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OPTIMIZATION OF THE TEMPERATURE CONTROLLED DIFFERENTIAL
EXTRACTION FOR CASEWORK-TYPE SAMPLES
EMILY ELIZABETH HOFFMAN
ABSTRACT

Differential extraction has proven to be a challenging and time-consuming process,
often requiring up to six hours of a forensic analyst’s concentration. With the ever-
increasing backlog of sexual assault evidence kits, the forensic community is using new
ways to diminish this backlog, including more streamlined evidence processing and sample
analysis. The goals for processing sexual assault samples include efficient recovery of
sperm deoxyribose nucleic acid (DNA), simplified sample processing, and the
development of a profile eligible for forensic analysis. Cost and time can also be limiting
factors.

The Cotton Research Lab at Boston University has developed a novel method of
differential extraction that combines separation of epithelial and sperm cell fractions,
nuclease treatment to reduce female DNA carryover and a direct-cell lysis protocol. With
the exception of a single centrifugation step, the entire protocol is conducted using a
thermalcycler in the DNA extraction laboratory. Thus, the process is a Temperature
Controlled Differential Extraction (TCDE), and has been effectively adapted for use with
liquid, dried, and aged samples.

The purpose of this research is to explore methods which further adapt the protocol
for best use with forensic casework samples, namely vaginal swabs. Sexual assault

evidence collection kits may contain a variety of items, and commonly include cotton



swabs for the collection of fluids from intimate sources. To simulate casework-type
samples, swabs were prepared with liquid epithelial cell preparations and various semen
dilutions (ranging from 1:1 to 1:1000). Amendments were made to the TCDE protocol for
best DNA recovery from a swab, and buffer changes were made to enhance compatibility
with polymerase chain reaction (PCR)-amplification kits widely utilized in forensic labs.
Finally, post-coital swabs from female donors were analyzed using the TCDE protocol
with modifications for forensic casework samples.

Preliminary testing of casework-type swabs with protocol modifications showed
high yields of DNA and successful separation of epithelial and spermatozoa fractions. The
epithelial fraction, when yielding a mixed profile, demonstrated a clear major female
contributor, and the spermatozoa fractions showed little to no female carryover, often
exhibiting single source male profiles.

The TCDE protocol with modifications for casework-type samples requires
approximately 2 hours and 30 minutes of an analyst’s time, from the moment the swab is
removed from its evidence packaging to an extraction ready for DNA quant and short
tandem repeat (STR) amplification. The method provides increased DNA recovery, can be
used with various amplification kits, and generate probative profiles and is time efficient.
This robust and promising new method that has the potential to be automated and to

contribute to the effort to reduce the backlog in the analysis of sexual assault evidence kits.
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1. INTRODUCTION
1.1 DNA

Deoxyribonucleic acid (DNA) is often referred to as the “blueprint of life.” This
large, multi-faceted molecule contains all of the genetic information that is necessary to an
organism’s form, structure, and function and passes this information on to the next
generation (1). Itis comprised of two polymeric strands wrapped around an axis in a helical
fashion (2). Each of these strands consists of nucleotides linked together via covalent
bonding (3). A nucleotide contains a phosphate diester group, a deoxyribose sugar, and
one of four nitrogenous bases (adenine, thymine, guanine, and cytosine) with 3’ and 5’
linkages. Each nucleotide base on a strand is joined to its complementary base on the
opposing strand through hydrogen bonds, with adenine (A) pairing to thymine (T) and
guanine (G) pairing to cytosine (C) (2,3).

The sequences of these bases write the code necessary for the synthesis of proteins,
and thus the processes of life. In somatic cells, DNA is carried in the nucleus, and is neatly
packaged into molecules called chromosomes (1). In the somatic cells of eukaryotes, 146
base pairs (bp) of negatively charged DNA are coiled around a positively charged histone
octamer, creating a nucleosome (4). These nucleosomes constitute chromatin fibers, which
are further packaged into chromosomes (5). The human genome contains 23 chromosomes
with each human possessing 46 in total — one half inherited from each parent. Somatic
cells contain 23 pairs of chromosomes and are considered diploid, while gametic cells
responsible for reproduction are considered haploid, containing only one set of

chromosomes (1).



1.1.1 Spermatozoa

Spermatozoa are the male gametes responsible for reproduction. The cell itself is
comprised of the head and a tail or flagellum, propelling the spermatozoon, or sperm,
toward the female ovum (6). The head of the sperm functions as the nucleus, containing
the haploid DNA intended to reach the ovum. Compared to somatic cell nuclei, the sperm
head has approximately six times less volume, but contains half of the amount of DNA (7).
Sperm DNA thus must be packaged much more tightly than the somatic nucleosome
allows. During spermatogenesis, histones are replaced by protamines that compress the
DNA into a linear fashion. The protamines are then held together compactly by covalent

disulfide bonds, thus achieving a high degree of packaging (6,7).

1.2 Forensic DNA Analysis

DNA analysis is a tool widely used in criminal investigations as evidence that has
the ability to link persons of interest to a crime scene, determine parentage, and more (1).
However, for this type of evidence to hold power in court, it must be highly discriminating.
Short tandem repeats (STRs), or microsatellites, are non-coding, polymorphic regions of
DNA with a high mutation rate, making them the ideal candidate for forensic identification
(8). Furthermore, they have gained popularity in forensic science due to their
compatibility with polymerase chain reaction (PCR) technologies and the fact that they are
more likely to be present in low quantities or degraded DNA due to their short length (8,9).
Forensic DNA analysis involves the extraction of DNA from an evidence sample,

quantitation and subsequent amplification of the DNA extract with PCR, and finally



separation and detection for analysis through capillary electrophoresis (CE) (9).

1.2.1 Biological Screening

Prior to DNA extraction and analysis, items of evidence must first undergo
biological, or serological, screening to determine what and which, if any, biological fluids
might be present. Common bodily fluids that have a high potential of containing DNA
evidence include blood, semen, and saliva (10). For sexual assault evidence, this can also
include vaginal fluid. Items undergo both preliminary and confirmatory assays that screen
for specific biomarkers that can indicate the fluid type and, in some cases, the species of
the fluid donor. These tests can include colorimetric or catalytic spot tests, stain
identification with an alternative light source (ALS), immunochromatographic assays, and

more (11).

1.2.2 Sample Selection and Preparation

Following the serological identification, investigators and forensic analysts
determine which items are suitable in context for the case for DNA analysis (1). There are
several factors to be taken into consideration when selecting or preparing a sample for
DNA extraction. If the substrate or material containing the stain does not allow for a
cutting to be taken and directly extracted, a swab of the stain will typically be taken during
screening and packaged separately (11). Careful attention must be taken at this step to
preserve the integrity of the sample. Contamination at this stage would be carried through

all downstream DNA testing, and the sample thus would be compromised, severely



limiting its ability to be useful evidence in court (9). Additionally, when selecting a sample,

the analyst is often required to retain a portion of the evidence stain for further testing (12).

1.3 DNA Extraction

DNA extraction is the vital first step in obtaining a DNA profile from an evidence
item. This process involves the isolation and purification of the DNA in its native double
stranded conformation, or with some extraction procedures, single stranded (1). There are
various methods of DNA extraction, each differing in the quantity and quality of yielded
product. The type of extraction method is chosen based on a variety of factors, including
sample type, material or substrate, and potential environmental components. Additional
considerations can include the total time of the assay, monetary costs, and the overall safety
of the procedure (9). Unique extraction techniques are employed with certain samples that
require extra care and special consideration, including archaeological samples and samples
potentially mixed with natural or chemical inhibitors, such as fabric dyes or sediment
particles (13,14).

A DNA extraction procedure will typically follow the same basic steps. It begins
with lysing and removing the membranes of the cells present in the sample, and then
followed with the breaking down of proteins present. This is most often achieved with a
protease. The lipid cell membranes are removed from the solution with the addition of a
detergent, such as sodium dodecyl sulfate (SDS) (15). Centrifugation in a buffered solution
will then separate the exposed DNA from any cellular debris left in the solution and form

a pellet. The DNA is then purified of any remaining cellular components or reagents used



during the extraction process, and is ready for further assays (9,15).

1.3.1 Organic Extraction

Organic extraction, often dubbed as phenol-chloroform extraction, involves the
serial addition of various organic reagents in a liquid-liquid extraction (LLE) technique
with the purpose of lysing the cell membrane and separating the nucleic acids from the
proteins, lipids, and other cellular components (16). Following lysis with SDS in an
aqueous solution, phenol is added for the purpose of extracting proteins and into an organic
layer of solution. This organic layer will also attract any hydrophobic lipids present in the
solution (17). When mixed with chloroform, phenol takes on a higher density than water
and the organic layer resides in the bottom of the tube after centrifugation. The lighter
aqueous layer containing the DNA remains on top, and is drawn off and washed with the
phenol-chloroform mixture several more times to increase the purity of the DNA (18).

This method of isolating DNA dates back to the 1950s and is founded on the
principle of the organic separation of proteins. It is the ideal method for obtaining high
molecular weight DNA fragments, but has fallen out of use in forensics due to the
popularity of analyzing the smaller, lighter STR fragments and the toxicity of the reagents
utilized. Additionally, organic extraction presents a higher potential for contamination due
to the various tube changes, and the reagents themselves have been shown to act as PCR

inhibitors (17,18).



1.3.2 Inorganic Extraction

Inorganic extraction methods have previously included the use of high salt buffers,
aggressive protease concentrations, and even powdered glass (19). A popularly utilized
inorganic extraction method in forensic DNA analysis is the Chelex®-100 (Bio-Rad
Laboratories, CA, USA). The reaction involves adding chelating resins in a proprietary
alkaline solution to a tube containing pelleted cells from a sample, and superheating the
tube. This lyses the membranes and removes proteins, lipids, and other cellular debris.
(20). The chelating resins, constituted from styrene divinylbenzene copolymers containing
paired iminodiacetate ions, are specific to polyvalent metal ions, and they will bind to
magnesium ions (Mg2*). By inhibiting Mg2" in the solution, nucleases, enzymes that
cleave the phosphodiester bonds between nucleotide bases during DNA replication and
repair (1), are inactivated. The tube is centrifuged, bringing the chelating resins and
cellular debris to the bottom of the tube, and the supernatant containing DNA is drawn off
and stored for downstream analysis (9,19).

It is ideal for forensic application in that it utilizes non-toxic reagents, is quick to
perform, and limits the potential for contamination with keeping the male fraction of the
reaction in one tube throughout the entire process (20). Additionally, it has been successful
in recovering DNA from degraded, aged, and complex samples (21,22). However, when
compared to other methods, the Chelex® extraction is known to produce lower quantities
of recovered DNA from samples (21). Furthermore, studies have shown that chelating

agents can act as PCR inhibitors under certain conditions (23).



1.3.3 Solid Phase Extraction

Solid phase extraction (SPE) procedures are inorganic methods that employ DNA’s
ability to bind to silica or glass in the presence of chaotropic agents (24). Modernly,
forensic protocols typically utilize silica-based spin column techniques, such as the Qiagen
QIAamp DNA Kits® (Qiagen, Venlo, The Netherlands) (25,26). Following lysis and
protein digestion with protease, the liquid sample containing free DNA is added to a tube
containing a column lined at the bottom with a silica membrane. A solution containing
chaotropic salts is added, and the sample is centrifuged, pulling the liquid containing any
contaminants and leftover cellular debris to the bottom of the tube, leaving the DNA bound
to the silica membrane. After several ethanol washes to remove the salts, the DNA is
rehydrated and eluted from the membrane, yielding a purified extract (20).

This method can similarly be achieved with the addition of silica or glass beads to
a solution of lysed DNA (25,27). SPE techniques have been a long time favorite in forensic
analysis as they tend to yield high quantities of highly purified DNA (28). They are highly
effective at removing PCR inhibitors, and are relatively quick and simple to perform, with
the additional ability to be automated (20). Consequently, multiple tube transfers of spin
columns leave a higher potential for contamination, and many of the commercially

available kits can be costly (24).

1.3.4 Other Extraction Methods
Throughout the history of forensic DNA analysis, there have been various other

methods of extraction utilized (9). Microwave-assisted extractions have long since been



employed in microbiology for the purpose of DNA isolation and purification. Typically,
microwave irradiation is used in accompaniment to a protease or other enzymatically-based
extraction method to catalyze the reaction and increase the overall speed of the procedure
(29). Efforts continue to be made in an attempt to minimize time, contamination potential,
and cost in DNA extraction. Furthermore, traditional reagents such as phenol and
detergents like SDS have been observed to act as PCR inhibitors (30). In more recent
years, advances have been made in single-tube enzymatic digestions utilizing thermally-

stable proteinases with high yield recovery and minimal inhibition (31).

1.3.5 Proteinase-K

Proteinase-K (PK) is a broad-spectrum protease that is widely used in forensic
DNA extraction. It was first discovered in 1974 from the fungus Tritirachium album and
has the ability to digest keratin (32). PK is a component often included in solutions during
the initial lysing stage of DNA extractions. In correlation with SDS, PK can both digest
proteins that may act as PCR inhibitors and blocks the activity of nucleases that have the
potential to degrade free DNA present in the solution. It is often combined with

Ethylenediaminetetraacetic acid (EDTA) which aids in inhibiting nucleases (26,33).

1.4 Differential Extraction
Differential extraction, also referred to as differential lysis, is the process of
extracting two different mixed cell types into separate fractions. Most commonly, this is

employed in forensics to separate epithelial cells (E-cells) from spermatozoa, or sperm



cells from items of evidence in sexual assault cases (9). The method was first introduced
as a forensic concept in 1985 by Peter Gill and Alex Jeffreys (34). It directly relies on the
differences in the packaging of DNA in E-cells and sperm cells. While E-cell DNA is
packaged via histones, sperm cells package their DNA with protamines. Unlike the
hydrogen bonds of histones, the disulfide bonds between protamines are resilient to
traditional methods of lysis and require alternate biochemical methods of extraction (35).
Consideration for the recovery, purification, and isolation of sperm cells is of great forensic
value in cases of sexual assault to generate a clean male profile for comparison to suspect

profiles (17).

1.4.1 Sexual Assault Evidence Collection Kits

Sexual Assault Evidence Collection Kits (SAECK) are also known as Physical
Evidence Recovery Kits (PERK) or popularly, a rape kit (36). These kits include a variety
of items for collecting biological and trace evidence, including cotton swabs, nail scrapers,
blood collection tubes, and other sterile collection devices (37). When a victim of sexual
assault seeks medical attention, they are offered a forensic examination for the purpose of
evidence collection. Typically, this will be performed by a medical professional trained in
forensic techniques, or a Sexual Assault Nurse Examiner (SANE). SAECKSs often provide
an outline for the examination and collection of evidence, which is an incredibly invasive
and sometimes traumatic procedure (38). Cases involving sexual assault often rely strongly

on the evidence collected in SAECK exams.



1.4.1.1 DNA Recovery from Cotton Swabs

Cotton swabs are one of the most popular items contained in a SAECK that are
submitted for DNA testing. Most often, this includes the samples that are taken orally,
rectally, and vaginally for the purpose of obtaining any semen evidence (37). Recovery
of DNA, specifically DNA from spermatozoa, from swabs is crucial to generating a male
profile. Early studies in sexual assault swabs have shown that sperm cell recovery can be
variable (33). The construction of cotton swabs can vary based on manufacturing, and the
tightness of the fiber mesh can directly affect the collection and release of cellular material
(39). This is an important consideration for evidence collected on swabs, and specifically
sources with mixed cell types that may collect and release from cotton swabs with different

affinity.

1.4.2 Traditional Differential Extraction

The traditional process first described by Gill and Jeffreys involves lysing a sample
in a solution of SDS, PK, and EDTA, incubating the sample at 37°C, then centrifuging the
tube to draw the heavier spermatozoa to the bottom of the tube. The top layer, or
supernatant, containing lysed E-cell DNA is drawn off and placed in a separate tube, ready
for downstream analysis. After several wash steps, the spermatozoa are then lysed with a
solution of SDS, PK, EDTA, and dithiothreitol (DTT). The addition of DTT to the solution
effectively breaks down the disulfide bonds present in spermatozoa, allowing the male

DNA to be released (Figure 1) (34,35).
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Figure 1. Schematic of traditional differential extraction method described by Gill et al.

1.4.3 Alternative Differential Extraction Methods

The traditional method of differential extraction can be labor-intensive, and
requires a total of 6 to 6.5 hours of an analyst’s time. Additionally, even with repeated
wash steps, there is still a significant potential for female E-cell carryover in the sperm
fraction (40). Since Gill and Jeffrey’s discovery in 1985, various alternative methods to
traditional differential extraction have been introduced in an attempt to reduce labor, time,

and increase efficiency of separation.

1.4.3.1 Microfluidic Separation
Microfluidic cell separation assays have in recent years been employed to isolate
sperm cells for the purpose of fertility studies, sperm donation, and other reproductive

techniques (41). Microfluidic sperm sorters (MFSS) utilize laminar flow technology to

11



separate motile spermatozoa from immotile cells. This concept has been employed in
forensic differential extraction by exploiting the distinctive physical properties of E-cells
and sperm cells (40,42). Using a glass microfluidic chip, a mixed cell sample can be placed
into a reservoir, allowing E-cells to adhere to the glass and separating sperm cells with a
low flow rate (40). While this method has the potential to reduce extraction time to as little
as 80 minutes, it requires the use of a microfluidic device and chips, which can be costly

to obtain and maintain and are not commonly found in forensic laboratories (42).

1.4.3.2 Acoustic Separation

The acoustic manipulation of cells has shown to be a promising method of cell
separation across various fields of microbiology (43). Acoustic differential extraction
(ADE) employs the use of a microfluidic device coupled with a piezoelectric transducer
(PZT) that creates custom acoustic waves set to capture cells with specific physical
characteristics (44,45). This relatively novel technology has the ability to successfully trap
sperm cells and efficiently separate them from E-cells present in a mixed source sample in
15 minutes or less. Additionally, it has proven to be effective in isolating low quantities
of spermatozoa present in high quantities of E-cells (45). However, as ADE is a fairly new
technology, there is not one streamlined instrument on the market, and the machinery
required may be costly for a lab to acquire. Furthermore, introduction of a new machinery
would require analyst training, which can be a time consuming process that many labs are

not able to commit (43).
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1.4.3.3 Laser Capture Microdissection

Laser capture microdissection (LCM) is most often employed in samples where the
male is the minor contributor, or a low number of spermatozoa are expected (46). LCM
involves the marriage of a compound light microscope with pulsating lasers that has the
ability to select and separate specific cell types from a solid or liquid tissue sample prepared
on a microscope slide (47). This has proven to be a successful technique in forensics with
the separation of sperm cells from sexual assault evidence samples. (47,48). Following
separation, the isolated spermatozoa are able to be lysed and purified by traditional means
for downstream profiling and analysis via PCR amplification (46). Drawbacks to the LCM
method include the cost of the laser component and training required for analysts to operate

the equipment. (48).

1.4.3.4 Antibody Sperm Immobilization

Methods that involve the use of antibodies to assorted antigens found on the surface
of spermatozoa have been developed for the purpose of a simple method of isolating sperm
cells from E-cells (49). The technique generally involves coating magnetic beads in either
organic or synthetic antibodies and adding them to a solution containing spermatozoa. The
solution is vortexed and incubated, then transferred to a magnet. Sperm cells bind to the
antibodies on the magnet via surface antigens and may be washed and purified (50). While
this is a relatively simple and fast method, early techniques demonstrated low recovery of
sperm cells from mixed source samples. Moreover, advances utilizing synthetic reagents

that could be costly for a lab to acquire (49).
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1.5 Temperature Controlled Differential Extraction

In an effort to reduce the time and cost required in existing differential extraction
methods, increase recovery of sperm, and simplify sample processing, The Cotton Lab at
Boston University has developed a novel method of differential extraction (51). This
method combines separation of E-cell and sperm cell fractions, nuclease treatment to
reduce female DNA carryover, and direct cell lysis protocols for both fractions. To achieve
this the protocol utilizes three different enzymes at their optimal temperature activities:
Erebus Antarctica 1 (EA1), Benzonase® Nuclease, and AcroSolv. With the exception of a
single centrifugation step, the entire protocol is conducted using a thermal cycler. Thus,
the process is a Temperature Controlled Differential Extraction (TCDE) protocol (52). The

current protocol is illustrated in by the schematic in Figure 2.

. Benzonase® AcroSolv
E-cell Fraction EAl Cocktan Swatch Fraction

Residual E-cell removal Sperm lysis

. . ® EAL1 inactivation of AcroSolv
Remove 80% of EA1 digestion of Benzonase EAI inactivated

Move swatch to

supernatant following —_) - >
5 . separate tube
centrifugation 37°C - 15min 52°C — Smin
75°C - 15min 75°C - 3min
4°C - 5min 95°C — 3min
\ 4°C — 5min
EA1 1 Benzonase® AcroSolv .
EA1 Cocktail Sperm lysis Pellet Fraction
E-cell lysis Residual E-cell removal EA1 inactivz_ltion_ofAcroSolv
Sperm cells intact EAL1 digestion of Benzonase® EALl inactivated
e _— — > _—>
75°C - 15min 37°C — 15min 52°C - 5min
4°C - 5min 75°C — 15min 75°C - 3min
: . 4°C — 5mi 95°C — 3min
Swatch containing Centrifuge remaining m 4°C - 5min
sperm and E-cells supernatant and sperm

cells

Figure 2. Schematic of the Temperature Controlled Differential Extraction (TCDE) as of 2019
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1.5.1 EAl

Erebus Antarctica 1 (EA1) is a thermally-stable proteolytic enzyme that comes
from Mount Erebus, Antarctica, hence its name (53). This neutral proteinase is a member
of the thermolysin family of enzymes, and has a number of qualities that make it ideal for
nucleic acid extraction. The proteolytic activity of EA1 becomes active at 75°C. At
temperature lower than this, it is immobile, and will become fully inactive at temperatures
above 90°C (54). This limited window of activity is optimal for a single tube extraction
process as it can allow for the release of DNA with potentially damaging nucleases
deactivating at the high temperature (31). Additionally, in conjunction with other members
of the thermolysin family, EA1 will cleave preferentially on the N-terminus side of amino
acid chains (55). Additionally, as shown by the ExPASy PeptideCutter, compared to PK,
EA1 (illustrated as “Therm”) has very limited cleavage sides on spermatozoa protamines,
P1 and P2 (Figure 3) (56).

ZyGEM Corporation Limited (Hamilton, New Zealand), a forensic manufacturing
company, has utilized a recombinant variety of EA1l to produce their forensicGEM™
reagent for rapid, single tube DNA extraction with high DNA yield and compatibility with
downstream PCR analysis (54). While this extraction method has achieved popularity in
the forensic community, EA1 is yet to be employed in differential extraction techniques.
This is primarily due to the fact that in spite of its limited cleavage of protamines, in
samples containing high E-cell concentrations, complete E-cell digestion may not be
achieved (57). After treating a sample containing E-cells and spermatozoa with EA1 and

drawing off the supernatant, there is still a potential for E-cell carryover in the sperm
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fraction with EA1 alone (31).
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Figure 3. Comparison of PK and EA1 (Thermolysin) cleavage sites on P1 and P2
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1.5.2 Benzonase® Nuclease

In order to remediate the potential carryover of E-cells following EA1 treatment, a
nuclease must be introduced into the extraction that will digest any lysed DNA remaining
in the solution without prematurely disrupting the intact spermatozoa. Benzonase®
Nuclease (Sigma-Aldrich, St. Louis, MO) is an endonuclease derived from the gram-
negative bacteria Serratia marsecens (58). It has a thermal activity window of 0° - 40°C
with an optimal active temperature of 37°C. Similar to other nucleases, when active, it has
the ability to quickly digest free DNA present in a solution (59).

Furthermore, EA1 has shown to have several cleavage sites on Benzonase® (Figure
4) (56). Therefore, Benzonase® is able to operate at its optimal temperature in the presence
of immobile EA1 to eliminate any free DNA present in the solution, then be digested by
active EA1 when the temperature of the reaction is increased. This allows the solution to

be purified of any remaining E-cell DNA and isolation of spermatozoa.
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Figure 4. Thermolysin (EA1) cleavage sites on Benzonase®

1.5.3 AcroSolv
After removing residual E-cells, the isolated spermatozoa must be lysed in a

separate fraction. ZyGEM has created a kit specifically designed for the isolation and
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extraction of sperm cells: forensicGEM™ Sperm (60). Included in the kit is the reagent
AcroSolv, which is a proprietary cocktail of mesophilic enzymes with the ability to
effectively lyse spermatozoa. Following ZyGEM’s protocol, EA1 is added with AcroSolv
to the remaining sperm cell fraction. AcroSolv has an optimal thermal activity of 52°C,
and following lysis of spermatozoa, the reaction temperature may be increased to 75°C to
allow EAL1 to inactive the AcroSolv. Finally, the solution is brought to 95°C to fully

inactivate any residual EA1 (60).

1.5.4 Previous Findings

Preliminary research involving the TCDE has included establishment of the direct-
lysis multi-enzyme procedure for the differential extraction of E-cells and sperm cell
mixtures (51,57). Further findings have led to the optimization of the protocol for liquid,
dried, and aged samples, with adjustments to the reaction volume for the addition of

substrate materials (52,61,62).

1.6 Research Aim

The purpose of this research was to explore methods of optimizing the protocol for
use with cotton swabs, the predominant collection vehicle for intimate samples from
victims of sexual assault. Additionally, complications highlighted in previous research

methods including issues with downstream analysis were further explored.
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2. MATERIALS AND METHODS

All reagents and buffered solutions were prepared at the start of each experiment.
The EA1 enzyme utilized was forensicGEM™ (ZyGEM Corporation Limited, Hamilton,
New Zealand). The forensicGEM™ reagent was employed undiluted, combined in a
master mix solution with 10 times (X) Blue Buffer (ZyGEM Corporation Limited,
Hamilton, New Zealand) or in a 1:10 dilution of 1X Blue Buffer. The Benzonase®
Nuclease at a concentration of 25 units (U) (Sigma-Aldrich, St. Louis, MO) was prepared
in a 1:100 dilution of stock 2X Benzonase® reaction buffer comprised of 40 millimolar
(mM) Tris HCL, 4 mM MgCl,, and 40 mM NaCl with a pH of 8.0. AcroSolv was added
to all reagent mixes undiluted.

Following extraction, quantitation of each extract was performed with a
quantitative PCR (qPCR) on a 7500 Real-Time PCR instrument (Applied Biosystems,
Foster City, CA) following the manufacturer’s protocols using a Quantifiler® Duo Kit
(Applied Biosystems, Foster City, CA). All quantitation data was calculated using a
previously determined standard curve per manufacturer instructions.

Quantitation values were used to calculate amplification sample volumes with a
target of 0.75 nanograms (ng) of DNA. Amplification was performed in a Veriti® Thermal
Cycler (Applied Biosystems, Foster City, CA) using a GlobalFiler® PCR Amplification Kit
(Applied Biosystems, Foster City, CA). Capillary electrophoresis (CE) fragment
separation was achieved with an Applied Biosystems ABI 3130 Genetic Analyzer (Applied

Biosystems, Foster City, CA).
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Analysis of the CE data was performed by generating electropherograms (EPGs)
with GeneMapper® ID-X version 1.4 (Applied Biosystems, Foster City, CA). For the
purpose of this study, the stochastic threshold (ST) was set at 250 relative fluorescence
units (RFU) and the analytical threshold (AT) at 30 RFU, common settings for forensic
analysis. RFU values were used for all peak height ratio (PHR) and contributor ratios
calculations. For the purpose of this study, any loci that exhibited allele sharing or dropout

were not used in analysis.

2.1 Reagent Optimization

Previous research demonstrated that the protocol showed signs of PCR inhibition
when amplified with the GlobalFiler® kit. It was discovered that this was due to high
concentrations of Orange Plus buffer, a component of the forensicGEM™ Sex Crime Kit
by ZyGEM Corporation Limited (Hamilton, New Zealand), in the material fraction and
sperm fraction reagent mixes (61,62). Orange Plus buffer contains Calcium ions (Ca?),
and Ca? is a known PCR inhibitor of GlobalFiler®. Efforts were made to correct this

inhibition by exploring alternate replacements for the Orange Plus buffer.

2.1.1 Comparison of Red Buffer and Orange Plus Buffer

Red buffer, a product of MicroGEM International (Crawley, United Kingdom), is
a buffer similar to Orange Plus but lacking in Ca?. A known DNA amount was amplified
at a target of 0.75 ng with varying ratios (1:3, 1:1, 3:1, and 1:0) of Red Buffer in deionized

(DI) water using the GlobalFiler® kit. The samples were each amplified and injected for
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capillary electrophoresis at both 2 second (sec) and 5 sec injections. The amplifications
were separated on the ABI 3130 and analyzed on GeneMapper to generate profiles for
analysis.

Additionally, a known DNA standard was quantified at a 1:1 target of 0.75 ng at
various dilutions (1:10, 1:50, and 1:100) of 1X Red Buffer and 1X Orange Plus Buffer in

deionized water. The quantitation data was used as a comparison tool for the two buffers.

2.1.2 Evaluation of Phosphate Buffered Solution and TE Buffer

To rule out potential inhibition from other components of the protocol, three
solutions used throughout reagent preparation and the procedure were tested: phosphate
buffered solution (PBS) used in the preparation of liquid E-cells, Tris + EDTA (TE) buffer
used in liquid E-cell preparation and sample amplification, and DI water acting as a
negative control.

Alongside the amplified samples containing Red Buffer, samples were prepared
using the same known DNA standard in separate tubes containing 12 uLL PBS, DI water,

and TE Buffer, respectively.

2.2 Sample Preparation

Previous research on the TCDE has focused on either pristine liquid samples (52)
or dried and aged swatches (62). In order to augment the protocol for casework-type
samples pertaining to sexual assault, optimization methods focused around adapting the

procedure for best use with sterile cotton swabs.
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2.2.1 Liquid Extractions

Prior to the preparation of the mock casework-type samples, a representative E-cell
preparation was extracted and quantified. 10 uL of liquid E-cell preparation was added to
a 0.2 mL tube with 10 uL of 10X Blue Buffer, 1 uL of forensicGEM™, and 89 uL of DI
water and incubated in the thermal cycler at 75° C for 15 minutes then 95° C for 5 minutes
per ZyGEM’s instructions.

Likewise, a representative liquid aliquot of the stock semen donation was extracted
and quantified. A protocol was created for semen-only extraction using AcroSolv as
follows: 10 uL of liquid semen was added to a 0.2 mL tube with 10 uL of 1X Red Buffer,
5 uL of AcroSolv, 1 uL of forensicGEM™, and 74 uL of DI water and incubated in the
thermal cycler at 52°C for 5 minutes, 75°C for 3 minutes, 95°C for 3 minutes, then 4°C for

5 minutes. Both the E-cell and semen samples were quantitated in unison.

2.2.2 Cotton Swab Extractions

Additionally, representative E-cell and semen aliquots were extracted from cotton
swabs. 10 uL of liquid E-cell preparation was deposited via micropipette directly onto a
sterile cotton swab. 10 uL of liquid semen was deposited onto a separate cotton swab in a
similar manner. Both swabs were placed under a biohazard fume hood fan for 1-2 hours
until fully dried prior to extraction and stored in separate primary and secondary paper
packaging.

The E-cell swab was extracted by placing a % cutting of the swab head into a 0.5

mL tube with 447 uL of DI water and allowed to incubate at room temperature for 15
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minutes. Then, 50 uL of 1X Blue Buffer and 3 uL of forensicGEM™ were added and the
tube was incubated at in the thermal cycler at 75° C for 15 minutes then 95° C for 5 minutes.

The semen swab was extracted by placing a %4 cutting of the swab head into a 0.5
mL tube with 60.5 uL DI water and allowed to incubate at room temperature for 15 minutes.
Then, 10 uL of 1x Red Buffer, 5 uL AcroSolv, 2 uLL forensicGEM™ | and 43.5 uL of DI
water were added and the tube was vortexed and incubated at 52°C for 5 minutes, 75°C for
3 minutes, 95°C for 3 minutes, and 4°C for 5 minutes. DNA obtained from both the E-cell

and semen swab samples was quantitated.

2.3 Optimization for Mock Casework-Type Samples

Due to the nature of the differences in the construction and density of cotton swabs
when compared to cotton swatches, and from indication in the cotton swab experiments in
this study, there was strong indication that the TCDE protocol needed to be altered for
optimum DNA recovery from cotton swabs. Prior to extracting and analyzing the donated
post-coital swabs, a series of swabs meant to simulate post-coital samples were created and
analyzed. The data from this analysis was used to optimize the TCDE protocol prior to
extracting and analyzing the post-coital swabs. Each of the mock casework-type samples

extracted in the same method, quantitated, amplified, separated, and analyzed in unison.

2.3.1 Sample Preparation
The simulated casework-type samples were all made with the same liquid E-cell

preparations and stock semen. The swabs were at first prepared by applying 10 uL of E-
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cell preparation, determined to be (approximately) ~20 ng of DNA, with a micropipette
directly onto the head of the swab. Following this, 10 uL of semen was pipetted in the
same fashion. The swabs were placed under a biohazard fume hood fan for 1-2 hours until
fully dried prior to extraction and stored in separate primary and secondary paper
packaging.

It was determined that the method of depositing the E-cell preparation and semen
directly onto the center of the head of the swab was not true to the nature of casework-type
samples. When an intimate swab is taken during a sexual assault evidence collection
examination, the entire head of the swab is fully introduced to the victim’s vaginal canal
to obtain as much fluid as possible (38). Therefore, the method of preparing mock samples
was altered by depositing both 10 uL of E-cell preparation and 10 uL of semen into a 0.5
mL microcentrifuge tube, then placing a clean swab into the tube, swirling the head around

and collecting all of the liquid present.

2.3.2 Dilution Series

A dilution series was created to determine the robustness of the protocol in isolating
the sperm cells from epithelial cells present in the solution. Often in cases of sexual assault,
due to various factors (i.e. the victim waits or showers before presenting for medical
attention) there will be a much higher amount of female than male DNA present on the
collected swab (37). To evaluate this, mock samples were run with various semen
dilutions, keeping the ~20 ng of female E-cell DNA constant throughout.

The semen dilutions analyzed were 1:1 having ~100 ng of male DNA in 10uL, 1:10
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at ~10 ng of male DNA, 1:50 at ~2ng of male DNA, 1:100 at ~1 ng of male DNA, 1:250
at ~0.4 ng of male DNA, 1:500 at 0.2 ng of male DNA, and 1:1000 at 0.1 ng of male DNA
in the 10ul added to make the sample. Each swab was created by adding 10 uL of E-cell
preparation and 10 uL of the respective semen dilution to a 0.5 mL tube, and collecting the
fluid on a sterile cotton swab. The swabs were placed under a biohazard fume hood fan
for 1-2 hours until fully dried prior to extraction and stored in separate primary and
secondary paper packaging. FEach sample was extracted and analyzed in duplicate
according to the TCDE protocol with modifications for sexual assault swabs (as follows).
For each swab, 4 cutting of the cotton swab head was carefully cut using a sterile
one-use scalpel. The cutting was placed in a 0.5 mL microcentrifuge tube containing 447
uL of DI water and allowed to incubate at room temperature for 60 minutes, with one gentle
vortex at 0, 30, and 60 minutes. Following incubation, the samples were treated with a
forensicGEM™ Master Mix comprised of 50 uL of 10X Blue Buffer and 3 uL of
forensicGEM™ for each sample. The tubes were gently vortexed and incubated at 75°C
for 15 minutes and 4°C for 5 minutes. Each swab was then removed from the original
fraction and added to a tube containing 22.5 uL of the Benzonase®- forensicGEM™
Material Fraction (MF) Cocktail comprised of 10 pL of prepared 1:100 Benzonase® (2.5
U/uL Benzonase®), 2.5 uL of 1:10 forensicGEM™ in Blue Buffer, and 10 pL DI water.
The original fraction was then centrifuged at maximum speed for 5 minutes, and the
supernatant was drawn off into a separate tube. This tube was incubated at 95°C for 5
minutes and 4°C for 5 minutes. This tube is dubbed the epithelial fraction (EF) at a final
volume of ~400 uL and is ready for downstream analysis. The original tube is treated with

26



12.5 uL of the Benzonase®- forensicGEM™ sperm Fraction (SF) Cocktail comprised of 10
uL of prepared 1:100 Benzonase® (2.5 U/uL Benzonase®) and 2.5 pL of 1:10
forensicGEM™ in Blue Buffer. The original tube, dubbed the SF, and the tube containing
the swab, dubbed the MF, are then gently vortexed and incubated at 37°C for 15 minutes,
75°C for 15 minutes, and 4°C for 5 minutes. Following this incubation, the SF is treated
with an AcroSolv SF Master Mix comprised of 1 pL 10X Red Buffer, 5 uL AcroSolv, 2
pL forensicGEM™, and 9.5 uL DI water. The MF is treated with an AcroSolv SF Master
Mix comprised of 2 pL 10X Red Buffer, 10 pL AcroSolv, 2 pL forensicGEM™, and 23.5
puL DI water. The SF and MF are then gently vortexed and incubated at 52°C for 5 minutes,
75°C for 3 minutes, 95°C for 3 minutes, and 4°C for 5 minutes. The MF at a final volume
of ~120 uL and SF at a final volume of ~50 uL are considered ready for further downstream
analysis.

Each dilution was quantitated in unison with qPCR, separated via CE, and analyzed
using GeneMapper. The data collected from the generated profiles was used to corroborate
the modifications and suggest any additional changes to the protocol prior to analysis of

the post-coital samples.

2.4 Post-coital Casework-Type Sample Analysis

In the final stage of this study, donated post-coital samples were extracted using the
TCDE with modifications for sexual assault swabs, and subjected to downstream analysis.
The donors for the post-coital swabs consisted of 3 different anonymous male/female
couples (6 individual donors — 3 male and 3 female), with 30 total swabs collected. The
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anonymous donors were instructed to obtain a vaginal swab within 24 hours of intercourse.
The couples were asked to refrain from donating if the male donor was known to be
azoospermic or vasectomized, or if a condom was used during intercourse. The female
donors were informed that they were allowed to change clothing, urinate, or shower before
obtaining the sample as many female victims of sexual assault will perform these activities
before presenting for medical attention and undergoing an evidence collection examination
(38).

In staying true to casework, all of the donated post-coital samples were collected
on a variety of brands of sterile cotton swabs akin to what would be found in an SAECK.
This was to account for the fact that SAECKSs can vary in the brands and types of items
that they include (38). In order to keep this experiment blind, all of the swabs were number
post-coital (PC) swab 1-30 at random and extracted and analyzed in numerical order. The
swabs were stored in primary and secondary paper packaging at -20°C throughout the

analysis process.

2.4.1 Sample Preparation

Prior to extraction, each PC swab was laid on the bench top at room temperature in
its primary and secondary packaging until fully thawed. Approximately % of each swab
head was removed from the swab using a sterile one-use scalpel, and placed in a clean
microcentrifuge tube. The swabs were placed back into their original packaging and again

stored at -20°C for potential further use.
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2.4.2 Extraction of Post-coital Samples

The PC swabs were extracted 10 swabs at a time over 3 days, following the TCDE
protocol with modifications for cotton swabs. The procedure follows the same steps and
reagent volumes outlined in section 2.3.2 and illustrated in Figure 5, with the only change
being removal of the vortex step at 30 minutes during the initial sample incubation step at
room temperature in DI water.

The extractions were treated with EDTA prior to storage at -20°C to better preserve
them for future analysis. EDTA at a concentration of 5 millimolar (mM) was added at 10%
of the final volume to each fraction: 40 uL into the EF, 10 uL in the MF, and 5 uL into the

SF.
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Figure 5. Schematic of the TCDE with modifications for casework-type samples




2.4.3 Analysis of Post-coital Samples

Extraction fractions from 15 of the 30 PC swabs were selected for further analysis
based on parameters that met issues commonly encountered in sexual assault samples,
including low quantities of male DNA in the presence of high quantities of female DNA,
and more equal portions of male and female DNA. The former issue makes the isolation
of sperm cells and limitation of female E-cell carryover more challenging, and the latter
can mixture interpretation tedious particularly when analyzing contributors in the E-cell
fraction.

The 15 swab fractions (45 fractions in all) were quantitated, amplified, separated,
and analyzed using GeneMapper. Data from the qPCR and GeneMapper analysis were
used to calculate various statistical parameters detailed in the results section (Section 3).
Statistical calculations were performed using Microsoft Excel 2019 (Microsoft, Redmond,

Washington).

2.4.4 AcroSolv Extraction and Analysis

During data analysis, it was decided that obtaining a single fraction extraction of
the PC swabs as a comparison factor to the TCDE extraction fractions could potentially
demonstrate the robustness of the TCDE. Another % swab head cutting was taken from all
30 of the original PC swabs and extracted in the following manner using AcroSolv.

The swab cutting was placed in a clean microcentrifuge tube containing 60.5 uL of
DI water, gently vortexed, and allowed to incubate at room temperature for 15 minutes

with a final brief vortex. 10 uL of Red Buffer, 5 uL of AcroSolv, 2 uL of forensicGEM™,
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and 22.5 uL of additional DI water were added to the tube and then incubated at 52°C for
5 minutes, 75°C for 3 minutes, 95°C for 3 minutes, and 4°C for 5 minutes. Each extraction
was then treated with 10 uL of 5 mM EDTA prior to storage at -20°C to better preserve
them for future analysis.

The 15 AcroSolv extractions were quantitated, amplified, separated, and analyzed
using GeneMapper. Data from the qPCR and GeneMapper analysis were used to calculate
various statistical parameters detailed in the results section (Section 3). Statistical
calculations were performed using Microsoft Excel 2019 (Microsoft, Redmond,

Washington).
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3. RESULTS AND DISCUSSION
3.1 Protocol Modifications

It was crucial to first approach and revisit the protocol with careful consideration
for any unresolved concerns from previous studies that would potentially reduce the
usability in forensic labs. With troubleshooting and attempting to resolve issues prior to
extracting and analyzing the mock casework samples and post-coital donations,
modifications were able to be made to the protocol that produced high quality of data from

typical sexual assault samples.

3.1.1 Reagent Modifications

One of the primary problems in previous research centered around apparent
inhibition when amplifying profiles using the GlobalFiler® PCR Amplification Kit, which
is a commonly utilized amplification kit in forensic labs. An experiment similar to the Red
Buffer experiment was performed with the Orange Plus Buffer that showed clear signs of

inhibition (61).

3.1.1.1 Buffer Modifications

Quantitation data from the Red versus Orange Plus Buffer experiment showed signs
of qPCR inhibition (Table 1). The percent of DNA inhibited ranged from ~53-78%. This
was strong indication that the Orange Plus Buffer may be contributing to the inhibition

observed in previous studies.

33



Buffer Concentration | 0.1X 0.02X 0.01X
Red 3.65 ng/uL 0.61 ng/uL 0.19 ng/uL
Orange 0.81 ng/uLL 0.29 ng/uLL 0.08 ng/uLL
Red IPC Ct 29.7 29.5 29.6
Orange IPC Ct 30.1 30.2 30.3
Apparent % DNA loss | 77.8 52.5 57.9

Table 1. Quantitation data expressing DNA concentration in ng/ulL and accompanying IPC Ct
values of a known DNA standard diluted and amplified in the presence of Red Buffer and Orange
Plus Bufter. The qPCR results demonstrate a high level of apparent DNA loss.

The samples containing a known DNA standard that were amplified using
GlobalFiler in varying concentrations of Red Buffer (0.25X, 0.5X, 0.75X and 1X) showed
no signs of inhibition. PHRs were calculated for each heterozygous locus, and an average
was taken for each dye channel. All PHRs were within what is widely considered a useable
range at above 60% (Table 2). There were no signs of degradation, and limited artifacts
across the profiles.

This was a strong indication that the Red Buffer would be an adequate substitute
for the Orange Plus Buffer, thus resolving the inhibition that had previously been observed
with GlobalFiler®. The Orange Plus Buffer was thus permanently replaced with the Red

Buffer in the TCDE protocol.

3.1.1.2 Liquid E-cell Preparation Modifications
In order to potentially identify and eliminate any other sources of inhibition in the
TCDE protocol, three solutions used throughout the procedure (PBS, TE, and DI water as

a negative control) were amplified with a known DNA standard. PHRs were calculated
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for each possible locus, and an average was taken for each dye channel. The amplifications
containing PBS showed strong evidence of complete PCR inhibition due to the total lack
of peaks across the profiles. All PHRs for TE and DI water were at or above 60% (Table
2).

This data showed a very strong indication that the addition of PBS as a wash step
in liquid E-cell preparation was contributing to the inhibition observed in previous studies.
Throughout the preparation of the mock casework-type samples for this current study, PBS

was replaced with TE to avoid the risk of PCR inhibition.
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Sample Type Injection Dye Average | Injection Dye Average
Time (sec)| Channel | PHR (%) | Time (sec)| Channel | PHR (%)
3uL sample + 12ul. PBS 2 Blue N/A 5 Blue N/A
3uL sample + 12ul. H20 2 Blue 83.8 5 Blue 84.4
3uL sample + 12uL TE 2 Blue 82.9 5 Blue 81.4
3uL sample + 3ul 1x Red + 9uL H20 2 Blue 73.3 5 Blue 73.8
3uL sample + 6ul 1x Red + 6uL H20 2 Blue 78.7 5 Blue 77.7
3uL sample + 9uL 1x Red + 3ulL H20 2 Blue 84.8 5 Blue 82.5
3uL sample + 12uL 1x Red 2 Blue 79.1 5 Blue 78.6
3uL sample + 12uL. PBS 2 Green N/A 5 Green N/A
3uL sample + 12uL. H20 2 Green 94.0 5 Green 92.5
3ul sample + 12ul. TE 2 Green 73.2 5 Green 73.7
3uL sample + 3ul 1x Red + SulLL H20 2 Green 89.6 5 Green 89.4
3uL sample + 6ul 1x Red + 6ul H20 2 Green 71.7 5 Green 70.5
3uL sample + 9uL 1x Red + 3ulL H20 2 Green 87.7 5 Green 88.6
3uL sample + 12uL 1x Red 2 Green 87.6 5 Green 87.0
3uL sample + 12uL PBS 2 Yellow N/A 5 Yellow N/A
3uL sample + 12uL. H20 2 Yellow 92.3 5 Yellow 91.2
3uL sample + 12ul. TE 2 Yellow 84.4 5 Yellow 84.4
3uL sample + 3ul 1x Red + SuL H20 2 Yellow 77.9 5 Yellow 79.4
3uL sample + 6ul 1x Red + 6ulL H20 2 Yellow 77.6 5 Yellow 76.6
3uL sample + 9uL 1x Red + 3ulL H20 2 Yellow 79.3 5 Yellow 81.1
3uL sample + 12uL 1x Red 2 Yellow 87.3 5 Yellow 87.3
3uL sample + 12uL PBS 2 Red N/A 5 Red N/A
3uL sample + 12uL. H20 2 Red 80.4 5 Red 79.8
3uL sample + 12ul. TE 2 Red 92.1 5 Red 92.1
3uL sample + 3ul 1x Red + SuL H20 2 Red 73.7 5 Red 74.4
3uL sample + 6ul 1x Red + 6ul H20 2 Red 75.2 5 Red 76.5
3uL sample + 9uL 1x Red + 3ulL H20 2 Red 83.4 5 Red 85.5
3uL sample + 12uL 1x Red 2 Red 72.3 5 Red 74.6
3uL sample + 12ul. PBS 2 Purple N/A 5 Purple N/A
3uL sample + 12ul. H20 2 Purple 85.2 5 Purple 85.4
3uL sample + 12uL TE 2 Purple 933 5 Purple 93.0
3uL sample + 3uL 1x Red + 9uL H20 2 Purple 70.9 5 Purple 71.4
3uL sample + 6uL 1x Red + 6ul H20 2 Purple 86.2 5 Purple 86.5
3uL sample + 9uL 1x Red + 3ul H20 2 Purple 77.2 5 Purple 75.9
3uL sample + 12uL. 1x Red 2 Purple 69.5 5 Purple 69.5

Table 2. PHRs of 0.75 ng of DNA amplified with varying ratios of Red Buffer (1:3, 1:1, 3:1, 1:0),
PBS, TE buffer, and DI water. Ratios highlighted in red represent a lower than 75% calculated
PHR.
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3.1.2 Optimization for Cotton Swab Analysis

The TCDE protocol had previously been adapted for pristine liquid samples and
dried/aged "4 by "4 cotton swatches. Prior to analysis of the mock casework-type and
donated post-coital swabs, there were several factors about the nature of cotton swabs that

required consideration in regards to the protocol.

3.1.2.1 Cotton Swab Sampling Optimization

Primarily, the optimum amount that an analyst would remove from a single swab
head for the extraction needed to be determined. Previously, the protocol’s volume was
adjusted from 100 uL in a 0.2 mL thin walled PCR tubes to 500 uL in a 0.5 mL thin walled
PCR tubes to accommodate the addition of the swatches. In an effort to keep the volume
consistent at 500 uL, '2 and 4 heads of plain sterile cotton swabs were tested with a dry
run of the protocol.

The ' swab portions displaced the liquid causing it to overflow from the tube when
the reaction volume was brought to 500 uL. Additionally, they occupied too much volume
in the tube to allow for thorough vortexing. Contrastingly, the ¥4 swabs did not displace a
remarkable amount of liquid and easily allowed vortexing. Therefore, the TCDE protocol
was modified to include instructions to only obtain % of a cotton swab per sample.

Additionally, it is recommended that in obtaining the "4 swab portion, the analyst
make a cut longitudinally down along the swab head and gently rotate the swab until 4

portion is obtained instead of randomly selecting an approximate "4 portion. This is in
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consideration of how intimate sexual assault evidence samples are clinically acquired, as

the entire swab head makes thorough contact with the vaginal canal (38).

3.1.2.2 Cotton Swab Liquid Retention

In prior research optimizing the TCDE protocol for analysis with swatches, it was
found that the swatches retained approximately 30 uL of solution following the first
incubation step of the extraction. Knowing how much liquid is retained in the material
being analyzed is an important consideration when keeping reagent concentrations constant
throughout the procedure. With this in mind, a dozen % portions of sterile cotton swabs
were tested to see how much liquid they retained.

Following an incubation in DI water and centrifugation, the swabs showed a liquid
retention range of 51-63 ul. with a mean of 58 uL (Table 3). For the protocol, it was
modified to estimate that approximately ~60 uL of solution is retained after the first
incubation. To accommodate for this addition, 30 uL of water was subtracted from the
AcroSolv MF Master Mix, to maintain a final volume of ~120 uL for the material fraction

and not alter the AcroSolv final concentration.

Swab 1 2 3 4 5 6 7 8 9 10 | 11 | 12

Liquid (uL) | 54 | 62 | 51 | 58 | 60 | 58 | 63 | 52 | 61 | 58 | 59 | 60

Table 3. Liquid retention in uL of sterile cotton swabs following incubation in 500ul of liquid at
75°C for 15 min and 4°C for 5 min.
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3.1.2.3 Cotton Swab Handling

Throughout the dry runs with the %4 portions of cotton swabs and into the processing
of the mock casework samples, it was noted that special consideration needed to be taken
when handling the swab fractions during the various stages of the extraction procedure. As
sterile cotton swabs are densely compacted, when a portion of the swab is cut, the fibers of
the swab begin to quickly unravel. This unraveling is exacerbated by soaking the swab in
liquid and the several vortexing steps throughout the various stages of the extraction.
Unfortunately, the more the swab portion unraveled, the more difficult it was to handle in
the solution. It was found that by keeping the vortex mixer at no more than half speed and
removing one of the vortexing steps during the initial one-hour long room temperature
incubation, the unraveling of the swab portion was greatly reduced while still ensuring that
the fibers were fully saturated.

Additionally, attention needed to be given to the position of the swab portion
throughout the extraction phases. Not all sterile cotton swabs are made equally, and
various brands of medical-grade sterile swabs were used throughout this study. As some
are more densely compacted than others, some 4 portions tended to expand when saturated
in liquid more than others. Therefore, several of the swabs needed to be manually
manipulated into the solution when transferring the swab from the original (SF) tube to the
MF tube after the initial E-cell digest with forensicGEM, and at all further steps where
additional reagents were added to the SF and MF tubes. It is recommended in the protocol
to manually manipulate all swabs with sterile tweezers during the material transfer, or the

micropipette tips during the subsequent steps.
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3.2 Single Cell-Type Extractions for Recovery Optimization

Before constructing the mock casework-type swabs, the liquid E-cell preparation
and stock semen samples were extracted and quantitated to calculate the amount of DNA
present in each cell type solution. These calculations were used to generate the semen
dilutions for the mock samples and determine the amount of female DNA that would
remain constant throughout the experiment and would be expected in the female fractions.

Both liquid samples and samples dried on sterile cotton swabs were tested. The
genotypes of the female saliva (E-cell) donor and male semen donor may be found below

in Table 5.

3.2.1 Liquid Extractions

Liquid E-cell preparations were extracted with forensicGEM™ and the liquid
semen aliquots with AcroSolv, both by manufacturer protocol. The quantitation data
showed that in 10 uL of liquid E-cell preparation, there is approximately 19.6 ng of female
DNA present. In 10 uL of liquid semen, there is approximately 97.9 ng of male DNA
(Table 4). For the purpose of creating the semen dilutions and mock casework samples, it
was considered that ~20 ng of female DNA was present in each 10 uL aliquot of liquid E-
cell preparation, and ~100 ng of male DNA was present in each 10 uL aliquot of stock

semen.
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3.2.2 Cotton Swab Extractions

Similarly, %4 portions of cotton swabs were cut from swabs made with 10 uL liquid
E-cell preparation and 10 uL liquid neat semen. These portions were extracted and
analyzed with forensicGEM™ and AcroSolv, according to cell type. The quantitation data
showed that there was approximately 3.0 ng of female DNA in % portion of the E-cell
swab, and approximately 14.7 ng of male DNA in ' portion of the semen swab. This was
approximately 15.3% and 15.0% of the DNA obtained from the corresponding liquid
extractions. As Y of the swab was used for extraction, it was estimated that approximately
Y4 of the total DNA deposited would be obtained from the swab cutting. However, since
the amount extracted from the swab head was less than the expected 25%, this suggested
that the full hour during the room temperature incubation phase was necessary to loosen as

much of the dried E-cells and semen from the swab as possible.

oo Liquid Semen | % Swab Semen
- 1 -
Liquid E-Cell | % Swab E-Cell (Neat) (Neat)
forensicGEM™ 19.6 ng 3.0 ng N/A N/A
AcroSolv N/A N/A 97.9 ng 14.7 ng

Table 4. Mass of DNA obtained from liquid and prepared cotton swab extractions of 10 uL deposits
of liquid E-cell preparation and stock semen aliquots with forensicGEM™ and AcroSolv,
respectively
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3.3 Mock Casework-Type Swab Analysis

All of the mock casework-type swabs were prepared and analyzed in the same
fashion using liquid E-cell preparation and stock semen from the same donors (Appendix
A, Table A). A summary of the approximate amount of male and female DNA (in ng)
added to each mock swab is shown below in Table 5. Samples were made with a constant
E cell volume and a constant volume of the indicated dilutions. Henceforth, the samples

will be referred to by their female to male ratios.

F:M 1:5 2:1 10:1 20:1 50:1 100:1 150:1 200:1

Semen | Neat | 1:10 | 1:50 | 1:100 | 1:250 | 1:500 | 1:750 | 1:1000

Dilution

Female | ~20ng | ~20ng | ~20ng | ~20ng | ~20ng | ~20ng | ~20 ng ~20 ng
~100 ~0.13

Male i ~10ng | ~2ng | ~Ing ~0.4 ~0.2 ng ~0.1 ng

Table 5. Summary of the approximate quantities of female and male DNA present on each prepared
mock casework-type swab. E-cell concentration was kept constant and semen was diluted as
indicated. The top row represents the estimated ratio of female to male DNA present on each swab

3.3.1 Estimated Male and Female DNA Carryover

Preliminary qPCR quantitation data obtained using QuantDuo following extraction
and quantitation of the three fractions for each swab suggested a significant presence of
male DNA in the E cell fraction of the 1:5, 2:1, and 10:1 samples. For the remaining
samples, there was no presence of male DNA with the EF. Female DNA was found in the
MF fractions of the 50:1, 100:1, 150:1, and 200:1 samples, and in the SF fractions at the

150:1 and 200:1 samples. All other MF and SF fractions exhibited no evidence of female
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carryover and were expected to be single source male (SSM) profiles based on the qPCR

quantitation data.

3.3.2 Female to Male Ratio of Contributors

A female to male ratio of contributors was calculated for each fraction by reviewing
the profiles generated and summing the total RFU values from the female alleles and
dividing them by the sum of RFU values from the male alleles. Male and female alleles
were known for each profile (Appendix A, Table A). Loci where there were no shared
alleles between donors, and no evidence of dropout from either of the donors were used in
the calculation of contributor ratios. An average ratio was calculated for each profile. An
example of this is depicted with a panel of a mixed EF profile from one of the mock

casework samples with a contributor ratio close to 1:1 in Figure 6 below.
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Figure 6. Section from a mixed EF profile from the mock casework swabs with a ratio close to 1:1
D3S1358 and vWA are suitable for analysis as the donors do not share any alleles at these loci.
D16S539, CSF1PO, and TOPX are unsuitable for analysis as the two contributors share an allele
at each of these loci. Female alleles at suitable loci are outlined in red and alleles demonstrating
sharing between the two donors are crossed out.

The female to male ratio of contributors reflects the quantitation data in that there
was male DNA carryover in the E-cell fraction of the 1:5, 2:1, and 10:1 samples (some of
this male DNA may have resulted from lysis of male non-sperm cells). All other E cell
fractions were considered SSF profiles. The profiles additionally echoed the quantitation
data in that there was female E-cell DNA carryover evident in the material fraction profiles
of the 50:1, 100:1, 150:1, and 200:1 samples as well as a small amount of female DNA
carryover in the sperm fraction profiles of the 150:1 and 200:1 semen dilutions. The ratio
of contributors calculated for the profiles from each fraction are shown in Table 6.

The EF profiles show a sharp increase in female contribution from female to male

DNA ratios of 1:5 to 10:1 with SSF profiles being exhibited at ratios of 20:1 and higher.
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The MF profiles show SSM profiles until a female to male ratio of 50:1, then a steady
increase in female carryover. Additionally, the only SF fractions not exhibiting SSM

profiles are at ratios of 150:1 and 200:1.

g‘iﬁli)rll; AVEfage EFslglﬁo A\}\e/:lrige MF SD Avifage SFSrSﬁO
F:M Ratio | F:M Ratio F:M Ratio F:M Ratio

1:5 0.9:1 0.4:1 SSM N/A SSM N/A
2:1 9.2:1 3.8:1 SSM N/A SSM N/A
10:1 23.2:1 10.7:1 SSM N/A SSM N/A
20:1 SSF N/A SSM N/A SSM N/A
50:1 SSF N/A 4.3:1 3.4:1 SSM N/A
100:1 SSF N/A 5.9:1 24:1 SSM N/A
150:1 SSF N/A 6.4:1 2.8:1 0.06:1 0.08:1
200:1 SSF N/A 9.7:1 6.7:1 0.07:1 0.08:1

Table 6. Summary of female to male contributor ratios calculated from DNA profiles from the
mock casework swab fractions. All ratios are expressed as a decimal number with standard
deviation (SD). Profiles exhibiting evidence of only the female or male contributor are labeled
SSF and SSM, respectively. Samples were made with a constant amount of female E-cell DNA
(~20 ng) and varying semen dilutions.

3.3.3 Male Peak Height Ratios

In all of the mock casework swab fraction profiles exhibiting male alleles, PHRs
were calculated at all suitable loci where there was no allele sharing with the female
genotype and the male genotype was not homozygous. An average was taken of the PHR
for the entire profile and compared to the overall female to male ratio previously calculated

for that particular profile. On comparison, the data shows a trend that as the female to male
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contributor ratio approaches 0, or a true male profile, the average male PHR approaches 1.
This implies that in fractions containing higher amounts of female DNA, the female DNA
will be preferentially amplified. Additionally, as the amount of male DNA increases and
the female to male contributor ratio thus decreases, the male alleles are potentially being
preferentially amplified, causing PHR closer to 1. A distribution of the male PHRs for all

of the sperm and material fraction profiles is displayed in Figure 7.

Average Male PHR as a Function of Female Proportion
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Figure 7. A scatter plot of all the male PHRs in the mock casework swab sperm and material
fractions, expressed as a percent.
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3.3.4 Female Carryover in Sperm Fractions

The most crucial fraction of the TCDE is the sperm fraction. The profiles generated

from this fraction in analysis of sexual assault evidence will be used in court for comparison

to potential male suspects. They should be of the highest quality ideally exhibiting no

female E-cell carryover. The SF profiles generated from the mock casework-type samples

showed very minimal female E-cell carryover in only the 1:750 and 1:1000 semen

dilutions, which had female to male ratios of total starting DNA at 150:1 and 200:1,

respectively (Figure 8). This demonstrates the ability of the TCDE protocol to generate a

SSM profile in downstream analysis, even in the presence of high amounts of female DNA.
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Figure 8. Profile sections from mock casework-type swabs with starting F:M ratios of 150:1 (A)
and 200:1 (B). These demonstrate the two highest semen dilutions (1:750 and 1:1000, respectively)
which were the only mock swabs where female carryover was observed in the SF. Donor genotypes
may be referenced in Appendix A, Table A.

3.4 Post-Coital Swab Analysis

Arguably the most important element of this study was to use the protocol on
donated post-coital samples that were obtained under conditions as true to casework as
possible. The data generated from these extractions and downstream analysis demonstrates

for the first time the applicability of the protocol to typical sexual assault type samples. All
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30 of the donated post-coital swabs were extracted using the TCDE protocol using the
reagent changes, modifications, and considerations identified from the experiments in this

study.

3.4.1 Estimated Male and Female Ratios

The 30 donated PC swabs that were extracted generating 90 fractions in total. All
90 fractions were subjected to quantitation via qPCR. The cycle threshold (CT) values
generated by Quantifiler® Duo were used to calculate the total human DNA, total male
DNA, and total female DNA and to estimate the female to male ratios found in each
fraction. A complete record of the quantitation data and subsequent calculations can be
found in Appendix B, Table A.

Using this data, 15 PC swabs (45 fractions in total) were selected for further
downstream analysis (Table 7). The factors used to select these fractions included
identifying samples that exhibited low male DNA in the presence of high amounts of
female DNA in an effort to be as similar to casework samples as possible. Additionally,
some samples were selected that had a female to male ratio in the range of 1:1 to 1:10, as
this is where the mock casework-type samples showed the most variability in amounts of
female DNA present in the epithelial fractions. Additionally, female to male ratios closer
to 1:1 make mixture interpretation of profiles more difficult, which is a problem that is also

commonly encountered in sexual assault evidence sample analysis.
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SAMPLE | QUANTITY (H) | QUANTITY (Y)| VOLUME (uL) | TOTAL HUMAN| EST. TOTAL F TOTAL M F:M
PC2 EF 0.98 0.02 400 392.79 385.74 7.05 54.7
PC2 MF 0.09 0.10 100 9.20 0.00 10.22 0.0
PC2 SF 1.04 2.15 50 52.18 0.00 107.31 0.0
PC3 EF 1.05 0.00 400 419.12 419.12 0.00 N/A
PC3 MF 0.07 0.08 100 7.33 0.00 7.53 0.0
PC3 SF 1.68 2.79 50 84.10 0.00 139.65 0.0
PC4 EF 1.01 0.00 400 404.80 402.86 1.94 207.3
PC4 MF 0.65 0.17 100 65.22 48.61 16.62 2.9
PC4 SF 0.54 0.86 50 26.82 0.00 43.09 0.0
PCS5 EF 0.72 0.00 400 287.66 286.39 1.27 225.9
PC5 MF 0.59 0.21 100 58.81 37.75 21.05 1.8
PC5 SF 0.45 0.59 50 22.66 0.00 29.69 0.0
PC8 EF 3.24 0.01 400 1296.33 1292.38 3.95 326.8
PC8 MF 043 0.46 100 42.75 0.00 46.23 0.0
PC8 SF 0.70 1.77 50 35.01 0.00 88.35 0.0
PC9 EF 0.98 0.01 400 391.71 385.88 5.83 66.2
PC9 MF 0.60 0.27 100 60.16 33.26 26.90 1.2
PC9 SF 0.05 0.05 50 2.74 0.27 2.47 0.1
PC10 EF 1.69 0.01 400 677.39 673.12 4.27 157.6
PC10 MF 0.53 0.38 100 53.02 14.76 38.26 0.4
PC10 SF 2.26 2.70 50 113.16 0.00 134.88 0.0
PCl11 EF 2.83 0.04 400 1130.29 1116.19 14.10 79.2
PC11 MF 8.24 2.39 100 824.39 585.54 238.85 2.5
PC11 SF 2.45 4.34 50 122.67 0.00 217.07 0.0
PC18 EF 0.44 0.00 400 176.94 176.94 0.00 N/A
PC18 MF 1.68 0.38 100 167.98 129.86 38.13 3.4
PC18 SF 0.63 0.91 50 31.36 0.00 45.42 0.0
PC20 EF 0.27 0.00 400 106.84 105.21 1.63 64.7
PC20 MF 12.56 4.62 100 1256.14 794.30 461.84 1.7
PC20 SF 15.44 20.10 50 771.80 0.00 1005.24 0.0
PC21 EF 0.53 0.01 400 212.74 209.71 3.03 69.3
PC21 MF 0.03 0.02 100 3.43 1.77 1.66 1.1
PC21 SF 0.01 0.02 50 0.66 0.00 1.05 0.0
PC22 EF 0.92 0.00 400 366.86 365.67 1.19 307.0
PC22 MF 0.18 0.01 100 18.24 17.51 0.73 239
PC22 SF 0.03 0.04 50 1.56 0.00 1.91 0.0
PC24 EF 0.41 0.11 400 164.92 122.57 42.36 2.9
PC24 MF 0.61 0.65 100 61.13 0.00 65.13 0.0
PC24 SF 0.91 12.41 50 45.68 0.00 620.42 0.0
PC29 EF 0.35 0.01 400 139.95 137.46 2.48 553
PC29 MF 0.46 0.03 100 45.95 42.69 3.26 13.1
PC29 SF 0.06 0.03 50 2.87 1.13 1.74 0.7
PC30 EF 0.35 0.00 400 140.08 140.08 0.00 N/A
PC30 MF 0.67 0.01 100 66.63 65.91 0.72 91.1
PC30 SF 0.03 0.03 50 1.44 0.00 1.54 0.0

Table 7. Summary of data generated from qPCR quantitation of PC swab fractions. Quantity (H)
= total human DNA, Quantity (Y) = total male DNA. F:M ratios listed with male expressed as one
part, i.e. 57.4 =57.4:1.
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As only 15 of the swabs were chosen for STR amplification, only two of the three
couples that donated PC swabs were present in this sample pool. The individual female
and male genotypes for each couple were determined by analyzing the EF and SF fractions
and determining the major contributor for each (MF used in place of EF for PC20 and
PC24) and can be found in Appendix A, Table B. The data in Table 8 provides the

quantitation data for the 45 fractions selected for further downstream amplification.

3.4.1.1 Estimated Starting Ratios from AcroSolv Extraction

After reviewing the quantitation data of the 30 PC swabs from the TCDE fractions,
and prior to making the final determination of which 15 PC should be selected for further
analysis an AcroSolv digestion of another approximately 4 portion of each PC swab was
performed, and the extract was quantified. Similarly, the quantities of total human and
total male were used to calculate the total human DNA, estimate total female DNA and
total male DNA, and estimate the female to male ratios for each fraction (Table 8). These
factors were considered when reviewing the data from this extraction alongside the

quantitation data from the TCDE fractions.
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PC2 PC3 PC4 PCS PC8
Quantity (H) 0.3 0.2 0.2 0.2 0.1
Quantity (Y) 0.01 0.02 0.006 0.01 0
Est. Quantity F 0.3 0.1 0.1 0.2 0.1
F:M 21.7:1 10.3:1 26.4:1 10.8:1 0
PC9 PC10 PC11 PC18 PC19
Quantity (H) 1.6 3.9 1.0 0.2 0.2
Quantity (Y) 0.07 0.5 0.2 0.07 0.07
Est. Quantity F 1.5 3.5 0.9 0.1 0.1
F:M 21.7:1 7.7:1 5.7:1 1.5:1 1.8:1
PC20 PC21 PC22 PC29 PC30
Quantity (H) 1.2 1.1 5.1 1.4 2.3
Quantity (Y) 0.4 0.04 0.01 0.01 0.03
Est. Quantity F 0.8 1.1 5.1 1.4 2.3
F:M 1.8:1 25.5:1 358.7:1 136.1:1 88.8:1

Table 8. Summary of data generated from qPCR quantitation of PC swab AcroSolv digestion.
Quantity (H) = total human DNA, Quantity (Y) = total male DNA. Expressed in nanograms (ng).

3.4.2 Female to Male Ratio of Contributors

The female to male ratio was calculated for each of the amplified 45 fractions using
the RFU values at each suitable locus. For each profile, an average contributor ratio was
calculated (Table 9). The EFs for PC20 and PC24 did not generate a profile, even though
the quantitation data suggested that DNA had been extracted in both fractions. These
fractions were re-quantified once and re-amplified twice to no avail, and a profile for these

two fractions was not recovered.
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EF

MF

SF

PCSwab | (oo [EFSD |\l ee  [MESD | {0 ee  |SESD

2 109.4 30.5 3.7 1.3 0.02 0.03
3 SSF N/A 3.2 0.8 0.02 0.04
4 SSF N/A 15.7 7.1 0.05 0.04
5 SSF N/A 3.3 1.5 SSM N/A
8 SSF N/A 0.2 0.4 SSM N/A
9 SSF N/A 7.0 2.6 0.03 0.05
10 SSF N/A 0.9 0.3 SSM N/A
11 SSF N/A 2.7 1.2 SSM N/A
18 SSF N/A 7.3 4.8 0.2 0.1

20 N/A N/A 6.9 3.3 0.07 0.03
21 SSF N/A 2.7 2.3 0.06 0.2
22 SSF N/A SSF N/A 0.1 0.1

24 N/A N/A 0.58 0.1 SSM N/A
29 SSF N/A SSF N/A 0.3 0.2
30 SSF N/A SSF N/A 0.7 0.5

Table 9. Summary of female to male ratios in amplified PC swab fractions. All ratios are expressed
as a decimal number with standard deviation (SD). Profiles exhibiting evidence of only one female

or male contributor are labeled SSF and SSM, respectively.

These data suggest that the majority of the swabs selected for analysis did indeed
have amounts of female DNA in very large ratios to the male DNA present. This was
strongly indicated by the fact that 14 of the EFs exhibited SSF profiles, with the other 1 EF
having a female to male contributor ratio of over 100. Additionally, 3 of the MF fractions

demonstrated a SSF profile with the remaining 12 MF fractions showing a female to male

ratios of ~0.02 to 0.7
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Of the 15 PC swab fractions analyzed, 5 SF fractions demonstrated a SSM profile,
six profiles have a major male profile with female to male ratio of 0.02 to 0.07 and four
profiles have a mixture with a female to male ratio of 0.2 to 0.7 (below 1:1). Each of these
SFs has an easily distinguishable major male contributor. These results indicate that the
TCDE protocol is successfully extracting SF fractions with either SSM profiles, or profiles

with minimal female carryover that would be for use in forensic analysis.

3.4.3 Male Peak Height Ratios

For of the PC swab fraction profiles exhibiting male alleles, PHRs were calculated
at all suitable loci. An average was taken of the PHR for the entire profile and compared
to the overall female to male ratio previously determined. The data trend echoes that of
the mock casework samples in that as the female to male contributor ratio approaches 0,
the average male PHR approaches 1. This further corroborates that fractions containing

higher amounts of female DNA, the female DNA will be preferentially amplified.

54



Average Male PHR as a Function of Female Proportion
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Figure 9. A scatter plot of all the male PHRs in the post-coital swab sperm and material fractions,
expressed as a percent.

3.4.4 Assessment of Female E-cell Carryover in Material Fraction

Overall, there was a considerable amount more female E-cell carryover in the
material fractions with swabs than was seen with one-ply cotton swatches in earlier studies
(62). However, in this sample pool of 15 PC swabs, there was considerable variation in
the female to male contributor ratios in the MFs ranging widely from ~0.2-7.0 with an

equal standard deviation (SD) range of ~0.2-7.0 (Figure 10).
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Material Fraction Female to Male Average Ratios with
Standard Deviation
25

20

15

F:M

10

‘Beala.l.alld.

PC2 PC3 PC4 PC5 PC8 PC9 PCI10 PCI11 PC18 PC20 PC21 PC24

PC Swab MF

Figure 10. Average female to male ratios from amplified PC swab MFs with standard deviation
(SD)

The percentage of female carryover ranged from approximately 0.2-16% of the
total DNA present in the fraction (Figure 11).

The prevalence of female E-cell DNA even following forensicGEM™ extraction
and treatment with Benzonase® Endonuclease may possibly be explained by the density of
sterile cotton swabs and their tendency to be reluctant to release cells (39). Furthermore,
E-cells are lighter in molecular weight than sperm cells, and they would have a stronger
propensity for sticking to the meshed fibers of the cotton swab and less likely to come off

during the initial vortexing steps as the heavier spermatozoa.
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Percentage of Female Carryover in Material Fraction
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Figure 11. Percentage of female E-cell carryover in total DNA of amplified PC swab MFs

3.4.5 Assessment of Female E-cell Carryover in Sperm Fraction

There was a significantly lower presence of E-cell carryover in the PC swab SFs as
compared to the MFs. In analyzing the female to male contributors for each profile, the
SFs demonstrated ratios ranging from approximately 0-0.7 (subtracting the highest outlier,
the ratio range is 0-0.2) with a SD range of 0-0.5 (again subtracting the highest outlier the

SD range is 0-0.1) (Figure 12).



Sperm Fraction Female to Male Average Ratios with
Standard Deviation
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Figure 12. Average female to male ratios from amplified PC swab SFs with standard deviation
(SD)

The percentage of female carryover ranged from approximately 0.02-0.7%
(subtracting the highest outlier, 0.02-0.1%) of the total DNA present in the extraction
(Figure 13).

These incredibly low percentages of female carryover in the sperm fraction are very
promising. As aforementioned, the SF is the most important fraction in generating a SSM

profile or profile with a very easily distinguishable major male contributor.
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Percentage of Female Carryover in Sperm Fraction
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Figure 13. Percentage of female E-cell carryover in total DNA of amplified PC swab SFs

3.4.6 Three Fraction Analysis

All of the fractions (except for the EFs from PC20 and PC24) from the 15 donated
PC swabs generated profiles that were either SSM, SSF, or had an easily distinguishable
major contributor.

The power of the TCDE comes when viewing the profiles generated from all three
fractions side-by-side. Figure 14 illustrates an example of one of the PC swabs with the
same loci for the EF, MF, and SF displayed. Note that you are able to easily distinguish
the female contributor in the EF and male contributor in the SF, and identify the male

contributor as the major contributor in the MF.

59



1200

800

400
0 A
18 14 11 11
1440 755 589 493
13350/ | | 168,99 251.84 302,52
18 12
567 608
184.95 255.77
B)
[ p3stsse | wwA ] [ D16S539 | [meox ]
90 150 210 270 330 390
360

240

120 A L
o 2 1 A o=
(34220 Loci F M
——————
17 16 11
331 295 \1\;&\‘\ 232 D3S1358 | 18,18 | 16,17
176.82| 1251.77 1362.03

" } et VWA | 14,18 | 16,17

D16S539 | 11,12 | 9,11
pR08L.

46 CSFIPO | 11,13 | 11,11

TPOX 8,12 8,11

270 330 390
2400
1600
0 A A
16 16 9 11 8
2082 1923 2113 2820 1206
12527 176.77 243.66 302.51 349.96
17 17 11 11
1855 1954 1755 1379
129.28 180.82 251.80 362.13

Figure 14. Example of the EF (A), MF (B), and SF (C) TCDE extraction fractions from the same

PC swab. Female alleles are outlined in red and male alleles are outlined in orange with shared
alleles crossed out.



3.4.7 Inhibition of Epithelial Fractions

Two of the EFs, for PC20 and PC24, failed to amplify during the initial
amplification of the donated PC swab TCDE fractions. To troubleshoot, the same
amplification was re-plated and re-injected on the CE, and again, the generated profiles
were blank. The fractions were re-amplified to no avail. Another qPCR quantitation was
performed with the same extraction, and the samples were reamplified at the normal target
of 0.75 ng and additionally targets of 0.25 ng and 1 ng. The fractions still failed to generate
a profile.

As the quantitation data strongly indicated that the extraction was successful, it is
hypothesized that there is an unforeseen inhibitor present in these two fractions blocking
PCR amplification of the DNA present. As this is the first time that true PC samples
have been used, there may be inhibition coming from vaginal fluid, intimate lubricants,
lotions, etc. that the forensicGEM™ is unable to eliminate from the EF, but the additional
reagents added to the MF and SF might be diluting the inhibitor enough to allow

successful amplification.
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4. CONCLUSIONS

The Temperature-Controlled Differential Extraction has previously shown strong
results in its ability to generate isolated E-cell and sperm fractions with pristine liquid
samples, and aged and dried swatches. This study made further modifications to improve
the protocol for best use with samples akin to sexual assault evidence, specifically vaginal
samples taken on sterile cotton swabs, with keeping the extraction time to approximately
2.5 hours and minimal reagent changes. Moreover, this study was able to remediate issues
with utilizing the protocol in conjunction with the PCR amplification kit most commonly
used in forensic laboratories, furthering its ability to be widely employed throughout the
forensic community.

With cotton swabs as the material substrate for the TCDE, there are several unique
factors that must be taken into consideration when compared to plain cotton swatches,
including the density of the swabs and their tendency to unravel into loose fibers once
saturated. The modifications made to the protocol to accommodate cotton swabs are robust
and are very likely to accommodate other substrates with more complexity. This is the
reason behind designating the fraction as the Material Fraction as opposed to the “Swatch”
or “Swab” fraction.

With an ever-increasing backlog of sexual assault evidence collection kits, the
TDCE protocol, with the ability to analyze samples quickly and effectively with standard
lab equipment and comparatively inexpensive reagents, has the capability to forever alter

the way that sexual assault evidence is processed in the forensic community.
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5. FUTURE CONSIDERATIONS
Following this study, a few residual factors were identified that could be further
explored. Any of these considerations could be done as separate studies, or part of a larger

validation study for the TCDE protocol.

5.1 Reducing Female E-cell Carryover in Material Fraction

As previously mentioned, there are several potential causes for the higher rates of
female E-cell carryover in the MF as opposed to the SF. The most likely cause is the
density of sterile cotton swabs and light E-cells inclination to cling to the interwoven swab
fibers, whereas the denser spermatozoa may be more likely to fall from the swab into the
solution. Additionally, the nuclease in the second phase of the reaction may not be able to
fully penetrate the denser parts of the swab that have not loosened in the extraction solution.

Two potential remedies for this could be either a more aggressive Benzonase®
concentration in the Benzonase®-forensicGEM™ MF Cocktail, or a prolonged Benzonase
extraction for the MF and SF, increasing the 37°C incubation step from 15 min to 30 min
or more. Also, the forensicGEM™ concentration may not be fortuitous enough in the
initial extraction step and unable to penetrate the swab and lyse all of the E-cells present.

Both options could provide more insight with exploration.

5.2 Inhibition with Post-coital Samples
The inhibited EF fractions suggested that there may be unforeseen inhibitors

present that the forensicGEM™ is unable to eradicate from the solution in the initial
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incubation phase. Further research exploring components of vaginal fluid, menstrual fluid,
and various items, lubricants, etc. used during intercourse could be of great benefit in

identifying the source of inhibition.

5.3 Other Material Substrates

Finally, testing the TCDE protocol on various other complex substrates that would
potentially be encountered as sexual assault evidence could provide more insight on the
robustness of the protocol for a wide variety of use in forensic labs. Substrates to consider
might include denim, synthetic fabrics, lace, silk, and wool. Information gathered from a
study such as this could either indicate further modifications or identify issues that have
not presented in previous studies focused on liquid samples and cotton-based substrates, or

further corroborate the current capability of the protocol.
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APPENDIX A: DONOR GENOTYPES

Loci Donor 1 (Female) Donor 2 (Male)
D3S1358 18,18 16,17
vWA 14,18 16,17
D16S539 11,12 9,11
CSF1PO 11,13 11,11
TPOX 8,12 8,11
Y Indel 2
Amenogelin X, X XY
D8S1179 13,14 12,13
D21S11 31,31 30,30
D18S51 12,14 16,19
DYS391 10
D2S441 10,14 11,14
D19S433 12,14 14,18.2
THO1 8,8 7,8
FGA 23,23 20,23
D22S1045 11,16 15,16
D5S818 11,13 11,12
DI13S317 11,13 9,12
D7S820 9,11 9,12
SE33 16,28.2 14,18
D10S1248 13,14 9,15
DIS1656 11,15 15,15.3
D12S391 18.3,21 16,19
D2S1338 17,19 17,23

Table A. Genotypes of female liquid saliva (used for liquid E-cell preparation) donor and male
stock semen donor.
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Loci Couple 1 Couple 1 Couple 2 Couple 2
(Female) (Male) (Female) (Male)
D3S1358 18,18 16,17 15,16 16,16
vWA 14,18 16,17 18,19 15,16
D16S539 11,12 9,11 12,12 12,13
CSF1PO 11,13 11,11 10,13 12,12
TPOX 8,12 8,11 8,10 8,10
Y Indel 2 2
Amenogelin X, X XY X, X XY
D8S1179 13,14 12,13 11,12 10,13
D21S11 31,31 30,30 26,30 29,29
D18S51 12,14 16,19 12,13 16,18
DYS391 10 10
D2S441 10,14 11,14 10,14 11,14
D19S433 12,14 14,18.2 11,14 13,14
THO1 8,8 7,8 6,8 7,9
FGA 23,23 20,23 19,24 23,25
D22S1045 11,16 15,16 15,16 15,15
D5S818 11,13 11,12 12,12 13,13
D13S317 11,13 9,12 11,12 9,11
D7S820 9,11 9,12 9,12 10,11
SE33 16,28.2 14,18 14,19 14.2,17
D10S1248 13,14 9,15 15,16 14,15
D1S1656 11,15 15,15.3 12,12 13,15.3
D12S391 18.3,21 16,19 15,15 17,22
D2S1338 17,19 17,23 20,24 20,20

Table B. Genotypes of two couples present in sample pool of PC swab extraction selected for
downstream analysis.
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APPENDIX B: POST-COITAL SWABS

savtpu | QUINT] QUNT. VoL TOTAY frora TOUAY g | voruve
PC1 EF 0.60 0 400 240.45 | 240.45 0 N/A 1.2
PC1 MF 0.92 0.37 100 92.30 5494 | 37.36 1.47 0.8
PC1 SF 0.87 1.21 50 43.47 0 60.64 0 0.9
PC2 EF 0.98 0.02 400 392,79 | 385.74 | 7.05 54.71 0.8
PC2 MF 0.09 0.10 100 9.20 0 10.22 0 8.1
PC2 SF 1.04 2.15 50 52.18 0 107.31 0 0.7
PC3 EF 1.05 0 400 419.12 | 419.12 0 N/A 0.7
PC3 MF 0.07 0.08 100 7.33 0 7.53 0 10.2
PC3 SF 1.68 2.79 50 84.10 0 139.65 0 0.4
PC4 EF 1.01 0.01 400 404.80 | 400.80 | 4.00 100.20 0.7
PC4 MF 0.65 0.17 100 65.22 48.61 16.62 2.93 1.1
PC4 SF 0.54 0.86 50 26.82 0 43.09 0 1.4
PC5 EF 0.72 0.00 400 287.66 | 286.39 1.27 225.85 1.0
PC5 MF 0.59 0.21 100 58.81 37.75 | 21.05 1.79 1.3
PC5 SF 0.45 0.59 50 22.66 0 29.69 0 1.7
PC6 EF 0.96 0.01 400 385.55 | 381.99 | 3.56 107.21 0.8
PC6 MF 1.79 0.64 100 179.15 | 115.50 | 63.65 1.81 0.4
PC6 SF 2.30 2.36 50 114.80 0 118.12 0 0.3
PC7 EF 0.51 0 400 202.99 | 202.99 | 0.00 N/A 1.5
PC7 MF 0.94 0.33 100 94.09 61.58 | 32.51 1.89 0.8
PC7 SF 0.63 0.84 50 31.58 0 42.15 0 1.2
PCS8 EF 3.24 0.01 400 1296.33 |1292.38| 3.95 326.78 0.2
PC8 MF 0.43 0.46 100 42.75 0 46.23 0 1.8
PC8 SF 0.70 1.77 50 35.01 0 88.35 0 1.1
PC9 EF 0.98 0.01 400 391.71 | 385.88 | 5.83 66.17 0.8
PC9 MF 0.60 0.27 100 60.16 33.26 | 26.90 1.24 1.2
PC9 SF 0.05 0.05 50 2.74 0.27 2.47 0.11 13.7
PC10 EF 1.69 0.01 400 677.39 | 673.12 | 4.27 157.57 0.4
PC10 MF | 0.53 0.38 100 53.02 14.76 | 38.26 0.39 1.4
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PCIO SF | 2.26 2.70 50 113.16 0 134.88 0 0.3
PCI1 EF | 2.83 0.04 400 1130.29 |1116.19| 14.10 | 79.16 0.3
PC11 MF | 8.24 2.39 100 82439 | 585.54 | 238.85 | 245 0.1
PCI11SF | 2.45 4.34 50 122.67 0 217.07 0 0.3
PCI2 EF | 1.01 0.01 400 404.11 | 400.75 | 3.36 119.25 0.7
PCI2 MF | 4.47 1.01 100 446.60 | 345.70 | 100.90 | 3.43 0.2
PCI2SF | 1.54 2.65 50 77.04 0 132.26 0 0.5
PC13 EF [ 0.67 0.01 400 268.18 | 262.63 | 5.55 47.31 1.1
PC13 MF| 0.78 0.74 100 77.98 3.92 74.06 0.05 1.0
PCI3SF | 1.32 2.18 50 66.13 0 109.07 0 0.6
PC14 EF [ 0.50 0.01 400 199.47 | 195.86 | 3.61 54.22 1.5
PC14 MF | 6.05 0.96 100 604.99 | 509.46 | 95.53 5.33 0.1
PC14 SF | 0.95 0.99 50 47.36 0 49.57 0 0.8
PCIS EF | 1.01 0.01 400 402.64 | 397.73 | 4.91 81.06 0.7
PC15 MF | 20.68 2.02 100 2068.34 | 1866.44| 201.90 | 9.24 0.0
PC15SF | 1.13 1.50 50 56.53 0 75.15 0 0.7
PCI6 EF | 0.14 0 400 56.96 56.96 0 N/A 53
PC16 MF | 7.17 0.34 100 716.71 | 682.98 | 33.73 | 20.25 0.1
PC16 SE| 0.04 0.03 50 1.85 0.53 1.32 0.40 20.3
PC17EF | 0.54 [0.00442503 400 21694 | 215.17 | 1.77 121.57 1.4
PC17MF | 3.62 0.92 100 361.86 | 270.14 | 91.72 295 0.2
PC17SF | 3.08 3.79 50 154.16 0 189.48 0 0.2
PCI8 EF | 0.44 0 400 176.94 | 176.94 0 N/A 1.7
PC18 MF| 1.68 0.38 100 167.98 | 129.86 | 38.13 3.41 0.4
PC18 SF | 0.63 0.91 50 31.36 0 45.42 0 1.2
PCI19 EF | 0.28 0.01 400 112.89 | 11048 | 2.41 45.86 2.7
PCI9 MF | 1.87 0.71 100 186.85 | 115.79 | 71.07 1.63 0.4
PC19 SF | 0.86 1.18 50 43.09 0 58.79 0 0.9
PC20 EF | 0.27 ]0.00406475 400 106.84 | 105.21 | 1.63 64.71 2.8
PC20 MF | 12.56 4.62 100 1256.14 | 794.30 | 461.84 1.72 0.1
PC20 SF | 15.44 20.10 50 771.80 0 1005.24 0 0.0
PC21 EF | 0.53 0.01 400 212.74 | 209.71 | 3.03 69.29 1.4
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PC21 MF | 0.03 0.02 100 3.43 1.77 1.66 1.07 219
PC21 SF | 0.01 0.02 50 0.66 0 1.05 0 56.9
PC22 EF | 0.92 |0.00297794| 400 366.86 | 365.67 | 1.19 | 306.98 0.8
PC22 MF| 0.18 0.01 100 18.24 17.51 0.73 23.95 4.1
PC22 SF | 0.03 0.04 50 1.56 0 1.91 0 24.0
PC23 EF | 0.21 0.16 400 84.93 | 20.73 | 64.20 0.32 3.5
PC23 MF| 1.48 2.03 100 147.55 0 202.75 0 0.5
PC23 SF | 17.47 26.19 50 873.38 0 1309.48 0 0.0
PC24 EF | 0.41 0.11 400 164.92 | 122.57 | 42.36 2.89 1.8
PC24 MF | 0.61 0.65 100 61.13 0 65.13 0 1.2
PC24SF [ 9.14 12.41 50 456.80 0 620.42 0 0.1
PC25 EF | 3.67 0 400 1467.46 | 1467.46 0 N/A 0.2
PC25 MF | 0.82 0 100 81.80 | 81.80 0 N/A 0.9
PC25SF | 0.14 0 50 7.15 7.15 0 N/A 5.2
PC26 EF | 0.24 0.15 400 96.27 | 3493 | 61.34 0.57 3.1
PC26 MF | 6.09 6.47 100 608.82 0 646.64 0 0.1
PC26 SF | 16.64 24.50 50 831.83 0 1224.97 0 0.0
PC27EF | 0.04 0 400 16.98 16.98 0 N/A 17.7
PC27MF | 0.09 0.03 100 9.15 5.90 3.25 1.82 8.2
PC27 SF | 0.02 0.06 50 0.92 0 2.86 0 40.9
PC28 EF | 0.86 0 400 345.96 | 345.96 0 N/A 0.9
PC28§ MF | 0.31 0.06 100 3091 | 2524 | 5.67 4.45 2.4
PC28 SF | 0.02 0.04 50 1.07 0 2.19 0 35.1
PC29 EF | 0.35 0.01 400 139.95 | 137.46 | 2.48 55.32 2.1
PC29 MF | 0.46 0.03 100 4595 | 42.69 | 3.26 13.09 1.6
PC29 SF [ 0.06 0.03 50 2.87 1.13 1.74 0.65 13.1
PC30EF | 035 0 400 140.08 | 140.08 0 N/A 2.1
PC30 MF | 0.67 0.01 100 66.63 | 6591 0.72 91.05 1.1
PC30 SF | 0.03 0.03 50 1.44 0 1.54 0 26.0
Table A. Summary of data generated from qPCR quantitation of PC swab fractions. Quantity (H)

= total human DNA, Quantity (Y) = total male DNA.
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