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Abstract
In forensic DNA profiling the occurrence of complex mixed profiles is currently a
common issue. Cases involving intimate swabs or skin flake tape liftings are
prone to mixed profiles, because of more than one donor contributing to a DNA
sample. By DNA profiling of single spermatozoa and skin flakes, problems
associated with mixed profile could ideally be overcome. However, PCR is not a
sensitive enough method to generate DNA profiles by STRs on single cells.
Moreover, high quality intact DNA is required, but is not always available in skin
flakes due to degradation. Additionally, single skin flakes are difficult to
discriminate from other similar looking particles on tape liftings used to secure
DNA samples from evidence.
The main purpose of this study was to develop a method which enables DNA
profiling of single sperm cells and skin flakes. By studying multiple whole genome
amplification (WGA) protocols, REPLI-g Single Cell WGA was selected due to its
suitability in the pre-amplification step of template DNA. Micromanipulation was
used to isolate single spermatozoa. Furthermore, micromanipulation in
combination with REPLI-g Single Cell WGA resulted in successful DNA profiling of
single spermatozoa by using autosomal STRs as well as X- and Y-chromosomal
STRs. The single spermatozoa DNA profiling method described in this thesis was
successfully used to identify male contributors from mock intimate swabs with a
mixture of semen from multiple male contributors.
Different dyes were analysed to develop a staining method to discriminate skin
flakes from other particles including particles such as those from hair cosmetic
products. From all dyes tested, Orange G was the only dye which successfully
discriminated skin flakes from hair product particles. Also, an alkaline based lysis
protocol was developed that allowed PCR to be carried out directly on the lysates
of single skin flakes. Furthermore, REPLI-g Single Cell WGA was tested on single
skin flakes. In contrast to the single spermatozoa, REPLI-g Single Cell WGA was
not successful in DNA profiling of single skin flakes. The single skin flake DNA
profiling method described in this thesis was successfully used in correctly
identifying contributors from mock mixed DNA evidence. Additionally, a small
amplicon based NGS method was tested on single skin flakes. Compared to the
PCR and CE approach, the small amplicon based NGS method improved DNA
profiling of single skin flakes, giving a significant increase in allele recovery.
In conclusion, this study shows circumventing mixtures is possible by DNA
profiling of single spermatozoa using micromanipulation and WGA. Furthermore,
DNA profiling of single skin flakes has been improved by the staining of tape
liftings methodology with Orange G, alkaline lysis, direct-PCR and a small
amplicon based NGS approach. Nonetheless, future work is required to assess the
performance of the single spermatozoa method on mock swabs with more diluted
semen. Also, commercially available NGS kits should be tested with single skin
flakes and compared with the in-house NGS method.
Keywords:
Forensic, DNA, single cell, sperm, skin, whole genome amplification, WGA,
micromanipulation, next generation sequencing, NGS.
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Chapter 1. Introduction
In criminal investigations the analysis of DNA samples is of great importance.
Typically, DNA evidence provides the only link between the donor and the object
or location where the DNA was found. In addition, a link between various crime
scenes and objects can be based on a common trace of DNA, even when the
person who left the DNA is unknown. Therefore, forensic DNA analyses are crucial
to civil security.

1.1.

Forensic DNA profiling

Forensic DNA profiling is based on the analysis of highly variable locations (loci)
which are scattered over all chromosomes. These loci have been termed short
tandem repeats (STRs) and consist of tandemly repeated DNA sequences that are
2 to 7 base pairs (bp) long. The STRs that are used for DNA profiling contain
repeating DNA sequences which are 3bp or 4bp long. These DNA loci are also
referred to as microsatellites. Every STR genotype consists of two alleles: one
maternally inherited allele and one paternally inherited allele. The number of
repeats at these loci vary naturally in the population and display a high degree of
polymorphism meaning that they are well-suited as a tool for discriminating
between people. A person’s DNA profile is the full list of genotype combinations
for any particular set of loci looked at, typically the loci targeted by the DNA
profiling kit used. By utilizing large number of loci, an extremely high number of
genotypic combinations are possible which greatly reduces the chance of
adventitious matches.
The varying numbers of repeat units result in differences in length between the
respective alleles that can be analysed by using polymerase chain reaction (PCR)
in combination with capillary electrophoresis. A multiplex PCR makes many copies
of multiple STR loci of the recovered DNA thus ensuring high sensitivity of the
analysis. Many multiplex PCR kits for forensic STR analysis are available [1].
23 | P a g e

These include not only STR loci, but also another commonly used locus named
Amelogenin. This locus is present on the X- and Y-chromosomes and the length
in bp of each allele depends on which chromosome the allele is present [2]. A
female person contains two X-chromosomes, which results in both alleles having
the same length. However, a male person contains one X- and one Ychromosome which results into two Amelogenin alleles differing in length. By
relating the length of the alleles to the corresponding sex-chromosome,
Amelogenin can be used to determine the genetic sex of the DNA’s donor.
The PCR products generated with multiplex kits are nowadays analysed by
capillary electrophoresis which allows the different Amelogenin alleles, STR alleles
and loci to be distinguished based on size as well as fluorescent-tags incorporated
during the PCR process. As a result, the PCR products from each allele are
displayed as peaks based on relative fluorescent units (RFU) in a graphical output
known as an electropherogram (see figure 1.1.1, page 25).
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Figure 1.1.1. Electropherogram showing the alleles from different forensic STR loci of a
DNA sample from a female person. Peaks represent the amplicons of different alleles
amplified using multiplex PCR and detected by capillary electrophoresis. The different
allele amplicons were detected and shown using 4 colour channels (blue, green, black
and red). The relative fluorescent units (RFU) are set on the Y-axis and the allele
numbers with the corresponding RFU is labelled in a box underneath each allele peak. On
top, the X-axis represents the fragment size in base pairs (bp) with the allele
corresponding STR locus name above in the grey horizontal bars. The vertical grey lines
are allele bins which are located at each fragment size at which a potential allele could be
detected. The DNA profile was generated with the multiplex PCR kit PowerPlex ESX17
(Promega, Madison, USA).

The size of the PCR products corresponds to the respective number of repeat
units within the targeted region. Therefore, a DNA profile contains purely
numerical information about the number of repeating units in each allele. Thus, a
DNA profile of a female person who is homozygous for STR locus TH01 could for
example look like this:
25 | P a g e

Amelogenin
Allele 1: X
Allele 2: X
TH01
Allele 1: 8
Allele 2: 8
A DNA profile of a male person which is heterozygous for STR locus TH01 could
look like the following:
Amelogenin
Allele 1: X
Allele 2: Y
TH01
Allele 1: 8
Allele 2: 9

The DNA profile based on Amelogenin and multiple STR loci form the basis of the
national criminal DNA databases which are used by federal and state criminal
police in many countries for storing and comparing DNA profiles of offenders and
DNA during investigations. The set of different STR loci used, also called core loci,
differs between countries. In the UK core loci include 10 STR loci (FGA, TH01,
VWA, D2S1338, D3S1358, D8S1179, D16S539, D18S51, D19S433, D21S11) and
one locus to determine gender (Amelogenin) [1]. Whereas in Germany 8 STR loci
(FGA, TH01, SE33, VWA, D3S1358, D8S1179, D18S51, D21S11) and one gender
locus form the core loci (Amelogenin) [1]. A full database DNA profile includes
the core loci plus additional STR loci. For example, in Germany a full database
DNA profile consists of 16 STR loci (D18S51, D21S11, TH01, D3S1358, D16S539,
D2S1338, D1S1656, D10S1248, FGA, D8S1179, vWA, D22S1045, D19S433,
D12S391, D2S441 and SE33) and Amelogenin. In order to add a DNA profile to
the criminal DNA database the core loci are essential and therefore at least these
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should be determined. Thus, in each country multiplex PCR kits are used to
enable amplification of the country’s specific core loci plus additional STR loci.
Other than autosomal STR multiplex kits, multiplex kits exist that are used to
amplify X- or Y-chromosomal STRs [1,2]. In contrast to autosomal STRs, X- and
Y-chromosomal STRs contain loci located only on the X- or Y-chromosome. In
forensic DNA analysis, Y-STR kits can be used to analyse DNA from sexual assault
cases with female victims [2]. As the Y-STR kit only works on male DNA, a DNA
profile can be established from DNA left behind from the male perpetrator even
when DNA is mixed with DNA of the victim. In contrast to autosomal STRs, YSTRs are completely paternally inherited which results in many males containing
the same Y-STR profile. In other words, the Y-STR profile is less unique than an
autosomal STR profile. This makes the power of using Y-STR profiling for
matching the DNA profile to a person’s DNA profile much lower than when using
autosomal STRs.
Whenever a suspect’s DNA profile matches the DNA profile of the DNA sample
taken from the evidence, the strength of the match, or DNA evidence, needs to
be determined. This is necessary to enable the court to evaluate the evidence. To
determine the strength of the DNA evidence, a calculation is done which states
how likely it is obtaining a matching DNA if the DNA is from the suspect rather
than if it is from an unknown unrelated individual. This so-called likelihood ratio
(LR) calculation is based on the DNA profile’s frequency (P) in a population [3].
STR allele frequencies have been determined in many different populations e.g.
European, African and South Asian populations. These allele frequencies (Pallele)
are used to calculate the genotype frequency for each STR locus. The locus
frequency (Plocus) of a homozygous locus is calculated by Pallele

1

x Pallele 2. In case

where the locus is heterozygous Plocus = 2 x (Pallele 1 x Pallele 2). Then the frequency
of locus 1 is multiplied with the frequency of locus 2 and with the frequency of
locus 3 and so on. When the frequency of the complete DNA profile is
determined, the LR can be calculated by 1 divided by the DNA profile’s frequency.
So a profile frequency of 0.0002 will give a LR of 5000. This means it is 5000
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times more likely to see the recovered alleles if the suspect is the source rather
than if they were randomly chosen from another male. If more STR loci are
determined, then more STR loci could be matched, hence the higher the LR could
be. A perfect match of 16 STR loci can often lead to a LR of more than 109.
After years of optimization, many forensic PCR kits can now amplify template
DNA at very low concentration e.g. less than 100pg [4]. This sensitivity allows for
generating a full profile even though small amount of DNA as little as 16 somatic
cells is available [5]. However, intact DNA is still required. Due to environmental
factors like UV-light and heat or the type of tissue like hairs, DNA from forensic
evidence often is degraded. The latter implies that the DNA may not be intact at
every locus anymore resulting in allele drop outs (ADO) and hence leading to
unbalanced profiles. If both alleles of an STR locus drop out, then the whole STR
locus drops out. Since the LR depends on the allele frequency of the recovered
alleles, the power of the LR increases with the number of STR loci analysed. ADO
can massively decrease the LR.
Also, stochastic effects can lead to unbalanced profiles and ADO. Stochastic
effects are random variations arising from the PCR and predominantly occur due
to sampling error. Usually for PCR a fraction of the whole extracted DNA sample
is used as template DNA in the reaction. The number of copies from every locus
is thus equal for all loci. However, when the extracted amount of DNA is too low,
the proportion of extracted DNA which is used as template DNA in the PCR does
not represent the whole extracted DNA sample anymore. As a result, ADO or
unbalanced allele peak heights can occur [6]. Furthermore, the high sensitivity of
currently available forensic PCR kits increases the chance of contamination which
could lead to allele drop in (ADI). If present, contaminating DNA makes up a tiny
fraction of the total DNA. As a consequence, the contaminating part is
underrepresented during PCR and subsequently allele peaks will stay underneath
the analytical and/or stochastic threshold. However, when trace amounts of DNA
template are used the amount of DNA from the main component can equal or
almost equal the amount of the contaminating part which can lead to a mixture
and thus can interfere with the interpretation of the DNA profile. To prevent ADI
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from contaminating DNA a few precautions are commonly taken in forensic DNA
investigations. The pre-PCR rooms (evidence examination rooms, DNA extraction
rooms and PCR set up/pipetting facilities) are separated from post-PCR rooms
(rooms for PCR, DNA quantification and capillary electrophoresis) as well as
separating the victim’s evidence from the accused’s evidence. Furthermore, work
surfaces are cleaned with DNA decontaminating agents e.g. bleach and forensic
examiners wear gloves and surgical masks to prevent depositing the examiner’s
DNA onto the evidence. Also negative control samples are used to check for any
DNA contaminated reagents e.g. DNA extraction buffers and PCR mastermixes.
Additionally, the forensic examiner’s DNA (laboratory staff as well as forensic
examiners in the field) is profiled. If ADIs pop-up, even though taken all
necessary precautions, the specific ADIs can be compared with examiners’ DNA
profiles to check for any contamination that happened during securing or
examining the evidence.

1.2.

Strategies to isolate single sourced DNA

Ideally, single sourced DNA is used as template for PCR. Template DNA from
more than one person complicates the interpretation of DNA profiles. Due to the
high sensitivity of current PCR systems, very often minor quantities of DNA from
a second donor will be amplified alongside the perpetrator’s DNA resulting in
mixed profiles. There are, however, situations where mixed profiles are hard to
avoid. For example, this is the case when DNA is extracted from DNA samples
which are composed of biological material left by more than one person. Intimate
swabs from sexual assault cases and tape-liftings of skin flakes are such DNA
samples that often lead to mixed profiles [7]. Often in these samples the DNA of
the perpetrator is even in minority. However, mixture interpretation is possible
and has advanced with the use of statistical software packages e.g. TrueAllele®
and STRmix™ [8][9]. Though, often mixed profiles can be uninterpretable
especially with trace amounts of DNA overlapping. This means evidence to solve
cases is lacking. Therefore, the ability of isolating and subsequently analysing
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DNA from different individuals separately would likely improve interpreting
forensic casework. This can be achieved by analysing individual cells or other
biological material that can be left only from one individual, such as single skin
flakes.
1.2.1.

Isolation of single sperm cells

Regarding sexual assault cases, an abundance of epithelial cells from the victims
is often found on their own intimate swabs together with the sperm cells from the
semen left by the perpetrator. The extracted DNA from these mixed samples will
contain DNA from the victim as well as DNA from the perpetrator [10,11]. After
PCR of those samples, the resulting electropherograms will display alleles from
the victim next to the alleles of the perpetrator. When only a few sperm cells
could be recovered from intimate swabs, the DNA from the perpetrator will be in
minority compared to the victim’s DNA. The abundance of DNA from the victim
will outcompete the DNA originating from the perpetrator during PCR, resulting in
the masking of the perpetrator’s profile by the victim’s alleles.

Figure 1.2.1.1. Schematic view of the differential extraction which is used to separate the
male fraction from the female fraction from DNA samples like intimate swabs. DNA
samples containing a mix of the victim’s epithelial cells and semen from the perpetrator
is first incubated in a lysis buffer which lyses only the epithelial cells. Afterwards, the still
intact spermatozoa are pelleted by centrifugation and the supernatant with the victim’s
DNA (the female fraction) is removed. Then the sperm pellet is lysed by using a lysis
buffer with DTT to release the perpetrator’s DNA (male fraction). (Figure taken from
Butler 2012 [12]).
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To overcome this problem, differential lysis was introduced as an extension to the
normal DNA extraction method especially for analysing vaginal swabs. As shown
in figure 1.2.1.1, the protocol is based on separating the DNA extraction of
epithelial cells from the sperm cells [13,14]. Despite using differential lysis, DNA
profiling from the DNA of the perpetrator is still problematic due to cell-free DNA
from the victim present in the lysates [15]. Furthermore, with trace levels of
sperm, the sperm fraction is often “contaminated” by epithelial cell which is
caused by carry-over of epithelial cells which have not been completely lysed
[16]. This results in the victim’s epithelial DNA masking the seminal DNA. This
problem commonly arises if intimate swabs are taken long after the sexual
intercourse as the number of spermatozoa in the vaginal track tends to reduce
with time.
Moreover, sperm cells from more than one donor can lead to problematic DNA
profiling. This can happen in rape cases when, for example, sperm from the
victim’s partner is present on an intimate swab together with the perpetrator’s
sperm or in cases when sperm from more than one perpetrator is found on DNA
evidence such as intimate swabs, pants, interchanged/reused condoms or in
multiple rape cases. In such cases, differential lysis does not solve the situation
where more than one male contributes to the sperm sample. While DNA mixture
interpretation is possible, when dealing with trace amounts of sperm it might not
be feasible, and so ideally DNA profiling should be performed on single isolated
sperm cells, since one cell can only originate from one donor. Although in
principle the sensitivity of PCR is high enough to amplify DNA from single cells
[17], forensic multiplex PCR analysis of single cells is usually compromised by the
prevalence of stochastic effects [17]. The sensitivity limit of current protocols is
about 30pg of DNA, which corresponds to 4-5 diploid cells [18]. Thus, sensitivity
is not yet high enough to reliably amplify DNA from a single cell. However, there
are methods (see chapter 1.3) that can be applied to the single cells prior to any
PCR attempt and which can improve the amplification of DNA content.
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For any attempt at single cell isolation, a method is first required for cell
detection, and there are several such methods available to detect the cell of
interest. The particular characteristics of sperm cells have allowed for the
development of methods that specifically target their visualization, often using
specific cellular staining techniques. Christmas Tree Staining (CTS) is probably
the most known stain to type sperm cells and has been used for many years. CTS
is based on two staining components, nuclear fast red and picroindigocarmine
[19]. Nuclear fast red stains the sperms’ heads red and the acrosomal cap pink.
Picroindigocarmine stains the neck and tail of the sperm cell green and blue.
Thus, CTS is based on cell morphology to distinguish sperm cells from other cell
types. The staining process is fast and can be used with a normal light
microscope. This makes CTS a rather specific staining for sperm cells.
On the other hand, fluorescence microscopy has now been used for many years,
and a wide variety of fluorescence stains are commercially available which can be
used to specifically detect many different cell types. Also, fluorescence in-situ
hybridization (FISH) which works via fluorescently tagged nucleic acid probes can
be used to detect cells that differ in chromosomes or alleles [20,21]. FISH is
therefore able to distinguish diploid from haploid cells and male from female cells.
This feature makes it not only possible to distinguish haploid sperm cells from
other diploid cells, but also to distinguish male epithelial cells from female
epithelial cells in cases when no sperm cells are found on intimate swabs after
sexual assault. A previous study reported successful DNA profiling by using FISH
to detect male epithelial cells on a vaginal swab from a sexual assault case in
which a sterile perpetrator raped a woman [22]. However, FISH is time
consuming, laborious and therefore difficult to incorporate into a busy case
working laboratory environment. Another alternative fluorescent staining for the
detection of sperm which has successfully been applied in a few forensic
laboratories is called Sperm HY-LITER™ (Independent Forensics) which uses a
human sperm specific antibody [7,11,23,24]. This makes it a highly specific
sperm detection method when compared to CTS. Furthermore, Sperm HY-LITER™

32 | P a g e

is fast and does not require many laborious steps which make it readily amenable
with the procedures in an active forensic laboratory.
Once visualized and in order to isolate single cells, various techniques can be
used, e.g. fluorescence-activated cell sorting (FACS), micromanipulation, laser
capture

microdissection

(LCM),

optical

tweezers,

microfluidics

and

di-

electrophoresis [11,25,26]. Depending on the application, each technique comes
with its advantages and disadvantages.
FACS is fast and can be used for high throughput, but requires many cells which
in forensics are not often available [27]. In addition, the high shear forces
involved with FACS can lead to cellular disruption and releases of DNA prior to
any profiling attempt.
The use of LCM has increased over the years due to its speed and simplicity. It
has also proven its applicability in forensic cases [7,22,28,29]. However, very
often tissue or DNA from cells surrounding the selected specimen is cut out
together with the cell or tissue of interest and this can lead to mixed profiles.
Another technique that has been increasingly used for the last years is
microfluidics [27,30,31]. The strengths of using microfluidics for isolating cells
include its high throughput capability, closed environment system which
eliminates contamination, and the possibility to integrate amplification directly on
one platform. However, specialized devices are required for setup and the
microfluidic chips are not reusable. This means chips need to be bought or
fabricated in house of which the latter is laborious and costly.
Another prominent cell sorting system available is based on di-electrophoresis. A
commercially available device, DEP array (Silicon Biosystems) has recently been
released and has proven its success in isolating single tumor cells, epithelial cells,
white blood cells and sperm cells [32]. The unique feature of this technology is its
ability to visibly follow a cell towards the place of deposition. This property
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ensures that a cell is always present wherever it is transported without any post
deposition control step. Unfortunately, this technology is very expensive since the
chip required for this device is not reusable.
In the current study micromanipulation was chosen for cell isolation, because the
micromanipulation platform was already available at the place of research. Other
than that, micromanipulation allows very precise isolation of single cells including
full visual control and enough throughput, since the isolation of hundreds of cells
is not required. Also, since micromanipulation does not require many cells, it is a
better option than FACS. Furthermore, micromanipulation has proven to be
successful in a wide variety of applications including the isolation of sperm cells in
forensic samples [10,33]. In contrast to LCM, contamination with neighbouring
cells is unlikely with micromanipulation. In addition, micromanipulation is cheaper
than LCM. However, micromanipulation is not suitable for high throughput cell
isolation.

Furthermore,

micromanipulation

is

a

technically

and

manually

demanding technique. Although automated micromanipulations platform has
been proven successful, automated cell isolation however is not available, hence
making micromanipulation of single sperm cells labour intensive. Despite the low
throughput and the required labour of micromanipulation, these would not be a
large disadvantage in a forensic biology laboratory environment. This is because
the number of cases this technique would be applied to is very low, compared to
cases which can be analysed with conventional techniques. Thus, without the
need of large amounts of expensive equipment or consumables and with a simple
laboratory set up, micromanipulation can outperform other available techniques
based on its simplicity and costs. Finally, the applicability/integration of using
micromanipulation in a forensic laboratory does not have to be tested, since a
complete set up is often already present in many forensic laboratories.
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1.2.2.

Isolation of single skin flakes

Using skin flakes as DNA evidence has been suggested in literature by only a few
studies and is currently applied in some specialized forensic laboratories [34–36].
Every contact leaves a trace which can contain DNA. Other than DNA, fibres can
be transferred from one person/object to another person/object. That’s why
decades ago when DNA was not used as evidence, investigators already searched
for fibres on body parts, clothes or furniture. Pieces of tape were placed on the
object’s surface. Existing fibres then stuck to the adhesive side of the tape. By
lifting the tape, fibres were collected from the object’s surface and could be used
for analysis. Other than fibres, also skin flakes can be collected along with fibres
by tape lifting as seen on figure 1.2.2.1 (page 36). As a skin flake contains
several cells which are shed or can be cast off by force and then left behind, they
are considered as a biological trace containing DNA. Nowadays tape lifting is also
used to secure DNA. A theoretical case example in which tape lifting can be used
is for example, when a woman wearing a t-shirt is strangled by a man, the latter
can deposit skin flakes from his arms onto the neck and breast area of the
woman’s t-shirt. By tape lifting or swabbing the neck and breast area of the tshirt, DNA of the man can be collected and be used for DNA extraction and
subsequent PCR. However, DNA from the victim wearing the t-shirt, DNA from
the victim’s friend she possibly hugged before being strangled and DNA from the
person the t-shirt was borrowed from can all be present on the t-shirt along with
the perpetrator’s DNA. Since very often complete tapes in its whole are used for
DNA extraction, the extract may contain DNA from multiple sources which then
leads to mixed profiles. On the other hand, the victim is often the wearer of the
piece of clothing and therefore continuously touching and leaving DNA on the
surface of the clothing while wearing. In this case the vast majority of the skin
flakes or of cell free DNA present on clothing is from the victim itself. This results
in the masking of the perpetrator’s DNA.
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Figure 1.2.2.1. Microscopic view of skin flakes secured on a tape lifting. (Figure taken
from Schneider et al 2011 [37]).

Thus, the power from this type of biological trace is compromised by the mixtures
derived from analysing a bunch of skin flakes instead of single ones separately.
Thus, the strategy of isolating and DNA profiling of single cells could also
overcome mixed profiles with DNA profiling from collected skin flakes. As with
single sperm cells, single skin flakes can only originate from one donor.
Furthermore, the possibility of DNA profiling of single skin flakes has been
demonstrated in casework [37]. However, DNA profiling was successful only in
15% of single skin flakes. A third of the 15% gave full profiles and 10% yielded
partial profiles [37].
PCR success relies on intact DNA from several cells. Skin flakes are derived from
the epidermis, the outermost layer of the skin. The epidermis is predominantly
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composed of keratinocytes, but also contains melanocytes, Merkel cells and
dendritic cells. As keratinocytes travel from stratum basale, the inner part of the
epidermis,

to

the

outermost

part,

the

stratum

corneum,

they

undergo

cornification as part of the cell differentiation to end up as corneocytes in the
stratum corneum. Skin flakes consist of many cells and they contain little intact
DNA due to DNA degradation during cornification. Furthermore, skin flakes are
often difficult to distinguish from other particles present on collected samples e.g.
cosmetic hair product particles and plant derived particles. For these reasons,
DNA profiling of skin flakes often leads to profiles with many ADOs and exhibits a
low success rate. A different approach should therefore be applied that combines
the reliable identification of skin flakes with a sensitivity high enough to
successfully profile their challenging DNA content.
Cell or tissue specific staining can be valuable to highlight skin flakes and to
discriminate them from other similar looking particles on tape liftings. Methylene
blue and trypan blue are dyes that might be suited to highlight skin flakes on
tape liftings. Both dyes are used to discriminate live cells from dead cells [38].
Methylene blue is a cationic dye that includes a positively charged dimethylamino
group as seen in figure 1.2.2.2. Methylene blue stains the nuclei dark blue by
binding to the negatively charged organelles of the cell like DNA and RNA.

Figure 1.2.2.2. Chemical structure of methylene blue. (Figure taken from Elmorsi 2011
[39]).
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Figure 1.2.2.3. Chemical structure of Trypan blue. (Figure adapted from Yathisha and
Nayaka 2020 [40]).

Trypan blue is an anionic azo dye. Azo dyes are characterized by their functional
group R-N=N-R’ (figure 1.2.2.3) and are commonly used in the textile and food
industry. As Trypan blue is an anionic azo dye it binds, through ion exchange, to
cationic compounds e.g. proteins. Therefore, Trypan blue can stain complete cells
and has been used to highlight biological particles including skin particles and
loose epithelial cells to be used for forensic DNA profiling [33,41]. However,
trypan blue stains all dead tissue or cells blue. Consequently, trypan blue does
not discriminate skin tissue from other bio particles[42]. Moreover, trypan blue is
a dye used in the staining of cotton fabrics. This feature can complicate the
analyses of such fibres that are often found on tape liftings as well. A different
anionic azo dye which is often used in combination with other dyes as a counter
stain is Orange G (figure 1.2.2.4).

Figure 1.2.2.4. Chemical structure of Orange G. (Figure taken from Mondal et al 2010
[43]).
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This dye may be particularly well suited as it is used in the Papanicolaou stain to
stain keratin [44] as well as to treat wool which contains keratin. Skin flakes are
made up of keratinocytes which contain keratin. Keratin is only found in
vertebrates, but not in plants. Accordingly, Orange G could be a potential stain to
distinguish skin flakes from example plant derived particles. Furthermore, certain
staining methods have the additional advantage of highlighting intact nuclei
which might indicate less degraded nuclear DNA. Here, fluorescence microscopy
can be used in combination with a DNA stain such as 4′,6-Diamidin-2-phenylindol
(DAPI) or Hoechst 33342. These fluorescent stains are widely used to detect
nuclear DNA and nuclei in live or dead cells [45,46]. Both stains bind to dsDNA
that is rich in adenine-thymine base pairs. DAPI has an affinity to bind to RNA as
well [45].

That makes Hoechst 33342 more appropriate to stain skin flakes

without false positives due to RNA fluorescence. Furthermore, Hoechst staining
was used to investigate the correlation of allele recovery with the number of
nuclei found in hairs [46]. On the other side, the intercalating or DNA-binding
property of chemicals can cause changes in the DNA, also named as mutations.
Consequently, DAPI and Hoechst 33342 could be less suitable for down-stream
forensic DNA analysis compared to the non-intercalating dyes (e.g. methylene
blue, Orange G and Trypan blue).

1.3.
1.3.1.

Strategies to analyse low copy number DNA
Classical approaches

Currently available forensic PCR kits use 28-30 cycles to amplify the set of
forensic STR loci to be analysed. If low template DNA is used, these numbers of
cycles are often not sufficient to analyse the PCR products. One classical
approach to battle this problem is to increase the number of PCR cycles up to 33
cycles to increase the number of amplicon copies. This method can ideally result
in less ADOs. However, more cycles also induce higher sensitivity and
subsequently can lead to ADIs from contaminating DNA.
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Another approach would be performing PCR in lower volumes. Previous studies
had shown increased sensitivity when PCR is performed in reduced reaction
volumes [4,28,47–50]. This technique is called low volume PCR (LV-PCR) and
have been applied in several studies to increase allele recovery of LCN DNA
samples. By adding template DNA in a lower reaction volume (<25µl to several
pl), the concentration of template DNA in the total reaction volume increases
compared to the same amount of template DNA added into standard PCR reaction
volumes (25µl). Despite the increased sensitivity, LV-PCR has its limitations in a
normal set up. Evaporation limits the reduction of reaction volume to a minimum
volume of 5µl. However, lower volumes methodology can be used in combination
with oil, the latter which seals the reaction volume and eliminates evaporation.
Previous studies have used this approach in amplifying gDNA and single sperm
cells in reaction droplets of 1.0µl – 2.5µl by using the AmpliGrid (Advalytix) slide
as shown in figure 1.3.1.1 [48,50,51].

Figure 1.3.1.1. The AmpliGrid system. An AmpliGrid slide after loading samples, reaction
mix and Sealing Solution (A). The glass slides are designed with a structure of
hydrophilic spots and hydrophic/hydrophylic and rings to hold the aqueous sample and
oil cover in place(B).(Figure taken from [52,53]).

Instead of using a PCR tube, the PCR reaction is performed in a transparent glass
slide (called AmpliGrid) that contains hydrophilic spots and hydrophobic rings that
keep the reaction droplet in place and prevents the oily sealing solution from
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running away. gDNA or a single cell can be pipetted onto the hydrophilic spot
which is then followed by pipetting the reaction mix and sealing with sealing
solution to prevent evaporation. These slides allow easy work flow, since isolated
cells can be directly deposited onto the slide under the microscope without any
loss in transfer. Additionally, the slide can be put on a thermocycler for
immediate PCR. Despite these advantages, the AmpliGrid slide is unfortunately
no longer available on the market.
However, PCR in droplet form is still used but in smaller reaction volumes, e.g. in
the format of emulsion PCR or of digital PCR. Emulsion PCR is based on
emulsifying the reaction mix into oil which leads to small droplets that act as
individual reaction chambers surrounded by oil [54]. Emulsifying can be
performed by microfluidic chips, ultrasound or simply vortexing. This technique
has been successfully applied for template enrichment by beads, single cell PCR,
real time PCR and single cell sequencing. Digital PCR is also based on
amplification in droplets which can be generated by in oil emulsifying as well as
droplet in oil printing [55–58]. PCR in droplets assure an increased sensitivity as
well as shorter run times and is cost effective with the use of fewer reagents.
A previous study showed the use of compartmentalization of single cells into
agarose droplets for forensic DNA profiling on single cells [59]. Single cells were
mixed with STR primer bond beads into agarose droplets and dispersed into an oil
phase on microfluidic chip. The solidified agarose keeps the DNA inside the
droplet during cell lysis and the beads are used to amplify the STRs. However,
this method has several drawbacks.

For example, every droplet produced

theoretically contains the right combination of one cell and one bead but can in
practice also contain only one of two components or none of them. Additionally,
primer binding to beads is problematic since not every bead is covered with an
even amount of each primer. This can lead to underrepresentation of STR loci and
ADOs. Also, the need of statistical dilution of the beads to divide them into a
micro well plate for PCR results in a high number of samples without amplification
resulting in high costs due to loss of reagents. The concept of amplification in
41 | P a g e

nanoliter (nl) droplets is still a promising method for the future, but this approach
requires optimization. The use of oil has its advantage in that it conducts heat
better than an aqueous phase. However, oil can make a PCR less efficient since
the oil-aqueous interface of the droplet is prone to polymerase sticking. When
polymerase sticks on the interface it is not able to participate in the amplification
enzymatic reaction anymore. This can often be prevented by adding bovine
serum albumin (BSA) to the reaction mix [60]. BSA has also been used as a PCR
improver which means it will not have a negative influence on the reaction.
Additionally, a previous study used BSA for hydrophilic spots as an alternative to
the laborious fabricating of PDMA chips which are used in droplet printing PCR
[61]. Another study showed that the nonionic surfactant Brij L4 decreases the
adsorption of polymerase on the interface when Brij L4 was mixed into the oil
[60]. Therefore, Brij L4 could also be used as an alternative to or combined with
BSA to increase PCR efficiency.
1.3.2.

Whole genome amplification

The STR loci used in forensic DNA profiling are amplified by using a multiplex
PCR. The multiplex PCR only amplifies the loci of interest and not the rest of the
genome which makes PCR a specific amplification reaction. In contrast to PCR
(whether a monoplex or multiplex PCR) another amplification reaction, known as
the whole genome amplification (WGA), is a rather unspecific amplification
reaction since as it amplifies the whole genome available in the sample. Different
WGA methods are discussed below. Furthermore, WGA is used on single cells and
has been tested in combination with forensic DNA profiling. Also, why WGA could
be a potential tool to be used in forensic DNA typing of single spermatozoa and
skin flakes is described further on.
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1.3.2.1. WGA methods
Despite the availability of many techniques for cell isolation, to the best of my
knowledge there has been no published study that describes the successful DNA
profiling on single cells with currently available forensic STR kits, with quality and
reliable results for routine forensic analysis. To date, only next generation DNA
sequencing has been successfully applied on isolated single cells [62,63]. To
ensure that enough DNA is available to be sequenced, the genomic DNA can be
first pre-amplified by whole genome amplification (WGA) protocols. The latter can
be performed by various protocols, some of which are based on multiple
displacement amplification (MDA), whereas others are PCR based, such as
modified

improved

primer

extension

pre-amplification

(miPEP)

or

by

a

combination of the two, such as multiple annealing and looping based
amplification cycles (MALBAC) [55,62,64–69].

Figure 1.3.2.1.1. Schematic representation of the multiple displacement amplification
MDA. At first, random hexamers (blue lines) bind to denatured DNA (green line) (1).
Secondly, phi29 DNA polymerase (blue circles) extends primers until it reaches newly
synthesized dsDNA (orange line) (2). Afterwards, the enzyme displaces the strand and
pursues polymerization, while primers bind to newly synthesized DNA (3). At last, DNA
synthesis starts on the new strands. (Taken from [68]).
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In MDA, random hexamer primers and the isothermal phi29 DNA polymerase are
used to randomly amplify DNA along the genome (figure 1.3.2.1.1). During DNA
synthesis, phi29 displaces double stranded DNA (dsDNA) thus generating new
single stranded DNA (ssDNA) strands. By again binding random primers to new
single strands, DNA synthesis subsequently continues thus generating an
arborized pattern of amplified DNA. A modified version MDA uses a second
polymerase, called TthPrimPol, instead of the random primers [70]. TthPrimPol
randomly synthesizes primers on ssDNA. To be effective, MDA requires long
stretches of intact DNA. Several protocols (such as RCA-RCA or BL-WGA) have
adapted the MDA principle to enable amplification of degraded genomic DNA
samples as are often encountered in forensic context [71,72].

Figure 1.3.2.1.2. Schematic representation of the modified improved primer extension
preamplfication (miPEP). In each cycle, primers randomly anneal on ssDNA after
denature of the DNA template. Then new DNA strands are synthesized by a mix of Taq
DNA polymerase and a high fidelity DNA polymerase. Afterwards, a new cycle starts
again. (Figure taken from [73]).

miPEP uses random 15 bases primers (figure 1.3.2.1.2) which are combined with
a high fidelity DNA polymerase mix and PCR with low annealing temperatures
(37°C) and long extension steps (4 min on 55 °C).
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Figure 1.3.2.1.3. Schematic representation of the multiple annealing and looping based
amplification cycles (MALBAC) reaction [74]. First, MALBAC primers (red) anneal to the
DNA template. Strand-displacement synthesis by Bst polymerase synthesizes partial
amplicons. These amplicons are then denatured from the template at 94 °C. Again
priming is followed to new positions on the DNA template and synthesizes more partial
amplicons. Priming and extension on partial amplicons produces complete amplicons
having the MALBAC primer sequence at the 5′ end (red) and its complementary sequence
at the 3′ end (blue). By subsequently denaturation at 94 °C, the original template
regenerates a now larger and more diverse pool of partial amplicons. The complete
amplicons form loops, which are resistant to further amplification or hybridization. After
five cycles, the complete amplicons are exponentially amplified by 20 cycles of PCR using
primers which are complement to the common regions of the MALBAC primers.(Figure
taken from [74]).

MALBAC combines the displacement feature from MDA with a PCR. By using
special MALBAC primers and Bst polymerase, DNA is randomly synthesized and
displaced (figure 1.3.2.1.3). After displacement the dsDNA is denatured into
ssDNA which enables not only primer binding to the newly synthesized DNA but
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also to the template. By priming and extension on partial amplicons, complete
amplicons are generated which by subsequent denaturation form loops. These
amplicon loops prevent further amplification by the displacement reaction thus
ensuring quasi-linear amplification. After several cycles, the amplicon loops are
exponentially amplified by PCR with primers complement to the MALBAC primers.

1.3.2.2. WGA of single cells
Currently a variety of WGA kits for single cells are commercially available: REPLIg (Qiagen, MDA based), TruePrime (Sygnis, MDA based), Genomiphi (GE
Healthcare, MDA based), Genomeplex (Sigma Aldrich, PCR based), MALBAC
(Yikon Genomics, MALBAC based) and Ampli1™(Silicon Biosystems, PCR based)
[64,75–77]. Many of the single cell WGA methods available have been
successfully used on single cells of human origin, but also on single bacterial cells
[25,78–80]. In research focussing on the genetics of single cells, DNA sequencing
is used to analyse the DNA sequence of the genes or other loci of interest. In
order to sequence these loci, a PCR is used to amplify enough copies to be
analysed with a DNA sequencing method e.g. sanger sequencing. As previously
described, PCR requires enough template DNA to produce sufficient copies of the
loci of interest. Since single cells do not contain enough DNA for PCR, WGA is
used to pre-amplify the whole genome of the cell first to produce enough DNA.
Thereafter, the WGA product is then used as template DNA for the PCR to
sufficiently produce enough copies which can be used for DNA sequencing.

1.3.2.3. WGA in forensics
Up to now several WGA methods have been tested on their potential applicability
in forensics as pre-amplification to enable DNA profiling on low template DNA
[67,68,81,82]. Unfortunately, none of them were successful. Despite many
reaction modifications, no WGA has been shown to increase the sensitivity in DNA
profiling to the level of one cell. Strikingly, one study showed that the sensitivity
of the regular DNA profiling, PCR gave higher sensitivity than when a WGA
approach as pre-amplification was executed [67]. This could be due to multiple
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reasons. Firstly, the use of random primers could lead to primer binding within an
STR locus instead of outside the STR locus. This leads to incomplete amplification
of the STR locus and PCR primer binding regions. When using the WGA product
containing an incomplete amplified locus, PCR is not able to amplify the whole
locus and can therefore not be detected with capillary electrophoresis. Secondly,
stochastic effects could cause an uneven amplification of the genome and
randomly underrepresenting specific regions. Thirdly, fragmentation-based WGAs
such as Genomeplex may cut within an STR locus which prevents amplification of
complete STR loci. These factors put together can lead to major ADOs or ADIs. In
particular Bst polymerase, used in MALBAC, is prone to allele slippage and could
lead to false alleles or ADIs [83].

1.3.2.4. Could WGA still be an option for forensic DNA profiling of single
spermatozoa and single skin flakes?
One study showed the ability of genotyping of single spermatozoa by using
REPLI-g in combination with a multiplex PCR based on 5 STR makers [82].
Although the study was not performed in a forensic context, the REPLI-g based
WGA was described to work well with multiple STR markers. This gives great
potential to use WGA like REPLI-g as a possible tool to increase the sensitivity of
forensic DNA profiling to the level of single spermatozoa. The previous study did
show some errors as sometimes two alleles were determined instead of one
allele. This was explained as pipetting error. Here, micromanipulation to isolate
single spermatozoa was not applied. Instead, samples with single spermatozoa
were prepared by pipetting of a strongly diluted spermatozoa suspension. By this,
each tube would consist of one spermatozoon theoretically. This means that some
tubes could contain more than one spermatozoon which could result in obtaining
more than allele from a specific STR locus. In the case of the current study,
micromanipulation of single spermatozoa will be used which could exactly assure
not more than one spermatozoon will be added to the WGA and subsequently not
more than one allele should be obtained.
Taken together these positive and negative features, the applicability of WGA in
forensic DNA profiling of single spermatozoa and single skin flakes is still
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questionable. Furthermore, recent WGA methods, especially the WGA kits
specifically designed for single cells have yet to be tested in forensic DNA profiling
applications. Therefore, it is necessary to further test WGA including newer WGA
and single cell WGA kits as a potential tool to provide forensic DNA profiling of
single spermatozoa and single skin flakes.

1.4.

Improved analysis of degraded DNA using Next generation DNA
sequencing

STR analysis using CE is based on the detection of different fragments (PCR
products) separated by length. This is also called fragment analysis. The so
identified STR alleles differ in size. However, for several forensic additional
variations in sequence have been reported that will not lead to differences in
length. For example, at STR locus D2S441 person A and person B are both
homozygously containing allele 8. Though, at position 93bp in the DNA sequence
of allele 8, person A contains a “G” (guanine) in contrast to person B which
contains an “A”(adenine). Thus, even though allele 8 contains the same fragment
size, two different “versions” of alleles can occur/exist based on the SNP at
position 93bp of the DNA sequence. These two different “versions” of the same
allele are called isoalleles. As fragment analysis using CE is only based on size,
these isoalleles cannot be determined. Thus identification of isoalleles requires
DNA sequencing. Classical DNA sequencing by using Sanger sequencing,
however, is not suited for forensic STR typing, as it does not allow for sequencing
multiple STR loci or alleles in parallel, i.e. does not permit a multiplexed analysis.
A sequencing technique capable of multiplex analysis is next generation DNA
sequencing (NGS) which is often called massively parallel sequencing (MPS),
second generation sequencing or high-throughput sequencing (HTS) [84]. Even
the STR alleles of DNA mixtures can be analysed, since NGS is based on
sequencing of single DNA molecules. As the sequence information at the same
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time bears the information of fragment size, NGS is well suited for STR typing
and for the identification of isoalleles.
Further advantage of NGS-based STR analysis over CE-based analysis consists in
its improved ability to analyse degraded DNA samples [84]. The STR markers,
which in forensic DNA profiling are amplified by PCR, differ in fragment size (e.g.
50bp – 350bp). The correct assignment of loci requires that amplicon size ranges
must not overlap within one colour channel. Inevitably, inclusion of more loci
results in bigger size ranges of the amplicons within one colour channel.
Degraded DNA is fragmented DNA containing short fragments compared to intact
high molecular DNA. As a result, long amplicons cannot be amplified by PCR.
Therefore, short amplicons are required for STR analysis of degraded DNA. MiniSTRs are more suitable smaller amplicons, but color detection channels of
capillary electrophoresis are limited. Consequently the number of STR loci not
overlapping in size is limited. As a result, no mini-STR multiplex PCR system
exists that completely cover all loci from a conventional STR multiplex PCR
system. This is where next generation DNA sequencing (NGS) could become an
alternative to capillary electrophoresis. With NGS size overlap is not an issue,
because identification is based on sequence, not on size. Furthermore, with NGS
the design of primers for small amplicons is possible for all loci.
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Figure 1.4.1. Schematic overview of NGS using the Illumina platform. NGS starts with an
amplicon library preparation. The amplicon, for example D3S1358, is first amplified using
a PCR and tag including forward and reverse primers (A). Afterwards, indices and
adapter
sequences
are
added
(B).
The
amplified
products
including
the
amplicon+tags+indices+adapters are purified, normalised and pooled (C). The pooled
library is then linearised prior to be loaded onto the flow cell (D). Olligo’s complementary
to the adapters are bound to the surface of the flow cell and capture the linearised
fragments (E). By bridge amplification, spatially separated clusters of many copies of
identical molecules are generated (F, G). Following cluster formation, the sequencing
primer is added and anneals to the adapter (H). Sequencing of the fragments is
accomplished by sequencing-by-synthesis (SBS) which includes sequential incorporation
of a fluorescently labelled dNTP which is followed by the cleavage of a terminator plus
the fluorophore to allow for incorporation and detection of the next complementary base
in the template’s sequence (I, J). Detection of the incorporation of the fluorescently
labelled bases is established by using a high resolution camera (K). (Figure taken from
www.illumina.com[85]).
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With NGS millions of PCR amplicons are read on a base-by-base procedure. The
principle of the NGS technique goes as follows. At first, individual target DNA
molecules are spatially separated and amplified [86]. Second, the separated
single DNA molecules are amplified. Afterwards, the sequence of each of these
spatially separated, amplified copies is determined individually in spatially
separated sequencing reactions.
The IonTorrent is one of the NGS platforms currently available. IonTorrent makes
use of a bead-based emulsion PCR of individual template molecules and a
complementary metal–oxide–semiconductor (CMOS) chip [87]. The beads on
which the amplified single DNA molecules are bound are spatially separated by
distributing them into individual cavities of the CMOS chip. By sequentially
exposing the amplicon’s DNA to individual nucleotides, hydrogen ions are
released upon nucleotide incorporation and can be detected by the CMOS chip.
The NGS platforms from Illumina are based on the sequencing-by-synthesis
(SBS) process and use a flow cell to separate the DNA molecules to be sequenced
(see figure 1.4.1.) [85,86]. A high resolution camera is used to detect sequential
incorporation of fluorescently labeled dNTPs that contain reversibly bound
terminators. Incorporation is followed by the chemical cleavage of both
fluorophore and terminator to allow incorporation of the next complementary
base in an amplicon’s DNA sequence. Although NGS has not been used as
excessively as CE, the ability to analyze STRs without many errors makes SBS
based NGS platforms such as the MiSeq Forensic Genomics (FGxTM) System the
current leader in forensic DNA profiling. In contrast to CE-based analysis, signal
strengths are not recorded as RFU’s but as numbers of reads, i.e. how often a
given sequence has been detected.
The advantages of NGS is that each single fragment can be analyzed
simultaneously regardless of fragment size. This makes it possible to combine
autosomal STR markers with lineage markers such as Y-STRs or X-STRs, identity
SNPs as well as phenotypic and ancestry markers [88]. Currently, a few multiplex
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PCR systems are available for NGS which enables the analyses of all of these
markers at once.

Moreover, an in-house (laboratory of Prof. Richard Jäger,

Hochschule Bonn-Rhein-Sieg University of Applied Sciences) developed mini-STR
multiplex PCR assay for SBS based NGS has currently been developed which
covers the 16 STR markers included in the German system. The use of this miniSTR-NGS assay enables improved DNA profiling of degraded DNA. However, the
use of this system has not yet been tested on many different types of DNA
samples containing degraded DNA, including skin flakes.

1.5.

Research aims

DNA profiling in forensic casework struggles with complex mixed profiles as a
consequence of increased sensitivity of the analysis as well as the presence of
contaminating cells from another contributor or DNA resulting from sampling the
evidence. DNA profiling of single cells and single skin flakes could circumvent this
problem. However, no specific method is yet available that describes successful
DNA profiling of single sperm cells or of single skin flakes. Therefore, the general
aim of this study is to develop a method which enables DNA profiling of single
sperm cells or of single skin flakes, respectively, in mixed DNA samples.
Of the variety of techniques for cell isolation, cell staining and DNA amplification
described above, the most appropriate ones will be selected for sperm cells as
well as for skin flakes. These selected techniques will be integrated in a workflow
which will be assessed with respect to its efficiency on mock sexual assault swabs
spiked with sperm as well as on tape liftings taken from pillows with skin flakes
from multiple persons.
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Specific objectives to achieve the aim of the project:
1) Single sperm cells
i.

Assessing and comparing the impact of different WGA assays on forensic
DNA profiling of low copy number DNA based on the allele recovery and
number of ADI.

ii.

Optimize micromanipulation of single sperm cells in order to be compatible
with the selected amplification method.

iii.

Assessing the performance of the selected amplification method on single
sperm cells from different persons based on allele recovery and ADI of
autosomal, X- and Y-STR systems.

iv.

DNA profiling of single sperm cells from mock sexual assault swabs with a
single or multiple male contributors.

2) Single skin flakes
v.

Assessing different staining assays to detect skin flakes on tape liftings
based on discrimination power and PCR inhibition.

vi.

Assessing the performance of DNA extraction methods on skin flakes based
on rate of dissolving and PCR inhibition.

vii.

Assessing the impact of the selected WGA method on single skin flakes.

viii.

DNA profiling of single skin flakes on tape liftings taken from mocked up
mixed DNA evidence.

ix.

Determining and comparing DNA quantity, DNA quality and allele recovery
of single skin flakes from different persons.

x.

Assessing the performance of a mini-STR approach with NGS on single skin
flakes.
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Chapter 2
Materials & Methods
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Chapter 2. Materials and Methods
2.1. General laboratory conditions
To prevent DNA contamination all work surfaces were made DNA-free by applying
the bleach "Sagrotan Schimmelfrei" (Reckitt Benckiser Deutschland GmbH,
Germany) and rinsing with 70% ethanol. Also all pre-PCR tools such as pipettes,
pencils, tweezers, tube racks, vortexers, centrifuges and microscopes were wiped
with Sagrotan Schimmelfrei and 70% ethanol. All mastermixes for PCR and WGA
were pipetted inside a UV-hood. All pre-amplification work was done while
wearing hair nets and mouth masks in a PCR-free laboratory room. Negative
controls of the reagents used were performed and the DNA profile of the person
conducting the experiment was generated to check for any contamination
incidences.

2.2. Biological material and mock sample preparation
In order to perform the experiments described in this research project, people
were asked to volunteer by anonymously donating their semen, buccal, skin
flakes or participating in a mock scene. Furthermore each volunteer donated one
buccal mouth swab for DNA extraction as reference sample. Each volunteer gave
their consent for their participation by signing a consent form. Examples of these
consent forms can be found in appendix VI and VII.
Ethical approval for conducting the research described in this thesis was granted
by the Robert Gordon University’s Ethics Review Panel. A signed copy of the letter
of ethical permission can be found in appendix V.
2.2.1. Sperm
Collected semen was stored at -20°C. All mouth swabs were dried and stored
at -20°C.
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Neat semen from two donors was used for testing with WGA and autosomal STRs
as proof of principle. Furthermore, neat semen was used for testing with WGA
combined with X-, and Y-STRs.
2.2.2. Mock intimate swab preparation
Mock intimate swabs were created by spiking mouth swabs from female donors
with 100µl 1:50 diluted semen from one donor. For mock intimate swabs with
two contributing men, female mouth swabs were spiked with 100µl 1:50 diluted
semen from each male donor. Spiked mock intimate swabs were air dried at
room temperature and stored at -20°C. All mock intimate swabs were created at
the Scottish Police Authority – forensic services.

2.2.3. Skin flakes and hair product particles
Skin flakes were collected from one man by rubbing and shaking his head above
a piece of paper and were stored in a light protected container at room
temperature. Those skin flakes were used in bulk lysis experiments.
For staining experiments, skin flakes were collected from two men by rubbing and
shaking their heads above a clean black cotton t-shirt. Tape liftings were used to
recover the skin flakes from the t-shirt. Hair product particles were created by
using Barbie dolls and three different hair products: Isana flexible finish hairspray
(Rossmann, Germany), taft matt look hair gel (Schwarzkopf, Germany), got2be
beach matt (Schwarzkopf, Germany) (see figures 2.2.3.1 and 2.2.3.2, page 57).
Before applying the hair products, dolls were washed with dishwashing detergent,
bleach and rinsed with tap water. After drying, each hair product was applied on
the hair of one doll and kept at room temperature to dry for 2 hours. Hair product
particles were released from each doll by combing its hair with a clean dry comb
(also cleaned with dishwashing, Sagrotan and rinsed with tap water) above a
clean black cotton t-shirt. Lifting tape (Neschen Filmolux 609 transparent,
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Neschen, Bückeburg, Germany) was cut into 5cmx3cm pieces and were used to
recover the hair product particles from the t-shirt and stored in a petri dish
protected from light at room temperature. Tape liftings with skin flakes mixed
with hair product particles were created by dropping both skin flakes and hair
product particles from the dolls at the same spot on the t-shirt. Isolated single
skin flakes on glass slides, tape liftings with either skin flakes, hair product
particles or both were used to test the performance of the dyes Methylene Blue,
Orange G and Trypan Blue.

Figure 2.2.3.1. Hair products used to create solidified/dried hair product particles. Hair
spray (Haarspray, ISANA), hair gel (taft LOOKS MATT LOOK, Schwarzkopf) and beach
matt (got2b Strand matte, Schwarzkopf) where used.

59 | P a g e

Figure 2.2.3.2. Method to create hair gel particles by using a doll. (A) A Barbie doll which
was washed and dried before applying hair products onto the doll’s synthetic hair. (B)
Combed hairs with dried hair gel.

2.2.4. Mock skin flake DNA samples preparation
For validation studies, two different mock skin flake DNA samples were created at
Hochschule Bonn-Rhein-Sieg University of Applied Sciences: mock samples with a
single contributor and mixed mock samples. For the mock samples with a single
contributor, 3 male volunteers (1 bald, 1 with short hair, 1 with medium long
hair) and 1 woman (long hair) were asked to lay down, place their head on a
clean pillow and relax while moving as natural as possible for 30 minutes. New
bought pillows in vacuum cleaned 40cmx40cm new pillowcases (fabric: 100%
polyester) were used. Then three 5cmx3cm tape liftings (Neschen Filmolux 609,
Neschen, Bückeburg, Germany) per pillow were taken to recover the skin flakes
left by each person. For the mixed mock samples, 2 or more volunteers were
asked to lie down on one clean pillow after each other. Then 3 tape liftings were
taken to recover the skin flakes left on the pillows.
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2.2.5. Staining of tape liftings
Tape liftings with skin flakes, hair gel particles and beach matt particles were first
separately tested by staining with different concentrations of three different dyes:
Orange G (0.5 - 5%), Methylene blue (0.1 – 1,5%) and Trypan blue (0.4%).
Staining was performed by placing tape liftings on a DNA free surface first. Then
the staining was sprayed onto the tape lifting from a minimal distance of 10cm
using a spray bottle (figure 2.2.5.1.). Stained tape liftings were incubated at
room temperature for 5 minutes. Then the tape liftings were rinsed with DNA free
water using a squeeze bottle or pipette. Tape liftings were then put into petri
dishes and fixed with tape. The petri dishes containing the tape liftings were then
put into a convection oven for 30 minutes at 25°C with the fan for air circulation
switched on. The petri dishes were then closed with their lids and stored
protected from light at room temperature
All tape liftings used for DNA profiling of single skin flakes were stained with a 3%
Orange G solution. Tape liftings were put on a DNA free surface. Then the
staining was sprayed onto the tape lifting from a minimal distance of 10cm using
a spray bottle. Stained tape liftings were incubated on room temperature for 5
minutes. Then the tape liftings were rinsed with DNA free water using a squeeze
bottle or pipette. Tape liftings were then put into petri dishes and fixed with tape.
The petri dishes containing the tape liftings were then put into a convection oven
for 30 minutes at 25°C with the fan for air circulation on. The petri dishes were
then closed with their lid on and stored protected from light at room temperature
until further analysis.
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Figure 2.2.5.1. Staining of skin flakes on 4 pieces of tape liftings (TL) by spraying with
Orange G.

2.3. Extraction of spermatozoa from swabs
In order to release spermatozoa from the cotton swabs, frozen mock swabs were
thawed at room temperature for 30 minutes. Then the cotton part was cut off
from the swab’s end on a DNA free glass petri dish by using a scalpel and split in
half. Each cotton half was put in a 1.5ml microcentrifuge tube by using a pair of
tweezers. Then 500µl of buffer ATL (Qiagen, Germany) and 25µl of Proteinase K
(Qiagen, Germany) was added to each tube. Afterwards, the tubes were vortexed
for 10 seconds before incubating them in a thermoshaker for 30 minutes at 56°C
with at least 900rpm shaking/agitation to get enough liquid moving around the
cotton parts. After 30 minutes, the tubes were vortexed again for 10 seconds and
incubated again for 30 minutes at 56°C with shaking/agitation. Tubes were then
vortexed for 10 seconds and briefly spun down. Next, each cotton part was put
into a MiniStrainer (pluriSelect, Leipzig, Germany) with 10µm pore size that was
placed back into the tubes and centrifuged at 14,000g for 5 minutes to release
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remaining liquid with spermatozoa left on the cotton parts. The MiniStrainer
containing the cotton part and almost all of the supernatant were discarded
without disturbing the pellet. Then 500µl 1x PBS was added to the tubes and
pellets were re-suspended by tapping and pulse-vortexing. Afterwards, the cells
were pelleted again by centrifuging at 14,000g for 5 minutes and almost all of the
supernatant was discarded without disturbing the pellet. The pellet was
resuspended in 300µl of DNA free water by tapping and pulse-vortexing. Then,
tubes were spun down briefly in order to remove any liquid on the top of the tube
and lid. Afterwards, 20µl of cell suspension was placed on a microscope slide and
analysed with a light microscope at 200x magnification. In case the suspension
was highly concentrated with spermatozoa, the suspension was diluted with DNA
free water to sufficiently separate the spermatozoa.

2.4. Micromanipulation
2.4.1. Micromanipulation of spermatozoa
Single

spermatozoa

were

isolated

by

using

micromanipulation.

Since

spermatozoa stuck to the surface of glass microscope slides, the surface of
different material was tested on non-stick properties first. The following materials
were tested: polyethylene terephthalate, polycarbonate, polyethylene, polymethyl
methacrylate,

tesafilm®

transparent

adhesive

tape

(tesa

SE,

Germany),

polystyrene petri dishes and non-adherent cell culture flasks, glass microscopy
slides coated with WD-40® (WD-40, USA) or coated with Repel-Silane ES and
petri dishes filled with 1% agarose gel.
The 1% agarose gel was selected for micromanipulation. This agarose gel was
made by mixing 0.25g of agarose with 25ml DNA free water, followed by heating
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in a microwave oven. First, petri dishes were filled with liquid 1% agarose just
enough until the bottom plate was fully covered and incubated at room
temperature until the agarose gel solidified. Then 100µl-300µl of cell suspension
was placed on the gel, spread out by gently swirling the petri dish and left to dry
for at least 30 minutes or until no liquid was visible. In case of diluted
suspensions, an agarose gel petri dish for each dilution was prepared.
Micromanipulation was performed by placing the agarose gel petri dish containing
the spermatozoa underneath an inverted microscope (Axiovert S 100, Zeiss,
Oberkochen, Germany) equipped with a Transferman micromanipulation system
(Eppendorf, Germany) and the search for spermatozoa was carried out at 200x
magnification. A small amount of adhesive was collected from a piece of 3M tape
(3M, USA) with a tungsten needle with a tip diameter of 5µm (PLANO GmbH,
Germany). The adhesive on the tip of the needle was used to pick up a single
spermatozoa from the agarose gel surface and then transferred into a 200µl PCR
tube containing 4µl DNA free water by swirling the tip of the needle in the water
around for 10 seconds. Tubes containing isolated single sperm cells were then
ready to be used for whole genome amplification with REPLI-g Single Cell WGA
kit (Qiagen, Germany).

2.4.2. Micromanipulation of skin flakes
Single skin flakes from tape liftings were isolated by first placing tape liftings
underneath a StemiDV4 stereomicroscope (Zeiss, Germany). By using a pair of
Inox08 tweezers (Dumont, Switzerland) single skin flakes were picked from the
tape lifting and placed at the bottom of a 200µl PCR tube. Skin flakes that looked
like clumps were first cut into smaller pieces and mashed on a glass slide with a
scalpel before placing in a 200µl PCR tube.
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2.5. DNA extraction
2.5.1. DNA extraction of mouth swabs
Genomic DNA (gDNA) from buccal cells taken with cotton swabs was extracted
using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). Swabs were
incubated at 56 °C for 10 min in a mixture of PBS (400 µl), proteinase K (20 µl)
and Buffer AL (400 µl). After incubation, ethanol (400 µl, 99%) was added to the
sample and vortexed immediately. From that mixture, 700µl was added to a
QIAamp Mini spin column and centrifuged at 8000rpm for 1 min. After discarding
the flow through, the remaining volume of the mixture was loaded onto the same
spin column and centrifuged under the same conditions followed by discarding
the flow through. Afterwards, the spin column was washed with AW2 buffer (500
µl), centrifuged at 14,000 rpm for 3 min and the flow through was discarded. The
spin column was centrifuged again at 14,000 rpm for 1 min to dry the column.
Finally, the DNA bound to the column was eluted with distilled water (150 µl)
followed by centrifugation at 8000 rpm for 1 min. The extracted DNA was stored
at 4 °C.

2.5.2. DNA extraction of skin flakes
For DNA extraction from skin flakes 3 different methods were compared with skin
flakes in bulk by assessing the lysis ability on solubility. For each of the protocols
an 8mm³ pinch of skin flakes was added to a 1.5ml microcentrifuge tube and
incubated for 3h. Lysis buffer and incubation temperatures were as follows:
- Chelex based protocol using 100µl Chelex (Biorad, USA) and incubated at 56°C.
This is a slightly modified protocol described by Lorente et al. (1998) [35].
- Chelex based protocol using 100µl Chelex (Biorad, USA), 10µl Prot K (Qiagen,
Germany) and 4µl 10% Tween20 and incubated at 56°C. This is a slightly
modified protocol described by Schneider et al. (2011) [37].
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- Alkaline based protocol using 100µl of buffer containing 0.4M NaOH and 8%
Tween20 incubated at 60°C. This protocol was based on a protocol described by
Sinkiewicz et al.(2017) [89].
For single skin flakes 4µl of lysis buffer containing 0,3M NaOH and 8% Tween20
was added to the 200µl PCR tubes containing the skin flakes at the bottom.
Tubes were spun down briefly to make sure the skin flakes were submerged in
lysis buffer. If necessary, the tubes were vortexed and subsequently spun down
again to make sure the skin flake was covered by the solution. Tubes with single
skin flakes were incubated in an ABI 9700 thermocycler (ThermoFisher,
Germany) for 3h at 60°C with a heated lid at 103°C. Skin flake clumps were
incubated for 12h at 60°C. After lysis, 4µl of 0.3M HCl was added to neutralize
the lysates. Crude lysates were stored at 4°C and were directly used for PCR.

2.6. Whole genome amplification
Several WGA methods were tested with 1ng, 100pg or 30pg of HeLa gDNA (New
England Biolabs, Ipswich, USA). The modified improved primer extension preamplification (mi-PEP) was performed as described. TruePrime single cell WGA kit
(Sygnis AG, Heidelberg, Germany), MALBAC single cell WGA kit (Yikon genomics,
Taizhou, China), illustra Single Cell GenomiPhi DNA Amplification Kit (GE
Healthcare, Chicago, USA), GenomePlex® Single Cell Whole Genome Amplification
Kit (Sigma-Aldrich, St. Louis, USA), REPLI-g single cell WGA kit (Qiagen, Hilden,
Germany) and

Ampli1™ WGA kit (Menarini Silicon Biosystems, Bologna, Italy)

were used following manufacture’s protocols. WGA products were cleaned up with
innuPREP PCRpure Kit (Analytik Jena, Jena, Germany) by adjusting the
manufacture’s protocol by using 450µl Binding Buffer to the WGA product instead
of 500µl and repeating the first centrifugation step with centrifugation at 12,000g
for 2 minutes.
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2.7. DNA quantitation and qualification using qPCR
DNA concentration and DNA integrity of gDNA from skin flakes was measured by
real time PCR using the qTOWER 3 G (Analytik Jena, Jena, Germany) and
following a slightly modified protocol described by Opel et al. (2008) [90]. ALU
forward primer, 82bp reverse primer and the 201bp reverse primer described in
Opel et al. (2008) were used. PCR was performed in a 20µl reaction volume
including 1µl crude lysate or gDNA, 1µl ALU forward primer (20µM), 1µl
82bp/201bp reverse primer (20µM), 4µl AmpSolution (Promega, Madison, USA),
10µl Maxima SYBR Green/Fluorescein qPCR Master Mix (2X) (Thermo Fisher,
Waltham, USA) and 3µl nuclease free H2O. Additionally, a standard row of 5
different standard concentrations (0.1ng/µl, 0.5ng/µl, 1ng/µl, 2.5ng/µl HeLa
gDNA) was used as references to calculate the DNA concentration of each
sample. For reactions including the 82bp fragment, amplification was performed
using the following cycling conditions: 1 cycle of 95 °C for 4 min, 45 cycles of
95 °C for 15 sec, 59 °C for 20 sec and 72 °C for 20 sec. For reactions including
the 201bp fragment,

amplification was performed using the following cycling

conditions: 1 cycle of 95 °C for 4 min, 45 cycles of 95 °C for 15 sec, 63 °C for 20
sec and 72 °C for 20 sec. After each run, DNA concentrations where calculated by
using

the

software

package

qPCRsoft

(Analytik

Jena,

Jena,

Germany).

Determination of the DNA degradation index (DI) was calculated by dividing the
concentration measured with the 82bp amplicon (gDNA small amplicon) through
the concentration measured with the 201bp amplicon (gDNA big amplicon):

DI =

𝑔𝐷𝑁𝐴 𝑠𝑚𝑎𝑙𝑙 𝑎𝑚𝑝𝑙𝑖𝑐𝑜𝑛
𝑔𝐷𝑁𝐴 𝑏𝑖𝑔 𝑎𝑚𝑝𝑙𝑖𝑐𝑜𝑛
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2.8. Amplification of STRs by using PCR
2.8.1. Autosomal STRs
At the beginning of this study 16 autosomal STRs and Amelogenin were amplified
using MPX-5 ESS Multiplex PCR kit (Serac GmbH, Bammental, Germany). Later
on the same markers were amplified using PowerPlex ESX17 kit (Promega,
Madison, USA). Both multiplex STR kits included the following loci: D18S51,
D21S11, TH01, D3S1358, D16S539, D2S1338, D1S1656, D10S1248, FGA,
D8S1179, vWA, D22S1045, D19S433, D12S391, D2S44, SE33 and Amelogenin
Reactions were carried out in 5µl volume and amplified with 30 PCR cycles using
a GeneAmp PCR System 9700 thermocycler (Thermo Fisher, Waltham, USA). For
PCR on WGA products, 1µl of 1:50 diluted WGA product was added as template
DNA to the reaction. For PCR on gDNA of skin flakes, 1µl of AmpSolution
(Promega, Madison, USA) was included in the mastermix and 1µl of crude lysate
was added to the reaction as template DNA.

2.8.2. X-chromosomal STRs
X-STRs were amplified using Investigator Argus X12 QS kit (Qiagen, Hilden,
Germany). Reactions were carried out in 5µl total reaction volume and amplified
with 1 cycle of 94 °C for 4 minutes, 5 cycles of 96 °C for 30 sec, 63 °C for 120
sec and 72 °C for 75 sec, 25 cycles of 94 °C for 30 sec, 60 °C for 120 sec and
72 °C for 75 sec, 1 cycle of 68 °C using a GeneAmp PCR System 9700
thermocycler (Thermo Fisher, Waltham, USA). 1µl of 1ng gDNA or WGA product
was added as template DNA to the reaction.
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2.8.3. Y-chromosomal STRs
Y-STRs were amplified using PowerPlex Y23 (Promega, Madison, USA). Reactions
were carried out in 10µl total reaction volume and amplified with 1 cycle of 96°C
for 2 min, 30 cycles of 94°C for 10 sec 61°C for 1 min 72°C for 30 sec and 1
cycle of 60°C for 20 min using a GeneAmp PCR System 9700 thermocycler
(ThermoFisher, Waltham, USA). 2µl of 2.5ng gDNA or WGA product was added as
template DNA to the reaction.

2.9. Fragment analysis by using capillary electrophoresis
PCR products were analyzed by capillary electrophoresis on an ABI Prism 310 or
ABI Prism 3130 Genetic Analyzer (ThermoFisher, Waltham, USA). A volume of 1
µl product was denatured in 12 µl deionized HiDi™ formamide (ThermoFisher,
Waltham, USA) and 0.5 µl DL500 ORN size standard (Serac GmbH, Bammental,
Germany), WEN ILS 500 (Promega, Madison, USA) or Biotype SST-BTO 60-500bp
(Biotype, Dresden, Germany) at 95 °C for 4 min. A volume of 1 µl of 1:50 diluted
autosomal STR PCR products from WGA products as well as Y-STR PCR products
were denatured as described above. A volume of 1 µl of 1:100 diluted X-STR PCR
products was denatured as described above. Denatured samples of single skin
flakes were injected at 3 kv for 20 sec. All other denatured samples were injected
at 3kv for 3 sec. Data was genotyped with GeneMapper™ v3.0 (Thermo Fisher,
Waltham, USA). Allele recovery was calculated by dividing the number of alleles
recovered in the sample (N sample) through the total number of alleles from the
reference sample (N reference) multiplied by 100% according to the following
formula:
Allele recovery =

𝑁 sample
∗ 100%
𝑁 reference
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When autosomal haplotypes of sperm were compared with the reference
genotype the calculation was as follows:

Allele recovery =

𝑁 sample
∗ 100%
17

2.10. NGS analysis
An in-house developed NGS protocol (laboratory of Prof. Dr. Jäger, Hochschule
Bonn-Rhein-Sieg University of Applied Sciences; manuscript in preparation) was
used for DNA profiling of single skin flakes as an alternative method to the
method with the PowerPlex ESX17 kit (Promega, Madison, USA) and CE described
before.
The NGS protocol is particularly suited for degraded DNA as it is based on small
amplicon sizes (mini-STR amplicons). Furthermore, the mini-STR NGS protocol
has a sensitivity of 100 pg input DNA and DNA profiles are fully concordant with
CE-based profiles (Prof. Dr. Jäger, personal communication). The NGS protocol
was adapted from a previous study described by Kim et al. (2016) [84]. The inhouse developed protocol included D18S51, D21S11, TH01, D3S1358, D16S539,
D2S1338, D1S1656, D10S1248, FGA, D8S1179, vWA, D22S1045, D19S433,
D12S391, D2S441, SE33 and Amelogenin. The amplicon size range was 76 – 296
bp of which amplicons from 13 loci were <200 bp. Amplicons were first amplified
by using one multiplex PCR including 1µl of crude single skin flake lysate as
template DNA and 5µl of AmpSolution (Promega, Germany) was included in the
PCR mastermix. Afterwards, the PCR products where purified by a post-PCR
clean-up using Agencourt AmPure XP Beads (Beckman Coulter, Brea, California).
Then, PCR indices (Nextera XT Index kit, Illumina, San Diego, USA) were
introduced during a second PCR after which a second post-PCR clean-up followed.
Afterwards, the cleaned up PCR products from the index PCR were quantitated
using

the

KAPA

Library

Quantification

Kit

for

Illumina

Platforms

(Kapa

Biosystems, Wilmington, USA). Sequencing was performed on a standard v3 flow
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cell using paired-end sequencing (600 cycles) with dual index reads using the
MiSeq Reagent Kit v3 (Illumina, San Diego, USA) on the Illumina MiSeq FGx
device (Illumina, San Diego, USA). Data acquisition and data processing was
performed through a proprietary bioinformatics pipeline by Jan Biermann and
Prof. Ralf Thiele at the informatics department of Hochschule Bonn-Rhein-Sieg
University of Applied Sciences. In this pipeline, identification of loci is based on
the DNA sequence, and allele calling is based on comparison to sequence of
reference alleles. Signal strength is recorded as number of reads. Thresholds for
data analysis were set as follows:


The analytical threshold was set at 10 reads.



Calling threshold was set at 0.2% of the total number of reads of the
quality control sample.



Stutter threshold was set at 25% of the number of reads of the parent
allele.

2.11. Statistical analysis
The statistical package from the data analysis tool in Microsoft Excel 2010
(Microsoft, Redmond, USA) was used to calculate:


The correlation between allele recovery with gDNA concentration and gDNA
integrity.



Significant difference in allele recovery of skin flakes between different
persons by using the analysis of variance (one factor)



Significant difference in allele recovery between skin flakes analysed by
using PowerPlexESX17 with CE and the same skin flakes analysed by using
the in-house developed mini-STR based NGS method, by using a paired
two sample t-Test
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Chapter 3. Results and Discussion
3.1. Sperm

3.1.1. Introduction
In order to develop a method which enables forensic DNA profiling of single
spermatozoa multiple different experiments were performed.
First, different WGA assays were assessed and compared based on their impact
on forensic DNA profiling of low copy number DNA (chapter 3.1.2.). The best
WGA assay was then selected and used for subsequent experiments on single
spermatozoa.
Second, the isolation of single spermatozoa by using micromanipulation was
optimized to be compatible with the selected WGA assay (chapter 3.1.3.).
Afterwards, the performance of the selected WGA method on single spermatozoa
was assessed based on allele recovery of autosomal, X-chromosomal and Ychromosomal STR systems (chapter 3.1.4.).
At the end, mock sexual assault swabs were used to validate the single
spermatozoa DNA typing approach in mixtures (chapter 3.1.5.). These mock
swabs included epithelial cells from 1 female contributor mixed with semen from
1 or 2 male contributors.

3.1.2. Performance of various WGA protocols on diluted genomic DNA
In order to amplify enough DNA from a single sperm cell, a WGA or LV-PCR was
selected to be suitable for STR analysis. Therefore, different WGA methods and
LV-PCR were tested with different amounts of HeLa gDNA used as template DNA
and assessed in terms of allele recovery and of ADIs.
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Table 3.1.2.1. Performance of WGA methods on different amounts of template DNA.

WGA method
mi-PEP
TruePrime
MALBAC
GenomiPhi
GenomePlex
REPLI-g
Ampli1
No WGA

Template
DNA
(pg)
1000
100
30
1000
100
30
1000
100
30
1000
100
30
1000
100
30
1000
100
30
1000
100
30
1000
100
30

Allele
recovery
(%)
100
N/A
21
88
N/A
0
53
N/A
N/A
93
93
30
89
65
24
100
100
59
54
18
12
100
100
38

ADI
(N)
0
N/A
4
0
N/A
0
4
N/A
N/A
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0

Of all methods tested, REPLI-g turned out as the best performing WGA method
with an allele recovery higher than the conventional method (table 3.1.2.1). In
addition, REPLI-g as well as TruePrime did not produce any ADIs.
As mentioned in chapter 1.3.2.3.

ADIs can make interpreting forensic DNA-

profiles difficult. In general, ADIs are often seen with PCR on LCN-DNA in
combination with many PCR cycles. Amplicons present in only minute amounts in
the environment can then be amplified to some extent enough to be detected by
capillary electrophoresis. ADIs can also arise from allele slippage caused by the
polymerase used in the specific reaction. Allele slippage can cause stutters.
However, when stutters are much higher than the stutter threshold, stutter peaks
could be interpreted as real alleles which results in ADIs.

From previous studies
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it is known that ADIs often occur at PCR based WGA methods due to the
generation of non-specific products from amplification errors[91]. This matches
the results shown here. mi-PEP as well as GenomePlex are both predominantly
PCR based WGA methods and both showed ADIs. Furthermore, the semi-PCR
based MALBAC showed ADIs already when 1000pg (equivalent to approximately
160 somatic cells) of template DNA was used. Although PCR is part of MALBAC,
the ADIs are probably caused at the part where MALBAC is based on MDA like
REPLI-g or TruePrime. Of note, MALBAC uses a different strand displacement
polymerase than the latter two methods. This particular polymerase called Bst
polymerase is prone to allele slippage during amplification and might therefore be
the cause of the observed ADIs [83].
Previous research showed WGA methods were successfully used in single cell
genome sequencing [25,62,63,78,92–94]. For example multiple studies showed
successfully single cell analysis by using MALBAC in combination with DNA
sequencing [62,95]. However, many ADI were shown with MALBAC in the present
study which made MALBAC unsuitable for STR typing. Therefore, it could be that
some WGA methods struggle with loci which include many repetitive units like the
STR loci used in forensic DNA analysis, but can easily amplify non-repetitive loci.
As this goes beyond the scope objectives of this thesis, more research is
necessary to find out the exact cause why certain WGA methods generate more
ADI than others.
In conclusion, not all WGA methods tested here were suitable for STR analysis on
LCN-DNA. ADI were seen with some PCR based and semi-PCR based WGA
methods, but not with MDA based methods which used the Phi-29 polymerase.
Furthermore, REPLI-g was shown to be the WGA method with the highest allele
recovery

(59%)

obtained

with

the

lowest

amount

of

gDNA

test,

30pg

(approximately 5 somatic cells), and did not show any ADIs. Therefore, REPLI-g
was selected as a suitable WGA method for forensic DNA typing and was chosen
as WGA method to be used in experiments on single sperm cells as well as single
skin flakes shown in the following chapters (chapter 3.1.4 and chapter 3.2.5).
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3.1.3. Optimisation of micromanipulation of spermatozoa
In order to isolate single spermatozoa, micromanipulation was used. At first the
isolation and transfer of single spermatozoa on microscopy slides was carried out
using glass capillary based micromanipulation. Glass capillaries are generally
used in in vitro fertilisation (IVF). Unlike IVF, in the present study glass capillaries
were used to transfer the spermatozoa from the medium/petri dish into a tube.
However, glass capillaries proved rather difficult for this purpose as these were
very fragile and broke during transfer into PCR tubes.

Figure 3.1.3.1. Cell transport platform. (A) Platform used for transport by glass capillary
based micromanipulation isolated spermatozoa into a PCR tube. (B) Close-up where glass
capillary is hanging above the PCR tube shortly before the tip of the capillary was moved
into the PCR tube.

To prevent breakage of the capillary during transfer of spermatozoa and ensure
successful transfer into PCR tubes, a transfer platform/station was built up (figure
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3.1.3.1.). Here the capillary holder including the capillary could be fastened. The
station included an X-Y table screw table in which the PCR tube with the liquid
was placed. The position of the X-Y table could be finely adjusted which enabled
the precise positioning of the PCR tube in order to insert the tip of the capillary
into the liquid without touching the tube’s walls.
Nevertheless it turned out that the cells were not always transferred properly.
This was mostly due to the fact that cells often were not released out of the
capillary, but rather stayed in the capillary by sticking to the walls of the
capillary, disappeared by liquid spontaneously flowing out of the tip on its way to
the station/PCR tube or cells got stuck on the outside of the tip.

Figure 3.1.3.2. Components used for tungsten needle based micromanipulation of
spermatozoa. Multipurpose transparent adhesive tape (TESA film) (A) was used to fasten
a piece of the 3M water soluble adhesive tape (B) to a clean work surface. A tungsten
needle (D) was inserted in a capillary/needle holder (E). 3M soluble adhesive (B) on the
tip of the tungsten needle (D) was used to isolate single spermatozoa from the surface of
an agarose gel filled petri dish (C). Adding 3M soluble adhesive onto the needle (D) was
accomplished by scraping the tip of the needle (D) on the piece of fastened tape.
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Figure 3.1.3.3. Needle and agarose gel based micromanipulation set-up. (A) Fully
equipped microscope with additional joystick (g) to control the arm (d) of the needle
holder (c) movements. (B) Close up of the agarose filled petri dish (a) ready to perform
micromanipulation of spermatozoa by using a tungsten needle (b).

To

allow

for

better

control

of

the

transfer

of

cells

into

PCR

tubes,

micromanipulation using a tungsten needle in combination with water soluble
adhesive was used (figure 3.1.3.2. and figure 3.1.3.3.). This method has been
described [33,41]. Compared to glass capillaries, tungsten needles are very
robust and won’t break if touched by the PCR tube’s wall. By applying a tiny
amount of adhesive on the needle’s tip, cells can be picked up and securely
moved into for example, a buffer containing PCR. As the adhesive is water
soluble, the secured cell can be released into the buffer inside the tube. To allow
picking up cells by the water soluble adhesive, a dry surface of the substrate is
required. On the other hand, if cells are in a liquid medium (cell suspension), the
adhesive will be released from the needle’s tip and dissolve into the cell medium.
For this reason, spermatozoa were dried on a glass microscopy slide at first. Yet,
spermatozoa stuck to the surface and did not detach from the slide when
performing micromanipulation with the adhesive. Therefore, an alternative
material to the glass microscopy slide was required.

80 | P a g e

Table 3.1.3.1. Surfaces of different materials tested for non-stick properties of
spermatozoa.

Surface material tested

Non-stick?

Polyethylene terephthalate
Polycarbonate
Polyethylene
Polymethyl methacrylate
tesafilm®
Polystyrene petri dishes
Non-adherent cell culture flasks
WD-40® coated microscopy slide
Repel-Silane ES coated microscopy slides
1% agarose gel
0.5% agarose gel

Different

materials

were

tested

on

non-stick

No
No
No
No
No
No
No
No
No
Yes
Yes

properties

with

sufficient

transparency to clearly recognize spermatozoa on the surface of the specific
material tested (table 3.1.3.1.). Of all materials tested, a 1% agarose gel was
both transparent enough to use for microscopy and at the same time was capable
to release spermatozoa when picking them up with the adhesive (figure 3.1.3.4,
page 82). The 0.5% agarose gel was also suitable for microscopy because of its
high transparency, suitable for microscopy as well. However, due to the higher
water content it did not keep spermatozoa in place on the gel’s surface and
spermatozoa did not stick to the adhesive. Instead, spermatozoa were pushed
away. Although all the other surfaces tested (polyethylene terephthalate,
polycarbonate, polyethylene polymethyl methacrylate, tesafilm®, Polystyrene
petri dishes, non-adherent cell culture flasks, WD-40® coated microscopy slide
and Repel-Silane ES coated microscopy slides) were capable of keeping
spermatozoa

in

place,

they

however

did

not

release

sperm

during

micromanipulation. This could be due to the spermatozoa’s membrane surface
structure/proteins binding to surface structure of the materials tested when
drying. The same effect happens when spermatozoa are dried on swabs or fabric.
For this reason, it has been described that proteinase K is essential for efficient
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sperm release from swabs by digesting the proteins binding to the surface of the
cotton fibers [96,97].

Figure 3.1.3.4. Microscopic view of isolation of single spermatozoa by using the tungsten
needle and agarose gel based micromanipulation (200x magnification). A) Multiple single
spermatozoa laying on a 1% agarose gel surface and one spermatozoon (arrow) was
selected to be isolated. B) Applying water soluble adhesive (Ad) by using a tungsten
needle (N) on top of the selected spermatozoon with only a part of the adhesive touching
(Ad-t) the surface of the spermatozoon and the surrounding agarose gel surface. After
the spermatozoon stuck to the adhesive, the spermatozoon was isolated by lifting the
needle upwards away from the gel surface. C) View after the spermatozoon was isolated.
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Micromanipulation of single sperm cells by using the capillary method has been
used for decades. Also, micromanipulation of particles, tissue or cells carried out
by the combination of a tungsten needle and water-soluble adhesive has also
been used for forensic trace analysis [33,41]. Nevertheless, no agarose gel has
thus far been included as substrate surface. A different method which uses
agarose gels for sperm analysis is the TUNEL assay [98]. However, the
spermatozoa are not lying on top of an agarose gel surface. Instead, sperm cells
are embedded between two layers of agarose gel. Furthermore, the purpose of
the TUNEL assay is analysis of the quality of the spermatozoa’s DNA and not the
isolation of spermatozoa discussed in the present work. So far, no other publicly
released study describes isolation of sperm cells by using the agarose gel
method. This makes it a new and unique micromanipulation method to isolate
single sperm cells. Furthermore, it does not require large amounts of expensive
equipment like with laser-based micromanipulation platforms, microfluidics and
di-electrophoresis platforms [11,20,25–27,99]. Also the set-up/parts (control
arm, capillary/needle holder, joystick) for this method, can be attached on
multiple different microscopes. They also do not take up much space and do not
require any software, thus making it easy to integrate in any forensic biology
laboratory.
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3.1.4. Performance of WGA on single spermatozoa
In order to test the performance of WGA on single spermatozoa, the REPLI-g
protocol was applied on single spermatozoa from two persons which were isolated
from neat semen by micromanipulation. WGA products generated were used for
autosomal STR typing for both X- and Y-STR. At best, autosomal STR typing of
each spermatozoon would show a haploid DNA profile. In case of X- and Y-STR
typing, only one of the two profiles would be obtained since each spermatozoon
will only carry an X-chromosome or a Y-chromosome.
The PCR product from most samples was diluted by 1:50 in order to not
oversaturate the capillary electrophoresis. A few samples had to be further
diluted to 1:100 because the amount of PCR product of some alleles was still too
high to be analysed. That can also lead to ADO from alleles which could be
adequately analysed with a dilution of 1:50. Therefore, both 1:50 and 1:100
dilutions of the PCR product per sample were analysed and allele recovery was
then defined as the consensus recovered peaks from the two dilutions. Autosomal
STR allele recovery from WGA products ranged from 18% to 100% (table
3.1.4.1.). WGA products were positive for Amelogenin and showing only AMELX
or AMELY as expected. However, this doesn’t necessarily indicate that only one
spermatozoon was typed since multiple spermatozoa might have been typed but
all with the same X or Y chromosome segregation.

The autosomal STR

electropherograms from successfully amplified STRs showed no evidence of
multiple spermatozoa being typed as only one of the two possible alleles at each
STR marker was present (figure 3.1.4.1.). This is exactly what was expected from
one spermatozoon as it only contains one allele per locus, a so called haploid
profile. This confirms the efficacy of the presented isolation/micromanipulation
method.

84 | P a g e

Table 3.1.4.1. Autosomal STR allele recovery, ADO rate and X/Y-chromosome
determination of WGA products from single spermatozoa from two donors (donor A and
donor B).

Donor

A

B

WGA product

Amelogenin

Allele recovery (%)
100
18
88
88
82
29
82
100
82
94
100
82
100
94
94
88
65
100
94
76

gDNA no WGA
Spermatozoon 1
Spermatozoon 2
Spermatozoon 3
Spermatozoon 4
Spermatozoon 5
Spermatozoon 6
Spermatozoon 7
Spermatozoon 8
Spermatozoon 9
Spermatozoon 10
Spermatozoon 11
gDNA no WGA
Spermatozoon 1
Spermatozoon 2
Spermatozoon 3
Spermatozoon 4
Spermatozoon 5
Spermatozoon 6

X

X

0
14
2
2
3
12
3
0
3
1
0
3
0
1
1
2
6
0
1

Spermatozoon 7

X

4

X
X
X
X
X
X

Y
Y
Y
Y
Y
Y
Y

ADO (n)

Y
Y
Y
Y
Y
Y
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Figure 3.1.4.1. Electropherogram of a haplotype autosomal STR profile from a single
spermatozoon analysed with REPLI-g based WGA and PowerPlex ESX17. The relative
fluorescent units (RFU) is set on the Y-axis and the allele numbers with the
corresponding RFU is labelled in a box underneath each allele peak. On top, the X-axis
represents the fragment size in base pairs (bp) with the allele corresponding STR locus
name above in the grey horizontal bars. The vertical grey lines are allele bins which are
located at each fragment size at which a potential allele could be detected. The purple
lines show the locations of peaks not representing a detected allele, but are rather due to
fragments of alleles which were in such abundance the corresponding fluorescent was
high enough to create false peaks in other detection channels (blue, green, black or red)
too. These false peaks were therefore annotated with a purple line. False alleles were not
called and therefore no label box is present underneath a false allele peak.
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To further confirm that only one spermatozoon has been through the whole
process, X- and Y-STR profiles were both generated from the same WGA
products. All WGA products from single spermatozoa positive for AMELY, but
negative for AMELX, showed only Y-STR alleles and no X-STR alleles were
detected (table 3.1.4.1). A typical example of a single spermatozoon positive for
Y-STRs is shown in figure 3.1.4.2. In addition a STR profile from a spermatozoon
without a Y chromosome is shown in figure 3.1.4.3.
For WGA products from which an X-allele at Amelogenin was detected X-STRs
were found, but were all negative for Y-STR alleles. An example of X-STR
electropherogram from a spermatozoon negative for X, but positive for Y is
shown in figure 3.1.4.4. Also, an X-STR electropherogram from a spermatozoon
positive for X, but negative for Y is given in figure 3.1.4.5.
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Figure 3.1.4.2. Electropherogram Y-chromosomal STR profile from a single spermatozoon
analysed with WGA and PowerPlex Y23. The spermatozoon used here was positive for Ychromosomal STRs, but negative for X-chromosomal STRs. The relative fluorescent units
(RFU) is set on the Y-axis and the allele numbers with the corresponding RFU is labelled
in a box underneath each allele peak. Below the red channel (with red allele peaks), the
X-axis represents the fragment sizes for all detection channels in base pairs (bp). The
STR locus name is shown on top in each detection channel above the allele peaks. The
vertical grey lines are allele bins which are located at each fragment size at which a
potential allele could be detected. False alleles were not called and therefore no label box
is present underneath a false allele peak.
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Figure 3.1.4.3. Electropherogram Y-chromosomal STR profile from a single spermatozoon
analysed with WGA and PowerPlex Y23. The spermatozoon used here was negative for Ychromosomal STRs, but positive for X-chromosomal STRs. The relative fluorescent units
(RFU) is set on the Y-axis and the allele numbers with the corresponding RFU is labelled
in a box underneath each allele peak. Below the red channel (with red allele peaks), the
X-axis represents the fragment sizes for all detection channels in base pairs (bp). The
STR locus name is shown on top in each detection channel above the allele peaks. The
vertical grey lines are allele bins which are located at each fragment size at which a
potential allele could be detected. False alleles were not called and therefore no label box
is present underneath a false allele peak.
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Figure 3.1.4.4. Electropherogram X-chromosomal STR profile from a single spermatozoon
analysed with WGA and Argus X-12 QS. The spermatozoon used here was negative for Xchromosomal STRs, but positive for Y-chromosomal STRs. The relative fluorescent units
(RFU) is set on the Y-axis and the allele numbers with the corresponding RFU is labelled
in a box underneath each allele peak. Below the red channel (with red allele peaks), the
X-axis represents the fragment sizes for all detection channels in base pairs (bp). The
STR locus name is shown on top in each detection channel above the allele peaks. The
vertical grey lines are allele bins which are located at each fragment size at which a
potential allele could be detected. False alleles were not called and therefore no label box
is present underneath a false allele peak.
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Figure 3.1.4.5. Electropherogram Y-chromosomal STR profile from a single spermatozoon
analysed with WGA and Argus X-12 QS. The spermatozoon used here was positive for Xchromosomal STRs, but negative for Y-chromosomal STRs. The relative fluorescent units
(RFU) is set on the Y-axis and the allele numbers with the corresponding RFU is labelled
in a box underneath each allele peak. Below the red channel (with red allele peaks), the
X-axis represents the fragment sizes for all detection channels in base pairs (bp). The
STR locus name is shown on top in each detection channel above the allele peaks. The
vertical grey lines are allele bins which are located at each fragment size at which a
potential allele could be detected. False alleles were not called and therefore no label box
is present underneath a false allele peak.
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Differences in Y-STR profiles between the two donors were determined (as
expected as they had no known relatedness). The markers of which alleles were
different between the two donors were therefore called diagnostic markers (table
3.1.4.2). Since all alleles which were detected were in concordance to the donors'
profiles, no differences in alleles were detected in between single spermatozoon
WGA products from the same donor for Y-STR typing.

Table 3.1.4.2. Y-STR allele recovery of WGA products from single spermatozoa from two
donors.

23
23
23
23
23
23
23
22
22
22
22
22
-

19
19
19
19
19
17
17
17
17
17
-

12
12
12
12
12
12
11
11
11
11
11
-

15
15
15
15
15
15
11
11
11
11
11
-

-

-

-

-

-

Diagnostic

DYS439

18
18
18
18
18
18
18
19
19
19
19
-

Total

DYS570

gDNA no WGA
Spermatozoon 1
Spermatozoon 2
Spermatozoon 3
Spermatozoon 4
Spermatozoon 5
Spermatozoon 6
Spermatozoon 7
Spermatozoon 8
Spermatozoon 9
Spermatozoon 10
Spermatozoon 11
gDNA no WGA
Spermatozoon 1
Spermatozoon 2
Spermatozoon 3
Spermatozoon 4
Spermatozoon 5
Spermatozoon 6
Spermatozoon 7

DYS385

DYS481

B

DYS576

A

Sample

Donor

Alleles of diagnostic markers Allele recovery (%)

14
14
14
14
14
14
-

100
100
91
95
82
68
68
0
0
0
0
0
100
91
91
91
68
100
0

100
100
80
100
100
60
80
0
0
0
0
0
100
80
60
60
80
100
0

-

0

0

92 | P a g e

Also differences in X-STR profiles between donors were determined, again as
expected (table 3.1.4.3). Similar to the Y-STR results, X-STR alleles were
consistent with donor genotypes except for the WGA product of sperm 9 from
donor A. In this sample allele 18 at marker DXS10074 was not in concordance
with allele 19 from the control sample (table 3.1.4.3 and appendix I). Allele
mutation rates are very high in sperm cells and are mostly due to natural cell
replication slippage, leading to a 1 repeat deletion or insertion [100,101]. For
DXS10074 a paternal mutation rate of 0.0087 has been reported [102]. Due to
the fact that inconsistencies have been observed at only one locus and the
deletion corresponded to 1 repeat unit, the observed allele is probably due to a
mutation and not a result of a contamination. To support this, many negative
controls are necessary during the WGA phase. By determining the ADI rate of the
negative controls and comparing those with the paternal mutation rate of a
certain locus, it can be concluded whether the ADI (the allele observed not
matching one of the two alleles of the diploid reference profile) is due to
environmental contaminating DNA or to a mutation.
The observed allele mutation sheds further light on a very important aspect. If
only one cell out of many cells contains the mutated allele, the latter probably
would not show up in the electropherogram, since copies of the wild type/original
allele is present in abundance. The same would be the case with spermatozoa.
Semen consists of, among others, many spermatozoa. When DNA typing semen
in which only 1 or a few spermatozoa out of the many spermatozoa contain a
mutated allele, this allele does not show up in an electropherogram. However,
the sperm bearing the mutated allele can be seen when single spermatozoa are
analysed separately as could have been the case in the results shown in this
study.
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Table 3.1.4.3. X-STR allele recovery of WGA products from single spermatozoa from two
donors.

A

Total

Diagnostic

D21S11

DXS10148

15 30 12 25.1 28 32.2

HPRTB

DXS7423

29

DXS10146

DXS10135

DXS10074

DXS10134

DXS10101

11 29.2 37 19 13

100

100

Sperm 1

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 2

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 3

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 4

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 5

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 6

-

-

-

-

-

-

-

-

-

-

-

-

0

0

29

15

-

12 25.1 28

-

93

91

29

15 30 12 25.1 28

-

86

82

37 18 13

-

15 30 12 25.1 28

-

79

73

29.2 37 19 13

-

25.1 28

-

71

64

13 14.1 15 30 12 25.1 28

-

93

91

30

100

100

Sperm 7

11 29.2 37 19 13

Sperm 8

-

Sperm 9

-

Sperm 10

-

29.2 37 19
-

Sperm 11 11 29.2 37
gDNA

B

Allele recovery (%)

DXS7132

gDNA

DXS8378

Sample

Donor

Alleles of Diagnostic markers

-

-

12 31.2 36 18 16

23

-

30

-

14 29 11 23.1 29

Sperm 1

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 2

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 3

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 4

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 5

-

-

-

-

-

-

-

-

-

-

-

-

0

0

Sperm 6
Sperm 7

12 31.2 36 18 16
-

31.2 36 18 16

23

14 29 11 23.1

-

30

93

100

23

14 29 11 23.1

-

30

93

91

Besides mutated alleles, a contamination had probably occurred at sperm 11
from donor A. Here, allele 14.1 at marker DXS10135 was found and is not in
concordance with allele 29 from the control sample (see table 3.1.4.3. and
appendix II). Since the theory of -1 or +1 repeat mutation does not fit here,
contamination may be the cause of the obtained result cannot be ruled out. On
the other side, a mutation can neither be ruled out. Although a mutation of +3.1
would be rarer than a -1 or +1 mutation, it is not ruled out. ADI caused by
contamination are easily seen here when two alleles per marker are obtained.
The 14.1 allele was not an additional allele, but the only allele of marker
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DX10135. Therefore the true cause of obtaining the in concordant allele cannot
be confirmed.
DNA contamination is a very important aspect in forensic DNA analysis. In a
forensic lab the main concern is sample:sample or staff:sample contamination as
these really can ruin an DNA profile interpretation. Hence making case work
extremely problematic. ADIs are a very specific form of DNA contamination and
are caused by amplification of only minute amounts of amplicons present in the
environment. This will result into no or little detection of alleles from the
contaminating part. Generally, ADIs are easily recognized since they are rare and
usually observed in electropherograms under 90 rfu (personal communication A.
Gibb). Therefore, ADIs will not harm interpretation of DNA profiles. Although, the
lower the DNA concentration to be analysed is, the higher the contaminating
fraction gets. This could result in allele peaks as high as the main allele peaks
which then can become problematic. As single spermatozoa contain extremely
low gDNA, contaminating DNA could easily be detected in electropherograms next
to the spermatozoa’s allele peaks. Furthermore, using a method as sensitive as
REPLI-g single cell WGA, an environmental contamination could easily be preamplified enough to produce detectable PCR product when used as a template.
Furthermore, WGA could result in variation in allele peak heights which is caused
by over- and underrepresented amplification of parts from the template DNA
during WGA [103]. This means that WGA could also increase the height of ADI
peaks to look like real allele peaks. This indeed warrants for DNA contamination
precautions such as DNA decontamination of all surfaces to be used, performing
sample preparation and amplification in separate areas, using DNA free water,
wearing protective clothing like mouth caps and DNA free long sleeve gloves and
the like. Such DNA contamination precautions were taken while executing the
presented experiments as good as possible. As a possible contamination (as
described above with sperm 11) occurred only once, the contamination rate of
DNA typing of single spermatozoa performed as described in this thesis was still
low. On the other side, the number of samples analysed within this study was
also very low in comparison with the high number of samples analysed in a
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standard forensic lab. Therefore, a study including a high number of samples
which are analysed within a forensic lab environment could be executed to better
determine the contamination rate of the method used here.
Since single sperm cells can only produce a haploid profile only one allele per
marker can be compared to the suspect’s full/genotype DNA profile. In case of a
mixture of single spermatozoa derived from multiple donors the donor from the
generated haploid DNA profiles are not known. This could make comparing and
finding a match more difficult (not impossible). By assigning all autosomal STR
profiles from single spermatozoa WGA products with the same X- or Y-STR profile
to one group, a consensus DNA profile of the autosomal STR alleles could
theoretically

be

established.

Here,

a

consensus

DNA

profile

means

the

accumulated profile from multiple DNA profiles from spermatozoa from the same
donor. It is basically an established diploid autosomal STR DNA profile based on
multiple haploid autosomal DNA profiles.
For example, 11 spermatozoa from Person A and 6 spermatozoa from Person B
where typed. 6 spermatozoa from person A (spermatozoa 1 – 6) and 5
spermatozoa from person B (spermatozoa 1 – 5) showed a Y-STR profile. All 6 YSTR profiles from person A matched each other and the reference profile as did
all 5 Y-STR profiles and the reference profile from person B. Though Y-STR
profiles from person A did not match with Y-STR profiles from person B as
expected. At the 6 spermatozoa from Person A showing a Y-STR profile
(spermatozoa 1 – 6), allele 8 was observed at autosomal STR locus TH01 in 5 out
of 6 spermatozoa (spermatozoon 5 did not show an allele). No other allele was
observed at TH01. At autosomal STR locus D3S1358, allele 14 was observed in 3
out of 6 spermatozoa and allele 18 in 2 out of 6 spermatozoa (spermatozoon 1
did not show an allele). The consensus of TH01 resulted in allele 8 homozygous
and for D10S1248 alleles 14 and 15. This was done for all markers to establish a
consensus profile including all 16 STR markers. Additionally, a consensus profile
was established from haploid autosomal STR profiles with the same X-STR profile.
The consensus profile of the Y-STR group and the consensus profile of the X-STR
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group were compared and matched each other, as expected. A final consensus
profile was then established based on all 11 haplotypes. The final consensus
profile matched the reference profile. By this strategy, a full diploid autosomal
STR profile could be generated for person A (table 3.1.4.4). For person B an
autosomal STR profile could be generated with an allele recovery of 96% (table
3.1.4.5). The difference in allele recovery can probably be explained by the lower
number of single spermatozoa typed from person B. Altogether, results have
shown it is possible to establish a diploid autosomal STR profile by taken the
consensus from all typed spermatozoa’s autosomal STR profiles from the same
donor based on their Y- and X-STR profile. As a full consensus profile includes
twice as much alleles than a full haploid profile, the power of match probability or
likelihood ratio calculations increases when using the consensus profile instead of
a haploid profile.
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A

14

Sperm 1

Y

Sperm 2

Y

Sperm 3

Y

Sperm 4

Y

14

Sperm 5

Y

14

Sperm 6

Y

18

8

28

32.2
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14
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32.2

X

14

Sperm 8

X

Sperm 9

X

Sperm 10

X

18

Sperm 11

X

18

18
14

X Y 14 18

8

32.2
28

8

15
12
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8

28

8

28

8

28

8

28
28

8

16

17.3

16

24

11

15

16

17

12

14

19
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10

17

22

13

14

21.2

27.2

17.3

14

16

24

11

24

11

15
16

11

17

12

17

12

17

12

14
14

12

14
15

14

16
15

16
14

21

10

17

10

17

19

13

100

88
14

22

88

14

27.2

14

16

12

12

14

14

12

Allele
recovery
(%)

SE33

D19S433

D12S391

D2S441

FGA

D8S1179

vWA

D22S1045

D16S539

D2S1338

D1S1656
14

18
16

15
18

14
14

8

8

D10S1248

D18S51
12

8

Sperm 7

Consensus

D21S11

X Y

TH01

Amelogenin

gDNA

D3S1358

Sample

Donor

Table 3.1.4.4. Consensus autosomal STR profile donor A.
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17.3
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7
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Table 3.1.4.5. Consensus autosomal STR profile donor B.
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In all, results have shown that using micromanipulation in combination with
REPLI-g single cell WGA full haploid autosomal STR DNA profiles as well as X-STR
or Y-STR DNA profiles can be obtained from single sperm cells. It must be taken
into account that the sperm cells used here were not mixed with epithelial cells or
dried and extracted from swabs. To address these questions, further experiments
were conducted of which results are described in the following paragraphs.
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3.1.5. Performance of WGA on single spermatozoa from mock sexual
assault swabs
In many sexual assault cases, enough sperm exists to be analysed using
conventional DNA extraction including differential lysis. However, in some cases
not enough spermatozoa are present which often results in not obtaining a DNA
profile. Additionally, in some sexual assault cases the number of spermatzoa is
not a problem, but a mixture of spermatozoa from different men; conventional
DNA extraction with differential lysis conditions is not able to separate the
spermatozoa fraction of one donor from the spermatozoa fraction of the other
donor. Furthermore, in some cases can include known and unknown suspects.
A typical casework scenario in which only a few sperm might be present could
consist of a teenage girl who fell asleep in a room at a house party and woke up
to find a male having vaginal intercourse with her. Since she was scared of
anyone finding out, she did not report the incident for a week. After 7 days she
went for medical examination upon talking to a friend. Vaginal swabs were taken
and were sent to the forensic laboratory. Studies have shown that the maximum
expected detection of semen on vaginal swabs is 7 days [104]. Based on this
information, the forensic scientist receiving this case rejected conventional DNA
extraction and profiling of the intimate swabs. Instead, DNA profiling of single
spermatozoa as described in this thesis could be performed. As mentioned before
in this thesis, not every sexual assault case includes a known suspect. Therefore,
in these cases no reference profile of a suspect is available for comparison.
Instead, the DNA profile is run through the national DNA database in order to find
a matching DNA profile.
Other case work could include a victim who was raped by two unknown males. In
this case DNA extraction and profiling of the intimate swabs from the victim could
give a mixed DNA profile. In order to perform a search from the national DNA
database, a clean (not a mixed DNA profile) DNA profile is required. Thus, a
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mixed DNA profile from two unknown suspects can prevent potential identification
by a national database search.
For all of these above described cases DNA typing of single spermatozoa could
allow DNA analysis and contribute to the identification of the suspect. In order to
verify the method of single spermatozoa DNA typing by using WGA as presented
in this thesis, mock sexual swabs spiked with semen from either one or two
known men were used. Additionally, mock sexual swabs spiked with semen from
either one or two unknown men were used for full validation of the method. A set
of reference DNA profiles of the sperm donors was established from mouth swabs
and saved as a mock DNA database. Autosomal DNA profiles obtained from the
single spermatozoa were compared to the reference DNA profiles in the mock
DNA database.
3.1.5.1. Mock sexual swabs with single male contributor
To investigate the performance of WGA on single spermatozoa from mock swabs
including semen from a single male, four swabs, each containing a different
known female donor and a different known male contributor, were used. Since a
DNA profile of a single spermatozoon could not always be obtained, the first
swab, “female A with male A”, was used to estimate how many spermatozoa had
to be analyzed to successfully obtain profiles from at least three spermatozoa.
From swab “female A with male A”, an autosomal STR profile was successfully
obtained from 6 out of 10 treated spermatozoa (table 3.1.5.1.1). Upon this
result, it was decided to isolate 7 spermatozoa from all mock swabs with a single
male contributor and 14 spermatozoa for all mock swabs containing two male
contributors.
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Table 3.1.5.1.1. Success rate of DNA typed single spermatozoa, average allele recovery as well as number of spermatozoa with
ADI from mock sexual assault swabs which included a single male contributor.

Successfully typed
spermatozoa

Average allele
recovery

Spermatozoa with ADI

(n)

(%)

(n)

Swab
Female

Male

N* Spermatozoa
isolated (n**)

Autos.

X

Y

Autos.

X

Y

Autos.

X

Y

A

A

10

5

3

2

55

83

29

0

1

0

B

B

7

7

4

3

56

69

49

1

0

C

C

7

2

0

1

59

-

61

-

0

D

D

7

2

2

0

77

67

-

0
1 (6
ADIs)
0

0

-

A

Unknown

7

1

0

1

59

-

52

0

-

0

Unknown

7

4

1

3

65

83

73

0

0

1

B
*

N = number

**

n = number
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As shown in table 3.1.5.1.1, all successfully typed spermatozoa contained alleles
matching the male contributor’s reference profile. The number of successfully
typed spermatozoa differed between the swabs. The robustness of spermatozoa
against environmental impacts e.g. freezing/thawing, drying or swab treatment
during cell extraction as well as the quality of the spermatozoa’s DNA is
important for successful DNA typing. Therefore, these two traits do probably
differ from person to person. Many studies have shown that sperm quality as well
as sperm count can be affected by factors such as lifestyle which can differ from
person to person [105]. As a result, the quality and number of spermatozoa in a
male’s semen can differ between individuals. This individual dependent sperm
quality could possibly explain the difference in success rates between the swabs
since each swab contained semen derived from a different person. On the other
hand, the WGA itself could have caused these differences due to under and over
representing loci of the spermatozoon’s whole genome during amplification. This
could lead to amplification of loci not relevant to forensic DNA profiling with no or
not enough amplification of relevant STR loci. Also, the number of ADI per sperm
differed between swabs and between spermatozoa from the same swab. WGA
product from only one spermatozoon contained ADIs. As the latter matched the
alleles from the female contributor, DNA left behind from the female fraction was
possibly transferred and co-amplified along with the spermatozoa’s DNA during
WGA. This was not as problematic as ADIs usually are, since only 1 out of 7
typed spermatozoa showed ADIs in its profile, the 6 ADIs were in addition to the
correct male alleles and the ADIs matched the female DNA profile, these alleles
can easily be filtered out by establishing the autosomal haploid profile of the
sperm.
The WGA products of all successfully autosomal typed spermatozoa were
subjected to both X- and Y-STR typing. As to be expected, all WGA products
which showed AMELX were positive for X-STR alleles, whereas no Y-STR alleles
were obtained. Vice versa, all WGA products containing AMELY generated Y-STR
alleles, but not X-STR alleles. Therefore, the results shown here by obtaining an
autosomal haploid profile as well as only either an X-STR profile or a Y-STR
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profile proves that only a single spermatozoon has been analyzed in each case.
Thus, together with the fact that alleles from both autosomal STRs and Y- or XSTRs match the male contributor’s reference profile, the applied strategy could
make it possible to examine DNA evidence containing only a few spermatozoa
which are usually too low in number for differential lysis and conventional PCR.
The technique used here could be useful in cases where intimate swabs were
taken late after sexual intercourse as presented in the example case scenario of
the girl who was raped at the party and went for medical examination after 7
days. Instead of using conventional DNA extraction, the intimate swabs could be
subjected to single spermatozoa profiling by using micromanipulation and WGA. A
possible result could be that two out of 7 spermatozoa derived WGA products
would be positive in autosomal STR profiling and generated a partial haploid
profile, both with AMELY. An ADI occurred at one marker from one spermatozoon
derived WGA product and matched the victim’s reference DNA profile. Y-STR
profiling was positive, but negative for X-STRs. These findings altogether confirm
only single spermatozoa were analysed.
Both autosomal haplotype profiles, as well as both Y-STR profiles matched the
accused reference DNA profile. The two haploid autosomal DNA profiles could be
used to calculate the match probability with the suspect’s diploid DNA profile.
Normally the matching probability is calculated by multiplying the genotype
frequency for each STR locus. The frequency per locus depends on if the locus is
homozygous or heterozygous. In case of partial diploid DNA profiles calculations
are different, since heterozygous markers with one allele dropping out is not the
same as a homozygous marker. A full haploid DNA profile, like the one from a
spermatozoon, contains neither homozygous autosomal STR loci nor is a partial
DNA profile. As each spermatozoon can theoretically produce a child (or is part of
a child) the alleles of the diploid profile make up half of the diploid profile of a
child.

Therefore, it is suggested to use a paternity based match calculation.

Here, the paternity index (PI) is used to determine how much more likely it is
that the alleged father (AF) is the biological father of the child than a random
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man [106]. The obligate alleles of the child’s DNA profile are used by subtracting
the maternal alleles of the child’s DNA profile. The alleles obtained from a single
spermatozoon are also the obligate alleles and can therefore be used in the same
way to calculate the probability. The question is how much more likely a haploid
profile is to be seen if the sperm was derived from the suspect (provided
consistency between the haploid genotype of the sperm and the diploid genotype
of the suspect) as compared to a random man from the population. The
corresponding likelihood ratio can be calculated based on the following rationale:
If for a locus in question the suspect's genotype is heterozygous, then the chance
for him to transmit the allele detected in the sperm's DNA is 0.5 (since he can
transmit either of two alleles); if the suspects genotype is homozygous then the
chance of transmitting the sperms allele will be 1. The chance to generate the
sperms genotype by a random man equals the population frequency of the
respective allele. For several STR loci, these values have to be multiplied.
For example, if the haploid profile of the spermatocyte were D3S1358 allele 15
and TH01 allele 9.3 and the suspect's genotypes at these loci were D3S1358
15,18 and TH01 9.3, the likelihood ratio (LR) would be calculated as follows:
LR = 0.5 x 1 /(P D3S1358 allele 15 x P TH01 allele 9.3) .
The outcome of the LR could enable the court to understand the strength of the
match.
Although the approach described in this study shows only a few spermatozoa are
needed for successful DNA typing, the number of spermatozoa from each swab
was high. Hence, additional experiments should be carried out, including mock
swabs with lower dilution of semen as well as casework samples to determine the
efficiency at lower spermatozoa count samples.

3.1.5.2. Mock sexual swabs with two male contributors
Mock swabs containing sperm originating from two male donors were also used to
test

the

described

protocol

of

single

spermatozoa

DNA

typing

using
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micromanipulation and WGA to be applicable to sexual assault cases in which the
victim was sexually assaulted by two men. Ideally from each donor 7
spermatozoa were typed. At first one swab, with two known male contributors,
male F and Male G, was tested. Here, 14 spermatozoa were isolated of which 12
generated an autosomal haploid profile (table 3.1.5.4.1). 4 autosomal haploid
profiles matched the reference profile of male F and the other 8 matched male G.
Furthermore, an X-STR profile was obtained from 6 spermatozoa. From the
remaining 6 spermatozoa, a Y-STR could only be obtained from 5 spermatozoa.
All obtained Y- and X-STR profiles matched the correct male reference profile.
ADIs were only noticed in two of the X-STR profiles where in each profile a single
ADI was observed. One of the ADIs was one repeat unit longer than the reference
allele and could therefore possibly be a slippage mutation. The other ADI differed
in 3 repeat units is less likely due to a mutation, though still possible. This ADI
could of course be due to contamination. However, the chance of ADI due to
environmental contamination during WGA needs to be investigated. This is to
conclude whether an ADI is due to a mutation or contamination. It did not match
the other male’s reference profile. It was not possible to confirm whether this ADI
was derived from the female's DNA, since the female’s reference DNA was not
tested for X-STRs.
Taken together, these results demonstrate successful DNA typing of spermatozoa
in a mixture sample of two male contributors. By using the approach described
here, X and Y-STR profiles can be used to assign each spermatozoon to the
correct male contributor. In a previous study the use of Y-STRs has been used in
mixtures to differentiate between single spermatozoa from different donors
[107]. However, only Y-STRs were used (no autosomal STRs). Y-STR profiles are
statistically less powerful than autosomal STR profiles for calculating match
probabilities. The complete Y-chromosome, including the Y-STRs, can namely
only be inherited paternally. This means that the Y-STR profile stays the same
through many generations resulting in many men having the same Y-STR profile.
Furthermore, using Y-STRs to differentiate spermatozoa from different male
contributors cannot be applied when the two male contributors are paternally
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related. As the gDNA of the spermatozoa in that study was used directly as
template in the Y-STR specific PCR, the approach did not allow for other analysis
like autosomal STRs. In contrast, the method described in this thesis does allow
for autosomal as well as X-/Y-chromosomal STR analysis at the same time from
each spermatozoon. Hence, this method could also be suitable in case the male
contributors are paternally related to each other.
In conclusion, the results here showed that it is possible to avoid mixed DNA
profiles no matter how many males there are by single DNA profiling using the
method described in this study.
3.1.5.3. Mock sexual swabs with a single “unknown” male contributor
In order to determine whether the single spermatozoa DNA profiling method
facilitates the correct identifying unknown perpetrators, mock sexual swabs
containing a single unknown male contributor were used. Multiple single sperm
were typed. Reference profiles of all male and female donors contributed to this
study were used as an internal database. After autosomal haplotypes as well as
X- and Y-STR profiles were obtained, profiles were compared with the reference
profiles in the database to find a possible match.
All successfully typed spermatozoa contained alleles that matched the male
contributor’s reference profile. From one swab, a profile could be obtained only
from one spermatozoon out of seven. The autosomal haploid allele recovery of
this spermatozoon was 59% (table 3.1.5.1.1). Despite of the low success rate,
the allele recovery was high enough to match the correct reference profile within
the internal database. Also with the other swab, with a success rate of 4 out of 7
typed spermatozoa, it was possible to match the correct reference profile. One of
the 4 successfully typed spermatozoa showed one ADI in its Y-STR profile. Since
this ADI was only 1 repeat different from the reference allele number, no second
allele of the same locus was seen and no further ADI were noticed at the other 22
markers of this Y-STR profile, the ADI was presumed to be a mutation. However,
one cannot rule out that the ADI may be due to an environmental contamination
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since WGA is an extremely sensitive amplification technique and a study to
determine environmental contamination rates was not carried out in this study.
Having successfully typed spermatozoa from swabs containing an unknown male
donor, the above method could be applied for sexual assault cases when the
offender is unknown.
3.1.5.4. Mock sexual swabs with two “unknown” male contributors
Just as assailants in sexual assault cases involving a single offender can be
known or unknown, so can assailants in sexual assault cases in which multiple
offenders are involved. Therefore, the single sperm DNA typing method
presented in this thesis was tested on mock sexual assault swabs containing
semen from two unknown male contributors. From one swab an autosomal STR
haplotype profile from 12 of the 14 isolated spermatozoa was obtained (table
3.1.5.4.1). The success rate of the other swab was slightly lower, with 10 out of
14 successfully typed single spermatozoa. From both swabs autosomal STR
profiles as well as X- and Y-STR profiles matched the correct reference profiles.
Both male contributors of the second swab were identified by comparing the 10
autosomal haplotypes to the reference profiles in the “internal database”. Two of
the haplotypes matched with male A and the other 8 matched with male G. From
the other swab all 12 obtained autosomal haplotypes matched one and the same
reference profile in the database. Therefore, only one of the male contributors,
male F, was identified. This could possibly be explained by person dependent
sperm quality differences [105]. Also the concentration of spermatozoa in semen
could differ from person to person which could have led to a ratio different from
1:1. The presence of spermatozoa from one person would then be more
abundant than spermatozoa from the other contributor. This could have led to
the isolation of more (or only) spermatozoa from one contributor. Another
possible cause for the result obtained, result could be statistical sampling where
by chance all 12 isolated spermatozoa were derived from the same donor.
Although if the number of spermatozoa from each contributor are in equal
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amounts, the chance that all 12 isolated spermatozoa are from the same
contributor would be very low, namely P=2.44 *10⁴ (P= 1 / 2¹²).
The mock swabs containing unknown male contributors used here, demonstrated
that it is possible to assign and identify male contributors by single spermatozoa
DNA profiling without generating mixed profiles. DNA profiling of single
spermatozoa as described in this study could therefore be applied to use similar
samples such as intimate swabs from victims who had been subjected to a
multiple-offender rape scenario.
In sexual assault case work that entails mixtures of two unknown suspects would
normally complicate the search in the national DNA database. Although the
results in this study have shown that mixtures can be avoided by using single
spermatozoa DNA profiling, the method presented here enables for DNA database
searches no matter how many unknown males contributed to the sample.
Therefore, this method can greatly benefit forensic case work.

110 | P a g e

Table 3.1.5.4.1. Success rate of DNA typed single spermatozoa, average allele recovery as well as number of spermatozoa with
ADI from mock sexual assault swabs which included two male contributors.

N successfully
typed spermatozoa

Average allele recovery

N Spermatozoa with
ADI

(n)

(%)

(n)

Swab

Female
F
E
F

Male 1

Male 2

N*
Spermatozoa
isolated
(n**)
Autos.

X

Y

Autos.

X

Y

Autos.

X

Y

F

G

14

12

6

5

76

75

51

0

2

0

Unknown

Unknown

14

12

4

8

73

85

71

1

0

0

Unknown

Unknown

14

10

7

3

38

69

52

0

1

0

*

N = number

**

n = number
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3.1.6. Conclusion
Briefly, the micromanipulation method described here in combination with WGA
enabled DNA profiling of single spermatozoa. The single spermatozoa DNA
profiling method allows to analyse autosomal STRs as well as X- and Ychromosomal STRs from the same spermatozoon. Therefore, the method
described in this thesis facilitates the avoidance of mixtures of multiple males
while producing single profiles, demonstrating great potential for casework.

.
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3.2. Skin flakes

3.2.1. Introduction
In order to develop a method which enables successful forensic DNA profiling of
single skin flakes multiple different experiments were performed. First different
staining assays were assessed and compared based on their discrimination power
and PCR compatibility/inhibition (chapter 3.2.2.). Second, multiple different DNA
extraction methods on skin flakes were assessed based on rate of dissolving skin
flakes and PCR inhibition (chapter 3.2.3.). Then, the selected DNA extraction
method was tested with single skin flakes in combination with a direct PCR
approach on the lysate and assessed based on allele recovery (chapter 3.2.4.).
Afterwards, the WGA method, which was used for single spermatozoa in this
thesis, was also applied to determine its impact on DNA profiling of single skin
flakes based on allele recovery (chapter 3.2.5.).
The combination of the selected staining method and DNA extraction method was
then tested on skin flakes secured from mock mixed DNA evidence as part of the
validation process (chapter 3.2.6.). The mock DNA evidence consisted of pillows
touched by a single or multiple persons. Additionally, the quantity and quality of
DNA of single skin flakes was investigated by DNA profiling of single skin flakes
from different persons using the method described in this thesis (chapter 3.2.7.).
Finally, the performance of a mini-STR based NGS approach on single skin flakes
was assessed based on allele recovery in comparison with the conventional PCR
and CE approach (chapter 3.2.8.).
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3.2.2. Staining of skin flakes on tape liftings
The following figures show a series of tape liftings on which only skin flakes
(figure 3.2.2.1) or particles from hair products (figure 3.2.2.2 and figure 3.2.2.3)
were secured. Morphologically skin flakes and the hair product particles are
different from each other and could be distinguished from each other.

Figure 3.2.2.1. Microscopic view with 6x magnification (A) as well as a close up with 25x
magnification (B) of skin flakes on a tape lifting.

Figure 3.2.2.2. Microscopic view with 6x magnification (A) as well as a close up with 25x
magnification (B) of hair gel particles on a tape lifting.
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Figure 3.2.2.3. Microscopic view with 6x magnification (A) as well as a close up with 25x
magnification (B) of beach matt particles on a tape lifting.

However, this can get complicated when tape liftings contain a mixture of skin
flakes and hair product particles as seen in figure 3.2.2.4. In order to make skin
flakes visible on tape liftings and to distinguish them from hair product particles,
Orange G, methylene blue and trypan blue were used for staining. They were
investigated to confirm whether a single or a combination of two dyes could
highlight skin flakes while providing discrimination from hair product particles.

Figure 3.2.2.4. Microscopic view (6x magnification) of skin flakes mixed with hair gel
particles on a tape lifting (A) as well as skin flakes mixed with beach matt on a tape
lifting.
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Among all the stains, Orange G performed the best. Skin flakes on tape liftings
that were stained with Orange G turned bright orange (see figure 3.2.2.5). This
was expected, since Orange G is used to selectively stain keratin [44]. However,
the tape lifting adhesive remained unstained.

Skinflakes staining
Dye

Before

After

Orange G

Methylene blue

Trypan blue

Figure 3.2.2.5. Results on efficiency of different dyes on staining skin flakes on tape
liftings. Skin flakes secured on tape liftings where stained with Orange G, methylene blue
or trypan blue. Microscopic images where taken before and after each different staining.
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Furthermore, particles from both hair gel and beach matt remained unstained
(see figure 3.2.2.6 and figure 3.2.2.7). This makes Orange G a very good
candidate dye to highlight skin flakes on tape liftings and discriminate them from
other particles. This was clearly seen when Orange G was applied to tape liftings
with skin flakes mixed with either hair gel particles or beach matt particles (see
figure 3.2.2.8). Here, not all particles were highlighted after staining. From the
tested concentrations (0.5% - 5%) a 3% Orange G staining was chosen for
further experiments as this was the optimal concentration for specifically
highlighting skin flakes on tape liftings.

Hairgel staining
Dye

Before

After

Orange G

Methylene blue

Trypan blue

Figure 3.2.2.6. Results on efficiency of different dyes on staining of hair gel particles on
tape liftings. Hair gel particles secured on tape liftings where stained with Orange G,
methylene blue or trypan blue. Microscopic images where taken before and after each
different staining.
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Beach matt staining
Dye

Before

After

Orange G

Methylene blue

Figure 3.2.2.7. Results on efficiency of different dyes on staining of beach matt particles
on tape liftings. Beach matt particles secured on tape liftings where stained with Orange
G and methylene blue. Microscopic images where taken before and after each different
staining.

Staining with Orange G
Particle type

Before

After

Hairgel + skin flakes

Beach matt + skin flakes

Figure 3.2.2.8. Results on efficiency of Orange G on differentiating skin flakes from
different hair product particles on tape liftings. Tape liftings with mixtures of skin flakes
with hair gel or with beach matt particles where stained with Orange G. Microscopic
images where taken before and after the staining.

In contrast to Orange G, methylene blue turned out not to be a suitable
candidate.

Skin

flakes

turned

blue

after

staining

with

methylene

blue.
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Furthermore, the adhesive surface also turned blue when clean tape liftings were
stained with several concentrations (0.1 – 1.5%) of methylene blue. Even at the
lowest concentration (0.1%) the skin flakes and the adhesive turned blue. In
addition, particles from hair gel and beach matt turned blue when stained with
methylene blue (see figure 3.2.2.6 and 3.2.2.7).
Results obtained with trypan blue were like those obtained with methylene blue.
Trypan blue had been used in previous studies to stain tape liftings to highlight
skin flakes and other bio particles [33]. Like in previous studies, trypan blue did
not stain the adhesive surface of the tape liftings in the present study. However,
trypan blue stained other particles from biological origin too and would therefore
not be suitable as a selective dye to highlight skin flakes. It was unknown
whether trypan blue would also stain hair product particles. Though, when tested
on hair product particles, hair gel turned blue while with beach matt the blue
colour was less intense. Therefore, trypan blue was not a suitable dye and its use
on skin flakes was discontinued.
As the lysates from stained skin flakes will ideally be used directly for PCR, the
staining with Orange G should not interfere with subsequent DNA analysis.
Therefore, Orange G was tested on PCR inhibition by adding different amounts
(2% - 5%) of Orange G together with gDNA to the PCR master mix and checked
electropherograms on profile quality.
Experiments on PCR inhibition revealed no inhibition when PCR was performed
with 1µl 2% Orange G was added to the master mix. This concentration is far
higher than the amount of Orange G which is actually added when adding crude
lysate from a stained and lysed single skin flake. This also makes Orange G a
suitable dye in cases when no DNA purification of the lysed sample is preferred.
However, 3% Orange G and higher exhibited strong PCR inhibition (figure
3.2.2.9).
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Figure 3.2.2.9. Electropherograms that show inhibitory effects of 1µl 2% (A), 3% (B),
4% (C) and 5% (D) of Orange G on PCR. The relative fluorescent units (RFU) is set on
the Y-axis and the allele numbers with the corresponding RFU is labelled in a box
underneath each allele peak. On top, the X-axis represents the fragment size in base
pairs (bp) with the allele corresponding STR locus name above in the grey horizontal
bars. The vertical grey lines are allele bins which are located at each fragment size at
which a potential allele could be detected.

Altogether, the keratin selective staining property makes Orange G an excellent
dye to highlight and discriminate skin flakes from other particles on tape liftings
in forensic casework. This enables more specificity and less time-consuming
isolation of skin flakes from tape liftings for downstream DNA analysis.
Furthermore, skin flakes stained with Orange G do not require any DNA
purification since Orange G does not inhibit PCR at the quantities required. This
makes Orange G compatible with direct PCR assays of crude lysate. So far, no
other dye has been reported in literature that had been used to highlight skin
flakes on tape liftings. In contrast to many fluorescent dyes, Orange G is not
expensive and does not require fluorescence which makes expensive fluorescent
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microscopes unnecessary. In addition to its stability and the simple/fast staining
protocol, makes Orange G a suitable dye easily implemented in a forensic biology
laboratory. Tape liftings used in this study have been used for decades, which
mean cold cases containing these tapes can also be stained and analysed with
Orange G.
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3.2.3. DNA extraction from skin flakes
Several lysis protocols were tested on bulk skin flakes in order to select one that
is the most efficient in breaking down skin flakes to release their gDNA. The
Chelex protocol described in a study by Lorente et al. (1998) [35] was the least
efficient one (table 3.2.3.1). It was not able to dissolve most of the skin flakes
after 3 hours. Even after 12 hours the number of undissolved skin flakes did not
change noticeably. This was expected since Chelex is a metal ion binding resin
and has no other lysing properties such as solubilizing lipids or degrading
proteins.
Table 3.2.3.1. Efficiency of solvation of skin flakes by different lysis protocols.

Lysis protocol

Level of skin flake
solvation

Chelex
Chelex + Prot K + Tween20
NaOH
NaOH + Tween20

+
*
- / +++
+++

*In contrast to skin flakes donated during the colder months, skin flakes donated during the
warmer months did not dissolve.

Also the Chelex based protocol described by Schneider et al. (2011) [37] was not
able to break down skin flakes after 3 hours. However, extended incubation
improved results since 12 hours incubation, did dissolve more intact skin flakes.
Components that are often used in lysis buffers include proteinase K and
Tween20 were not included in the protocol of Lorente et al. (1998). These
components were probably responsible for the better results observed in the
Chelex protocol of Schneider et al. (2011) [37] compared with the results
observed with the protocol of Lorente et al. (1998).
However, both NaOH based protocols gave the best results. Even after a 3 hours
incubation, all skin flakes were broken down and dissolved. Worth noting that
these alkaline based protocols did not contain proteinase K or other protein
digesting components and yet they perform best in digesting skin flakes. This is
122 | P a g e

probably due to the denaturing and hydrolytic potential of the alkaline buffer.
Proteinases are often used to digest simple proteins. For more complex proteins
including proteins with disulfide bonds, they are digested with proteinases in
combination with a reducing agent such as DTT. The reducing agent opens the
disulfide bonds and helps denaturing the protein [108]. Only then proteinases are
able to efficiently digest the protein. The keratin which is present in skin flakes,
hairs, feathers, nails and horns is a very complex protein and requires at least an
agent which breaks up the disulfide bonds in order to denature and enable
digestion by proteinases. In previous studies it was found that the use of an
alkaline buffer was highly effective in dissolving chicken feathers and sheep wool
[89,109]. This was in contrast to the use of proteinases such as proteinase K and
reducing agents such as DTT which did not work as efficiently. Also, the ability to
dissolve in liquid seems to be of importance for digestibility by proteinases, as
undissolved solid proteins won't be as accessible [89,108,109]. After incubation,
the pH of the alkaline buffer was neutralized, a white precipitate was observed.
That white precipitate could be salts. However, as keratin is not soluble in neutral
pH solutions, the white substance could also be explained by keratin precipitated
out from the solution. These findings agree the results in a study where an
alkaline buffer in combination with a neutralizing buffer was used to isolate
keratin from chicken feathers [89].
However, the NaOH protocol without Tween20 did not work with skin flakes
donated during the warmer months in contrast to skin flakes donated by the
same persons during the winter months. Even after 12 hours, solvation did not
occur. The human skin can be less fatty during the colder and drier winter
months than it is during the warmer more humid time of the year [110].
Tween20 is a non-ionic detergent which solubilizes membrane proteins and
emulsifies lipids. As only the Tween20 containing alkaline buffer was able to
dissolve skin flakes donated in both seasons, the skin flakes donated during the
warmer more humid months probably contained more fat. As the feathers in a
previous study were first defatted prior to dissolve them by an alkaline solution, a
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fatty layer surrounding the surface of the skin flake could protect it from
dissolving by NaOH [89].
The Tween20 containing alkaline buffer was selected as a potential skin flake lysis
buffer for further experiments in this project. In order to use the crude lysate
directly as template DNA for PCR, the NaOH+Tween20 buffer after neutralisation
with HCl was tested on PCR inhibition. Using a buffer containing 0,6M NaOH
(neutralized with 0.6M HCl) PCR inhibition was noticed. Though, no inhibition was
observed at 0.3M concentrations of NaOH (and HCl). Therefore, the neutralized
crude lysate needed to be 1:2 diluted with DNA free water in order to be directly
used as template for PCR. Since adding water meant also diluting the amount of
gDNA residing in the crude lysate, lysis of skin flakes was tested with 0.3M NaOH
instead of 0.6M NaOH. As 0.3M NaOH was as efficient as 0.6M NaOH in lysing
skin flakes, that concentration was selected for further experiments including
testing on single skin flakes.
The 0,3M NaOH + Tween20 buffer was able to dissolve single skin flakes for most
of the skin flakes within 3 – 12 hours. However, this greatly depended on the
morphology or type of skin flakes. Aside from the more abundant flat skin flakes,
skin flakes looking like clumps were also seen (figure 3.2.3.2.).

Figure 3.2.3.2. Microscopic views of the clump morphotype of skin flakes with 25x
magnification from person A (A) and from person B (B).
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Therefore, two types of skin flakes were characterized within this study. The flat
skin flakes were almost all able to be lysed within 3 hours. However, the clumpy
skin flakes were not yet completely lysed after 9-12 hours. To improve lysis of
these clumps, mashing single skin flake clumps was performed using a scalpel on
a clean microscopy slide before adding to the lysis buffer. This greatly improved
lysis efficiency enabling complete lysis within 12 hours. The reason why the
clump type of skin flakes was more difficult to lyse is probably the higher amount
of keratin and/or fatty compounds. Results from longer incubation time and
smashing as pre-lysis treatment support this hypothesis. Prolonged incubation
enables the skin flake to interact more with the alkaline environment by
penetrating deeper into the flake due to increased swelling. This would increase
the molecular surface available which results into more dissolving of keratin. Also
mashing the skin flake increases the surface area that interacts with the alkaline
environment and leads to more dissolving of keratin.
Interestingly, the DNA content measured by the ALU based qPCR was dependent
on both size of the skin flake and donor individual (figure 3.2.3.3). Although, DNA
content of skin flakes increased with size when flakes were derived from person
A, the average DNA content for small and big skin flakes was very low compared
to skin flakes with the same size from person B. The average DNA content of
clumps from person A was much higher when compared to clumps from person B.
However, this was only due to one clump of which the crude lysate contained
7ng/µl DNA (84ng in total). The DNA concentration of the other clumps from
person A was around 1ng/µl or lower. A possible explanation for the higher DNA
content in the big skin flakes compared to small skin flakes could be the higher
number of epithelial cells or intact nuclei present in big skin flakes. Although
clumps are not always bigger than small or big skin flakes, among all three
morphological types, clumps contained the most amount of DNA on average. A
hypothesis for this observation could be that clumps consist of many epithelial
cells packed tightly together. This could be a reason why these clumps were so
hard to lyse in comparison with the flat skin flakes. The more and tighter keratin
containing cells are packed together, the harder it would be for them to lyse.
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Figure 3.2.3.3. Boxplot showing gDNA concentration in ng/µl of small, big and clump like
skin flakes derived from two persons (Person A and Person B). For each size the gDNA
concentration of five skin flakes was determined per person. The black line within each
box represents the median of the gDNA concentration.

In the skin flakes, the proteins such as keratin are broken down, denatured and
subsequently dissolved. This in turn releases the DNA which was captured by the
keratin matrix.

As previously discussed, keratin precipitates after neutralisation.

This means that proteins are still undigested and are present in the lysate.
However, the presence of these proteins appears not to inhibit subsequent PCR,
since the present results of measuring DNA concentration show DNA has been
detected in many single skin flakes lysates.
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3.2.4. Performance of direct PCR on single skin flakes
In order to prevent contamination and minimum loss of DNA, a direct PCR of the
skin flakes’ crude lysates was chosen rather than a DNA purification-based
approach. PCR was carried out by adding 1µl of the skin flakes’ crude lysates in a
5µl total reaction volume ESX17 multiplex PCR. 1µl PCR product was analysed by
CE. Allele recovery was calculated by calculating the percentage of alleles
recovered from the skin flakes in comparison with the reference profile obtained
from the donor’s extracted mouth swab gDNA.
Results on DNA typing of single skin flakes by direct PCR was found to be
successful since DNA profiles were obtained. However, changes in allele recovery
among skin flakes with different morphology were observed (figure 3.2.4.1). On
average the bigger skin flakes resulted in higher allele recovery than the smaller
skin flakes. However, the number of alleles that were recovered from clumpy skin
flakes was even higher than from the bigger skin flakes.

Figure 3.2.4.1. Differences in allele recovery of autosomal STRs of different
sizes/morphological types (small, big and clumps) of skin flakes. Allele recovery is
presented in %. Bars represent the average allele recovery. Error bars indicate the
standard deviation.
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The largest difference in allele recovery was seen between two donors (figure
3.2.4.2). The same trend was seen in between different sizes with person A.
However, the average allele recovery of different sizes of skin flakes derived from
person B were similar (around 80%).

Figure 3.2.4.2. The effect of person A (A) and person B (B) on the allele recovery of skin
flakes. Allele recovery is presented in %. Bars represent the average allele recovery.
Error bars indicate the standard deviation.

The rate of ADIs was very low: One ADI was observed in only one out of all 60
skin flakes analysed.

Figure 3.2.4.3. The effect of two different persons (A = person A, B = Person B) and
different sizes (small, big and clump) of skin flakes on allele recovery. Allele recovery is
presented in %. Bars represent the average allele recovery. Error bars indicate the
standard deviation.
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Altogether, results showed DNA profiling of single skin flakes was possible by
using the method DNA extraction without DNA purification described in chapter
3.2.3. DNA can adhere to the walls of the tubes and pipette tips [16]. That is why
pipetting steps and a step of transferring the extracted DNA to another tube
(often included in DNA purification protocols) can cause a loss of DNA. The
method presented here enables DNA profiling of single skin flakes without
purification

of

the

DNA

from

the

lysate

or

any

other

steps

of

pipetting/transferring. This keeps the loss of DNA to a minimum.
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3.2.5. Performance of WGA on single skin flakes
REPLI-g was applied on DNA from skin flakes to investigate whether WGA could
improve the allele recovery of skin flakes that had not been successfully typed
with the direct PCR method.
Initial results did not show any improvement at all. Strikingly, no allele peaks
were displayed in the generated electropherograms. It was hypothesized the
amount of salts present in the crude lysates might have led to an inhibition of the
WGA reaction. According to the instruction’s manual, the REPLI-g Single Cell WGA
should not be performed with alkaline and/or neutralization buffers or DTT that
are higher in concentration than the original protocol. Additionally, Tween20 was
also present. However, Tween20 is often included in the PCR master mixes and
so, its presence was not expected to inhibit the WGA reaction.
To determine whether the hypothesis of higher salt concentration to be inhibitory
to the WGA reaction, an experiment was executed. gDNA with a concentration
high enough, 100pg (the equivalent of approximately 16 somatic cells), as an
effective template was added to the reaction tube. Also, the effect on the
presence of the lysis buffer that came with the REPLI-g kit was tested. Although
the

controls

were

positive,

no

allele

peaks

were

obtained

in

the

electropherograms generated from experimental samples. These findings support
the

above

hypothesis. Thus, it can

be

concluded that the

higher salt

concentrations from the lysis buffer is likely cause of the inhibition of the WGA
reaction. Furthermore, WGA by using REPLI-g was not suitable with single skin
flakes in the workflow used in this thesis. This does not rule out the possibility of
successful WGA after removal of the salts and could be tested on single skin
flakes in future research. A possible strategy might be to clean up the crude
lysate from salts with a silica column or magnetic beads-based DNA purification.
However, the added pipetting and washing steps may result in the loss of the
already low DNA content. This can be expected when using silica spin columns
which can result into more than 20% of DNA loss [111]. This can subsequently
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lead to losing all copies of a certain allele or marker which results in ADOs
following WGA.
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3.2.6. DNA profiling of single skin flakes from mock DNA samples
Highlighting and DNA profiling of skin flakes on tape liftings, as the approach
used in this thesis, was first performed on pillows at which DNA was deposited on
(chapter 3.2.6.1). This type of DNA evidence was produced by having 4 persons,
of which each had laid with their head down on a single pillow for 30 minutes as
naturally as possible. Afterwards, tape liftings were taken from each pillow and
stained to highlight any skin flakes recovered from the pillows. Highlighted single
skin flakes were treated with the alkaline DNA extraction protocol and crude
lysates where subsequently used in direct PCR for STR amplification. Allele
recovery and ADI were determined by comparing the skin flakes profiles with the
reference profiles of participating persons in the experiment.
As part of the validation process, the approach used above was tested on mock
mixed DNA evidence (chapter 3.2.6.2.). For this, another set of 4 pillows with
deposited DNA was used. In contrast to the first set of pillows, the second set
included pillows where multiple persons had laid down on (see table 3.2.6.2.1)
and was prepared on a different day as the first set was prepared on. Other than
allele recovery and number of ADIs, the number of persons that had laid on the
pillow was also determined by applying the single skin flake analysis approach.

132 | P a g e

3.2.6.1. Skin flakes from pillows used by one person
Skin flakes were successfully highlighted with Orange G by staining the tape
liftings taken from the pillows where one person had laid down on. (figure
3.2.6.1.1).

Figure 3.2.6.1.1. Microscopic views of skin flakes on a tape lifting recovered from a pillow
which person C had laid down on. (A) Multiple skin flakes could be highlighted after tape
liftings were stained with Orange G (60x magnification). (B) Regular flat skin flakes as
well as clump like skin flakes were found (25x magnification).

Figure 3.2.6.1.2. Profile quality of single skin flakes recovered from pillows which were
laid down on by a single person.
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Figure 3.2.6.1.3. Proportion of clean profiles and profiles with ADI generated from single
skin flakes recovered from pillows which were laid down on by a single person.

DNA typing of single skin flakes recovered from pillows was successfully
performed. 58% of all skin flakes generated partial profiles, of which almost half
still showed an allele recovery of more than 50% (figure 3.2.6.1.2). In 17% of all
skin flakes no alleles were detected. ADIs were observed but were with only 7%
of profiles containing ADI quite rare (figure 3.2.6.1.3).
In a previous study on DNA typing of single skin flakes a full profile success rate
of around 5% was reported [37]. In contrast, in 25% of all skin flakes analyzed in
the present work, full profiles were obtained (figure 3.2.6.1.2). This makes the
protocol of single skin flakes analysis described here significantly more effective
than current available methods. The skin flakes specific staining protocol used in
this

study

decreases

the

chance

of

isolation

of

other

particles

that

morphologically resemble skin flakes and subsequently yield negative profiles.
Furthermore, currently available protocols include DNA extraction with many
pipetting and washing steps hence increases the chance of losing DNA. Other
protocols use a Chelex based protocol or include DNA extraction in the PCR
mastermix [33,35,37,41]. This may work for many types of cells or tissue.
However, the keratin in skin flakes makes them difficult to lyse. The protocol
used in this work includes a simple lysis step specifically designed to release DNA
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from high keratin containing samples and requires no pipetting/transferring or
washing steps. Altogether, this decreases the chance of negative DNA profiles
due to losing DNA and/or inefficient lysis of skin flakes.

Figure 3.2.6.1.4. Person specific average allele recovery of single skin flakes recovered
from pillows which were each laid down on by a single persons (person A, person B,
person C and person C). Allele recovery is presented in %. Bars represent the average
allele recovery per person (A = person A, B = person B, C = person C, D = person D).
Error bars indicate the standard deviation.

As seen in previous experiments described in the present work, the average allele
recovery of single skin flakes differed also within this experiment between donors
(figure 3.2.6.1.4). Several skin flakes generated a full profile. These were all
derived from Person D, whose skin flakes generated also the highest allele
recovery on average of all four donors. A full DNA profile of a single skin flake
from person D can be seen in appendix III. The cause of this difference is
unclear. The only difference which correlates to the findings is age. The older the
donors, the higher the average allele recovery was observed in this study. To
truly conclude whether age is a significant factor in explaining the difference in
allele recovery, skin flakes from more donors of different ages need to be
analysed.
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3.2.6.2. Skin flakes from pillows used by multiple persons
Profiles were successfully obtained from 72% of all typed skin flakes derived from
pillows which were touched by multiple persons. Of these positive profiles, only
15% were classified as mixed profiles. 35 of 57 typed skin flakes generated a
clear single profile. (see figure 3.2.6.2.1 and figure 3.2.6.2.2). In total profiles
showed on average 61% (SD 35%) allele recovery.

28%

Amount of
negative
profiles
Amount of
positive
profiles

72%

Figure 3.2.6.2.1. Pie chart visualising the proportion of positive and negative DNA
profiles obtained from single skin flakes recovered from 4 pillows at which multiple
persons had laid down on.

15%
Amount of clean
positive profiles
Amount of mixed
profiles
85%

Figure 3.2.6.2.2. Pie chart visualising the proportion of positive profiles (DNA profiles
showing alleles and were generated from single skin flakes recovered from pillows
where multiple people had laid down on) which were clean (no mixture or ADI) and the
proportion of positive profiles which showed a mixture.
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As in the experiments with single donors (chapter 3.2.6.1), the average allele
recovery between person A, B, C and D did significantly differ (P = 1.41E-05).
Skin flakes from Person D generated profiles with on average a much higher
allele recovery than all other persons within this study.
For all the pillows that were touched by different persons, all persons that
touched the pillows were detected. The number of times each person was
detected differed from pillow to pillow (figure 3.2.6.2.3). However, it was noticed
that for each pillow the person who was detected the most was the last person
who had touched the pillow (table 3.2.6.2.1). One explanation for this
observation could be that DNA was picked up by subsequent contacts, thus
lowering their number of skin flakes. This explanation is further supported by
previously described study that reported friction to increase transfer [112].

Figure 3.2.6.2.3.Overview on the rate of detection of different persons on each pillow by
DNA-typing of single skin flakes. Four pillows (pillow A, pillow B, pillow C, pillow D) at
which 2-3 persons laid down on (person A, person B, person C, person D) were used to
recover skin flakes. The different pillows are shown at the X-axis. The blue (person A),
red (person B), green (person C) and purple bars (person D) represent the number of
times the person’s DNA profile was detected on each pillow. The number of times of
detection is set on the Y-axis.

137 | P a g e

Table 3.2.6.2.1. Order by which different persons laid down after each other on each
pillow.

Pillow
A
B
C
D

Persons and order of laying down
B -> A
A -> C
C -> D -> A
D -> B -> C

Furthermore, a fourth person, person B, was detected on pillow C (figure
3.2.6.2.3). This was surprising, since person B did not lie down on pillow C (table
3.2.6.2.1). On the other hand, indirect transfer could have taken place which
caused the detection of person B on pillow C. Skin flakes from person B could
have been transported by person A from pillow A to pillow C. Such transportation
of skin flakes would be a form of indirect transfer. Direct as well as indirect
transfer of touch DNA or trace DNA has also been described in literature [113].
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3.2.7. The effect of quantity and quality of DNA on allele recovery of
single skin flakes
DNA typing of skin flakes has been successfully performed [35,37,114]. However,
Schneider et al (2011) showed the rate of obtaining full profiles of single skin
flakes is low [37]. In a previous study it was concluded that the low rate was
mainly due to not enough gDNA present in skin flakes. However, the
integrity/quality of the gDNA can also be contributory factor for the large number
of incomplete profiles. This can be seen in figure 3.2.7.1 where a part of the
electropherogram from a single skin flake is showing the effect of degraded DNA.

Figure 3.2.7.1. Part of an electropherogram from a single skin flake showing the effect of
DNA degradation on allele recovery. The height of the allele peaks drops as the size
increases. Peaks represent the amplicons of different alleles amplified using multiplex
PCR and detected by capillary electrophoresis. The relative fluorescent units (RFU) are
set on the Y-axis and the allele numbers with the corresponding RFU is labelled in a box
underneath each allele peak. On top, the X-axis represents the fragment size in base
pairs (bp) with the allele corresponding STR locus name above in the grey horizontal
bars. The vertical grey lines are allele bins which are located at each fragment size at
which a potential allele could be detected.

As degraded DNA contains less high molecular DNA the chance to amplify loci
decreases with amplicon size. As a result the height of the peaks decreases with
the fragment size and large alleles are starting to drop out as seen with both
alleles from SE33. Although Schneider et al (2011) [37] did obtain more full
profiles with the mini-STR multiplex PCR kit, the influence of the integrity of the
DNA from skin flakes on the allele recovery was not investigated yet. To
determine whether both the quantity or quality or a combination of both affected
the allele recovery, the amount of gDNA and quality of gDNA of multiple single
skin flakes was determined by using an ALU based qPCR method. Furthermore,
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the allele recovery was determined from each skin flake by using PowerPlex
ESX17 and capillary electrophoresis. Correlations were calculated to determine
whether the amount of DNA and/or the level of DNA degradation had any
influence on allele recovery.
A moderate positive correlation (Pearson’s correlation = 0.53) was determined
between the quantity of DNA and allele recovery. In figure 3.2.7.2 a logarithmic
trend can be clearly seen; showing increased allele recovery with increasing
amount of DNA. This observation agrees with similar results reported by
Schneider et al. (2011) [37].

100

y = 11.37ln(x) + 83.47
R² = 0.8092

90

Allele recovery (%)

80
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0.001

0.01

0.1

1

10

100

[gDNA] (ng/µl)
Figure 3.2.7.2. Scatter plot of showing the relationship between the amount of gDNA in
ng/µl (set on the X-axis) and allele recovery in % (set on the Y-axis) of the lysates of
single skin flakes. Each data point (rectangles) represents a single skin flake.

DNA degradation was also determined.

The level of DNA degradation is specified

by the degradation index and was calculated by dividing the DNA concentration
measured with the small ALU amplicon through the DNA concentration measured
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with the big ALU amplicon which gets degraded first because of its size. A
degradation index of 1 means no degradation whereas a degradation index of 1›
means degraded DNA. The higher the degradation index, the more the DNA is
degraded. There was only a very weak positive correlation between the degree of
degradation and the allele recovery (Pearson’s correlation = 0.08).
As the level of DNA degradation gets more complicated with decreasing amounts
of DNA, a second correlation calculation was performed by only including data
from samples with a concentration of 0,100ng/µl (approximately 16 somatic cells
per µl) or more (table 3.2.7.1). This showed a moderate negative correlation
between degradation level and allele recovery (Pearson’s correlation = -0.30). On
the other hand, the correlation between concentration and allele recovery
dropped slightly (Pearson’s correlation = 0.45). This is probably due to at some
concentration of DNA the allele recovery will not increase any further. For this
reason many forensic multiplex STR kits recommend a template DNA amount of
0.5ng or more per PCR to guarantee full DNA profiles [115].

Because results had shown both quantity and quality of gDNA correlates to allele
recovery, it can be concluded that both factors determined the quality of a DNA
profile (not just the amount of gDNA). Thus, a sample with a high concentration
of gDNA can give a full profile, but can also result in just a partial profile because
of degradation which was for example seen in sample D7 (table 3.2.7.1). Here,
0.326ng of gDNA was used as template DNA. The PCR kit used requires a
minimum amount of 0.050ng (approximately 8 somatic cells) of intact gDNA to
generate a full DNA profile. Even though this minimum amount is exceeded 6fold, the allele recovery was only 55% due to the high level of degradation (DI =
8.81).
The degradation level is even more important at lower levels of gDNA, since the
chance of having at least a few copies of an intact locus is much lower compared
to a sample with a higher gDNA concentration. This can be seen when samples
R_1 and G_5 are compared (table 3.2.7.1). Both samples contain approximately
0.130ng/µl gDNA (approximately 20 somatic cells per µl), but differed in allele
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recovery. Sample R_1 generated a degradation level of less than 1 a full profile.
Although the degradation level of sample G_5 was not as high as seen in the
previously described sample D_7, allele recovery was only 63%. Therefore, it is
highly important to avoid losing any gDNA during DNA extraction steps.
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Table 3.2.7.1. Heat chart of single skin flakes with more than 0.100ng/µl in 8µl crude
lysate with corresponding degradation index and sorted on gDNA concentration in ng/µl.

Sample
J_14
C_13
R_1
G_5
G_11
C_4
J_1
J_15
R_7
B_1
D_13
D_1
R_10
C_5
D_14
G_10
N_15
D_7
B_4
G_2
N_2
A_2
D_4
C_10
A_3
R_8
D_15
R_13
G_9
R_3
J_7
R_2
D_5
N_13
D_6
R_9
N_12
C_9
C_3
R_14
R_11
D_11
C_6
R_5
R_12
B_2
N_14
R_4

Conc (ng/µl) Degradation-Index
Allele recovery (%)
0.102
3.05
54
0.120
3.49
43
0.126
0.89
100
0.129
1.98
63
0.141
1.32
77
0.143
7.29
57
0.147
2.53
86
0.148
0.91
93
0.166
9.44
48
0.170
3.43
100
0.181
2.43
93
0.189
10.43
52
0.220
2.30
74
0.223
9.02
90
0.244
11.18
60
0.285
2.14
70
0.324
3.20
100
0.326
8.81
55
0.355
1.33
83
0.403
4.51
100
0.462
0.41
93
0.639
3.72
97
0.746
2.24
93
0.811
8.44
80
0.814
8.33
71
1.041
0.50
100
1.185
1.82
94
1.198
1.11
94
1.255
2.01
93
1.321
1.73
100
1.547
1.42
100
1.975
3.56
100
1.987
5.19
50
3.256
1.19
93
3.476
13.83
94
4.066
0.69
100
4.076
2.14
100
4.409
7.64
96
4.845
22.75
100
5.707
1.52
100
5.838
1.36
100
7.335
2.15
100
9.107
2.95
100
9.808
1.85
100
9.817
1.27
100
10.411
4.46
93
12.087
0.74
100
12.462
1.08
100
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3.2.8. DNA profiling of single skin flakes with mini-STRs and NGS
In order to determine if a mini-STR NGS based approach would improve DNA
profiling of single skin flakes, conventional PCR combined with CE and mini-STR
based NGS were tested on single skin flakes. Allele recovery of 30 single skin
flakes with different types of morphology from two persons were determined
using a NGS protocol amplifying all 17 forensic STR loci and compared with the
allele recovery obtained with PowerPlex ESX17.
The allele recovery of skin flakes obtained with NGS were all significantly
increased (P = 3.87E-06) (paired two sample t-Test) compared to the allele
recovery obtained by using PowerPlex ESX17 and CE (figure 3.2.8.1).

100

Allele recovery (%)

75

50

25

0
ESX17 - CE

NGS

Figure 3.2.8.1. Allele recovery of skin flakes analysed by using PowerPlex ESX17 with
capillary electrophoresis (ESX17-CE) as well as by using mini-STRs with NGS (NGS).
Allele recovery in % is set on the Y-axis. The bars represent the average allele recovery
for each analytical method used (ESX17-CE or NGS set on the X-axis). Error bars indicate
the standard deviation of allele recovery in %.

The size of the STR marker system had a great influence on allele recovery. This
can

be

seen

in

figure

3.2.8.2

in

which

the

capillary

electrophoresis

elctropherogram and the NGS-“electrophoregram”, both generated from the
same single skin flake, are compared with eachother. Here, D21S11 a size range
of approximately 200bp - 270bp was negative in PowerPlex ESX17. However, the
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same marker was positive showing two alleles in the NGS approach above. Also,
the ESX17 with CE failed to recover alleles within this sample at markers
D18S51, D8S1179 and FGA. Though, the alleles of the latter three markers were
as well recovered by using the mini-STR NGS approach.

Figure 3.2.8.2. Capillary electrophoresis electropherograms (CE) of a single skin flake
compared with the NGS-“electropherogram” (NGS) of the same skin flake. ADOs (ADO)
were observed at the by CE analysed markers D21S11, D18S51, D8S1179 and FGA. At the
same markers analysed with NGS no ADOs were observed. In the capillary
electrophoresis electropherograms the relative fluorescent units (RFU) is set on the Yaxis and the allele numbers with the corresponding RFU is labelled in a box underneath
each allele peak. On top, the X-axis represents the fragment size in base pairs (bp) with
the allele corresponding STR locus name above in the grey horizontal bars. The vertical
grey lines are allele bins which are located at each fragment size at which a potential
allele could be detected. In the NGS-“electropherograms” the allele peak heights are
shown in number of reads, vertically shown on the Y-axis. On the X-axis the allele
numbers are shown. The blue bars represent the true alleles. The yellow bars represent
stutter or alleles underneath the analytical threshold. Only true alleles (blue bars) were
called with the corresponding allele number presented on the X-axis.
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Although, the first results on skin flakes were successful, kit optimization and
post-run data analysis still require improvement. As runs were not yet optimally
validated, normalisation and the exact threshold settings required could not be
determined. Therefore, threshold settings were based on a previously published
article with general threshold recommendations [116]. As the threshold settings
were set very high, only alleles with a very high number of reads passed the
threshold filter and were called a real allele. This caused many other potentially
real alleles (based on matching with the reference profile) not being called. When
the threshold was set lower, more alleles containing less reads were called.
However, this also resulted in many ADIs. A DNA profile of a single skin flake that
generated a DNA profile with 100% allele recovery, but with 3 ADIs (not seen
when CE was used) is shown in appendix IV.
The results obtained from the above experiments matched the expectations. The
smaller the sizes of the STR markers are, the higher the chance alleles can be
recovered with degraded DNA as template. As capillary electrophoresis requires
STR marker systems with different sizes, the number of small sized STR marker
systems is limited. In contrast, NGS enables the use of a complete forensic set of
STR marker systems which are all small in size. Therefore, analysing this set of
only small STR markers was expected to increase allele recovery of samples
containing degraded DNA like those from skin flakes. The findings in the present
work suggest a mini-STR marker system such as the one used here combined
with NGS can improve forensic DNA typing of skin flakes, thus paving the way for
further research in this area.
A further advantage of NGS is that it provides a higher throughput of samples
and the opportunity to analyse further sets of markers, such as isoalleles, X-and
Y-STRs and SNPs [88,117]. Isoalleles can be of advantage when dealing with
mixtures. STR alleles with the same length from two contributors would overlap
when analysed with CE and therefore the DNA profiles of the contributors cannot
be completely separated from each other. This can be solved when reference DNA
profiles from both contributors is available. However, this gets problematic when
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only one reference profile is available plus the electropherogram is difficult to
interpret, due to allelic imbalances and ADO when dealing with degraded DNA. As
with NGS not only the length of the STR allele can be determined, but the DNA
sequence itself as well, SNPs within the STR amplicon can be detected. These
SNPs can differ between persons. Thus, more “versions” of the same alleles
(based on length) exist based on their different SNPs. These other “versions” are
called isoalleles. For example, at STR locus TH01 person A and person B are both
homozygous containing allele 8. Though, at position 93bp, in the DNA sequence
of allele 8, person A contains a G in contrast to person B which contains an A.
Therefore, overlapping alleles can be separated by using NGS based on these
isoalleles. This can make mixtures with any overlapping alleles easier to analyse.
Thus, mixed DNA on tape liftings could be analysed by determining the isoalleles
using NGS without the need of isolating single skin flakes. However, when from
one allele no two isoalleles are determined, the allele cannot be separated. Also
when no reference profile from both contributors is available and the number of
reads from the alleles are equally high, then even with two determined isoalleles
it is still difficult to establish two DNA profiles from the mixed profile. Thus single
source DNA by isolating single skin flakes would be still the best. Also in cases of
DNA samples with a high number of contributors each contributing in different
proportions can make DNA profiling problematic. This may be due to the fact that
the contributors of the DNA evidence which are not related to the crime, could
also be present in abundance and therefore can mask the crime related
contributor(s).

This

could

result

into

not

detecting

the

crime

related

contributor(s). Other SNPs which are included in the Signature Prep kit from
Illumina are identity informative SNPs (iiSNPs), phenotypic informative SNPs
(piSNPs) and ancestry-informative SNPs (aiSNPs). The iiSNPs are determined by
small amplicons (most are <125bp). This makes them ideal for degraded DNA in
such a level that STRs cannot be determined. As skin flakes can include highly
degraded DNA, the iiSNPs could therefore be used to profile single skin flakes.
However, criminal DNA databases are currently only based on STRs, which makes
a search with a SNP based DNA profile impossible. With the piSNPs hair and eye
colour can be estimated of the person the DNA originated from. Furthermore,
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biographical ancestry can be estimated using the aiSNPs. Altogether, using the
Illumina NGS platform combined with the Signature Prep kit, much more than
just autosomal STRs can be determined from a DNA sample at the same time
[117]. Though, the recommended amount of template DNA using the Signature
Prep kit is 1ng intact DNA. Previous sensitivity studies have however shown
successfully using the Signature Prep kit with less than 1ng. However, when
<100pg was used the loci calling rates dropped substantially. Furthermore, the
efficiency will also be dependent on the quality of the DNA. This generates the
questions whether it is possible to determine both genotypic information as well
as phenotypic information from single skin flakes.

Therefore, more research is

required to determine the performance of the Signature Prep kit using DNA from
single skin flakes.
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3.2.9. Conclusion
Skin flakes can be hard to distinguish from other particles on tape liftings.
Though, now, skin flakes can be stained with Orange G making them
distinguishable from other particles, for example particles from hair cosmetic
products. Furthermore, a DNA extraction method was developed which was
compatible with PCR with no DNA purification steps required. As a result keeping
DNA sample loss to a minimum. Also difference in DNA quantity was seen
between different persons. Results also showed that allele recovery of single skin
flakes was not only dependent on the DNA quantity, but also on the DNA
integrity. Additionally, analysis with NGS using mini-STRs significantly improved
allele recovery in comparison with DNA profiling of single skin flakes by using a
multiplex STR PCR kit and CE.
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Chapter 4
Overall conclusion and future work

151 | P a g e

152 | P a g e

Chapter 4. Overall conclusion and future work
4.1. Sperm
By using micromanipulation and WGA as described in this thesis not only enables
amplification of autosomal STRs from single spermatozoa but can be used for
multiple STR analyses like Y- and X-chromosomal STRs at the same time. By
using micromanipulation of single spermatozoa in combination with WGA,
mixtures can be circumvented and DNA profiles can be used for criminal DNA
database searches, no matter if a single or multiple known or unknown male
contributed to the sample.
As all experiments were performed under controlled conditions, the method
described here, should therefore be tested on casework samples first to
guarantee success in casework. Casework samples could be split in half. One half
will go through the conventional process, the other half could then be tested with
the single spermatozoa method. Though this could be difficult, as the number of
sexual assault cases including multiple male offenders are low compared to
sexual assault cases including a single offender.
Furthermore, the single spermatozoa DNA typing method should be tested on
some additional mock swabs with more diluted semen to determine the
applicability on cases involving swabs with limited amounts of semen.
To prevent DNA degradation as much as possible, semen samples and prepared
mock intimate swabs should not be frozen like the ones used in this thesis.
Instead, dilutions of semen should be prepared from fresh semen and mock
intimate swabs should be stored in a dry and cool place.
The research described in this thesis was conducted in a forensic genetic context.
However, the techniques described here could also be applied in other fields of
research such as whole genome sequencing of single cells. Single cell analysis is
already much conducted in bacterial research and in cancer research where single
tumor cells are analysed for determining specific mutations [25,72,118]. Also
153 | P a g e

single spermatozoa are sequenced to obtain more knowledge on meiotic
recombination and infertility in animals [119,120]. For all these single cell DNA
sequencing analyses, a pre-amplification of the single genomes is necessary to
generate enough template DNA for a (multiplex) PCR required for (whole)
genome sequencing. Thus, a whole genome amplification used as described in
this thesis could be used to facilitate these other fields of research in which single
cells are analysed.
4.2. Skin flakes
Skin flakes can be hard to distinguish from other particles on tape liftings.
Though, now, skin flakes can be highlighted by Orange G which discriminates
them more from other particles for example from particles from hair cosmetic
products.
A DNA extraction was designed without the need of any DNA purification steps
and enabled for a direct-PCR of the crude lysate. This enabled to keep loss of
DNA sample to a minimum.
However, a few aspects should be considered and might require more research in
the future of which one aspect is the staining method of choice. Tape used for
tape liftings can be made from many different materials. Since staining using
Orange G was only performed on one type of tape liftings, the staining should be
tested on tape liftings made from other material as well. Tape liftings are also
used to isolate fibres for fibre analysis. Since Orange G stains wool [121], the
staining should be tested on fibres from animal, plant and synthetic origin as
well. Should Orange G stain a certain type of fibre then it should be determined
whether it is possible to remove the Orange G without affecting fibre analysis by
e.g. a washing step.
As the method of DNA profiling of single skin flakes contains no DNA purification
step, the lysate only needs to be neutralized and transferred into the PCR master
mix. This was all conducted by manual pipetting. Though, the number of single
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skin flakes for case work could be quite high and could lead to a high number of
DNA samples. Therefore, the pipetting steps after the lysis should be tested by
automated pipetting platforms to integrate the DNA profiling of single skin flakes
in a higher throughput environment.
The single skin flake DNA profiling method as described in this thesis could
further be tested on other high keratin containing single source sample material
such as single telogenic hairs. Similar to skin flakes, the DNA in hairs is also
degraded. An alkaline based DNA extraction used in a previous study was
successful and better than a grinding and organic based method [122]. However,
the method used a DNA purification step instead of adding the crude lysate
directly in the PCR. Hairs include melanin which is known to inhibit PCR [123].
For this reason, a direct PCR of the hair’s lysate might not function. Though,
more research is necessary to determine the performance of the direct PCR
approach combined with the alkaline skin flake lysis buffer on single telegenic
hairs.
Also more research is required to be able to determine the effect of REPLI-g
Single Cell WGA on single skin flakes without being inhibited by the crude lysate.
Here, a clean-up is probably necessary. By using low-DNA-binding tubes and tips
for purification of the DNA from the crude lysate, the loss of DNA could be
reduced.
The in-house mini-STR-NGS based DNA profiling method showed significantly
increased allele recovery of single skin flakes compared to the conventional
method (PCR and CE). As the NGS based kit from Illumina, the ForenSeq
Singature Prep kit, also uses STRs it would be interesting to compare the
ForenSeq Signature Prep kit with the in-house NGS method based to determine
any differences in allele recovery of autosomal STRs of single skin flakes between
these two NGS based methods. Until now, only autosomal STRs were analysed
during NGS experiments described in this thesis. The ForenSeq Signature Kit
from Illumina enables next to STRs also the analyses of other loci such as X/Y155 | P a g e

STRs, iiSNPs, and phenotypic/ancestry SNPs. Though, more research is required
to determine the performance of the Signature Prep kit based on coverage of the
additional loci from single skin flake DNA.
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Appendix I – X-STR electropherogram from spermatozoa
9 of person A

Figure I.I. Electropherogram X-chromosomal STR profile from spermatozoon 9 from
person A and analysed with WGA and Argus X-12 QS. The relative fluorescent units (RFU)
is set on the Y-axis and the allele numbers with the corresponding RFU is labelled in a
box underneath each allele peak. Below the red channel (with red allele peaks), the Xaxis represents the fragment sizes for all detection channels in base pairs (bp). The STR
locus name is shown on top in each detection channel above the allele peaks. The
vertical grey lines are allele bins which are located at each fragment size at which a
potential allele could be detected. False alleles were not called and therefore no label box
is present underneath a false allele peak. The red arrow at locus DXS10074 indicates
allele 18 that was not in concordance with allele 19 of the reference profile of person A.
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Appendix II – X-STR electropherogram from spermatozoa
11 of person A

Figure II.I. Electropherogram X-chromosomal STR profile from spermatozoon 9 from
person A and analysed with WGA and Argus X-12 QS. The relative fluorescent units (RFU)
is set on the Y-axis and the allele numbers with the corresponding RFU is labelled in a
box underneath each allele peak. Below the red channel (with red allele peaks), the Xaxis represents the fragment sizes for all detection channels in base pairs (bp). The STR
locus name is shown on top in each detection channel above the allele peaks. The
vertical grey lines are allele bins which are located at each fragment size at which a
potential allele could be detected. False alleles were not called and therefore no label box
is present underneath a false allele peak. The red arrow at locus DXS10135 indicates
allele 14.1 that was not in concordance with allele 29 of the reference profile of person A.
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Appendix III – Autosomal STR electropherogram from
single skin flake of person D

Figure III.I. Electropherogram with a full autosomal STR profile (100% allele revovery)
from a single skin flake from person D. A single skin flake of a pillow where person D had
laid down on was secured by tape lifting stained with Orange G and the DNA was
extracted in order to perform a direct-PCR (PowerPlex ESX17) on the lysate. Peaks
represent the amplicons of different alleles amplified using multiplex PCR and detected
by capillary electrophoresis. The different allele amplicons were detected and shown
using 4 colour channels (blue, green, black and red). The relative fluorescent units (RFU)
are set on the Y-axis and the allele numbers with the corresponding RFU is labelled in a
box underneath each allele peak. On top, the X-axis represents the fragment size in base
pairs (bp) with the allele corresponding STR locus name above in the grey horizontal
bars. The vertical grey lines are allele bins which are located at each fragment size at
which a potential allele could be detected.
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Figure IV.I. NGS output of a full DNA profile (100% allele recovery) from a single skin flake from
person A. The isolated skin flake was lysed and the lysate was directly used in the in-house developed
mini-STR PCR for NGS. The NGS was run on the Illumina MiSeq FGx device (Illumina, San Diego, USA).
STR loci and Amelogenin are presented on top of each diagram. The number of reads is shown on the
Y-axis of the diagrams. The allele numbers are shown on the X-axis of the diagrams. Only alleles (blue
bars) that passed the calling filters were called. Stutters are represented as yellow bars. Three ADIs
(red arrow) were seen, namely at locus D18S51, D19S433 and SE33.

Appendix IV – Autosomal STR output from single skin
flake of person A generated by NGS
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Appendix V – Copy of ethical approval
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Appendix VI – Donor consent form (sperm)

Donor Consent Form
Project: DNA profiling on single sperm cells
You have volunteered to participate in a research project on behalf of the Bonn-Rhein-Sieg
University of Applied Sciences (H-BRS) in Rheinbach, Germany in cooperation with Robert
Gordon University in Aberdeen, UK and the Scottish Police Authority – Forensic Services, UK.
For male volunteers (non-vasectomized):
We ask for you to provide a buccal mouth swab and a sample of your sperm.
For female volunteers:
We ask for you to provide a buccal mouth swab and two mouth swabs using medical swabs.
Please obtain the sample with the buccal mouth swab at a separate time of the day or on a
separate day to ensure a sufficient collection of cells.
Your samples and DNA profile will be used for research purposes within this project only and
not disclosed to any other parties under any circumstances. Your samples and DNA profile
will be saved in our internal DNA database and only be used for validating new DNA profiling
techniques and not for forensic and/or clinical diagnostic purposes. Your name and complete
profile will not be published or shared with other parties. Samples will not contain your name
and will be kept anonymously. If anything other than this is to be required then written
permission must be obtained from you. If desired, we will remove your profile from our
internal DNA database after a period of 1 year from the completion of the research project.
(Consent can be withdrawn at any time prior to this and, once a written request to remove
the profile has been received, the profile will be removed from the internal database.)
Please complete this box:
I give my consent to my biological material and DNA profile being held for research
purposes within H-BRS and understand the purpose of me providing these samples.
Name:________________________________________________

Gender:

 male (buccal and sperm)
 female (buccal and two medical mouth swabs)

Donor ID (on tubes/universals):

Signature: ____________________________________

Date:______________________
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Appendix VII – Donor consent form (skin flakes)

Donor Consent Form
Project: DNA profiling on single skin flakes
You have volunteered to participate in a research project on behalf of the Bonn-Rhein-Sieg
University of Applied Sciences (H-BRS) in Rheinbach, Germany in cooperation with Robert
Gordon University in Aberdeen, UK and the Scottish Police Authority – Forensic Services, UK.
We ask for you to provide a buccal mouth swab, skin flakes from your head and/or to lie
down on several pillows as part of an experiment.
Your samples and DNA profile will be used for research purposes within this project only and
not disclosed to any other parties under any circumstances. Your samples and DNA profile
will be saved in our internal DNA database and only be used for validating new DNA profiling
techniques and not for forensic and/or clinical diagnostic purposes. Your name and complete
profile will not be published or shared with other parties. Samples will not contain your name
and will be kept anonymously. If anything other than this is to be required then written
permission must be obtained from you. If desired, we will remove your profile from our
internal DNA database after a period of 1 year from the completion of the research project.
(Consent can be withdrawn at any time prior to this and, once a written request to remove
the profile has been received, the profile will be removed from the internal database.)
Please complete this box:

I give my consent to my biological material and DNA profile being held for research
purposes within H-BRS and understand the purpose of me providing these samples.
Name:________________________________________________

Donor ID (on tubes/universals):

Signature: ____________________________________

Date:______________________

181 | P a g e

182 | P a g e

