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Biological evidence acquired from crime scenes often contains mixtures of partial
genomes from an unknown number of cells from any number of unknown
contributors. Therefore, assessing the probability that a person contributed to an
evidentiary item becomes a complicated combinatorial challenge, which is made more
difficult in the presence of extraneous signal originating from random allele drop-in
events or stutter artifacts. Not only does forensic DNA signal consist of extraneous
signal, but it may exhibit significant levels of allele non-detection, often referred to as
allele drop-out. Given these two sources of drop-out and the desire to stabilize inference
results between laboratories, it is of interest to develop laboratory protocols aimed at
reducing 1) drop-out due to sampling effects; and 2) drop-out due to detection effects.
In Phase I of the project we determined, through a DNA simulator named
ValiDNA, that the optimal analytical conditions consisted of 29 PCR cycles and a 25
second injection. Once optimal analytical conditions were determined, a variety of
ii

collection/extraction pipelines were evaluated. In particular, cutting versus swabbing
techniques were tested, as were silica and direct-to-PCR extraction methods. Notably,
coupling a cotton swab collection with a silica-based extraction forces DNA volume
partitions be processed through to PCR, while the FLOQSwab® and PicoPure® method is
a ‘direct-to-PCR’ method that does not fractionate the extract. Experimentation
demonstrated that there was not a significant difference between the four pre-PCR
processes tested.
In conclusion, this work demonstrates that stabilizing the DNA signal acquired
through PCR-based techniques is possible through the implementation of a simulationbased approach, using the laboratories’ own data to parameterize an in-silico DNA
laboratory. Notably, if all laboratories choose parameters that render consistent detection
of a single-copy of DNA, the evidentiary signal between laboratories will contain the
same information contents, substantially improving evidential inference at a national
scale. Additionally, using optimal analytical pipelines clearly demonstrates that direct
PCR methods are not necessarily beneficial when attempting low-copy number
interpretation; rather, multiple replicate amplifications of DNA rendered from a swabsilica pre-PCR pipeline is preferred.
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1. Introduction
The purpose of this work is two-fold: First, is to develop an optimized laboratory
pipeline for the amplification of DNA samples undergoing the polymerase chain reaction
(PCR) using the GlobalFiler™ chemistry, which is a commercially available assay
designed to simultaneously amplify 24 forensically relevant autosomal microsatellite, or
Short Tandem Repeat (STR), regions. Protocol optimization is accomplished with a
system-based approach, focusing on decreasing the limit of detection (LOD) to one copy
of DNA, maximizing signal-to-noise resolution, while maintaining a reasonable dynamic
range. Engineering a forensic DNA pipeline such that the LOD is one DNA molecule is
a powerful mechanism by which to ensure that maximal information content is utilized
during evidential inference. This is expected to have substantial positive implications for
forensic DNA identity testing because systematically reducing the LOD to one DNA
molecule will likely improve inference outcomes; that is, the likelihood ratios, or the
weight of the evidence against a suspect, will increase for true contributors and decrease
for non-contributors. This will have profound downstream consequences in that it will
ensure operational laboratories are importing similar levels of information content into
their inference system of choice, thereby decreasing variability in match-statistic
outcomes between systems. This, therefore, potentially represents the first step towards
standardizing the forensic validation process for operational laboratories. Once
optimized laboratory parameters are established, they are used to characterize differences
between collection and extraction protocols from antiquated stamps and envelopes.
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1.1.

Project Goals
The project consists of two discrete, though interrelated phases. In the first phase,

Phase I, a previously developed in silico laboratory was calibrated for use with expanded,
forensically relevant, STR loci by using data generated in-house. Once calibrated,
multifarious laboratory pipelines were tested and the synthetic data were used to assess
which pipelines resulted in peak-detection optimization. In this case, optimization is
acquired with data that exhibits good separation between single-copy signal and noise
signal.
In phase II, we implement the optimized post-PCR parameters to effectively
compare sampling and extraction techniques for low-template mock evidence (i.e.
antiquated stamps and envelopes) samples.

1.2. Background Information
1.2.1. Human Identity Testing and STR Analysis
Identifying individuals via blood components was first described in the early
1900s with the discovery of the ABO blood groups [2]. In 1985 Sir Alec Jeffreys
published the seminal work on variable number of tandem repeats (VNTRs) and
demonstrated that they may be used to distinguish individuals within a population. Years
later, VNTRs were replaced with short tandem repeats (STRs) as VNTR analysis
required a large amount of DNA to complete the analysis. The STR loci are useful for
forensic applications since they are smaller and, therefore, can easily be amplified by way
of the polymerase chain reaction (PCR). The forensically relevant STRs are often
referred to as microsatellites and can consist of repeat units ranging from 3-5 base pairs
(bp) in length, and repeat tens of times [3]. At a given locus, an individual inherits one
STR from their mother and another one from their father, which may be of two different
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repeat unit lengths; thus, creating their genotype for that particular locus. Since STRs are
hypervariable across the human population, forensic analysts are able to quantitatively
report evidential support that an individual may have contributed their DNA to the
evidence sample. In the forensic context tetranucleotide STR loci (i.e. 4 bp repeat unit)
are typically interrogated as they are short in length and produce relatively few PCR
artifacts [3]. Figure 1 is a schematic of an STR locus for the genotype 5,6, where a 5
STR was inherited from one parent and a 6 STR inherited from the other. For this
exemplar, the 6 allele is four base pairs longer than the other STR allowing for fragment
separation based on length. Typically 21-24 of these, or similar, types of STR loci are
used for human identity testing.

Figure 1. Picture representation of a tetranucleotide STR genotype for a particular locus, one from
each parent, where each allele is a different repeating length.

The genetic profile is inferred from an electropherogram produced at the end of a
complex series of laboratory procedures consisting of extraction, quantification, STR
amplification, capillary electrophoresis (CE) disambiguation of the STR fragments, and
fragment analysis. The collection technique influences the extraction method chosen and
is usually accomplished by swabbing or cutting [4-7]. Extraction is accomplished with
the use of Proteinase K and surfactant to release the DNA from the cells, resulting in
identical and independently distributed molecules in aqueous solution. The amount of
human DNA in the extract is then quantified. The amplification of STRs with
commercially available forensic kits that amplify 16 STR loci, or more recently, 24 STR
loci follows. Through CE, the STR fragments are separated by size wherein the smaller
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fragments migrate through the capillary faster than the larger ones do [8]. The fragment
size is computed and compared to an allelic ladder, comprised of DNA fragments
representing common alleles within the population, rendering the STR allele designation.
The relative fluorescence intensity corresponding to the amount of amplified product
within the sample is also reported in the electropherogram (EPG) [1, 8]. From the EPG,
one infers the STR genotype(s) and computes the likelihood of the EPG given the
accused contributed and compares it to the likelihood that they did not contribute.

1.2.2. Forensic DNA Analysis
As previously stated, the standard forensic pipeline includes the extraction,
quantification, amplification, and electrophoresis of STR fragments. If the number of
cells collected from the crime scene is large and from one contributor, the outcome of the
laboratory pipeline is an electropherogram with one or two peaks per locus that are
clearly distinguished from noise or artifact (Figure 2a). However, evidence samples
contain an unknown number of cells from an unknown numbers of persons. The
electropherogram signal shown in Figure 2b shows an example of a mixture profile
containing a minor contributor, which may be accompanied by high probabilities of allele
non-detection and elevated artifact levels, significantly increasing the difficulty
associated with interpretation [9]. Another complicating factor is that operational DNA
laboratories may utilize the manufacturer’s suggested settings for PCR, which does not
necessarily produce high-fidelity data. In the forensic context, high-fidelity data are
electropherogram (EPG) signals that closely resemble ground truth. Ground truth, in this
case, is that DNA fragments of specific base pair size, from a specific location, or locus,
survived pre-PCR steps and are available and present during amplification. Recall, EPG
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signal is perturbed by noise, artifact, and most importantly, allele drop-out (i.e. false nondetection of an allele). Allele drop-out, in particular, can have profound effects on
interpretation and has been shown to significantly affect the ability to infer the correct
number of contributors to complex samples. For example, the authors of [10] showed
that the ability to accurately assign the number of contributors to a mixture was
significantly affected at moderate levels of allelic dropout, starting at 0.1. Even in the
absence of drop-out there was 20.4%, 63.2%, and 88.8% chance of underestimating four,
five, and six person mixtures, respectively. When simulating the probability of dropout
(increasing it from 0 to 0.4), 49.1% of three-person mixtures were misclassified as were
93.0%, 99.2%, and 99.9% of four, five, and six-person mixtures, respectively. Benschop
et al. [11] demonstrated similar results with experimental data. In particular,
underestimations on the number of contributors were frequently obtained due to the
partial profiles obtained for the minor contributors as well as an extreme drop-out rates
[11].
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Figure 2. (a) Four representative STR loci (yellow dye channel) from a full electropherogram
originating from a single contributor. (b) A sample mixture DNA profile with multiple contributors
for the same set of loci. The red arrows depict indications of a minor contributor, while the blue
stars demonstrate signal that originates from stutter or stutter plus minor allele, indicating the
challenge associated with DNA mixture interpretation. Image adaped from NIST STRBase [12].

Though effects of drop-out on forensic inference has not been systematically
studied on a large scale, a National Institute of Standards and Technology (NIST) 2013
mixture study [13] demonstrated there is a great deal of variation in interpretation
outcomes across the United States. In one particular scenario, 100 laboratories
participated in mixture analysis of a complex mixture containing ≥ 3 contributors.
Interestingly, when the mixture was compared against suspects A, B, and C: 1) 6
laboratories excluded suspect C; 2) 3 included A & B while suspect C was neither
included or excluded; 3) 21 stated A, B, nor C could be included/excluded; and 4) 70
laboratories included all suspects and provided statistics that communicated the weight of
evidence wherein the match statistic for suspect C ranged from 1 in 9 to 1 in 344,000.
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The authors of the study suggested that if laboratories use the same analytical threshold
(AT), then one would expect to see similar results [13]; however, implementing the same
AT across laboratories is unlikely to lead to consistency since signal intensity differences
between laboratory pipelines exist and are dependent upon factors including PCR cycle
number, injection time, and the capillary electrophoresis platform itself [14]. Here, the
AT is defined as the signal threshold which affords a certain level of protection, α,
against noise detection as per:
Pr 𝑆 ≥ 𝐴𝑇 𝑇!!! = 0) ≤ 𝛼 (Equation # 1)
where 𝑆 is the signal intensity, AT is the analytical threshold, Tc=0 is the number of copies
of the DNA target at cycle, c. However, the AT also affects the probability of detecting
signal, 𝑆, when a copy of DNA is available for PCR:
Pr 𝑆 ≤ 𝐴𝑇 𝑇!!! = 1) ≤ 𝛽 (Equation # 2)
Therefore, rather than apply the same analytical threshold across pipelines, a systematic
evaluation of the signal-to-noise resolution across multifarious scenarios in order to
stabilize α and β is required.
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Figure 3. Example histograms depicting the effects of poor signal-to-noise (S-N) separation or poor
AT selection. (a) Poor S-N separation with two different AT selections. AT1 is defined as the first
vertical line (|) representing an AT of ~6 RFU, where there are drop-outs of true allelic signal and
false positive signals of noise; and AT2 is the second vertical line (|) representing an AT of ~13 RFU
where there are no false positive detections but a significant amount of drop-out of true allelic
signals. (b) Good S-N separation can be seen where AT3, an AT (|) chosen at ~12 RFU can
distinctively separate the true allele signals from noise. Image adapted from Peters et al. [15].

As an example, Figure 3 is the histograms of the noise and single molecule peak
heights for two distinct laboratory pipelines. Poor S-N separation coupled with AT2,
where α ≈ 0; β ≤ 0.9, shows that although very little noise is erroneously detected, a
significant amount of signal is also lost. The effects of poor S-N with an optimal AT are
seen in Figure 3a for AT1. Though the sum of α and β are minimized at AT1, the S-N is
so poor that there would be a significant rate of false noise detection (α) and false nondetection of alleles (β). Figure 3b shows an example of good S-N separation with AT3
where the chosen AT can easily distinguish noise peaks from true alleles where α ≈ 0 and
β ≤ 0.01. The optimized procedure, therefore, is the one that provides good S-N and
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where the AT is chosen to minimize α and β. Thus, most noise is disregarded correctly,
while most signals are correctly detected.
By simultaneously evaluating S-N and AT for multiple scenarios through
simulation, cost-effective pipeline optimization occurs. The result is a full pipeline with
a LOD of one DNA molecule while maintaining a good dynamic range. Decreasing the
LOD to one copy of DNA has demonstrable positive impacts on computing the weightof-evidence wherein the authors of [15] showed that the probability of obtaining
significant weight against a non-contributor increased with the LOD. In addition, the
weight against true contributors increased as the LOD decreased. The core loci used by
forensic laboratories has recently expanded requiring a re-parameterization and
expansion of the results presented in [15].
Briefly, for the model described in [15] each simulation begins with random
sampling of two distinct alleles at every locus. As per Equation 2, the number of copies
of an allele that undergo the multitype Galton-Watson amplification is forced to 1. After
the final PCR cycle, the capillary electrophoresis (CE) process is simulated by converting
the number of amplicons to fluorescence by multiplying the number of amplicons by the
sensitivity. Once converted, noise signal is randomly added from a lognormal
distribution. The sensitivity, which is the change in signal with respect to amplicon
number, and the lognormal noise parameters are automatically estimated for each locus
from the laboratory’s own data acquired from samples of known genotype. Since signalto-noise resolution is dependent upon the number of amplicons produced during PCR, the
propensity for producing a common artifact known as stutter, π, will necessarily impact
the resolution between noise and signal, wherein a large value of π will decrease the
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number of true replicates produced. This in turn will impact the signal from the allele. If
π is low, the probability of stuttering is low, thus increasing the peak height value, in
relative fluorescent units (RFU), for the true allele amplicons.
Stutter is a PCR artifact which randomly occurs during the replication of short
tandem repeats (STRs). This phenomenon has been studied within and outside of the
forensic literature [16, 17] and has been modeled both deterministically [16, 17] and
mechanistically [18], and is often described as originating from strand slippage. To
elaborate, strand slippage describes the phenomenon where the copying DNA strand
differs from the template strand by multiples of the repeat unit length [19]. A schematic
of the proposed mechanism is provided in Figure 4. A deletion mutation is due to an
outer looping of a repeat unit on the template strand, causing the copying strand to
become one repeat unit length smaller than the template strand. An insertion mutation is
caused by an outer looping of a repeat unit of the copying strand, therefore creating a new
strand that is one STR repeat unit more than the template strand. These are known as
reverse and forward stutter products, respectively. Stutter products are not desirable
since they can interfere with the interpretation of minor components (Figure 2b).
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Figure 4. Visual representation of both an STR insertion and an STR deletion due to strand slippage,
from [20].

Efforts to decrease stutter’s prevalence have been made [21], but little progress
has been made in suppressing its production. As a result, forensic laboratories are
required to characterize, model and interpret it appropriately. Previous work has shown
that the amount of stutter produced is inversely proportional to the repeat unit length, i.e.
di- and trinucleotide repeats stutter more than tetranucleotide repeats [22], while others
have reported that the longest uninterrupted sequence (LUS) is a good predictor of stutter
production [23, 24].
Though stutter slippage success rate, π, is not easily measured, it must be
determined empirically. Previous work by Duffy et al. [1] suggested π was
approximately 0.0055 for the D8S1179 locus, which is different from the 0.002 estimate
in [25], but in line with the 0.005 used in [18].
Unlike π, the stutter ratio (SR) of single source samples of known genotype can
be measured directly and is simply the ratio of the signal intensity of the peak in stutter
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position divided by the intensity of the peak in allele position. Studies that aim to
characterize the SR for the expanded set of forensic loci [26, 27], report an average SR
ranging from 2.8% to 9.6%. Since forensic laboratories are required to implement these
large multiplexes into their pipeline, this research endeavors to estimate π for a
forensically relevant 24-plex (GlobalFiler®) by establishing a relationship between the SR
and π from a similar forensic 16-plex.
Once the stutter slippage rate – i.e., π – and other parameters are determined, the
synthetic data are generated. It is these data that are used to estimate the false positive
detection rate (proportion of noise peaks below the signal threshold) and the false
negative detection rate (proportion of allele peaks below the signal threshold) for a range
of thresholds. The laboratory conditions and AT that minimize detection error rates,
while still maintaining a reasonable dynamic range, are chosen as the optimized postPCR conditions. Therefore, simulation allows for cost-effective evaluation of pipelines
that generate data containing the highest information context available for the given
technology. Once post-PCR conditions rendering a LOD of 1 for the extended loci are
determined, protocols to compare pre-PCR sampling techniques are possible.

1.2.3. Sampling and Extraction: Low Copy DNA from Postal Stamps
Postal stamps can be of evidentiary value – as they may be used in drug
distribution cases, terroristic threats cases, or any other crime involving a questionable
document or substance contained within a package or envelope. This type of evidence is
often found to contain low-template DNA, on the back of licked stamps as some transfer
of cells between the perpetrator and stamp is expected.
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Acquiring DNA signal from these items is arduous since a significant amount of
DNA may be lost due to inefficient collection of cells from a surface, inefficient
desorption of cells from the collection device, inefficient DNA recovery during extraction
or sampling effects. Much effort has focused on determining the best
collection/extraction method, though no consensus has been reached. For example, the
authors of [28] mention that the preferred way to collect cells from a solid substrate is to
first rehydrate the stain with sterile distilled water, either directly on a dried stain, or by
wetting a swab and carefully rolling it over the area of interest. Since this introduces
moisture to the sample, the swab must be dried as soon as possible before analysis.
Similarly, the authors of [29] evaluated if cell collection could be improved by following
a wet swab with a dry one. To do this, the authors collected cells using a wet-swab and
then re-swabbed the same area with a dry-swab. The DNA from each were extracted and
quantified separately. The results showed that 16 out of the 20 wet swabs gave positive
results while 12 of the 20 dry swabs resulted in positive results. Of the 12 dry swabs that
showed positive results, 2 of the corresponding wet swabs gave negative DNA profiling
results, suggesting that collection techniques can play a crucial role in determining guilt
or innocence. It was also found that the amount of DNA recovered by the dry swabs was
greater than that of the wet swab, thus providing DNA profiles with a greater number of
alleles. Therefore, the authors of [29] state that the double swab technique is more
efficient than the single wet swab technique in collecting and extracting touch or lowcopy samples. Similarly, when comparing the double swab method to a single swab
technique, [7] showed that the double swab method produced a higher percentage
recovery of saliva from human skin over the single wet swab method. Therefore, studies
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have consistently demonstrated that the double swabbing method improves the quantity
of DNA obtained [4]. However, when using 4N6 FLOQSwabs® - swabs comprised of
short nylon fibers organized in a perpendicular fashion at the tip of the applicator shaft
[30] - studies show that the single-wet swab method is the best technique [30, 31]. This
is due to the flocked swabs having no internal absorbent core to disperse and entrap the
sample so that the sample remains close to the surface [30]; therefore, only a single wet
nylon swab is recommended when using this device to collect cells [31]. Another
method to collect cells from evidence is cutting. Here, a portion of the substrate is cut
using a scalpel or scissors and the material is placed directly in the extraction vesicle.
Though cutting the sample seems to be a natural choice to collect from low copy
samples, there are limitations associated with it. Namely, part of the sample is destroyed
and only a small area can fit into the tube for extraction. In addition, co-elution or
extraction of PCR inhibitors from the substrate is also more likely with this technique.
However, if the extraction method incorporates steps to wash inhibitors and swabbing
causes too significant of a loss, then cutting may, indeed, be the preferred method. A
study was conducted by [32] where they analyzed the differences between collection and
extraction techniques of touch DNA. The authors of [32] first demonstrated that cellular
material swabbed from a glass and cuttings of nylon and polyester fabric containing
cellular materials produce similar results when using direct PCR, such that the
electropherograms obtained included the same amount of detected alleles and RFU
values. However, the cuttings of cotton and denim fabrics produced a much lower
percent recovery of the DNA profile compared to that of the nylon cutting, polyester
cutting, and cotton swab. When comparing direct PCR and Qiagen® extraction
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techniques when using the nylon cutting and cotton swab collection method, [32]
demonstrated that more alleles and higher RFU values were obtained for both collection
methods when using direct PCR. Tape liftings may also be used to collect biological
material without being destructive. The advantage that tape lifting and swabbing have
over cutting is that the cutting method can result in the co-extraction of PCR inhibitors
with DNA, whereas swabs and adhesive tape largely avoid the collection of these
inhibitors. In a study conducted by Verdon et. al. [33], the authors analyzed the
difference between swabbing and tape lifting as collection techniques. The tape liftings
were cut into equal pieces before being extracted, and the results concluded that the tape
lifters recovered a significantly higher percentage of DNA than that obtained using the
swabbing technique. These results were similar to that of Seah et. al. [34], again
suggesting cutting may be preferable to transfer-based collection techniques.

Figure 5. Image of stamp #04 still sealed to the envelope. The upside part of the stamp contains red
dye from the image and black ink due to the postal mark stamped onto the surface.

When deciding on a pre-PCR pipeline, the surface from which the cells are
collected must be taken into consideration. Antiquated stamps, for example, contain an
inked picture on the upside (non-adhesive) part containing dyes of unknown
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compositions (Figure 5). They may also contain a postal mark (ink stamp) on the surface
- indicating the way in which the item was processed through the postal service. Some
dyes are known PCR inhibitors causing undesirable downstream PCR inhibition [35],
usually exhibited as a downward ‘sloping’ in the EPG as seen in Figure 6.

Figure 6. Electropherogram using GlobalFiler® chemistry of a sample that has either been
degraded or inhibited as seen by the ‘sloping’ effect where the smaller fragments (base pair size) on
the left side of the channel are at high values of RFU and the larger fragments decrease in base pair
size.

There is a significant amount of work describing PCR inhibition on forensic
outcomes [35, 36]. The authors of [36], for example, examine the effects of soil on the
PCR of forensically relevant STR loci. They suggest that the humic acid in soil inhibits
Taq polymerase from efficiently replicating the longer DNA strands. The authors of [35]
tested different inhibitors, including humic acid, and demonstrated that humic acid
inhibits the PCR reaction through sequence-specific binding to DNA, limiting the amount
of available template. Another well-known inhibitor is indigo dye [35]. Since inhibitors
are often co-collected with the cells, the way in which collection is coupled with
extraction will play a vital role in obtaining the highest information context available in
the electropherogram. As an example, the authors of [37] discussed that they used a
purification process when extracting potential DNA and reported that this washing step
resulted in a significant loss of probative biological material.
Though numerous extraction techniques exist, the silica-based DNA purification
is the most common and involves the following four steps: disruption of the cellular
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membrane to release the DNA from the cell; adsorption of DNA to the silica-based
membrane; use of buffers to wash potential inhibiting compounds; and elution of DNA
from the spin column [38]. This method would most likely be well suited to the cut
samples [38]. Direct PCR extraction techniques, however, do not contain any wash steps,
as it is direct-to-PCR process. Notably, it does not include any adsorption or washing
and the entire sample is transferred directly into the PCR tube once collected [39],
thereby minimizing sampling effects. Indeed, full DNA profiles have been obtained
using this method in previous studies [32, 40]. This process would allegedly be well
suited to swabbed evidence since the swabs are not expected to contain inhibitors.
Direct-PCR would, in particular, seem well suited to the MicroFloq® swabbing technique
because the smaller size of the FLOQSwab® head allows for full immersion of the
FLOQSwabs® during extraction and PCR.

1.3. Significance of Research
Forensic DNA laboratories receive biological evidence containing varying
concentrations of DNA: some samples may contain a surplus of DNA while others may
contain minimal amounts of DNA. Although the PCR process is sensitive and allows for
the detection of DNA from samples containing the lowest of copy numbers, the signal is
often too distorted to interpret. These signals can become confounded by noise, which
can further complicate the differentiation of true alleles and noise. It is hypothesized that
the manufacturers recommended protocols described by Wang et al. [41] result in high
signal to noise overlap, resulting in two negative outcomes: 1) forensic operational
laboratories reporting substantially varied weights-of-evidence across states; and 2)
reporting likelihood ratios that originate from data which does not carry all of the
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information context. Thus, parameterizing the in-silico model in [15] for the expanded
core STR loci would ensure the most informative LR for a given item of evidence, while
simultaneously decreasing variation in LR reporting across laboratories. Additionally,
decreasing the LOD to one copy ensures pre-PCR pipeline comparisons are not
confounded by signal detection effects caused by inadequate optimization of the postPCR laboratory pipeline.

19

2. Methods
2.1. Calibration of the ReSOLVIt Module
Briefly, the model is constructed as a Galton-Watson branching process [15],
wherein the number of true allele and stutter amplicons are described by a random
binomial with probability E, and π of successful amplifications and stutter occurring at
each round of PCR, respectively. If a newly formed amplicon stutters, this stutter
amplicon is then amplified in subsequent cycles, impacting interpretation and inference.
Thus, π must be determined and input into the model. Another parameter which must be
defined is the sensitivity of the process as defined by:
𝛼=

!"
!!! !

(Equation #3)

which is the change in fluorescence, F, with respect to the initial copy number, T0 [42].
ReSOLVIt has been engineered to compute α in an automated fashion, requiring only the
fluorescence data from a series of DNA samples of varying concentrations. Although α
is automatically computed by the system, E and π must be determined by the
development team for downstream processing. One aim of this project was to
accomplish this task.

2.1.1. Parameterization (In Silico Laboratory)
The laboratory simulator requires the user to input appropriate parameters or files
for simulation. These include: an input file, stutter file, population file, number of PCR
cycles, amplification volume (µL), PCR efficiency, CE volume (µL), and the options to
filter n+1 and n-2 stutter (separately or together). An input file containing the previous
16-STR loci as per the Identifiler® Plus amplification kit needed to be extended with the
updated extension of STR loci with the GlobalFiler® kit (24 loci). A raw data file of
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many samples that were amplified with the GlobalFiler® kit and analyzed through
GeneMapper® was therefore, obtained. This raw data file included: the sample file name,
injection time, target mass, known genotype, locus marker, dye color, alleles detected,
allele height, and allele base pair size. The Y-specific loci were removed (Yindel &
DYS391). The population file containing the allele frequencies was based on allele
frequencies reported in the GlobalFiler® Manual [43].
To determine π for the extended STR loci, the average stutter ratio versus π, or the
stutter slippage success rate, for previously studied STR loci [1] was plotted, and an
ordinary least squares regression (OLS) ensued. For the extended loci, the stutter ratio
(SR) was calculated by taking a ratio of the signal intensity (height) of the peak in stutter
position and dividing it by the intensity of the peak in the parent allele position from
individuals of known genotypes. The average of all the stutter ratios was calculated for
each locus. The average SR was then used along with the OLS parameters to
approximate the π values of the extended loci. These π values were then used for
simulation.
To simulate, the number of PCR cycles was set to 29, the PCR efficiency was
0.95, the amplification volume was 25 µL, and the CE volume was 1 µL. Since the noise
parameters are automatically determined by evaluating a series of electropherograms
from known sources, the choice of how to characterize signal is of importance.
Therefore, two ways of defining noises were considered. In the first scenario all peaks
>1 RFU other than those falling in the known allele and reverse and forward stutter
positions were considered noise, and were used to parameterize the model. In the second
scenario, all peaks >1 RFU other than those falling in the known allele, reverse, double-
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reverse and forward stutter positions were considered noise. Thus, if double-reverse
stutter’s signal is significant, an impact in noise detection outcomes was expected. The
other parameter that was altered between the two runs was the DNA target (ng). This
way, the difference between the amplification of a single cell (0.0063 ng) and multiple
copies (0.25 ng) of DNA was explored.

2.2. Extraction and Collection of DNA from Postal Stamps
Before starting any work in the laboratory, the areas and tools were treated with
10% v/v bleach followed by 70% v/v ethanol. Since this project deals with low copy
numbers of DNA, this cleaning process protects laboratory personnel and samples from
pathogens or contamination. Importantly, it also significantly decreases instances of
drop-in, when random extraneous DNA fragments not of the sample are co-amplified
with the fragments-of-interest. Four collection and extraction methods were tested, as
depicted in Table 1.
Table 1. Confusion matrix for the abbreviations used for the four different collection and extraction
methods.

Extraction:
Silica-Based
Swab
Collection:
Cutting

Cotton Swab with Qiagen®

Direct-PCR
FLOQSwab® with PicoPure®

(CSQ)

(FSP)

Cutting with Qiagen®

Cutting with PicoPure®

(CQ)

(CP)

First, the stamps were removed from the envelopes by saturating a sterile, cotton
swab with deionized water (DI) water and gently rubbing the backside of the envelope.
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This moistened the area to facilitate easy removal of the stamp. Eleven stamps were cut
into four quadrants, separating each into a corner of a weigh boat, which was rotated
clockwise to ensure the same collection strategy was not used to sample the same region
across all eleven stamps. Every stamp was the same size (2 x 2.3 cm), which ensured that
the area of swabbing was consistent across samples. Cells were then collected from ¼
stamps using one of the techniques referenced in the confusion matrix (Table 1) of
swabbing, where either Fisherbrand® cotton swabs or FLOQSwab® micro flocked swabs
were used. If cutting, then two 3 x 3 mm2 cuttings were taken from each ¼ stamp. These
swabs or cuttings were processed using either Qiagen® DNA Investigator Extraction kit
chemistry, which is a silica-based-method, or PicoPure® Extraction technology.
To collect with the cotton swab, 100 µL of Tris-EDTA (TE) Buffer was pipetted
onto the tip of the swab. The entire CSQ quadrant of the stamp was swabbed in one
direction. The swab was rotated 90° and the stamp was swabbed again in the same
direction for residual DNA. The swab was rotated another 90° to swab the piece of the
envelope that corresponded to the quadrant where the stamp was lifted. This area was
also swabbed in one direction and then rotated a final 90° to swab the envelope one last
time in the same direction. The swab was placed into a designated rack to dry overnight.
This same process was repeated with a FLOQSwab®, except instead of wetting the tip of
the swab with 100 µL of TE Buffer, 50 µL was used. Once dry, the top half of the cotton
swab was cut and placed in a 2 mL tube for Qiagen® extraction. Similarly, the top fourth
of the FLOQSwab® was cut and placed in a 0.2 mL tube for PicoPure® extraction.
To cut, a sterile scalpel was used to cut a 3 mm x 3 mm square out of the inside
corner of the CQ quadrant. This cutting was placed in a labeled, 2 mL tube for
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downstream Qiagen® extraction. This process was repeated for the CP quadrant, except
the cutting was placed in a labeled 0.2 mL tube necessary for PicoPure® reagents.

2.2.1. Qiagen® and PicoPure® Extraction
Both extraction methods (i.e. Qiagen® and PicoPure®) were completed on the
same day for each sample. This process started out with the Qiagen® extraction using the
QIAamp® DNA Investigator Kit as per the user guide’s instructions [44]. Carrier RNA
(cRNA) and Qiagen® Buffer AL mix were prepared first. The cRNA was prepared by
adding 310 µL of Qiagen® Buffer ATE (low Tris-EDTA buffer) to the tube containing
310 µg of lyophilized (freeze-dried) cRNA. The lysis buffer, therefore, was made with
200 µL of Qiagen® Buffer AL and 0.5 µL of 1 µg/µL cRNA per sample. Briefly, for the
samples extracted with Qiagen® chemistry, 200 µL of Buffer ATL (tissue lysis buffer)
and 10 µL of proteinase K were added to the sample, mixed and incubated at 56°C for an
hour. After incubation, 200 µL of Buffer AL was added to the samples and incubated at
70°C for ten minutes. A volume of 100 µL of 200-proof ethanol was added and the
substrate was transferred to a SpinX® column, which was then placed back into the 2 mL
tube. The tubes with the spin inserts containing the swab or substrate were centrifuged
for two minutes at maximum angular velocity thereby forcing all liquid from the
substrate. The inserts, containing the substrate, were discarded and the entire lysate was
transferred to a QIAamp® MiniElute® column. The samples were centrifuged for one
minute at 6010 xg. Qiagen® Buffer AW1, Qiagen® Buffer AW2 and 200% ethanol are
subsequently used to wash the absorbed DNA by adding 500 µL of each, in tandem, to
the column and spinning at 6010 xg for 1 minute. The silica column, which still
contained adsorbed DNA, was placed in a clean collection tube and centrifuged at full
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speed for 3 minutes and incubated at room temperature for ten minutes to dry the
membrane. The QIAamp® MiniElute® column was then placed into a clean and labeled
1.5 mL microcentrifuge tube, wherein 105 µL of elution buffer (Qiagen® Buffer ATE)
was pipetted to the center of the membrane and allowed to incubate at room temperature
for one minute. The samples were centrifuged at maximum angular velocity for three
minutes.
PicoPure® extraction was completed using the Arcturus® PicoPure® DNA
extraction kit as per the user guidelines [45]. This kit included Proteinase K and
Reconstitution Buffer. The PicoPure® extraction technique does not incorporate
purification steps, theoretically allowing for the highest DNA recovery from samples,
making it ideal for processing low copy samples [45]. A mixture of proprietary
PicoPure® Reconstitution Buffer and Proteinase K was made based on the manufacturer’s
recommendations [45] at which point 100 µL of this mixture was pipetted into each 0.2
mL tube containing the FLOQswab® or cutting. The samples were thoroughly mixed by
vortexing and placed into a 96-well Applied Biosystems™ SimpliAmp™ thermal cycler.
The cycling parameters were set for 1-cycle of 65°C for three hours followed by 95°C for
ten minutes. Maximum temperature ramp rates were used between temperatures.

2.2.2. Quantification - ABI Quantifiler® Trio DNA Quantification Kit
DNA quantification of the extracts was accomplished using the ABI Quantifiler®
Trio DNA quantification kit on the Applied Biosystems™ QS5 Real-Time PCR System.
This kit was chosen since it is an assay specifically designed to retrieve forensically
relevant qPCR information, including the cycle thresholds of two distinct autosomal
DNA fragments of different sizes, a Y-locus, and an internal PCR control, which is a
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synthetically generated fragment present in all reactions at the same concentration. The
kit, therefore, is designed to simultaneously quantify the total amount of amplifiable
human DNA, the total amount of human male DNA, indications of DNA damage and
indications of PCR inhibition. More specifically, the autosomal, human-specific, targets
are a small target of 80 base pairs and large fragment of 214 base pairs [46]. Thus, if the
quantity of the 80 base pair fragments is larger than the measured quantity associated
with the 214 base pair fragments, then DNA damage is inferred. In a similar view, if the
IPC’s PCR profile seems affected then PCR inhibitors (usually from the sample) is
expected. Last, if the autosomal fragments amplify, but the Y-fragment does not, then a
female subject may be deduced. Thus, this qPCR assay provides substantial levels of
information regarding an unknown sample containing unknown qualities and quantities
of DNA, justifying its use for this study.
To perform absolute quantification of DNA, a set of DNA standards of unknown
concentrations were previously run using ABI Quantifiler® Trio DNA quantification kit
on the Applied Biosystems™ QS5 Real-Time PCR System. The linear parameters used
to compute the unknown quantitation of DNA as per:
𝐶! = 𝑚𝐿𝑜𝑔 𝐷𝑁𝐴

!

+ 𝑏 (Equation #4)

were determined previously as recommended by the authors of [47]. Here CT is the PCR
cycle at which the fluorescent signal crosses the fluorescent threshold, m is the slope,
[DNA]0 is the concentration of DNA at cycle 0, and b is the y-intercept. To prepare the
reaction, the reagents and extraction samples were thawed, vortexed, and centrifuged.
The PCR Master Mix was created by adding 8 µL of Quantifiler™ Trio Primer Mix and
10 µL of Quantifiler™ THP PCR Reaction Mix per sample in a labeled 1.5 mL tube. On
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a 96-well optical plate, 18 µL of the Master Mix was aliquoted into the appropriate wells
as was 2 µL of the DNA extract. A negative, non-template control was also dispensed
into a well and showed expected results. The plate was sealed with an optical adhesive
cover, vortexed, and centrifuged before being placed in the QS5 Real-Time PCR
instrument.
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3. Results and Discussion
3.1 Analysis of Extended CODIS Loci & Efficiency of PCR Settings
Recall, the goal of Phase I is to develop a well-articulated post-PCR laboratory
procedure such that the limit of detection (LOD) reaches 1-copy of DNA. To do this
effectively, and in a cost-effective manner, an in-silico laboratory described elsewhere [1]
must be re-parameterized for the extended, forensically-relevant CODIS STR loci.
During the amplification of STR loci, however, strand-slippage occurs and produces PCR
products which may be one repeat longer or shorter than the DNA molecule from which
polymerization occurs. As such, it was necessary to estimate the probability that a stutter
product – rather than a full amplicon – is produced from target molecules, T. We term
this probability, π, and estimate it for the GlobalFiler™ set of loci. Figure 7 shows the
average SR plotted against π, or stutter slippage success rate for previously studied STR
loci [1]. Upon visual inspection, we observe a positive correlation between the values
and perform an ordinary least-squares regression, resulting in an R2 of 0.82 and
indicating that the SR is approximately 10-fold larger than π. If this relationship remains
true for all STRs, π may be deduced for the expanded loci by comparing the SR from
samples amplified with the GlobalFiler® amplification kit and run using similar capillary
electrophoresis-based technology. The average SR of the expanded loci was then used
along with the relationship to determine the unknown πs. The approximated π values for
the expanded CODIS STR set are summarized in Table 2.
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y = 11.366x
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0.008

Stutter Slippage Success Rate

Figure 7. Linear regression of 15 Identifiler Plus® loci (●) as described in [1] overlaid with the
extended Globalfiler® loci (●). The x-axis represents the Stutter Slippage Success Rates (π) of each
locus represented in the Identifiler Plus® and Globalfiler® chemistry. The y-axis is the average
stutter ratio, SR, for each locus. There is a linear relationship between the two. As the average
stutter ratio increases, so does π.
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Table 2. Approximated π values for the expanded CODIS STRs co-amplified when using the
GlobalFilerTM assay, and the average stutter ratio from 21 autosomal STR loci amplified at a 0.25 ng
target with the GlobalFilerTM assay. The GlobalFiler average stutter ratio was approximated via
figures found in the GloablFiler User Guide [43].

Locus

Average
Stutter
Ratio (SR)

Stutter
Slippage
Success
Rate (π)

D8S1179
D21S11
D7S820
CSF1PO
D3S1358
TH01
D13S317
D16S539
D2S1338
D19S433
vWA
TPOX
D18S51
D5S818
FGA
D10S1248
D2S441
D22S1045
SE33
D1S1656
D12S391

0.0590
0.0703
0.0431
0.0544
0.0727
0.0201
0.0441
0.0504
0.0794
0.0588
0.0605
0.0289
0.0792
0.0539
0.0681
0.0672
0.0465
0.0651
0.0876
0.0707
0.0770

0.0052
0.0062
0.0038
0.0048
0.0064
0.0018
0.0039
0.0044
0.0070
0.0052
0.0053
0.0025
0.0070
0.0047
0.0060
0.0059
0.0041
0.0057
0.0077
0.0062
0.0068

Approximated
GlobalFiler®
Average
Stutter Ratio
(SR)
0.060
0.070
0.045
0.055
0.075
0.025
0.050
0.055
0.080
0.060
0.065
0.030
0.080
0.055
0.070
0.070
0.045
0.065
0.095
0.075
0.080

When comparing the approximated SRs observed in [43] to the average SR
obtained from in-house data, the values are similar. Recall, the information content
contained in the forensic data must be maximized for inference outcomes to effectively
exculpate true non-contributors to the DNA signal. To do this effectively, false positive
noise detection and false negative allele detection must be kept to a minimum [1]. This
requires laboratory processes that result in excellent signal-to-noise separation be coupled
with well-chosen fluorescent signal thresholds. To evaluate the effects laboratory choices
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have on information content, 10,000 simulations using two distinct laboratory setups and
the in-silico previously described pipeline [1] for the GlobalFiler™ loci were conducted.
The recommended settings of 28 cycles, 15-second injections into the capillary
electrophoresis instrument, and 25 µL amplification volume were used (Simulation 1) as
was 29 cycles, 25-second injections, and 13 µL amplification volume (Simulation 2).

(a)

(b)

(c)

(d)

Figure 8. Four representative data output graphs from the model in [1] using the manufacturer’s
suggested protocols (Simulation 1) for four representative STR loci. For Simulation 1, a) is the
TPOX locus, (b) the D8S1179 locus, (c) the TH01 locus and (d) the D5S818 locus. (○) represents the
false positive rate, (○) represents the false negative rate, and (○) represents the accuracy, at
different analytical thresholds.
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The false positive, false negative and accuracy rates for a representative STR
threshold are displayed in Figures 8 and 9 for Simulations 1 and 2, respectively. For
Simulation 1, focusing on the TPOX locus, we see that as the AT increases from 1 to 500
RFU, the false positive detection of noise quickly decreases from 0.152 to 0, while the
false negative detection rates for alleles rises from 0 to 1 within a matter of tens of RFUs
(Figure 8). Notably, each of these reaches ca. zero at an analytical threshold of 15 RFU,
suggesting that good signal resolution between noise and allele was obtained and the
separation between distributions occurs at 15 RFU.

32

(a)

(b)

(c)

(d)

Figure 9. Four representative data output graphs from the model in [1] using the manufacturer’s
suggested protocols (Simulation 2) for four representative STR loci. For Simulation 2, a) is the
TPOX locus, (b) the D8S1179 locus, (c) the TH01 locus and (d) the D5S818 locus. (○) represents the
false positive rate, (○) represents the false negative rate, and (○) represents the accuracy, at
different analytical thresholds.

In contrast, Simulation 2 settings were used, and the results are depicted in Figure
9 and Table 4. For these settings, as the AT increases from 1 to 500 RFU, the false
negative detection rates (FNR) for alleles rises from 0 to 1 significantly slower than that
of Simulation 1 for the representative TPOX locus (Figure 8); where the rates only
increase from 0 to 0.001 within a matter of tens of RFUs. The false positive detection
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rate (FRP) of noise decreases from 0.15 to 0 before an AT of 25, which is similar to the
FRPs observed in Simulation 1. From an AT of 25 through 30, the accuracy is one for
the TPOX locus, where there are zero false negative and false positive detections,
signifying very high signal resolution between noise and allele peaks.
For the representative TPOX locus, it takes Simulation 2 to reach an analytical
threshold of 235 RFU where it took Simulation 1 an AT of 50 RFU before reaching a
false negative detection of 1. Simulation 1 and 2 were similar in the case of false positive
detection of noise, such that their values both quickly decreased from around 0.15 to 0
within a few tens of RFUs. Simulation 2 however, displayed an overall high accuracy
over a large range of analytical thresholds compared that of Simulation 1.
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Table 3. These tables contain the columns of analytical threshold, false positives, false negatives, and
accuracy for the four representative locus (a) TPOX, (b.) D8S1179, (c.) TH01, and (d.) D5S818. The
red box highlights the AT at which there was the highest accuracy. (a.) This table shows the data
output for Simulation 1 for the four representative loci shown in Figure 8.

(a.)

(b.)
AT
1
5
10
15
20
25
30
35
40
45
50
55
60
65
70

(c.)
AT
1
5
10
15
20
25
30
35
40
45
50
55
60
65
70

FPR
0.152
0.125
0.024
0.003
0
0
0
0
0
0
0
0
0
0
0

FPR
0.149
0.097
0.005
0
0
0
0
0
0
0
0
0
0
0
0

FNR
0
0
0.009
0.059
0.208
0.853
0.950
0.993
0.999
1
1
1
1
1
1

Accuracy
0.886
0.906
0.980
0.983
0.948
0.787
0.763
0.752
0.750
0.750
0.750
0.750
0.750
0.750
0.750

AT
1
5
10
15
20
25
30
35
40
45
50
55
60
65
70

FPR
0.149
0.149
0.115
0.051
0.017
0.005
0.001
0
0
0
0
0
0
0
0

FNR
0
0
0
0.003
0.013
0.050
0.072
0.148
0.303
0.673
0.883
0.930
0.969
0.988
0.997

Accuracy
0.876
0.876
0.904
0.957
0.984
0.987
0.987
0.975
0.949
0.888
0.853
0.845
0.838
0.835
0.834

FNR
0
0
0.007
0.054
0.171
0.728
0.959
0.998
1
1
1
1
1
1
1

(d.)
AT
Accuracy
1
0.884
5
0.924
10
0.995
15
0.988
20
0.962
25
0.838
30
0.787
35
0.778
40
0.778
45
0.778
50
0.778
55
0.778
60
0.778
65
0.778
70
0.778

FPR
0.150
0.145
0.068
0.016
0.003
0.001
0
0
0
0
0
0
0
0
0

FNR
0
0
0.001
0.004
0.022
0.054
0.105
0.237
0.586
0.891
0.953
0.988
0.997
0.999
1

Accuracy
0.880
0.884
0.945
0.986
0.993
0.989
0.979
0.953
0.883
0.822
0.809
0.802
0.801
0.800
0.800
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Table 3 (a-d) contains the data of the four chosen representative loci for the
manufacturer’s suggested protocols in Figure 9 (a-d). These four representative loci are
in four different dye (color) channels. That is, the associated dye (fluorophore) on the
primer that attaches to that sequence is different for each of the four chosen loci.
Collectively, these loci exhibit similar trends such that as the AT increases, the false
negative rates increase to one, while the false positive rate decrease to zero. The optimal
analytical thresholds are all around the same approximate AT, ranging from 10-25 RFU,
where the number of false negatives and positives is at its lowest, thus increasing
accuracy.
Table 4 (a-d) represents the data from Figure 9 (a-d) of the four chosen loci in
four different dye channels for Simulation 2. There are similarities that can be seen
between Simulation 1 and 2, where the false positive rates continue to decrease to zero
while the false negative rates increase to one with an increasing AT. The data from
Simulation 2 is much different than that found in Simulation 1 where the accuracy
quickly reaches 1, or 100%, within tens of RFUs for Simulation 2 where this value
remains for a range of ATs. These ranges of ATs where the accuracy is 1 are similar
across loci falling usually around 30-45 RFU, with the range extending above or below
this median for tens of RFUs. This is something that was not seen in Simulation 1 where
the closest percent accuracy was 99.5% for only one AT, as it quickly decreased when
this AT was altered. The differences among optimal analytical thresholds suggest that
the number of false positives and false negatives may be locus and or dye channel
specific.
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Table 4. These tables contain the columns of analytical threshold, false positives, false negatives, and
accuracy for the four representative locus (a) TPOX, (b.) D8S1179, (c.) TH01, and (d.) D5S818. The
red box highlights the AT at which there was the highest accuracy. (a.) This table shows the data
output for Simulation 2 for the four representative loci shown in Figure 9.

(a.)
AT
1
5
10
15
20
25
30
35
40
45
50
55
60
65
70
(c.)
AT
1
5
10
15
20
25
30
35
40
45
50
55
60
65
70

(b.)
FPR
0.150
0.126
0.029
0.004
0.001
0
0
0
0
0
0
0
0
0
0

FNR
0
0
0
0
0
0
0
0.001
0.002
0.003
0.004
0.006
0.009
0.014
0.023

Accuracy
0.888
0.905
0.978
0.997
1
1
1
1
0.999
0.999
0.999
0.999
0.998
0.997
0.994

FPR
0.151
0.102
0.004
0
0
0
0
0
0
0
0
0
0
0
0

FNR Accuracy
0
0.883
0
0.921
0
0.997
0
1
0
1
0
1
0
1
0.001
1
0.002
1
0.003
0.999
0.003
0.999
0.004
0.999
0.007
0.998
0.010
0.998
0.017
0.996

AT
1
5
10
15
20
25
30
35
40
45
50
55
60
65
70
(d.)
AT
1
5
10
15
20
25
30
35
40
45
50
55
60
65
70

FPR
0.149
0.149
0.119
0.060
0.022
0.008
0.003
0.001
0
0
0
0
0
0
0
FPR
0.149
0.145
0.066
0.014
0.002
0
0
0
0
0
0
0
0
0
0

FNR Accuracy
0
0.875
0
0.876
0
0.901
0
0.950
0
0.981
0
0.993
0
0.998
0
0.999
0
1
0
1
0
1
0
1
0.001
1
0.001
1
0.002
1
FNR Accuracy
0
0.881
0
0.884
0
0.947
0
0.989
0
0.998
0
1
0
1
0
1
0
1
0
1
0.001
1
0.001
1
0.001
1
0.002
1
0.003
0.999

These graphs and tables demonstrate how the suggested settings from the
manufacturer produce significantly less accurate and efficient data compared to the highfidelity settings. Similarly, the authors of [48] demonstrated that while the false negative
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rate decreased with AT, the false positive rate increased. This trend is comparable to that
found in Tables 3-4 and Figures 8-9. For all four representative loci, as the AT decreases
so do the false negative rate while the false positive rate increases. The authors of [48]
also determined that high ATs resulted in unnecessarily high levels of false negatives
(drop-out) for experimental data. For example, at an AT of 200, they received a false
negative rate of 0.906 which is similar to the data in Figure 8, where the manufacturer’s
setting simulations display a false negative rate that increases with an increasing AT,
specifically a false negative rate of about 0.99-1.00 at an AT of 200. Although this is
almost a 10% increase from the results observed by [48], the trend is similar such that the
higher the AT increases, so does the false negative rate. This trend holds true for the
optimized settings as well; however, the AT at which the false negative rate reaches one
is higher due to a slower increase than that of the manufacturer’s settings. It was also
observed in [48] that DNA analyzed with ATs derived using analysis of the baseline
signal exhibited the lowest rates of drop-out and the lowest total error rates which was
different for each color channel.

3.1.1. Comparison of Stutter Filters in the Single and Multiple Copy
Regimes
As previously described, stutter is a PCR artifact regularly observed in the
electropherogram and is hypothesized to originate from strand slippage during PCR. If
the template strand slips, then the PCR product is one unit longer than the biological
allele; if the synthesized fragment slips during polymerization then the product is one
STR unit shorter. The former is known as ‘backward’ or n-1 stutter, while the latter is
referred to as ‘forward’ or n+1 stutter because of the relative positioning of the peaks in
the electropherogram. Similarly, the stutter product may also stutter, resulting in an n-2
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product. This stuttering of stutter may be described as a branching process as in [1, 25].
In the forensic context, however, it is impossible to know, with certainty, if a peak falling
in stutter positions originates from noise, stutter product or allele. As a result, much work
has focused on describing the likelihood of observing stutter using various explanatory
variables showing that the likelihood may be captured during the probabilistic evaluation
of the data acquired from the biological evidence. Though much effort has been placed
on articulating models of n-1 and n+1 stutter, less focus has been placed on describing
n-2 stutter due to the rarity.
Table 5. Representation of the four different parameter setups that were simulated. Category 1
represents filtered forward stutter (n+1) for both the single and multiple copy regime while Category
2 represents the filtered forward (n+1) and double-back stutter (n-2) for both the single and multiple
copy regime.

DNA Template Mass

Simulation

Single copy

1

(i.e., 0.0063 ng)

2

Multiple copies

3

(i.e., 0.25 ng)

4

Category 1

Category 2

n-2 not Filtered

n-2 Filtered

✓
✓
✓
✓

Despite this gap in the literature, recent work by Sheehan [27] shows that doubleback stutter from an extreme major is not likely to be in the same signal regime as the
signal from alleles, though it will be significantly different from noise. Therefore, if
sensitive post-PCR parameters are implemented into the forensic laboratory process then
laboratories should consider the double-back signal stutter during interpretation. With
the increased sensitivity of PCR pipelines coupled with demonstrations of significant n-2
stutter signal, we endeavored to utilize the in-silico pipeline to evaluate the effects of n-2
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stutter of the AT. That is, we utilized the same data set to characterize the noise
distributions, where in one instance we categorized all signal in the n-2 stutter positions
as noise and in the other instance this signal was filtered from the noise category. If the
n-2 signal significantly effects the noise characterization then the noise distribution may
shift right, or the log-normal tail may become accentuated, affecting the signal to noise
separation and the AT. In addition, as shown in [27] n-2 stutter signal may only impact
forensic samples that contain multiple copies of DNA. As such, we tested the effects of
including n-2 signal on the FPR for both low-template (0.0078 ng) and high-template
(0.25 ng) samples.
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Figure 10. This figure displays four representative graphs from the model in [1] using
Simulation 2 parameters when n-2 is removed from the noise category. The loci include (a) is the
CSF1PO locus, (b) the D5S818 locus, (c) the D16S539 locus and (d) the D8S1179 locus. The (○)
represents the false positives, (○) represents the false negatives, and (○) represents the accuracy.

In summary, there were four different parameter setups used during simulation as
summarized in Table 5 resulting in 4000 total simulations. Figure 10 displays an output
graph of four representative loci for the single copy when double-back stutter was
filtered. An optimal analytical threshold was determined, per locus, for each parameter.
Recall, the optimal analytical threshold is defined as the signal threshold for which we
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observe the lowest number of false positive and false negatives. As previously described,
the optimal AT is important for laboratories to define with their own specific parameters
so that they can maximize their data output and accuracy for improved inference.
Continuing with the example from Figure 10, the optimal AT for this laboratory’s
settings for the CSF1PO locus (Figure 10a) would be between 20-30 RFU as this AT
affords the lowest FPR and FNR, and the highest accuracy. However, the optimal AT for
the D5S818 locus would be 30-40 RFU, as this range of AT reaches the highest accuracy.
70

80
70

60

0.0063 ng

50
40
40
30

0.25 ng

60

50

30

20

20

10

10

Figure 11. The optimal analytical thresholds (AT) for both Category 1 (black) and Category 2
(grey). Category 1 represents the data that did not filter (n-2) while Category 2 filtered doubleback stutter (n-2). Both categories were run using a target of 0.0063 ng and then 0.25 ng. The
primary y-axis is the plot of the 0.0063 ng target optimal AT’s and the secondary y-axis is the plot
of the 0.25 ng target optimal AT’s.

Figure 11 shows the optimal AT for Category 1 and 2 data, at the single-copy and
high-template (i.e. 40 copies regime). It shows that both categories increase in their
optimal analytical threshold when going from a single copy of DNA to multiple copies.
Specifically, for Category 1 data (those that do not filter n-2 signal) the ATs for the
single-cell regime range from 15 to 40 RFU and increase to 25 to 70 RFU across all loci
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with 40 copies of DNA, suggesting an increase in noise and false positive detections with
higher templates of DNA causing the optimal AT to increase as well. Category 2 data
shows similar results, though the AT ranges were 15 to 45 RFU and 25 to 60 RFU for
single-copy and high-template samples respectively. Table 6 is the degree of change per
template-level for Category 1 and 2 data, and shows that the increase in AT for hightemplate data is greatly affected when n-2 signal is categorized simply as noise; however,
the increase in AT per unit mass of DNA demonstrates that not all of the change is due to
n-2 mis-categorization, suggesting that forensic interpretation systems may need to
consider models that: 1) model n-2 signal as combinations of stutter, noise and allele
signal, and 2) model noise as increasing with DNA template mass. Indeed, this
phenomenon has also been observed in related fields wherein He and Zhou noted that the
amount of target might affect the threshold determination and that a higher threshold
might be required when a larger amount of target is used [49].
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Table 6. The change in AT with respect to target mass when double-back stutter is not removed from
the data used to parameterize the noise module in [1] and when it is removed from the data.

Locus

n-2 Not Filtered

n-2 Filtered

CSF1PO
D1S1656
D2S441
D2S1338
D3S1358
D5S818
D7S820
D8S1179
D10S1248
D12S391
D13S317
D16S539
D18S51
D19S433
D21S11
D22S1045
FGA
SE33
TH01
TPOX
vWA

10
30
10
15
25
15
20
25
20
15
30
5
10
10
10
20
15
30
15
5
10

5
25
10
10
10
10
15
15
10
10
0
5
0
10
0
10
10
25
5
5
10

Fold Decrease in Slope
between Category 1 and
2
2.0
1.2
1.0
1.5
2.5
1.5
1.3
1.7
2.0
1.5
N/A
1.0
N/A
1.0
N/A
2.0
1.5
1.2
3.0
1.0
1.0
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0.025

(a)

0.014

0.007

0.012

0.006

0.006

0.010

0.005

0.005

0.008

0.004

0.004

0.003

0.003

0.004

0.002

0.002

0.002

0.001

0.001

0.000

0.000

0.000

0.006

0.0063 ng

0.015

0.25 ng

0.0063 ng

0.020

(b)

0.007

0.25 ng

0.030

0.010

0.005

0.000

Figure 12. The optimal (a) false negative rates (FNR) and (b) false positive rates (FPR) that produced
the highest accuracy per locus, which determined the optimal AT in Figure 11. The black lines or
Category 1 represents the data that did not filter n-2 while the grey lines or Category 2, which did
filter n-2 stutter. Both categories were run using a target of 0.0063 ng and then 0.25 ng where the
0.0063 ng target is on the primary y-axis and the 0.25 ng target on the secondary y-axis.

Though the overall accuracy of detection is of importance, it is the laboratory that
must decide whether a greater weight is placed on negating the false detection of noise or
false non-detection of allele. As such, Figure 12 shows the FPR and FNR for both
Category 1 and Category 2 datasets at the optimal AT for each of the starting template
masses. Specifically, Figure 12b shows the FPR at optimal ATs for both Category 1 and
2 data. We see that for Category 1 the single cell’s FPRs ranged from 0 to 0.0005 while
the high copy FPR at optimal AT’s ranged from 0 to 0.0063, exhibiting on average an
eighteen-fold increase in slope as seen in Table 7. For Category 2, the single cell’s FPR
ranged from 0 to 0.0005 and 0 to 0.0043 for the multiple copies of DNA in Table 8. This
suggests that modeling peaks in n-2 stutter position as stutter, rather than noise may have
significant positive repercussions on DNA inference.
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Table 7. The FPR when n-2 was not filtered from the noise category used to parameterize the model
in [1] for single-copy (0.0063 ng) and multiple-copies (0.25 ng) of DNA for all GlobalFiler® loci.

Category 1 SingleCopy
0.00014
CSF1PO
0.00013
D1S1656
0
D2S441
0
D2S1338
0
D3S1358
0
D5S818
0.00011
D7S820
0.00020
D8S1179
0.00013
D10S1248
0.00011
D12S391
0.00013
D13S317
0
D16S539
0.00007
D18S51
0.00013
D19S433
0.00029
D21S11
0.00011
D22S1045
0.00006
FGA
0.00003
SE33
TH01
0.00029
TPOX
0.00050
vWA
0
Locus

Category 1 MultipleCopies
0.0014
0.0038
0.0011
0.0037
0.0043
0.0020
0.0009
0.0034
0.0031
0.0038
0.0008
0.0011
0.0019
0.0011
0.0010
0.0063
0.0005
0.0008
0.0017
0.0010
0.0038

Category 1 Fold
Increase
10.0
30.5
IND
IND
IND
IND
8.00
17.0
25.0
34.0
6.00
IND
27.0
8.50
3.50
57.0
9.00
31.0
6.00
2.00
IND
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Table 8. The FPR when double-back (n-2) stutter is filtered from the noise data used to parameterize
the model in [1] for single-copy (0.0063 ng) and multiple-copies (0.25 ng) of DNA for forensically
relevant loci.

Category 2 SingleCopy
0.00057
CSF1PO
0.00019
D1S1656
0.00010
D2S441
0.00013
D2S1338
0
D3S1358
0.00013
D5S818
0
D7S820
0
D8S1179
0.00013
D10S1248
0.00039
D12S391
0.00013
D13S317
0
D16S539
0.00007
D18S51
0.00020
D19S433
0.00029
D21S11
0.00011
D22S1045
0.00006
FGA
0.00003
SE33
TH01
0
TPOX
0.00033
vWA
0.00213
Locus

Category 2 MultipleCopies
0.00043
0.00425
0.00030
0.00047
0.00013
0.00038
0.00056
0.00140
0.00038
0.00189
0.00025
0.00038
0.00021
0.00033
0.00050
0.00078
0.00012
0.00015
0.00143
0.00017
0

Category 2 Fold
Increase
0.75
22.7
3.00
3.50
IND
3.00
IND
IND
3.00
4.86
2.00
IND
3.00
1.67
1.75
7.00
2.00
6.00
IND
0.50
IND

Recall that the increase in false positives and false negatives when increasing the
template mass was observed by the authors of [49], which can also be seen in Figure
12(a,b). For example, both Category 1 and Category 2 in Figure 12 (a,b) increases in
FPR and FNR when going from 0.0063 ng to 0.25 ng, thus causing an increase in the
overall optimal AT. The work of Sheehan [27] demonstrates that the signal of noise,
double-back stutter, and minor allele overlap one another on a scale of frequency versus
RFU value, thus suggesting the importance of distribution and resolution for
interpretation.
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3.2 Analysis of Stamps and Envelopes DNA Collection
Phase I of this project can be used to inform forensic pipelines and analysis
parameters for all template masses, including forensic samples expected to be in the
single-copy regime, such as antiquated stamps and envelopes. Simulations of the postPCR process suggests that single-copy samples require at least 29 cycles of PCR coupled
with a 25 second capillary electrophoresis injection to acquire adequate single-to-noise
resolution. At this resolution, the optimal AT ranges from 15 to 45 for all loci and is
dependent upon color. These ranges can be found in Table 9, where the average optimal
ATs and ranges are 22 (range 20-25), 38 (range 35-45), 21 (range 20-25), 29 (range 2530), 34 (range 30-35) for the loci associated with the blue, green, yellow, red, and purplefluorescent primer dye, respectively.
Table 9. Optimal analytical thresholds for single-copy samples that were determined in Phase 1. The
loci contained in this table are representative of the loci used in the GlobalFiler® amplification kit.
Each locus is color coded according to the fluorescent primer dye associated with that particular
locus as per the GlobalFiler® chemistry. Note: the ‘black’ colored loci in the table below are tagged
with a yellow-fluorescent dye.
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Now that the post-PCR conditions have a LOD of one DNA molecule, we
endeavor to determine the best pre-PCR collection and extraction methods for antiquated
low-template samples. As described in Section 2.2, we tested four collection- extraction
methods: 1) cotton swab with Qiagen® extraction, 2) cutting with Qiagen® extraction, 3)
FLOQSwab® with PicoPure® extraction, and 4) cutting with PicoPure® extraction to
examine if there is a preferred method by which to process these samples through prePCR steps. Though the methods involving PicoPure® extraction are expected to,
theoretically, exhibit lower levels of drop-out by virtue of the direct-to-PCR extraction
method and absence of adsorption/desorption steps [50], it does not include wash steps
possibly increasing PCR inhibition effects caused by co-extracted compounds interacting
with the DNA or Taq polymerase. Thus, it is of value to confirm that one method is
preferred to another for high-value samples such as low-copy number forensic samples or
ancient DNA.
To evaluate best-practices for pre-PCR steps, the DNA from eleven stamps was
collected and extracted using the four collection and extraction techniques described in
Section 2.2.1 and 2.2.2, and quantified using Quantifiler® Trio quantification kit, which
co-amplifies two autosomal fragments, a Y-chromosome fragment and an IPC. If the
IPCs behave similarly across all collection and extraction techniques, then we conclude
that they are relatively free from inhibitors.
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32

Threshold Cycle Number

31
30
29
28
27
26
25
24
0
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Sample

Figure 13. The threshold cycle number of the Internal PCR Control (●) for 55 samples that was
obtained over three different quantifications. The first quantification ( | ) included 11 samples, the
second ( | ) included 21 samples, and the third included 23 samples. The lower horizontal line ( ̶ )
represents the lowest acceptable threshold cycle for the IPC and the upper horizontal line ( ̶ ) is the
highest acceptable threshold cycle of the IPC. The squares (∎) represent the CSQ samples, the
triangles (▲) represent the CQ samples, the circles (●) represent the FSP samples, and the diamonds
( ) represent the CP samples.

The IPC threshold cycle numbers for each sample throughout 3 different
quantifications can be found in Figure 13. The authors of [51] completed a
developmental validation study of the Quantifiler® HP and Trio kits from human DNA
quantification in forensic samples. During a contamination study, all of the IPC targets
were positive in all non-template controls and positive reactions as they designed it,
where the threshold cycles were all around 27-29. These results are consistent with the
ones obtained in Figure 13, where the mean threshold cycle number is 27.8, indicating
that the IPC in Phase II performed as expected. Qualitatively, we see no plate-to-plate
affect, indicating the assay components and instrument were working as expected.
Similarly the manufacturers own studies [46] report that the average IPC threshold cycle
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number that is expected without PCR inhibition is ca. 27.77, which is consistent to the
average threshold cycle number obtained from the samples in Figure 13. A paired T-test
to determine if the threshold cycle numbers for the IPC samples differed significantly
among the four different collection and extraction techniques was performed. A paired
T-test is a statistical test for dependent samples to determine whether the mean difference
between two sets of observations is zero. This test was completed a total of six times to
ensure each collection and extraction technique was paired with every other one once.
All p-values were > 0.05 suggesting the null, that there is not strong evidence to support
rejection of the null that there is no significance difference between the means.
Once the standards in a dilution series have been run using Quantifiler® Trio, the
cycle threshold, CT, for these standards is plotted against the log of the DNA
concentration. This results in a straight line from which a slope, m and y-intercept, b, can
be determined using linear ordinary least squares regression to obtain
𝐿𝑜𝑔 [𝐷𝑁𝐴]! =

!! !!
!

(Equation #5)

where CT is the threshold cycle of the samples of unknown concentration of the small
autosomal target, b is the y-intercept, and m is the slope. Thus, for unknown samples the
CT of the small autosomal target is used to estimate the concentration of DNA. These
concentrations can then be turned into copy numbers of DNA. The mass of one copy of
DNA is approximately 0.0063 ng and 100 µL was the total volume of the extraction. By
taking the now known concentration of a sample (ng/µL), multiplying it by 100 µL of
extraction volume, and dividing it by the mass of a single copy of DNA (0.0063 ng), the
result is a value for copies of DNA. These calculations were completed for all 44
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samples (excluding the reagent blanks and negatives) and separated into their perspective

Copy Numbers of DNA

collection and extraction techniques.
50

(a)

40
30
20
10
0
CSQ

CQ

FSP

CP

Copy Numbers of DNA

Collection & Extraction Technique
8
7
6
5
4
3
2
1
0

(b)

CSQ

CQ

FSP

CP

Collection & Extraction Technique
Figure 14. (a) A boxplot displaying the number of copies of DNA that were extracted and quantified
via the four different collection and extraction techniques. All 44 samples (○) were plotted, not
including the reagent blanks and negatives. The y-axis was zoomed in to a range of 0-8 copy
numbers of DNA on plot (b) to visually see the individual samples better. (Note: most of the samples
are at 0 copy numbers of DNA).

The copy numbers of DNA for all of the samples that were collected from stamps
and envelopes, extracted and quantified can be seen in Figure 14 (a,b). The unfilled dark
blue circles (○) represent each sample. Most of them cannot be seen because out of the
44 total samples (11 per collection and extraction technique), 30 of the sample’s DNA
concentration were undetermined and therefore their number of DNA copes equals zero.
The shaded blue area of the boxplots is the range between the first quartile and the third
quartile, with a line in-between to show the median. The median can only be seen for the
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CSQ plot as the others had a median of zero. A line is seen extending out of each plot to
a maximum point or outliers.
The FSP technique had the widest range, with an outlier at 44.5 copies of DNA.
The next highest number of copies was 8.55 for CP. The smallest range was with CQ,
where there was only one positive result that was obtained at 3 copies of DNA. The
technique with the highest number of positive results was CSQ with a 54.5% success rate
for the small autosomal target and 9.1% for the large autosomal target (See table 10).
The FSP method resulted in a 36.4% success rate for the small autosomal target (Table
10).
Table 10. The percentage of samples resulting in positive qPCR results for the small autosomal target
and large autosomal target per collection and extraction technique. There were eleven samples per
technique.

Target Concentration
[SA] = 80 bp

CSQ
54.6%

CQ
9.1%

FSP
36.4%

CP
27.3%

[LA] = 214 bp

9.1%

18.2%

0.0%

18.2%

Across all of the techniques, the number of samples showing positive
concentration of the small autosomal results always exceeded the number of samples with
large autosomal results. In general, the swabbing technique seemingly outperforms
cutting, regardless of the extraction method used, which is beneficial as it is preferred to
swab a portion of the evidence for potential DNA rather than to cut a piece off,
consuming it. Overall, the cotton swab technique coupled with Qiagen® extraction seems
to be the best and most reliable technique to use out of the four. However, these data are
inconsistent with results found in [30, 31], where the authors reported accessing higher
quantities of DNA by using the FLOQSwab® over cotton swabs. In Brownlow et al. [31],
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the amount of DNA recovered when using a cotton swab with Qiagen® extraction was
about 35% whereas the FLOQSwab® with Qiagen® extraction was about 60%. However,
when using Qiagen® automated platforms (QIAcube and BioRobot EZ1), the cotton swab
was shown to perform significantly better than the nylon flocked swab [31]. In the work
completed by Ambers et al. [30], they found a significant difference between extracting
the FLOQSwabs® using Direct PCR over manual extraction [30], suggesting that directto-PCR methods with FloqSwabs® may provide significantly better results over
traditional methods. The data presented in Table 10 shows that not only is the amount of
DNA recovery dependent on the collection method used, but also the extraction
technique paired with it. Interestingly, the FSP technique did not render any positive
results for the concentrations of the large autosomal target whereas CSQ received one
positive result and both cuttings received two positive results each.
For collection techniques, the results obtained in Figure 14 and Table 10 are not
consistent with the findings of [33, 34], where the authors demonstrated that the cutting
(from fabrics and tape lifts) collection technique resulted in higher DNA recovery
compared to swabbing. For antiquated stamps, the cutting method resulted in a lower
efficiency than both swabbing techniques, regardless of the extraction/collection
combinations. The difference may be that this project consisted of antiquated samples
whereas the authors of both studies used freshly prepared samples and different
substrates. The data depicted in Table 10 demonstrates that either collection method
paired with the Qiagen® extraction technique outperformed the direct PCR extraction
method, which is inconsistent with the findings of [32]. This may be due to PCR
inhibitors that were present in the dye of the stamps that affected the downstream

54
processing. However, the analysis of the IPCs for each sample found in Figure 13
debunks the PCR inhibition hypothesis. The cuttings and direct PCR techniques may
have been outperformed due to the smaller surface area of the cuttings compared to the
larger quadrant area used for swabbing. Additionally, unlike Qiagen®, direct PCR does
not include a washing step to remove impurities that may hinder the desorption of cells
from the stamp adhesive.
Statistical testing was employed in order to determine if there was a statistical
significance between the averages of the amount of copies of DNA obtained and the
amount of positive results received for the concentration of the small autosomal target. It
is of value to compare the amount of cumulative positive results per method. To
accomplish this, a Chi-Square test was used where the expected values were calculated as
per,
𝐸!,! =
where Ei,j =expected value,

!
!!! 𝑂!,!

!
!!! 𝑂!,!

(Equation #6)

𝑁

!
!!! 𝑂!,!

= sum of the ith column,

!
!!! 𝑂!,!

= sum of the kth

row, and N= total number, where the rows and columns used can be seen in Table 11.
Table 11. Data table used for Chi-Square statistical testing of the four different collection and
extraction methods.

Method
CSQ
CQ
FSP
CP

Positive Result
6
1
4
3

Negative Results
5
10
7
8

The expected value is then used to calculate the value of the Chi-Square test of
Independence:
!

!

!

𝑥 =
!!!

!!!

𝑂!,! − 𝐸!,!
𝐸!,!

!

(Equation #7)
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where x2 = Chi-Square test of Independence, Oi,j = observed value of two nominal
variables, and Ei,j = expected value of two nominal variables. The degrees of freedom are
calculated using the formula: DF=(r-1)(c-1) where r = number of rows and c = number of
columns. These rows and columns that were used to compute the degrees of freedom can
be seen in Table 11. The Chi-Square value was determined to be 5.45 with the degrees of
freedom equaling 3. At a 0.05 level of significance (α), the critical chi-square value is
7.82. Since the calculated chi-square value is less than the critical value (5.45 < 7.82) we
fail to reject the null hypothesis that we are sampling from independent variables.
A paired t-test was also performed on the four collection and extraction
techniques where there was a total of six tests total that were analyzed in order to test
each method with another variation once. The level of significance (α) was set to 0.05,
and in all six cases the p-value was greater than α.

56

30

0.6

20

0.4

10

0.2

3

3

2

2

1

1

0

0

0

3

9
8
7
6
5
4
3
2
1
0

2.5
2
2

1.5
1

1
0.5
0

0

Number of Copies Small
Autosomal

4

Number of Copies Large
Autosomal

0.8

4

3

1

40

5

(c)

(b)

0

(d)

9
8
7
6
5
4
3
2
1
0

Number of Copies Large
Autosomal

Number of Copies Small
Autosomal

6

50

5

4
Number of Copies Small
Autosomal

7
Number of Copies Large
Autosomal

6

(a)

Number of Copies Large
Autosomal

Number of Copies Small
Autosomal

7

Figure 15. The concentration of the small and large autosomal fragment obtained for all 44 samples
were broken down into their collection and extraction techniques (a) cotton swab collection method
with Qiagen® extraction, (b) FLOQSwab® collection method with PicoPure® extraction, (c) cutting
collection method with Qiagen® extraction, and (d) cutting collection method with PicoPure®
extraction. The concentration of the small autosomal fragment was plotted with the concentration of
the large autosomal fragment on both y-axes. The concentrations were converted into number of
copies of DNA for each autosomal fragment concentration.

Alongside determining the presence of inhibition and determining which
technique results in more DNA and a higher probability that at least one copy of DNA
will be extracted, determining DNA degradation levels is also of interest for these
samples. To accomplish this, the estimated concentration of the small autosomal versus
large autosomal fragments are compared; if [SA] > [LA] then DNA degradation or
damage may be inferred. The plots in Figure 15 show the difference between the
concentrations obtained from the small autosomal targets compared to their large
autosomal counterparts for the 44 samples and separated by the four different collection
and extraction techniques. The qPCR results show that the concentration of the small
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autosomal target was overall larger than the concentration of the large autosomal target.
These data are important because it indicates that when dealing with dated or ancient
samples, shorter targeted amplifications –i.e., ca. 100 bp – are preferred.
In addition, DNA degradation is a substantial problem when it comes to analyzing
the potential DNA profile. The effort to maximize and analyze the amount of genotyping
information available from degraded samples with the use of the Quantifiler® Trio kit has
been studied by Vernarecci et. al. [52]. They defined the Degradation Index (DI) as the
concentration of the small autosomal over the concentration of the larger one. They put
degradation into four categories: DI= 0-1.5 non-degraded, 1.5-4 mildly degraded, 4-10
degraded, and >10 severely degraded. When looking at Figure 15, all of the samples that
tested positive for DNA (small autosomal) with most concentrations varying from 2-7
ng/µL, disregarding the outlier, the concentrations all fall to or close to zero to the point
where it becomes negligible for the concentration of the large autosomal of that same
sample. As one cannot compute a fraction with a zero on the denominator, it is
impossible to categorize these samples as degraded without further testing [52].
Since the CSQ samples resulted in the highest amount of positive results (Table
11) and percent success (Table 10), these samples were amplified with the GlobalFiler®
amplification kit and run through capillary electrophoresis on the ABI 3500 Genetic
Analyzer. While using GeneMapper® ID-X software, an analysis of the CSQ samples
resulted in 6/11 positive EPG signals. The peaks in each sample were compared with one
another as to ensure they were not the same peaks occurring throughout all positive
EPGS samples. Thus, confirming that the collection and extraction method performed
can obtain a partial profile (with one or more signal peaks) from antiquated stamps.
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4. Conclusion:
Laboratories should implement their own pre-determined optimized protocols for
a specific (PCR) process rather than use the recommended protocols suggested by the
manufacturer. In examining the simulated samples using both the manufacturer’s and
optimized protocol settings, it was determined that in order to maximize data output and
accuracy, the suggested settings should not be used. Instead, using an optimized protocol
that is specific to a laboratory is recommended. Low template touch DNA samples,
where the human cells are more than 100 years old, can be successfully collected and
extracted. Out of the four-collection/extraction methods evaluated in this study, all
resulted in statistically insignificant differences. Thus, any of the methods can be used
for evidence collection.
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