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THESIS ABSTRACT
Effectsof DNA copynumberon shorttandenrepeastutterratios

by SAADIA AMIR KHAN

Thesis Director:

Dr. Catherine M. Grgicak

Determining the weight of evidence against a suspdxst served byigh fidelity
signal representations of forensically relevant genomic regions of interest: Short tandem
repeats (STR)During PCR, STR is aynthesized fragent one repeat unit shorter than
wildtype.When electrophoresed and detected, the relative peak heights at the stutter and
allele positions can be used as a proxy for the relative level of stutter to allele product
generated during PCR, imfmingforensicDNA interpretation.

Sincemany forensic samples contain only afew copies of DN&studyexplores
if relative stutter abundances are of the same distributions when originating frerarigh
low- copy numbersData analysis bemby categorizing the sign@hsnoise, stutterand
allele. Only stutter and allelic peaksere retained for further analysiSampleswere
amplified at 0.25 ng and 0.0313;mata fromb STR lociwere interrogatedesulting in
analysis acros820datpoints.The data was first explored through visual representation

via boxplot.



Before proceeding to statistical analysis, a comprehensive literature review
demonstrated that the stutter modsddely relying on perlocus descriptiosof stutter
ratios (SRs)may be improved by considering the sequendb®fSTRs themselves. As
such all statistical evaluations were conducted on agliete basisNext, a ttest (pvalue
threshold: 0.005) was employed to explore if average SRs betweenahighowcopy
numbers are similar. The results show significantly different mean values behsaen
templatesThis has farreaching forensic implicatiorssce it suggests that classibabary
approachesto genotype infereficelow-template samples ought not utilize boundaries
developed from highemplateones

Subsequentlywe testd the SRsbetween low and high template samples by
evaluating the similarity of the distributiorthemselves. To complete this test, a
KolmogorowSmirnov testvas performed. Mostlythe distributions were distinct, wherein
low template sampiedemonstrated a hign proportion of stutter peaks exceeding
expectationThese results are similar to thtest results, therein suggestingnare refined
approach to genotype inference is required for complex forensic signtdining both

high- and low templatdevels wthin a single mixture.
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1. Introduction

1.1. Short Tandem Repeats (STR) &udensic DNA Analysis

Short tandem repeats (STR) are the genetic markers most frequently used in
forensic DNA analysis. These polymorphic DNA sequences are scattered throughout the
human genome; however, their distributamonghe chromosomes is not uarm. STRs
are found within noftoding part of the human genome and they constitute approximately
3% of the entire genomeAs illustrated in Figure 1, forensically relevant sharidem
repeat$ also known as microsatellgé consist of repeatunits thatare generalypbase
pairs in length, with the number of repeats varying among individuals. It is the variation
among the human population that makes them effective geneticersafor human
identificatior?. On the base of length of the repeat units they are classified asndéno
tri-, tetra, pentaetc. In forensic DNA anabis, STRs with 3 5 nucleotide repeat units

areoftenused.

CA CA CA Bi-nucleotide
GCC H GCC H GCC Tri-nucleotide
GATA H GATA H GATA Tetra-nucleotide

AGAAA || AGAAA || AGAAA Penta-nucleotide

AGAAAG || AGAAAG || AGAAAG Hexa-nucleotide

Figure 1. An illustratiorof STR repeat units on the basidength of repeat units. Th
repeat units are classified as,dii-, tetra, penta, and hexanucleotide units, based c
the number of bases within a repeat unit.



The STR repeatunittype also varies on the basis of repeat patteiciss divided
into three major categori@s shown in figure £a): i) simple repeats, consisting af 8TR
of identical length and sequence, forexanpl® S8 1 8 0 s,; i) AGPOUNH repeats
consisting of two or more simple r@peat
[TCTA],; and iii) complex repeats consisting of multiple repeat blocks of variable unit
lengths that interrupt the sequence with variable intervening seqdgitresxample,

D21S11 HECTA][TCTG]n [TCTA],TA [TCTA], TCA [TCTA], TCCA TA [TCTA] 4

o) AGAT (Simple)
d
[TCTA] [TCTG], [TCTA], (Compound)
[TCTA], [TCTG], [TCTA], TA [TCTA], TCA [TCTA], TCCA TA [TCTA], (Complex)
1 2 3 4 5 6

(b) 5"~ GATA || GATA | GATA || GATA || GATA H GATA -~ 3’

5'— GATA | GATA || GATA || GATA || GATA H GATA H GATA |- 3’
1 2 3 4 5 6 7

Figure 2.An example of simple, compound, and complex STR tetranucleotide r
(b) An example of the STRs of two alleles at the same genetic location o
chromosomes. The STR genpgof this individualis G = @,(based on numbers ¢
STR units)

Regardless of motif or base pair length of the STR, their hypervariability within
the human population meathey can be used to distinguish betw@etividuals Since
each pair of chromosomes is a combination of two genes; ondliparentadnd one
from the maternal soureseSTR lengths can be used to compare the genotype of the

biological source left at the crime scene and the genotype of a suspect. For example, in



Figure 2(b) is an example of a person whose STR genotyped$G. Thus, if the crime
sceneds bi olrendas&Ga6,thdnlha fordnsiaexmewould report that the

suspect could ndite excluded as the source of biological material left at the scene.

1.2.PCR Amplification, Allele Detection and Elecfreerogram

In orderto fully realize the potential made possible by this petsgerson genetic
diversity contained withi®TR regons,one musbe able to detect and size the DNAe
Polymerase Chain Reaction (PCR) is the common smeanwhich to do ths. PCR
amplification is a technique used to synthesize hundreds of millions of copies of targeted
DNA sequences within houxdt involves theheating and cooling of DNA samples
(typically, 0.5 ng- 1 ng) overa pre-defined cycle number, where one cycle includes the
following three temperature steps: denaturation, annealing, and extension. Denaturation
usually takes place at 95°C and causes cemehtary DNA strands to separate from each
other. During the annealing step, the temperature is lowered 0@ which allows the
primers (short oligonucleotide strands of @b. nucleotidsin length) to bind to their
complementary DNA target sequenciesthe extension step, the temperature is raised to

70-72°C allowing the DNA polymerase to catalyze the formation of new phosphodiester

bondst A PCR process under ideal conditions (100% efficiency) can prdgifi2ecopies

of DNA overn PCR cyclesvheret, is theinitial number of DNA copiesThe PCR process
however s not perfect as it generates artifacts which complicates data interpré@uien.
notable PCR artifact is that sfutter whichs the topic of this work

Once amplification is completed, capillary electrophoreasuesandis used to
detect the amplicons generated during the PCR process. Since DNA fragments are

negatively charged, a potential difference acrossai@otrodes is used to inject the DNA



into a capillary. Once injectethe potential continues to be applied such thatthe negatively
chargedPCRfragments travel frorthe cathodehrough a polymer filled capillaryp the
anode. The fragments aheereinseparated by length becastorerfragments travel more
quickly through the polymetA laser and a detector are present at the end of the capillary
and wherthe fluorophores tagged to tiRRCR primersare bombarded by the laser light,
fluorescence results which is recorded for anahy&isceeach primer is tagged with a
known fluorophore, and the primer sequences are designed to hybridigeeoificlocus

(i.e., DNA location) of interest, the colondicates what location on the genome is being
interrogatedln addition since the fluorophores are tethered to the primers, and the primers
are necessarily part of all newly synthesized fragmentglubeescentntensity is a proxy

of the number of fagments synthesized during PGhich is, in turnarepresentation of

t,.8 Thus in an electropherogram (the end product of electrophorbssyize of the
fragment is representaxhthe x-axisand isdeducedisingthe length of time itook the
fragment tamigrate through the capillary, and the peak height is a podiye number of
synthesized fragments produaadtargetedFigure 3 is a representative image of such an
electropherogramin this representatigrthe electropherogram consists of four dye
channels blue, green, yellow, and red originating from FAM, MNED, and PET,
fluorophore8.Each channel consists of multiple loci, and each locus consists of multiple
peaks. At each locutarge peaks represemga p e r s osmafe Dbviaus wieeh the
template massd,, is large Notably, he genotype within a locus may be heterozygae
consisting of two alleles, or a homozygous whtesSTR alleles inherited from mother
and father are identical. In addition to tiiensepeaks, multiple small peaks are also

obsrved at each locwnd represeriheartifact commonlhencountered iSTR analysis



known as stutter. In samples litee one inFigure 3 stutter is comparably small to the
allele peak andan,typically, be easily recognized as nbiological.Previous vark has
demonstrated thathent, is low the stutter intensity can reach levels that make it difficult
to distinguish it from allele. Thu#) this work we examine the impacts of template mass

on the relative stutter peak height.
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1.3. Stutter

Stutter is a PCR artifact that is often seen as minor peak one repeat unit smaller
than the target STR allele product. This is knowrilaackwara, fibackd or fireverse
stutter Less frequentlya stutter product that is one repeat larger is produced. Tiiese
peaks are often referred &®rwardo or fipluso stutter.3 10 Stutter products hee been
reported in the literature since STRs were first studied,th@drimary mechanism by
which to explain thé vitro synthesisf stutter products ieferred tastheslippedstrand
mispairing modell As per the slippedgtrandmispairing modelduring the replication
process a region of priméemplate complex becomeenaturedwhich allows the
formation of aloop, as depicted in Figure % a repeat unit bulges out of the newly
synthesized strand, then a single STRt is insertedn the next amplification stefp
producdorwardstuttemproduct If the repeatunitloops outin the template strand, it results
in PCR products that are orepeat unit smaller than the template str&énd.

Since stutter can @ar atany cycle in the amplification, stutter intensities necessary
vary; that is strandthat slip early in the PCR will produce more stusiiecethe newly
formed stutter product will be copied in the same way as thaifzdlallele strand will. So,
in cases where there are only a templatestands, if one stutters early in cycling, a great
proportion of the productis expected to be of the stuttered valfetyconcretely, if the
total template copy numberis 2, and in the first cycle one ofttheads stutters then we

obtain one stutter strand and three full sized strantiee end of this cyclén the next
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Figure 5.Schematic illustration of slipped strand model. During the replication pri
the DNA polymerase attaches itself to &1d of the DNA and synthesizes identi
complementary strands. Sometimes the strands dissociate, and the DNA poly
complex becomes unpaired, and the replication stops. When the two strands
again, sometimes they mpairsynthesizing shortecopy or morerarelya larger copy.
These faulty copies are called stutter, and produce stutter or shadow peaks t
typically, one STR unit smaller or larger than the biological allele.

cycle, if nostrandslippage occurs, we expect two stutt@nsls and six fullength alleles
at the end of the third PCR cycla the absence of further stuttering, the proportion of the
stutter product to fulkized allele would be 25%. Contrast this with a Higimplate
scenario where, say, forty template capage available for amplificatiohlere, even if
stutter were to occur for one of the strands early in the cycling, it would unlikely that would
occur for the other 39. Thus, in the next cycle we would have produced only 2 stuttered
strands and 78 fulength strands. In the absence of any further slippage, wexgaect
that the relative stutter intensity would be 2.6% of the main allele.

Previous work byalek!3demonstrate the probability that each strand stutters in
a given PCR ycle is in the order of 1 in 1000hus,for a STR multiplex of, say, 10
heterozygous lociie., 20 alleles), and a starting template count of one DNA copy,

approximately 1 in 50 samples would be expected to exhibit stutter that is at least 100% of



10

the ful-sized allele. This is a staggering result since in these circumstances it would be
impossible to categorize the artifact as such given its relatigasity. Thamplication to
caseworks undeniablesince recent forensic work has focusedeneloping laboratory
pipelines engineered to detect the smallest level of DN, in the single copy regime
In forensic science, single cell analysis has shown the ability to alleviate the challenges
associated with DNA mixture analystsin cases where single cell technology is not
available the interpretation of mixed DNA samplescomeghallengingvhen there is a
major: minorDNA mixture and the minor componentasobdive. Take, for example, a
sexual assault vaginal swab where few sperm and many vaginal cells are mixed. Another
casetype is of an equally mixed sample of mwities ofcontributors like the handle of a
firearm shared bynultifariousindividuals In bothcases having clear expectataf
stutter intensities can aid in determining whether a peak in stutter position is stutter versus
stutterandallele. That isif the peakin-question is in a stutter positi@md its peak height
is greater than expectatipone can infer that peak contains signal from allele. If, however,
the relative intasitiesof stutter changewith t,, then modification to current heuristic
practcesmay be required.

As such, this work seeks to explore the impact of template leyelsn stutter
ratios. Since previous findings demonstrate that sequence structure may have an effect on
stutter propensity, the first hypothesis explored is that ofafiele dependancd stutter
ratios. Once peallele dependance is established, the average sttiteand stutter ratio
distribution between lowand hightemplate samples are tested to determine if they are

indistinguishable. If stutter ratios acrdsgiffer, the impication to casework substantive
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as it suggests template drimeprobabilistic models aralesirablefor bulk-mixture

interpretation andlor thatof single-cell interpretation.
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2. Material and Methods

2.1. DataPreparation

The datavere received asCSV file containingmultiple single sourceampledi.e.,
one person samplesynsistingpf signal from three main sources: noise, allele, and stutter
artifact(as represented abovehigure 3). Single source sampleseused to underand
the behavioof stutter since signal from multiple contributors would be conflated by
interfering genotypedhe genotype of single source samplesprasidedwhich allowed
for the sequestration of each peak into one of the aforementioned catégaigasllele,
noise, stutterPeaks falhgin the electrophoretic positions indicating it was a tillele
wereclassified as such. Any peak falling in a bin that wasSTR repeat unit shorter than
a known allele was designated as revetgtter; conversely, peaks thell in abin position
that wasone repeat unit larger than a known allele were classified as forward stutter signal.
The remaining noizero peaks were classified as noise. Since the purpose of this study was
to investigaterelative stutter abundances, only loci with known genotypeastthree
repeat ungapart were used. In additiahoughnoise is a inherit part of the signalnd is
knownto confound the signal, previous work has shown thatdarnly observed in the
relevaniSTRpositionsapproximatelyl 0% of the time and exhibitsw peaks heights (i.e.,
10s of RFUs)Thus, the confounding effects of noisesdutter or allele signal is expected
to be negligible.

There were two main categories of sample typed inthis study those amplified
using 0.25 ng (40 copies) of DNA and those amplified with 0.0313 rgftes) which
wererespectivellabeled as highand low copy sampledn total the data consisted of 62

single source sample3l of high template masand 31of low template masdAll samples
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were preprocessed to filtemon-stutterPCR artifacts such as dye blobs, spikes, migus

andpull up. Stutter ratiswerecalculated for all stutteallele pairsas described below.

2.2 Stutter

Since peak intensity/height is a proxy for the number of DNA amplicons
synthesized during PCR, the relative peak heights positioned in STR locations within the
electropherogram in the alleposition,a, and the reverg@-1) or forward(a+1) positions
are relevantAs suchthe stutter ratio SR, becomes areasonable means by which to explore

theeffectsof template mass arlative stutter copy numbers

vy 00 'Y'OY
0 "OY'OY
vy 00 'Y'OY
0 0OY'OY

Here,PH,is the peak height of the allele given the known genofyplg; is the peak
height ofthepeak located in reverse stutter position &hi.1 is the peak height found in
the forward stutter positionthe sttter raticc were calculated for reverse stuttench
forward stutter resulting id34ratios acrosbothtemplate masslassegi.e., 0.25 ng and

0.0313 ngpacross 5 STROCI.

2.2.1 Stutter ratio distributions

To analyze and compare stutter ratio distributions of low and high template
samplesstatistical analysisna per allele basis was performed. In almost all scientific
disciplines, visual analysis playa vital role in exploring, analyzing, and presenting

scientific datal> By comparing two histogramdifferences in their stutter ratios
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distribution patterns, modgedata ranges, and outliers can be recognized. Any quantitative
differences were discussed.

To statistically evaluate the probability that the stutter distributions autigifiom
a common source, a twasample Komogorossmirnov test (KS test) was performétere
the statistic isthe maximum absolute difference dmax, betweentwo cumulative
distribution functions, which is compared against the null distributfaihe probability
thatdmaxunder the null hypothesexceedthe experimental valuegas less than 0.60
the two distributions were classified as different. Notably thealjpe of 0.005is
substantiallysmallerfrom the typical value of 0.05, and is the result of applying the
Bonferroni Correabnlé, which is used to eliminate errors associatedhwinultiple
comparisonsSincelO alleles acrossfive lociare companedaluecorrectiorsareapplied

as decision threshofadr a leve of significance of 0.005

2.2.2. StutterRatio analysis for mean values

To analyze and compare stutter ratio means between high and low template
samples,visual and statistical analysis was agaperformed Visual analysis was
performed by plotting stutter ratio versus mass (0.2®r813 ng) as box plots for each
allele. Duing this analysis, the median, interquartile ranges and general beskalots
were compared. Statistical analysis of the mean was performedtbgtdd compare the
experimental-value against the-distribution under the null. As previously descriped

Bonferroni Corresbnswere applied resulting in theymalue of threshold of 0.005
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3. Results and Discussion

3.1. Allele specific stutter ratios versus locus specific stutter ratios

In DNA analysis, it is important to understand and presdliatter behavior to
improve the understanding and interpretation of the signal contained in a DNA profile.
Like its allelic cousin, stutter is a fluorescently tagged DNA molealiese peaks cannot
be easily distinguished from peakstytpheadt. ar
This can have detrimentalth serious downstream interpretation effects, sthedorensic
domain is entirely reliant upon the accurate deconvolution of genstysing signal
differencesandpeak intensities. If allele peaks are obfuscated by stutter pgexkstype
inferences become a challenge. Take, for example, the case ofideane sample
containing unknown quantities of DNA from an unknown number of contributors. In the
forensic context, the genotypes must be inferred from the data after making assumptions
about the possible number of contributors that comprise the signidle number of
contributorssincorrectly inferred, thalleged genotypes that comprise the evidence will
be incorrect. Théoundation of the relevance has been explame8looteret all’

This, therefore, suggests that stulttas the potential teignificantly impact weigist
of evidence against suspegtarticularly if it is the minor component to the DNA mixture
profile that is probativeAs aconcrete example, consider a single locus exhibiting three
peaks inte 12, 13, 16 allele positionklere the evidence may be explained as a-one
person sample with genotype 13,16 (because 12 is taken to be stutteensa2 sample
wherein any one of the two donors could hgeaotyps12,12; 12,13; 13,13, 13,16, 16,16
explaining the evidence. If tHe2 is assumed to be stutter ordysuspect of 13,16 will be

included as potential contributor to the evidence. Contrast that with all of the individuals
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(any individual ofa 12,12 or 12,13 or 13,13, etc.) who could not be excluded if a different
stutterdecisionwasapplied

Sutter peak height ratiireshold of, typically, 15% of the allele have been used
to mitigate some of treenegative implicationsut this heuristic does not solve the entire
problem since the 15% threshold is only effective ible and applicable across all mass
ranges.

In DNA analysis, it ighereforepivotal to differentiate a peak as an artifact or an
allele before the assignment of the number of contribiriarsderto conduct reasonable
genotypedeconvolutionlf this differentiation is not performed correctly, it can lead to the
assignment of an additional contributor, causirgpntributors to be assigned as+1.
Similarly, 1 f a true all el e pincartectiditereca maj o
usingtoo high athreshold, the true allele of a minor contributor can bettostference

In addition locusspecific stutter filters argypically applied, but allelespecific
filter models can ultimately be more effectifdn theGlobalFileM manual, foexample
the stutter ratio filters are in the range e1@% and are setby addingthefmrus average
stutter ratio with 3 times its standard deviati@mBut stutterratios increase with allele
length18 This is consistent with the analysis performethis work and demonstrated by
the Figures, which is the boxplot of stutter ratios fdiive representative loci, differentiated
by color, for samples amplifiasith normal levels i.e. 0.25 ng or 40 copie¥/e see that
in all cases the larger alleles the ones with more SERexhibit higher median stutter

ratio valueswithin a locus.
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Figure 6. Box plots of high template stutter ratios against both alleles of five loci
(red), D18S51(yellow), D2S1338(green), CAAL{dark green), THO1(light green).
Both alleles of each locus are expressed by same color box plots. Box plots st
median, interquartile range, and outer quarfitdack dots)

Visual analysis othe boxplot reveals that the larger alleAgthin alocus has a

higher median valuandalargerrange of stutteratios The stutter percentage difference

betweerthea | | el es 6 medi an andrhnges 5omi0.83.4%0Notosly s p e c i
doesthe media valueshift, butso doeghe entire distributiomas the allele size increases.
For example, FGA allele 20 exhibits a stutter ratio range from 4.2% while the larger

sister allele 23 shows a range from171.7%.Generally, stutter ratio increaseshvi
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increase in allele siz®.

One key feature of the boxplot is that though an increase in stutter ratio is observed
across both alleles within a loctise magnitude of the changees not seem to tremah
differencesn STR length At locusD2S133&17, 21)the larger allele shows a minor
increase in stutter ratio median value and distribution rarnteincreasen allele length.

This suggests that it is not the length of STR region alone that impacts the propensity for
in-vitro strand slippage during PCR synthesis. For example, at loci D2S1328)(and
D13S317(8,12) the difference in base pair length of both alleld but differencein
median values and stutter ratio distribution range is noticeable. To further eXgare

7is a scatter plahatpresents the differenae median stutter raticsnddifferences in the

STR lengthwithin theloci. The plot also depistthe resultSrom a linear least square
regression with R0.073indicatingthe majority of variation in median stutter values can

be explained witlieatures other than chges in STR lengthApplying Pearson correlation,

r: -0.27 shows a negative weak relationshipnsetn the difference in median values and

the difference ir8TRsize of both allelesndicating additional factors influence the rate of

stutter slippage.



19

] RZ = 0.0732
0.035 @ rca r= -(?.3736
0.03-

0.025-

0.02- O 1oz
0.01 5- O D18S51

. D13S317

0.01-
0.005 -

O T T T T T T
28 3 32 34 36 38 4

STR length Difference[BP]

Figure 7. Scatter plot between difference in stutter ratio of both allele and differe
STRlength of a STR locus.

Median[SRa2-SRa1]

. D25S1338

As depicted in Figure 6here is a relationship betweerlative stutter intensitgnd
allele lengthwhereinstutter rati@ increasd with increasein the numbers afepeat units
however Figure 7 suggests there is another source of varf&itBome have suggested
that the STR sequence plays a role. In particular, a relationship between stutter ratios and
the bngest uniterrupted sequence (LUBas been proposéd 21If the allele consistof
one repeat sequence, the stutter ratio distribution generally increases with the increase in
allele lengthl® 23 But if the allele contains several repeat sequences interrupted with a
conserved or nogonsensus segments, the stutter ratio distributiatioaship can be

better explained with LUS conceptOther factorshat may affecstutter formatiomclude
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weaklyhybridizednucleotideswhich cause higher rates of strand slippage, processiviy
differences betweemucleass, and tre uniformity and length of repeatotif.2

The STR repeatunit varies on the basis of repeat pattinh can belivided into
three mén categories: simple repeat, compound repeat, and complex rBgeatl, he
simple repeats consist of identical length and sequence, the compound repeats consist of
two or more simple repeat units, and the complex repeat consists of multiple repeat blocks
of variable unit length with variable intervening sequengesgloci interrogated in the
study consist oéll three:simple repeat§TH01, D18S51, D13S3)7compound repest
(D2S133§; and complex repea{FGA). To get a better understanding of their repeat
motifs and relationship with their reverse ratios distributiogytae each describeeh

turn.

3.1.1.THO1

THO01(6,9) is a tetrameric short tandem simple repeat markeramifAATG] ,
repeat sequencelt is one of the most widely used markers in forensic casework.
THO01(6,9) consists of smallatlele [AATG]s and larger [AATG}, so, with the increase
of allele number, an increase in median value and upward increase in stutter ratio is
observed.The observedstutter percentageare consistent with thenanuf act ur er
(Identifiler™ Plus Amplification Kit User Gude) observations and other scientific
literaturell. 19 Though not sampled in this study a common incomplete STR (9.3)
[AATG]ATG[AATG] 3is known* The seventhrepeat sequence has a one nucleotide
missing.Interestingywh en t h e a ut h ostueraiowilptiat of 6l it vBas 3 0 s
indistinguishableonce again suggesting sequence structarehave drastic effects on

stutter productioril In addition, THO1 has a higher adenine to thymine ratio ®Hich
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increases the chance of stutter product formasimce AT only has two hydrogen bonds,
while G-C have threé1Given the observed impacts of alldige on stutter ratios, and the
supporting literature, statistical analysis is performed on alkee basis.
3.1.2.D18S51

D18S51(17,21) is a tetrameric short tandem simple repeat maitkesimple
[AGAA] , sequenceThe repeat units havelatively high levels of AT, whichhavea
highertendency to produce stutter products. D18S51(17,21) consestsrddller allele 1,7
[AGAA] 17 andthelarger allele 21[AGAA] 21.As the number of repeat units grow larger,
higherstutters ratios ranges 7.5% to 12.Wdreobservedn Figure 6 The stutter ratio
distribution range were consistentwith the manufacturerOnce again this locus
demonstrateallele specific stutter filtetscouldreduce the chance of oveor under
filtration of alleles!t
3.1.3.FGA

FGA is a complex short tandem repeat unit with multggguence makingup the
total STR:[TTTC]sTTTT TTCT[CTTT],CTCC[TTCCL. 4 Its repeating pattern isighly
polymorphic, providing it an advantage of high discrimination power. This is the reason it
is commonly used in laboratories and is a part of most commercially availabiéRits.
FGA has two allelicgroups based on their size: alleles-3%62 and 42.251.219. 2
Specifically related to this studyfGA 20 has a repeat sequence [TTIITTT
TTCT[CTTT];.CTCC[TTCC], and allele 23 has structure [TTTC]sTTTT
TTCT[CTTT]1sCTCC[TTCCL. In both, repeatsequence[CTFEhows 12, antl5 repeat
unitsfor STR 20 and 23 respectivehiccordingto the LUS model, an allele with multiple

repeat sequences stutters on the base of its LUS. FGA allele 20 has 1@ it&)Sisual
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analysis of thé&-igure6 reveals FGA allele 2@ith median stutter ratio (5.6%acks well
with D13S317 (simple repeat) alleled ghedian valu®f 5.3%1° 23Similarly, FGA allele
20 stutter ratio distribution range 3.4%2-7.6%) compared with D13S317 allelerbhge
3.3%(47.4%) is almosthe same.In addition, thesebservations areonsistentvith
previous studie® 23

Similarly, FGA 23 with LUS [CTTT]}sshows a median valusd 9% while D18S51

allele 17with sequenc@AGAA] 17resulted inthe same median e (9%)

3.1.4.D2S1338

D2S1338 [TGCCJTTCC], is a compound motif consisting of two repeat ufiits.
In Figure 6 its smaller allele is 17 anttielargerone isallele 21.There isa difference of
four STR repeat unifsout, interestingly, exhibitsimilar median valus, with only a
differenceof 0.3%. This is because of the mdtfucture of D2S1338 [TGCETTCC].
Forthesmaller allele 17the repeat structure jdausibly[TGCCJ¢[TTCC]1;. TTCC is the
longest uninterruptestretch ands likely toact aghecore repeat unit and produce stutter
products accordingly. TGCC willlso likely produce loweilevel stutters buto a much
smaller degre€This is, indeed, bomout by the datdhat shows D2S133876 median
value is close to D13S317 alleled2 medi an, once aealelen s up|
statistical analysis tamitigate confounding sequenciependencies the following
section
3.2. StutterRatio between high and low template samples

Though previouditerature showshat stutteratio behavior changein the low
template massegime and that low template stettratios are higher, these studies do not

address the question on a per allele basis. In respibise&ork aims to address thgap



23

by evaluatingif low- and high template relative stutter abundances aredistinct
distributions By acknowledging théterature and the dependency of stuttn sequence,
we reevaluate stutter distributieon a petallele basis for both the reverse and forward
stutter types. For exposition we present, in detail, the results etifadm fourloci: FGA,
THO1; D2S1338pP18S51 Notably, all dataarefrom samples wheeknown STR alleles
are at leasthreerepeat ung apartin order to avoid signal cdafion between allele and

stutter.
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Figure 8. Revers8tutter (a) A histogram (blue) of allele 20(FGA) with base pair s
225 bp for the high template samglé) A histogram (red) of allele 20(FGA) for tf
low template samples. (c) A K&st plotshowingcumulativefrequency versus stutte
ratios of high(blue) and low (red) template mass, where d = 0.835 an@d.p001. (d)
A box plot 20(FGA) of all norzero stutter ratios which compares the means of |
(blue box) and low (red box) template stutter ratiostédst was performed to compe
if the mean®f the two stutter ratios are insignificantly different. Tcegt has avalue
4.56 and pvalue 0.0009.

The stutter ratio data distribution for high template sasyalegesfrom4% to
7%, which is inline with the values reported by theanufacturer (IdentifiléM Plus
Amplification Kit).. In contrastfor thelow template stutter ratgthe stutter ratisranged

from 6% to 10%that is, thalistribution shiftedo the rightAs low templde sample

stutter ratios ararger, they can make DNA profile interpretation more complicated
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since a forensic DNA mixture is tliesult of a combination of any number of
contributordés DNA mixed in any proportion.
A KS-test was performed to determieeversestutter distributions of low and
high template data are insignificantly different foe20 alleles. Figure8 (c) illustratesthe
representative plot of stutter ratio distributsaf low and high template sample data. In
the KStest the cumulativErequencies of stutter ratios were compared between low and
high template data distributions, where d =0.835, ar00001 The resulantp-value is
less than the critical value 0.005, suggestiredhigh and low template reverse stutter ratio
distributions aresignificantly different
Figure8 (d) is a box plot of stutter ratio versus mass (0.25 ng, 0.08)18f allele
20 of locus FGAFirstly, by comparing the median valuegslogétwo distributiors, one can
see that thaigh template stutter ratio hasmallermedian(5.6%) then the low template
class (7.5%)Theincreasean stutter ratiowith a decrease in templateassshows stutter
ratio percentagemove upward in its central tendency. When the stutter ratio value of high
templatesamples arecompared with the estimated median value from commercially
available amplification kitddentifiler™ PlusAmplification Kit2the two areonsistenat ca.
5.6%. Whenthese values are compared with low template sample mediarsyvalee
observe a difference arougdd%. Secondly, by comparing the interquartile range of two
template samplesshowshatthehigh template samples haveraalleninterquartile range
(1.2%) while low template hve ahigher one(2.3%), meaningor high template stutter
ratio dataconcentrates moaround the mediathen theilow templatecounterparts
Theaverage stutter ratimr low templatesamplesverageé.2%which is consistent

with thelow- template valuesf Seoe t  wHo an@péified 0.03 ng DNA for 32 and 34
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PCRcyclesand obtained stutter ratio averagésl1% and 9.8%, respectived§ySo, by
comparing the stutter ratio distributions, median and mean values of two template samples
it can be conclud for FGA allele 20, low template sampénhancéhestutter percentage

in their central tendency and overall distributido.confirm this statistically, two taiked

t-test was performed. When comparing the mfalue 0.000%gainst the Bonferroni
correcteccritical valueof 0.005 the null hypothesis is rejecteslipporting the claim that

the twomeansre different
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Figure 9.Reverse Stuttefa) A histogram (blue) of allele 23(FGA) with base pair ¢
237bpforthehigh template samples. (b) A histogram (red) of allele 23(FGA)he

low template samples. (c) A Ki8st plot ofcumulativefrequency versus stutter ratios
high (blue) and low (red) templateass where d = 0.620 and p = 00D4.(d) A box

plot23(FGA)of allnonzero stutter ratiqsvhich compares the means of high (blue b
and low (red box) template stutter ratios -fe$t was performed to compare if the me
of the two stutter ratios are insignificantly different. THedthas a4valueof 3.8 and p

value 0.0013.

FGA 23 [TTTCETTTT TTCT[CTTT]1sCTCC[TTCC} is a complex motif with

[CTTT]1s repeat unit. FoFigure 9(a), the first bin on the left side showise complete

absence of stutter f@&of the 31stutter positiongested This is an unusudinding since

high template results typically render stuttetensities greatethan zero relative

fluorescence unit (RFUYtutters are produced as byeduct diring the PCR reactions.

The Hgh template stutter ratio distributibreange is7.5-12.5%. When this range

is compared with h e

ma n u f a c t41609.8%,WeseerthaynageeonsidteRbr



28

low template samplethe stutter percentage is betweer28.5%, which is, arguably
different from the high template results

To test thatassertion a KS-test was performed to determiiife stutter ratio
distributions of low and high template data are insignificantly different for allele 23 FGA.
Figure 9 (c) illustrates the representative plot of stutter raiamulativedistributiors of
low and high template sample dafde cumulative fregendes showed a maximum
difference ofd =0.62 and p = 0.0014uggesting the distributions are not alike.

Lastly, Figure 9 (d) is a box plot of stutter ratio versus mass (0.25 ng, 0.0313 ng)
of a representative allele 17 of locus D18SBy.comparing themedian values high
template stutter ratio has@termedianatabout 0.09 while low template has 0.11

Unlike the median,ite average stutter ratio values for high and tewplate
samples seem differeahdare 9.30, and 13.46which is not surprisingigen the means,
in generalaremoresensitiveto outliers. A ttest providsat-statistic 0f3.8, suggesting
there are, indeed, differences in the mgaualue: 0.0013

Similarly, visual and statistical analysis were perforrpedallelefor theother four
loci to comparef thereareinsignificant differencebetweerhigh and low templatstutter
ratios distributions and average valysse Appendix 1)The summary ofesults is

presentedn the following table.

































