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Determining the weight of evidence against a suspect is best served by high fidelity 

signal representations of forensically relevant genomic regions of interest: Short tandem 

repeats (STR). During PCR, STR is a synthesized fragment 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, informing forensic DNA interpretation.  

Since many forensic samples contain only a few copies of DNA, this study explores 

if  relative stutter abundances are of the same distributions when originating from high- and 

low- copy numbers. Data analysis began by categorizing the signals as noise, stutter, and 

allele. Only stutter and allelic peaks were retained for further analysis. Samples were 

amplified at 0.25 ng and 0.0313 ng; data from 5 STR loci were interrogated, resulting in 

analysis across 620 data points. The data was first explored through visual representation 

via boxplot. 
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Before proceeding to statistical analysis, a comprehensive literature review 

demonstrated that the stutter models solely relying on per-locus descriptions of stutter 

ratios (SRs) may be improved by considering the sequence of the STRs themselves. As 

such, all statistical evaluations were conducted on a per-allele basis. Next, a t-test (p-value 

threshold: 0.005) was employed to explore if average SRs between high- and low-copy 

numbers are similar. The results show significantly different mean values between the two 

templates. This has far-reaching forensic implications since it suggests that classical binary 

approaches to genotype inference for low-template samples ought not utilize boundaries 

developed from high-template ones. 

Subsequently, we tested the SRs between low- and high- template samples by 

evaluating the similarity of the distributions themselves. To complete this test, a 

Kolmogorov-Smirnov test was performed. Mostly, the distributions were distinct, wherein 

low template samples demonstrated a higher proportion of stutter peaks exceeding 

expectation. These results are similar to the t-test results, therein suggesting a more refined 

approach to genotype inference is required for complex forensic signal containing both 

high- and low- template levels within a single mixture.  
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1. Introduction 

1.1. Short Tandem Repeats (STR) and Forensic 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 distribution among the chromosomes is not uniform. STRs 

are found within non-coding part of the human genome and they constitute approximately 

3% of the entire genome1. As illustrated in Figure 1, forensically relevant short tandem 

repeats ï also known as microsatellites ï consist of repeat units that are generally 2 - 6 base 

pairs in length, with the number of repeats varying among individuals. It is the variation 

among the human population that makes them effective genetic markers for human 

identification2. On the base of length of the repeat units they are classified as mono-, di-, 

tri-, tetra-, penta- etc. In forensic DNA analysis, STRs with 3 - 5 nucleotide repeat units 

are often used.  

 

 

 

 

 

Figure 1. An illustration of STR repeat units on the basis of length of repeat units. The 

repeat units are classified as di-, tri-, tetra-, penta-, and hexa-nucleotide units, based on 
the number of bases within a repeat unit. 
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The STR repeat unit type also varies on the basis of repeat patterns, which is divided 

into three major categories as shown in figure 2 (a): i) simple repeats, consisting of an STR 

of identical length and sequence, for example, D5S818ôs [AGAT]n ; ii) compound repeats 

consisting of two or more simple repeat units, for example, vWAôs [TCTA] [TCTG]n 

[TCTA] n; and iii) complex repeats consisting of multiple repeat blocks of variable unit 

lengths that interrupt the sequence with variable intervening sequences3, for example, 

D21S11ôs [TCTA] n [TCTG]n [TCTA] n TA [TCTA] n TCA [TCTA]n TCCA TA [TCTA]n.4 

 

 

 

Figure 2. An example of simple, compound, and complex STR tetranucleotide motifs.  
(b) An example of the STRs of two alleles at the same genetic location of two 
chromosomes. The STR genotype of this individual is G = 6,7 (based on numbers of 
STR units). 

 

Regardless of motif or base pair length of the STR, their hypervariability within  

the human population means they can be used to distinguish between individuals. Since 

each pair of chromosomes is a combination of two genes; one from the parental and one 

from the maternal sources, STR 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 
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Figure 2 (b) is an example of a person whose STR genotype is G = 6,7. Thus, if the crime 

sceneôs biological fluid also renders G = 6,7 then the forensic expert would report that the 

suspect could not be excluded as the source of biological material left at the scene. 

1.2. PCR Amplification, Allele Detection and Electropherogram 

In order to fully realize the potential made possible by this person-to-person genetic 

diversity contained within STR regions, one must be able to detect and size the DNA. The 

Polymerase Chain Reaction (PCR) is the common means by which to do this. PCR 

amplification is a technique used to synthesize hundreds of millions of copies of targeted 

DNA sequences within  hours5. It involves the heating and cooling of DNA samples 

(typically, 0.5 ng - 1 ng) over a 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 complementary DNA strands to separate from each 

other. During the annealing step, the temperature is lowered to ca. 60°C which allows the 

primers (short oligonucleotide strands of ca. 25 nucleotides in length) to bind to their 

complementary DNA target sequences. In the extension step, the temperature is raised to 

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

bonds.6 A PCR process under ideal conditions (100% efficiency) can produce to Å 2n copies 

of DNA over n PCR cycles where to is the initial number of DNA copies. The PCR process, 

however, is not perfect as it generates artifacts which complicates data interpretation.7 One 

notable PCR artifact is that of stutter which is the topic of this work. 

Once amplification is completed, capillary electrophoresis ensues, and is used to 

detect the amplicons generated during the PCR process. Since DNA fragments are 

negatively charged, a potential difference across two electrodes is used to inject the DNA 



4 
 

 

into a capillary. Once injected, the potential continues to be applied such that the negatively 

charged PCR fragments travel from the cathode, through a polymer filled capillary, to the 

anode. The fragments are therein separated by length because shorter fragments travel more 

quickly through the polymer. A laser and a detector are present at the end of the capillary, 

and when the fluorophores tagged to the PCR primers are bombarded by the laser light, 

fluorescence results which is recorded for analysis. Since each primer is tagged with a 

known fluorophore, and the primer sequences are designed to hybridize to a specific locus 

(i.e., DNA location) of interest, the color indicates what location on the genome is being 

interrogated. In addition, since the fluorophores are tethered to the primers, and the primers 

are necessarily part of all newly synthesized fragments, the fluorescent intensity is a proxy 

of the number of fragments synthesized during PCR, which is, in turn, a representation of 

to.8 Thus, in an electropherogram (the end product of electrophoresis) the size of the 

fragment is represented on the x-axis and is deduced using the length of time it took the 

fragment to migrate through the capillary, and the peak height is a proxy of the number of 

synthesized fragments produced or targeted. Figure 3 is a representative image of such an 

electropherogram. In this representation, the electropherogram consists of four dye 

channels blue, green, yellow, and red originating from FAM, VIC, NED, and PET, 

fluorophores.9 Each channel consists of multiple loci, and each locus consists of multiple 

peaks. At each locus, large peaks representing a personôs alleles are obvious when the 

template mass, to, is large. Notably, the genotype within a locus may be heterozygote, i.e., 

consisting of two alleles, or a homozygous where the STR alleles inherited from mother 

and father are identical. In addition to the intense peaks, multiple small peaks are also 

observed at each locus and represent the artifact commonly encountered in STR analysis 
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known as stutter. In samples like the one in Figure 3, stutter is comparably small to the 

allele peak and can, typically, be easily recognized as non-biological. Previous work has 

demonstrated that when to is low the stutter intensity can reach levels that make it difficult 

to distinguish it from allele. Thus, in this work, we examine the impacts of template mass 

on the relative stutter peak height. 
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Figure 3. A representative electropherogram (EPG) obtained from a single source 0.25 
ng sample amplified with IdentifilerTM Plus Amplification K it, a forensically relevant assay 
consisting of 16 tetranucleotide STR loci. The EPG consists of four dye channels where 

peak heights in RFU are on the y-axis and the base-pair size of the DNA fragments are 
plotted along the x-axis. (X) indicates stutter peaks. 
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Figure 4. A representative electropherogram presenting high and low template same 
source samples for locus D18S51. The blue arrows and numbers represent reverse 
stutters, while green arrows and numbers represent forward stutters. A1 and A2 (red 
color) represent allele 1 and allele 2 of locus D18S51. 
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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 known as ñbackwardò, ñbackò or ñreverseò 

stutter. Less frequently, a stutter product that is one repeat larger is produced. These minor 

peaks are often referred as ñforwardò or ñplusò stutter. 3, 10 Stutter products have been 

reported in the literature since STRs were first studied, and the primary mechanism by 

which to explain the in vitro synthesis of stutter products is referred to as the slipped-strand 

mispairing model.11 As per the slipped-strand mispairing model, during the replication 

process a region of primer-template complex becomes denatured, which allows the 

formation of a loop, as depicted in Figure 5. If a repeat unit bulges out of the newly 

synthesized strand, then a single STR unit is inserted in the next amplification step to 

produce forward stutter product. If  the repeat unit loops out in the template strand, it results 

in PCR products that are one repeat unit smaller than the template strand.12  

Since stutter can occur at any cycle in the amplification, stutter intensities necessary 

vary; that is, strands that slip early in the PCR will produce more stutter since the newly 

formed stutter product will be copied in the same way as the full-size allele strand will. So, 

in cases where there are only a few templates stands, if one stutters early in cycling, a great 

proportion of the product is expected to be of the stuttered variety. Put concretely, if the 

total template copy number is 2, and in the first cycle one of the strands stutters then we 

obtain one stutter strand and three full sized strands at the end of this cycle. In the next  
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Figure 5. Schematic illustration of slipped strand model. During the replication process 
the DNA polymerase attaches itself to 3´ end of the DNA and synthesizes identical 

complementary strands. Sometimes the strands dissociate, and the DNA polymerase 
complex becomes unpaired, and the replication stops. When the two strands pair up 
again, sometimes they mis-pair synthesizing a shorter copy or, more rarely, a larger copy. 
These faulty copies are called stutter, and produce stutter or shadow peaks that are, 

typically, one STR unit smaller or larger than the biological allele. 
 

cycle, if no strand slippage occurs, we expect two stutter stands and six full-length alleles 

at the end of the third PCR cycle. In the absence of further stuttering, the proportion of the 

stutter product to full-sized allele would be 25%. Contrast this with a high-template 

scenario where, say, forty template copies are available for amplification. Here, 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 full-length strands. In the absence of any further slippage, we can expect 

that the relative stutter intensity would be 2.6% of the main allele. 

Previous work by Malek13 demonstrated the probability that each strand stutters in 

a given PCR cycle is in the order of 1 in 1000. Thus, for a STR multiplex of, say, 10 

heterozygous loci (i.e., 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 
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the full -sized allele. This is a staggering result since in these circumstances it would be 

impossible to categorize the artifact as such given its relative intensity. The implication to 

casework is undeniable since recent forensic work has focused on developing laboratory 

pipelines engineered to detect the smallest level of DNA - i.e., in the single copy regime. 

In forensic science, single cell analysis has shown the ability to alleviate the challenges 

associated with DNA mixture analysis.14 In cases where single cell technology is not 

available, the interpretation of mixed DNA samples becomes challenging when there is  a 

major: minor DNA mixture and the minor component is probative. Take, for example, a 

sexual assault vaginal swab where few sperm and many vaginal cells are mixed. Another 

case-type is of an equally mixed sample of multitudes of contributors like the handle of a 

firearm shared by multifarious individuals. In both cases having clear expectations of 

stutter intensities can aid in determining whether a peak in stutter position is stutter versus 

stutter and allele. That is, if the peak-in-question is in a stutter position and its peak height 

is greater than expectation, one can infer that peak contains signal from allele. If, however, 

the relative intensities of stutter changes with to, then modification to current heuristic 

practices may be required. 

As such, this work seeks to explore the impact of template levels, to, on stutter 

ratios. Since previous findings demonstrate that sequence structure may have an effect on 

stutter propensity, the first hypothesis explored is that of per-allele dependance of stutter 

ratios. Once per-allele dependance is established, the average stutter ratio and stutter ratio 

distribution between low- and high-template samples are tested to determine if they are 

indistinguishable. If stutter ratios across to differ, the implication to casework is substantive 



11 
 

 

as it suggests template driven probabilistic models are desirable for bulk-mixture 

interpretation and for that of single-cell interpretation. 
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2. Material and Methods 

2.1. Data Preparation 

The data were received as a CSV file containing multiple single source samples (i.e., 

one person samples) consisting of signal from three main sources: noise, allele, and stutter 

artifact (as represented above in Figure 3). Single source samples are used to understand 

the behavior of stutter since signal from multiple contributors would be conflated by 

interfering genotypes. The genotype of single source samples was provided, which allowed 

for the sequestration of each peak into one of the aforementioned categories ï i.e., allele, 

noise, stutter. Peaks falling in the electrophoretic positions indicating it was a true allele 

were classified as such. Any peak falling in a bin that was one STR repeat unit shorter than 

a known allele was designated as reverse stutter; conversely, peaks that fell in a bin position 

that was one repeat unit larger than a known allele were classified as forward stutter signal. 

The remaining non-zero peaks were classified as noise. Since the purpose of this study was 

to investigate relative stutter abundances, only loci with known genotype at least three 

repeat units apart were used. In addition, though noise is an inherit part of the signal and is 

known to confound the signal, previous work has shown that it is only observed in the 

relevant STR positions approximately 10% of the time and exhibits low peaks heights (i.e., 

10s of RFUs). Thus, the confounding effects of noise on stutter or allele signal is expected 

to be negligible.  

There were two main categories of sample type used in this study: those amplified 

using 0.25 ng (40 copies) of DNA and those amplified with 0.0313 ng (5 copies), which 

were respectively labeled as high- and low- copy samples. In total, the data consisted of 62 

single source samples: 31 of high template mass and 31 of low template mass. All samples 
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were pre-processed to filter non-stutter PCR artifacts such as dye blobs, spikes, minus A, 

and pull up. Stutter ratios were calculated for all stutter-allele pairs, as 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 allelic position, a, and the reverse (a-1) or forward (a+1) positions 

are relevant. As such, the stutter ratio SR, becomes a reasonable means by which to explore 

the effects of template mass on relative stutter copy numbers. 

ὛὙ
ὖὌ ὙὊὟ

ὖὌὙὊὟ
 

ὛὙ
ὖὌ ὙὊὟ

ὖὌὙὊὟ
 

Here, PHa is the peak height of the allele given the known genotype, PHa-1 is the peak 

height of the peak located in reverse stutter position and PHa+1 is the peak height found in 

the forward stutter position. The stutter ratios were calculated for reverse stutter and 

forward stutter resulting in 434 ratios across both template mass classes (i.e., 0.25 ng and 

0.0313 ng) across 5 STR loci. 

2.2.1. Stutter ratio distributions 

To analyze and compare stutter ratio distributions of low and high template 

samples, statistical analysis on a per- allele basis was performed. In almost all scientific 

disciplines, visual analysis plays a vital role in exploring, analyzing, and presenting 

scientific data.15 By comparing two histograms, differences in their stutter ratios 
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distribution patterns, modes, data ranges, and outliers can be recognized. Any quantitative 

differences were discussed.  

To statistically evaluate the probability that the stutter distributions originate from 

a common source, a two-sample Komogorov-Smirnov test (KS test) was performed. Here, 

the statistic is the maximum absolute difference, dmax, between two cumulative 

distribution functions, which is compared against the null distribution. If the probability 

that dmax under the null hypothesis exceeds the experimental value was less than 0.005, 

the two distributions were classified as different.  Notably the p-value of 0.005 is 

substantially smaller from the typical value of 0.05, and is the result of applying the 

Bonferroni Correction16, which is used to eliminate errors associated with multiple 

comparisons. Since 10 alleles across five loci are compared, p-value corrections are applied 

as decision threshold for a level of significance of 0.005. 

2.2.2. Stutter Ratio analysis for mean values 

To analyze and compare stutter ratio means between high and low template 

samples, visual and statistical analysis was again performed. Visual analysis was 

performed by plotting stutter ratio versus mass (0.25 ng, 0.0313 ng) as box plots for each 

allele. During this analysis, the median, interquartile ranges and general boxplot-shapes 

were compared. Statistical analysis of the mean was performed by a t-test to compare the 

experimental t-value against the t-distribution under the null. As previously described, 

Bonferroni Corrections were applied resulting in the p-value 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 predict stutter behavior to 

improve the understanding and interpretation of the signal contained in a DNA profile.11 

Like its allelic cousin, stutter is a fluorescently tagged DNA molecule whose peaks cannot 

be easily distinguished from peaks that are of the same length as the allele or ówild-typeô. 

This can have detrimental with serious downstream interpretation effects, since the forensic 

domain is entirely reliant upon the accurate deconvolution of genotypes using signal 

differences and peak intensities. If allele peaks are obfuscated by stutter peaks, genotype 

inferences become a challenge. Take, for example, the case of an evidence 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 signal. If the number of 

contributors is incorrectly inferred, the alleged genotypes that comprise the evidence will 

be incorrect. The foundation of the relevance has been explained by Slooten et al.17  

This, therefore, suggests that stutter has the potential to significantly impact weights 

of evidence against suspects, particularly if it is the minor component to the DNA mixture 

profile that is probative. As a concrete example, consider a single locus exhibiting three 

peaks in the 12, 13, 16 allele positions. Here, the evidence may be explained as a one-

person sample with genotype 13,16 (because 12 is taken to be stutter) or a 2-person sample 

wherein any one of the two donors could have genotypes 12,12; 12,13; 13,13, 13,16; 16,16 

explaining the evidence. If the 12 is assumed to be stutter only, a suspect 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 of a 12,12 or 12,13 or 13,13, etc.) who could not be excluded if a different 

stutter decision was applied.  

Sutter peak height ratio thresholds of, typically, 15% of the allele have been used 

to mitigate some of these negative implications, but this heuristic does not solve the entire 

problem, since the 15% threshold is only effective if stable and applicable across all mass 

ranges. 

In DNA analysis, it is therefore pivotal to differentiate a peak as an artifact or an 

allele before the assignment of the number of contributors in order to conduct reasonable 

genotype deconvolution. If this differentiation is not performed correctly, it can lead to the 

assignment of an additional contributor, causing n contributors to be assigned as n +1. 

Similarly, if a true allele peak at a major contributorôs stutter position is incorrectly filtered 

using too high a threshold, the true allele of a minor contributor can be lost to inference.  

In addition, locus-specific stutter filters are typically applied, but allele-specific 

filter models can ultimately be more effective.18 In the GlobalFilerTM manual, for example, 

the stutter ratio filters are in the range of 4-16% and are set by adding the per-locus average 

stutter ratio with 3 times its standard deviation.19 But stutter ratios increase with allele 

length.18 This is consistent with the analysis performed in this work and demonstrated by 

the Figure 6, which is the box-plot of stutter ratios for five representative loci, differentiated 

by color, for samples amplified with normal levels - i.e. 0.25 ng or 40 copies. We see that 

in all cases the larger alleles, or the ones with more STRs, exhibit higher median stutter 

ratio values within a locus. 
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Figure 6. Box plots of high template stutter ratios against both alleles of five loci FGA 
(red), D18S51(yellow), D2S1338(green), D13S317(dark green), TH01(light green). 
Both alleles of each locus are expressed by same color box plots. Box plots show the 
median, interquartile range, and outer quartiles (black dots). 

Visual analysis of the boxplot reveals that the larger allele within a locus has a 

higher median value and a larger range of stutter ratios. The stutter percentage difference 

between the allelesô median values is locus specific and ranges from 0.3 - 3.4%. Not only 

does the median value shift, but so does the entire distribution as the allele size increases. 

For example, FGA allele 20 exhibits a stutter ratio range from 4.2 - 7.6% while the larger 

sister allele 23 shows a range from 7 - 11.7%. Generally, stutter ratio increases with  
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increase in allele size.19  

 One key feature of the boxplot is that though an increase in stutter ratio is observed 

across both alleles within a locus, the magnitude of the change does not seem to trend with 

differences in STR length. At locus D2S1338(17, 21) the larger allele shows a minor 

increase in stutter ratio median value and distribution range with increase in 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 D2S1338 (17,21), and 

D13S317(8,12) the difference in base pair length of both alleles is 4 but differences in 

median values and stutter ratio distribution range is noticeable. To further explore, Figure 

7 is a scatter plot that presents the difference in median stutter ratios and differences in the 

STR length within the loci. The plot also depicts the results from a linear least square 

regression with R2 0.073 indicating the majority of variation in median stutter values can 

be explained with features other than changes in STR length. Applying Pearson correlation, 

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

the difference in STR size of both alleles, indicating additional factors influence the rate of 

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

As depicted in Figure 6, there is a relationship between relative stutter intensity and 

allele length, wherein stutter ratios increased with increases in the numbers of repeat units; 

however Figure 7 suggests there is another source of variation.20-22 Some have suggested 

that the STR sequence plays a role. In particular, a relationship between stutter ratios and 

the longest uninterrupted sequence (LUS) has been proposed.11, 21 If the allele consists of 

one repeat sequence, the stutter ratio distribution generally increases with the increase in 

allele length.19, 23 But if the allele contains several repeat sequences interrupted with a 

conserved or non-consensus segments, the stutter ratio distribution relationship can be 

better explained with LUS concept.11 Other factors that may affect stutter formation include 
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weakly hybridized nucleotides, which cause higher rates of strand slippage, processivity 

differences between nucleases, and the uniformity and length of repeat motif.8 

The STR repeat unit varies on the basis of repeat patterns which can be divided into 

three main categories: simple repeat, compound repeat, and complex repeat. Recall, the 

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 sequences. The loci interrogated in the 

study consist of all three: simple repeats (TH01, D18S51, D13S317); compound repeats 

(D2S1338); and complex repeats (FGA). To get a better understanding of their repeat 

motifs and relationship with their reverse ratios distribution they are each described, in 

turn. 

3.1.1. TH01 

TH01(6,9) is a tetrameric short tandem simple repeat marker with an [AATG] n  

repeat sequence.4 It is one of the most widely used markers in forensic casework. 

TH01(6,9) consists of smaller allele [AATG] 6 and larger [AATG]9, so, with the increase 

of allele number, an increase in median value and upward increase in stutter ratio is 

observed. The observed stutter percentages are consistent with the manufacturerôs 

(IdentifilerTM Plus Amplification Kit User Guide) observations and other scientific 

literature.11, 19 Though not sampled in this study a common incomplete STR (9.3) 

[AATG] 6ATG[AATG] 3 is known.4 The seventh repeat sequence has a one nucleotide 

missing. Interestingly when the authors compared 9.3ôs stutter ratio with that of 6, it was 

indistinguishable, once again suggesting sequence structure can have drastic effects on 

stutter production.11 In addition, TH01 has a higher adenine to thymine ratio 3/4  which 
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increases the chance of stutter product formation, since A-T only has two hydrogen bonds, 

while G-C have three.11 Given the observed impacts of allele-type on stutter ratios, and the 

supporting literature, statistical analysis is performed on a per-allele basis. 

3.1.2. D18S51 

D18S51(17,21) is a tetrameric short tandem simple repeat marker with simple 

[AGAA] n sequence. The repeat units have relatively high levels of A-T, which have a 

higher tendency to produce stutter products. D18S51(17,21) consists of a smaller allele 17, 

[AGAA] 17, and the larger allele 21, [AGAA] 21. As the number of repeat units grow larger, 

higher stutters ratios ranges 7.5% to 12.7% were observed in Figure 6. The stutter ratio 

distribution ranges were consistent with the manufacturer. Once again this locus 

demonstrates allele specific stutter filters, could reduce the chance of over-, or under- 

filtration of alleles.11 

3.1.3. FGA 

FGA is a complex short tandem repeat unit with multiple sequences making up the 

total STR: [TTTC]3TTTT TTCT[CTTT]nCTCC[TTCC]2. 4 Its repeating pattern is highly 

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 available kits.24-25 

FGA has two allelic groups based on their size: alleles 16-34.2 and 42.2-51.2.19, 21 

Specifically related to this study, FGA 20 has a repeat sequence [TTTC]3TTTT 

TTCT[CTTT]12CTCC[TTCC]2, and allele 23 has structure [TTTC]3TTTT 

TTCT[CTTT]15CTCC[TTCC]2.  In both, repeat sequence [CTTT]n  shows 12, and 15 repeat 

units for STR 20 and 23 respectively.4 According to the LUS model, an allele with multiple 

repeat sequences stutters on the base of its LUS. FGA allele 20 has 12 LUS units. Visual 
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analysis of the Figure 6 reveals FGA allele 20 with median stutter ratio (5.6%) tracks well 

with D13S317 (simple repeat) allele 12ôs median value of 5.3%.19, 23 Similarly, FGA allele 

20 stutter ratio distribution range 3.4% (4.2-7.6%) compared with D13S317 allele 12 range 

3.3%(4-7.4%) is almost the same. In addition, these observations are consistent with 

previous studies 19, 23.  

Similarly, FGA 23 with LUS [CTTT]15 shows a median value of 9% while D18S51 

allele 17 with sequence [AGAA] 17 resulted in the same median value (9%).  

3.1.4. D2S1338  

D2S1338 [TGCC]n[TTCC]n is a compound motif consisting of two repeat units.4 

In Figure 6 its smaller allele is 17 and the larger one is allele 21. There is a difference of 

four STR repeat units, but, interestingly, exhibit similar median values, with only a 

difference of 0.3%. This is because of the motif structure of D2S1338 [TGCC]n[TTCC]n. 

For the smaller allele 17, the repeat structure is plausibly [TGCC]6[TTCC]11. TTCC is the 

longest uninterrupted stretch and is likely to act as the core repeat unit and produce stutter 

products accordingly. TGCC will also likely produce lower-level stutters but to a much 

smaller degree. This is, indeed, borne out by the data that shows D2S1338 17ôs median 

value is close to D13S317 allele 12ôs median, once again supporting the per-allele 

statistical analysis to mitigate confounding sequence-dependencies in the following 

section.  

3.2. Stutter Ratio between high and low template samples 

Though previous literature shows that stutter ratio behavior changes in the low 

template mass regime, and that low template stutter ratios are higher, these studies do not 

address the question on a per allele basis. In response, this work aims to address this gap 
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by evaluating if low- and high- template relative stutter abundances are of distinct 

distributions. By acknowledging the literature, and the dependency of stutter on sequence, 

we re-evaluate stutter distributions on a per-allele basis for both the reverse and forward 

stutter types. For exposition we present, in detail, the results obtained from four loci: FGA; 

TH01; D2S1338; D18S51. Notably, all data are from samples whose known STR alleles 

are at least three repeat units apart in order to avoid signal conflation between allele and 

stutter. 
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3.2.1. Reverse Stutter 

3.2.1.1.  FGA (20) 

 

Figure 8. Reverse Stutter: (a) A histogram (blue) of allele 20(FGA) with base pair size 
225 bp for the high template samples. (b) A histogram (red) of allele 20(FGA) for the 
low template samples. (c) A KS- test plot showing cumulative frequency versus stutter 
ratios of high (blue) and low (red) template mass, where d = 0.835 and p < 0.0001. (d) 

A box plot 20(FGA) of all non-zero stutter ratios which compares the means of high 
(blue box) and low (red box) template stutter ratios. A t-test was performed to compare 
if the means of the two stutter ratios are insignificantly different. The t-test has a t-value 
4.56 and p-value 0.0009. 

 

The stutter ratio data distribution for high template samples ranges from 4% to 

7%, which is in-line with the values reported by the manufacturer (IdentifilerTM Plus 

Amplification Kit) . In contrast, for the low template stutter ratios the stutter ratios ranged 

from 6% to 10%; that is, the distribution shifted to the right. As low template sample 

stutter ratios are larger, they can make DNA profile interpretation more complicated 
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since a forensic DNA mixture is the result of a combination of any number of 

contributorôs DNA mixed in any proportion. 

A KS-test was performed to determine if reverse stutter distributions of low and 

high template data are insignificantly different for the 20 alleles. Figure 8 (c) illustrates the 

representative plot of stutter ratio distributions of low and high template sample data. In 

the KS-test the cumulative frequencies of stutter ratios were compared between low and 

high template data distributions, where d = 0.835, and p < 0.0001. The resultant p-value is 

less than the critical value 0.005, suggesting the high and low template reverse stutter ratio 

distributions are significantly different.  

Figure 8 (d) is a box plot of stutter ratio versus mass (0.25 ng, 0.0313 ng) of allele 

20 of locus FGA. Firstly, by comparing the median values of the two distributions, one can 

see that the high template stutter ratio has a smaller median (5.6%) then the low template 

class (7.5%). The increase in stutter ratio with a decrease in template mass shows stutter 

ratio percentages move upward in its central tendency. When the stutter ratio value of high 

template samples are compared with the estimated median value from commercially 

available amplification kits: IdentifilerTM Plus Amplification Kit23 the two are consistent at ca. 

5.6%. When these values are compared with low template sample median values, we 

observe a difference around 2.0%. Secondly, by comparing the interquartile range of two 

template samples it shows that the high template samples have a smaller interquartile range 

(1.2%) while low template have a higher one (2.3%), meaning for high template stutter 

ratio data concentrates more around the median then their low template counterparts.  

The average stutter ratio for low template samples average 8.2% which is consistent 

with the low- template values of Seo et al.ôs who amplified 0.03 ng DNA for 32 and 34 
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PCR cycles and obtained stutter ratio averages of 11% and 9.8%, respectively.26 So, by 

comparing the stutter ratio distributions, median and mean values of two template samples 

it can be concluded, for FGA allele 20, low template samples enhance the stutter percentage 

in their central tendency and overall distribution. To confirm this statistically, a two tailed 

t-test was performed. When comparing the of p-value 0.0009 against the Bonferroni 

corrected critical value of 0.005, the null hypothesis is rejected, supporting the claim that 

the two means are different. 
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3.2.1.2. FGA (23) 

 

Figure 9. Reverse Stutter: (a) A histogram (blue) of allele 23(FGA) with base pair size 
237 bp for the high template samples. (b) A histogram (red) of allele 23(FGA) for the 
low template samples. (c) A KS-test plot of cumulative frequency versus stutter ratios of 
high (blue) and low (red) template mass, where d = 0.620 and p = 0. 0014. (d) A box 

plot 23(FGA) of all non-zero stutter ratios, which compares the means of high (blue box) 
and low (red box) template stutter ratios. A t-test was performed to compare if the means 
of the two stutter ratios are insignificantly different. The t-test has a t-value of 3.8 and p-
value 0.0013. 

 

FGA 23 [TTTC]3TTTT TTCT[CTTT]15CTCC[TTCC]2 is a complex motif with 

[CTTT]15 repeat unit. For Figure 9 (a), the first bin on the left side shows the complete 

absence of stutter for 8 of the 31 stutter positions tested. This is an unusual finding since 

high template results typically render stutter intensities greater than zero relative 

fluorescence unit (RFU). Stutters are produced as bye-product during the PCR reactions. 

The high template stutter ratio distributionôs range is 7.5-12.5%. When this range 

is compared with the manufacturerôs range of 4.6-9.5%, we see they are consistent. For 



28 
 

 

low template samples the stutter percentage is between 5-22.5%, which is, arguably 

different from the high template results.  

To test that assertion, a KS-test was performed to determine if  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 ratio cumulative distributions of 

low and high template sample data. The cumulative frequencies showed a maximum 

difference of d = 0.62 and p = 0.0014, suggesting 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 D18S51. By comparing the median values high 

template stutter ratio has a lower median at about 0.09 while low template has 0.11.  

Unlike the median, the average stutter ratio values for high and low template 

samples seem different and are 9.3%, and 13.4% which is not surprising given the means, 

in general, are more sensitive to outliers. A t-test provides a t-statistic of 3.8, suggesting 

there are, indeed, differences in the means p-value: 0.0013. 

Similarly, visual and statistical analysis were performed per allele for the other four 

loci to compare if there are insignificant differences between high and low template stutter 

ratios distributions and average values (see Appendix 1). The summary of results is 

presented in the following table. 

  






















