sentenced to life in prison [7, 9].

The technique employed in the Pitchfork case was developed by Dr. Alec Jeffreys. The method
examines the length variation of DNA repeat sequences, known as variable number of tandem repeats
(VNTRs). The technique is called restriction fragment length polymorphism (RFLP), it involves the use
of a restriction enzyme to cut the regions of DNA surrounding the VNTRs. RFLP has a high power of
discrimination, however, requires a great amount of DNA, labor, time, and expertise to produce and
interpret a DNA profile.

In the last decades the techniques have gained increased sensitivity and are easier to perform, which
produces results with a higher level of confidence and faster. This improvement are due to the evolution
of chemistry in the kits applied (e.g., PowerPlex® Fusion 6C System from Promega) and the increased
sensitivity of the machines (e.g., Applied Biosystems® 3500xL Genetic Analyzer) [7].

So, we can say that DNA profiling detects and record polymorphisms in the genomes of individuals.
This produces strong evidence of individual identity, evidence that is extremely valuable in paternity
and forensic cases [10].



1.3 Short Tandem Repeats

The optimal DNA markers to be used for forensic genetics should have some key properties; highly
polymorphic, easy and cheap to characterize, give profiles that are simple to interpret and easy to
compare between laboratories, not be under any selective pressure and have a low mutation rate [5].

Short Tandem Repeats, STR, or microsatellites fit in the description previously mentioned.

STR consists of an array of tandemly repeated, normally identical, multibase motifs that vary in number.
These microsatellites occur approximately once every 2 kb and are composed of 2-7 bp. STRs are
common in all eukaryotic species and share the main characteristics of being abundant, short in length
and highly polymorphic, so they provide an ideal means to identify [10-13].

STR are dispersed throughout the genome and typically occur every 10.000 nucleotides. Not only do
they vary in the length of the repeat unit (Figure 1.2) but also STR differ in the consistency in which
they conform to an incremental repeat pattern (Figure 1.3) [12].

Dinucleotide repeats |
» Two nucleotides repeated next to each other, repeatedly. E.g., (CA)(CA)(CA)(CA)

Trinucleotide repeats ]
o Three nucleotides repeated next to each other, over and over again. E.g., (GCC)(GCC)(GCC)

Tetranucleotides repeats |
o Four nucleotides repeated next to each other, again and again. E.g., (AATG)(AATG)(AATG)

Pentanucleotides repeats |
e Five nucleotides repeated next to each other, continually. E.g., (AGAAA)(AGAAA)

L B

Hexanucleotides repeats |
« Six nucleotides repeated next to each other, over and over again. E.g., (AGTACA)(AGTACA)

Figure 1.2: Type of STR markers. STR repeats sequences are titled by the length of the repeat unit. Adapted from: [12]

—{ Simple repeats }

» Contain units of identical length and sequence. E.g., (GATA)(GATA)(GATA)

—{ Compound repeats |

» Comprise two or more adjacent simple repeats. E.g., (GATA)(GATA)(GACA)

—{ Complex repeats }

» May contain several repeat blocks of variable unit length as well as variable intervening sequences. E.g.,
(GATA)(GACA)(CA)(CATA)

—{ Complex hypervariable repeats ‘

« Exist with numerous nonconsensus alleles that differ in both size and sequence and are therefore challenging to genotype
reproducibly. Not commonly used in forensic DNA profiling

Figure 1.3: Repeat pattern of STR. Microsatellites are distributed into categories according to the repeat pattern. Adapted from:
[12]



Due to all the characteristics of microsatellites, the STR markers have become one of the most important
tools for human identity testing [14].

1.3.1 STR Loci

For DNA typing markers to be effective across a wide number of jurisdictions, it is necessary to have a
common set of standardized markers. European forensic laboratories utilize many of the same STR loci
as used in the United States of America [12].

The Combined DNA Index System (CODIS), began as an FBI pilot software project in 1990, serving
14 states and local laboratories. The DNA Identification Act of 1994 formalized the FBI’s authority to
establish a National DNA Index System, NDIS. NDIS contains the DNA profiles contributed by federal,
state, and local participating forensic laboratories, it was implemented in October 1998 [15].

The European Network of Forensic Science Institutes (ENFSI) was founded in 1995 with the purpose
of improving the mutual exchange of information in the field of forensic science, and one of the main
purpose is to facilitate comparisons of DNA profiles between laboratories [16].

The STR loci used by forensic laboratories should have some characteristics, such as: no known
association with medical conditions or defects, low mutation rate (preferably less than 0,30%), high
level of independence and high level of discrimination [17].

Common sets of STR marker are required for entry of DNA genotype into national or international
databases used to link serial crimes and offenders, these are normally called core loci, and permit

equivalent genetic information to be shared and compared (Table 1.1) [18].

Table 1.1: Core STR Used in Human Identity Testing. Adapted from: [16]

Country Loci

U.S. Core Loci 13 Core loci: CSF1PO, FGA, THO1, TPOX, VWA, D351358, D5S818,
D7S820, D8S1179, D13S317, D16S539, D18S51, D21S11 and
Amelogenin

7_extra loci (since 2017): D1S1656, D2S441, D2S1338, D10S1248,
D12S391, D19S433, D22S1045

European Standard Set | Core loci: FGA, TH01, VWA, D1S1656, D2S441, D3S1358, D8S1179,
(ESS) D10S1248, D18S51, D21S11, D22S51045

Additional Loci (part of European STR Kits): D2S1338, D16S539,
D19S433, SE33 and Amelogenin




1.3.2 STR Genotyping

Forensic samples are known for their challenges, where the quality and quantity are the major issues of
these samples [19].

In forensic casework the samples are always susceptible to analytical challenges due to their nature, the
substrate that they were deposited on, the probability of contamination, the possibility of mixture with
PCR inhibitors and exposure to environmental conditions. All of which can lead to the decrease of the
quantity and quality of the DNA and will affect the analysis and the end result [19].

Technical artefact peaks and analytical challenges

Current forensic DNA analysis uses PCR of STR loci as the standard technique, due to is sensitivity,
allowing the analysis of small and degraded samples. During the amplification of the STR loci the
formation of a nonallelic product or an anomaly of the detection process can occur, these are called STR
artifacts [20, 21].

I.  Allelic Dropout

Allelic dropout occurs during amplification by PCR, when a microsatellite locus is not replicated by the
DNA polymerase, making heterozygote alleles appear as homozygotes at the affected loci or even no
alleles are detected [14].

This can result from various factors: primer binding site mutations, stochastic effects when small
amounts of DNA are present in the sample, DNA degradation or even due to technical imperfections of
analysis methods [12, 14, 22].

. Stutter

Stutter products corresponds to additional peaks that appear in the electropherogram of an STR sample.
This occurs when STRs are being amplified, due to a slipped strand mispairing (SSM), resulting in the
insertion or deletion of one repeat unit on the new strand [14, 20, 23].

A back stutter corresponds to a smaller peak one repeat unit shorter than the corresponding true allele
peak. A forward stutter corresponds to a smaller peak with an insertion of one repeat unit. There exists
a process to evaluate if a peak corresponds to a stutter, by using stutter ratio (SR) (Equation 1.1) [20,
23, 24].

Equation 1.1

bS
PA

¢S: area/height of the stutter peak

oA: area/height of the allelic peak



This type of artifact is usually less than 15% the size of the major allele. There is a correlation between
stutter size and the allele length, with the stutter ratio increasing and with the increase of the repeat
number (dinucleotides > trinucleotides > tetranucleotides > pentanucleotides) [20, 23, 25].

1. Incomplete 3’ nucleotide addition

An incomplete 3° nucleotide addition occurs when the Taq DNA polymerase, used in the amplification
of the STR loci, catalyses the addition of an extra nucleotide, most often an “A”, adenine. This happens
on the 3 end of the double-stranded PCR products. When an incomplete 3’ nucleotide addition takes
place the result is split peaks, the allele of interest will be represent by two peaks, 1 base pair apart, this
is referred as N+1 peaks [23, 25].

V. Tri-Allele Patterns

Triallelic patterns are observed when an extra peak is detected as three peaks in a single genome, as
opposed to the expected homozygous or heterozygous peak. This results from extra chromosomal
fragments being present in a sample or the DNA sequence where the primers anneal being duplicated
on one of the chromosomes [23, 25].

There exist two types of tri-alleles patterns. Type | happens when the three peaks have balanced peak
heights and type Il occurs when the sum of the heights of two of the peaks is equal to the height of the
third allele [23, 25, 26].

V.  Pull-up

Pull-up occurs because of the inability of the detection instrument to properly resolve the dye colours
used to label STR amplicons, meaning that a peak of another colour is pulled up as a result of exceeding
the linear range of detection for the instrument. Pull-ups are most frequently observed from high
amounts of DNA in the sample. This artifact is visualized by the presence of false bands in the
excessively amplified fragment size range in differently coloured markers [14, 25].

VI.  Dye blobs

Left-over fluorescent dye molecules, that are not removed by post-synthesis purification can be carried
through the PCR amplification step and injected onto the capillary, producing dye blobs in the
electropherograms. This is created due to the incomplete attachment of the fluorescent dye, at 5° end of
the primer, during oligonucleotide primers synthesis, that happens from a 3’-5 direction [23, 25].

VIl.  Drop-in

Drop-in occur from random fragments of DNA present in the PCR, creating additional alleles. This type
of artifact is usually not reproducible upon repeated amplification [27, 28].

VIII. Contamination

DNA samples can be contaminated, unintentionally, with exogenous DNA causing mixtures, but also
the samples can be contaminated with non-DNA contaminants. These contaminants that fluoresce in the
visible region of the spectrum (~500 nm), can interfere with DNA typing when using fluorescence
detection capillary electrophoresis by appearing as identifiable peaks in electropherogram [25].



IX.  Degradation

Many samples in forensic casework may have been exposed to chemicals or non-optimal environmental
conditions for a period. This can cause the degradation of the DNA. The environmental conditions, e.g.,
humidity, extreme heat, and the presence of bacteria that speed up the degradation process. This will
result in the breakdown of the DNA molecule into smaller fragments. The effect of the degradation can
result in amplification failure, resulting in a partial profile or be severe enough that nothing is amplified
in PCR, due to the loss of the alleles in the locus of the forensic markers.[5, 14].

X. Inhibition

When performing DNA extraction, if this procedure does not remove certain chemicals, inhibition can
occur in the amplification phase. These chemicals can interfere with the capacity of the DNA polymerase
enzyme to make new DNA, either by interfering with the enzyme or by binding to the DNA. Known
inhibitors are organic components of soil, a component of red blood cell, heme, humic acids, indigo
dyes, and denim fabric [5, 14].

Mixtures

When analysing DNA profiles, sometimes we obtain biological material from more than one contributor,
which implies that there will be multiple genotypes mingled in the sample [24, 25].

The interpretation of DNA mixtures is an intricate problem and, unfortunately, it is very common for
them to appear in the field of forensic genetics.

The Clayton guideline was the first protocol established to evaluate a mixture, in 1998 by Tim Clayton.
This guideline consists of a series of steps (Figure 1.4) [29]:

Identify the presense of a mixture Identify the number of contributors in the mixture

Determine the approximate ratio of the components

in the mixture

« To interpret, it is useful to establish what type of mixture is present . . - P
- Type 2; No defined major P P Determine the possible pairwise comninations for
« Type B: Clearly defined major and minor the components of the mixture

« Type C: Low level minor
« Type D: All components are low level

Compare the resultant profiles for the possible
components of the mixture with those from the
reference sample

Figure 1.4: Clayton Guideline. Interpretation of a mixture according to Clayton guideline follows 5 steps and will help to
evaluate the presence of a mixture in a DNA profile. Adapted from: [29]



According to the International Society for Forensic Genetics (ISFG), the value of DNA and biological
results should be given by assigning a likelihood ratio. This implies the formulation of two mutually
exclusive propositions, prosecution, and alternate defence, they should be formulated according to the
circumstances of the case [30].

Likelihood ratio (LR) is a measure of weight of evidence, that compares evidence given propositions
and gives an indication of which one is most probably (Equation 1.2).

How LR works in forensic genetics is given an observed data, the evidence (DNA results), two
hypotheses are formulated [24]:

e Pr(E|Hp) - the probability of the evidence if the trace sample originated from the suspect
(prosecution hypothesis)

o Pr(E|Hd) - the probability of the evidence if the trace sample originated from an
unknown individual, not related to the suspect (defence hypothesis)

Equation 1.2

Pr(E|H

g = Pr(E|Hp)
Pr(E|Hd)

LR evaluates how many times more likely it is to observe the evidence, given that Hp is true in

comparison to the alternative Hd is true [24].

If the LR=1this means that the data support neither of the hypothesis; if LR<1 this means that the data
supports Hd; and if LR>1 this LR supports Hp. In the case of a full DNA profile matching the suspect,
the probability of the evidence given Hp=1. The probability of the defence hypothesis can be calculated
from the genotype frequency of the particular DNA profile.

An example of the likelihood ratio for STR D13S317 alleles 11 and 14 is calculated in the Equation 1.3.
Where p is the allele frequency of 11 (0.3394) and g the allele frequency of 14 (0.04801). In this example
the STR typing result is heterozygous. The allele frequencies were calculated based on the U.S
Caucasian allele frequencies [31, 32].

Equation 1.3

_Pr(E|Hp) Hp 1 1

= Pr(E|Hd) _ Hd  2pg _ (2(0.33940)(0.04801) _ 003250 _ >0

In the example above the LR for STR D13S317 is 30.7. Because the LR value is higher than 1, it
provides support to the prosecution hypothesis [31].

For more complex profiles as mixtures or partial profiles a model that can account for artefacts and peak
heights is necessary. Several statistical software for forensic samples has been developed, like
EuroForMix [33, 34].



EuroForMix

In mixture interpretation it is helpful to use a software due to the challenges that STR DNA profile
analyses presents. Very often trace samples are complicated to analyze due to the presence of artifacts
(stutters) and the presence of a mixture of various contributors.

EuroForMix was launched in 2015 and is a freely open-source continuous model, different amount of
DNA (RFU - peak heights) deposited by the different contributors can be used to separate contributions.
EuroForMix is included in the R-package euroformix and is accessible at the site www.euroformix.com
[33]. It is a quantitative model, which means the contribution from each individual (peak heights) also
are considered in the LR calculations. The program can account for artefacts as stutters, drop in and
degradation (Figure 1.5) [33].

Stutter
Peak height Drop-in
~ v
EuroForMix
e N
Degradation Drop-out
Population
substructure

Figure 1.5: EuroForMix program. EuroForMix accommodates peak heights, drop-in, drop-out, stutter, degradation and
population substructure on the continuous model. EuroForMix assumes peak heights to be gamma distributed with mixture
proportions, stutter proportion and peak height proportion mean and variation as unknown parameters. Also includes models
for allele drop-in, degradation and sub-population structure. Adapted from: [33]
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To quantify the weight-of-evidence that a specific candidate is a contributor to the evidence is based on
the following Hp and Hd:

e Hp: The DNA is from A
e Hd: The DNA is from an unknown individual

In this method, the fit between the hypothesis and the trace sample are quantified by the corresponding
likelihood functions, and the likelihood functions are compared through the LR statistic.
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1.3.3 Methodology

Chelex

To isolate and purify DNA it is necessary to perform a DNA extraction. To do this we need to consider
that the sample contains different substances besides DNA, and that proteins that pack and protect DNA
in the environment of the cell, can inhibit the analysis of the DNA, such as PCR inhibitors. Care must
be taken to avoid any further DNA degradation [35-37].

Consequently, the purposes of the DNA extraction are to lyse cells to release the DNA molecules;
separate the DNA molecules from other cellular material and finally to isolate DNA, removing
degrading enzymes. The methods for DNA extraction can be divided into three different groups, organic,
solid-phase DNA, and ionic chelating resins. We used the last one, more specifically Chelex [35-37].

Chelex is a DNA extraction method, that denatures double-stranded DNA and is frequently used in the
forensic community due to the simplicity, low-priced and absence of harmful reagents of the method.
This method is quick, allowing less opportunities for contamination of the sample. It is also criticized
because several PCR inhibitors are not removed [14, 35, 36].

The Chelex procedure (Figure 1.6) is a combination of the heating steps and the Chelex beads. Chelex
is a resin constituted of styrene divinylbenzene copolymers containing paired iminodiacetate ions that
act as chelating groups in binding polyvalent metal ions such as magnesium (Mg2+). The metal ions are
drawn in and bound by the resin. By chelation of the metal ions, DNA-destroying nuclease enzymes are
inactivated, and the DNA molecules are protected minimizing cleavage [14, 35-37].

Chelex beads in suspension are added to the samples, and after incubation, the DNA is released from
the cells by heating. The alkalinity of the solution and the high temperature cause the cell membranes
to rupture, freeing the DNA [14].

Transfer the
Add 5% Place supernatant
samples 56°C e 0
a new
\ ) eppendorf

Figure 1.6: Flowchart of Chelex extraction. In most protocols, biological samples are added to a 5% Chelex suspension and
boiled for several minutes to break open the cells and release the DNA. The exposure to 56°C for 30 minutes and 95°C for 8
minutes denatures the DNA as well as disrupting the cell membranes and destroying the cell proteins. Adapted from: [14, 35-
37]
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RT-gPCR

Determination of the quantity of DNA in a sample is essential for most PCR based analyses, as the main
goal is to determine the amount of amplifiable DNA. A narrow concentration works best with multiplex
STR, nowadays 0,5-2ng is optimal with commercial STR kits. Too much DNA results in exaggerated
electropherograms, making interpretation more difficult, too little DNA can result in loss of alleles due
to stochastic amplification [38].

Real-time quantitative Polymerase Chain Reaction (RT-gqPCR) is a method for providing the amount of
a target sequence that is present in a sample. RT-gPCR allows the monitoring of the progress of the PCR
as it occurs, meaning that reactions are characterized by the point in time during cycling when
amplification of a target is first detected [39-41].

RT-gPCR can also be called kinetic analysis, since it analyses the cycle-to-cycle change in fluorescence
signal that results from amplification of a target sequence during PCR [42].

There are multiple approaches to performing RT-qPCR, the most common are the 5° Nuclease Assay.
The 5’ Nuclease Assay, also known as TagMan, uses a fluorogenic probe to allow the detection of an
amplicon as it accumulates during PCR cycles. In the 5’ nuclease assay, the TagMan probe, an
oligonucleotide, is added to the PCR reagent master mix, the TagMan is intended to anneal to a specific
sequence of template between the forward and reverse primers [40, 42].

The 5° Nuclease Assay occurs in three phases (Figure 1.7). In the first stage of the RT-gqPCR reaction,
the temperature is increased to denature the double-stranded DNA. In this phase, the signal from the
fluorescent dye on the 5" end of the TagMan probe is quenched by the minor groove binder (MGB),
nonfluorescent quencher on the 3" end of the probe (Figure 1.7 b). In the second phase, the reaction
temperature is diminished permitting the primers and probe to anneal to their precise target sequences
(Figure 1.7 b). Finally, Taq polymerase synthesizes a complementary DNA strand using the unlabeled
primers and template. When the polymerase reaches the TagMan probe, the 5 exonuclease activity
cleaves the probe, separating the dye from the quencher (Figure 1.7 c). With every cycle of PCR,
additional dye molecules are released, consequently a rise in fluorescence intensity proportional to the
quantity of amplicon synthesized occurs [43].
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Figure 1.7: TagMan Gene Expression Assay. The 5° Nuclease Assay occurs in three phases: a. Assay components; b. Denatured
Template and Annealing of Assay Components — where the temperature is raised allowing the denature of the DNA, followed
by the decrease of the temperature that will allow the anneal of the primers and probe to the target sequences; c. Signal
Generation - in this phase occurs the separation of the dye from the quencher. Adapted from: [43]

RT-gPCR determines the quantity of amplifiable DNA segments that are present in a sample, using a
standard curve. The goal of this method is to monitor the quantity of accumulated amplified product at
every cycle by detecting the signal emitted by a fluorescent reporter dye [19].

The cycle threshold (CT) value is the cycle at which the fluorescent signal crossed the threshold at the
beginning of the exponential phase of the amplification curve (Figure 1.8 (B)), in this phase the amount
of product and the input DNA is more likely to be consistent [19, 37]. The cycle threshold is an arbitrary
value that is based on the variability of the baseline data at the initial cycles of amplification. The lower
the CT value, the higher the amount of DNA present in the sample. A linear relationship between the
CT values and the quantity of DNA is observed. The well-to-well variation in the signal strength is
reduced by normalizing the fluorescence of the reporter dye, Rn, to a passive reference dye present in
each well [19, 38].

For each run a set of DNA standards, purified DNA with known concertation, is included. With this a
standard curve is generated by plotting the CT values against the log concentration of DNA. The
concentration of DNA present in the sample is computed by measuring the CT value and comparing it
with the standard curve (Figure 1.9) [19].
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Figure 1.8: Graphical representation of real-time PCR data. Rn is the fluorescence of the reporter dye divided by the
fluorescence of a passive reference dye; Rn is the reporter signal normalized to the fluorescence signal of the reporter dye. (A)
Rn is plotted against PCR cycle number (Cr); (B) ARn is Rn minus the baseline; ARn is plotted against PCR cycle number;
(C) An amplification plot shows the variation of log (ARn) with PCR cycle number. Adapted from: [39]
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Figure 1.9: Standard curve, generated by plotting the Cr values against the log concentration of DNA. Using this standard
curve, concentrations of DNA of unknown samples can be deduced based on where they fall along the standard curve. Adapted
from: [38]

PCR

Forensic samples are known to be difficult to examine as they often consist of low amounts of DNA and
can be degraded. Without the ability to make more copies of DNA, these samples would be impossible
to analyze [44].

Polymerase chain reaction, PCR, is an enzymatic process in which a specific region of DNA is replicated
multiple times. PCR allowed the increasing of the sensitivity of STR typing [11, 45].

During a PCR reaction, a solution is set up (Figure 1.10 (a)) that includes DNA template, a set of forward
and reverse primers, DNA polymerase, dNTPs, and a buffer. During the denaturation step (Figure 1.10
(b)), the reaction is brought up to 95 °C at which temperature the DNA melts. Allowing the annealing
step (Figure 1.10 (c)) to occur when the temperature is dropped so that the primers can anneal to the
complementary target sequences on the DNA. During the extension step (Figure 1.10 (d)), the
temperature is raised to 72 °C permitting the DNA polymerases to synthesize a new complementary
DNA strand at the locations of the annealed primers using the dNTPs. This describes one cycle of PCR
and will be repeated 20-40 times (Figure 1.10 (e)). During the second cycle, both the DNA template
and the partial DNA template synthesized from the previous cycle will be bound by primers and
extended. The primers extended off the partial DNA template generating a sequence that begins at the
location of the forward primer and ends at the location of the reverse primer. This complete sequence
will describe the final product, which will be created for the first time after three complete cycles. From
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there, the final product will be amplified exponentially and outcompete the DNA template and partial
DNA templates for dNTPs, creating a solution composed mostly of amplified product [44, 46].

(a) Reaction Setup

Fwd Primer

€T

Starting DNA Template
Rvs Primer
(b) Denaturation

(d) Extension
(e) Cycle Repetition
Starting DNA template %

Partial template

Completed product after three cycles ¢

Partial template

s G

Starting DNA template

Figure 1.10: PCR process. PCR occurs in a thermal cycling typically that involves 3 different temperatures that are repeated
over and over again, 25 to 35 times. At 95°C, the DNA strands separate, or ‘denature’. At 60°C, primers bind or ‘anneal’ to the
DNA template and target the region to be amplified. At 72°C, the DNA polymerase extends the primers by copying the target
region using the deoxynucleotide triphosphate building blocks. Each cycle on the PCR takes 5 minutes on conventional thermal
cyclers: 1 minute each at 94°C, 60°C, and 72°C and about 2 minutes ramping between the 3 temperatures. This process allows
the amplification of the DNA Adapted from: [46]

Multiplex PCR refers to the simultaneous amplification of two or more regions of DNA. Multiplex is
composed of different length of amplicons and fluorescent colours so that several markers can be runed
and separated simultaneously [45].
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Capillary Electrophoresis

Fragment analysis is done by separating the DNA by size, applying capillary electrophoresis (CE).
Currently, capillary electrophoresis is the principal methodology used for separating and detecting STRs
in forensic laboratories.

In the CE, DNA separations occurs in thin — diameter 50um — fused silica capillaries filled with a sieving
polymer. These capillaries have the benefit of great capacity to dissipate heat, allowing high electric
field strengths, which permits quick and efficient separations. Detection of the sample is performed via
fluorescence, measuring the time span from sample injection to sample detection, a laser passes through
a window, burned into the capillary [47-49].

When preparing the sample for injection it is necessary to use formamide in the dilution of the sample,
this will allow the DNA molecules to denature and reduce the ionic strength of the PCR mixture;
afterwards the sample is heated at 95°C and then placed in an ice bath to generate denatured fragments
prepared for electrophoresis [47-49].

Subsequently, the injection of the sample occurs. During this process the labelled DNA fragments of
different size enter the capillary as a result of an electrokinetic injection where a high voltage, typically
3-15kV, is applied across the capillary varying from 1 to 24 seconds. A laser excites a fluorophore, dye,
that is connected to the end of the DNA fragment, then the fluorophore emits a light at a lower energy.
The DNA fragments are separated by size based on their total charge; short DNA fragments migrate
faster than the long fragments [47-51].

To accurately determine the size of the DNA fragments in the sample a size standard containing
fragments of known size is added to ach samples. The size of the fragments is determined through a
comparison of migration speeds during CE. The fluorescent dye labelling enables the analyze of multiple
independent markers, loci, in the same injection by using different dye colors allowing distinction
between markers [50].

Before reaching the positive electrode, the fluorescently labelled DNA fragments, move across the path
of a laser beam. This beam causes the dyes attached to the fragments to fluoresce. The dye signals are
separated by a diffraction system and are projected onto a CCD (charged coupled device) camera in a
predictably spaced pattern. By using several dyes, we can include fragments of similar lengths for
different markers. Each dye emits light at different wavelength when excited by a laser. This signal is
then converted into an electronical signal producing the results in peaks that are measured in relative
fluorescence unites (RFUs) and are seen in a capillary electropherogram. RFU will give the strength of
the DNA itself. Genotyping occurs in a software provided by the instrument manufacturer [47-50].

The run conditions in the capillary electrophoresis can affect the electrophoretic mobility of the sample.
The conditions of the run are the type of buffer, concentration, pH, temperature, the quantity of voltage
applied, and the type of polymer used [50].

This technique presents diverse advantages, being the primary ones: the steps injection, separation and
detection can be entirely automated, which allows multiple samples to be run simultaneous; CE only
requires minor amounts of sample, leaving enough sample for a retest; the higher voltages of this
technique allow a quick separation. [47, 48, 52, 53].
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Figure 1.11: Schematic of capillary electrophoresis instruments. These instruments are used in the separation of the DNA by
size, by means of the capillary electrophoresis. Adapted from: [47, 48]

1.4 DNA Evidence

Nowadays, with all the advances that are constantly happening in forensic genetics, DNA profiling is
an invaluable tool in the investigations of illegal activities. A DNA profile can link a specific person to
a sample retrieved from the crime scene.

According to Gill P., “Trace DNA is defined as any sample where there is uncertainty that it may be
associated with the crime event itself-so that it is possible that the transfer may have occurred before the
crime event (innocent transfer) or after the crime event (investigator mediated)” [54].

DNA evidence should be evaluated at different levels. These levels provide a hierarchy where the
probative value of the evidence increases with the escalation of the levels. This grading of propositions
differentiates between the sub-source level, the source level, the activity level, and the offense level [54,
55]:

1. Sub-source level: relates to the donor of DNA.

2. Source level: hypothesis are built about the cellular origin of the DNA and the association
with the DNA donor.

3. Activity level: relates to how or when a trace was deposited.

4. Offense level: questions concern if a crime has been committed and who is guilty.

More often, it is not the source of ‘Trace DNA’ found at a crime scene that is disputed, but the activity
or timing of events that resulted in their transfer. Because it has been demonstrated that detection of a
DNA profile upon a surface is not always due to direct deposition [55-57].

Almost a century ago, Locard raised a notion about ‘Trace DNA’. He stated that during a criminal act,
an offender will both leave trace evidence at a scene and take it away on their person or clothes [57].

It is important to consider the DNA mechanisms transfer, persistence, prevalence, and recovery (DNA-
TPPR). DNA-TPPR affect the quantity and quality of DNA traces [57, 58].
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1.4.1 DNA mechanism: Transfer

Transfer mechanisms relate to the routes by which DNA may be transferred to a crime scene. There are
three different mechanisms whereby DNA may be transferred, primary or direct, secondary or indirect
and aerosol. Direct or primary transfer is where DNA is transferred directly from a person to an object
or to another person, and indirect or secondary transfer is where an intermediary has transferred DNA,
either from an object, or from another person (Figure 1.12). Aerosol transfer is achieved without an
intermediary to a person, a surface, or an object [54, 57, 59].

Direct Transfer Indirect Transfer
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Figure 1.12: Different routes by which DNA may be transferred to a crime scene, Direct transfer from an individual to an object
or person and indirect transfer where an intermediate person or surface is involved.

The way of transfer by which DNA came into the crime scene has great consequences on the
interpretation of the DNA profiling results and the way they are considered in light of questioned
activities [58].

Regarding transfer of DNA, it is important to consider the pre-existence of ‘Background DNA’.
Background DNA refers to DNA that is not related to the illegal action, however it is present at a crime
scene prior to the crime. This type of DNA can originate from known and unknown individuals and can
be disseminated either by direct or indirect transfer. It is important to consider Background DNA
because increased levels of this type of DNA on the surface may decrease the chance of the detection of
any transferred DNA. Or be mistaken as relevant to the crime. Background DNA is unavoidable and
should always be considered [54, 57, 59].

Some important factors need to be considered regarding the transfer of DNA. The type of substrate of
the object, the nature of the biological material, the manner of contact between the contacting surfaces
and shedder status of the involved individuals [57].
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The type of substrate of the object is a very important factor. If a substrate is porous (e.g., cotton) or
non-porous (e.g., plastic) affects the transfer of DNA. Less DNA will be transferred from a porous
primary substrate than a non-porous primary substrate, while a porous secondary substrate will facilitate
transfer from the primary substrate [57, 60, 61].

The source of the biological material is also significant and affects the quality and quantity of DNA.
Wet or liquid biological material are transferred more easily than dried biological material. Blood,
saliva, and semen are easily transferred, especially if stains are fresh. DNA deposits of skin cells, transfer
at a different rate than liquid biological material. Unlike the liquid biological material, drying has a small
impact on transfer of skin cells but the quantity of DNA is not always comparable to liquid DNA. Skin
cells are not a good source of DNA, the deposition of self-cellular components is affected by shedder
status (further explained in Section 1.5) [57, 62].

The manner of contact is an important factor, especially considering the type of substrate and the
moisture content of the biological material. Goray et al. [60] described three different types of contact,
passive, pressure, and friction. Passive contact was defined as a placing two substrates together for one
minute, pressure was described as placing two substrates together for one minute with an addiction of
one kilogram of weight, and lastly friction explained as placing two substrates together with one
kilogram of weight and moving the weight around for one minute. If pressure and friction are applied
on the biological material, the amount of DNA transferred increases, considering that the primary
substrate is non-porous [57, 60, 61].

1.4.2 DNA mechanism: Persistence

The persistence of biological material is affected by a range of environmental factors that can speed up
the degradation progress, such as: temperature, UV exposure, humidity, wind, and presence of
microorganisms on the surface. These environmental factors affect the quality and quantity of the DNA
trace [57].

The type of substrate of the object is also an important factor to consider regarding the persistence of
trace DNA. For instance, more DNA will be removed by contact with a sleek surface (e.g., glass) than
by contact with a porous surface (e.g., cotton). Additionally, we need to consider that the persistence of
DNA can be affected by the use of the object by a second person. Different studies have demonstrated
that DNA on a personal object derived from the original user can persist after the use of the item by a
second individual. Nonetheless, it is important to consider the possibility of non-personal object (object
shared by multiple people, e.g., office supplies), because this type of object is handled my multiple
people, the expected result of an analysis is a mixed DNA profile [57, 63].

Former studies have indicated that DNA from a person that previously handled an object can be detected
for a long period of time after the object has been handed to a second user. Nonetheless, it is expected
that DNA from the new user of the object will be detected and that the new users DNA will become the
major contributor over time [57]. van Oorschot et al. [63] observed an average 50% drop of the DNA
from the previous user immediately after handling by a new user when the surface was hard and non-
porous.

All these factors are influenced by the extent of time that that trace DNA is on the object [63].
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1.4.3 DNA mechanism: Prevalence

As referred previously, ’Background DNA’ can affect the detection of any transferred DNA, which
means that, correspondingly, affects the prevalence of DNA. This type of DNA can be derived from one
person or personal objects and from multiple people, or shared objects. For instance, we expect to find
DNA from regular occupants of an office in samples collected from different surfaces at that office.
When several persons occupy an area or touch a surface this may create a mixed profile when analysing
the results [57].

Background cellular material may be found on any type of public or private item. We need to consider
that the strongest profile obtained from the analysis is not always that of the person who last held the
object but is dependent on the individual shedder capacities [64, 65].

1.4.4 DNA mechanism: Recovery

Different methods can be used to collect DNA from identical objects, different laboratories use
distinctive techniques. Efficient sampling is crucial for optimal DNA analysis [57, 66].

To collect DNA from a sample there is a variety of methodologies, from collection devices to direct
collection from the substrate the sample is on. These different methods have different ranges of
efficiency. The principal methodologies for recovery are swabbing and tape recovery [57].

Swabs are an important device for collecting DNA. There exist different techniques to collect sample
with swabs, dry swab, wet swab, and double swab, where first swabbing is performed with a wet swab
and then a dry swab. Double swabbing is the most common method for optimal DNA sampling [66].

Cotton swabs have been used for a long time, but alternative swabs have appeared. Foam swabs are
better for absorbing surfaces as wood, due to their large swab size. Due to the ability of the foam swab
to retain the wetting agent during sampling and possibly the open structure of this type of swab. Nylon
flocked swab are reported to have an increased DNA recovery when sampling pure DNA, however other
studies have reported no improvements collecting pure DNA with this type of swab. Cotton swabs
continue to be the preference in a numerous of surfaces, smoot/non absorbing surfaces as well when
sampling pure DNA [66, 67].

Another recovery method is the tape. This method is effective for recovering cellular material from
clothing. The tape is pressed over the area in the fabric, where cellular material may be, and then is
placed directly into the extraction tube [68].

Is important to have in mind what is going to be sampled, targeting (sampling the correct area) is
extremely important, and it allow us to gain the best profile in the end. Poor targeting can affect the
quality of results obtained [57].
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1.5 Shedder Status

There is a variation in the quantity of DNA that individuals transfer to an object during direct contact.
One explanation to why this occurs is due to the different shedder statuses between individuals. Shedder
Status relates to the capacity of an individual to deposit DNA directly onto an object. [59, 69].

We can categorize individuals in terms of their shedder statuses. It was described, in 2002, that there
exists two types of individual shedder statuses, good shedders and poor shedders [70]. This means that
there are people that consistently deposit more or less DNA, than others, respectively. The existence of
a constant shedder state for individuals has been debated. However, most of the studies on shedder status
have shown that an individual shedder status is maintained during long periods of time, maybe even
years [59, 69-71].

Shedder status is influenced by inter and intra-individual differences. Gender, age, sweat, skin diseases
and specific habits, such as touching the face, can influence the propensity to deposit DNA. However,
the cause why some people deposit more DNA than others is still unclear [62, 69].

Being able to categorize people as good or poor shedders can be helpful during a criminal investigation.
Knowing if the POl is a good or poor shedder, impacts the expectations regarding the presence of DNA
on any surface, both for direct and indirect transfer [69].

There is a need to acquire more knowledge about the quantity of self and non-self-DNA deposited after
direct contact with an individual’s hands[72].
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1.6 Statistics

In this dissertation statistical analyses were utilized for interpretation of the results obtained.

For all the samples obtained, the number of alleles were counted, LR was calculated using the
EuroForMix software. RFU was determined by summing the peak heights. Peak heights correspond to
the relative fluorescence intensity of a peak, reflecting the quantity of the PCR product being measured
[25]. Average RFU was calculated by summing the peak heights and the result was divided by 23 (23
full loci, excluding Amelogenin).

In case of a sample with more than one contributor, mixture, the RFU was multiplied with the mixture
proportion, provided in EuroForMix.

1.7 Bayesian network

Since 1990, forensic scientists have shown an interest in the application of Bayesian Network in judicial
contexts. Bayesian Network are a graphical approach of displaying and conducting complex
probabilistic evaluations [73, 74].

Bayesian Network are a combination of graph theory, that provides a qualitative model structure, and
probability theory, used to characterize the nature and strength of the associations that occurs within a
model [75].

A Bayesian network is a probabilistic graphical model that consists of nodes, arcs and probability
assignments. The network uses Bayesian inference for probabilistic assessments. The networks models
conditional dependences represented by the arcs in the network.

Many examples now exist on how Bayesian networks can be applied to include the relevant variables
in a case and make evaluations at activity level by calculating a likelihood ratio of two opposing
hypothesis. The probability tables of each node needs to be informed with relevant probabilities. Hence,
research on transfer and persistence under different circumstances are essential to perform the
calculations [73].
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Figure 1.13: Example of a Bayesian network with three nodes A, B, and C with their associated probability tables. Note: This
example has “0.5” for every probability; in a real case, probabilities would be based on experimental data or observations.
From: [76].
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1.8 Court

Nowadays, in court, the matching of ‘Trace DNA’ to a suspect is not the decisive matter in concluding
guilt. Inquiries regarding the activity level, how Trace DNA came into the crime scene, has been gaining
increased attention as it has been demonstrated that detection of a DNA profile upon a surface is not
always due to direct deposition [55, 56, 77].

Due to the multiple sources of DNA, that can be in a sample collected from a crime scene, the analysis
can generate a mixed profile, which means that DNA from multiple contributing individuals is
represented together in one profile. Because of this, and due to the difficulty to determinate when or
how the trace was deposited, the role of the forensic scientist in the assessment of the Trace DNA results
is more important today than in the past years [57, 77].

1.9 Drug cases
1.9.1 Norway

Norway is known for the low crime rates in major crimes, and due to this is one of the safest countries
in the world [78].

Nevertheless, in the last decade, the drug related crimes have been more frequent, with rates comparable
to other Western European nations.

The total extent of drug crime is difficult to calculate because the degree of detection is considered to
be low. However, there is a high number of narcotic cases (Table 1.2) [79].

Table 1.2: Number of narcotics offenses reported in Norway in the period, 2015-2019. And the percentage changes between
2018-2019 and 2015-2019. The data was retrieved from Kripos. Adapted from: [79].]

2015 2016 2017 2018 2019 % %
Change | Change
2018- 2015-
2019 2019

Narcotics | 44708 | 39728 36785 35296 31320 -11.3% -29,9%

In the first half of the past year, 2020, it was registered a decrease of 16.7% in the drug cases sent to
Kripos (Figure 1.13). However, the values may have been impacted by the coronavirus pandemic [79,
80].
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Figure 1.14: Number of narcotic cases in the first half of the years, reported in Norway, from 2000 up to 2020. The data was
retrieved from Kripos. Adapted from: [80]

Although a decrease in the number of drug cases has been happening since 2015, the existent number is
still a high figure for Norway.

In the last years, the proportion of drug cases has been stable in the forensic laboratories (Table 1.3).

Table 1.3: Percentage of drug cases forwarded for DNA investigations in the last four years in the Department of Forensic
Medicine, Section of Forensic Biology, Oslo University Hospital

Year | Total Cases | Drug Cases | Percentage of drug cases (%)
2020 5427 691 12,73
2019 5707 685 12,00
2018 6014 731 12,15
2017 7236 895 12,37

1.9.2 Portugal

Portugal constitutes the final destination of different varieties of drugs, but also serves as an entry point
to the rest of Europe. Nonetheless of the tight control by the Portuguese authorities, criminal
organizations still use the connections between Portugal and Latin America to bring cocaine to Europe.
Due to this, cocaine became the most trafficked drug with nearly 75% increase in apprehensions [81].

Besides the high numbers of drug apprehensions and an increase in drug related crimes in the last decade,
2019 displays a decrease of drug related crimes in Portugal, by almost 17% (Figure 1.15) [81].
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Figure 1.15: Numbers of drug related cases, reported in Portugal since 2006. Aldo it is visible a rapid increased in cases since
2010, in 2019 occur a decreased of 1388 drug related cases (-16.4%). R?=0.84. The data was retrieved from the Portuguese

government. Adapted from [81].

We can see the that according to the official numbers, Norway had more narcotic reported offences in
the first half of 2019, than Portugal in the entire year of 2019 [80, 81].
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2 Objectives
2.1 Aim

The aim of this study is to gain increased knowledge on DNA transfer, persistence and recovery that
will aid forensic scientists in interpretation of activity related questions in drug related cases.

2.2 Obijectives

The aim of this dissertation would be achieved through the following objectives:

1. Study DNA transfer, persistence and recovery on simulated drug wrappings at different
scenarios.

2. Construct a dataset of direct and indirect transfer at different scenarios.

3. To detect individual differences in the amount of DNA deposited onto a touched item (shedder
status), and study how this influences transfer, persistence and recovery of DNA.

2.3 Hypotheses

This dissertation would help forensic scientists on the following hypotheses:

1. To increase the understanding of DNA transfer, persistence and recovery in different scenarios,
would provide insights on the effect of these mechanisms in drug cases.

2. A dataset on direct and indirect transfer in different scenarios would aid interpretation of
evidence at activity level in drug related cases.

3. Improved comprehension on shedder status would allow us to understand the impact that this
has on transfer rates.

27



3 Methods

The dissertation was approved by the data protection officer at Oslo University Hospital, case number
20/22532.

3.1 Participants

Our study recruited twenty participants, 5 males and 15 females. They were asked to participate in the
four experiments planed in this dissertation: direct transfer, indirect transfer, transfer and persistence by
handling of the tape and determination of the shedder status. All the participants signed an informed
consent.

3.2 Preparation of the kits

The preparation of the kits was done in a “DNA-free” laboratory. To enter the laboratory, it was required
to use individual protection equipment, a laboratory coat, a hair net, a face mask, and gloves. In addition,
all surfaces were cleaned with 1% hypochlorite wipes before and after use.

For each participant, three kits were prepared, the first kit contained one zip lock bag, the second kit a
zip lock bag with a plastic tube filled with water and the third kit a new role of tape and a piece of
cardboard. The zip-lock bags (16,7x10 cm) were exposed to UV light for 10 minutes in each side, the
cardboards and the tape rolls were exposed for 20 minutes on each side and the 15 mL plastic tubes
(vwrTM, Centrifuge tube high Performance) were cleaned with 70% ethanol wipes and left to dry for at
least one minute before packing them. To control that the material was DNA free, negative control
samples were collected from the zip-lock bags, tape and cardboard.

3.3 Experiments

3.3.1 Direct Transfer

In this study participants were asked to open and close a zip-lock bag three times, with at least one hour
interval between handlings. We also asked the participants to wait no less than one hour after washing
the hands and/or using antibacterial, before handling the zip lock bag.

3.3.2 Indirect Transfer

In the second experiment, we wanted to simulate a drug wrapping that was found inside a pre used
personal bag.

We asked the participants to put the zip lock bag (the zip lock bag had a plastic tube filled with water to
create weight) inside a pre used personal bag, leave it there for twenty-four hours and to create some
movement in the bag, such as taking the bag to work. The participants were asked to place and to take
the zip lock bag while wearing gloves, so they never directly touch the zip lock bag.

The participants were asked to give information about the personal bags that they used. They were asked
what type of pre used bag they used, if it was a backpack, a purse or other; and also, if they previously
had used the bag every day, frequently or rarely.

28



3.3.3 Transfer and persistence by handling of tape

In this experiment the participants were divided randomly in pairs where each participant had a different
assignment.

The first participant, handler (C2), was asked to handle a tape roll for 1 minute, then to place the tape
inside an envelope provided and give this envelope to us. The second participant, wrapper (C1), received
the tape from us and was asked to wrap a drug wrap, wrap the tape around the cardboard. All participants
participated as both C1 and C2 once, making a total of 20 samples. Due to covid restrictions, at the time
of the experiment the rolls of tape were stored in the envelope for a minimum of 10 days before given
to C1.

3.3.4 Shedder Status

The participants were asked to hold a plastic tube (15 mL vwrTM, Centrifuge tube high Performance)
for 10 seconds in their dominant hand. The experiment was repeated three times, with a new clean tube.
The participants were asked to wait at least one hour after washing hands before performing the
experiment and to wait at least three hours between each experiment.
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3.4 Methodology

3.4.1 Sample collection

All DNA samples were collected through swabbing the surface, of the zip-lock bag, the drug wrap and
the plastic tube.

For the first two experiments, direct and indirect transfer, the DNA sample was collected by using a
moistened cotton swab (mwe, Tubed Sterile DryswabTM, MW1041) on the top 3 cm of the zip lock
bag, inside and out. In the second experiment the plastic tube was discarded carefully before collecting
the samples (Figure 3.1 and Figure 3.2).

Figure 3.1: Sampling procedure of experiment 1, direct transfer. In this figure we can see a zip lock bag and the equipment
used for sampling in experiment 1 (tweezers, scissors, swab and the eppendorf tube).

Figure 3.2: Sampling procedure of experiment 2, indirect transfer. In this figure we can see a zip lock bag containing a tube
filled with water (the tube is discarded) and the equipment used for sampling in experiment 2 (tweezers, scissors, swab and the
eppendorf tube).

30



In the third experiment, transfer and persistence by handling of tape, the DNA sample was collected by
using a moistened cotton swab (mwe, Tubed Sterile DryswabTM, MW1041), and swabbing the entire
surface of the “drug wrap” (Figure 3.3).

L#) ...-' \_["'-
:"0.' ...\ v
o’;’.'.

Figure 3.3: Sampling procedure of experiment 3, transfer and persistence by handling of tape. In this figure we can see the
“drug wrap” (cardboard wrapped with tape) and the equipment used for sampling in experiment 3 (tweezer, scissors, swab and
the eppendorf tube).

After the swabbing, the tip of the swab was cut with sterile DNA free scissors and placed inside a
labelled eppendorf tube and stored in temperature freezer (-20 C) until the next phase of the analysis, to
avoid degradation of DNA.

For the last experiment, shedder status, using the same method as before the entire body of the plastic
tube (vwrTM, Centrifuge tube high Performance) was swabbed with the exception of the lid.
Immediately after the swabbing, the tips of the swabs were cut and placed into 0.2 mL PCR tubes.

3.4.2 DNA extraction

To each sample tube 200ul of 5% Chelex® 100 (Bio-Rad Laboratories) was added. One negative control
(only reagents) was included in each extraction. The samples were incubated (eppendorf Thermomixer
comfort) at first, at 56°C for 30 minutes at 600 rpm and in the last-minute the speed was increased to
1400 rpm. The samples were moved to a second incubator at 95°C for 8 minutes and in the last-minute
the speed was increased to 1400 rpm. Afterwards, the samples were centrifuged (eppendorf Centrifuge
5430) for 3 minutes at 13100 rpm. The procedure was finished by transferring the supernatant to a new
eppendorf, correspondingly.

The new eppendorfs were stored in the fridge until the next phase of the DNA analysis.
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3.4.3 Quantification

The samples where quantitated with the PowerQuant® (Promega) according to the manufacture’s
instruction. The PowerQuant® System is a five-dye, four-target hydrolysis probe-based gPCR
multiplex. This system amplifies multicopy targets to quantify the total human, human male DNA
present in a sample and assess the degree of DNA degradation. This amplification system includes an
internal PCR control (IPC) to detect inhibitors in an amplification reaction. The PowerQuant® 20X
Primer/Probe/IPC Mix includes a passive reference dye primers and probes for the: autosomal DNA
target, Y-chromosomal target, degradation target and IPC [82].

A master mix was prepared, as described in table 3.1 and 18l of the master mix and 2ul of sample were
added to the each well of the MicroAmp® Optical 96-Well Reaction Plate. In addition, four premade
standards with the concentrations, 25, 2, 0,08 and 0,0032 ng/pl, were added to the first and last row of
the plate, to achieve the standard curve. Two negative controls were also included in the analysis.

Table 3.1: Preparation of Reaction Mix for DNA Quantification using the PowerQuant® System. Adapted from:[82]

Component Volume per reaction (pl)
Water 7
PowerQuant® 2X Master Mix 10

PowerQuant® 20X Primer/Probe/IPC Mix | 1

Final volume 18

The reaction was run on the Applied Biosystems™ 7500 Fast Real-Time PCR System with the software
Applied Biosystems® 7500, according to the manufacturers recommendations (Figure 3.4) [82].
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Figure 3.4: PowerQuant® System run method on the Applied Biosystems™ 7500 Fast Real-Time PCR System with the software
Applied Biosystems® 7500. The holding stage occurs for 2 minutes at 98°C. The cycling stage has 39 cycles, with step 1
occurring for 15 seconds at 98°C and step 2 at 62°Cfor 35 seconds. From: [82]

The DNA concentration in each sample was calculated based on the achieved CT value in the HiD
version 1.2 software.

3.4.4 Amplification
Transfer experiments

Amplification was performed using PowerPlex® Fusion 6C System. PowerPlex® Fusion 6C System is
a 27-locus multiplex for human identification applications. It is a six-colour system that allows co-
amplification and fluorescent detection of the 18 autosomal loci in the expanded CODIS core loci
(CSF1PO, FGA, THO01, VWA, D1S1656, D2S1338, D2S441, D3S1358, D5S818, D7S820, D8S1179,
D10S1248, D12S391, D13S317, D16S539, D18S51, D19S433 and D21S11), also includes Amelogenin
and DYS391 for gender determination. The Penta D, Penta E, D22S1045, TPOX and SE33 loci are
included to improve.This system also contain two rapidly mutating Y-STR loci, DYS570 and DYS576
[51].
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PCR reaction Mix for DNA amplification was prepared according to the manufacturer’s instructions, by
combining the components, water, PowerPlex® 5X Master Mix, PowerPlex® 5X Primer Pair Mix.
Sufficient amount of reaction Mix was prepared based on the number of reactions to be set up. The
guantity of reagents was calculated according to the volume per reaction present in the Table 3.2. After
the master mix was prepared and vortexed it was added 1 ng of template DNA to a final reaction volume
of 25 pL. Samples that had lower concentrations than the recommended template amount were amplified
with the maximum template volume of 15 pL. DNA. Additionally, the plate had a positive amplification
control (a tube of 2800M Control DNA was placed on a vortex, and then dilute an aliquot to 1.0 ng in
the desired template DNA volume) and a negative amplification control (PCR Amplification Mix plus
Amplification-Grade Water or TE—4 buffer instead of template DNA). In the end the plate was sealed
with adhesive film and centrifuged (eppendorf centrifuge 5804). The thermal cycler (Veriti® 96-Well
Thermal Cycler, Applied Biosystems®) was set up according to the conditions present in the Table 3.3
for 29 amplification cycles. Afterwards the amplified samples were stored at -20°C [51].

Table 3.2: Preparation of PCR Amplification Mix for DNA Amplification using PowerPlex® Fusion 6C System from Promega.
Adapted from:[51]

Component Volume per reaction (pl)
Water To a final volume of 25
PowerPlex® Fusion 6C 5X Master Mix 5

PowerPlex® Fusion 6C 5X Primer Pair Mix | 5

Final volume 25

Table 3.3: Thermal cycling protocol for the GeneAmp® PCR System 9700, Veriti® 96-Well Thermal Cycle. Adapted
from:[51]

Cycle | Temperature | Time

1x 962C 1 minute

29x | 962C 5 seconds
602C 1 minute

1x 602C 10 minutes

Hold | 42C oo
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Shedder status experiment

Samples from the shedder status experiment were amplified directly without extraction, Direct PCR,
using the PowerPlex® Fusion 6C System (Promega). Following the recommendations of the
manufacturer, the tips of the swabs were cut directly into the PCR tubes, afterwards the PCR
Amplification Mix was added to the tubes. The thermal cycler (Veriti® 96-Well Thermal Cycler,
Applied Biosystems®) was set up according to the conditions previously referred on Table 3.3 [51, 62].

3.4.5 Capillary Electrophoresis

The last process in the analysis, for all experiments, is the capillary electrophoresis (CE). After
centrifuging and vortexing the WEN Internal Lane Standard 500 (Wen ILS 500) the amount necessary
of WEN ILS 500 and Hi-DiTM formamide was calculated according to Table 3.4. Loading mix was
prepared as described in Table 3.4. Ten pl of the loading mix and 1L sample was added to each well.
The pipetting was performed by eppendorf epMotion® P5073. The plate was covered with adhesive
film and centrifuged.

Subsequently, the samples were denatured at 95°C for 3 minutes, then immediately chilled on ice bath
for 3 minutes. Succeeding, the plate was placed on Applied Biosystems® 3500xL Genetic Analyzer for

Human Identification and the run on the capillary electrophoresis at 1.2 kV for 24 seconds [51].

Table 3.4: Loading Mix of the Capillary electrophoresis. Adapted from:[51]

Component Volume per reaction (ul)

WEN Internal Lane Standard 500 | 0,5

Hi-Di™ formamide 9,5
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3.4.6 Data analysis

The data analysis was done using GeneMapper® ID software, version 1.6 (Applied Biosystems®). A
limit of detection (LOD) for alleles was set to 100 RFU, and the DNA profiles obtained were compared
to the reference profiles of each participant. Homozygote alleles were counted as two, and the Y-
chromosome STRs were omitted from the experiments. A stutter filter was applied in GeneMapper,
stutters were filtered according to internal guideline.

Adjusted RFU was obtained by dividing the RFU value (sum of the peak heights) by 23.

LR Calculations and data analysis were performed in R (www.r-project.org) using the software
EuroForMix v3.0.4 [33].

Mixtures were identified when more than one contributor was detected in the DNA profile. Identification
of a mixture occurred when examining the DNA profiles and observing the number of alleles in each
locus, or when the peak heights were imbalanced . The value of the adjusted RFU was multiplied by the
mixture proportion, obtained in EuroForMix. In the third experiment, transfer and persistence by
handling of tape, the DNA profiles obtained were compared to the reference sample of contributor 1 and
contributor 2.

On EuroForMix, defence (Hd) and prosecution (Hp) hypothesis were used for each experiment.
e Hp: The DNA is from A

e Hd: The DNA is from an unknown individual

3.5 Shedder status category

The participants were classified into high, low and medium shedders based on the quality of DNA results
obtained in the experiment. The classification was based on the quality of the DNA profiles obtained as
described by H. Johannesen et al. [62].
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4 Results

The results from the negative controls taken from the zip lock bags, tape and cardboard, all came back
negative.

4.1 Experiment 1: Direct Transfer to zip lock bag

The samples collected from the directly handled zip lock bags provided varied results between the 20
participants.

The measured DNA concentration has an average of 0.005 ng/ul, the number of detected alleles
matching the participant ranged from 0 to 46 (without amelogenin), with an average of 17 alleles. In
total 4 samples had no results, 4 samples had full profiles and 12 had partial profiles.

The logarithmic of likelihood ratio had an average of 8.8. The average RFU from the donor was 454.1,
this value was calculated by dividing the total RFU (sum of the height of the alleles) divided by 23 (23
pairs of alleles, excluding amelogenin), results can be found in Attachment 1.

4.2 Experiment 2: Indirect transfer to zip lock bag

The second experiment, indirect transfer from the personal bag presented differences between the
participants. The average DNA concentration was 0.003ng/ul and the average number of matching
alleles was 11, the range varied between 0 and 46 alleles (without amelogenin).

In total 10 samples had no results, 3 samples had full profiles and 7 had partial profiles.

The logarithmic of likelihood ratio had an average of 5.6. The average RFU from the donor was 592.0,
it was calculated by dividing the total RFU divided by 23 (23 pairs of alleles, excluding amelogenin),
results can be found in Attachment 1.

In this experiment we asked the participants what type of personal bag they used and also if they use the
bag every day, frequently or rarely.

Regarding the type of use of the bag, we obtained a positive result from 3 out of 8 participants that used
a backpack every day, 1 out of 2 participants that used a backpack frequently but a negative result from
the participant that utilized the backpack rarely. Regarding the PC bag, the only participant that used
this type of bag reported to use the computer bag everyday however the result was negative. Considering
the results from the purse/handbag, a positive result was obtained from 1 out of 2 participants that used
this type of bag every day, positive result was obtained from the three participants that used the
purse/handbag frequently and the participant that only used the purse/handbag rarely got a positive
result. From the 2 participants that used the shopping bag frequently 1 positive result was obtained
(Table 4.1, Figure 4.1).
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Table 4.1: Total number of participants using the different types of bags distributed by the categories of amount of use,

everyday, frequently and rarely,

Type of bag Positive samples / total number of Total Number Participants
samples
Everyday Frequently Rarely
Backpack 3/8 1/2 0/1 11
PC bag 0/1 1
Purse/handbag 1/2 33 1/1 6
Shopping bag 1/2 2
Total Number of positive 4 5 1 10 positive samples in 20
samples participants
4
) Amount of Use
& - . . Everyday
%: *  Frequently
3 Rarely
.
0- * L]
Eacl~:lpack PC Isag PLII’S-E.-'HIEIH-L' bag Sh-Jppilng bag

Types of bag

Figure 4.1: Point plot of the type of personal bag used by the participants according to the Logio RFU
and the amount of use in experiment 2. The different colours show the different amount of use, every
day, frequently and rarely are represent by red, green and blue, respectively.

In the sample from participant B, 21 alleles from an unknown person were detected.
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In the sample from participant I, 9 alleles from an unknown person were detected. These 9 alleles seemed
to belong to the child of the participant I. We tested this hypothesis in EuroForMix and used the
following hypothesis:

e Hp: The DNA is from A and an unknown individual
e Hd: The DNA is from an unknown individual and the child from A

Equation 4.1

Pr (E|H,: A+ U)

LR, =
"t T Pr (E|Hg: U + Achita)

The LR obtained was 0.00043, supporting the defence hypothesis, that the DNA from participant |
child is present in the sample.

4.3 Direct transfer to zip lock bag compared to indirect transfer to zip lock bag
The differences between experiment 1 and experiment 2 was studied by comparing the average Logio
RFU and Logio LR values.

Typically, higher quantities of DNA and better-quality profiles were detected after direct contact with
the zip lock bag (Experiment 1) in comparison with indirect transfer (Experiment 2), but some
exceptions were observed (Figure 4.2).
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Figure 4.2: Comparison between logio RFU and Logio LR values of Experiment 1 (direct transfer to zip lock bag) and

Experiment 2 (indirect transfer to zip lock bag). Experiment 1 (Exp 1) and Experiment 2 (Exp 2) are represented by the red and
blue box plot, respectively.

The probability of detecting DNA from a POl was investigated using a cut of LR, above 10*. As the LR
is influenced by the rarity of the profile, the average RFU was also used to find a cut off.

The correlation between the Logio RFU and Logio LR values from Experiment 1 and 2 was investigated
by linear regression. A linear correlation was observed between these two parameters (Figure 4.3).
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Figure 4.3: Linear regression of the Logio LR and Logio RFU. This correlation got a score of 0.83, and a p-value=3.132e-11,
which means it is statistically significant. Experiment 1 (Exp 1) and Experiment 2 (Exp 2) are represented by the red and blue
colours, respectively.

The correlation indicates that average RFU also can be used as a parameter in activity level evaluations
as suggested by Gill et al. [83].

4.4 Transfer and persistence by handling of tape

The third experiment, handling of the tape showed differences between participants and also between
contributors in the same samples, results can be found in Attachment 2.

The average DNA concentration for each contributor as calculated by multiplying the DNA quantity
and the mixture proportion. The average DNA concentration for contributor 1 was 0.002 ng/ul, the

average number of alleles matching C1 was 21.2. The average of the adjusted RFU for C1 was 209.7.

The average DNA concentration for contributor 2 corresponded to 0.0007 ng/ul. The average number
of alleles matching C2 was 4.5. The average of the adjusted RFU for C2 was 73.1.

The probabilities of transferring DNA when handling the tape (C2) or packing the “drug wrap” (C1)
was investigated with the same approach as in the previous experiments (Figure 4.4).
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Figure 4.4: Box plot comparing the profile quality of Contributor 1 (C1) and Contributor 2 (C2), displayed by the logio RFU
obtained in Experiment 3 (Exp 3). Contributor 1 has better quality profiles than Contributor 2.

4.5 Shedder Status

A fourth experiment was realized to determine the shedder status of the participants.

The total RFU values for each sample was calculated by summing the RFU of all alleles and multiplying
with the mixture proportion, in the case of the sample being a mixture. The average for the adjusted

RFU is approximately 62520.

A difference between the participants was observed in the adjusted RFU (Figure 4.5).
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Figure 4.5: Box plot of the adjusted RFU (Aj_RFU) per participant in Shedder Status experiment, demonstrating the difference
between the three samples collected of each participant.

Participants were classified as low shedders when results from all 3 samples presented partial or null
profiles and the RFU was situated below the 25% percentile (2585.5), high shedder class was attributed
to participants when 2 out of 3 samples were above the average RFU (62520), and 2 out of 3 samples
had 20 out of 24 full loci (counting amelogenin). The remaining group was classified as medium
shedders (Figure 4.6).

Out of the 20 participants, 20% are low shedders (4 participants), 60% are medium shedders (12
participants) and 20% are high shedders (4 participants) (Table 4.2).
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Figure 4.6: Total RFU of the participants in Experiment 4, and the division of the participants in low, medium and high
shedders. According to the shedder type obtained there are 4 low shedders, 12 medium shedders and 4 high shedders. Red,
green and blue colour represents the high, medium and low shedders, respectively. The first Y line, starting from 0, orange
dotted line (Q1), corresponds to the 25% percentile (59237). The second line, purple dotted line (Q3) corresponds to the 75%
percentile (2585) and the third line, solid black corresponds to the average RFU (62520).

Table 4.2: Participant with the information about the gender (amelogenin) and the shedder status they were attributed according

to the results obtained in Experiment 4.

Participant Amelogenin Shedder Type
A XX Low

B XX Medium
C XX Medium
D XX High

E XX Medium
F XX High

G XX Medium
H XX Medium
| XX Medium
J XX Low

K XY High

L XY Medium
M XX High

N XX Medium
0] XY Low

P XX Medium
Q XY Low

R XY Medium
S XX Medium
T XX Medium
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4.6 Correlation between shedder status and results in transfer experiments

A correlation between the participants shedder status and the DNA results was observed in Experiment
1, direct handling to zip-lock bag. This was true both when considering logio LR and logi0RFU, better
quality profiles were observed from high shedders followed by medium and the lowest quality was from
the low shedders (Figure 4.7).
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Figure 4.7: Box plot displaying the Logio LR and Logio RFU according to the Shedder type of the participants in Experiment
1 (direct transfer). Red, green and blue box plot correspond to high, low and medium shedders respectively.

Considering the DNA results from Experiment 2, indirect transfer to zip-lock bag from personal bag and

the participants shedder status the results are more variable (Figure 4.8). In fact, the best quality profile
was detected after storage of the zip-lock bag in the personal bag of a low shedder.
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Figure 4.8: Box plot displaying the Logio LR and Logio RFU according to the shedder type of the participants of Experiment 2
(indirect transfer). Red, green and blue box plot correspond to high, low and medium shedders respectively.

The shedder status of the participants corresponded well with the DNA results from the wrapper (last
handler) in experiment 3 (Figure 4.9). Higher RFU values were detected in the samples from the high
shedders, followed by the medium and the lowest from the low shedders. The correlation was also
observed for the DNA results corresponding the previous toucher (C2). However, the C2 result were of
lower quality and more variation was seen.
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Figure 4.9: Box plot displaying the Log 10RFU and Shedder type of contributor 1 (wrapper) and contributor 2 (handler) of
Experiment 3 (transfer and persistence by handling of tape). Red, green and blue box plot correspond to high, low and medium

shedders respectively.

To further assess the probabilities of transfer, the frequency of observations was recorded both
considering LR, RFU for the different shedder groups (Table 4.3-4.5). Increasing the LR limit to 10°6
decreased only the probabilities of medium shedders. Including also an RFU limit highly decreased the
probability for low shedders, increasing the RFU limit to 1000 decreased the probability for all
categories. For further calculations the limit of 100 RFU was chosen.

Table 4.3: Probability of transfer of DNA according to the shedder type of the participants and the thresholds for LR and RFU
in Experiment 1 (direct transfer).

Experiment 1 | Criteria Low Shedder | Medium shedder (12) | High shedder
(4) (4)

LR LR>10.000 | 0,25 0,41667 1
LR>10° 0,25 0,333 1

RFU RFU>100 |0 0,333 1
(LR>10.000)
RFU>100 |0 0,333 1
(LR>10°)
RFU>1000 | O 0,1667 0,5
(LR>10.000)
RFU>1000 | O 0,1667 0,5
(LR>10°)
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Table 4.4: Probability of transferring DNA according to the shedder type of the participants and the thresholds for LR and RFU
in Experiment 2 (indirect transfer).

Experiment 2 | Criteria Low Shedder (4) | Medium shedder (12) | High shedder (4)
LR LR>10.000 | 0,5 0,0833 0,5

LR>10° 0,5 0,0833 0,5

RFU RFU>100 | 0,25 0,0833 0,5
(LR>10.000)
RFU>100 | 0,25 0,0833 0,5
(LR>106)
RFU>1000 | 0,25 0,0833 0
(LR>10.000)
RFU>1000 | 0,25 0,0833 0
(LR>10°)

Table 4.5: Probability of transferring DNA according to the shedder type of contributor C1 (wrapper) and contributor C2
(handler) and the thresholds for LR and RFU in Experiment 3 (transfer and persistence by handling of tape).

Experiment 3 | Criteria Low Shedder | Medium shedder (12) | High shedder
(4) (4)
Contributor C1 c2 C1 c2 C1 c2
RFU RFU>100 | O 0 0,5833 0,0833 0,75 0,5
RFU>450 | O 0 0,25 0,0833 0,25 0
RFU<100 | O 0 0,1667 0,333 0 0
(Above 50)
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4.7 Case example

To illustrate the use of the dataset obtained in this study we have created a fictive case example, based
on previous experiences in casework. A large depot of drugs is found at a hideout, the drugs were packed
in Ziplock bags and hidden in a black gym bag. DNA samples are collected from the outside and opening
of the Ziplock bag, and the result obtained was a full DNA profile. A database search was conducted
and a match in DNA database to person A was obtained.

However, person A claims to have no knowledge of the drugs. But he recognizes the gym bag and claims
this used to belong to him but has been lost for some time.

The prosecution and defence hypothesis are the following in this scenario:

e Hp: The suspect packed the drugs, he has not previously used the bag.
e Hd: The suspect has no relation to the drugs but previously used the bag.

A Bayesian network was adapted from Gill et al. [84] and the nodes were updated to fit the described
scenario in the case examples and probability tables based on the results from the experiments as given
in Table 4.3-4.5.

Drugs stored in A's bag A

ADNA transfarred from ba
A DNA transferred during packing
ADNA on packing

Unknown persan packed drugs

DINA from unkown transferred during packing
Unknown DRA on packing

Backgound DNA

Figure 4.10: Bayesian Network of the case example. The BN was adapted from the example from Gill et al. [84], the nodes
were updated to match the scenario of the case example. The black node refer to de hypothesis node, the blue nodes relate to
the activity level, the yellow nodes refer to the transfer, the grey node to the existence of background DNA and the pink node
to the final DNA results.
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Hypothesis from the Bayesian Network of the case example are the following:

e Both propositions are set with equal probabilities

Table 4.6: Probabilities from Bayesian Network, when both propositions, Hp and Hd are set with equal probabilities.

Hp 0.5

Hd 0.5

e Drugs are stored in A’s bag
o This is true under Hd and false under Hp.

Table 4.7: Probabilities from Bayesian Network, when drugs are stored in A’s bag.

Hp Hd
Yes 0 1
No 1 0

e A packed the drugs
o This is true under Hp and false under Hd.

Table 4.8: Probabilities from Bayesian Network, when A packed the drugs.

Hp Hd

Yes 1 0

No 0 1




e Unknown person packed the drugs
o This s true under Hd and false under Hp.

Table 4.9: Probabilities from Bayesian Network, when an unknown person packed the drugs

Hp Hd
Yes 0 1
No 1 0

e A’s DNA was transferred from bag
o The probability of secondary transfer of A’s DNA from bag (s) is found from
experiment 2, for this example we have chosen to classify a positive finding based on
the adjusted RFU in the sample and set the limit to AdjRFU>100.

Table 4.10: Probabilities from Bayesian Network, when A’s DNA was transferred from the bag

Drugs stored in A’s bag

A DNA transferred | Yes No
from bag

Yes 0.2 0
No 0.8 1
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e A DNA transferred during packing

o The probability of transfer from A during pacing (t) is found from experiment 1, for this
example we have chosen to classify a positive finding based on the adjusted RFU in the

sample and set the limit to AdjRFU>100.

Table 4.11: Probabilities from Bayesian Network, when A’s DNA was transferred during packing.

A packed the drugs
A DNA transferred during packing | Yes No
Yes 0.4 0
No 0.6 1

e DNA from unknown person transferred during packing
o Transfer from an unknown offender during packing (t’).

Table 4.12: Probabilities from Bayesian Network, when DNA from an unknown person was transferred during packing.

Unknown packed drugs

Unknown DNA transferred during packing | Yes No
Yes 0.4 0
No 0.6 1
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e A DNA on packing

o Boolean node will be yes when true and no when false.

Table 4.13: Probabilities from Bayesian Network, A DNA on packing, Boolean node.

A DNA transfer from bag Yes No

A DNA transferred during packing | Yes | No | Yes | No
Yes 1 1 |1 0
No 0 0 |0 1

e Background DNA

o The probability of background DNA (b) is found from the occurrences of unknown
DNA in the samples collected in both experiments (3/40).

Table 4.14: Probabilities from Bayesian Network, Background DNA

Yes

0.075

No

0.925

e Unknown DNA on packing

o Boolean node will be yes when true and no when false.

Table 4.15: Probabilities from Bayesian Network, when unknown DNA is transferred on packing, Boolean Node.

Background DNA Yes No

U DNA transferred during packing | Yes | No | Yes | No
Yes 1 1 |1 0
No 0 0 |0 1
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e DNA results

Table 4.16:Probability from Bayesian Network, DNA results.

Unknown DNA on packing Yes No

A DNA on packing Yes |No | Yes | No
A DNA 0 0 1 0
A and U DNA 1 0 0 0
U DNA 0 1 0 0
No DNA 0 0 0 1

The likelihood ratio was calculated with the Bayesian network (Equation 4.2):

Equation 4.2

Pr (E|H
_PrElHp) _ o0
Pr(E|Hd)

It is 3.33 times more likely to observe the evidence if Hp was true than if Hd was true.

The calculations can also be shown by applying the formula S6 and S1 in the supplementary 1 of Gill
etal. [84].

The list of variables that have to be considered in this case are the following:

e tisthe probability of transfer, persistence and recovery of DNA from the POI under Hp
s is the probability of transfer, persistence and recovery of DNA on the drug wrapping
transferred from the gym bag

e bis the probability of background DNA.

e Pr(Ud) is the combined probability of recovering unknown DNA.
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To calculate the likelihood ratio based on the activity level the following formula is used (Equation 4.3).

Equation 4.3

_Pr(E[Hp) _ tx(1—h)
~ Pr(E|Hd)  sx(1 - Pr(Ud))

Probabilities for t, s and b were found from experiment 1 and 2 according to the criteria of a good profile
a RFU higher than 100 and a LR above 10.000 and 1 million (not considering shedder status). The
combined probability of recovering unknown DNA was calculated with a formula from Gill et al.
(Equation 4.4) [84].

Equation 4.4
Pr(Ud) = t'+b(1—-t) = 04+ 0.075(1 — 0.4) = 0.445
Equation 4.5

tx(1—b 0.4 x(1 — 0.075
xA-b) _ 04x( ) _ 333

IR = XA —PrUd) ~ 0.2x(1=0445)

With the calculation of the LR in this scenario we can say that the evidence is 3 times more likely given
Hp, the suspect packed the drugs, than given Hd, the suspect has no relation to the drugs but previously
used the bag (Equation 4.5).
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5 Discussion

In our study we used Chelex to extract DNA. We could have used a different extraction method, and
obtained different results, for instance it is possible to concentrate the samples and use a smaller elution
volume. However, loss of DNA have been observed when using for instance magnetic beads extractions
[85]. Internal validations at the institute has shown that Chelex provides comparable results to QlAamp
(Qiagen) [86]. Chelex was the method used in casework in the laboratory at the time of the experiment,
and consequently gives relevant results. We used two different methods in the experiments, Direct PCR,
in the shedder status experiments, versus extraction (Chelex) with amplification (PCR) in the other three
experiments. In the shedder status experiments higher peaks were observed in the DNA profiles
obtained, with a higher average of RFU that other experiments. Direct PCR has previously been
demonstrated to provide better results from some samples. Templeton et al. [87] described a protocol
for direct PCR for low template DNA, deposited in different subtracts, adhering to swab fibers. They
observed that direct PCR has the ability to amplify low quantities of DNA recovered from different
subtracts. It could have been favourable to also perform direct PCR on the other samples collected in
this study since the amounts of DNA detected were low level and no dilutions prior to PCR was needed.
To determine if the direct PCR would have an impact on the other experiments a new study could be
performed.

The mechanisms that affect the DNA transfer, persistence, prevalence and recovery (DNA-TPPR) (e.g.,
a person’s shedder status) have a huge impact on the quantity and quality of a DNA profile obtained
from a crime scene stain. This is further demonstrated by the findings in this study where we have seen
large variations in the results, between the experiments, participants and different sampling mechanisms.

5.1 Transfer and persistence of DNA

In this study the direct transfer of DNA to a simulated drug wrapping was investigated. The zip lock
bags used in this experiment are made of plastic and considered to be a non-porous surface. Previous
studies has shown that less DNA was transferred to a plastic and glass (non-porous substrate) than to
wood and cotton (porous substrate) [61].

The results that we achieved corresponded well with our anticipations; the majority of the profiles that
we obtained were partial profiles, with an average of 17 alleles. However, we also obtained a few full
profiles. Zamir et al. [88], conducted a study where they examined if DNA could be extracted and typed
from burnt edges of a plastic drug wrap. They concluded that it was possible to obtained DNA from the
burned edges but that is also was possible to retrieve DNA from the plastic bag. Our results correlate
with the findings of Zamir et al. [88].

All the zip lock bags used in our study were exposed to UV light, so that all DNA previously present on
the bag was eliminated. Assuming that the zip lock bags were DNA free, all DNA profiles obtained in
our study, were considered to be a direct self-DNA deposit made by each participant. Nevertheless, non-
self-DNA may also be detected, probably due to indirect transfer by the participants [57, 59, 61].

Secondary transfer can occur in different ways. In this dissertation we studied the hypothesis of DNA
transfer occurring by placing a zip lock poly bag in a pre-used personal bag, investigating whether
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indirect transfer of DNA could occur from the participant’s personal bag and onto the zip lock bag. The
type of bags varied between backpacks, handbags, computer bags and shopping bags.

M. Goray et al. [60, 61] stated that transfer rates are influenced by the combination of the substrates in
question and the manner of contact. Secondary transfer of DNA from porous primary substrate (e.g.,
cotton on the inside of a bag) to a non-porous secondary substrate (e.g., plastic) is not expected to carry
a great percentage of DNA, especially if the manner of contact is passive. Our results correlate with
these expectations. The majority of the samples gave no DNA results, while 3 samples presented low
number of alleles, the average for this experiment was 11 alleles. However, two exceptions happened,
participant J and K obtained a full DNA profile (46 alleles).

van den Berge et al. [64] collected a set of private samples (e.g., neck, fingernails, clothing, etc), and
found prevalence of non-self-DNA. In our experiment we achieved similar results with samples from
two participants, the samples presented mixtures, where a major and minor contributor were observed.
One of the samples contained a mixture where the POI was the major contributor and in addition an
unknown minor contributor was detected. The other samples contained alleles corresponding to a child
of the participant, this was confirmed by LR calculations in EuroForMix.

In contrast to other studies [72] we did not detect many mixtures in our transfer experiments, only 2
mixtures were detected in total. This could be due to the limitations of our study. The Covid-19
pandemic was the main one. The Covid-19 pandemic had a huge effect on our study, especially with the
number of mixtures detected. It was expected to observe secondary transfer of non-self-DNA from the
participants, but with the safety restrictions in place (e.g., use of antibacterial, social distancing and the
use of masks) secondary transfer may not have occurred in the same scale as pre pandemic.

Interestingly a larger proportion of mixtures were detected in the samples collected in the shedder status
experiment. This could be due to increased sensitivity when using direct PCR, but also due to a different
type of contact — the whole hand was in contact with the tube in the shedder study, while mostly
fingertips represent the contact when opening a zip-lock bag or wrapping with tape.

To study the probability of transfer from the inside of a previously used bag it would be of interest also
to quantify the amount of DNA present before and after placing an item there. This DNA represents the
potential of transfer to an item placed inside the bag. We did not sample the inside of the bags in this
study. However, several studies on the quantity present on primary and secondary surfaces already exist
[60, 61, 89] and can be used to infer transfer probabilities related to quantities present on an item. The
present study is a case study and provides probabilities in a general situation where not much information
is available. This is often the case in real casework, where items involved in transfer might not be
available for sampling. We do however recommend the sampling and preservation of relevant items in
casework to better be able to answer questions related to transfer and persistence in real casework.

In the third experiment we studied the possibility of DNA transfer from a tape roll handled by one person
and onto a simulated drug wrap when person two used the tape to wrap the “drugs”. Both transfer and
persistence of DNA from the handler (C2) and the wrapper (C1) were studied.

L. Mayuoni-Kirshenbaum et al. [56] investigated a technique commonly used in burglaries where “foil
impressioning” of aluminium foil are inserted into the lock. When this type of items is presented in
court, questions related to when and how the DNA was deposited are often raised (e.g., does DNA
belong to the person that cut the foil or to the person that inserted the foil into the lock?). The authors
conducted a study to determine the probabilities of detecting DNA from the person that pick the lock
and cut the foil. They concluded that there is a higher chance of finding DNA of the person that pick the
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lock than the person that cut the aluminium foil. Similar observations were made in our study: the
wrapper (C1) was more frequently detected (average of 21 alleles) in the samples, and the wrapper was
detected as the major contributor in the majority of samples.

The surface of the tape constitutes a non-porous surface. M. Goray et al. [61] and R.A.H. van Oorschot
et al. [63] concluded from their studies that when there is a transfer of DNA from two different users to
the same object, the second user’s DNA will over time replace the DNA from the first user.

Our results support this statement except for two DNA profiles that only correspond to the handler (C2).
The tape roll has a rougher surface on the side, where more DNA is expected to be transferred upon the
initial contact [59]. Due to this characteristic, it is expected that some DNA, deposited on the side, could
be transferred to the second user hands (the wrapper), and further to the packing.

Assuming the participants followed the instructions, no other items should have been touched between
handling the tape and preforming the wrapping, hence there is no opportunity of loss of C2 DNA to
other surfaces. The wrapping procedure was not supervised and the manner of contact during the
procedure could influence the result. Nonetheless, this type of information will hardly be known in
casework, hence will be challenging to account for.

In the shedder status experiment, the participants were classified into low, high and medium shedders
based on the results obtained with the tube holding experiment, repeated three times. Categorization of
the participants according to their shedder status was based on previous studies. H. Johannesen et al.
[62] categorized the participants into high, low and medium shedders based on the handheld tube
method. High shedders were classified when minimum of two of the three profiles had a total RFU value
above the average of all the participants and they provided a high-quality profile, low shedders were
categorized if all three samples had RFU values below 10,000 RFU and gave partial or negative profiles.
And by cell count method according to the mean value of detected cells in the two fingerprints. Fonnelap
et al. [59] categorized the participants into high and low shedders based on the handheld tube method,
high shedders had to have at least two of the three samples, where DNA quantity had to be above the
average concentration in deposits made by all participants and at least 2 profiles had to be high quality
with 12 or more full loci. The remaining of the participants were defined as low shedders. M. Goray and
R.A.H. van Oorschot [69] categorized the participants into high, intermediate and low shedders based
on the amount of DNA and value of RFU. Where high shedders deposited a bigger amount of self-DNA
that was then reflected in the profile presentation, with increased donor allele detection and higher allele
RFU.

Based on our categorization we found that 20% of the participants were low shedders, 20% were high
shedders and 60% were medium shedders. Our results are similar to the results obtained by H.
Johannesen et al. [62] where 25% of participants were defined as high and low shedders, and the
remaining 50 % was defines as medium shedders.

Amongst the five high shedders in our study there was one male and four female participants. These
results do not match the results from previous studies, that men are more often categorized as high
shedders than females [69, 72]. However, this could be explained by the small dataset and only 5
participants were male while 15 of the participants were females.

Comparing the shedder groups, low and high shedders were consistently depositing low and high
amounts of DNA, respectively. The status of medium shedders was attributed to the participants that did
not fit in the other categories. As expected, these participants showed varying results, fluctuating
between the low and high shedders, supporting the results from other studies [62, 69].
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5.2 Transfer and persistence of DNA in correlation to shedder status

Based on the results of the shedder status experiment, the data from the previous experiments were
analysed to investigate to what extent the shedder status may have on the different transfer scenarios.

There was a correlation between the shedder groups and the quality of DNA profiles of the direct transfer
experiment, both when considering the Log10 LR and Logl0 RFU, e.g., high shedders deposit more
self-DNA and presented a high number of alleles and RFU. This is in concurrence with a study by M.
Goray and R.A.H van Oorschot [69], where they observed that high shedders deposit a higher quantity
of self-DNA, with increased donor allele detection and higher allele RFU.

Regarding the second experiment, indirect transfer from inside a used bag, there is no perceptible
correlation between the shedder status of the participants and the quality of the obtained profiles. A good
example is participant J, that is categorized as a low shedder, but obtained a full DNA profile from the
handbag/purse used. This may indicate that the quality of the profile is more impacted by the type of
bag and the manner of which the bag is used. This agrees with the findings by M. Goray and R.A.H van
Oorschot [69], where shedder status categorization showed significant correlation only to DNA results
collected from hand touched surfaces or items but not to DNA results originated from secondary transfer.

For the last experiment, the tape roll experiment, the correlation between the quality of the DNA profiles
and the shedder status of the participants is observable. As expected, the wrapper, C1, showed better
quality profiles than the handler, C2. It could also be that there is a correlation between the combination
of shedder groups in this experiment (e.g., C1 high shedder C2 low shedder), but as the data material
was not of sufficient size when divided into three shedder groups this was not further investigated in the
present study.

Additionally, the size of our dataset was a limitation. Our study was constituted by twenty participants
being enough to study transfer and persistence of DNA. However, when we analyse taking in
consideration the shedder status of the participants, the number of participants in each group (high, low
and medium) becomes small.
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5.3 Case example

The main purpose of this study was to create a dataset to provide information on the DNA results that
can be expected after different activities that are related and not related to the crime in question. With
the case example, we illustrate how the data can be applied in a specific (fictive) case. The examples
can be expanded to take into account more factors, as shedder status and we propose this for a further
study.

We used a threshold for observing a positive result at RFU>100. These values were chosen based on the
quality of the results present in our dataset, that were obtained in the direct and indirect experiments.
But we acknowledge that other threshold could be used by other laboratories or that a continues model
could be tested in the future.

Based on the results of the probabilities, the LR was calculated for the case example. A value of 3.33
was achieved. This LR value is low, meaning that, with the limitations of our study, it is only 3 times
more likely to observe this evidence if the person of interest packed the drugs rather than if the person
of interest has no relation to the drugs but previously used the bag. This reflects the findings in our study.
Although we observed more and better-quality profiles after direct transfer, we have seen that it is
possible to detect a good quality profile from a POI on a bag that has not been touched, but instead has
been stored in it previously used bag. Hence, a strong statement supporting the prosecution hypothesis
is not possible.

All the results of the case example are limited to the datasets obtained on the experiments and the
circumstances of how they were conducted.
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6 Conclusion

This study has the goal of increasing the knowledge of transfer and persistence of DNA.

Detection of DNA after direct transfer has a higher proportion of positive results in comparison with the
indirect transfer results.

DNA from the participant that packed the drug wrap was more frequently detected than the DNA from
the participant that previously handled the tape.

We were able to classify the participants as high, low and medium shedders based on a tube holding
experiment. The preponderance of the participants was classified as medium shedders.

A correlation between transfer rates of DNA and the shedder status of the participants was observed in
all experiments with the exception of experiment 2, indirect transfer. Based on the results obtained from
the second experiment, indirect transfer of DNA, it seems that the transfer rates of DNA correspond
more with the amount of use and the type of the bag used. Still, more data is needed to take a proper
conclusion.

Our data provide valuable information that can aid forensic scientists when evaluation activity related
propositions. We have shown that the likelihood ratio at activity level for a case example can be
calculated based on our dataset. The likelihood ratios obtained are generally low, since in our dataset
direct and indirect transfer have similar probabilities. A different LR value could be obtained if our
dataset was bigger, and more parameters were added to the Bayesian Network.

The dataset provides a foundation for building further models for instance by implementing shedder
status or other related scenarios.
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Attachment 1: Dataset from direct and secondary transfer experiments, Experiment 1 and Experiment 2.
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Attachment 2: Dataset from Experiment 3 transfer and

persistence by handling of tape.
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Attachment 3: Dataset from Experiment 4 Shedder Status.
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